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Involvement of HDAC2-mediated kcnq2/ o

kcng3 genes transcription repression activated
by EREG/EGFR-ERK-Runx1 signaling in bone
cancer pain
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Abstract

Bone cancer pain (BCP) represents a prevalent symptom among cancer patients with bone metastases, yet its under-
lying mechanisms remain elusive. This study investigated the transcriptional regulation mechanism of Kv7(KCNQ)/M
potassium channels in DRG neurons and its involvement in the development of BCP in rats. We show that HDAC2-
mediated transcriptional repression of kcng2/kcng3 genes, which encode Kv7(KCNQ)/M potassium channels in dor-
sal root ganglion (DRG), contributes to the sensitization of DRG neurons and the pathogenesis of BCP in rats. Also,
HDAC2 requires the formation of a corepressor complex with MeCP2 and Sin3A to execute transcriptional regulation
of keng2/kcnqg3 genes. Moreover, EREG is identified as an upstream signal molecule for HDAC2-mediated kcng2/
kcng3 genes transcription repression. Activation of EREG/EGFR-ERK-Runx1 signaling, followed by the induction

of HDAC2-mediated transcriptional repression of kcng2/kcng3 genes in DRG neurons, leads to neuronal hyperexcit-
ability and pain hypersensitivity in tumor-bearing rats. Consequently, the activation of EREG/EGFR-ERK-Runx1 signal-
ing, along with the subsequent transcriptional repression of kcng2/kcng3 genes by HDAC2 in DRG neurons, underlies
the sensitization of DRG neurons and the pathogenesis of BCP in rats. These findings uncover a potentially targetable
mechanism contributing to bone metastasis-associated pain in cancer patients.
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The Kv7(KCNQ)/M channels are a family of voltage-
gated potassium channels consisting of five family mem-
bers (Kv7.1-Kv7.5) encoded by kcngl-5 genes, among
them the KCNQ2 and KCNQ3 are expressed exclusively
in the nervous system [3], and co-assembled KCNQ2
and KCNQ3 subunits constitutes the native M channel
in most neurons [4]. This channel generates a species
of low-threshold, slowly activating, slowly deactivating,
and non-inactivating K* current (M-current), which acts
as a “brake” to regulate the action potential (AP) firing
and the neuronal excitability [5]. Suppression of M-cur-
rent increases the neuronal excitability, whereas their
enhancement has a silencing effect [6, 7].

Histone acetylation modifications, a common form
of epigenetic modification, mainly occur on conserved
lysine residues at the H3 and H4 N-terminal tail, which
are catalyzed by histone acetyltransferases (HATs) and
histone deacetylases (HDACs) [8]. Histone acetylation
alters the condensed chromatin into a more relaxed
structure, and promotes gene transcription, whereas his-
tone deacetylation tightly condenses chromatin result-
ing in gene silencing [9]. HDAC2, a member of class
I HDACs has been implicated in various pain models
including bone cancer pain [10, 11]. The catalytic activ-
ity of HDACs is mostly dependent on its association
with multiprotein complexes such as switch-insensitive
3a (Sin3A) [12, 13]. The methyl-CpG binding protein 2
(MeCP2) recruits transcriptional corepressors including
Sin3A/HDAC?2 to the promoter region of a targeted gene
resulting in gene silencing [14, 15]. These findings raise
the possibility that HDAC2, which needs to form core-
pressor complex with MeCP2 and Sin3A, plays a vital
role in kcng2 and kcng3 genes transcriptional repression.

Epiregulin (EREG) that signals through the epidermal
growth factor receptor (EGFR) is involved in pain pro-
cessing [16]. The downstream effects of EGFR are medi-
ated by a number of signaling pathways including ERK
cascade [17], which regulates multiple pain responses.
The activation of ERK signaling is implicated in the phos-
phorylated modification of Runx1 [18, 19], a Runt domain
transcription factor that is required for the differentiation
of nociceptors and the pathogenesis of persistent pain
[20, 21]. Runx1 has been shown to transcriptionally regu-
late HDAC?2 expression in breast cancer tissues [22]. We
hence hypothesized a strong link between the activation
of EREG/EGFR-ERK-Runx1 signaling and the HDAC2-
mediated transcriptional repression of kcng2 and kcng3
genes in DRG neurons.

We here investigated the transcriptional regulation
mechanism of Kv7(KCNQ)/M potassium channels in
DRG neurons and its involvement in BCP in rats. We
uncovered that the HDAC2-mediated transcriptional
repression of kecng2 and kcng3 genes, induced by the
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activation of EREG/EGFR-ERK-Runx1 signaling, contrib-
utes to the sensitization of DRG neurons and the patho-
genesis of BCP in rats.

Materials and methods

Animals

Adult male and female Sprague—Dawley rats weighing
180 to 220 g at the beginning of the experiments were
provided by the Department of Experimental Animal
Sciences, Peking University Health Science Center. All
rats were housed in separated cages, and the room was
kept at 24°+1 °C and 50 to 60% humidity under a 12-h
light/12-h dark cycle with ad libitum access to food and
water. All experiments were approved by the Animal
Care and Use Committee of Peking University (Approval
number: BCJB0019) and performed in accordance with
both the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and the ARRIVE (Animal
Research: Reporting of In Vivo Experiments) guidelines.

Animal model of bone cancer pain

A rat model of bone cancer pain was established by
intratibial injection of syngeneic MRMT-1 rat mammary
gland tumor cells as previously described [21, 23]. Briefly,
after being anesthetized with 1% pentobarbital sodium
[50 mg/kg, intraperitoneal (i.p.)], the left tibia of rat was
carefully exposed and a 23-gauge needle was inserted in
the canal of the bone. It was then removed and replaced
with a long, thin blunt needle attached to 10-pl Hamilton
syringe containing the medium to be injected. A volume
of 5 ul MRMT-1 rat mammary gland tumor cells (1 x 10)
or vehicle (PBS) was injected into the tibial bone cavity.
After injection, the site was sealed with bone wax, and
the wound was finally closed. Any rats exhibiting motor
deficiency or lack of pain hypersensitivity after tumor cell
inoculation, as well as those that died during the experi-
ments, were excluded from the study.

Intrathecal catheterization

Intrathecal catheterization is a reliable approach for the
delivery of drugs or vectors into the DRG of rats [24, 25],
and chronic lumbar catheterization of the spinal suba-
rachnoid space in rodents offers several advantages for
intrathecal delivery of drugs upon repeated administra-
tion [26-28]. Consequently, intrathecal catheterization
is well suited for long-term behavioral and pharmaco-
logical studies. Under general anesthesia via intraperito-
neal injection (i.p.) of pentobarbital sodium (50 mg/kg),
implantation of an intrathecal catheter was performed
as described in previous studies [21, 23]. Briefly, a PE-10
polyethylene catheter was implanted between the L5
and L6 vertebrae to reach the lumbar enlargement of the
spinal cord. The outer part of the catheter was plugged
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and fixed onto the skin upon closure of the wound. All
surgical procedures were performed under sterile condi-
tions. Rats showing neurological deficits after the cath-
eter implantation were euthanized. After recovery for 3
to 7 days, drugs or vectors were intrathecally injected via
the implanted catheter in a 10-pl volume of solution (for
lentivirus injection, 20 pl) followed by 10 pl of vehicle for
flushing. Each injection lasted for at least 5 min. After an
injection, the needle remained in situ for 2 min before
being withdrawn.

Drug administration and lentivirus infection

Trichostatin A (50 ug/kg), sodium butyrate (10 mM,
30 mM, 100 mM, 300 mM), or an equal dose of vehicle
was intrathecally administered to the BCP model rats on
day 7 after tumor cells inoculation, once per day for seven
consecutive days. Recombinant lentivirus expressing
either HDAC2 shRNA linked with GFP (LV-shHDAC?2),
MeCP2 shRNA linked with ZsGreen (LV-shMeCP2), or
EGFR shRNA linked with ZsGreen (LV-shEGFR) was
respectively constructed by Obio Technology (Shanghai,
China, for LV-shHDAC2) and Likeli Technology (Bei-
jing, China, for LV-shMeCP2 and LV-shEGFR), using
pLVX-mCMV-GFP vector or pLVX-mCMV-ZsGreen
vector as indicated. Lentivirus, including LV-shHDAC2
(LV-GFP as control), LV-shMeCP2 (LV-ZsGreen as con-
trol), LV-shEGFR (LV-ZsGreen as control), or the con-
trol virus was intrathecally administered to the BCP
model rats at a final titer of 5x10® transducing units/
mL (in a 20-pl volume of solution), on day 7 after tumor
cells inoculation. Sin3A siRNA (2.5 pg), Runxl siRNA
(2.5 pg), or an equal dose of scramble siRNA in a 10-pl
mixture with in vivo jetPEI transfection reagent (Poly-
plus-transfection SA, Illkirch, France) was intrathecally
administered to the BCP model rats on day 7 after tumor
cells inoculation, twice per day for seven consecutive
days. EREG (50 pg/mlx 10 pl), or an equal dose of vehi-
cle was intrathecally administrated to naive rats, once
per day for four consecutive days. In some experiments,
LV-shEGFR (or the control LV-ZsGreen) was intrathe-
cally administered to the EREG-treated rats, at a final
titer of 5x 10® transducing units/mL (in a 20-pl volume
of solution), on day 7 before intrathecal EREG applica-
tion. In another experiment, Runx1 siRNA (2.5 pg, in a
10-pl volume solution) was intrathecally administered
to the EREG-treated rats on day 1 before intrathecal
EREG application, twice per day for five consecutive
days. AG1478 (50 pM x 10 ul), or an equal dose of vehicle
was delivered intrathecally to BCP model rats on day 10
after tumor cells inoculation, once per day for four con-
secutive days. SCH772984 (15 mMx 10 pl), or an equal
dose of vehicle was intrathecally administered to BCP
model rats on day 7 after tumor cells inoculation, twice
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per day for seven consecutive days. In some experiments,
SCH772984 (15 mMx 10 pl) was intrathecally adminis-
tered to the EREG-treated rats on day 1 before intrathe-
cal EREG application, twice per day for five consecutive
days. See Supplementary Tables S1 and S2 for chemicals
and sequences of the shRNA.

Behavioral tests

All behavioral experiments were performed in a blinded
fashion (the tester was blinded to treatment groups). Ani-
mals were randomly placed into treatment groups with 8
to 15 rats per treatment per trial in consideration of the
excluded ones, and the number for statistical analysis did
not include the excluded rats.

Mechanical hypersensitivity, as a behavioral sign of
bone cancer pain, was assessed by measuring 50% paw
withdrawal threshold (PWT) as described in previous
reports [21, 29]. The 50% PWT in response to a series of
von Frey filament (Stoelting, Wood Dale, IL) was deter-
mined by the up-and-down method [30]. Eight von Frey
filaments with about equal logarithmic incremental
(0.224) bending forces were chosen (0.41 g,0.70 g, 1.20 g,
2.00 g, 3.63 g, 5.50 g, 8.50 g, and 15.10 g). The 50% PWT
was calculated using the following formula: 50% PWT
(g) =10+ where X, is the value of the final von Frey
filament used (in log units), k is a value measured from
the pattern of positive/negative response, and §=0.224,
which is the average interval (in log units) between
the von Frey filaments. If an animal did not respond to
highest von Frey filament, then the value was recorded
as 15.10 g. In rats, the mechanical hypersensitivity is
assessed by measuring the 50% PWT in responseto von
Frey filaments stimuli, and an allodynic rat is defined as
that whose 50% PWT is less than 4.0 g (i.e., withdrawal in
response to non-noxious tactile stimulus).

Thermal hyperalgesia of the hind-paws was tested as
described by Hargreaves [31]. In brief, rats were allowed
to acclimate for a minimum of 30 min before testing. A
radiant heat source was focused onto the plantar surface
the hind paw. Measurements of paw withdrawal latency
(PWL) were taken by a timer that was started by the acti-
vation of the heat source and stopped when withdrawal
of the paw was detected with a photodetector. A maxi-
mal cutoff time of 30 s was used to prevent unnecessary
tissue damage. Three measurements of PWL were taken
for each hind paw and were averaged as the result of
each test session. The hind paw was tested alternately
with > 5-min intervals between consecutive tests.

Locomotor function was assessed with the inclined-
plate test, according to the method reported by Rivlin
and Tator [32]. Briefly, animals were placed crosswise to
the long axis of an inclined plate. The initial angle of the
inclined plate was 50°. The angle was then adjusted in 5°
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increments. The maximum angle of the plate on which
the rat maintained its body position for 5 s without fall-
ing was determined. In this study, the inclined plate test
was performed for all behavioral experiments in which
the animals received intrathecal drugs.

Primary culture and acute dissociation of DRG neurons
Primary cultures of DRG neurons were performed
according to a method described previously [23]. Briefly,
rats (2 weeks old) were euthanized and DRG tissues were
dissected from the lumbar spinal segments. The ganglia
were digested with collagenase type IA (3 mg/mL, Sigma-
Aldrich) for 50 min and 0.25% trypsin (type II-S, Sigma-
Aldrich) for another 10 min at 37°C. After terminating
the enzymatic treatment by Dulbecco’s modified Eagle’s
medium (DMEM) plus 10% fetal bovine serum, ganglia
were dissociated with a polished Pasteur pipette, and
the suspension of ganglia was sieved through a filter to
remove debris and centrifuged at 800 rpm for 3 min. The
resuspended cells were plated on 35-mm dishes coated
with poly-D-lysine (0.5 mg/mL; Sigma-Aldrich), kept for
3 h, and replaced with neurobasal growth medium con-
taining B27 supplement, 0.5 mM L-glutamax (Sigma-
Aldrich), penicillin (100 U/mL), and streptomycin
(100 mg/mL). The cells were kept at 37 “C in an incubator
with 5% CO, and 95% air for 3 days before further treat-
ment. Cultures were fed daily with neurobasal growth
medium containing B27 supplement.

Acute dissociation of DRG neurons was performed as
described in our previous reports [21, 23]. Briefly, neu-
rons were isolated from the L4 and L5 DRG tissues of
adult rats and were digested using the same procedure as
described for primary cell culture above. The dissociated
cells were used for patch-clamp recording within 3 to 8 h
of plating.

