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Spinal RNF20-Mediated Histone H2B Monoubiquitylation
Regulates mGluR5 Transcription for Neuropathic Allodynia
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To date, histone H2B monoubiquitination (H2Bub), a mark associated with transcriptional elongation and ongoing transcription, has not
been linked to the development or maintenance of neuropathic pain states. Here, using male Sprague Dawley rats, we demonstrated
spinal nerve ligation (SNL) induced behavioral allodynia and provoked ring finger protein 20 (RNF20)-dependent H2Bub in dorsal horn.
Moreover, SNL provoked RNF20-mediated H2Bub phosphorylated RNA polymerase IT (RNAPII) in the promoter fragments of mGIuR5,
thereby enhancing mGIuRS5 transcription/expression in the dorsal horn. Conversely, focal knockdown of spinal RNF20 expression re-
versed not only SNL-induced allodynia but also RNF20/H2Bub/RNAPII phosphorylation-associated spinal mGIuR5 transcription/ex-
pression. Notably, TNF-« injection into naive rats and specific neutralizing antibody injection into SNL-induced allodynia rats revealed
that TNF-a-associated allodynia involves the RNF20/H2Bub/RNAPII transcriptional axis to upregulate mGluR5 expression in the dorsal
horn. Collectively, our findings indicated TNF-c induces RNF20-drived H2B monoubiquitination, which facilitates phosphorylated
RNAPII-dependent mGIuR5 transcription in the dorsal horn for the development of neuropathic allodynia.

Key words: H2Bub; mGluRS5; neuropathic pain; pRNAPII; RNF20

(s )

Histone H2B monoubiquitination (H2Bub), an epigenetic post-translational modification, positively correlated with gene expres-
sion. Here, TNF-c participated in neuropathic pain development by enhancing RNF20-mediated H2Bub, which facilitates phos-
phorylated RNAPII-dependent mGIuR5 transcription in dorsal horn. Our finding potentially identified neuropathic allodynia
pathophysiological processes underpinning abnormal nociception processing and opens a new avenue for the development of
novel analgesics. j
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plicated in neuronal pathology; RNF deficiency results in cogni-
tive decline (Ouyang et al., 2015). RNF20, a member of RNF
ligases, ubiquitinates Lys120 of histone H2B (Hwang et al., 2003);
and RNF20-associated H2Bub is coupled to gene transcription
regulation (Shiloh et al., 2011). Intriguingly, RNF20-mediated
H2Bub was shown to facilitate RNA polymerase II (RNAPII)-
dependent transcription (Pavri et al., 2006), which is marked by
serine 2 (Ser2) phosphorylation of the RNAPII carboxyl-terminal
domain (CTD) (Wu et al., 2014). Functional enrichment analysis
of coexpression modules has revealed RNAPII and ubiquitin-
dependent proteolysis are players in the etiology and develop-
ment of neuropathic pain (Zhang et al., 2017). Furthermore, our
previous studies have demonstrated spinal protein ubiquitina-
tion plays a key role in neuropathic pain (Lin et al., 2015b; Lai et
al., 2016) and spinal RNAPII phosphorylation promotes tran-
scriptional elongation of pain-associated genes to mediate pain
development (Hsieh et al., 2017a). Therefore, we postulate that
RNF20-mediated H2Bub contributes to neuropathic pain devel-
opment by impacting RNAPII-dependent gene transcription in
the dorsal horn.

TNF-q, a proinflammatory cytokine, is implicated in pain
development (Sorkin and Doom, 2000; Zimmermann, 2001).
Importantly, TNF-a upregulates genes by regulating RNF20-
mediated H2Bub/RNAPII signaling (Ouyang et al., 2015).
Moreover, our laboratory has recently demonstrated that
TNEF-a-associated epigenetic machinery modifies transcrip-
tion of pain-associated genes through RNAPII phosphoryla-
tion (Hsieh et al., 2017a), and spinal TNF-« contributes to
neuropathic pain hypersensitivity by upregulating glutama-
tergic receptor expression by impacting protein ubiquitina-
tion and degradation (Lin et al., 2015b). Furthermore,
epigenetic upregulation of metabotropic glutamate receptor
subtype 5 (mGluR5), a member of glutamatergic receptor
families, is linked to a spinal mechanism underlying neuro-
pathic pain (Hsieh et al., 2017b). Based on these observations,
we hypothesized that spinal RNF20-mediated H2Bub may im-
pact mGIluR5 transcription and contribute to the spinal plas-
ticity underlying neuropathic pain development by activating
RNAPII phosphorylation. Additionally, the contribution of
TNEF-a to neuropathic pain development through this RNF20/
H2Bub/pRNAPII/mGIuR5 signaling cascade was also investi-
gated.

Materials and Methods

Animal preparations. Adult male Sprague Dawley rats weighing 200-250
g were used throughout this study. They were housed under approved
conditions with a 12 h/12 h light/dark cycle and with food and water
available ad libitum. All animal procedures in this study were conducted
in accordance with the guidelines of the International Association for the
Study of Pain (Zimmermann, 1983) and were reviewed and approved
by the Institutional Review Board of Taipei Medical University, Taipei,
Taiwan.

Spinal nerve ligation (SNL)-induced neuropathic pain model. The SNL
rat model, which mimics neuropathic pain, was performed previously
described (Chung et al., 2004; Lin et al., 2015b; Lai et al., 2016). Briefly,
rats were anesthetized under isoflurane anesthesia (induction, 5%; main-
tenance, 2% in air). After an incision was made, the left L5 and L6 spinal
nerves were carefully isolated from the surrounding tissue and then
tightly ligated with 6—0 silk sutures. In the sham operation group, the
surgical procedures were identical to the nerve-ligated animals, except
that the silk sutures were left unligated.

Behavioral studies. To assess the development of mechanical allody-
nia, rats were placed individually in an opaque plastic cylinder, which was
placed on a wire mesh and habituated for 1 h to allow acclimatization to
the environment. von Frey monofilaments (Stoelting) were then applied
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to the plantar surface of the hindpaws of animals to measure the paw-
withdrawal threshold (up-down method) according to a modification of
a previously described method (Chaplan et al., 1994). The motor func-
tion of the animals was assessed by a Rota Rod apparatus (Panlab Har-
vard Apparatus). For acclimatization, the animals were subjected to three
training trials at 3—4 h intervals on 2 separate days. During the training
sessions, the rod accelerated from 4 to 30 rpm over a 180 s period. During
test sessions, the performance times of the rats were recorded up to a
cutoff time of 180 s. Three measurements were obtained at intervals of
5 min and were averaged for each test.

Intrathecal catheter implantation. The protocol for implantation of
intrathecal cannulae was as described in our previous study (Lin et al.,
2015b). Under isoflurane anesthesia, a PE-10 catheter was implanted in
the dorsal aspect of lumbar enlargement of the spinal cord of rats. Once
the catheter was in place, the outer part of the catheter was plugged and
immobilized onto the skin on closure of the wound. After 3 d of recovery,
animals with any sign of neurological deficits were discarded and ex-
cluded from further experiments.

Western blot analysis. Rats were deeply anesthetized, and dorsal horn
(L4-L5) samples were immediately removed. The dissected samples were
homogenized in 25 mm Tris-HCI, 150 mm NaCl, 1% NP-40, 1% sodium
deoxycholate, and 0.1% SDS supplemented with a complete protease
inhibitor mixture (Roche). After incubation on ice (1 h), the lysates were
centrifuged (14,000 rpm, 20 min, 4°C), and the supernatant was col-
lected. The protein concentrations of each sample were determined using
a BCA protein assay reagent kit (Pierce). Briefly, equal amounts of sam-
ples were separated by SDS-PAGE and electrophoretically transferred to
PVDF membranes, which were then incubated (1 h, room temperature)
with rabbit anti-H2Bub (1:2000, Cell Signaling Technology), mouse
anti-total H2B (1:2000, Millipore), rabbit anti-RNF20 (1:1000, Cell Sig-
naling Technology), rabbit anti-pRNAPII (1:1000, Abcam), rabbit anti-
mGluR5 (1:10000, Millipore), or mouse anti-GAPDH (1:2000, Genetex)
antibodies. The blots were washed and incubated (1 h, room tempera-
ture) with peroxidase-conjugated goat anti-rabbit IgG (1:8000, Jackson
ImmunoResearch Laboratories) or goat anti-mouse IgG (1:8000, Jack-
son ImmunoResearch Laboratories) antibodies. The protein bands were
visualized using an enhanced chemiluminescence detection kit (ECL
Plus, Millipore) and then subjected to densitometric analysis using Sci-
ence Lab 2003 (Fuji).

