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Histone methyltransferase G9a diminishes expression of
cannabinoid CB, receptors in primary sensory neurons in
neuropathic pain
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Type 1 cannabinoid receptors (CB;Rs) are expressed in the
dorsal root ganglion (DRG) and contribute to the analgesic
effect of cannabinoids. However, the epigenetic mechanism
regulating the expression of CB;Rs in neuropathic pain is
unknown. G9a (encoded by the Ehmt2 gene), a histone 3 atlysine
9 methyltransferase, is a key chromatin regulator responsible
for gene silencing. In this study, we determined G9a’s role in
regulating CB, R expression in the DRG and in CB;R-mediated
analgesic effects in an animal model of neuropathic pain. We
show that nerve injury profoundly reduced mRNA levels of
CB;Rs but increased the expression of CB, receptors in the rat
DRG. ChIP results indicated increased enrichment of histone 3
at lysine 9 dimethylation, a G9a-catalyzed repressive histone
mark, at the promoter regions of the CB, R genes. G9a inhibition
in nerve-injured rats not only up-regulated the CB, R expression
level in the DRG but also potentiated the analgesic effect of a
CB,R agonist on nerve injury-induced pain hypersensitivity.
Furthermore, in mice lacking Ehmt2 in DRG neurons, nerve
injury failed to reduce CB;R expression in the DRG and to
decrease the analgesic effect of the CB;R agonist. Moreover,
nerve injury diminished the inhibitory effect of the CB;R ago-
nist on synaptic glutamate release from primary afferent nerves
to spinal cord dorsal horn neurons in WT mice but not in mice
lacking Eimt2 in DRG neurons. Our findings reveal that nerve
injury diminishes the analgesic effect of CB,R agonists through
G9a-mediated CB;R down-regulation in primary sensory neu-
rons.

Chronic neuropathic pain caused by damage to the nervous
system remains a major therapeutic challenge. Cannabinoids
produce analgesic effects primarily through activation of type 1
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cannabinoid receptors (CB;Rs)? and type 2 cannabinoid recep-
tors (CB,Rs), both of which are G protein—coupled (1, 2).
WIN55,212-2, a mixed CB;R/CB,R agonist, reduces pain
hypersensitivity caused by peripheral nerve injury (3-5).
Peripheral administration of a specific CB;R agonist, arachido-
nyl-2’-chloroethylamide (ACEA), inhibits the response of spi-
nal dorsal horn neurons to innocuous and noxious stimuli (6).
CB,Rs are widely expressed in the peripheral and central nerv-
ous systems, including the dorsal root ganglion (DRG), periph-
eral and central terminals of DRG neurons, spinal cord dorsal
horn, periaqueductal gray, ventral posterolateral thalamus, and
cortical regions (7-10). The mRNA and protein levels of CB;Rs
in neural tissues are dynamically regulated during development
and can be altered under pathological conditions (11, 12).
Although the CB;R expression level in the DRG has a large
impact on the analgesic effect of cannabinoids (13), it is uncer-
tain how nerve injury alters the expression level of CB,Rs in the
DRG and CB,R-mediated analgesic effects.

Gene expression is controlled by various transcription fac-
tors and epigenetic machineries, including DNA methylation,
histone modifications, and noncoding RNAs (14, 15). Periph-
eral nerve injury alters the expression levels of thousands of
genes, including many G protein— coupled receptors (16-18).
Unbiased genome-wide analyses show that nerve injury has
only a small effect on DNA methylation levels of the genes in
the DRG (19). On the other hand, histone modifications play a
key role in nerve injury—induced abnormal gene expression in
the DRG and in the transition from acute to chronic pain (17,
20). Histone 3 at lysine 9 dimethylation (H3K9me2), a histone
mark usually associated with gene silencing, is the substrate of
histone methyltransferase G9a (encoded by the Ehmt2 gene)
and G9a-like protein (21, 22). G9a is present in the nucleus of
DRG neurons, and traumatic nerve injury increases the expres-
sion level and activity of G9a in the DRG (17). G9a in the DRG
is responsible for diminished expression of potassium channels
and p-opioid receptors in neuropathic pain (17, 18). However,