RNA sequencing and analysis

Total RNA was extracted from ipsilateral lumbar (L4-L5)
DRG tissues collected from both BCP model rats (nz=6)
and the control PBS-treated rats (n=6) on day 14 post-
surgery, where DRG tissues from 2 animals were pooled
during dissection. RNA sequencing (RNA-seq) was per-
formed by Beijing Genomics Institute (BGI). Briefly,
DRG tissues were dissociated and TRIzol reagent was
utilized to extract total RNA following the manufactur-
er’s instructions. Total RNA was isolated using the RNe-
asy mini kit (Qiagen, Germany), and the RNA-seq library
preparation from 1 pg of total RNA was performed with
TruSeq RNA Sample Preparation Kit (Illumina, America)
according to the protocol provided by the manufacturer.
In briefly, the poly A-containing mRNA molecules were
purified and fragmented into small pieces using diva-
lent cations at 94 °C for 8 min. Then, library quantity
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was assessed using a Qubit 2.0 Fluorometer (Invitrogen,
United States) and validated using an Agilent 2100 bio-
analyzer (Agilent Technologies, America) to confirm
the insert size and to calculate the mole concentration.
The standardized gene expression measurement known
as TPM (Transcript per kilobase per million mapped
reads) was performed to identify differentially expressed
genes (DEGs) among the groups. When comparing DEGs
between two groups, the fold change (FC) of TPM values
was first calculated and then took the base two logarith-
mic [log2(FC)]. We selected genes with log2(FC) >1.0 as
the threshold for significant differences in gene expres-
sion, as referenced as a difference of at least two-fold
between the two groups. Accurate transcript results
were obtained by assembly. The expression of each gene
or transcript was determined. Finally, relevant pathways
were identified through Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis and gene
ontology (GO) analysis. KEGG pathway analysis was
performed to analyze the advanced functions of differ-
entially expressed genes (DEGs), and GO enrichment
analysis labels gene with a function, such as molecular
function, biological process, or cellular component, and
also, KEGG analysis provides annotation information of
signal transduction and disease pathways for genes, thus
providing a basis for gene function and pathway research.

RNA extraction and RT-qPCR

Total RNA was extracted from the rat L4/L5 DRG tissues
with TRIzol reagent (Invitrogen). Reverse transcription
was performed with oligo deoxythymidine (oligo-dT)
primers and Moloney murine leukemia virus (M-MLV)
reverse transcriptase (Promega) according to the manu-
facturer’s protocol. Polymerase chain reaction (PCR)
primer sequences are listed in Supplementary Table S3.
Real-time quantitative PCR (RT-qPCR) was performed
with GoTaq qPCR Master Mix (Promega) and an ABI
7500 Fast Real-Time PCR Detection System (Applied
Biosystems). Briefly, a 20-pul PCR reaction that included
1 pl of complementary DNA, 10 pl of GoTaq qPCR Mas-
ter Mix, and 0.5 pl of each primer was used and adjusted
to the final volume with RNase-free water. B-actin in
parallel for each run was used as an internal control.
The reactions were set up on the basis of the manufac-
turer’s protocol. PCR conditions were incubation at
95°C for 2 min followed by 40 cycles of thermal cycling
(10 s at 957C, 20 s at 58°C, and 10 s at 72°C). The relative
expression ratio of mRNA was quantified via the 2742¢T
method.

Chromatin immunoprecipitation (ChIP)
ChIP assays were performed using the Magna ChIP Assay
kit (Millipore) in accordance with the manufacturer’s
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protocol [33, 34]. In brief, the homogenized solution
from L4/L5 DRG tissues was treated with 1% formalde-
hyde at room temperature for 30 min to cross-link DNA
and associated proteins, and terminated by the addition
of 125 mM glycine. After two washes with ice-cold PBS
containing protease inhibitors, the tissues were pelleted
by centrifugation and resuspended in 1Xxsodium dode-
cyl sulfate (SDS) lysis buffer containing 1% SDS, 10 mM
EDTA, 50 mM Tris—HCI (pH 8.1), 10 ml/ml protease
inhibitors cocktail, and 10 ml/ml phosphatase inhibi-
tors. After incubation for 15 min at 4 °C, the lysates were
sonicated (10 s each for 6 times) to shear chromatin to
DNA fragments between 250-1000 bp as assessed by
agarose gel electrophoresis. After centrifugation, the
chromatin samples (the supernatant) were diluted ten-
fold in ChIP dilution buffer containing 1% Triton X-100,
2 mM/1 EDTA, 150 mM 1 NaCl, 20 mM 1 Tris—HCI (pH
8.1), 10 ml/ml protease inhibitor cocktail and 10 ml/ml
phosphatase inhibitor (Thermo Scientific, Madison, WI),
and an aliquot was saved as the input DNA. Then, the
samples were incubated with protein G agarose at 4 °C
overnight, and were subjected to immunoprecipitation
with the corresponding antibody (10 pg for each anti-
body), including rabbit anti-HDAC2 antibody (Abcam,
MA), rabbit anti-MeCP2 antibody (Abcam, MA), rabbit
anti-acH3 antibody (Merck Millipore, Germany), rab-
bit anti-acH4 antibody (Merck Millipore, Germany), and
rabbit anti-Runxl antibody (Abcam, MA), at 4°C over-
night. Samples were washed three times in lysis buffer
(50 mM Tris, pH 7.4, 1 M NaCl, 1 mM EDTA, 0.1%
SDS, 1% NP-40, and 0.5% sodium deoxycholate), and the
beads were then resuspended in lysis buffer and treated
with proteinase K at 45 °C for 45 min. Coprecipitated
DNAs were purified using a TIANquick Maxi Purifica-
tion Kit (TTANGEN Biotech, China) and eluted in 50 pl
nuclease-free water. Ten percent of the sample was used
for immunoprecipitation as the input, while normal rat
IgG was used as the negative control. The immunopre-
cipitated DNA (protein-DNA complex) was eluted, puri-
fied, and quantified by RT-qPCR, and all values were
normalized to the input. The binding sites of HDAC2 in
the promoter region of both kcng2 and kcng3 genes were
predicted from the PROMO (http://alggen.Isi.upc.es) and
JASPAR databases (http://jaspar2016.genereg.net). Fold
enrichment was assessed using RT-qPCR and the 272A¢T
method. The primers used are listed in Supplementary
Table S3.

DNA agarose gel electrophoresis

1xof Tris—acetate-EDTA buffer (TAE, Thermo Fisher
Scientific, USA) diluted with ddH,O was used as a buffer
system, 1% agarose gels in TAE buffer containing 5 pl of
10,000 GelRed (Beyotime Biotechnology, China) was
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used and poured into the electrophoresis tank, allow the
gels to dry, pull out the comb, and 5 pl of the samples
was mixed with 1 pl of 6 X DNA loading buffer (Takara,
China) and transferred to wells. The Trans2K Plus II
DNA Marker (TransGen Biotechnology, China) was also
transferred to the sides of wells. The gels were run for
30 min at 100 V and were placed on the EC3 gel imaging
system (UVP, USA) and set up with 365 nm UV to detect
the electrophoretic bands, and the results were observed
and photographed.

Enzyme-linked immunosorbent assay

To collect tissues for EREG content analysis, the animals
were rapidly decapitated, and the L4/L5 DRG tissues was
excised and placed into a Petri dish containing dry-ice-
cold homogenizing buffer. Then they were homogenized
in cold extraction Tris-buffered saline (pH 8.0) contain-
ing 1% NP-40, 10% glycerol, 0.5 mM sodium metava-
nadate, 1 mM phenylmethylsulfonyl fiuoride, 10 mg/
mL aprotinin, and 1 mg/mL leupeptin. The lysates were
centrifuged for 15 min at 12000 g, and a commercially
available enzyme-linked immunosorbent assay (ELISA)
kit (NOVUS, USA) was used to detect EREG content in
the supernatants. This monoclonal antibody shows no
cross-reactivity with other neurotrophins (NT-3, NT-4,
brain-derived neurotrophic factor or nerve growth fac-
tor). EREG content in the DRG tissues was normalized
to the amount of total protein, which was determined at
the same time as the ELISA using a BCA protein assay
kit (Pierce, Rockford, IL). Because the solid DRG tissues
were obtained and only the weight but not volume could
be measured, therefore the EREG level was expressed in
pg/mg total protein rather than pg/mL volume.

Western blot

Cultured DRG neurons or the dissected rat L4/5 DRG
tissues were immediately homogenized in ice-cold lysis
buffer containing 50 mM tris (pH 8.0), 150 mM NacCl,
1% NP-40 (Sigma-Aldrich), 0.5% sodium deoxycholate
(Sigma-Aldrich), 0.1% SDS, 1% protease inhibitor cocktail
and 1% protein phosphatase inhibitor cocktails (Thermo
Scientific, Madison, WI). After being rotated at 4°C for
1 h, the homogenates were centrifuged at 12,000 rpm
for 10 min to yield the total protein extract in the super-
natant, and the supernatant was analyzed. The sam-
ple containing 60 pg of protein was denatured and then
separated through SDS-PAGE using 10% to 12% sepa-
rating gels and transferred to a polyvinylidene fluoride
(PVDF) membrane (Sigma-Aldrich). The membranes
were blocked with 5% nonfat milk in TBST [20 mM
tris—HCl (pH 7.5), 150 mM NacCl, and 0.05% Tween 20]
for 60 min at room temperature, and then incubated
with the following primary antibodies at 4°C overnight:
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rabbit anti-KCNQ2 antibody(1:1000, Abcam), rabbit
anti-KCNQ3 antibody (1:1000, Abcam), rabbit anti-
HDACI1 antibody (1:1000, Abcam), rabbit anti-HDAC2
antibody (1:1000, Merck Millipore), rabbit anti-HDAC3
antibody (1:1000, Abcam), rabbit anti-MeCP2 antibody
(1:500, Abcam), rabbit anti-phospho-ERK1/2 antibody
(1:1000, Cell Signaling Technology), rabbit anti-ERK1/2
antibody (1:2000, Cell Signaling Technology), rabbit
anti-phospho-Runx1 (Ser249) (1:1000, Cell Signaling
Technology), rabbit anti-Runx1(1:2000, Abcam), rab-
bit anti-EGFR antibody (1:1000, Abcam), mouse anti-p-
actin (1:3000, Santa Cruz Biotechnology). The blots were
washed in TBST and then were incubated in horseradish
peroxidase-conjugated secondary antibody (goat anti-
rabbit/mouse or rabbit anti-goat IgG, 1:2000, ZSGB-
BIO). Protein bands were visualized using an enhanced
chemiluminescence detection kit (Pierce) followed by
autoradiography using Hyperfilm MP (Santa Cruz Bio-
technology). The band was quantified with a computer-
assisted imaging analysis system (Image], NIH).

Immunofluorescence staining

To prepare DRG tissues for immunofluorescence analy-
sis, deeply anesthetized rats were intracardially perfused
with 50 ml of 0.1 M phosphate buffer (PB) followed by
500 ml of cold 4% paraformaldehyde (in 0.1 MPB, pH
7.4). After perfusion, the ipsilateral L4/5 DRG tissues
were removed quickly, post-fixed for 4 h in the perfusion
fixative and cryoprotected in 30% sucrose (in 0.1 M PBS)
overnight at 4 °C. Serial frozen DRG Sects. (10 pm thick)
were cut on a cryostat and thaw-mounted on gelatin-
coated slides for immunostaining processing. To prepare
cultured DRG neurons, the cells were rinsed for 5 min
with PBS and fixed for 10 min with 4% paraformaldehyde
in PBS at room temperature.

For immunostaining, the tissues or cultured cells were
washed three times in PBS for 5 min each and blocked
in 10% goat serum (in 0.1 M PBS) with 0.3% Triton-X
100 for 1 h at room temperature. Then, tissues or cul-
tured cells were incubated with the corresponding pri-
mary antibody (see Supplementary Table S1) in PBS
at 4 °C overnight, which includes rabbit anti-KCNQ2
(1:200, Abcam), rabbit anti-KCNQ3 (1:200, Abcam),
rabbit anti-mouse NeuN (1:200, Sigma-Aldrich), mouse
anti-pig GFAP (1:200, Cell Signaling Technology), mouse
anti-NF200 (1:200, Sigma-Aldrich), mouse anti-CGRP
(1:200, Abcam), rabbit anti-HDAC?2 (1:200, Abcam), rab-
bit anti-MeCP2 (1:200, Abcam), goat anti-EGFR antibody
(1:200, GeneTex), rabbit anti-Runx1(1:200, Abcam), goat
anti-Sin3A (1:200, R&D systems). For IB4 immunostain-
ing, after three washes in PBS, the tissues were incu-
bated with FITC-conjugated Bandeiraea simplicifolia IB4
(10 pg/ml) for 3 h. Then, after 3 washes in PBS, tissues or
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cultured cells were incubated with the following appro-
priate secondary antibody at room temperature for 1 h:
Alexa Fluor 647 donkey anti-goat (1:500, Jackson Immu-
noResearch), Alexa 647 donkey anti-mouse IgG (1:200,
Jackson ImmunoResearch), Alexa Fluor 488 donkey
anti-mouse (1:500, Jackson ImmunoResearch), Cy3 don-
key anti-rabbit (1:500, Jackson ImmunoResearch), Cy3
donkey anti-goat IgG (1:200, Jackson ImmunoResearch),
TRITC goat anti-rabbit IgG (1:200, ZSGB-BIO), FITC
goat anti-mouse IgG (1:200, ZSGB-BIO), FITC donkey
anti-goat IgG (1:200, Jackson ImmunoResearch). In some
experiments, the tissues or cultured cells were counter-
stained with the nuclear marker DAPI (100 ng/mL) car-
rying blue fluorescence for 10 min at room temperature.
The tissues were mounted in Gel/Mount medium. Visual-
ization of fluorescence signal was performed by confocal
microscopy at excitation wavelengths of 488 nm (green),
543 nm (red) as well as 405 nm and 647 nm (blue). At
least four fields per well/section were analyzed to estab-
lish reproducibility.

