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ZNF382 controls mouse neuropathic pain via
silencer-based epigenetic inhibition of Cxcl13 in DRG
neurons
Longfei Ma1*, Lina Yu1*, Bao-Chun Jiang2*, Jingkai Wang3*, Xinying Guo4, Yangyuxin Huang1, Jinxuan Ren1, Na Sun1,
Dave Schwinn Gao1, Hao Ding1, Jianan Lu5, Hang Zhou5, Lijing Zou1, Yibo Gao1, Lieju Wang1, Kai Sun1, Yue Ming1,
Zhipeng Meng1, Yuan-Xiang Tao6, and Min Yan1

Nerve injury–induced changes of gene expression in dorsal root ganglion (DRG) are critical for neuropathic pain genesis.
However, how these changes occur remains elusive. Here we report the down-regulation of zinc finger protein 382 (ZNF382) in
injured DRG neurons after nerve injury. Rescuing this down-regulation attenuates nociceptive hypersensitivity. Conversely,
mimicking this down-regulation produces neuropathic pain symptoms, which are alleviated by C-X-C motif chemokine 13
(CXCL13) knockdown or its receptor CXCR5 knockout. Mechanistically, an identified cis-acting silencer at distal upstream of the
Cxcl13 promoter suppresses Cxcl13 transcription via binding to ZNF382. Blocking this binding or genetically deleting this
silencer abolishes the ZNF382 suppression on Cxcl13 transcription and impairs ZNF382-induced antinociception. Moreover,
ZNF382 down-regulation disrupts the repressive epigenetic complex containing histone deacetylase 1 and SET domain
bifurcated 1 at the silencer-promoter loop, resulting in Cxcl13 transcriptional activation. Thus, ZNF382 down-regulation is
required for neuropathic pain likely through silencer-based epigenetic disinhibition of CXCL13, a key neuropathic pain player,
in DRG neurons.

Introduction
Peripheral nerve injury–induced neuropathic pain is a global
clinical problem characterized by spontaneous ongoing pain,
exaggerated response to painful stimulation (hyperalgesia), and
pain in response to normally innocuous stimuli (allodynia;
Campbell and Meyer, 2006). In the United States alone, >4
million people are subjected to this disorder (Pasero, 2004). The
majority of neuropathic pain patients have not yet achieved
efficient and effective pain relief by taking current medications
because their effects are limited and nonspecific toward the
genesis of neuropathic pain (Mao et al., 2011; Vorobeychik et al.,
2011). Peripheral nerve injury leads to the changes of pain-
associated gene expression in the dorsal root ganglion (DRG; Li
et al., 2017; Wu et al., 2016a; Yin et al., 2016). These changes are
considered to contribute to neuropathic pain genesis (Li et al.,
2017; Lutz et al., 2014; Pan et al., 2021; Zhao et al., 2013). Un-
derstanding of how these changes occur in the DRG following

peripheral nerve injury may help shift the treatment strategy
from symptomatic relief to neuropathic pain–specific novel
therapies.

Two cis-regulatory elements, enhancers and silencers, pre-
cisely control the spatiotemporal transcriptional activation or
repression (Doni Jayavelu et al., 2020; Ogbourne and Antalis,
1998; Thurman et al., 2012). The silencer elements are ubiqui-
tously present in the mouse and human genomes, although their
studies are still in infancy (Doni Jayavelu et al., 2020). Silencers
could inactivate gene expression through repressive transcrip-
tion factors (TFs) and epigenetic corepressors (Cheng et al.,
2018; Jiang and Peterlin, 2008; Taniuchi et al., 2002). For ex-
ample, the runt-related TF (Runx) complex–bound silencer
distally suppressed the transcription of thymocyte differentia-
tion factor Th-POK in T cell development (Setoguchi et al.,
2008). The polycomb repressive complex 2 (PRC2)–bound
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silencers could epigenetically repress the activity of development-
associated genes through increasing H3 lysine 27 trimethylation
(H3K27me3) in their promoters at the basis of the silencer–
promoter loop (Bantignies et al., 2011; Ngan et al., 2020; Tiwari
et al., 2008). Further studies demonstrated that the repressive
effects of silencers were tissue- or cell-specific, depending on
the particular silencer-bound TFs, epigenetic corepressors, or
chromatin conformation in different contexts (Gisselbrecht et al.,
2020; Ngan et al., 2020; Ochi et al., 2012; Pang and Snyder, 2020).
Although several aberrant TFs and epigenetic regulators have
been established in transcriptional dysregulation in neuropathic
pain (Fagnocchi et al., 2018; Jiang et al., 2017; Li et al., 2020; Zhao
et al., 2013), there are no reports on the involvement of silencers
in neuropathic pain induction as well as on the three-dimensional
regulation of pain-associated genes mediated by TFs, silencers,
and epigenetic corepressors.