3 The abbreviations used are: CB,R, type 1 cannabinoid receptor; CB,R, type 2
cannabinoid receptor; ACEA, arachidonyl-2'-chloroethylamide; DRG, dor-
sal root ganglion; H3K9me2, histone 3 at lysine 9 dimethylation; NRSF,
neuron-restrictive silencing factor; REST, RE1-silencing transcription factor;
SNL, spinal nerve ligation; cKO, conditional knockout; SNI, spared nerve
injury; EPSC, excitatory postsynaptic current; ANOVA, analysis of variance.
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Figure 1. Nerve injury differentially alters the expression levels of CB,Rs and CB,Rs in the DRG and spinal cord. A, real-time PCR data showing the mRNA
level of CB,Rs in the rat DRG at days 5, 10, and 21 after sham or SNL surgery. B, the mRNA level of CB,Rs in the rat dorsal spinal cord 21 days after sham or SNL
surgery. C, real-time PCR data showing the mRNA level of CB,Rs in the rat DRG on days 5, 10, and 21 after sham or SNL surgery. D, the mRNA level of CB,Rs in
therat dorsal spinal cord 21 days after sham or SNL surgery. Data are shown as means = S.E. (n = 6 rats/group). Gapdh was used as an endogenous control, and
the mean value in the sham group was set to 1. *, p < 0.05; ***, p < 0.001 compared with the sham group at the same time point. Two-way ANOVA followed
by Tukey post hoc test was used for A and C. Two-tailed Student’s t test was used for Band D.

it is not known whether G9a plays a role in epigenetic regula-
tion of CB,Rs in DRG neurons in neuropathic pain.

In this study, we determined the expression level of CB,Rs in
the DRG@ after nerve injury and the role of G9a in epigenetic
silencing of CB;R expression in neuropathic pain. Our study
reveals that nerve injury induces a long-lasting reduction in the
expression level of CB,Rs in the DRG and that G9a is critically
involved in down-regulation of CB,Rs in injured DRGs and in
the diminished analgesic effect of CB;R agonists on neuro-
pathic pain. This new information is important for our under-
standing of epigenetic mechanisms regulating CB; R expression
in primary sensory neurons and for the design of better strate-
gies to improve CB,R-mediated cannabinoid analgesic effects
on neuropathic pain.

Results

Nerve injury differentially alters the expression level of CB,Rs
and CB,Rs in the DRG

Quantitative PCR assay showed that the mRNA level of
CB,Rs in the DRG was much lower in spinal nerve ligation
(SNL) rats than in sham control rats 5, 10, and 21 days after
surgery (p < 0.001, n = 6 rats/group; Fig. 14). However, SNL
had no significant effect on the mRNA level of CB,Rs in the
dorsal spinal cord 3 weeks after surgery (Fig. 1B).

In contrast, the mRNA level of CB,Rs in the DRG was signif-
icantly increased in SNL rats compared with control rats on
days 10 and 21, but not on day 5, after surgery (p < 0.001,7 =6
rats/group; Fig. 1C). In addition, SNL significantly increased
the mRNA level of CB,Rs in the dorsal spinal cord 3 weeks after
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surgery (p = 0.0126, n = 6 rats/group; Fig. 1D). These results
indicate that peripheral nerve injury induces sustained down-
regulation of CB,Rs but increases CB,R expression in the DRG.

Nerve injury increases the enrichment of H3K9me2 in the CB,R
promoter

The persistent silencing of CB, R expression in the DRG after
nerve injury suggests involvement of an epigenetic mechanism.
We have shown previously that SNL increases the expression
and activity of G9a in the DRG (17). The G9a-mediated histone
modification H3K9me2 is a major repressive histone mark
commonly involved in gene silencing in the DRG (17, 20). We
next used ChIP-PCR to measure the occupancy of H3K9me?2 at
the CB,R promoter after SNL. SNL substantially increased the
H3K9me2 level at the transcriptional start site (—60/95 bp) of
CB,Rs in the DRG 3 weeks after surgery (p = 0.0152, Fig. 2).
Furthermore, enrichment of H3K9me2 levels in two other
regions, —480/—360 bp (p = 0.0022) and 363/469 bp (p =
0.0043), in the promoter region of CB;Rs in the DRG was also
significantly higher in SNL rats than in control rats (Fig. 2).
These data suggest that G9a-mediated H3K9me?2 is associated
with nerve injury—induced CB;R down-regulation in the DRG.

Inhibition of G9a activity restores CB,R expression in the DRG
and potentiates the analgesic effect of the CB,R agonist on
neuropathic pain

We next determined whether increased G9a activity contrib-
utes to nerve injury—induced down-regulation of CB;Rs in the
DRG. We treated SNL rats with daily intrathecal injections of
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Figure 2. Nerve injury increases the enrichment of H3K9me2 at the pro-
moter region of CB,Rs. ChIP-PCR quantification data show the levels of
H3K9me2 at three genomic regions around the transcriptional start site of
CB,Rsinrat DRGtissues 21 days after sham or SNL surgery.n = 6 DRG samples
from 12 ratsin each group. Data were normalized to the total H3 value and are
presented as means = S.E. The mean value in the sham group was setto 1. *,
p < 0.05; **, p < 0.01 compared with the sham group (Mann-Whitney rank-
sum test).