Whole-cell patch clamp recordings
Whole-cell patch clamp recordings from acutely dis-
sociated or primary cultured DRG neurons were per-
formed at room temperature using an EPC-10 amplifier
and Patch-Master software (HEKA, Freiburg, Germany).
Patch pipettes were pulled from borosilicate glass cap-
illaries with a tip resistance of 5 to 8 MQ when filled
with internal solution containing (in mM) 80 K-acetate,
30 KCl, 1 CaCl,, 3 MgCl,, 3 EGTA, 3 Mg-ATD, and 40
HEPES (4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic
acid), adjusted to pH 7.4 with KOH. The external solu-
tion contained (in mM) 144 NaCl, 2.5 KCl, 2 CaCl,, 0.5
MgCl,, 5 HEPES, and 10 glucose, adjusted to pH 7.4 with
NaOH. Membrane currents and voltage were measured
with pipette and membrane capacitance cancellation,
filtered at 2 kHz, and digitized at 10 kHz. Resting mem-
brane potential (RMP) was measured immediately after
rupture of the cell membrane in whole-cell patch mode.
Under voltage-clamp recording, cells were clamped
at -70 mV, and series resistance was compensated
70% ~90%. The membrane capacitance was read from the
amplifier by Patch-Master software (HEKA) for deter-
mining the size of cells and calculating the current den-
sity. Following the protocol described in our previous
study [2], M-currents in DRG neurons were studied by
holding the membrane potential at -20 mV and apply-
ing a 1-s hyperpolarizing pulse from -20 mV to -110 mV
in increments of -10 mV at 4 s-intervals. The M-current
was defined as the outward current sensitive to 3 uM
XE-991, and the amplitude of M-currents was measured
from deactivation current records at -50 mV as the dif-
ference between the average of a 10-ms segment, taken
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10 to 20 ms into the hyperpolarizing step, and the aver-
age during the last 10 ms of that step. Mean instantane-
ous and steady-state I-V relationships for M-current were
obtained by measuring the current at the beginning and
end of the voltage pulse, respectively. Deactivation of
M-current was best-fitted by 2 exponentials, with 2-time
constants, Tp and Ty,,. Concentration response curves
for XE-991 were constructed by plotting percentage
inhibition of M-current as a function of drug concentra-
tion plotted on a log scale. Smooth curves were fitted to
these data with the Hill equation of the form y=y, . x"/
(k" +xM), where x is the concentration, y is the percentage
inhibition, and y,,, is the maximal value of y (at satura-
tion); in the fitting procedure y,,,, was constrained not to
exceed 100%. The term k is the ICy, (the concentration
giving half-maximal inhibition) and n (Hill slope) is the
power term related to the slope of the curve.

Under current-clamp recording, the cells were held at
0 pA, and the firing threshold (rheobase) of DRG neu-
rons was first measured by a series of 100-ms depolar-
izing current injection in 5-pA steps from 0 pA to elicit
the first action potential (AP), and then, a large depolar-
izing current pulse (1-s, 2-fold rheobase) was delivered
to elicit the cell generating sufficient firing. To further
examine the neuron firing properties, a series of 500-ms
depolarizing current pulses were delivered to the cell, in
50-pA steps from 0 to 400 pA, to elicit ascending AP fir-
ing, and the firing rate (spikes/second) was calculated in
each injected depolarizing current pulse. In this study, we
measured RMP, rheobase (the current threshold for elic-
iting the first AP), threshold potential (TP), inter-spike
intervalss (ISI), AP amplitude, afterhyperpolarization
(AHP) amplitude, AHP duration at 80% repolarization
(AHPgqy,, duration), and frequency of AP to evaluate the
intrinsic electrophysiological properties of DRG neurons.
Origin software 9.0 (OriginLab Corporation, Northamp-
ton, MA) was used for data analysis and fitting.

Statistical analysis

Statistical analyses were performed with GraphPad Prism
9.0 for Windows (GraphPad Software, La Jolla, CA). All
quantitative biochemical data and immunofluorescence
staining are representative of at least three independent
biological replicates. Shapiro—Wilk tests were used to
assess normality in the distribution (Gaussian distribu-
tion) for each group, and only the data were normally
distributed and variances were similar between groups
to be compared were subjected to parametric statisti-
cal tests. Two-tailed unpaired Student’s ¢ test was used
for the comparison of the mean values between two
groups. One-way analysis of variance (ANOVA) with
Dunnett’s post hoc test or Tukey’s post hoc test; or two-
way ANOVA with Sidak’s post hoc test or Tukey’s post
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hoc test, as indicated in the text was used for multiple
comparison. All data are reported as means+SEM, and
differences with p<0.05 were considered statistically
significant. p<0.05, "p<0.01, " p<0.001; ns, not signifi-
cant. All statistical data are presented in Supplementary
Table S4, and all source data are presented in Supplemen-
tary Table S5.

Results

Identification of HDAC2-mediated transcriptional
repression of Kv7(KCNQ)/M potassium channels in DRG
neurons and its role in bone cancer-induced pain in rats
Previously, we have reported that the suppression of
Kv7(KCNQ)/M potassium channels in DRG neurons con-
tributed to the pathogenesis of bone cancer pain (BCP)
in a rat model [2]. Although we have found a decreased
abundance of both KCNQ2 and KCNQ3 protein in ipsi-
lateral lumber 4 and lumber 5 (L4/5) DRG tissues, as
well as a reduction of M-current density in L4/5 DRG
neurons of BCP model rats (Fig. SIA-D), however the
intrinsic functional characteristics of channels inferred
by voltage-dependence and kinetics of M-currents, and
by the concentration dependence of XE-991-inhibition of
M-currents, are not altered in BCP model rats (Fig. S1E-
J). Together with the decreased expression of KCNQ2
and KCNQ3 mRNA levels in ipsilateral L4/5 DRG tissues
(Fig. S1IK and L), we speculated that a transcriptional
repression of Kv7(KCNQ)/M potassium channels may
occur in the DRG neurons of BCP model rats.

In the present study, we aimed to investigate the tran-
scriptional regulation mechanism of Kv7(KCNQ)/M
channels in DRG neurons and its involvement in the
pathogenesis of BCP in rats. First, we performed RNA-
seq analysis on the DRG tissues of both BCP model
rats and the control PBS-treated rats. Total RNA was
extracted from ipsilateral L4/5 DRG tissues collected
from both BCP model rats (n=6) and PBS-treated rats
(n=6) on day 14 post-surgery, where the DRG tissues
from 2 animals were pooled during dissection. The prin-
cipal component analysis (PCA) of gene expression dem-
onstrated that the two groups of samples were markedly
separated (Fig. S2A). The differentially expressed genes
(DEGs) in the DRG tissues were presented in the heat
map (Fig. S2B), among them, there were a large number
of interacting genes that were simultaneously regulated
(Fig. S2C). A total of 166 DEGs were identified between
the two groups, of which, 97 genes were up-regulated and
69 genes were down-regulated (Fig. S2D and E). Moreo-
ver, Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis revealed that the DEGs were mainly
enriched in the following pathways, including pathways
in cancer, EGFR tyrosine kinase inhibitor resistance path-
way, ErbB signaling pathway, Ras signaling pathway, and
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MAPK signaling pathway, and also, all of these path-
ways were significantly upregulated in BCP model rats
(Fig. 1A). Moreover, the results from gene ontology (GO)
analysis revealed that the up-regulated genes were mainly
involved in mitogen-activated protein kinase activity,
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transcriptional corepressor binding, nuclear localization
sequence binding, histone deacetylase (HDAC) bind-
ing, etc. (Fig. 1B). It has been documented that HDACs
can remove the acetyl residues from histones to compact
the chromatin structure, and inhibit gene transcription
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Fig. 1 Identification of the involvement of HDAC2 in bone cancer pain. (A) The enriched pathways of differentially expressed genes (DEGS)

in the DRG tissues revealed by Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of RNA-sequencing (RNA-seq)

data between the bone cancer pain (BCP) model rats and the control PBS-treated rats (n =6 rats per group). (B) The molecular functions

of the upregulated DEGs in the DRG tissues of BCP model rats predicted by gene ontology (GO) analysis of RNA-seq data (n =6 rats per group).
(C-H) RT-gPCR and Western blot analyses of the mRNA and protein abundance of HDAC1 (C and D), HDAC2 (E and F), and HDAC3 (G and H)

in ipsilateral L4/5 DRG tissues obtained from naive, PBS-, and MRMT-1-treated rats, performed at 14 days after surgery (n=5-13 rats per group).
Upper in (D, F, and H): Representative blots are shown. (I) Representative images show the immunofluorescence staining of HDAC2 with NeuN
(upper) and GFAP (lower), respectively, in L4/5 DRG tissues of naive rats (n = 3 rats per group). Scale bar=25 mm. Data are presented as mean + SEM.
"p<0.05, "p<0.01, "p<0.001; ns, not significant, one-way ANOVA followed by Dunnett’s post hoc test for (C)-(H). See also Fig. S1-55
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[35, 36]. Class I HDACs, in particular HDAC?2 is found
highly correlated to the pathology of persistent pain
[37-41]. Thus, we performed DEGs’ gene—gene interac-
tion network analysis for Hdac2, and identified multi-
ple potential interacting genes including Mecp2, Sin3a,
Mapk3, Runx1, etc. (Fig. S2F). These genes, in turn, could
interconnect with much more genes, including genes
encoding potassium channel (Keng, Kenh, Kenj, Kenb),
epidermal growth factor (EGF) family ligands and recep-
tors (Ereg, Egfr), acetyltransferase (Hatl, Nat8f3), and
so on (Fig. S2G). These data raise the possibility that
HDAC?2 may be involved in the transcriptional regulation
of Kv7(KCNQ)/M potassium channels in the DRG neu-
rons of BCP model rats.

To test this hypothesis, we performed RT-qPCR and
Western blotting assays for HDAC2 in ipsilateral L4/5
DRG tissues on day 14 post-surgery among naive rats,
PBS-treated rats, and MRMT-1-treated rats (BCP model
rats). As expected, we indeed found a significant increase
in both mRNA and protein abundance of HDAC2 but
not HDAC1 and HDAC3 (the two other members of
Class I HDACs that mainly expressed in the DRG neu-
rons), in ipsilateral L4/5 DRG tissues of BCP model rats
compared with controls (Fig. 1C-H). With respect to the
cellular localization of HDAC2 in the DRG, immunoflu-
orescent staining revealed that HDAC2 was colocalized
with NeuN-positive neurons instead of GFAP-positive
astrocytes in the DRG (Fig. 1I). In the DRG neurons,
HDAC?2 was predominantly localized in the cell nuclei,
and was widely distributed among various types of DRG
neurons, including NF200%-, CGRP*-, and IB4*-cells
(Fig. S3A-C). Also, a statistical increase in the mean fluo-
rescence intensity of HDAC2 was observed in these three
types of DRG neurons from BCP model rats relative to
those from controls (Fig. S3D-F). These results demon-
strate an increased expression of HDAC2 in the DRG
neurons of BCP model rats, and provide basic evidence
for the involvement of HDAC2-mediated transcriptional
repression of kcng2 and keng3 (keng2/keng3) genes in the
pathogenesis of BCP.

Numerous studies have shown that HDACs mainly act
on histones, lower the acetylation of histones, strengthen
the binding of histones with DNA strands, and thus
indirectly inhibit gene transcription. Here, two HDAC2-
binding sites were identified in the kcng2 gene promoter
(site 1: -1361 ~-1206 bp of exons; site 2: -297 ~-126 bp
of exons), while one HDAC2-binding site were identified
in the kcng3 gene promoter (-540 ~-169 bp of exons), by
using chromatin immunoprecipitation (ChIP) followed
by DNA agarose gel electrophoresis (Fig. S3G). Also, the
relative enrichment of HDAC2 in the kcng2 gene pro-
moter was significantly increased at site 2 but not site
1 (Fig. S3H and I). Similarly, the relative enrichment of
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HDAC2 was prominently increased in the kcng3 gene
promoter (Fig. S3]). Thus, the site 2 but not site 1 of the
keng2 gene promoter was examined in the following
experiments. Consistent with the increased enrichment
of HDAC?2 in the kcng2/kcng3 genes promoter, a signifi-
cant reduction of both acetylated histone 3 (H3Kac) and
acetylated histone 4 (H4Kac) was observed in the kcng2
and kcng3 genes promoter (Fig. S3K-N), indicating the
histone deacetylation modification of kcng2/kcng3 genes
promoter was promoted by HDAC2 in the DRG neurons
of BCP model rats.

To further determine the involvement of HDAC2-
mediated histone deacetylation modification in kcng2/
keng3 genes transcription repression and its roles in the
pathogenesis of BCP in rats, we first examined the effects
of trichostatin A (TSA), a pan-HDACs inhibitor, on
KCNQ2/KCNQ3 expression, DRG neuronal excitability,
and pain hypersensitivity in BCP model rats. TSA (50 pg/
kg body weight) or vehicle was intrathecally adminis-
tered to BCP model rats on day 7 after MRMT-1 tumor
cells inoculation, once per day for seven consecutive
days, and the following biochemical analyses and electro-
physiological recordings were respectively performed on
day 14 after tumor cells inoculation. The results showed
that intrathecal TSA substantially reversed the reduc-
tion of KCNQ2 and KCNQ3 abundance in ipsilateral
L4/5 DRG tissues of BCP model rats, at both mRNA and
protein levels, compared to the controls (Fig. S4A-D).
Meanwhile, intrathecal TSA also rescued the decreased
M-current density (6.60+0.41 pA/pF TSA vs. 3.01+0.25
pA/pF vehicle, P<0.0001) and the enhanced neuronal
excitability of ipsilateral L4/5 DRG neurons, inferred
from the decrease of action potential (AP) frequency,
the increases of inter-spike intervals (ISI), AP amplitude,
after hyperpolarization (AHP) amplitude, AHP duration
at 80% repolarization (AHPgy, duration), the threshold
potential (TP) and rheobase (Fig. S4E-I), and also, alle-
viated pain hypersensitivity, assessed by paw withdrawal
threshold (PWT) in response to von Frey filaments stim-
uli (Fig. S4]J, post-drug, 10.36 +0.73 g TSA vs. 4.20+0.53 g
vehicle, P<0.0001) and paw withdrawal latency (PWL) in
response to radiant heat stimulation (Fig. S4K, post-drug,
13.54+0.82 s TSA vs. 8.67+0.54 s vehicle, P=0.0055),
in BCP model rats that received intrathecal TSA com-
pared to vehicle. Moreover, the results from inclined-
plate test revealed that the animal’s locomotor function
was not impaired after intrathecal TSA application (Fig.
S4L). Next, we explored the effects of intrathecal sodium
butyrate (SB), a relative specific inhibitor of class I
HDACs, on KCNQ2/KCNQ3 expression, DRG neuronal
excitability, and pain hypersensitivity in BCP model rats.
SB (at the dose of 10 mM, 30 mM, 100 mM, 300 mM) or
vehicle was intrathecally administered to BCP model rats
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on day 7 after MRMT-1 tumor cells inoculation, once per
day for seven consecutive days, and the following bio-
chemical analyses and electrophysiological recordings
were respectively performed on day 14 after tumor cells
inoculation. Likewise, intrathecal SB reversed the reduc-
tion of KCNQ2 and KCNQ3 abundance in ipsilateral
L4/5 DRG tissues of BCP model rats, at both mRNA and
protein levels, and also, rescued the decrease of M-cur-
rent density and the increase of DRG neuronal excitabil-
ity, and abrogated the pain hypersensitivity of MRMT-1
tumor-bearing rats, at the higher doses (100 mM and
300 mM) but not the lower doses (10 mM and 30 mM)
(Fig. S5).

