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Abstract

Epigenetic gene-regulation abnormalities have been implicated in various neuropsychiatric disorders including schizophrenia and
depression, as well as in the regulation of mood and anxiety. In addition, epigenetic mechanisms are involved in the actions of
psychiatric drugs. Current anxiolytic drugs have significant shortcomings, and development of new medications is warranted. Two
proteins, G9a (also known as EHMT2 or KMT1C) and GLP (G9a-like protein, also known as EHMT1 or KMT1D), which methylate
lysine 9 of histone H3 (H3K9), could be promising anxiolytic targets. Postnatal genetic knock-out of G9a reduces anxiety-related
behavior, consistent with the reduction of G9a levels by some medications used to treat anxiety (amitriptyline, imipramine and
paroxetine). Conversely, there is increased anxiety-like behavior in mice with GLP haplodeficiency. We sought to determine whether
two pharmacological inhibitors of G9a/GLP, UNCO642 and A-366, would have similar effects to genetic G9a/GLP insufficiency. We
found that G9a/GLP inhibition with either compound reduced anxiety-like behaviors when administered to adult mice, in conjunction
with decreased H3K9 methylation in the brain. In contrast, exposure to these compounds from embryonic day 9.5 (E9.5) until birth
increased anxiety-like behaviors and decreased social interaction in adulthood, while H3K9 methylation was at normal levels in
the brains of the adult mice. These findings reinforce genetic evidence that G9a/GLP has different effects on anxiety-like behavior
at different stages of brain development, and suggest that targeting this histone methyltransferase pathway could be useful for
developing new anxiolytic drugs. These data also suggest that antidepressant exposure in utero could have negative effects in

adulthood, and further investigation of these effects is warranted.
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Introduction

Anxiety disorders are the most prevalent category of psychi-
atric conditions, with 15%-20% of the population meeting
diagnostic criteria during their lifetime'. Anxiety disorders
are one of the leading causes of disability in developed coun-
tries”. The most effective short-term pharmacological treat-
ments for relieving anxiety are benzodiazepines, but they
have major side effects, including addiction, withdrawal, and
rebound anxiety®.
used for relief of anxiety but are only partially effective. For
example, in generalized anxiety disorder, only 20% of patients

Antidepressant medications can also be
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benefit from antidepressant treatment, while in post-traumatic
stress disorder, 40% of patients do not respond to medication
treatment™®. Thus, there is an unmet need for better pharma-
cological treatments for anxiety.

Epigenetic gene-regulation abnormalities have been impli-
cated in various neuropsychiatric disorders including schizo-
phrenia and depression”), as well as in the regulation of mood
and anxiety”!. Epigenetic mechanisms can also mediate the
effect of childhood abuse on susceptibility to psychological
trauma and suicide in adulthood®. In addition, epigenetic
mechanisms are involved in the actions of psychiatric drugs.
The mood stabilizer valproic acid, which improves cogni-
tive function in animal models of dementia®'?, is a histone
deacetylase inhibitor. The antipsychotics risperidone and
clozapine target the histone deacetylase HDAC2. The anti-



depressant imipramine downregulates HDACS5, leading to
increased histone acetylation at the Bdnf promoter and higher
levels of BDNF""!. Conversely, targeted histone deacetylase

[16]

inhibition can have antidepressant effects"™. Electroconvul-

sive therapy, which is the most effective treatment for depres-

sion!"”! (8],

, also inhibits histone deacetylases The tricyclic
antidepressants amitriptyline and imipramine, along with the
selective serotonin reuptake inhibitor paroxetine, inhibit DNA
methyltransferase 1 (DNMT1) activity by decreasing levels of
G9a, which is a known stimulator of DNMT1!".

There is evidence that the histone methyltransferases G9a
(also known as EHMT2 or KMT1C) and GY9a-like protein
(GLP, also known as euchromatic histone-lysine N-methyl-
transferase 1 or EHMT1) can modulate anxiety. These pro-
teins form a complex that mono- and dimethylates histone 3
lysine 9 (H3K9)™. Mice with postnatal conditional knockout
of G9a/GLP in the forebrain have decreased exploratory and
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anxiety-like behaviors, as well as altered social behavior
humans, the deletion or mutation of one copy of the GLP gene
is sufficient to impair social behavior in the form of Kleefstra
syndrome, which is characterized by mental retardation, autis-
tic-like behavior, aggression, impulsivity, and sleep distur-
bances™. Thus, G9a or GLP genetic knockdown at different
times in development results in opposite effects on anxiety-
like behavior.