10 g of UNC0638 or DMSO (as the vehicle control) for 7 days.
The efficacy of intrathecal UNCO0638, a highly specific G9a
inhibitor, has been confirmed in our previous study (17). Treat-
ment with UNCO0638 largely restored the mRNA level of CB;Rs
in the injured L5 and L6 DRGs (n = 8 rats/group, Fig. 3A).
However, treatment with UNC0638 had no effect on the mRNA
level of CB;Rs in the spinal cord (m = 6 rats/group, Fig. 3B).
Also, the mRNA level of CB;Rs in the DRG did not differ sig-
nificantly between sham rats treated with vehicle and sham rats
treated with UNCO0638 (n = 8 rats/group, Fig. 34).

We used immunoblotting and DRG tissues from CB;R
conditional knockout mice (generated by crossing female
Cnr1%¥/1°x mice with male Advillin®"®'" mice) as stringent con-
trols to validate three CB;R antibodies commonly used in the lit-
erature, including those from Alomone Labs, Cayman Chemical,
and Frontier Institute Co. (see supporting information). However,
we were unable to validate the specificity of these three antibodies
because they detected similar protein bands in the DRG tissues
from WT and CB; R conditional knockout mice (supporting infor-
mation). For this reason, we did not include our immunoblot data
for CB, R protein quantification.

We then determined whether the analgesic effect of the
CB,R agonist was altered in SNL rats and whether such a
change was due to augmented G9a activity. We measured the
effect of ACEA, a specific CB;R agonist (23, 24), administered
intrathecally on pain hypersensitivity in SNL rats 7 days after
intrathecal treatment with UNC0638 or DMSO. In DMSO-
treated SNL rats, intrathecal injection of 10, 50, or 100 ug of
ACEA produced little effect on tactile allodynia, measured with
von Frey filaments, or mechanical hyperalgesia, tested with a
noxious pressure stimulus (n = 10 rats/group, Fig. 4). In con-
trast, the inhibitory effects of ACEA injected intrathecally on
allodynia and hyperalgesia were significantly potentiated in
UNCO0638-treated SNL rats (n = 10 rats/group, Fig. 4). Treat-
ment with UNCO0638 also significantly increased the baseline
tactile and pressure withdrawal thresholds of SNL rats, as we
reported previously (17, 18). These results suggest that aug-

SASBMB

Epigenetic control of CB, receptors in chronic pain

A CB1R in DRG
1.5+ RiE *kk
[ )
]
>
K] ole®
1.0
<zt °
4
S °
(]
2 0.5
)
(4]
(4
0.0 T
o\,
00
& Nl
3 )
B CB1R in spinal cord
1.5
- [ ] * )
g
° ° d
1.0 ol
£ ° L
s °
2 0.5
)
]
(4
0.0 T T T 1
X ; ® D
‘@‘0 & S N
£ \
‘{b %e
)

Figure 3. G9a inhibition reverses the reduction in CB,R expression in the
DRG after nerve injury. A, the mRNA level of CB,Rs in the DRG from sham
and SNL rats treated with UNC0638 or DMSO (control (Cont)) (n = 8 rats/
group). Drug treatment began 21 days after surgery, and the ipsilateral L5 and
L6 DRG tissues were obtained 24 h after the last UNC0638 or DMSO injection.
The mRNA level of CB,Rs was normalized to that of GAPDH in the same sam-
ples, and the mean value of CB,R levels in sham control rats was considered to
be 1. B, the mRNA level of CB1Rs in the dorsal spinal cord from sham and SNL
rats treated with UNC0638 or DMSO (n = 6 rats/group). Data are shown as
means = S.E.*** p < 0.001 compared with the sham-treated group or DMSO-
treated group (one-way ANOVA followed by Tukey post hoc test).

mented G9a activity mediates nerve injury—induced CBIR
down-regulation in the DRG and the diminished analgesic
effect of CB1R agonists on neuropathic pain.

G9a in DRG neurons is required for nerve injury-induced
silencing of CB,R expression and the diminished analgesic
effect of the CB,R agonist

To directly determine the role of G9a in DRG neurons in
reduced CB; R expression and the diminished analgesic effect of
the CB;R agonist caused by nerve injury, we generated Ehmt2
conditional knockout mice (Ehmt2-cKO) by crossing Ehmt2-
floxed mice with a primary sensory neuron—specific Cre mouse

J. Biol. Chem. (2020) 295(11) 3553-3562 3555
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Figure 4. G9a inhibition potentiates the analgesic effect of the CB,R ago-
nist diminished by nerve injury. A and B, time course of the effect of intrath-
ecal ACEA on the tactile (A) and pressure (B) withdrawal thresholds in SNL rats
treated with UNC0638 or DMSO (n = 10 rats/group). Data are shown as
means = S.E. ¥, p < 0.05; **, p < 0.01; ***, p < 0.001 compared with the
respective baseline at time 0 (two-way ANOVA followed by Tukey post hoc
test).

line, Advillin-Cre (17, 25), so that Ehmt2 was selectively ablated
from DRG neurons. Selective ablation of the G9a protein in the
DRG in Ehmt2-cKO mice has been demonstrated previously
(17). In WT mice, SNI significantly reduced the mRNA level of
CB,Rs in the DRG (p < 0.001, n = 6 mice/group, Fig. 5). In
contrast, in Ehmt2-cKO mice, SNI had no significant effect on
the mRNA level of CB;Rs in the DRG (Fig. 5). Furthermore, the
mRNA level of CB;Rs in the DRG did not differ significantly
between sham-treated WT mice and sham-treated Ehmt2-cKO
mice (Fig. 5).