Furthermore, we investigated the effects of knockdown
HDAC2 on KCNQ2/KCNQ3 expression, DRG neu-
ronal excitability, and pain sensitivity in BCP model rats.
Knockdown of HDAC?2 in DRG neurons was performed
by intrathecal administration of lentivirus express-
ing HDAC2 small hairpin RNA (shRNA) linked with
GFP (LV-shHDAC2) to BCP model rats on day 7 after
tumor cells inoculation, and the DRG tissues were col-
lected on day 14 after tumor cells inoculation for further
immunofluorescence staining, biochemical analyses or
electrophysiological recordings. Using immunofluores-
cence staining, real-time quantitative PCR (RT-qPCR)
and Western blotting analysis from either cultured rat
DRG neurons at 48 h after transfected with LV-shH-
DAC2 (Fig. S6A-D), or the DRG tissues of BCP model
rats on day 7 after received intrathecal LV-shHDAC2
(Fig. S6E-H), we saw a significant decrease of HDAC2
abundance at both mRNA and protein levels, validating
the efficiency of knockdown HDAC2 in DRG neurons
by LV-shHDAC2 application. Accompanied with the

(See figure on next page.)
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knockdown of HDAC2 by LV-shHDAC?2, we observed a
significant increase in the enrichment of both acetylated
histone 3 (H3Kac) and acetylated histone 4 (H4Kac) in
the kcng2 and kcng3 genes promoter, in BCP model rats
that received intrathecal LV-shHDAC2 compared to the
control LV-GFP (Fig. 2A-D), indicating that knockdown
of HDAC2 inhibits the histone deacetylation modifica-
tion of kcng2/keng3 genes promoter in the DRG neurons
of BCP model rats. Also, we found a significant increase
in the abundance of KCNQ2 and KCNQ3 expression, at
both mRNA and protein levels, in ipsilateral L4/5 DRG
tissues of BCP model rats that received intrathecal LV-
shHDAC2 (Fig. 2E-H). Consistently, the M-current den-
sity was increased (5.08+0.42 pA/pF LV-shHDAC2vs.
3.80+0.18 pA/pF LV-GFP, P=0.0002), whereas the
neuronal excitability inferred from the following intrin-
sic electrogenic properties, including AP frequency, ISI,
AP amplitude, AHP amplitude, AHPgy, duration, the
threshold potential and rheobase, was reduced in ipsilat-
eral L4/5 DRG neurons of BCP model rats that received
intrathecal LV-shHDAC2 compared to the control LV-
GFP (Fig. 2I-O). Moreover, the mechanical hypersensi-
tivity assessed by the decreased PWT in response to von
Frey filaments stimuli was alleviated in the BCP model
rats treated with intrathecal LV-shHDAC2 (Fig. 2P), in
spite of that the thermal hyperalgesia, as measured by
the reduced PWL in response to radiant heat stimulation,
was not relieved (Fig. 2Q). The results from inclined-
plate test revealed that the animal’s locomotor function
was not impaired after intrathecal LV-shHDAC2 treat-
ment (Fig. 2R). These results indicate that knockdown
of HDAC2 by intrathecal LV-shHDAC2 effectively res-
cues the transcriptional repression of Kv7(KCNQ)/M

Fig. 2 Knockdown of HDAC2 in DRG neurons disrupts the transcriptional repression of kcng2 and kcng3 genes, reduces the neuronal excitability
and attenuates pain hypersensitivity in bone cancer pain model rats. (A-D) ChIP-qPCR assays for the enrichment of acetylated histone 3 (H3Kac)
and acetylated histone 4 (H4Kac) in the kcng2 and kcng3 genes promoter, in ipsilateral L4/5 DRG tissues obtained from bone cancer pain (BCP)
model rats that received intrathecal LV-shHDAC2 or the control LV-GFP, performed at 14 days after tumor cells inoculation. (A and B) for H3Kac
(n=4-6 rats per group); (C and D) for H4Kac (n =8 rats per group). (E-H) RT-gPCR and Western blot analyses of the mRNA and protein abundance
of KCNQ2 and KCNQ3 in ipsilateral L4/5 DRG tissues obtained from BCP model rats that received intrathecal LV-shHDAC2 or the control LV-GFP,
performed at 14 days after tumor cells inoculation. (E and F) for KCNQ2 (n = 6-9 rats per group); (G and H) for KCNQ3 (n = 6-7 rats per group).
Upper in (F and H): Representative blots are shown. (I-O) Electrophysiological analyses of M-currents (I and M) and neuronal excitability (J-O)

in ipsilateral L4/5 DRG neurons of BCP model rats that received intrathecal LV-shHDAC2 or the control LV-GFP, recorded at 14 days after tumor cells
inoculation. (I and J) Representative traces of M-currents (I) and neuronal action potentials (J) evoked by a large depolarizing current pulse (1-s,
2-fold AP rheobase) are shown. Scale bar=100 pA, 300 ms for (I), and 20 mV, 100 ms for (J). (K and L) Analysis of neuronal firing rate (spikes/second)
elicited by a series of 500-ms depolarizing current pulses (in 50-pA steps from 0 to 400 pA). (K) Representative traces of evoked action potentials
(APs) by 100 pA, 200 pA, and 300 pA depolarizing current pulses are shown. Scale bar=20 mV, 200 ms. (M-0) Plots of M-current density, frequency
of APs, inter-spike intervals (ISI), AP amplitude, after hyperpolarization (AHP) amplitude, AHP duration at 80% repolarization (AHPgy, duration) (M),
threshold potential (N), and rheobase (O) (n = 20-30 cells from six rats per group). (P and Q) Assessment of ipsilateral PWT (P) and PWL (Q) of BCP
model rats that received intrathecal LV-shHDAC2 or the control LV-GFP, performed at 14 days after tumor cells inoculation (n=11 rats per group).
(R) Assessment of animal’s locomotor function before and after intrathecal lentivirus administration (n =11 rats per group). Data are presented

as mean = SEM. *p <0.05, **p <0.01, Wp <0.001, unpaired t test for (A)-(H) and (M)-(O); two-way ANOVA with Sidak’s post hoc test for (L) and (P)-(R).

See also Fig. S6
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channels in DRG neurons of BCP model rats via inhib-
iting the histone deacetylation modification of kcng2/
keng3 genes promoter, thereby reducing the neuronal
hyperexcitability and pain hypersensitivity in tumor-
bearing rats, supporting the contribution of HDAC2-
mediated transcriptional repression of Kv7(KCNQ)/M
channels in DRG neurons to the pathogenesis of BCP in
rats.

Necessary of MeCP2 for HDAC2-mediated transcriptional
repression of Kv7(KCNQ)/M potassium channels in DRG
neurons and its role in bone cancer-induced pain in rats
Several lines of evidence have shown that HDACs cannot
directly bind to the promoter region of the target gene,
it needs to form complexes with other proteins to exert
its transcriptional repression function [42]. The canonical
HDAC?2 complex is switch-insensitive 3a (Sin3A) [12, 13],
and the methyl-CpG binding protein 2 (MeCP2) recruits
transcriptional corepressors such as Sin3A/HDAC2 to
the promoter region of a targeted gene, resulting in gene
silencing [14, 15, 43]. In fact, as shown in aforementioned
data of DEGs’ gene—gene interaction network analy-
sis for hdac2, mecp2 and sin3a are predicted interacting
genes with hdac2 (Fig. S2F). To further determine the
involvement of MeCP2 in HDAC2-mediated transcrip-
tional repression of Kv7(KCNQ)/M potassium channels
in DRG neurons and its contribution to bone cancer-
induced pain in rats, we first examined the distribution
of MeCP2 in DRG neurons and the alterations of MeCP2
abundance in the DRG of BCP model rats. Using immu-
nofluorescent staining with MeCP2, HDAC2, KCNQ2/
KCNQ3 and DAPI (4,6-diamidino-2-phenylindole, the
nuclear marker) from cultured rat DRG neurons, we
observed an extensive co-localization of MeCP2 with
HDAC?2 and KCNQ2/KCNQ3 in the DRG neurons (Fig.
S7A). Also, using ChIP-qPCR assay from ipsilateral L4/5
DRG tissues of naive-, PBS-, and MRMT-1-treated rats,
we found a significant increase in relative enrichment
of MeCP2/HDAC2 corepressor complex in the kcng2
and kcng3 genes promoter, in MRMT-1 rats compared
to the naive and PBS controls (Fig. S7B and C), indicat-
ing an enhanced binding of MeCP2/HDAC2 corepres-
sor complex to the kcng2 and kcng3 genes promoter of
DRG neurons in BCP model rats. Moreover, the results
of immunofluorescent staining showed that, MeCP2 was
localized among various types of DRG neurons, includ-
ing NF200"-, CGRP*-, and IB4*-cells (Fig. S7D-F), and
an increased mean fluorescence intensity of MeCP2
was observed among these three types of DRG neurons
in BCP model rats compared to naive and PBS con-
trols (Fig. S7G-I). Likewise, an increased abundance of
MeCP2 protein was found in ipsilateral L4/5 DRG tis-
sues of MRMT-1 rats (Fig. S7]). Besides, an increased
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enrichment of MeCP2 in the kcng2 and kcng3 genes
promoter was seen in ipsilateral L4/5 DRG neurons of
MRMT-1 rats, as determined by ChIP-qPCR assay (Fig.
S7K and L), implying an enhanced binding of MeCP2 to
the promoter region of kcng2 and kcng3 genes.

Next, we investigated the effects of knockdown MeCP2
in DRG neurons on the HDAC2-mediated transcriptional
repression of Kv7(KCNQ)/M channels, as well as, on the
neuronal hyperexcitability and pain hypersensitivity in
BCP model rats. Knockdown of MeCP2 in DRG neurons
was performed by intrathecal administration of lentivi-
rus expressing MeCP2 shRNA linked with ZsGreen (LV-
shMeCP2) on day 7 after tumor cells inoculation, and
the DRG tissues were collected on day 7 after intrathecal
lentivirus application. Using immunofluorescence stain-
ing, RT-qPCR and Western blotting analysis from either
cultured rat DRG neurons at 48 h after transfected with
LV-shMeCP2 (Fig. S8A-D), or the DRG tissues of BCP
model rats on day 7 after received intrathecal lentivirus
application (Fig. S8E-H), we saw a significant decrease
of MeCP2 abundance at both mRNA and protein lev-
els, validating the efficiency of knockdown MeCP2 in
DRG neurons by LV-shMeCP2 application. Along with
the knockdown of MeCP2 in DRG neurons, a significant
decrease in relative enrichment of MeCP2/HDAC2 core-
pressor complex in the kcng2 and kcng3 genes promoter
was found in ipsilateral L4/5 DRG neurons in BCP model
rats that received intrathecal LV-shMeCP2 compared
to the control LV-ZsGreen (Fig. 3A and B), indicating a
reduced binding of MeCP2/HDAC2 corepressor complex
to the kcng2 and kcng3 genes promoter of DRG neurons
in BCP model rats, as a result of knockdown MeCP2 in
DRG neurons. Consistently, a remarkable increase in the
enrichment of both H3Kac and H4Kac in the kcng2 and
keng3 genes promoter was seen in BCP model rats that
received intrathecal LV-shMeCP2 (Fig. 3C-F), implying
a decreased histone deacetylation modification occurred
in the kcng2/kcng3 genes promoter of DRG neurons in
BCP model rats, resulted from the knockdown of MeCP2
in DRG neurons. Moreover, a prominent increase in the
abundance of KCNQ2 and KCNQ3 expression, at both
mRNA and protein levels, was found in ipsilateral L4/5
DRG tissues of BCP model rats that received intrathe-
cal LV-shMeCP2 compared to the control LV-ZsGreen
(Fig. 3G-J). As a result, the M-current density was
increased (7.14+0.42 pA/pF LV-shHDAC2 vs. 4.50+0.27
pA/pF LV-GFP, P<0.0001), whereas the neuronal excit-
ability was reduced (inferred from the intrinsic electro-
genic properties, including the decreased AP frequency
as well as the increased ISI, AP amplitude, AHP ampli-
tude, AHPgy, duration, the threshold potential and
rheobase), in ipsilateral L4/5 DRG neurons of BCP model
rats that received intrathecal LV-shMeCP2 relative to the
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controls (Fig. 3K-Q). Expectedly, the mechanical hyper-
sensitivity, assessed by the decreased PWT in response
to von Frey filaments stimuli, was alleviated in the BCP
model rats that received intrathecal LV-shMeCP2 appli-
cation (Fig. 3R), in spite of that the thermal hyperal-
gesia, as measured by the reduced PWL in response to
radiant heat stimulation, was not relieved (Fig. 3S). The
results from inclined-plate test revealed that the animal’s
locomotor function was not impaired after intrathe-
cal lentivirus treatment (Fig. 3T). These results indicate
that knockdown of MeCP2 by intrathecal LV-shMeCP2
effectively restores the HDAC2-mediated transcrip-
tional repression of Kv7(KCNQ)/M channels in DRG
neurons of BCP model rats, subsequently reduces the
neuronal hyperexcitability and pain hypersensitivity in
tumor-bearing rats, evidencing the necessary of MeCP2
for the HDAC2-mediated transcriptional repression of
Kv7(KCNQ)/M channels in DRG neurons and its role in
bone cancer-induced pain in rats.