Immunofluorescence. The rats were deeply anesthetized and intracar-
dially perfused with PBS followed by 4% PFA/PBS, pH 7.4. Dorsal horn
(L4-L5) samples were harvested, postfixed in 4% PFA (4°C for 4 h), and
cryoprotected overnight in a sucrose solution (30%). Dorsal horn sec-
tions (30 uM) were cut using a cryostat and processed for immunofluo-
rescence. The sections were preincubated with 5% BSA and 0.01% Triton
X-100 in PBS to block nonspecific binding. Subsequently, the sections
were incubated with rabbit anti-H2Bub (1:100, Cell Signaling Technol-
ogy) together with mouse monoclonal anti-neuronal nuclear antigen
(NeuN, a neuronal marker, 1:500, Millipore), mouse anti-GFAP (an
astrocyte marker; 1:1000, Millipore), or mouse anti-integrin aM (OX-
42, a microglial marker; 1:500, Santa Cruz Biotechnology) overnight
(4°C). After three rinses with PBS, the sections were then incubated (1 h,
37°C) with AlexaFluor-488 (1:1500; Invitrogen) and AlexaFluor-594 (1:
1500; Invitrogen). To examine the interaction between RNF20 and
H2Bub and the interactions among H2Bub and pRNAPII, specific anti-
bodies were mixed with 10X reaction buffer (Mix-n-Stain; Biotium) at a
1:10 ratio. The solution was then transferred to a vial containing dye (CF,
Biotium) and incubated in the dark (30 min, room temperature). The
sections were sequentially incubated (overnight, 4°C) with diluted solu-
tions: rabbit anti-H2Bub (1:100, Cell Signaling Technology), rabbit anti-
RNF20 (1:100, Cell Signaling Technology), and rabbit anti-pRNAPII
(1:200, Abcam) antibodies, and washed 5 times between each incubation.
The sections were subsequently rinsed in PBS, and coverslips were ap-
plied. After excitation, the fluorescent markers were easily detected using
a camera-coupled device (X-plorer; Diagnostic Instruments) using
fluorescence microscopy (DM2500, Leica Microsystems). For quantity
measurement of immunofluorescent intensity, cell counting in the su-
perficial dorsal horn was performed under a microscope at a magnifica-
tion of X200. Five sections from each spinal cord were selected and six
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animals were analyzed in each group. Images were analyzed with Image]
software.

qRT-PCR. The dissected dorsal horn (L4-L5) samples were quickly
removed and completely submerged in a sufficient volume of RNAlater
solution (AM7021; Ambion) overnight at 4°C to allow thorough pene-
tration of the tissue and then transferred to 80°C. Total RNA was iso-
lated under RNase-free conditions using RNA isolation kits (74106;
QIAGEN). Reverse transcription was performed using complementary
DNA reverse transcription kits (205311; QIAGEN). Real-time PCR was
performed on a QuantStudio 3 Real-Time PCR System (Thermo Fisher
Scientific). TagMan Universal PCR Master Mix (2X) and gene expres-
sion assay probes for the target genes GAPDH (Rn.PT.58.35727291,1DT)
and mGluR5 (Rn.PT.58.36061021, IDT) were used. The reactions (total
volume, 20 ul) were incubated at 95°C for 20 s, followed by 40 cycles of 1
at 95°C and 20 s at 60°C. The relative mRNA levels were calculated using
the 2 79T method.(Livak and Schmittgen, 2001) All CT values were
normalized to GAPDH.

Chromatin immunoprecipitation-qPCR (ChIP). ChIP was performed
using a ChIP kit (Millipore) according to a modified protocol by the
manufacturer. Dissected dorsal horn (L4-L5) samples were cut into small
pieces (1-2 mm ) using razor blades. The minced samples were treated
with fresh 1% PFA in a PBS buffer by gentle agitation for 10 min at room
temperature to cross-link the proteins to the DNA. Then, the tissues were
washed and resuspended in lysis buffer, the lysates were sheared by son-
ication to generate chromatin fragments with an average length of 200
1000 bp, and 1% of the sonicated chromatin was saved as an input
control for the gPCR. The chromatin was then immunoprecipitated for
2 h at room temperature with rabbit anti-H2Bub (1:2000, Cell Signaling
Technology), rabbit anti-RNF20 (1:1000, Cell Signaling Technology),
rabbitanti-pRNAPII (1:1000, Abcam), or an equivalent amount of rabbit
IgG (5 pg, Sigma-Aldrich). The protein-DNA immunocomplexes were
precipitated overnight using protein G magnetic beads at 4°C. After the
beads were washed, they were resuspended in the ChIP elution buffer,
incubated with proteinase K at 62°C for 2 h, and then incubated at 95°C
for 10 min to reverse the protein-DNA cross-links. The ChIP signals were
quantified via a quantitative PCR analysis on a QuantStudio 3 Real-Time
PCR System (Thermo Fisher Scientific). The specific primer pairs for the
mGIuR5 promoter region are described below: 5'-GGGTTAGGGAGG
GAAGAGAA-3" and 5'-GTGTGCACCATTTCAGCATC-3'".

Small-interfering RNA (siRNA). The siRNA targeting RNF20 was 5'-
GAGAUAACCUGAUAAUGGA-3". The missense sequence was 5'-
UGAUAUUACCCUGAAUAUG-3". The missense or siRNA construct
was intrathecally administered using a polyethyleneimine (10 ul,
Dharmacon)-based gene-delivery system. The RNF siRNA or missense
siRNA was intrathecally injected daily for 4 d in naive rats or daily from
days 3—6 after operation in sham and SNL rats.

Injection of adenovirus-associated vector. Recombinant adeno-
associated virus (AAV) encoding RNF20 and GFP marker (AAV9-
RNF20-GFP) and AAV encoding GFP (AAV9-GFP) were purchased
from Vigene Biosciences. For use, AAV9-RNF20-GFP and AAV9-GFP
were diluted with PBS to ~2.61 X 10'*> and ~7.68 X 10" vector ge-
nomes (vg)/ml, respectively. AAV9-RNF20-GFP (10 ul) was intrathe-
cally injected into the subarachnoid space of L5-L6 spinal cord in naive
rats using a microsyringe. Control rats were injected with the same
amount of AAV9-GFP. RNF20 siRNA, missense siRNA, vehicle, or
a-amanitin was daily intrathecally injected on days 11-14 after the virus
injection. Behavioral tests and sample analyses on day 14 after the virus
injection.

Drugs and drug administration. MPEP (a mGluR5 antagonist; 300 nm,
10 ul; Tocris Bioscience), a-amanitin (an inhibitor of RNAPIL; 300 nm, 1
M, 3 uM; 10 pl; Tocris Bioscience), TNE-a-neutralizing antibody (100
ng, 10 ul i.t.; R&D Systems) and TNF-« (1 pm, 10 ul; Sigma-Aldrich)
were administered to the rats via multibolus intrathecal injections. A
vehicle solution was administered at a volume identical to that of the
tested agents to serve as a control.

Data analysis. All data in this study were analyzed using Sigma Plot
10.0 (Systat Software) or Prism 6.0 (GraphPad), and the results are ex-
pressed as the mean * SEM. Paired two-tailed Student’s ¢ test was used to
compare the means between groups. One-way or two-way ANOVAs
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were used to assess changes in values for serial measurements over time,
and post hoc Tukey’s tests were used to compare the means of groups.
Significance was set at p < 0.05.