To further investigate this timing effect of G9a/GLP insuf-
ficiency on anxiety-related behavior, we used a pharmaco-
logical approach that is complementary to the genetic studies
cited above. Two small organic molecules, UNC0642"* and
A-366"1 (Figure 1) inhibit G9a/GLP with 100-fold selectivity
over other histone methyltransferases, such as SUV39H2 and
SETDB1"), and are equipotent in effectively reducing H3K9
dimethylation™!. We administered UNC0642 or A-366 to mice
either during gestation or in adulthood, mimicking the effects
of genetic knockdown of these drug targets at conception or
only in the postnatal period. We measured H3K9 dimethyl-
ation (H3K9me2) levels, which should be decreased by G9a/
GLP inhibition in adult mice. We also conducted a series of
behavioral tests related to anxiety (elevated zero maze, marble
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Figure 1. Chemical structures of UNCO642 and A366.
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burying, novelty-suppressed feeding, and the three-chamber
social interaction test) in adult mice. We used two different
chemical inhibitors of G9a/GLP to control for possible non-
specific or off-target effects of each compound.

We found that G9a/GLP inhibition during embryonic devel-
opment increased adult anxiety-like behavior, while adult
G9a/GLP inhibition decreased anxiety-like behaviors. Our
data provide further evidence that epigenetic factors such as
G9a/GLP methyltransferases can contribute to anxiety, and
suggest that further study of G9a/GLP could be useful for
developing anxiolytic drugs.

Materials and methods

Animals

Wild-type male and female C57BL/6 mice were purchased
from Charles River Laboratories, Inc (Toronto, ON, Canada).
Male mice were housed in pairs, and female mice were housed
in groups of six to ten. All mice were held in a temperature
(23£1 °C)- and humidity-controlled (50%%10%) room with a
12-h artificial light/dark cycle (lights on at 07:00). Mice had ad
libitum access to standard laboratory rodent chow and water.
All protocols were approved by the Centre for Addiction and
Mental Health (CAMH) Animal Care Committee (protocol
numbers 666 and 752).

Drugs and injection schedule

The effects of both acute and chronic dosing of the two G9a/
GLP inhibitors were assessed. For acute treatment, UNC0642
or A-366 at 1 or 2 mg/kg or UNC0642 at 4 mg/kg was admin-
istered to male mice by intraperitoneal injection, and behav-
ioral testing was performed 30 min later. For chronic treat-
ment, the same doses as used for acute treatment were injected
daily into male mice for 14 days, and behavioral testing was
performed 30 min after the last injection. Test doses of A-366
at 4 mg/kg were lethal and therefore were not used for this
experiment. For in utero experiments, daily intraperitoneal
(ip) injections of UNCO0642 at 2 or 4 mg/kg were administered
to pregnant dams, starting at E9.5 and continuing until birth.
All injections took place between 10:00 and 16:00. UNC0642
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and A-366 were dissolved in 0.1 mol/L sodium citrate buffer,
and the pH was adjusted to 7.4 with HCl. The vehicle-only
control was 0.1 mol/L sodium citrate buffer. UNC0642 was a
gift from Dr Jian JIN at Mount Sinai Hospital, NY, USA. A-366
was purchased from Tocris (Ontario, Canada ). We used diaz-
epam 1 mg/kg (Sandoz, Canada; 225 mg/mL in propylene
glycol) as the positive control drug treatment for the acute
dosing experiment. For the chronic dosing experiment, the
common antidepressant venlafaxine at 16 mg/ kg (
Canada; in 0.9% saline) was used as a positive control.