Involvement of MeCP2/Sin3A/HDAC2 corepressor

complex in the transcriptional repression of Kv7(KCNQ)/M
potassium channels in DRG neurons and in the
pathogenesis of bone cancer-induced pain in rats

The catalytic activity of HDACs is mainly dependent on
its incorporation into multiprotein co-repressor com-
plexes, among them the Sin3A/HDAC corepressor is
widely implicated to regulate synaptic plasticity [44].
The Sin3A/HDAC corepressor complex is a multipro-
tein complex comprised of several proteins like HDAC1,
HDAC2, and MeCP2 [45]. The MeCP2 recruits tran-
scriptional corepressors, such as Sin3A/HDAC2, to the
promoter region of a targeted gene resulting in gene

(See figure on next page.)
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silencing [14, 15, 43]. The aforementioned data from
DEGs’ gene—gene interaction network analysis for Hdac2
(Fig. S2F) raise the possibility that, these three proteins
like MeCP2, Sin3A, and HDAC2 may constitute a mul-
tiprotein co-repressor complex, ie., MeCP2/Sin3A/
HDAC?2 corepressor complex, to function in the tran-
scriptional regulation of kcng2 and kcng3 genes. To test
this understanding, we first examined the distribution of
MeCP2, Sin3A and HDAC?2 expression in cultured DRG
neurons using immunofluorescent staining, and found an
evident co-localization of MeCP2, Sin3A, and HDAC2
in the DRG neurons (Fig. S9A). Next, we explored
the effects of knockdown Sin3A on the enrichment of
MeCP2/HDAC2 corepressor complex in the kcng2 and
keng3 genes promoter of BCP model rats. Knockdown
of Sin3A in DRG neurons was carried out by intrathecal
administration of Sin3A siRNA (2.5 pg in a 10-pl volume)
to BCP model rats on day 7 after tumor cells inoculation,
twice per day for seven consecutive days, and the follow-
ing biochemical analyses and behavioral test were respec-
tively performed on day 14 after tumor cells inoculation.
The results showed that the elevated expression of Sin3A
mRNA level was significantly decreased in ipsilateral
L4/5 DRG tissues of Sin3A siRNA-treated rats (Fig. S9B),
validating that intrathecal Sin3A siRNA could effectively
knock down Sin3A in the DRG neurons. Along with
the knockdown of Sin3A in DRG neurons, a significant
decrease in relative enrichment of MeCP2/HDAC2 core-
pressor complex was observed in the kcng2 and kcng3
genes promoter of DRG neurons in BCP model rats (Fig.
S9C and D), indicating an impaired binding of MeCP2/
HDAC2 corepressor in the kcng2 and kcng3 genes pro-
moter of DRG neurons in BCP model rats that received

Fig. 3 Knockdown of MeCP2 in DRG neurons impairs HDAC2-mediated transcriptional repression of kcng2 and kcng3 genes, reduces the neuronal
excitability and attenuates pain hypersensitivity in bone cancer pain model rats. (A-F) ChIP-qPCR assays for the enrichment of MeCP2-HDAC2
complex, acetylated histone 3 (H3Kac) and acetylated histone 4 (H4Kac) in the kcng2 and kcng3 genes promoter, in ipsilateral L4/5 DRG tissues
obtained from bone cancer pain (BCP) model rats that received intrathecal LV-shMeCP2 or the control LV-ZsGreen, performed at 14 days after tumor
cells inoculation. (A and B) for MeCP2-HDAC2 complex (n = 6-8 rats per group); (C and D) for H3Kac (n = 6-8 rats per group); (E and F) for H4Kac
(n=6-7 rats per group). (G-J) RT-qPCR and Western blot analyses of the mRNA and protein abundance of KCNQ2 and KCNQ3 in ipsilateral L4/5
DRG tissues obtained from BCP model rats that received intrathecal LV-shMeCP2 or LV-ZsGreen, performed at 14 days after tumor cells inoculation.
(G and H) for KCNQ2, (1 and J) for KCNQ3, n = 5-7 rats per group. Upper in (H and J): Representative blots are shown. (K-Q) Electrophysiological
analyses of M-currents (K and O) and neuronal excitability (L-Q) in ipsilateral L4/5 DRG neurons of BCP model rats that received intrathecal
LV-shMeCP2 or LV-ZsGreen, recorded at 14 days after tumor cells inoculation. (K and L) Representative traces of M-currents (K) and neuronal action
potentials (L) evoked by a large depolarizing current pulse (1-s, 2-fold AP rheobase) are shown. Scale bar=100 pA, 300 ms for (K), and 20 mV,

100 ms for (L). (M and N) Analysis of neuronal firing rate (spikes/second) elicited by a series of 500-ms depolarizing current pulses (in 50-pA steps
from 0 to 400 pA). (M) Representative traces of evoked action potentials (APs) by 100 pA, 200 pA, and 300 pA depolarizing current pulses are
shown. Scale bar=20 mV, 200 ms. (0-Q) Plots of M-current density, frequency of APs, inter-spike intervals (ISI), AP amplitude, after hyperpolarization
(AHP) amplitude, AHPg,, duration (O), threshold potential (P), and rheobase (Q) (n =20-30 cells from six rats per group). (Rand S) Assessment

of ipsilateral PWT (R) and PWL (S) for BCP model rats that received intrathecal LV-shMeCP2 or LV-ZsGreen, performed at 14 days after tumor

cells inoculation (n=13-14 rats per group). (T) Assessment of animal’s locomotor function before and after intrathecal lentivirus administration
(n=13-14 rats per group). Data are presented as mean + SEM. *p <0.05, wp <0.01, mp <0.001, unpaired t test for (A)-(J) and (0)-(Q); two-way ANOVA

with Sidak’s post hoc test for (N) and (R)-(T). See also Fig. S7-S9
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intrathecal Sin3A siRNA. Correspondingly, the behav-
joral tests showed that the mechanical hypersensitiv-
ity, assessed by the decreased PWT in response to von
Frey filaments stimuli, was alleviated in BCP model rats
treated with intrathecal Sin3A siRNA compared to the
scramble control (Fig. S9E). Moreover, the results from
inclined-plate test revealed that the animal’s locomo-
tor function was not impaired after intrathecal siRNA
application (Fig. SOF). These data indicate that knock-
down of Sin3A in DRG neurons disrupts the binding of
MeCP2/HDAC2 corepressor in the kcng2 and kcng3
genes promoter of DRG neurons, subsequently rescues
the transcriptional repression of Kv7(KCNQ)/M potas-
sium channels in DRG neurons and the pathology of BCP
in tumor-bearing rats, supporting our understanding
that the formation of MeCP2/Sin3A/HDAC2 corepres-
sor complex by the link of MeCP2 and HDAC2 through
Sin3A, is required for the transcriptional repression of
Kv7(KCNQ)/M potassium channels in DRG neurons and
the pathogenesis of BCP in tumor-bearing rats with bone
metastasis (Fig. S9G).

Contribution of EREG to HDAC2-mediated transcriptional
repression of Kv7(KCNQ)/M potassium channels in DRG
neurons and its role in bone cancer-induced pain in rats
Furthermore, we sought to explore the upstream sig-
nal molecules for the activation of HDAC2-mediated
transcriptional repression of Kv7(KCNQ)/M potassium
channels in the DRG neurons of BCP model rats. Data
from KEGG enrichment analysis of the aforementioned
RNA-seq showed that, the EGFR tyrosine kinase inhibi-
tor resistance pathway, ErbB signaling pathway, Ras
signaling pathway, and MAPK signaling pathway are acti-
vated in BCP model rats (Fig. 1A), and multiple poten-
tial genes including genes encoding potassium channel
(Kcng, Kcnh, Kcnj, Kenb) and EGF family ligands and
receptors (Ereg, Egfr), as well as Mecp2, Sin3a, Mapk3,
Runxl1, etc. are predicted be interconnected with Hdac2
(Fig. S2@G). It is well accepted that the EGF family ligands
and receptors are implicated in cell proliferation, differ-
entiation, division, survival, and cancer development [46,
47]. The EGF family of ligands includes eleven structur-
ally related proteins, namely EGF, transforming growth
factor a (TGF-a), amphiregulin (AREG), epigen (EPGN),
heparin-binding EGEF-like growth factor (HB-EGF),
epiregulin (EREG), betacellulin (BTC), and the neuregu-
lins (NRG1-4) [48]. The biological effects of the EGF fam-
ily ligands are acted on through EGF receptor (EGFR)
family that belongs to the ErbB receptor family of the
Receptor Tyrosine Kinase superfamily (RTKs), including
EGEFR (also known as ErbB1), ErbB2, ErbB3 and ErbB4
four members [49], among those the role of EGFR in pain
processing has been reported in many studies [50]. The
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downstream effects of EGFR are mediated by a number
of signaling pathways including the Ras/ERK cascade
[17, 51-53], which regulates multiple pain responses
[54—57]. The activation of ERK signaling is implicated
in the post-translational modifications, especially the
phosphorylated modification of Runx1 [18, 19], a Runt
domain transcription factor that is required for the dif-
ferentiation of nociceptors and the pathogenesis of per-
sistent pain [20, 21, 58, 59]. Also, Runx1 has been shown
to transcriptionally regulate HDAC?2 expression in breast
cancer tissues [22]. To determine which member of the
EGF family ligands is involved in HDAC2-mediated
transcriptional repression of Kv7(KCNQ)/M potassium
channels in the DRG neurons of BCP model rats, we first
examined the alterations of both EGF and TGF-a, two
members of the classical EGF family ligands, in DRG
neurons of BCP model rats. Unexpectedly, no signifi-
cant alteration was observed on the mRNA expression of
both EGF and TGF-u« in ipsilateral L4/5 DRG tissues of
BCP model rats (Fig. 4A and B). However, with respect
to epiregulin (EREG), another member of the EGF family
ligands that is involved in pain processing [16, 60, 61], a
prominent increase in the abundance of both mRNA and
protein levels, was found in ipsilateral L4/5 DRG tissues
of BCP model rats (Fig. 4C and D), raising the possibility
that EREG may be an upstream signal molecule for the
activation of HDAC2-mediated transcriptional repres-
sion of Kv7(KCNQ)/M potassium channels in the DRG
neurons of BCP model rats. To prove this speculation,
we examined the effects of intrathecal EREG on the acti-
vation of HDAC2-mediated transcriptional repression
of Kv7(KCNQ)/M potassium channels in the DRG neu-
rons of naive rats. EREG (50 pg/ml, 10 pl) or vehicle was
intrathecally administered to naive rats, once per day for
four consecutive days, and the following behavioral tests,
biochemical analyses and electrophysiological recordings
were respectively performed on day 5 after drug applica-
tion. The results showed that intrathecal EREG induced
a statistical increase in the abundance of both phospho-
rylated ERK1/2 (pERK1/2) and phosphorylated Runx1
at serine 249 (pRunx1%¢?*) in the DRG neurons of naive
rats, while the abundance of total ERK1/2 protein and
total Runxl protein was not significantly altered after
intrathecal EREG application (Fig. 4E-H). Meanwhile,
immunofluorescence staining using antibody specific to
Runxl revealed that the nuclear localization of Runx1
(the colocalization of Runxl and the nuclear marker
DAPI) was significantly increased at 30 min after incuba-
tion of exogenous EREG (5 pl for 30 min) with 3 days-in-
vitro (DIV) cultured rat DRG neurons (Fig. 41), indicating
that EREG activates a nuclear translocation of Runx1 in
the DRG neurons. Runx1 is a Runt domain transcription
factor that has been shown to transcriptionally regulate
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Fig. 4 Enhancement of epiregulin (EREG) in DRG neurons of bone cancer pain model rats and contribution of EREG to the activation of ERK-Runx1
signaling and upregulation of HDAC2 in DRG neurons. (A-D) Identification of EGF, TGF-a, and EREG mRNA levels by RT-gPCR analysis (A-C),

and EREG protein abundance by ELISA (D), in ipsilateral L4/5 DRG tissues obtained from naive, PBS-, and MRMT-1-treated rats, performed at 14 days
after surgery (n=6-12 rats per group). (E-H) Western blot analysis of phosphorylated ERK1/2 (pERK1/2, E), ERK1/2 (F), phosphorylated Runx1

at serine 249 site (pRunx1°¢?*?, G), and Runx1 (H) protein abundance in L4/5 DRG tissues obtained from naive rats that received intrathecal EREG
or vehicle (n =6 rats per group). Upper in (E and G): Representative blots are shown. (I) Representative images show the immunofluorescence
with Runx1 (red) and DAPI (blue) in cultured rat DRG neurons at 30 min after incubation of exogenous EREG or vehicle. Right: merged images.
Scale bar=10 pm. (J) ChIP-gPCR assays for the enrichment of Runx1 in the hdac2 gene promoter in L4/5 DRG tissues obtained from naive rats
that received intrathecal EREG or vehicle (n =4-6 rats per group). (K) RT-gPCR analysis of HDAC2 mRNA level in L4/5 DRG tissues obtained

from naive rats that received intrathecal EREG or vehicle (n = 11 rats per group). Data are presented as mean +SEM. p<0.05, "p<0.01, "p<0.001;
ns, not significant, one-way ANOVA followed by Dunnett’s post hoc test for (A)-(D), unpaired t test for (E)-(K)

HDAC?2 expression in breast cancer tissues [22]. In fact,
a significant increase in relative enrichment of Runx1
was seen in the hdac2 gene promotor of DRG neu-
rons in rats received intrathecal EREG administration
(Fig. 4]), suggesting that intrathecal EREG promotes an

enhanced binding of Runx1 to hdac2 gene promotor of
DRG neurons in naive rats. Correspondingly, the relative
expression of HDAC2 at mRNA level was substantially
increased in the DRG tissues of intrathecal EREG-treated
naive rats (Fig. 4K), implying the Runxl-mediated
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transcriptional enhancement of HDAC2 in the DRG neu-
rons of rats received intrathecal EREG application. Along
with the enhanced expression of HDAC2 mRNA in the
DRG neurons, a significant decrease in the abundance of
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KCNQ2 and KCNQ3 expression, at both mRNA and pro-
tein levels, was found in the DRG neurons of rats received
intrathecal EREG application (Fig. 5A-D). Similarly, a
reduced M-current density (2.35+0.17 pA/pF EREG vs.
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Fig. 5 Epiregulin (EREG) mediates kcng2 and kcng3 genes transcriptiona
pain hypersensitivity in naive rats. (A) RT-gPCR and Western blot analyses
tissues obtained from naive rats that received intrathecal EREG or vehicle

[ repression in DRG neurons, enhances neuronal excitability and induces
of the mRNA and protein abundance of KCNQ2 and KCNQ3 in L4/5 DRG
, performed at 5 days after drug administration. (A and B) for KCNQ2

(n=5-6 rats per group); (C and D) for KCNQ3 (n=6-7 rats per group). Upper in (B and D): Representative blots are shown. (E-K) Electrophysiological
analyses of M-currents (E and 1) and neuronal excitability (F-K) in L4/5 DRG tissues obtained from naive rats that received intrathecal EREG

or vehicle, recorded at 5 days after drug administration. (E and F) Representative traces of M-currents (E) and neuronal action potentials (F)

evoked by a large depolarizing current pulse (1-s, 2-fold AP rheobase) are shown. Scale bar=100 pA, 300 ms for (E), and 20 mV, 100 ms for (F). (G

and H) Analysis of neuronal firing rate (spikes/second) elicited by a series

of 500-ms depolarizing current pulses (in 50-pA steps from 0 to 400 pA).