Results

SNL enhances H2Bub expression in the dorsal horn

To examine the role of spinal H2Bub in the development of neu-
ropathic pain, we used SD rats subjected SNL, an animal model
mimicking neuropathic injury (Chaplan et al., 1994; Chung et al.,
2004). Our procedure of SNL successfully induced tactile allo-
dynia as evidenced by decrements in the withdrawal threshold of
the ipsilateral hind paw of rats on days 3, 7, 14, and 21 after
operation (5.68 * 1.40g,2.00 = 0.73 g,2.61 = 0.63 g,and 2.39 =
0.97 g; two-way ANOVA, group, F;,, = 26.86, p < 0.0001;
time, F, g9y = 4.281, p = 0.0034; interaction, F,, 4o, = 4.590, p <
0.0001; n = 6; Fig. 1A). Moreover, SNL increased the expression
of H2Bub in the ipsilateral dorsal horn on day 7 after operation
(0.47 = 0.04; two-way ANOVA, group, F; 5 = 6.600, p =
0.0041; time, F(; ;5 = 20.23, p = 0.0004; interaction, F; 14 =
16.70, p < 0.0001; n = 5; Fig. 1B). To determine the cellular
distribution of H2Bub in the dorsal horn, we next labeled spinal
cord slices dissected at day 7 after SNL using specific antibodies.
SNL enhanced H2Bub immunofluorescence in the ipsilateral
dorsal horn on day 7 after operation (one-way ANOVA, F; 5o, =
15.02, p < 0.0001, n = 6; Fig. 1C), which was largely colocalized
with neuronal (NeuN) but also rarely done with microglial (OX-
42) and astrocytic (GFAP) markers. Collectively, these results
indicated SNL increased H2Bub expression largely in neurons
but also minor in astrocyte and microglia in the ipsilateral dorsal
horn.

SNL enhances RNF20 expression and coupling to H2Bub in
the dorsal horn

Because H2Bub depends on RNF20 activity (Foglizzo et al.,
2016), we postulated RNF20 might mediate the SNL-enhanced
spinal H2Bub expression. To validate this hypothesis, we first
examined the RNF20-H2bub interaction after SNL using immu-
nofluorescence analysis. As anticipated, images of spinal slices
revealed SNL enhanced RNF20-positive, H2Bub-positive, and
RNF20/H2Bub double-labeled immunofluorescence in the ipsi-
lateral dorsal horn (Fig. 2A). We next assessed the expression
profiles of RNF20 in the dorsal horn in response to SNL. Inter-
estingly, consistent with behavioral allodynia and enhanced
H2Bub expression, SNL increased the abundance of RNF20 in
the ipsilateral dorsal horn samples (0.31 = 0.04; two-way
ANOVA; group, F3 1) = 7.159, p = 0.0029; time, F(; ;¢ = 15.13,
p = 0.0013; interaction, F; ;) = 12.95, p = 0.0002; n = 5; Fig.
2B). These results suggested that, in addition to enhancing the
abundance of H2Bub, SNL upregulated RNF20 expression and
RNF20-H2Bub coupling in the ipsilateral dorsal horn.

Knockdown of spinal RNF20 expression attenuates
SNL-induced allodynia and H2Bub expression

Based on above observations, we next used siRNA targeting the
RNF20 gene to validate the role of spinal RNF20 in neuropathic
pain as well as the upstream and downstream relationships be-
tween RNF20 and H2Bub. RNF20 siRNA (1, 3, and 5 ug; 10 ul;
once daily for 4 d) dose-dependently reduced RNF20 expression
in the dorsal horn of naive rats (from 0.14 = 0.01 to 0.07 = 0.01,
0.06 = 0.01, and 0.04 * 0.01; one-way ANOVA, F¢ ) = 14.29,
p < 0.0001, n = 5; Fig. 3A), which confirmed the efficacy and
specificity of our knockdown protocols. The naive and RNF20
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siRNA (5 g, 10 pl)-treated groups exhibited no significant dif-
ferences in motor performance measured by the rotarod test
(two-way ANOVA; group, Fg;,, = 1.651, p = 0.2095; time,
F, g0y = 2.193, p = 0.0771; interaction, F(,, gy = 0.8161, p =
0.6333; n = 6; Fig. 3B), indicating that neither our procedures nor
RNF20 siRNA itself led to motor deficits in rats. Moreover, while
RNF20 siRNA (5 pg, 10 ul, daily from days 3—6 after SNL) ex-
hibited no effects on the paw withdrawal threshold of sham op-
eration (two-way ANOVA; group, F;,o = 1.837, p = 0.1729;
time, Fi, g9y = 1.233, p = 0.3035; interaction, F(;, g5y = 0.8836,
p = 0.5666; n = 6; Fig. 3C), it markedly reversed the reduced the
ipsilateral paw withdrawal threshold (8.30 = 1.53 g; two-way
ANOVA; group, F(; 50 = 3.200, p = 0.0455; time, F, 55, = 97.48,
P < 0.0001; interaction, F(;, gg) = 4.240, p < 0.0001; n = 6; Fig.

3D) and suppressed the enhanced RNF20 and H2Bub amounts in
the ipsilateral dorsal horn of SNL rats (from 0.33 = 0.03 t0 0.16 =
0.03 and from 0.53 = 0.04 to 0.33 = 0.02; RNF20, one-way
ANOVA, F; 15y = 13.65, p = 0.0001, n = 5; H2Bub, one-way
ANOVA, F; 16 = 25.89, p < 0.0001, n = 5; Fig. 3E). Further-
more, immunofluorescence images showed that intrathecal ad-
ministration of RNF20 siRNA (5 ug, 10 ul; Fig. 3F) to SNL rats
reduced the count of SNL-enhanced RNF20-positive, H2Bub-
positive, and RNF20/H2Bub double-labeled immunofluores-
cence in the ipsilateral dorsal horn. In addition to revealing spinal
RNF20 as a crucial player in the development of neuropathic
pain, these results also suggest that spinal H2Bub acts down-
stream of RNF20 in mediating neuropathic pain hypersensitivity.
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SNL-enhanced RNF20/H2Bub signaling
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to 3.06 = 0.24 and from 0.09 = 0.02 10  gpam — - —_ 150 % | 5 1
0.29 =+ 0.03), which were markedly inhib- - :gg 20.5- *
ited by RNF20 SiRNA (5 ug, 10 ul; 1.79 = gnL == =====—_1q0 & ' 'o
0.14 and 0.13 = 0.01; mRNA, one-way =04 °
ANOVA, F; 1) = 23.97, p < 0.0001, n = IB:GAPDH .

5; protein, one-way ANOVA, F; ) = Shiai = %

13.66, p = 0.0001, n = 5; Fig. 4B, C). More- g 0.21

over, a ChIP-qPCR assay revealed that more SNL — % o1

mGIuR5 promoter fragments were immu- (e

noprecipitated by RNF20- and H2Bub- I C 1 C 0.04

specific antibodies in the ipsilateral dorsal -1 7

horn samples of SNL compared with the
sham-operated rats (from 0.05 = 0.01 to
0.10 = 0.01 and from 1.04 = 0.18 to 2.42 =
0.20); this effect was blunted by RNF20
siRNA (5 ug, 10 ul; 0.06 = 0.01 and 1.62 +
0.13; RNF20, one-way ANOVA, F; ¢ =
12.74, p = 0.0002, n = 5; H2Bub, one-way
ANOVA, F; ¢, = 1636, p < 0.0001, 1 = 5;
Fig. 4D) administered to SNL rats, indicat-
ing that RNF20 coordinates with H2Bub coupling to the mGIuR5
promoter in the ipsilateral dorsal horn after SNL. Collectively, these
data indicated that RNF20/H2Bub signaling regulates mGIluR5 ex-
pression in the dorsal horn after SNL.