Tocris,

Behavioral studies

Elevated zero maze (EZM)

The elevated zero maze consisted of a 5-cm-wide circular
track with an inner diameter of 40 cm. The maze had four
quadrants: two opposing open quadrants and two oppos-
ing closed quadrants. The closed quadrants had walls 15 cm
high. The maze was elevated 40 cm above the ground and
was illuminated with six, 32-W overhead fluorescent lights
(2800 Im each). The test mouse was placed in an open quad-
rant facing a closed quadrant and allowed to explore the maze
for five minutes. If the mouse fell off the maze, it was imme-
diately put back at the location from which it fell. Each trial
was video recorded and analyzed using EthoVision XT soft-
ware v10 (Noldus Information Technology, the Netherlands).
Between trials, the apparatus was cleaned with Virox and 70%
ethanol to sanitize it and remove odor. The time spent in the
open areas compared with the closed areas is usually inter-
preted as an indicator of anxiety-like behavior (more anxious
animals spend less time in the open areas).

Marble burying

A plastic cage, approximately 20 cmx30 cm, was filled with
5 cm of corncob bedding, which was lightly pressed down to
make a flat, even surface. Twenty glass marbles were evenly
spaced in five rows of four on the flat surface. The test animal
was placed in the cage for 30 min and recorded using EthoVi-
sion. At the end of the trial, the number of marbles at least
two-thirds buried below the corncob bedding was counted.

Novelty-suppressed feeding

Mice were food deprived for 16 h prior to the test and weighed
before and after testing. On the test day, mice were temporar-
ily transferred to a holding cage. During the test, the mouse
was placed in an open field (40 cmx40 cmx40 cm) with a solid
floor. A food pellet was placed in the center of the box, and
the time for the mouse to begin eating was recorded. If the
test mouse did not eat in the open field for 10 min, a latency of
600 s to eat in the novel environment was recorded. The
mouse was then returned to the home cage with a pre-
weighed food pellet and allowed to eat for 5 min, after which
the weight of the food pellet was recorded.

Crawley'’s three-chamber social approach test
Social interaction was assessed in a rectangular, three-cham-
bered glass box. Each chamber measured 19 cmx45 cm. Adja-
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cent chambers were separated by a clear plastic wall with an
open door, allowing free movement between chambers. Mice
unfamiliar to the test mouse, ie, stranger mice, were contained
in cylindrical wire cages (10 cmx10 cm), with one cage in each
side chamber. Mice were habituated to the testing room for
one hour before each trial. The trial consisted of three phases:
habituation, social affiliation, and social novelty. For the
habituation phase, the test animal was allowed to explore the
middle chamber for 5 min. For the social affiliation phase, a
stranger mouse inside a mesh cage was introduced into one
of the side chambers. The movement of the test mouse in all
three chambers was recorded for 10 min using EthoVision.
For the social novelty phase, another stranger mouse was
introduced into the previously vacant side chamber. Again,
the activity of the test mouse was recorded as it explored all
three chambers. After each trial, the apparatus was cleaned
with 70% ethanol and Virox. All behavioral studies were car-
ried out between 10:00 and 17:00. Flow charts showing the
experimental timeline are in Supplementary Figures 1 and 2.

Note that only male mice were examined for the experi-
ments in which adult mice were injected with drugs. For the
in utero exposure experiment, we examined both the male and
female offspring of pregnant dams injected with UNC0642 or
vehicle.

Effect of UNCO642 and A-366 on histone methylation

Western blots were performed with an SDS-PAGE electro-
phoresis system as described previously®.
were killed by cervical dislocation one day after the novelty-