(G) Representative traces of evoked action potentials (APs) by 100 pA, 200 pA, and 300 pA depolarizing current pulses are shown. Scale bar=20 mV,
200 ms. (I-K) Plots of M-current density, frequency of APs, inter-spike intervals (ISI), AP amplitude, after hyperpolarization (AHP) amplitude, AHPg,,
duration (1), threshold potential (J), and rheobase (K) (n=20-30 cells from six rats per group). (L) Assessment of the PWT for naive rats that received
intrathecal EREG or vehicle, performed at 5 days after drug administration (n=12-13 rats per group). (M) Assessment of animal’s locomotor function

ok

before and after intrathecal drug administration (n = 12-13 rats per group). Data are presented as mean +SEM. p<0.05, "p<0.01, "p<0.001,
unpaired t test for (A)-(D) and (I-K); two-way ANOVA with Sidak’s post hoc test for (H), (L), and (M)
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5.61+0.34 pA/pF vehicle, P<0.0001), an enhanced neu-
ronal excitability including the increase of action poten-
tial (AP) frequency, the decreases of inter-spike intervals
(ISI), AP amplitude, after hyperpolarization (AHP)
amplitude, AHPg, duration, the threshold potential and
rheobase, were seen in the DRG neurons of rats treated
with intrathecal EREG (Fig. 5E-K). Besides, the behavio-
ral test revealed that intrathecal administration of EREG
to rats produced evident mechanical hypersensitivity
that was assessed by the decreased PWT in response
to von Frey filaments stimuli (Fig. 5L). The results from
inclined-plate test revealed that the animal’s locomotor
function was not impaired after intrathecal EREG treat-
ment (Fig. 5M). These results suggest that EREG may be
an upstream signal molecule involved in HDAC2-medi-
ated transcriptional repression of Kv7(KCNQ)/M potas-
sium channels in the DRG neurons of BCP model rats,
via the activation of ERK-Runx1 signaling pathway.

Contribution of EGFR to HDAC2-mediated transcriptional
repression of Kv7(KCNQ)/M potassium channels in DRG
neurons and its role in bone cancer-induced pain in rats
EREG is a 46-amino acid protein in the EGF family that
binds to the following 4 different receptors: the EGFR
and human EGF receptor 2, 3, or 4 (HER 2, 3, or 4; in
rodents referred to as ErbB 2, 3, or 4, respectively). Ear-
lier observations show that EREG induces intracellular
signaling mainly through EGFR or HER4 [62]. Manipu-
lation of the EREG signaling with blocking one of its
receptors (i.e. EGFR) may reduce neuropathic pain [63],
while activation of the EGFR by EREG enhances pain [16,
60]. To further determine whether EREG acts through
EGER to modulate the HDAC2-mediated transcriptional
repression of Kv7(KCNQ)/M potassium channels in
DRG neurons and its role in bone cancer-induced pain in
rats, we first examined the expression and distribution of
EGER in the DRG neurons. As expected, an evident co-
localization of EGFR with HDAC2 and KCNQ2/KCNQ3
was found in cultured rat DRG neurons (Fig. S10A),
and also, the EGFR was widely expressed in NF2007-,
CGRP™-, and IB4"-DRG neurons across the naive, PBS,
and MRMT-1 rats (Fig. S10B-D). The mean fluorescence
intensity of EGFR was significantly increased in all these
three types of DRG neurons in BCP model rats compared
to the naive and PBS controls (Fig. SI0E-G). Besides, a
significant increase in the abundance of EGFR expres-
sion, at both protein and mRNA levels, was found in ipsi-
lateral L4/5 DRG tissues of BCP model rats compared to
the naive and PBS controls (Fig. SIOH and I). Further-
more, we investigated whether EGFR inhibition could
rescue the transcriptional repression of Kv7(KCNQ)/M
channels in DRG neurons and the pain hypersensitivity
in BCP model rats. AG1478 (50 uM x 10 pl), a selective
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EGER inhibitor, was delivered intrathecally to BCP model
rats on day 10 after tumor cells inoculation, once per
day for four consecutive days. The results revealed that
intrathecal AG1478 effectively reversed the decreased
expression of KCNQ2 and KCNQ3 submits encoding
Kv7(KCNQ)/M channels, at both mRNA and protein
levels, in ipsilateral L4/5 DRG tissues of bone metastasis
model rats (Fig. S10J-M). Meanwhile, the tumor-induced
pain hypersensitivity, as assessed by the decreases of paw
withdrawal threshold (PWT) in response to von Frey
filaments stimuli and paw withdrawal latency (PWL) in
response to radiant heat stimulation, was significantly
alleviated by intrathecal AG1478 application to MRMT-1
tumor-bearing rats (Fig. SION and O). Also, the results
from inclined-plate test revealed that the animal’s loco-
motor function was not impaired after intrathecal
AG1478 administration (Fig. S10P). These findings raise
the possibility that the upregulated EGFR in DRG neu-
rons probably involves in the transcriptional repression
of keng2 and keng3 genes and the pathogenesis of BCP in
bone metastasis model rats.

Next, we determined the involvement of EGFR in
EREG-induced activation of ERK-Runx1 signaling cas-
cade as well as in HDAC2-mediated transcriptional
repression of Kv7(KCNQ)/M potassium channels in
DRG neurons and its role in bone cancer-induced pain in
rats, by investigating the effects of knockdown EGEFR in
DRG neurons on the aforementioned actions of intrath-
ecal EREG to naive rats. Knockdown of EGFR in DRG
neurons was performed by intrathecal administration of
lentivirus expressing EGFR shRNA linked with ZsGreen
(LV-shEGFR) to rats, and the efficiency of knockdown
EGEFR in DRG neurons was validated by immunofluores-
cence staining, RT-qPCR and Western blotting analysis
from either cultured rat DRG neurons at 48 h after trans-
fected with LV-shEGER (Fig. S11A-D), or the DRG tissues
of rats on day 7 after received intrathecal lentivirus appli-
cation (Fig. S11E-H). The results showed that knockdown
EGFR in DRG neurons could effectively abrogate the
intrathecal EREG-induced upregulation of both pERK1/2
(Fig. S12A-C) and pRunx1%*?% (Fig. S12D-F) protein in
the DRG neurons of EREG-treated rats. Moreover, the
increased abundance of HDAC2 protein (Fig. S12G), and
the decreased abundance of KCNQ2 and KCNQ3 pro-
teins (Fig. S12H and I), induced by intrathecal EREG to
rats, were significantly restored by knocking-down EGFR
in DRG neurons. Also, the augmented pain hypersen-
sitivity in intrathecal EREG-treated rats, indicated by
decreased PWT in response to von Frey filaments stim-
uli, was rescued by knocking-down EGER in DRG neu-
rons (Fig. S12J), while the animal’s locomotor function
was not impaired after intrathecal lentivirus administra-
tion (Fig. S12K). These data demonstrate the necessary of
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EGEFR for EREG-induced activation of ERK-Runx1 sign-
aling and the HDAC2-mediated transcriptional repres-
sion of Kv7(KCNQ)/M potassium channels in the DRG
neurons of intrathecal EREG-treated rats.

Furthermore, we investigated whether EGFR is
involved in the activation of ERK-Runx1 signaling and
the HDAC2-mediated transcriptional repression of
Kv7(KCNQ)/M potassium channels in DRG neurons
of BCP model rats. Our results revealed that using
intrathecal LV-shEGFR to knock down EGEFR in the
DRG neurons of BCP model rats, it significantly res-
cued the increased abundance of both pERK1/2 (Fig.
S13A-C) and pRunx1%?* (Fig. S13D-F) protein in
ipsilateral L4/5 DRG tissues of tumor-bearing rats,
indicating the involvement of EGFR in the activation
of ERK-Runx1 signaling in BCP model rats. Moreover,
accompanied with the knockdown of EGFR in DRG
neurons, a significant decrease in the abundance of
HDAC2 expression, at both mRNA and protein levels,
was observed in ipsilateral L4/5 DRG tissues of BCP
model rats that received intrathecal LV-shEGFR appli-
cation (Fig. 6A and B). Correspondingly, the relative
enrichment of HDAC2 in the kcng2 and kcng3 genes
promoter was significantly decreased (Fig. 6C and
D), and the enrichment of both H3Kac and H4Kac in
the kcng2 and kcng3 genes promoter was statistically
increased (Fig. 6E-H), in ipsilateral L4/5 DRG tissues of
BCP model rats treated with intrathecal LV-shMeCP2
compared to the control LV-ZsGreen. In line with these
findings, a substantially increase in the abundance of
KCNQ2 and KCNQ3 expression, at both mRNA and

(See figure on next page.)
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protein levels, was seen in ipsilateral L4/5 DRQG tissues
obtained from BCP model rats that received intrathe-
cal LV-shEGEFR application (Fig. 6I-L). As a result, the
M-current density was increased (9.29+0.70 pA/pF
EREG vs. 4.70+0.31 pA/pF vehicle, P<0.0001), whereas
the neuronal excitability was reduced (inferred from
the intrinsic electrogenic properties, including the
decreased AP frequency as well as the increased ISI,
AP amplitude, AHP amplitude, AHPgy, duration, the
threshold potential and rheobase), in ipsilateral L4/5
DRG neurons of BCP model rats that received intrath-
ecal LV-shEGFR relative to the control LV-ZsGreen
(Fig. 6M-Q). Also, both of the mechanical hypersen-
sitivity (assessed by the decreased PWT in response
to von Frey filaments stimuli) and the thermal hyper-
algesia (assessed by the reduced PWL in response to
radiant heat stimulation) were alleviated in the BCP
model rats that received intrathecal LV-shEGFR appli-
cation (Fig. 6R and S). The results from inclined-plate
test revealed that the animal’s locomotor function was
not impaired after intrathecal lentivirus treatment
(Fig. 6T). These data indicate that knockdown EGER by
intrathecal LV-shEGER effectively restores the activa-
tion of ERK-Runx1 signaling and the HDAC2-mediated
transcriptional repression of Kv7(KCNQ)/M chan-
nels in DRG neurons of BCP model rats, subsequently
reduces the neuronal hyperexcitability and pain hyper-
sensitivity in tumor-bearing rats, supporting the roles
of EGFR in HDAC2-mediated transcriptional repres-
sion of Kv7(KCNQ)/M potassium channels in DRG
neurons and the pathogenesis of BCP in tumor-bearing
rats.

Fig. 6 Knockdown of EGFR in DRG neurons impairs HDAC2-mediated transcriptional repression of kcng2 and kcng3 genes, reduces neuronal

excitability and attenuates pain hypersensitivity in bone cancer pain model rats. (A and B) RT-gPCR and Western blot analyses of HDAC2 mRNA (A)
and protein (B) abundance in ipsilateral L4/5 DRG tissues obtained from bone cancer pain (BCP) model rats that received intrathecal LV-shEGFR
or the control LV-ZsGreen, performed at 14 days after tumor cells inoculation (n = 6-8 rats per group). Upper in (B): Representative blots are
shown. (C-H) ChIP-gPCR assays for the enrichment of HDAC2, acetylated histone 3 (H3Kac), and acetylated histone 4 (H4Kac) in the kcng2

and kcng3 genes promoter, in ipsilateral L4/5 DRG tissues obtained from bone cancer pain (BCP) model rats that received intrathecal LV-shEGFR
or the control LV-ZsGreen, performed at 14 days after tumor cells inoculation. (C and D) for HDAC2 (n = 5-6 rats per group); (E and F) for H3Kac
(n=5 rats per group); (G and H) for H4Kac (n = 5-6 rats per group). (I-L) RT-gPCR and Western blot analyses of the mRNA and protein abundance
of KCNQ2 and KCNQ3 in ipsilateral L4/5 DRG tissues obtained from BCP model rats that received intrathecal LV-shEGFR or LV-ZsGreen, performed
at 14 days after tumor cells inoculation. (I and J) for KCNQ2 (n = 6-7 rats per group); (K and L) for KCNQ3 (n = 5-7 rats per group). Upper in (J

and L): Representative blots are shown. (M-Q) Electrophysiological analyses of M-currents (M and O) and neuronal excitability (N-Q) in ipsilateral
L4/5 DRG neurons of BCP model rats that received intrathecal LV-shEGFR or LV-ZsGreen, recorded at 14 days after tumor cells inoculation. (M

and N) Representative traces of M-currents (M) and neuronal action potentials (N) evoked by a large depolarizing current pulse (1-s, 2-fold AP
rheobase) are shown. Scale bar=100 pA, 300 ms for (M), and 20 mV, 100 ms for (N). (O-Q) Plots of M-current density, frequency of APs, inter-spike
intervals (ISI), AP amplitude, after hyperpolarization (AHP) amplitude, AHPgq, duration (0), threshold potential (P), and rheobase (Q) (n=20-30
cells from six rats per group). (R and S) Assessment of ipsilateral PWT (R) and PWL (S) for BCP model rats that received intrathecal LV-shEGFR

or LV-ZsGreen, performed at 14 days after tumor cells inoculation (n = 11-12 rats per group). (T) Assessment of animal’s locomotor function
before and after intrathecal lentivirus administration (n = 11-12 rats per group). Data are presented as mean+SEM. p<0.05, "p<0.01, " p<0.001,
unpaired t test for (A)-(L) and (0)-(Q); two-way ANOVA with Sidak’s post hoc test for (R)-(T). See also Fig. S10-513
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Involvement of ERK-Runx1 signaling cascade

in HDAC2-mediated transcriptional repression

of Kv7(KCNQ)/M potassium channels in DRG neurons

and its role in bone cancer-induced pain in rats

As mentioned above, the ERK-Runx1 signaling cascade
is a downstream target for the activation of EREG/EGFR
signaling [17-19, 51-53], and the Runx1 is found to serve
as a transcriptional regulator of HDAC?2 in breast can-
cer tissues [22]. Our RNA-seq data, both of the KEGG
enrichment analysis and the DEGs’ gene—gene inter-
action networks analysis for HDAC2, also predicted a
potential interaction of ERK-Runx1 signaling for HDAC2
(Fig. 1A, Fig. S2F and G). With interrupting the ERK-
Runx1 signaling pathway by ERK inhibitor (SCH772984)
or Runxl siRNA, we indeed found that either intrathe-
cal administration of SCH772984 (15 pMXx10 pl) to
inhibit ERK activation, or intrathecal application of
Runx1 siRNA (2.5 pg in a 10-ul volume) to knock down
Runxl in the DRG neurons, could rescue intrathecal
EREG-induced increase of HDAC2 protein abundance,
and as well, restore intrathecal EREG-induced reduc-
tion of KCNQ2 and KCNQ3 protein levels, in the DRG
tissues of EREG-treated rats (Fig. S14A-F). Similarly,
both SCH772984 and Runxl siRNA could effectively
abrogate intrathecal EREG-induced pain hypersensitiv-
ity but did not impair the animal’s locomotor function in
EREG-treated rats (Fig. S14G-]). These results support
our understanding that the ERK-Runx1 signaling cas-
cade is indeed a downstream target for EREG-induced
upregulation of HDAC2 expression, subsequently con-
tributing to HDAC2-mediated transcriptional repression

(See figure on next page.)
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of Kv7(KCNQ)/M channels in DRG neurons and pain
hypersensitivity in EREG-treated rats.