Figure 2.

Spinal RNF20/H2Bub-mediated mGluR5 expression requires
RNAPII phosphorylation in SNL rats

Phosphorylation of the CTD of RNAPII (pRNAPII) is an impor-
tant step in transcription (Napolitano et al., 2000). Notably,
RNF20-mediated H2Bub regulates the transcription of target
genes through RNAPII-dependent elongation (Pavri et al., 20065
Wu et al., 2014). Moreover, our previous studies demonstrated
spinal RNAPII phosphorylation promotes transcriptional elonga-

Days after operation

Days after operation

SNL enhances RNF20 expression and coupling with H2Bub in the dorsal horn. 4, Image analysis demonstrating that
SNL (SNL7D) increased RNF20-positive (green, I1), H2Bub-positive (red, IV), and RNF20/H2Bub double-labeled (yellow, VI) immu-
nofluorescence ipsilateral dorsal horn at day 7 after operation. Scale bar, 50 um. Thickness = 30 wm. B, Representative Western
blot and statistical analyses (normalized to GAPDH) demonstrating that SNL increased RNF20 expression in the ipsilateral dorsal
horn on day 7 after operation. IB, Inmunoblotting; Sham, sham operation group; |, ipsilateral; IPSI, ipsilateral; C, contralateral;
CONTRA, contralateral. **p << 0.01 versus Sham IPSI. *p << 0.01 versus day —1.

tion of pain-associated genes to mediate pain development (Hsich et
al., 2017a). Therefore, we further identified the role of pRNAPII in
RNF20/H2Bub-modified spinal mGIuR5 expression provoked by
SNL. As expected, immunofluorescence images revealed that SNL
enhanced H2Bub-positive, pPRNAPII-positive, and H2Bub/pRNA-
PII double-labeled immunofluorescence in the ipsilateral dorsal
horn (Fig. 5A); these effects were inhibited by RNF20 siRNA (5 ug,
10 ul). Western blot analysis and ChIP-qPCR consistently demon-
strated that SNL increased the amounts of pRNAPII and pRNAPII
antibody-recognized mGIuR5 promoter fragments in the ipsilateral
dorsal horn samples (from 0.13 £ 0.03 to 0.69 = 0.06 and from
1.93 = 0.29 to 7.16 = 0.46, n = 5); these effects were reversed by
treating the SNL animals with RNF20 siRNA (5 g, 10 ul; 0.36 =
0.06 and 4.85 = 0.61; Fig. 5B, one-way ANOVA, F5 ) = 24.67,p <
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Figure3.  Knockdown of spinal RNF20 expression relieves SNL-induced allodynia. A, Representative Western blot and statistical analysis (normalized to GAPDH) demonstrating that intrathecal
administration of RNF20 siRNA (RNF20 siRNA; 1,3, and 5 g; 10 l; once daily for 4 d), but not missense siRNA (MS siRNA, 5 reg, 10 wul), polyethylenimine (PEI, a transfection reagent, 10 w.l), or
intrathecal puncture (it), led to a dose-dependent decrease in RNF20 levels in the dorsal horn of naive rats. IB, Inmunoblotting. **p << 0.01 versus Naive. B, Rotarod test (Figure legend continues.)
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Figure4.

SNLincreases RNF20/H2Bub signaling to enhance mGIuRS transcription/expression in the dorsal horn. 4, Intrathecal MPEP (a mGluR5 antagonist, SNL 7D+ MPEPs, 300 nw, 10 I, daily

from days 3— 6 after SNL operation) significantly increased the ipsilateral paw withdrawal threshold of SNL rats. **p << 0.01 versus Sham 7D. *p << 0.01versus SNL7D. B, , Intrathecal RNF20 siRNA
(SNL 7D+ RNF20 siRNA, 5 g, 10 ., daily from days 3— 6 after SNL operation) inhibited SNL-enhanced expression levels of mGIuR5 mRNA and protein in the ipsilateral dorsal horn. MS siRNA,
Missense siRNA; IB, immunoblotting. **p << 0.01 versus Sham 7D. *p << 0.01 versus SNL 7D. D, Intrathecal RNF20 siRNA (SNL 7D+RNF20 siRNA, 5 g, 10 wl, daily from days 3— 6 after SNL
operation) inhibited the SNL-induced abundance of mGIuR5 promoter fragments immunoprecipitated by RNF20- and H2Bub-specific antibodies in the ipsilateral dorsal horn. **p << 0.01 versus

Sham 7D. *p << 0.05 versus SNL 7D.

0.0001, n = 5; Fig. 5C, one-way ANOVA, F(5 ), = 25.10, p < 0.0001,
n = 5; Fig. 5 B, C). Moreover, intrathecal administration of MPEP (a
mGluR5 antagonist; 300 nv; 10 ul; daily from days 3—6 after SNL) to
SNL rats reversed SNL-enhanced mGIuR5 (from 0.29 * 0.03 to

<«

(Figure legend continued.)  showing that application of RNF20 siRNA (RNF20 siRNA, 5 g, 10 i,
once daily for 4 d) resulted in no motor deficits in rats (rotarod test). Bottom, Gray bar represents the
duration of intrathecal administration. €, D, Although it exhibited no effect on paw withdrawal
threshold in sham rats (Sham+-it-+RNF20 siRNA, 5 g, 10 pl, daily from days 3—6 after sham
operation), RNF20 siRNA (SNL-+it-+RNF20 siRNA, 5 g, 10 i, daily from days 3— 6 after SNL oper-
ation) significantly increased the ipsilateral paw withdrawal threshold of the SNL group. **p << 0.01
versus SNL. £, Representative Western blot and statistical analyses (normalized to GAPDH) demon-
strating that SNL-enhanced RNF20 and H2Bub expression levels in the ipsilateral dorsal hom were
attenuated by administration of RNF20 siRNA (SNL 7D+ RNF20 siRNA, 5 g, 10 wul, daily from days
3—Gafter SNL operation). **p << 0.01 versus Sham 7D. *p << 0.01versus SNL 7D. F, Images showing
that RNF20 siRNA (SNL 7D+RNF20 siRNA, 5 g, 10 w, daily from days 3—6 after SNL operation)
reversed SNL (SNL 7D)-enhanced RNF20-positive (green), H2Bub-positive (red), and RNF20/H2Bub
double-labeled (yellow) immunofluorescence ipsilateral dorsal horn at day 7 after operation. Scale
bar, 50 um. Thickness = 30 um.

0.10 = 0.02), but not RNF20, H2Bub, or pRNAPII expression, in the
ipsilateral dorsal horn (RNF20, one-way ANOVA, F; ) = 33.82,
p < 0.0001, n = 5; H2Bub, one-way ANOVA, F; ;) = 23.44, p <
0.0001, n = 5; pRNAPII, one-way ANOVA, F5 ¢, = 65.12, p <
0.0001, n = 5; mGluR5, one-way ANOVA, F; = 18.99,
p < 0.0001, n = 5; Fig. 5D). To further validate the role of spinal
PRNAPII in neuropathic pain as well as the upstream and down-
stream relationships between signaling pathway, we next used an
inhibitor of RNAPII, @-amanitin. Supporting above results,
a-amanitin (300 nMm, 1, and 3 uMm; 10 ul; daily from days 36 after
SNL) dose-dependently ameliorated SNL-induced behavioral allo-
dynia (from 1.51 £ 0.63gt06.34 = 0.85¢,8.08 = 1.31 g,and 9.47 =
0.60 g; one-way ANOVA, F 5 5, = 27.33,p < 0.0001, n = 6; Fig. 5E).
Intrathecal administration of a-amanitin (3 pm, 10 ul, daily from
days 3-6 after SNL) to SNL rats reversed SNL-enhanced the
mGIluR5 mRNA (from 3.11 = 0.53 to 1.41 % 0.22), mGluR5 (from
0.33 £ 0.03 to 0.14 £ 0.02), and pRNAPII expression (from 0.65 =
0.05 to 0.33 = 0.04), but not RNF20 or H2Bub expression, in the
ipsilateral dorsal horn (mGIuR5 mRNA, one-way ANOVA, F; ,¢) =
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SNL provokes RNF20/H2Bub/pRNAPII-dependent mGluR5 activation in the dorsal horn. 4, Images showing SNL (SNL 7D)-enhanced H2Bub-positive (red), pRNAPII-positive (blue), and