Briefly, mice

suppressed feeding test. The whole brain (excluding the cer-
ebellum and brainstem) was placed in homogenization buffer
(50 mmol/L Tris-HCI, pH 7.5, 25 mmol/L KCl, 250 mmol/L
sucrose, 2 mmol/L sodium butyrate, 1 mmol/L sodium
orthovanadate, 0.5 mmol/L PMSF, 1xprotease inhibitor cock-
tail) and homogenized. The homogenate was centrifuged at
7700%xg for 1 min at 4°C. The pellet (containing the nuclear
fraction) was resuspended in 500 pL of 0.4 mol/L H,SO, by
thorough trituration, then incubated on ice for 30 min with
intermittent vortexing. Then, these 1.5 mL tubes were centri-
fuged at maximum speed for 10 min at 4°C. The supernatant
was transferred to new tubes, and the histones were precipi-
tated with 250 puL of trichloroacetic acid and sodium deoxy-
cholate on ice for 30 min, then centrifuged at maximum speed
for 30 min at 4°C. The pellet was rinsed with acetone, centri-
fuged again, and then dried for 5 min. Nuclear histone protein
samples were resuspended in 50 pL of 10 mmol/L Tris-HCI
(pH 8.0) at 6 pg/uL and electrophoresed on a 1.5 mol/L Tris
gel with Tris running buffer. The proteins were transferred to
a nitrocellulose membrane and probed either with a primary
antibody against all histone 3 proteins (Abcam, Cambridge,
UK, ab1791) or with an antibody against the histone 3 protein
dimethylated at lysine 9 (H3K9me2; Abcam, ab1220). A horse-
radish peroxidase-conjugated goat anti-mouse antibody was
then added, and secondary antibodies were detected through
enhanced chemiluminescence (ECL Plus, General Electric
Healthcare, Milwaukee, WI, USA). The total amount of his-
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Figure 2. Chronic UNCO642 treatment decreases anxiety-related behaviours in mice. (A) Venlafaxine at 16 mg/kg (54+15 s, P=0.017) and UNC0642
at 4 mg/kg (55+11 s, P=0.017) increased the time mice spent in the open areas. (B) Venlafaxine at 16 mg/kg (2.57+0.49, P=0.001), UNC0O642 at
2 mg/kg (7.86+0.7, P=0.039) and 4 mg/kg (7.14+0.69, P=0.005) decreased the number of marbles buried in the MBT. (C) Venlafaxine at 16 mg/kg
(73+10 s, P=0.022), and UNC0O642 at 4 mg/kg (85+21 s, P=0.02) decreased the latency to eat. (D) Venlafaxine at 16 mg/kg (0.53+0.14, P=0.009)
and UNC0O642 at 4 mg/kg (0.49+0.12, P=0.005) decreased H3K9me2 levels. ‘P<0.05, “"P<0.01.

tone 3 protein was used as the loading control. The amount of
H3K9me?2 protein relative to total histone 3 protein was calcu-
lated and compared between treatment groups. Each group
was normalized to the control group, which was assigned a
value of 1.

Statistical analysis

All data were analyzed using SPSS 21.0 (IBM). All behav-
ioral data were tested for normality using the Shapiro-Wilk
test. One-way ANOVA was used to analyze the results with
a 2-tailed Dunnett’s post hoc test, which accounts for multiple
comparisons. When the data were not normally distributed,
we used the Kruskal-Wallis test followed by Dunn’s post hoc
test. Post hoc comparisons between active treatment groups
relied on Tukey’s test. For the automated three-chamber
social approach test, repeated measures ANOVA was used to
compare time spent in the two side chambers, with the factor
of drug treatment (0.1 mol/L sodium citrate buffer vehicle, 2
mg/kg UNCO0642 or 4 mg/kg UNC0642). Otherwise, all data
are expressed as the mean * standard error of the mean (SEM).

Results
Chronic UNC0642 and A-366 treatment decreased anxiety-like
behaviors and reduced brain H3K9me2 levels
We examined the anxiolytic-like effects of G9a/GLP inhibi-
tion in adult male mice treated chronically for 14 days with
UNCO0642. One-way ANOVA showed that UNC0642 caused a
dose-dependent increase in the time spent in the open areas of
the elevated zero maze (Fyq=4.2, P=0.004; Figure 2A), which
is usually considered an anxiolytic-like effect. The positive
control drug venlafaxine at 16 mg/kg also increased the time
mice spent in the open areas (54£15 s), similar to UNCO0642 at 4
mg/kg (55+11 s; Tukey’s test P=1.0), and both of those groups
spent significantly longer than the vehicle control group (16+4
s; Dunnett’s post hoc test, P=0.017 for both comparisons). At
lower doses, the UNC0642 group showed a consistent trend
towards more time in the open arms compared to the vehicle
group, but the trend did not reach statistical significance (Dun-
nett’s post hoc test, 1745 s at 1 mg/kg, P=1.0; 31+7 s at 2 mg/kg,
P=0.62).