SNI substantially decreased the withdrawal thresholds of the
ipsilateral hind paw in response to application of von Frey fila-
ments and noxious pressure and heat stimuli, indicating pain
hypersensitivity, in seven WT control mice 3 weeks after sur-
gery (Fig. 6). The tactile (0.84 * 0.06 versus 0.82 = 0.04 g, t =
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Figure 5. Genetic deletion of Ehmt2 in DRG neurons restores the expres-
sion level of CB,Rs in the mouse DRG reduced by nerve injury. Quantita-
tive PCR analysis shows the mRNA levels of CB,Rs in the DRG from Ehmt2-cKO
and WT mice subjected to SNI or sham surgery (n = 6 mice/group). Data are
shown as means = S.E. ***, p < 0.001 compared with the WT sham group
(one-way ANOVA followed by Dunnett post hoc test).

0.21, p = 0.85) and pressure (78.08 = 4.25 versus 77.02 = 5.04 g,
t = 1.72, p = 0.13) withdrawal thresholds did not differ signif-
icantly between the SNI and sham control mice 3 weeks after
surgery (n = 8 mice/group), similar to what we reported previ-
ously for Ehmt2-cKO mice (17, 18). In WT mice subjected to
SNI, intraperitoneal injection of 1 mg/kg and 5 mg/kg of the
CB; R agonist ACEA had no significant effect on the mechanical
and thermal withdrawal thresholds (# = 7 mice, Fig. 6). In con-
trast, intraperitoneal injection of ACEA at both 1 mg/kg and 5
mg/kg significantly increased the mechanical and thermal
withdrawal thresholds in Ehmt2-cKO mice 3 weeks after SNI
(n = 8 mice, Fig. 6). These data provide unambiguous evidence
that G9a in DRG neurons is indispensable for nerve injury—
induced down-regulation of CB;Rs and the diminished analge-
sic effect of the CB;R agonist on neuropathic pain.

Ablation of G9a in DRG neurons potentiates the inhibitory
effect of the CB,R agonist on synaptic glutamate release from
primary afferent nerves after nerve injury

CB,Rs are expressed presynaptically at primary afferent
nerve terminals, and CB,R activation can reduce nociceptive
input to the spinal cord (9, 10, 24). In the spinal cord, the mixed
CB,R/CB,R agonist WIN55,212-2 reduces synaptic transmis-
sion, and this effect is blocked by the CB;R antagonist
SR141716A (26). We thus used Ehmt2-cKO mice to determine
whether G9a in DRG neurons influences the inhibitory effect of
the CB, R agonist on glutamatergic input from primary afferent
nerves to spinal dorsal horn neurons in neuropathic pain. In
WT mice receiving sham surgery, bath application of 50-200
nM but not 10-20 nm ACEA significantly reduced the ampli-
tude of monosynaptically evoked excitatory postsynaptic cur-
rents (EPSCs) of spinal lamina II neurons (# = 12 neurons, Fig.
7, A and B). SNI markedly increased the baseline amplitude of
EPSCs of lamina II neurons monosynaptically evoked from dor-

SASBMB



-o- ACEA 1 mg/kg + WT-SNI (n=7)
-e- ACEA 1 mg/kg + Ehmt2-cKO SNI (n=8)
-o- ACEA 5 mg/kg + WT SNI (n=7)
-e- ACEA 5 mg/kg + Ehmt2-cKO SNI (n=8)

>

20_ * %

°

; *

2

S 1.54

o

£ *

$ 101 :

o

k<]

=

g |

o 0.5

k3] ol

'!_\S -~ ‘~.-=::i::=-..-_-...---..
0.0 T T T

0 30 60 90 120 150 180

Time (min)

-

a

o
1

*%

(2]
o
1

T

Pressure withdrawal threshold (g)
3
<

120 150 180

0 30 60 90

Time (min
C (min)
20+
)
g
@15"
5
©
3
S 104
2
= ¢--- Bl -9 __x
X - bbb S35 TIPUI
)
=
0 T T L] L] L] L] L]
0 30 60 90 120 150 180
Time (min)

Figure 6. Ablation of Ehmt2 in DRG neurons augments the analgesic
effect of the CB,R agonist diminished by nerve injury. A-C, time course of
the effect of intraperitoneal injection of ACEA (1 and 5 mg/kg) on the tactile
(A) and pressure (B) withdrawal thresholds and thermal sensitivity (C) of 8
Ehmt2-cKO and 7 WT control mice subjected to SNI. Data are shown as
means = S.E. ¥, p < 0.05; **, p < 0.01; ***, p < 0.001 compared with the
respective baseline at time 0 (two-way ANOVA followed by Tukey post hoc
test).

sal root stimulation, in agreement with our previous reports
(27, 28). Strikingly, in WT mice subjected to SNI, bath applica-
tion of up to 200 nm ACEA had no significant inhibitory effect
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on the amplitude of evoked EPSCs of spinal dorsal horn neu-
rons (n = 11 neurons, Fig. 7, A and B).