pRNAPII/H2Bub double-labeled (purple) immunofluorescence ipsilateral dorsal horn at day 7 after operation; these effects were attenuated by administration of RNF20 siRNA (SNL 7D-+RNF20
siRNA, 5 g, 10 wul, daily from days 3— 6 after SNL operation). Scale bar, 50 um. Thickness = 30 m. B, Representative Western blot and statistical analyses (normalized (Figure legend continues.)
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9.265, p = 0.0009, n = 5; RNF20, one-way ANOVA, F; ;) = 5.418,
p = 0.0091, n = 5; H2Bub, one-way ANOVA, F; ;) = 17.57, p <
0.0001, n = 5; pRNAPII, one-way ANOVA, F; ) = 34.06, p <
0.0001, n = 5; mGluR5, one-way ANOVA, F;,, = 19.56,
p < 0.0001, n = 5; Fig. 5F,G). Furthermore, ChIP-qPCR demon-
strated that intrathecal injection of a-amanitin (3 uMm, 10 ul) into
SNL-treated rats significantly decreased pRNAPII antibody-
recognized mGIluR5 promoter fragments (from 6.70 = 0.39 to
4.34 = 0.25, n = 5), but not RNF20 and H2Bub, in the ipsilateral
dorsal horn samples (RNF20, one-way ANOVA, F; 1, = 12.94,p =
0.0002,n = 5; H2Bub, one-way ANOVA, F; ;) = 56.63, p < 0.0001,
n = 5; pRNAPIL, one-way ANOVA, F5 ) = 54.78, p < 0.0001,n =
5; Fig. 5H). Collectively, these data indicated that SNL-enhanced
RNF20/H2Bub transcriptionally regulates mGluR5 gene expression
through its association with and regulation of pRNAPII in the ipsi-
lateral dorsal horn.

Intrathecal RNF20 gene transfer induces pain
hypersensitivity by RNF20/H2Bub/pRNAPIl/mGluR5
signaling pathway

To provide direct evidence supporting the involvement of spinal
RNF20/H2Bub/pRNAPIl/mGluR5 signaling in pain hypersensi-
tivity, the recombinant AAV encoding RNF20 and GFP (AAV-
RNF20) was intrathecally injected into naive rats. Control
littermates were injected with AAV encoding GFP (AAV-
Control). First, Western blots confirmed that intrathecal injec-
tion of AAV encoding RNF20 (AAV-RNF20) into naive rat
increased RNF20 expression in the dorsal horn at days 14 after
intrathecal injection (0.20 * 0.02; one-way ANOVA, F, ,,, =
8.270,p = 0.0055, n = 5; Fig. 6A). Moreover, intrathecal injection
of AAV encoding RNF20 (AAV-RNF20) into naive rat indeed
resulted in allodynia in naive rats (4.47 * 0.52 g; one-way
ANOVA, F 35 = 13.35, p < 0.0001, n = 6; Fig. 6B) that was
temporally concordant with RNF20 expression. These data indi-
cated that our protocol for gene transfer efficiently produced
robust and sustained RNF20 expression in dorsal horn and
resulted in profound pain hypersensitivity. To further test
whether spinal RNF20/H2Bub/pRNAPI/mGIuR5 transcription
axis forms and works in pain, we next intrathecally injected
RNF20 siRNA and a-amanitin into RNF20-transferred rats. In-
triguingly, RNF20 siRNA (5 g, 10 pl, daily from days 11-14 after

<«

(Figure legend continued.) ~ to GAPDH) demonstrating that SNL-enhanced phosphorylated
RNAPII (pRNAPII) expression in the ipsilateral dorsal horn was attenuated by administration of
RNF20 siRNA (SNL 7D-+RNF20 siRNA, 5 g, 10 wl, daily from days 3— 6 after SNL operation).
MS siRNA, Missense siRNA; IB,immunoblotting. **p << 0.01 versus Sham 7D. ’“‘p <0.01versus
SNL 7D. , Intrathecal RNF20 siRNA (SNL 7D+RNF20 siRNA, 10 jl, 5 ) inhibited SNL-
enhanced mGIuR5 promoter fragments immunoprecipitated by pRNAPII-specific antibodies.
*%p < 0,01 versus Sham 7D. *p << 0.05 versus SNL 7D. D, Intrathecal MPEP (a mGIuRS antag-
onist, SNL 7D+MPEPs, 10 ., 300 nw, daily from days 3— 6 after SNL operation) inhibited
SNL-enhanced expression of mGIuR5, but not RNF20, H2Bub, or pRNAPII, in the ipsilateral dorsal
horn. **p < 0.01 versus Sham 7D. ’”’p < 0.01 versus SNL 7D. E, Intrathecal cc-amanitin (SNL
7D+ c-amanitin, an inhibitor of RNAPII; 300 nm, 1and 3 wum; 10 wl; daily from days 3— 6 after
SNL) dose-dependently increased the ipsilateral paw withdrawal threshold of SNL rats. **p <<
0.01 versus Sham 7D. *p << 0.01 versus SNL 7D. F, G, Intrathecal c-amanitin (SNL 7D+ cx-
amanitin, an inhibitor of RNAPII; 3 wum; 10 wl; daily from days 3— 6 after SNL) inhibited SNL-
enhanced expression levels of mG/luR5 mRNA and pRNAPII and mGluRS5, but not RNF20 and
H2Bub, in the ipsilateral dorsal hom. *p << 0.05 versus Sham 7D. **p << 0.01 versus Sham 7D.
#p < 0.05 versus SNL 7D. *p << 0.01 versus SNL 7D. H, Intrathecal a-amanitin (SNL 7D+ -
amanitin, an inhibitor of RNAPII; 3 um; 10 wl; daily from days 3—6 after SNL) inhibited SNL-
enhanced abundance of mGIuR5 promoter fragments immunoprecipitated by pRNAPII-specific
antibodies, not RNF20 and H2Bub, in the ipsilateral dorsal horn. **p << 0.01 versus Sham 7D.
*p < 0.01 versus SNL 7D.
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virus injection) and a-amanitin (3 um, 10 ul, daily from days
11-14 after virus injection) markedly reversed AAV-RNF20-
induced allodynia in naive rat (from 4.47 = 0.52 g to 10.20 *
0.54 g and 9.65 = 0.90 g; Fig. 6B). RT-PCR and Western blot
analyses revealed that AAV-RNF20 increased the mRNA and
protein expression levels of mGluR5, RNF20, H2Bub, and
PRNAPII in the ipsilateral dorsal horn (2.19 = 0.13,0.25 = 0.01,
0.24 £ 0.01,0.37 = 0.01, and 0.47 = 0.04), which were markedly
inhibited by RNF20 siRNA (5 ug, 10 ul; 1.15 = 0.10,0.12 = 0.01,
0.15 * 0.01, 0.18 = 0.01, and 0.21 * 0.01; Fig. 6C,D). Intrathe-
cally injected a-amanitin (3 um, 10 pl) into RNF20-transferred
rats reversed AAV-RNF20-increased mGIluR5 mRNA, mGluR5,
and pRNAPII expression (1.35 = 0.08, 0.13 = 0.01, and 0.17 =
0.01), but not RNF20 or H2Bub expression, in the ipsilateral dorsal
horn in naive rat (mGluR5 mRNA, one-way ANOVA, F ) =
43.05,p < 0.0001, n = 5, RNF20, one-way ANOVA, Fq o) = 10.57,
p < 0.0001, n = 5; H2Bub, one-way ANOVA, F ¢ = 20.77, p <
0.0001, n = 5; pRNAPII, one-way ANOVA, F,s = 38.34,
P <0.0001, n = 5; mGluR5, one-way ANOVA, F4 55 = 17.42,p <
0.0001, n = 5; Fig. 6C,D). Moreover, ChIP-qPCR consistently dem-
onstrated that AAV-RNF20 increased the amounts of RNF20,
H2Bub, and pRNAPII antibody-recognized mGIuR5 promoter frag-
ments in the ipsilateral dorsal horn samples (0.07 = 0.01, 1.84 =
0.13, and 4.97 £ 0.24); these effects were reversed by treating the
SNL animals with RNF20 siRNA (5 pg, 10 ul; 0.03 = 0.01, 1.29 *
0.11, and 3.26 * 0.15; Fig. 6E). Intrathecally injected a-amanitin (3
uM, 10 ul) into RNF20-transferred rats reversed AAV-RNF20-
increased amounts of pRNAPII antibody-recognized mGIuR5 pro-
moter fragments (2.76 = 0.18), but not RNF20 and H2Bub, in the
ipsilateral dorsal horn samples (RNF20, one-way ANOVA, F g 55, =
8.042, p < 0.0001, n = 5; H2Bub, one-way ANOVA, F4 55) = 9.472,
P <<0.0001, n = 5; pRNAPII, one-way ANOVA, F4 54y = 37.15,p <
0.0001, n = 5; Fig. 6E). Collectively, these data provide direct evi-
dence to support spinal RNF20/H2Bub/pRNAPI/mGIuR5 signal-
ing pathway involved in the pathogenesis of pain development.