Chronic UNC0642 at 2 or 4 mg/ kg also significantly decreased
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the number of marbles buried (F,=17.36, P<0.0001; Figure
2B). Additionally, UNC0642 caused a dose-dependent decrease
in the latency to feed in the novelty-suppressed feeding test
(Kruskal-Wallis test x*(4)=10.94, P=0.027; Figure 2C). In com-
parison to the vehicle control (119+£20 s), UNC0642 at 4 mg/
kg (85+21 s, Dunn'’s post hoc test, P=0.02) had similar effects to
venlafaxine at 16 mg/kg (73+10 s, Dunn’s post hoc test, P=0.022)
on novelty-suppressed feeding. The behavioral effects of A-366
treatment were similar to those of UNC0642. Chronic treatment
of male mice with A-366 at 2 mg/kg significantly increased the
amount of time spent in the open areas in the elevated zero maze
(F350=7.25, P=0.0004), decreased the number of marbles buried in
the marble-burying test (F;5=13.83, P=0.000001), and decreased
latency to feed in the novelty-suppressed feeding test (F;4=7.2,
P=0.0004; Figure 3A-C). Neither UNC0642 nor A-366 altered
the total distance travelled within the zero maze (Supplementary
Figure 3A-D), suggesting that the compounds did not impair
motor function or cause sedation such that the animal did not
move as much overall.

If UNCO0642 and A-366 effectively inhibited G9a/GLP in the
brain, histone 3 dimethylation at lysine 9 (H3K9me2) should
be reduced. Thus, we measured H3K9me2 using Western
blots. Chronic UNC0642 (4 mg/kg) treatment significantly
reduced H3K9me?2 levels compared with the vehicle control
(ratios between H3K9me2 and total H3 for treated animals=
0.47£0.11; controls=1.0; one-way ANOVA F,,,=4.52, P=0.03;
Figure 2d). Chronic A-366 (2 mg/kg) treatment had similar
effects (ratios between H3K9me2 and total H3 for treated=
0.37£0.11 vs control: 1.0; F;,,=3.8, P=0.037; Figure 3d). Ven-
lafaxine also significantly decreased global brain H3K9me2
levels at 16 mg/kg (0.53+0.14 compared with the control
condition, which was set at 1.0 (P=0.009) in UNC0642
experiments; 0.46+0.045 compared with the control value of
1.0 (P=0.039) in A-366 experiments; Figures 2D and 3D).

In contrast to the effects of chronic UNC0642 or A-366
administration, a single dose of either UNC0642 or A-366 did
not alter the time spent in the open areas of the elevated zero
maze (Figure 4).
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Figure 3. Chronic A-366 treatment decreases anxiety-related behaviours in mice. All tests were performed after 14 days of ip injection of venlafaxine at
16 mg/kg or A-366 at 1 or 2 mg/kg in male mice. (A) Venlafaxine at 16 mg/kg (61+8 s, P=0.004) and A-366 at 2 mg/kg (5616 s, P=0.029) increased
the time mice spent in open areas. (B) Venlafaxine at 16 mg/kg (3.79+0.67, P=0.000000018), and A-366 at 2 mg/kg (6.15+0.82, P=0.001) decreased
the number of marbles buried in the MBT. (C) Venlafaxine at 16 mg/kg (7048 s, P=0.00005) and A-366 at 2 mg/kg (86+7 s, P=0.009) decreased the
latency to feed in the novel environment. (D) Venlafaxine at 16 mg/kg (0.33+0.09, P=0.039) and A-366 at 2 mg/kg (0.32+0.10, P=0.036) decreased

H3K9me2 levels. "P<0.05, ""P<0.01.
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Figure 4. Acute UNCO642 and A-366 treatment did not affect anxiety-related behaviours in mice. All tests were performed 30 min after ip injection of
diazepam at 1 mg/kg, UNCO642/A-366 at 1 or 2 mg/kg, or UNCO642 at 5 mg/kg in male mice. (A) Diazepam at 1 mg/kg (4145 s, P=0.003) increased
the time mice spent in open areas. (B) Diazepam at 1 mg/kg (5419, P=0.00138) increased the time mice spent in open areas. ~“P<0.01.