In contrast, in Ehmt2-cKO mice subjected to SNI and sham
surgery, bath application of 50 -200 nm ACEA similarly atten-
uated the amplitude of monosynaptically evoked EPSCs of lam-
ina II neurons (Fig. 7, A and C). The inhibitory effect of ACEA
on the amplitude of evoked EPSCs in lamina II neurons did not
differ significantly between SNI Efimt2-cKO mice (n = 12 neu-
rons) and sham-treated Eimt2-cKO mice (# = 10 neurons).
These findings clearly indicate that G9a in DRG neurons is
responsible for nerve injury—induced reduction in CB;R-medi-
ated inhibition of primary afferent input to spinal dorsal horn
neurons.

Discussion

Our study demonstrates that nerve injury induced long-last-
ing CB;R down-regulation in the DRG and diminished the
analgesic effect of the CB,R agonist on neuropathic pain. We
found that, in both rats and mice, nerve injury caused by SNL
and SNI, respectively, consistently reduced the expression of
CB,Rs in the DRG. Our quantitative PCR results are consistent
with unbiased RNA-Seq data showing that CB,R expression is
significantly reduced in the DRG after nerve injury (17). A pre-
vious study, using only three rats per group, reported that L5
SNL did not alter the mRNA level of CB,Rs in the injured DRG
but did reduce the percentage of CB;R/IB4 and CB;R/CGRP
double-labeled DRG neurons (29). We also showed that the
analgesic effect of the CB,R agonist on nerve injury—induced
pain hypersensitivity was diminished, which can be explained
by down-regulation of CB;Rs in the DRG. Increased glutama-
tergic synaptic input from DRG neurons is important for the
development of neuropathic pain, and inhibition of this noci-
ceptive input is an effective approach for treating neuropathic
pain (27, 30). Similar to other G, -coupled receptors (31),
CB,Rs, upon activation, inhibit calcium channels in various
types of neurons (32-34). The CB;R agonist ACEA has been
shown to inhibit the response of spinal dorsal horn neurons to
noxious stimuli (24). Similarly, we showed that ACEA reduced
synaptic glutamate release from primary afferent terminals in
sham-treated WT mice, but this effect was diminished after
nerve injury. These findings suggest that nerve injury-induced
CB,R down-regulation in the DRG reduces CB;R-mediated
inhibition of excitatory synaptic transmission from primary
sensory neurons to spinal dorsal horn neurons.

Furthermore, our study provides unequivocal evidence that
G9a-mediated H3K9m2 is essential for nerve injury—induced
reduction in CB,R expression in the DRG. G9a-mediated his-
tone lysine methylation plays an important role in gene expres-
sion changes in the DRG caused by nerve injury (17). G9a is
generally known for mediating H3K9m?2-related gene silencing
and transcriptional repression (35-37). We found that nerve
injury increased the enrichment of H3K9me2 not only at the
transcriptional start site (—60 to 95 bp) but also to its upstream
(—480 to —360 bp) and downstream (363 to 469 bp) in the
promoter region of CB,Rs. This finding suggests that increased
histone methylation by G9a is dispersed in the promoter region
of CB;Rs in the injured DRG. We showed that inhibiting G9a
activity using UNCO0638 reversed the nerve injury-reduced

J. Biol. Chem. (2020) 295(11) 3553-3562 3557
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Figure 7. Genetic ablation of Ehmt2 in DRG neurons restores the inhibitory effect of the CB,R agonist on glutamate release from primary afferent
terminals diminished by nerve injury. A-C, representative recording traces and mean data showing the inhibitory effect of 10-200 nm ACEA on the
amplitude of EPSCs of dorsal horn neurons evoked monosynaptically from dorsal root stimulation in WT (A and B) and Ehmt2-cKO (A and C) mice subjected to
sham or SNI surgery. In the top panel of B, the baseline amplitude of EPSCs was different between the sham and SNI groups, and the effect of ACEA was
normalized to the respective baseline amplitude (percent inhibition) for comparison in the bottom panel. The number of neurons tested in each group is
indicated in Band C. Data are shown as means = S.E. *, p < 0.05 compared with the respective baseline value. #, p < 0.05 compared with the WT sham group
at the same ACEA concentration (two-way ANOVA followed by Tukey post hoc test).

expression levels of CB;Rs in the rat DRG. Importantly, in mice
in which G9a was genetically ablated in DRG neurons, nerve
injury failed to reduce CB;R expression in the DRG. Because
G9a inhibition or knockout had no effect on the expression of
CB,Rs in the DRG in sham-treated animals, it is possible that
GYa activity in normal DRG neurons is too low to regulate basal
CB; R expression.