TNF-a-neutralizing antibody relieves SNL-induced allodynia
via impeding the spinal RNF20/H2Bub/pRNAPII/mGluR5
signaling

Our laboratory has recently demonstrated that TNF-« induces
transcription/expression of pain-associated genes by activating
RNAPII phosphorylation (Hsieh et al., 2017a) and spinal TNF-«
contributes to neuropathic pain pathology by upregulating glu-
tamatergic receptors via protein ubiquitination and degradation
(Lin et al., 2015b). To determine whether TNF-« participates in
neuropathic pain development via spinal RNF20/H2Bub/pRNAPII/
mGluR5 signaling, we first examined whether loss of TNF-c func-
tion in SNL rats results in a corresponding change in behavioral pain.
As expected, intrathecal injections of TNF-a-neutralizing antibody
(100 ng, 10 wl; daily from days 3—6 after SNL), but not nonspecific
IgG (100 ng, 10 wl), increased the ipsilateral paw withdrawal thresh-
old of SNL rats (from 2.18 = 0.43 g to 7.43 * 1.19 g; one-way
ANOVA, F(5 5y, = 30.87, p < 0.0001, n = 6; Fig. 7A). Interestingly,
TNF-a-neutralizing antibody (100 ng, 10 ul; daily from days 3-6
after SNL) significantly decreased the SNL-enhanced abundance of
mGluR5 mRNA and protein in the ipsilateral dorsal horn samples
(from 3.13 = 0.26 to 1.86 = 0.12 and from 0.27 £ 0.02 to 0.14 =
0.01; mRNA, one-way ANOVA, F 5 1) = 22.49, p < 0.0001, n = 5;
protein, one-way ANOVA, F; 4 = 13.88, p = 0.0001, n = 5; Fig.
7B,C). Moreover, intrathecal injection of TNF-a-neutralizing
antibody (100 ng, 10 ul; daily from days 3—6 after SNL) into SNL-
treated rats significantly decreased RNF20, H2Bub, and pRNAPII
antibody-recognized mGIluR5 promoter fragments in the ipsilateral
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Figure 6.  Effects of RNF20 gene transfer on pain-associated behavior and spinal RNF20/H2Bub/pRNAPII/mGIuRS signaling pathway. A, Representative Western blot and statistical analyses
(normalized to GAPDH) demonstrating AAV-RNF20 increased RNF20 expression in the ipsilateral dorsal horn on day 14 after virus injection. IB, Immunoblotting. **p < 0.01 versus Naive.
B, AAV-RNF20 significantly decreased the ipsilateral paw withdrawal threshold of the naive group, these effects were reversed by treating the AAV-RNF20 animals with RNF20 siRNA (AAV-
RNF20-+RNF20 siRNA, 10 wul, 5 wg; daily from days 1114 after virus injection) or cc-amanitin (AAV-RNF20 -+ c-amanitin; an inhibitor of RNAPII; 3 um; 10 pul; daily from days 1114 after virus
injection). **p << 0.01versus naive. **p << 0.01 versus AAV-RNF20. C, AAV-RNF20 significantly increased the mGIuRS mRNA in the ipsilateral dorsal hon, these effects were reversed by treating the
AAV-RNF20 animals with RNF20 siRNA (AAV-RNF20+ RNF20siRNA, 10 wl, 5 wg; daily from days 1114 after virus injection) or c-amanitin (AAV-RNF20 + ce-amanitin; an inhibitor of RNAPII; 3 um;
10 pwl; daily from days 11-14 after virus injection). D, AAV-RNF20 significantly increased the expression of RNF20, H2Bub, pRNAPII, and mGIuR5 in the ipsilateral dorsal horn, these effects were
reversed by treating the AAV-RNF20 animals with RNF20 siRNA (AAV-RNF20-+RNF20 siRNA, 10 wl, 5 wug; daily from days 1114 after virus injection). Intrathecal (Figure legend continues.)
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Figure 7.

TNF-ce-neutralizing antibody relieves SNL-induced allodynia by attenuating spinal RNF20/H2Bub/pRNAPII/mGIuRS5 signaling. A, Intrathecal administration of TNF-a-neutralizing

antibody (SNL7D+TNF-cx Abs, 100 ng, 10 wul; daily from days 3— 6 after SNL), but not nonspecificIgG (SNL 7D +1gGs, 100 ng, 10 ), increased the ipsilateral paw withdrawal threshold of SNL rats

(one-way ANOVA, F 3 5,

Abs, 100 ng, 10 wul; daily from days 3— 6 after SNL) reversed the expression levels of mGluR5 mRNA and protein in the dorsal horn of SNL rats (mRNA, one-way ANOVA, F ; 1,
=13.88,p = 0.0001,n = 5).IB, Immunoblotting. **p << 0.0 versus Sham 7D. *p << 0.01 versus SNL7D. D, TNF-c-neutralizing antibody (SNL 7D+ TNF-x

n = 5; protein, one-way ANOVA, F 5 1) =

=30.87,p < 0.0001, n = 6). **p < 0.01 versus Sham 7D. *p << 0.01 versus SNL 7D. B, C, Intrathecal administration of TNF-cx-neutralizing antibody (SNL 7D+ TNF-cx

= 22.49,p < 0.0001,

Abs, 100 ng, 10 wl; daily from days 3— 6 after SNL) inhibited the mGluR5 promoter fragments immunoprecipitated by RNF20-, H2NBub-, and pRNAPII-specific antibodies in the ipsilateral dorsal horn
of SNL rats (RNF20, one-way ANOVA, f 5 1) = 14.76,p << 0.0001, n = 5; H2Bub, one-way ANOVA, F 5 ;) = 17.11,p << 0.0001, n = 5; pRNAPII, one-way ANOVA, f 5 ;) = 50.07, p < 0.0001,

n = 5).**p < 0.01versus Sham 7D. *p < 0.05, versus SNL 7D. *p << 0.01 versus SNL 7D.

dorsal horn samples (from 0.11 = 0.01 to 0.07 = 0.01, from 2.34 *+
0.24t0 1.43 + 0.12,and from 6.40 = 0.29 to 3.82 = 0.36, n = 5; RNF20,
one-way ANOVA, F; ) = 14.76, p < 0.0001, n = 5; H2Bub, one-way
ANOVA, F;,6 = 17.11, p < 0.0001, n = 5; pRNAPII, one-way
ANOVA, F; 1) = 50.07, p < 0.0001, n = 5; Fig. 7D). These observa-