In utero exposure to UNCO642 decreased social interaction and
increased anxiety-related behavior in adult mice

To investigate the effect of G9a/GLP during early brain devel-
opment on anxiety and social behaviors, we used UNC0642
to inhibit G9a/GLP in utero. We administered UNC0642 (2
mg/kg or 4 mg/kg, ip daily) to pregnant mice from E9.5 until
birth. Behavioral testing was performed when both male and
female offspring reached 8 weeks of age. One-way ANOVA
showed a significant main effect of in utero exposure to
UNCO0642 (F1=4.90, P=0.019) on time spent in the open areas
of the elevated zero maze. In utero exposure to UNC0642 at 4
mg/ kg significantly decreased time spent in open areas of the
elevated zero maze in comparison to the vehicle control (4+1
s vs 25+4 s Dunnett’s post hoc test P=0.026; Figure 5A). A one-
way ANOVA revealed a significant effect of drug treatment
in the marble-burying test (F,»=10.65, P=0.0005). UNC0642
at 2 mg/kg or 4 mg/kg increased the number of marbles
buried compared with the control (6.43+0.69 and 5.43%1.25
vs 2.0£0.44, P=0.001 and P=0.006, for doses of 2 mg/kg and
4 mg/kg, respectively; Figure 5B). All treatment groups had
similar levels of overall movement in the elevated zero maze
(Supplementary Figure 1E-F). In utero UNC0642 exposure
caused a reduction in the time spent with an unfamiliar mouse
in Crawley’s three-chamber social interaction test (Figure 5C),
but there was no effect on response to social novelty (data
not shown). There was no change in adult brain H3K9me2
levels with UNC0642 exposure during gestation (F,;,=0.7828,
P=0.48; Figure 5D). We found no significant effect of sex and
no significant interaction between sex and treatment group on
behavior or histone methylation.

Discussion

In summary, we found that chronic pharmacological inhibi-
tion of G9a/GLP in adult mice reduces anxiety-like behaviors.
The results of adult G9a/GLP inhibition are consistent with
the anti-anxiety effects of several medications that also inhibit
G9a/GLP and with the decreased anxiety-like behavior seen

in mice with postnatal knockout of G9a®". Thus, our results

provide additional evidence that suppressing G9a/GLP activ-
ity in adulthood is anxiolytic and suggests that this may be
one mechanism by which existing anti-anxiety medications
work.

We chose to test two different chemical inhibitors of G9a/
GLP in order to control for potential non-specific effects of
each drug. Although UNCO0642 is highly specific in inhibit-
ing G9a/GLP as opposed to a variety of epigenetic and non-
epigenetic targets, there is still a possibility that some of the
observed effects could be due to off-target binding (i.e., not
due to G9a/GLP inhibition). Our behavioral findings were
reproducible with A-366, which suggests that these effects are
due to G9a/GLP inhibition rather than off-target activity.

Venlafaxine was chosen as our positive control for chronic
drug treatment because of its clinical use in humans as a long-
term treatment for anxiety, and because previous animal
studies have reported strong effects in the behavioral tests we
used®?!. We found that venlafaxine also decreased H3K9me2
levels in the mouse brain, consistent with the other antide-
pressant medications previously shown to inhibit G9al'”. The
observed decrease in histone H3K9 methylation by venlafax-
ine further supports the notion that decreased H3K9me?2 levels
play a role in reducing anxiety-related behaviors.

Another clinical implication of our study is that G9a/GLP
could be explored as a treatment target for developing new
medications to treat anxiety disorders. However, alterations to
the dynamic process of histone modification have the potential
to affect all tissues, not just the brain. In fact, mitotically active
cells and tissues can be especially vulnerable to disruptions
in epigenetic regulation, and this is exploited by anti-cancer
drugs that target the epigenetic machinery, including histone
methyltransferases™. Thus, while a highly selective com-
pound targeting G9a/GLP in the brain may be effective for
treating psychiatric symptoms, there may also be the problem
of systemic toxicity. Further investigation of the downstream
effects of G9a/GLP inhibition and H3K9 demethylation could
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Figure 5. In utero exposure to UNC0642 increased anxiety-related behaviours and decreased social interaction in adult mice. Il.p. injection of UNC0642
at 2 mg/kg or 4mg/kg started on E9.5 and continued until the pups were born. All tests were performed after the pups had matured to eight weeks
of age. (A) UNCO642 at 4 mg/kg (4+1s, P=0.026) decreased the time mice spent in the open areas. There were seven mice (four males) in each
treatment group. (B) UNCO642 at 2 mg/kg (6.43+0.69, P=0.001) and UNCO642 at 4 mg/kg (5.43+1.25, P=0.006) increased the number of marbles
buried. There were twelve (six males), seven (four males), and seven (four males) mice in the vehicle, UNCO642 at 2 mg/kg and UNCO642 at 4 mg/kg
groups, respectively. (C) UNCO642 at 4mg/kg (41%+3%, P=0.001) decreased the time spent with the unfamiliar mouse. There were nine (four males),
seven (four males), and seven (four males) mice in the vehicle, UNCO642 at 2 mg/kg and UNCO642 at 4 mg/kg groups, respectively. (D) H3K9me2
levels were measured with Western blot, and normalized to total histone 3 levels. One way ANOVA did not reveal a significant effect of drug treatment
(F210=0.78, P=0.48). There were four (two males), four (two males), and five (two males) mice in the vehicle, UNCO642 at 2 mg/kg and UNCO642 at 4