Our study also demonstrates a crucial role of G9a in DRG
neurons in the diminished inhibitory effects of the CB,R ago-
nist on nociception and on peripheral glutamatergic input to
spinal dorsal horn neurons in neuropathic pain. We found that
G9a inhibition or genetic ablation of Ehmt2 in DRG neurons
potentiated the antinociceptive effect of ACEA, a specific CB;R
agonist. In addition, the inhibitory effect of ACEA on glutama-
tergic input from primary afferent terminals in the spinal dorsal
horn was normalized in Ehmt2-cKO mice, indicating an essen-
tial role of G9a in nerve injury—induced silencing of CB;R
expression at central terminals of DRG neurons.

We have shown that 638 genes are regulated by G9a in the
injured DRG (17). Although our study demonstrates an impor-
tant role of G9a in nerve injury—induced CB;R down-regula-
tion, other genes altered by G9a manipulation could indirectly
affect the CB;R signaling and its analgesic action. Also, it is
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unclear whether certain transcriptional repressors, such as
REST/NRSEF, are involved in nerve injury-induced CB; R down-
regulation. Although G9a and REST/NRSF often act coordi-
nately on gene silencing (28, 38, 39), further studies are needed
to define whether REST/NRSF is part of the G9a-containing
repressor complex involved in CB;R silencing in the injured
DRG. We reported previously that G9a is responsible for the
diminished p-opioid receptor expression in the DRG and the
opioid analgesic effect after nerve injury (18). This study pro-
vides another example of the critical role of G9a in sustained
down-regulation of CB,Rs, another important analgesic target
and G protein— coupled receptor. Thus, peripheral nerve injury
is generally associated with G9a-mediated epigenetic silencing
of endogenous antinociceptive genes in primary sensory neu-
rons, which may contribute to the development of chronic neu-
ropathic pain.

Although some clinical studies report that cannabinoids
reduce chronic neuropathic pain (40, 41), others show that can-
nabinoid compounds have very limited analgesic efficacy for
treating neuropathic pain in patients (42—45). Notably, canna-
bis contains more than 400 chemically distinct entities, and not
all cannabinoid compounds produce analgesia via CB;Rs. For
example, the analgesic effect of cannabidiol on chronic pain is
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mediated primarily via glycine receptors (46). Also, the analge-
sic effect of A(9)-tetrahydrocannabinol on acute pain is still
intact in CB;R KO mice (47). Interestingly, we found that the
mRNA level of CB,Rs in the DRG was increased 10 and 21 days
but not 5 days after nerve injury, which may explain the efficacy
of certain cannabinoid compounds in neuropathic pain condi-
tions. Our finding is consistent with previous reports showing
that traumatic nerve injury increases CB,R expression levels in
DRG neurons and the spinal cord (48 —50) and provides further
support for development of CB,R agonists for treating chronic
neuropathic pain (51, 52). Because G9a is generally involved in
gene silencing, it is unlikely that G9a plays a role in CB,R up-
regulation in the injured DRG. Indeed, we found that G9a inhi-
bition with UNCO0638 did not attenuate the nerve injury—
induced increase in the mRNA level of CB,Rs in the rat DRG
(17). The epigenetic mechanism responsible for CB,R up-reg-
ulation in the injured DRG needs to be investigated in future
studies.

In summary, our findings reveal G9a in primary sensory neu-
rons as an important epigenetic regulator for control of CB;R
expression in neuropathic pain. G9a is the key chromatin mod-
ulator responsible for down-regulation of CB,Rs in the injured
DRG and the diminished analgesic effect of CB;R agonists on
neuropathic pain. Systemically administering specific CB;R
agonists may have little clinical use because of their undesirable
adverse effects in the central nervous system, such as depen-
dence and cognitive impairment. Nevertheless, G9a inhibitors
could conceivably be used to restore CB, R expression in injured
DRG neurons, thus potentiating the analgesic effect of canna-
binoids and peripherally restricted CB;R agonists on neuro-
pathic pain.

Experimental procedures
Rat model of neuropathic pain and intrathecal cannulation

All experimental protocols were approved by the Institu-
tional Animal Care and Use Committee of the University of
Texas MD Anderson Cancer Center (approval no. 882-RN02).
Male Sprague-Dawley rats (8 —10 weeks old, Harlan Laborato-
ries) were used in this study. L5 and L6 SNL was used as an
experimental model of neuropathic pain, as described previ-
ously (53). In brief, we induced anesthesia with 2%—-3% isoflu-
rane inhalation, isolated the left L5 and L6 spinal nerves, and
ligated them with sutures under a surgical microscope. Sham
control rats underwent the same procedure except for nerve
ligation. Pain hypersensitivity developed 10-14 days after SNL
and lasted at least 8 weeks. All animals were housed (2—3 rats/
cage) in a controlled environment (24 °C = 2 °C, 12:12 h light-
dark cycles) and received standard laboratory food and clean
water ad libitum. At the end of the experiments, animals were
deeply anesthetized with isoflurane inhalation and then rapidly
decapitated.