<«

(Figure legend continued.)  cc-amanitin (AAV-RNF20+ c-amanitin, an inhibitor of RNAPII; 3
um; 10 wl; daily from days 11—14 after virus injection) inhibited AAV-RNF20-enhanced expres-
sion levels of pRNAPII and mGIuR5, but not RNF20 and H2Bub, in the ipsilateral dorsal horn.
**p < 0.01 versus Naive. “p << 0.05 versus AAV-RNF20. *p << 0.01 versus AAV-RNF20.
E, AAV-RNF20 significantly increased the mGIuR5 promoter fragments immunoprecipitated by
RNF20-, H2Bub-, and pRNAPII-specific antibodies in the ipsilateral dorsal horn, these effects
were reversed by treating the AAV-RNF20 animals with RNF20 siRNA (AAV-RNF20+RNF20
siRNA, 10 wl, 5 g daily from days 1114 after virus injection). Intrathecal cc-amanitin (AAV-
RNF20+ c-amanitin, an inhibitor of RNAPII; 3 wum; 10 wul; daily from days 1114 after virus
injection) inhibited AAV-RNF20-increased the mGluR5 promoter fragments immunoprecipi-
tated by pRNAPII-specific antibodies, but not RNF20 and H2Bub, in the ipsilateral dorsal horn
*p << 0.05 versus Naive. **p << 0.01 versus Naive. *p < 0.05 versus AAV-RNF20. *p < 0.01
versus AAV-RNF20.

tions indicate that TNF-a-neutralizing antibody ameliorates SNL-
induced behavioral allodynia by impeding the spinal RNF20/H2Bub/
PRNAPII/mGIuR5 signaling cascade.

TNF-a triggers RNF20/H2Bub/pRNAPII/mGluRS5 signaling
in the dorsal horn after SNL

Next, to further confirm the hypothesis that spinal TNF-a con-
tributes to the development of neuropathic pain through activation
of RNF20/H2Bub/pRNAPII/mGIuR5, we injected recombinant
TNF-« into naive rats. Quite similar to the SNL, spinal TNF-« ad-
ministration (1 pM, 10 ul, once daily for 4 d) induced behavioral
allodynia (from 12.34 = 1.57 g to 3.30 = 0.83 g, n = 6) that was
inhibited by RNF20 siRNA (5 g, 10 ul, once daily for 4 d; 8.89 =
1.11 g;one-way ANOVA, F, ,5) = 14.12,p < 0.0001, n = 6; Fig. 8A).
TNEF-a injection (1 pMm, 10 ul, once daily for 4 d) also significantly
increased the abundance of mGluR5 mRNA and protein (from
1.01 = 0.10t02.52 * 0.23 and from 0.10 = 0.02 t0 0.26 = 0.03,n =
5) as well as mGIuR5 promoter fragments immunoprecipitated by
RNF20-, H2Bub-, and pRNAPII-specific antibodies in the ipsilateral
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Figure8.

TNF-ceinduces allodynia via RNF20/H2Bub/pRNAPII/mGIuR5 signaling in the dorsal horn. 4, TNF-cx (1 pu, 10 wil, once daily for 4 d)-decreased paw withdrawal latency was ameliorated

by RNF20 siRNA (RNF20 siRNA+TNF-c, 5 g, 10 ul, once daily for 4 d; one-way ANOVA, F , 55, = 14.12,p < 0.0001, n = 6). **p << 0.01 versus Naive. #p < 0.05 versus TNF-cc. B, €, TNF-cx (1
pm, 10 wl, once daily for 4 d)-enhanced mGIuRS mRNA and protein expression levels in the dorsal horn were attenuated by RNF20 siRNA (RNF20 siRNAi+TNF-c, 5 g, 10 wl, once daily for 4 d;
MRNA, one-way ANOVA, F, 5o, = 21.72, p < 0.0001, n = 5; protein, one-way ANOVA, F; ,) = 8.476,p = 0.0004, n = 5). **p < 0.01 versus Naive. *p < 0.05 versus TNF-cv. D, Intrathecal
administration of RNF20 siRNA (RNF20 siRNA+TNF-c, 5 g, 10 wl, once daily for 4 d) inhibited TNF-cx (1 pm, 10 wul, once daily for 4 d)-increased mGluR5 promoter fragments immunoprecipitated
by RNF20-, H2Bub-, and pRNAPII-specific antibodies (RNF20, one-way ANOVA, £, ,) = 14.94,p << 0.0001,n = 5;H2NBub, one-way ANOVA, F, o, = 6.810,p = 0.0013,n = 5; pRNAPII, one-way
ANOVA, Fi 56 = 11.60, p < 0.0001, n = 5). *p << 0.05 versus Naive. **p < 0.01 versus Naive. p < 0.05 versus TNF-cv. **p < 0.01 versus TNF-cv.

dorsal horn (from 0.041 = 0.01 to 0.10 = 0.01, from 1.01 = 0.21 to
2.16 = 0.28,and from 1.74 * 0.24 t0 4.63 = 0.67, n = 5); these effects
were reversed by RNF20 siRNA (5 g, 10 ul, once daily for 4 d;
1.73 = 0.14,0.12 = 0.02,0.049 = 0.01,0.95 £ 0.12,and 2.26 = 0.30;
mRNA, one-way ANOVA, Fi,, = 2172, p < 0.0001,
n = 5; protein, one-way ANOVA, F, 5, = 8.476, p = 0.0004, n = 5;
RNF20, one-way ANOVA, F4,y = 14.94, p < 0.0001, n = 5;
H2NBub, one-way ANOVA, F,,, = 6.810, p = 0.0013, n =
5; pPRNAPII, one-way ANOVA, F, 55 = 11.60, p < 0.0001, n = 5;
Fig. 8B-D). These results provide pharmacological evidence sup-
porting the role of TNF-« in SNL-induced neuropathic pain, poten-
tially via RNF20/H2Bub/pRNAPII-dependent modification of the
transcription/expression of mGIuR5 in the ipsilateral dorsal horn
neurons.

Discussion
In the current study, we reported a novel function of the RNF20-
dependent H2Bub transcriptional axis in the dorsal horn, which

plays a crucial role in the pathogenesis of neuropathic pain devel-
opment. Our detailed analyses revealed that, following SNL,
RNF20 ubiquitinizes histone H2B to phosphorylate RNAPII,
which couples pRNAPII to the mGIuR5 promoter and facilitates
transcription of mGIuR5 in the dorsal horn. Concordantly, all
these changes caused by SNL were reversed by focal knockdown
of spinal RNF20 expression. Moreover, by intrathecally injecting
TNF-« into naive animals and TNF-a-specific neutralizing anti-
bodies into SNL-treated animals, we further validated that
TNF-« activates the RNF20/H2Bub/pRNAPII transcriptional
axis in the dorsal horn and promotes mGIuR5 transcription to
support the development of neuropathic pain. To the best of
our knowledge, results of the present study first show that
histone monoubiquitylation, an epigenetic post-translational
modification, upregulates spinal mGluR5 expression to sup-
port the development of neuropathic pain. Our findings pro-
vide a novel insight into the spinal mechanism mediating pain
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hypersensitivity, thereby indicating a possible medical strat-
egy for neuropathic relief by targeting the spinal RNF20/
H2Bub/pRNAPII/mGIuR5 signaling pathway.