mg/kg groups, respectively. "P<0.05, "P<0.01.

point towards novel treatment targets that could have less
severe systemic effects than G9a/GLP inhibition.

In contrast to the effects of adult G9a/GLP inhibition,
administering UNC0642 to mice in utero, during the second
half of gestation, has the opposite effect, resulting in increased
anxiety-related behaviors and decreased social interaction
in adulthood. Our results are consistent with the abnormal
autistic-like social behavior seen in humans with mutations in
the GLP (EHMT1) gene as part of Kleefstra syndrome, as well
as the increased anxiety-like behavior and deficits in social
interaction in mice with GLP haplodeficiency®™. UNC0642
administration to the pregnant dams from E9.5 to birth did not
alter global H3K9me?2 levels in the brains of the offspring as
adults, in contrast to chronic adult G9a/GLP inhibition, which
reduced H3K9me?2 levels. We speculate that G9a/GLP inhibi-

Acta Pharmacologica Sinica

tion reduced H3K9 methylation during the second half of ges-
tation, thereby altering neurodevelopment and adult behavior,
although we did not directly test this hypothesis. Although
H3K9 methylation was at normal levels in adulthood, G9a/
GLP inhibition during gestation could have affected brain
development through several pathways. For example, G9a/
GLP interacts with polycomb repressive complex 2 (PRC2)
in a cooperative fashion to maintain silencing of a subset of
developmental genes, particularly those involved in neuronal
differentiation®™. There is also evidence implicating G9a in
regulating other neural functions such as cocaine-induced
plasticity™; therefore, it is plausible that inhibiting G9a during
embryonic brain development could have lasting effects on
anxiety-related behaviors. However, since we did not directly
measure H3K9me?2 in the embryonic brain, we cannot be cer-



tain that the behavioral changes observed were due to G9a/
GLP inhibition. It is possible that UNC0642 did not penetrate
adequately into the embryonic brain after administration to
the pregnant dam and that the behavioral changes in adult off-
spring are due to maternal effects or other non-specific effects
of UNCO0642 on the developing embryo.

An important clinical implication of these data is that dur-
ing pregnancy, treatment with medications that inhibit G9a/
GLP, including venlafaxine, may affect anxiety and could con-
tribute to anxiety disorders in the offspring. This observation
requires further careful experimentation, but given that ami-
triptyline, imipramine, and paroxetine also inhibit G9a/GLP,
there is reason to investigate the potential for adverse conse-
quences arising from gestational exposure to these common
antidepressant medications. Others have also found evidence
that perinatal exposure to fluoxetine, another antidepressant,
can increase anxiety-related behaviors later in life™!.

In summary, we show that G9a/GLP inhibition with the
drugs UNC0642 and A-366 has anxiolytic-like effects in mice.
In contrast, giving a G9a/GLP inhibitor to pregnant dams pro-
duces increased anxiety and decreased social interaction in the
offspring later in life, consistent with the effects of GLP genetic
knockout studies published previously. Our results suggest
that targeting the G9a/GLP pathway could be a novel strategy
for developing new medications to treat anxiety. The effects
of UNCO0642 exposure during early development demonstrate
that these epigenetic enzymes are important in the origin of
anxiety-related behaviors, and further research into this area
is warranted, especially with regard to the fetal effects of com-
mon antidepressants prescribed to pregnant patients.
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