To further determine whether the activation of ERK-
Runx1 signaling in DRG neurons is involved in HDAC2-
mediated transcriptional repression of Kv7(KCNQ)/M
potassium channels in DRG neurons and the develop-
ment of BCP in tumor-bearing rats, we then exam-
ined the effects of either inhibiting ERK activation or
knockdown Runxl on HDAC2-mediated transcrip-
tional repression of kcng2 and kcng3 genes, and as well,
on the pathogenesis of BCP in MRMT-1 tumor-bearing
rats. The ERK inhibitor SCH772984 (15 pM x 10 pl) was
intrathecally administered to tumor-bearing rats on day
7 after tumor cells inoculation, twice per day for seven
consecutive days, and the following biochemical analy-
sis and electrophysiological recordings were respectively
performed on day 14 after tumor cells inoculation. The
results showed that intrathecal administration of the ERK
inhibitor SCH772984 significantly reduced the abun-
dance of pRunx1%?% in ipsilateral L4/5 DRG tissues of
tumor-bearing rats (Fig. 7A and B), indicating that the
phosphorylated modification of Runx1 in DRG neurons
is dependent upon the activation of ERK signaling in
BCP model rats. Moreover, inhibition of ERK action by
intrathecal SCH772984 also reduced the relative enrich-
ment of Runx1 in sdac2 gene promotor of DRG neurons
(Fig. 7C) and the abundance of HDAC2 protein in ipsi-
lateral L4/5 DRG tissues of BCP model rats (Fig. 7D),
validating that the Runx1 is indeed a transcriptional reg-
ulator of HDAC2 in the DRG neurons of tumor-bearing
rats [22]. In agreement with the reduction of HDAC2

Fig. 7 Inhibition of ERK signaling impairs Runx1-dependent upregulation of HDAC2 and HDAC2-mediated transcriptional repression of kcng2

and kcng3 genes, reduces neuronal excitability and attenuates pain hypersensitivity in bone cancer pain model rats. (A and B) Western blot analysis
of phosphorylated Runx1 at serine 249 (pRuanSe’z“g) (A) and Runx1 (B) protein abundance in ipsilateral L4/5 DRG tissues obtained from BCP
model rats that received intrathecal SCH772984 (a selective ERK inhibitor), performed at 14 days after tumor cells inoculation (n =5 rats per group).
Upper in (A): Representative blots are shown. (C) ChIP-gPCR assays for the enrichment of Runx1 in hdac2 gene promoter, in ipsilateral L4/5 DRG
tissues obtained from bone cancer pain (BCP) model rats that received intrathecal SCH772984 or vehicle, performed at 14 days after tumor cells
inoculation (n=4-5 rats per group). (D) Western blot analysis of HDAC2 protein abundance in ipsilateral L4/5 DRG tissues obtained from BCP
model rats that received intrathecal SCH772984 or vehicle, performed at 14 days after tumor cells inoculation (n =6 rats per group). Upper:
Representative blots are shown. (E-H) RT-qPCR and Western blot analyses of the mRNA and protein abundance of KCNQ2 and KCNQ3 in ipsilateral
L4/5 DRG tissues obtained from BCP model rats that received intrathecal SCH772984 or vehicle, performed at 14 days after tumor cells inoculation.
(E and F) for KCNQ2 (n =6 rats per group); (G and H) for KCNQ3 (n = 6-7 rats per group). Upper in (F and H): Representative blots are shown.

(I-0) Electrophysiological analyses of M-currents (I and M) and neuronal excitability (J-O) in ipsilateral L4/5 DRG neurons of BCP model rats

that received intrathecal SCH772984 or vehicle, recorded at 14 days after tumor cells inoculation. (I and J) Representative traces of M-currents (I)
and neuronal action potentials (J) evoked by a large depolarizing current pulse (1-s, 2-fold AP rheobase) are shown. Scale bar=100 pA, 300 ms

for (I), and 20 mV, 100 ms for (J). (K and L) Analysis of neuronal firing rate (spikes/second) elicited by a series of 500-ms depolarizing current

pulses (in 50-pA steps from 0 to 400 pA). (K) Representative traces of evoked action potentials (APs) by 100 pA, 200 pA, and 300 pA depolarizing
current pulses are shown. Scale bar=20 mV, 200 ms. (M-0) Plots of M-current density, frequency of APs, inter-spike intervals (ISI), AP amplitude,
after hyperpolarization (AHP) amplitude, AHP4,, duration (M), threshold potential (N), and rheobase (O) (n=20-30 cells from six rats per group).
(P) Assessment of ipsilateral PWT for BCP model rats that received intrathecal SCH772984 or vehicle, performed at 14 days after tumor cells
inoculation (n =10 rats per group). (Q) Assessment of animal’s locomotor function before and after intrathecal drug administration (n =10 rats

per group). Data are presented as mean +SEM. p<0.05, "p<0.01, 'p<0.001; ns, not significant, unpaired t test for (A)-(H) and (M)-(0); two-way

ANOVA with Sidak’s post hoc test for (L), (P), and (Q). See also Fig. S14-15
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protein level, a significant decrease in the abundance of
KCNQ2 and KCNQ3 expression in ipsilateral L4/5 DRG
tissues, at both mRNA and protein levels, was found in
BCP model rats treated with intrathecal SCH772984

compared to the vehicle controls (Fig. 7E-H). Also, the
M-current density was increased (5.40+0.46 pA/pF
SCH772984 vs. 2.28+0.17 pA/pF vehicle, P<0.0001),
whereas the neuronal excitability was reduced (inferred
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from the intrinsic electrogenic properties, including the
decreased AP frequency as well as the increased ISI,
AP amplitude, AHP amplitude, AHPg, duration, the
threshold potential and rheobase), in ipsilateral L4/5
DRG neurons of BCP model rats treated with intrathe-
cal SCH772984 (Fig. 7I-O). Correspondingly, the aug-
mented pain hypersensitivity in bone metastasis model
rats, indicated by decreased PWT in response to von
Frey filaments stimuli, was abrogated by intrathecal
administration of SCH772984 (Fig. 7P). The results from
inclined-plate test revealed that the animal’s locomotor
function was not impaired after intrathecal SCH772984
administration (Fig. 7Q).

Likewise, knockdown of Runxl in DRG neurons was
performed by intrathecal administration of small inter-
fering RNA (siRNA) targeting for Runx1 (Runx1 siRNA,
2.5 pg in a 10-pl volume) to bone metastasis model rats,
twice per day for seven consecutive days on day 7 after
tumor cells inoculation, and the following biochemical
analysis and electrophysiological recordings were respec-
tively performed on day 14 after tumor cells inocula-
tion. The results showed that the abundance of Runxl
protein was significantly decreased in ipsilateral L4/5
DRG tissues of BCP model rats treated with intrathe-
cal Runx1 siRNA (Fig. S15A), validating that intrathecal
Runxl siRNA could effectively knock down Runxl in
the DRG neurons. Along with the knockdown of Runx1
in DRG neurons, the relative enrichment of Runx1l in
hdac2 gene promotor of DRG neurons (Fig. S15B), and
the abundance of HDAC2 mRNA and protein expres-
sion, were significantly decreased in ipsilateral L4/5 DRG
tissues of bone metastasis model rats with intrathecal
Runx1 siRNA treatment (Fig. S15C and D), demonstrat-
ing the role of Runx1 in the transcriptional regulation of
HDAC2 in DRG neurons of tumor-bearing rats. In line
with the downregulation of HDAC2 expression in DRG
neurons, the abundance of KCNQ2 and KCNQ3 expres-
sion, at both mRNA and protein levels, was substantially
increased in ipsilateral L4/5 DRG tissues of BCP model
rats treated with intrathecal Runx1 siRNA (Fig. S15E-H).
Also, the M-current density was increased (7.00+0.68
pA/pF Runxl siRNA wvs. 3.23+0.18 pA/pF scram-
ble, P<0.0001), whereas the neuronal excitability was
reduced (inferenced by the intrinsic electrogenic proper-
ties, including the decreased AP frequency as well as the
increased ISI, AP amplitude, AHP amplitude, AHPgy,
duration, the threshold potential and rheobase), in ipsi-
lateral L4/5 DRG neurons of BCP model rats treated with
intrathecal Runx1 siRNA compared to the scramble con-
trols (Fig. S15I-O). Correspondingly, the behavioral tests
showed that the mechanical hypersensitivity (assessed
by the decreased PWT in response to von Frey filaments
stimuli) was alleviated in BCP model rats treated with
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intrathecal Runx1 siRNA (Fig. S15P, day 14 and day 16:
P<0.0001, Runxl siRNA vs. scramble). Moreover, the
results from inclined-plate test revealed that the animal’s
locomotor function was not impaired after intrathecal
siRNA application (Fig. S15Q).

Taken together, these results suggest that disrupting
the activation of EGFR-ERK-Runx1 signaling in DRG
neurons abrogates the HDAC2-mediated transcrip-
tional repression of kcng2 and kcng3 genes encoding
Kv7(KCNQ)/M potassium channels, and reduces the
neuronal hyperexcitability and pain hypersensitivity in
bone metastasis model rats. Therefore, the enhancement
of HDAC2-mediated transcriptional repression of kcng2
and kcng3 genes in DRG neurons, induced by the activa-
tion of EREG/EGFR-ERK-Runx1 signaling, likely under-
lies the neuronal hyperexcitability of nociceptive DRG
neurons and the pain hypersensitivity in tumor-bearing
rats.

Discussion

It has been documented that HDACs can remove the
acetyl residues from histones to compact the chromatin
structure, and inhibit gene transcription [35, 36]. Class
I HDAC:S, in particular HDAC2 is found highly corre-
lated to the pathology of persistent pain [37-41]. Up-
regulation of HDAC2 expression is found in the lumbar
spinal cord of bone cancer pain (BCP) model rats, and
the enhanced HDAC2 in the spinal cord contributes
to the mechanical hyperalgesia of BCP model rats by
down-regulating the potassium-chloride cotransporter
(KCC2) expression [11]. In line with these findings, we
indeed found an increased expression of HDAC2 (but
not HDAC1 and HDACS3) in ipsilateral L4/5 DRG neu-
rons of BCP model rats. Also, the increased HDAC2
was enriched in kcng2 and kcng3 (keng2/keng3) genes
promoter and caused histone deacetylation modifica-
tion of the genes in DRG neurons of BCP model rats.
Moreover, either inhibiting the activity of HDACs or
knockdown HDAC2 in DRG neurons, rescues the tran-
scriptional repression of kcng2/keng3 genes encod-
ing Kv7(KCNQ)/M potassium channels; reverses the
decreased M-current density and the increased neuronal
excitability of DRG neurons, and attenuates the pain
hypersensitivity in tumor-bearing rats, validating the
contribution of HDAC?2 to the transcriptional repression
of Kv7(KCNQ)/M potassium channels in DRG neurons
and the pathology of BCP in rats. Consistently, suppres-
sion of HDAC2 by either HDACs inhibitor or HDAC2
siRNA is shown to relieve pain hypersensitivity in animal
models of neuropathic pain [39, 40, 64] and bone cancer
pain [11, 65], supporting the involvement of HDAC2 in
pathogenesis of persistent pain through regulating target
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genes transcription, such as KCC2 [11], Kv1.2 [39], or
KCNQ2/KCNQ3.

HDAC?2 does not bind to DNA directly and is known
to form a corepressor complex with other specific pro-
teins, such as Sin3A, to regulate gene transcription [66,
67]. The Sin3A/HDAC2 complex serves as a negative
regulator of the inflammatory gene program in lipopol-
ysaccharide-activated human macrophages [68]. In addi-
tion, MeCP2 recruits HDAC2 and Sin3A to promote
the deacetylation of histone tails, which results in gene
silencing [67]. MeCP2 is highly expressed in the nervous
system [69] and the dynamic expression of MeCP2 in the
DRG after nerve injury [70] suggests a role of MeCP2 in
pain modulation through transcriptional regulation. In
fact, peripheral nerve injury induces an increased MeCP2
expression in injured DRGs, results in direct and indi-
rect modulation of pain-related genes expression in the
DRG, thereby underlying the pathology of neuropathic
pain [43, 71]. In this study, using DEGs’ gene—gene inter-
action network analysis for Hdac2, we indeed predicted
the interaction of Hdac2 with both Sin3A and MeCP2.
Moreover, we found a wide co-localization of MeCP2
with HDAC2 and KCNQ2/KCNQ3 in cultured rat DRG
neurons, and observed a prominent increase of MeCP2
expression across the NF200-, CGRP-, and IB4-positive
DRG neurons in BCP model rats. A significant increase
in the enrichment of either MeCP2 or MeCP2/HDAC2
corepressor complex in kcng2/kecng3 genes promoter of
DRG neurons in MRMT-1 rats, suggests an enhanced
binding of MeCP2/HDAC?2 corepressor complex to the
keng2/keng3 genes promoter of DRG neurons in BCP
model rats. Additionally, by using intrathecal MeCP2-
shRNA to knock down MeCP2 in DRG neurons, we
provided further evidence demonstrating the necessary
of MeCP2 for HDAC2-mediated transcriptional repres-
sion of Kv7(KCNQ)/M channels in DRG neurons and its
role in bone cancer-induced pain in rats. MeCP2 binds
to DNA through a methyl binding domain and facilitates
the assembly of a multiprotein repressor complex that
includes Sin3A and the histone deacetylases HDAC1/
HDAC2 [72-74]. The MeCP2/Sin3A/HDAC2 corepres-
sor complex is involved in the regulation of connective
tissue growth factor expression in lung fibroblasts [75].
In agreement with these findings, we observed an evi-
dent co-localization of MeCP2, Sin3A, and HDAC2 in
the DRG neurons, and also, knockdown of Sin3A in DRG
neurons could abrogate the binding of MeCP2/HDAC2
corepressor in kcng2/kcng3 genes promoter of DRG
neurons, and rescue the transcriptional repression of
Kv7(KCNQ)/M potassium channels in DRG neurons and
the pathology of BCP in tumor-bearing rats, supporting
our understanding that the formation of MeCP2/Sin3A/
HDAC2 co-repressor complex by the link of MeCP2 and
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HDAC?2 through Sin3A, is required for the transcrip-
tional repression of kcng2/kcng3 genes in DRG neurons
and the pathogenesis of BCP in tumor-bearing rats.
Moreover, EGF family ligands and receptors are
implicated in cell proliferation, differentiation, divi-
sion, survival, and cancer development [46, 47], of these,
epiregulin (EREG) has been shown to signal through
EGER to involve in pain processing [16, 60, 61]. In this
study, we indeed found an increased expression of EREG,
but not other EGER ligands such as EGF and TGF-a, at
both mRNA and protein levels, in ipsilateral L4/5 DRG
tissues of BCP model rats, indicating the involvement of
EREG in the pathology of BCP. In line with our findings,
Martin and colleagues [16] reported that EREG levels
and EGFR phosphorylation in the DRGs are up-regulated
in mouse models of chronic inflammatory pain and neu-
ropathic pain, and also, activation of EGFR by EREG,
but not other EGFR ligands, promotes nociception. In a
separate study, Kongstorp et al. [60] showed that EREG
is released from intervertebral disks and induces spon-
taneous activity in pain pathways. EREG may trigger the
expression of other growth factors and cytokines [76, 77],
which in turn activates the PI3K/Akt pathway and the
MAPK cascade that may affect nociceptive activity in the
primary afferent nerve fibers [78], or in the spinal dor-
sal horn [79, 80]. Here we found that intrathecal EREG
activates the ERK-Runx1 signaling cascade, promotes
the nuclear translocation of transcription factor Runx1
in the DRG neurons, and up-regulates hdac2 gene tran-
scription. The enhanced HDAC2 in turn mediates the
transcriptional repression of kcng2/kecng3 genes in DRG
neurons of BCP model rats, subsequently enhances the
neuronal hyperexcitability and pain hypersensitivity in
tumor-bearing rats. These findings suggest that EREG
may be an upstream signal molecule involved in HDAC2-
mediated transcriptional repression of Kv7(KCNQ)/M
potassium channels in DRG neurons of BCP model rats,
via the activation of ERK-Runx1 signaling pathway.
Previous findings suggest that EREG induces intracel-
lular signaling mainly through EGFR or HER4 [62], and
activation of EGFR by EREG enhances pain sensitivity
[16, 60]. In this study, we found an obvious co-localization
of EGFR with HDAC2 and KCNQ2/KCNQ3 in cultured
rat DRG neurons, and observed an increased expression
of EGFR in ipsilateral L4/5 DRG tissues of BCP model
rats, raising the possibility for the involvement of EGFR
in the pathogenesis of BCP. In fact, EGFR inhibition res-
cues the transcriptional repression of Kv7(KCNQ)/M
channels in DRG neurons and the pain hypersensitivity in
BCP model rats, supporting our understanding that the
upregulated EGFR in DRG neurons probably involves in
the transcriptional repression of kcng2/kcng3 genes and
the pathogenesis of BCP in bone metastasis model rats.
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Consistently, several studies have shown that EGFR is
involved in pain processing [16, 60, 61], and EGFR inhibi-
tion is the first-line treatment for non-small cell lung can-
cer [61, 81], and also, the EGFR inhibition provides rapid
relief of cancer pain [50, 63, 82, 83]. Furthermore, data
from EGFR knockdown also support the involvement of
EGEFR in EREG-induced activation of ERK-Runx1 signal-
ing and the upregulated HDAC2, and also, in HDAC2-
mediated kcng2/kcng3 genes transcriptional repression
in DRG neurons and in EREG-induced pain hypersen-
sitivity in naive rats. In addition, knockdown of EGFR
effectively restores the activation of ERK-Runx1 signal-
ing and HDAC2-mediated transcriptional repression of
keng2/keng3 genes in DRG neurons of BCP model rats,
subsequently reduces the neuronal hyperexcitability and
pain hypersensitivity in tumor-bearing rats, supporting
the roles of EGFR in HDAC2-mediated transcriptional
repression of Kv7(KCNQ)/M potassium channels and the
pathogenesis of BCP in tumor-bearing rats.