H2B is expressed in neuron (Ouyang et al., 2015), astrocyte
(McCullough et al., 2012), and microglia (Yun et al., 2011); and
H2B ubiquitination is linked to epigenetic modification of cell
activity in both neuron (Ouyang et al., 2015) and glia (Mc-
Cullough et al., 2012). In the current study, immunohistochem-
istry image reveals the SNL-enhanced H2Bub immunoreactivity
in the ipsilateral dorsal horn localized coincident mainly, but not
exclusively, with neuronal marker. Nevertheless, although the
immunoreactivity is relatively minor, the SNL-enhanced H2Bub
immunoreactivity also colocalized with astrocyte and microglia
markers. For studies that have linked mGluR5-dependent plas-
ticity that occurs in neuron (Lin et al., 2015a), astrocyte (Narita et
al., 2005), and microglia (Byrnes et al., 2009), we propose the
RNF20/H2Bub/pRNAPII/mGIuR5 cascade not only in dorsal
horn neurons but also in astrocyte and microglia contributes to
the pain-associated spinal plasticity. Yet, the precise contribution
of each cell needs further studies to be clarified.

RNF20 is a major E3 ligase responsible for the monoubiquiti-
nation of histone H2B (Kim et al., 2005; Zhu et al., 2005), which
is actively engaged in ongoing transcription (Minsky et al., 2008).
In the current study, SNL increased RNF20 expression, H2B
monoubiquitination, and enhanced RNF20-H2Bub interaction
in the ipsilateral dorsal horn, which was accompanied by behav-
ioral allodynia (Fig. 8). Conversely, focal knockdown of spinal
RNF20 expression markedly ameliorated established allodynia
and suppressed RNF20 expression, H2B ubiquitination, and
RNF20-H2Bub interaction observed in SNL rats. Consistent with
evidence obtained from mouse embryonic and dermal fibroblasts
showing a decrement in RNF20 expression that consequently led
to a reduction in H2Bub levels (Blank et al., 2012), our data
support the role of RNF20-dependent H2B ubiquitination in the
spinal machinery underlying neuropathic pain development.
Nevertheless, in the current study, SNL-enhanced spinal H2Bub
expression was not completely eliminated by knockdown of
RNF20 expression. Although the detailed mechanism remains
unclear, these data suggest that RNF20 is not the sole player me-
diating H2B ubiquitination. Interestingly, in a study investigating
H2Bub-dependent antitumorigenic effects, RNF20 and RNF40
bound discrete, but closely located, residues required for the
maintenance of H2B monoubiquitination (Hahn et al., 2012). In
cultured HeLa cells, H2B monoubiquitination is performed by
the orthologous heteromeric RNF20/RNF40 complex (Kim et al.,
2005; Zhu et al., 2005). Thus, whether RNF20 cooperates with
other RNF families, such as RNF40 or other molecules to induce
H2B ubiquitination, and contributes to the spinal plasticity un-
derlying neuropathic pain development is an interesting question
that needs to be investigated in the future. Moreover, in 293T
cells, RNF20 depletion decreases mRNA expression levels
of growth arrest and DNA-damage-inducible protein 45 f3
(Gadd45b) (Zhang et al., 2011). One of our recent publications
has linked spinal Gadd45b to neuropathic pain pathophysiology
(Lai et al., 2017); the possibility that the RNF20-H2Bub pathway
contributes to neuropathic pain development through modifying
Gadd45b expression in the dorsal horn warrants further study.

In agreement with studies linking H2Bub to forms of activity-
dependent plasticity in brain regions (Bach et al., 2015), the current
study revealed that RNF20-dependent H2Bub mechanisms partici-
pate in the spinal plasticity underlying the pathophysiology of be-
havioral allodynia caused by neuropathic pain. Our findings are
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supported by a work investigating nociceptive hypersensitivity
mechanisms, which suggests that nociceptive-associated plasticity in
spinal levels relies on molecular processes similar to those underlying
associative learning in certain brain regions, particularly in the hip-
pocampus (Ji et al., 2003). However, the potential involvement of
other RNF families in the pathology underlying pain hypersensitivity
cannot be ruled out because RNF8 deficiency causes pathological
neuronal degeneration in pyramidal neurons and cognitive deficits
(Ouyang et al., 2015).

In addition to histone H2A ubiquitination at Lys119, monou-
biquitination of H2B is the best-studied case (Fuchs et al., 2014).
H2B undergoes ubiquitination at Lys 34, 120, and 123 (Wu et al.,,
2011; Fuchs et al., 2014). Because H2Bub occurs at Lys123 in
yeast and at Lys120 in mammals (Kim and Roeder, 2011), and
H2B monoubiquitination at Lys 120 dynamically regulates syn-
aptic plasticity (Bach et al., 2015), we investigated the role of
H2Bub in the spinal plasticity underlying SNL-induced neuro-
pathic pain by focusing on H2B ubiquitination at Lys120. How-
ever, the possible role of H2B ubiquitination at residues other
than Lys sites cannot be excluded.

In the current study, by intrathecally administering TNF-« to
naive animals and TNF-a-specific neutralizing antibodies to SNL
animals, we validated that TNF-« activates the RNF20/H2Bub/
PRNAPII transcriptional axis in the dorsal horn and conse-
quently promotes mGIuR5 transcription to support the deve-
lopment of neuropathic allodynia. This finding is consistent with
our previous studies demonstrating that spinal TNF-« contrib-
utes to the development of neuropathic pain by upregulating
glutamate receptors via modifying protein ubiquitination and
degradation (Lin et al., 2015b), and TNF-« epigenetically modi-
fies pain-associated gene transcription to support inflammatory
hyperalgesia by activating RNAPII phosphorylation (Hsieh et al.,
2017a). Nevertheless, a study investigating inflammation-
associated tumorigenesis has shown that TNF-«a depletes RNF20
and hence impedes H2B monoubiquitination to upregulate a
panel of inflammation-associated genes (Tarcic et al., 2016). Al-
though the detailed mechanism is unclear, several potential
causes might underlie this discrepancy. First, by contrast to our
study investigating the RNF20-H2Bub transcriptional axis in
dorsal horn of in vivo preparations, Tarcic et al. (2016) inspected
mammary epithelial MCF10A cells in culture. We speculate that
various cell types or transcription activity could result in different
gene expression profiles. Our hypothesis is supported by findings
showing that H2Bub is mainly located downstream of transcrip-
tion start sites and preferentially associates with highly tran-
scribed genes (Minsky et al., 2008); however, H2Bub can also
negatively regulate transcription and may contribute to hetero-
chromatin silencing (Zhanget al., 2008). Moreover, in HeLa cells,
depletion of RNF20 results in decreased H2B ubiquitination with
upregulation of some proto-oncogenes accompanied by down-
regulation of the p53 tumor suppressor gene (Shema et al., 2011).
Nevertheless, the detailed mechanism underlying this inconsis-
tency requires further study.

RNAPII-dependent transcription is accompanied by a con-
served pattern of histone modifications that regulate gene
expression (Mbogning et al., 2015). The activity of the H2B-
ubiquitylation machinery is regulated by interactions with the
transcriptional apparatus, including RNAP II (Xiao et al,
2005). After phosphorylation of Ser2 within the RNAPII CTD,
RNF20-mediated H2B monoubiquitination promotes the
transcriptional elongation of targeted genes (Wu et al., 2014).
Moreover, our recent study shows that phosphorylation of
ser2 of RNAPII promotes transcriptional elongation of tar-
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geted genes to mediate pain hyperalgesia (Hsieh et al., 2017a).
Consistently, in the current study, we investigated the epige-
netic mechanism underlying nociceptive sensitization using a
selective antibody against pSer2 of RNAPII, and SNL-
enhanced H2Bub expression induced Ser2 phosphorylation in
the CTD of RNAPII, indicating the contribution of phosphor-
ylation of Ser2 of RNAP II to the RNF20/H2Bub-dependent
epigenetic machinery underlying neuropathic pain-associated
spinal plasticity. However, because phosphorylation of RNA-
PII primarily occurs at the Ser2 and Ser5 residues of the CTD
(Phatnani and Greenleaf, 2006), the potential roles of Ser5
phosphorylation in this machinery cannot be excluded be-
cause Ser2 and Ser5 work cooperatively in gene activation
(Ahn et al., 2004); additionally, H2Bub specifically associates
with pSer5 of RNAPII, which is committed to elongation
(Xiao et al., 2005).
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