Two weeks after SNL surgery, we inserted intrathecal cathe-
ters in some SNL rats anesthetized with 2%—-3% isoflurane via a
nose cone. Briefly, a puncture was made in the atlanto-occipital
membrane, and a polyethylene (PE-10) catheter was intro-
duced, with the caudal tip placed at the lumbar spinal cord level
(54). The rats were allowed to recover for at least 5 days before
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the catheters were used for intrathecal injections. Drugs were
injected intrathecally at a volume of 10 ul, followed by a 5-ul
saline flush. UNC0638 (Sigma-Aldrich), a selective G9a inhibi-
tor (17, 18), and ACEA (Sigma-Aldrich), a highly specific CB;R
agonist (23, 24), were dissolved in DMSO. Drug treatment
started 3 weeks after SNL, when the chronic pain was well-
established. The doses of these agents were selected from pre-
vious studies (17, 18, 55, 56).

Generation of Enmt2 conditional knockout mice and mouse
model of neuropathic pain

Ehmt2 cKO mice were generated as described previously (17,
18). In brief, we deleted the Ehmt2 gene in DRG neurons by
crossing female Ehmt29°/1°% mice with male Advillin“"'*
mice, a primary sensory neuron—specific Cre line (25, 57). Tail
biopsies were used for genotyping 3 weeks after birth. Cre-neg-
ative floxed littermates were used as WT control mice, and all
mice were of the C57BL/6] genetic background. Age-matched
adult (8- to 10-week-old) males and females were used for final
experiments.

Spared nerve injury (SNI) was performed in mice as a model
of neuropathic pain as described previously (18, 58). The mice
were anesthetized with 2%—3% isoflurane, and an incision was
made on the left lateral thigh to locate the sciatic nerve. The
common peroneal and tibial nerves were ligated and sectioned
(leaving the sural nerve intact) under a surgical microscope.
The sham mice were subjected to the same procedure without
the nerve injury. Final behavioral studies and spinal cord slice
recordings were performed 2—-3 weeks after surgery.

Behavioral assessment of nociception in rodents

To quantify tactile allodynia, we applied von Frey filaments
(Stoelting, Wood Dale, IL) to the animals’ left hind paw (ipsi-
lateral to SNL or SNI). Rodents were placed individually in sus-
pended chambers on a mesh floor. Calibrated von Frey fila-
ments were applied vertically to the plantar surface of the left
hind paw with sufficient force to bend the filaments for 6 s. The
tactile stimulus producing a 50% likelihood of withdrawal was
calculated using the “up—down” method, as described previ-
ously (59).

To measure mechanical nociception, we used the paw pres-
sure test on the left hind paw. The Analgesy-Meter device (Ugo
Basile) was pressed to trigger a motor that applied a constantly
increasing force to the left hind paw. When the animal dis-
played a withdrawal response, the pedal was released immedi-
ately to record the nociceptive withdrawal threshold (60).

Hind paw thermal sensitivity in rodents was assessed using a
radiant heat source (IITC Life Science, Woodland Hills, CA).
The light that generated noxious heat was focused onto the
plantar surface of the left hind paw (18, 54). The withdrawal
latency was registered on a timer when the hind paw moved
away abruptly from the noxious heat. The investigators per-
forming behavioral measurements were blinded to the drug
treatments and genotypes.

RNA isolation and real-time PCR assay

Total RNA was isolated from the left lumbar DRG and dor-
sal spinal cord tissues using TRIsure (BIO-38032, Bioline,
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Taunton, MA). Reverse transcription of 1 ug of RNA treated
with RNase-free DNase (79254, Qiagen, Hilden, Germany) was
performed using the RevertAid RT Reverse Transcription Kit
(#K1619, Thermo Fisher Scientific, Waltham, MA). 2 ul of
complementary DNA diluted five times was added to a 20-ul
reaction volume with SYBR Green PCR Mix (A25780, Thermo
Fisher Scientific). Real-time PCR was carried out using a Quant
Studio 7 Flex Real-Time PCR System (Applied Biosystems,
Waltham, MA). The thermal cycling conditions were as fol-
lows: 1 cycle at 95 °C for 10 min, 40 cycles at 95 °C for 15 s, and
1 cycle at 60 °C for 45 s. The following primers were used: rat
CB;R forward, AGA CAC CACCTT CCG TAC CAT CAC; rat
CB;R reverse, GGA GTT GTC TCC TGC GGT CAT CTT T;
rat CB,R forward, TGA GGT GAA AAC CAC CAC AGG GG;
rat CB,R reverse, GTC CAG GAC CCC TCT CTT CTG; rat
Gapdh forward, CAT CCC AGA GCT GAA CGG GAA G; rat
Gapdh reverse, GTC CTC AGT GTA GCC CAG GAT GG;
mouse CB;R forward, CAG CAG GAG ACA CAA CCA AG;
mouse CB,R reverse, TTC TCC AGA ACC GTG AAG GTG;
mouse Tubalaforward, CCA CTA CACCAT TGG CAA GGA
GA; and mouse Tubala reverse, GGA GGT GAA GCC AGA
GCC AGT.