The downstream effects of EGFR are mediated by
a number of signaling pathways including the RAS/
ERK cascade [17, 51-53], which regulates multiple pain
responses [54—57]. The activation of ERK signaling is
implicated in post-translational modifications, espe-
cially the phosphorylated modification of Runx1 [18, 19],
which is required for the differentiation of nociceptors
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and the pathogenesis of persistent pain [20, 21, 58, 59].
Also, Runx1 has been shown to transcriptionally regu-
late HDAC?2 expression in breast cancer tissues [22]. Our
present data also revealed that disrupting the activation
of ERK-Runx1 signaling in DRG neurons, either by ERK
inhibitor or Runxl siRNA, abrogates HDAC2-mediated
transcriptional repression of kcng2/keng3 genes, and
reduces the neuronal hyperexcitability and pain hyper-
sensitivity in bone metastasis model rats. These find-
ings suggest that the enhancement of HDAC2-mediated
transcriptional repression of kcng2/kecng3 genes in DRG
neurons, induced by the activation of EREG/EGFR-ERK-
Runx1 signaling, likely underlies the neuronal hyper-
excitability of nociceptive DRG neurons and the pain
hypersensitivity in tumor-bearing rats (Fig. 8).
Limitations of the study. First, in consideration of
other HDACs in particular class I HDACs (HDACI, 3,
8) and class II HDACs (HDAC4, 5, 7, 9 in class IIa and
HDACS, 10 in class IIb), the role of HDACI [84-87] and
HDAC3 [88, 89] in neuropathic pain development has
been reported in several studies. In parallel, HDAC1 is
found contributing to the pathology of BCP in animal
models [10, 90, 91]. HDACS is involved in important cel-
lular processes such as cell cycle, migration, and differ-
entiation, and implicates in cancer progression [92, 93].
Nevertheless, the role of HDACS8 in pain processing is
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Fig. 8 Schematic summary of HDAC2-mediated kcng2/kcng3 genes transcription repression in bone cancer pain. The HDAC2-mediated
transcriptional repression of keng2 and keng3 genes, induced by the activation of EREG/EGFR-ERK-Runx1 signaling, contributes to the sensitization
of DRG neurons and the pathogenesis of BCP in rats. Note that HDAC2 needs to form corepressor complex with MeCP2 and Sin3A, and EREG

is an upstream signal molecule for HDAC2-mediated gene transcription repression. EREG/EGFR-ERK-Runx1 signaling underlies the HDAC2-mediated
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poorly reported. Contribution of class Ila HDAC mem-
bers (HDAC4, 5, 7, 9) to chronic pain development has
been documented in various inflammatory and neuro-
pathic pain models [94-98]. HDACS, a class IIb HDACs
member also plays important role in the pathogenesis
of inflammatory pain [99, 100], neuropathic pain [101,
102], and bone cancer pain [103], whereas HDACI0,
another class IIb HDACs member is not found involv-
ing in pain processing. Although these HDAC members
play important role in the development of chronic pain
including BCP, there is, however, no experimental evi-
dence demonstrating the transcriptional regulation of
keng2/keng3 genes by them to our knowledge. We sup-
pose that for these HDAC members, there are probably
distinct mechanisms underlying the regulatory role in the
pathology of BCP. In fact, HDACs are correlated with the
downregulation of p-opioid receptor in the DRG during
the pathogenesis of BCP [90]. Activation of glial cells and
the glia-mediated neuroinflammation in the DRG and
spinal dorsal horn may serve as a potential mechanism
underlying the contribution of HDAC1 to BCP develop-
ment [10, 91]. HDAC6 contributes to the pathology of
BCP through the activation of spinal NOD-like recep-
tor pyrin domain containing 3 (NLRP3) inflammasome
[103]. Given the functional redundancy and potential
compensatory mechanisms within the HDAC family,
investigating these HDAC members will provide a more
comprehensive understanding of the regulatory networks
involved in the pathogenesis of BCP.

Second, the diversity of DRG sensory neurons is an
important physiological and pathological feature allow-
ing the discrimination between various types of sensa-
tions [104]. For instance, small- and medium-diameter
neurons with unmyelinated C-fibers or lightly myelinated
Ad-fibers, including peptidergic or non-peptidergic neu-
rons, are responsible for nociception (i.e. pain percep-
tion), thermoception, pruriception (i.e. itch perception)
and gentle touch (C-fiber low-threshold mechanorecep-
tors). Whereas large-diameter neurons with myelinated
Aa- and Ap-fibers conduct proprioception and mecha-
noreception (non-painful tactile, e.g. touch) [104, 105].
Our findings revealed that changes in HDAC2, MeCP2,
EGER, etc. are presented in almost all types of neurons in
the DRG, thus the M current that result from changes in
the above signals in non-nociceptive neurons will lead to
relevant changes in their excitability. These alterations in
non-nociceptive DRG neurons, therefore, will exert influ-
ence on their behavior on other sensory models such as
touch and itch. Contribution of altered HDAC2, MeCP2,
EGEFR, and KCNQ in the DRG neurons to other sensory
models e.g. itch need be further studied.

Third, EGFR, a member of the membrane-bound
receptor tyrosine kinases (RTKs), can be shuttled into

Page 26 of 31

the cell nucleus upon ligand binding and other stimuli
[106], where the nuclear EGFR acts as a transcriptional
regulator, transmits signals, and is involved in multiple
biological functions, including cell proliferation, tumo-
rigenesis and tumor progression [107]. Recent studies
have shown that endocytosis and endosomal sorting are
involved in the nuclear transport of cell surface RTKs
[108], in which both clathrin-dependent [109] and clath-
rin-independent [110] endocytosis are involved in the
nuclear translocation of EGFR family RTKs. In addi-
tion, many membrane-surface RTKs, including EGFR
family receptors, translocate to the nucleus by importin
B-dependent mechanisms [111], and there, the nuclear
transport of the EGER is regulated by coat protein com-
plex I (COPI)-mediated vesicular trafficking from the
Golgi to the endoplasmic reticulum (ER), and then trans-
port to the nucleus by the Sec61 translocon [112, 113].
In line with these notions, we indeed found that some
EGER is expressed in the nucleus in addition to their
usual plasma membrane localization, as observed mainly
expressing in the cytoplasm of DRG neurons. The exact
shuttling mechanism of EGER in and out of the nucleus is
unclear. A better understanding of the molecular mecha-
nism of EGEFR trafficking will shed light on the potential
therapeutic targets of anti-EGFR therapies for clinical
application.

Last, the pathophysiological mechanism of BCP is
complex and multifactorial, involving various interac-
tions between tumor cells, bone cells, activated inflam-
matory cells, and bone-innervating neurons [114]. It
includes inflammatory and neuropathic processes,
which are modified at the levels of peripheral nocicep-
tors and central nervous system, e.g. abnormal activities
in primary sensory neurons have been implicated in the
process of BCP [115, 116]. In addition, tumor-derived
factors have been shown to sensitize and injure pri-
mary sensory neurons [117]. A better understanding of
the peripheral nociceptors is essential for the successful
treatment of bone cancer pain. Clinically, multimodal
approaches such as surgical intervention, radiotherapy,
and pharmacotherapy are recommended to manage
BCP [114]. In view of pharmacotherapy, opioids, non-
steroidal anti-inflammatory drugs (NSAIDs), and anti-
depressants are among the first-line therapies, but their
efficacy is limited or their use can be restricted due to
serious side effects [118]. The World Health Organization
(WHO) has proposed a BCP treatment strategy based
on a three-step analgesic ladder starting from non-opi-
oids to weak opioids to strong opioids [119]. In addition,
additional adjuvant therapies, including bone-targeted
therapies (anti-nerve growth factor antibodies; recep-
tor activator of nuclear factor kappa-B ligand (RANKL)
inhibitors; osteoclast inhibitors, such as bisphosphonates



Zhang et al. Cell Communication and Signaling (2024) 22:416

and denosumab) and adjuvants (corticosteroids, anti-
convulsants) are used to alleviate BCP in some patients,
however, each of these treatment options is accompanied
by limitations in their use [114].

Considerable progress has been made in recent years
regarding the role of primary sensory neurons in nocice-
ptive processing, leading to the development of new ther-
apeutic approaches that target nociceptors [116]. Some of
these therapies are currently in clinical use [120] or will
be available soon [121, 122]. Recently, there has been an
increasing interest in the role of ion channels and recep-
tors in chronic pain, including BCP [123]. Understanding
the mechanisms underlying ion channel dysregulation in
BCP is important for the development of new therapies
for BCP. For instance, targeting transient receptor poten-
tial (TRP) channels, acid-sensing ion channels (ASICs),
voltage-gated sodium channels and potassium channels,
as well as Piezo channels and P2X receptors have been
considered a new strategic approach for achieving anal-
gesia in BCP [123, 124]. In this study, we demonstrated
that the transcriptional repression of kcng2/kcng3 genes
in DRG neurons plays important role in the pathogenesis
of BCP, suggesting that targeting Kv7(KCNQ)/M potas-
sium channels may be a novel therapeutic strategy for
BCP [2].

Besides, epigenetic modifications and neurotrophins-
mediated tumor neurogenesis have been shown to be
involved in the formation of chronic pain and pain relief
[125, 126]. Intrathecal administration of clinically avail-
able pan-HDAC inhibitor such as trichostatin A (TSA) or
suberoylanilide hydroxamic acid (SAHA) alleviates tac-
tile hypersensitivity and enhances the analgesic effect of
morphine in BCP model rats [10, 11, 65]. Recently, EGFR
and its natural ligand epiregulin (EREG) have received
attention for the therapeutic potential against pathologi-
cal pain [16, 17, 50]. EGFR belongs to the well-studied
ErbB family of receptor tyrosine kinases (RTKs) that have
key roles in the development and progression of many
cancers [127]. Anti-EGFR therapy using small-molecule
EGER tyrosine kinase inhibitors (TKIs) or anti-EGFR
monocloncal antibody (mAb) has become one of the
leading therapeutic strategies to combat several malig-
nancies in patients [128, 129], and these clinically avail-
able EGFR kinase inhibitors and mAb also provide rapid
relief of cancer pain [130, 131]. It is shown that EREG,
but not other EGFR ligands (EGF, amphiregulin, beta-
cellulin, TGF-a), enhances formalin-induced nocifensive
behaviors in mice with EREG administration alone being
sufficient to induce heat and mechanical hypersensitiv-
ity [16]. EREG may have roles in inflammation-driven
pain, and inhibition of EREG reverses hypersensitivity in
animal models of chronic pain [132]. Understanding the
notion that EREG is the primary endogenous activator
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of EGFR-related pain hypersensitivity, directly targeting
EREG may be an effective treatment strategy for BCP
management [50]. Together with our findings showing
the involvement of EREG/EGFR-ERK-Runx1 signaling in
HDAC2-mediated transcriptional repression of kcng2/
keng3 genes in DRG neurons of BCP model rats, we sug-
gest that targeted therapy with EGFR kinase inhibitors,
HDAC inhibitors, Kv7(KCNQ)/M potassium channels
openers, or combined with multitarget approach tar-
geting these signaling pathway sites, can be designed as
potential therapeutic strategies for the treatment of BCP
in clinic. Our present findings will ‘filling in the gaps’ of
the current understanding for the pathological mecha-
nisms and the clinical therapeutic strategies of BCP.

In conclusion, this study demonstrates that the
HDAC2-mediated transcriptional repression of kcng2/
keng3 genes in DRG neurons, via the activation of EREG/
EGFR-ERK-Runx1 signaling, contributes to the sensi-
tization of DRG neurons and the pathogenesis of bone
cancer pain in rats. Our findings identify a potentially
targetable mechanism that may cause bone metastasis-
associated pain in cancer patients.
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