ChIP assay

ChIP assays were performed as described previously (28). In
brief, L5 and L6 DRG tissues were isolated and cross-linked
with 2 mm disuccinimidyl glutarate for 35 min, followed by 2%
formaldehyde for 20 min. The DRG tissues were homogenized
with lysis buffer and sonicated into fragments of 200-1000 bp
using a water bath sonicator (Qsonica, Newtown, CT) at 4 °C
(40 cycles of 30 s on and 30 s off). Chromatin was pulled down
using Dynabeads Protein G magnetic beads (10003D, Thermo
Fisher Scientific) conjugated with an anti-H3K9me2 antibody
(ab1220, Abcam, Cambridge, MA) or anti-H3 antibody
(ab1791, Abcam). DNA was recovered using the QIAquick PCR
Purification Kit (58106, Qiagen) after decross-linking and was
used for real-time PCR. The primers used were as follows: rat
ChIP CB;R (—480/—360 bp) forward, GAT GCA CAT GCT
CAG GGG AGA CT; rat ChIP CB,R (—480/—360 bp) reverse,
CTG TGG GGA CCT CGG AGG TG; rat ChIP CB,R (—60/95
bp) forward, GGG AAA GAG GCT TCATGT TGA CAT G;rat
ChIP CB;R (—60/95 bp) reverse, CAT ACC TCA GCC ATG
GGT GCT CC; rat ChIP CB,R (363/469 bp) forward, GCT
GAA AAT AAG ACC TCA TGG TGG; and rat ChIP CB;R
(363/469 bp) reverse, GTC CGC TGG GAG ATG GGT AAC
AG.

Spinal cord slice preparation and electrophysiological
recordings

Electrophysiological recordings in spinal cord slices were
performed as described previously (54, 57). The lumbar spinal
cord tissues were removed rapidly via laminectomy from mice
anesthetized with 2%-3% isoflurane. The spinal cords at L5 and
L6 were sliced transversely to a thickness of 400 um using a
vibratome in ice-cold sucrose artificial cerebrospinal fluid pre-
saturated with 95% O, and 5% CO.,. The spinal cord slices were
incubated in Krebs solution oxygenated with 95% O, and 5%
CO, at 34 °C for at least 1 h before recordings.
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Whole-cell patch-clamp recordings were performed using a
glass pipette (5-10 megohms) filled with an internal solution
containing 135.0 mM potassium gluconate, 5.0 mM tetraethyl-
ammonium, 2.0 mm MgCl,, 0.5 mm CaCl,, 5.0 mm HEPES, 5.0
mMm EGTA, 5.0 mm Mg-ATP, 0.5 mm Na-GTP, and 10.0 mm
lidocaine N-ethyl bromide. The spinal lamina II outer neurons
on the ipsilateral (left) side were chosen for recording because
they receive nociceptive input predominantly from primary
sensory nerves (54, 61). We used electrical stimulation (0.2 ms,
0.6 mA, and 0.1 Hz) of the dorsal root to evoke EPSCs at a
holding potential of —60 mV. EPSCs were considered mono-
synaptic when the latency of evoked EPSCs was constant and a
20-Hz electrical stimulation did not cause conduction failure
(62, 63). During the recording, the slices were continuously per-
fused with Krebs solution at 3.0 ml/min at 34 °C. The input
resistance was monitored, and the recording was abandoned
when the resistance changed more than 15%.

Statistical analysis

All data are expressed as means * S.E. Analyses of the drug’s
effect on the amplitude of evoked EPSCs were performed using
Clampfit 9.2 software (Axon Instruments, Union City, CA). We
recorded only one neuron from each spinal cord slice and used
three to four mice for each group. ACEA (10-200 nMm) was
bath-applied in an ascending order, each for 6 min. The ampli-
tude of EPSCs was quantified after it had stabilized at a reduced
level. A two-tailed Student’s ¢ test or Mann—Whitney rank-sum
test was used to compare two groups, and one-way or two-way
analysis of variance (ANOVA) followed by Dunnett or Tukey
post hoc test was used to determine the differences between
more than two groups. p < 0.05 was considered statistically
significant.
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