Zinc finger proteins are the principal family of higher eu-
karyotic TFs (Cowger et al., 2007). Zinc finger protein 382
(ZNF382) contains 10 C2-H2 zinc finger domains responsible for
DNA binding, and 2 Krüppel-associated box (KRAB) domains, A
and B, which provide a platform for the assembly of transcrip-
tional silencing enzymes, including histone deacetylase 1/2
(HDAC1/2), SET domain bifurcated 1 (SETDB1), and hetero-
chromatin protein 1 isoforms (HP1α/β/γ; Cheng et al., 2010;
Urrutia, 2003). ZNF382 regulates a variety of biological pro-
cesses and diseases by repressing gene expression. For instance,
ZNF382 repressed STAT3, MYC, FOS, and JUN gene expression
to inhibit tumorigenesis through heterochromatin silencing
(Cheng et al., 2010; Dang et al., 2019). Further, ZNF382 could
suppress tumor metastasis by down-regulating the expres-
sion of matrix metalloproteinase 2 (MMP2; Pei et al., 2018).
Thus, the consistent decrease of ZNF382 in various tumors is
regarded as a potential biomarker for their respective mo-
lecular diagnosis (Chen et al., 2020; Cheng et al., 2010; Liu
et al., 2019b; Ma et al., 2016). In addition to its expression in
tumor cells, ZNF382 is expressed highly in the mature ner-
vous system, although its function remains unclear (Yue
et al., 2014). Given that microarray data suggest a decreased
enrichment in ZNF382 transcript in injured DRG under neu-
ropathic pain conditions (Costigan et al., 2010), we speculate
that ZNF382 may have a potential role in the processing of pain
information.

Growing evidence indicates that chemokines play a vital role
in neuropathic pain (Ji et al., 2014; Jiang et al., 2020). C-X-C
motif chemokine 13 (CXCL13), also known as B lymphocyte
chemoattractant, was initially identified in stromal cells of
splenic follicles as regulating homing of B cells through inter-
action with its sole receptor, CXCR5 (Ansel et al., 2000; Förster
et al., 1996). The CXCL13/CXCR5 axis regulated the processes
like adaptive and innate immunity (Ardain et al., 2019; Litchfield
et al., 2021), brain development (Tanabe and Yamashita, 2018),
anti–N-methyl-D-aspartate receptor encephalitis (Leypoldt
et al., 2015), and chronic pain (Zhang et al., 2017b). Levels of
CXCL13 and CXCR5 were significantly increased in the spinal
cord (SC) in the development of neuropathic pain, bone cancer
pain, remifentanil-induced hyperalgesia, and diabetes-induced
tactile allodynia (Bu et al., 2019; Jiang et al., 2016; Liu et al.,

2019a; Zhu et al., 2017). Up-regulated CXCL13 in SC promoted
the production of pro-inflammatory cytokines to elicit neuro-
inflammation and pain hypersensitivities (Liu et al., 2019a).
Knockdown/knockout of spinal CXCL13 or its receptor, CXCR5,
reduced ERK phosphorylation and astrocytes activation in SC
and attenuated neuropathic pain (Jiang et al., 2016). Although
peripheral inflammation increased the expression of CXCL13 in
DRG neurons (Wu et al., 2016b), the role of DRG CXCL13 in
neuropathic pain remains unclear.

Here, we uncover a ZNF382-bound silencer and characterize
its functions in Cxcl13 transcriptional regulation under neuro-
pathic pain conditions. ZNF382 is persistently down-regulated
in injured DRG neurons after peripheral nerve injury. This
down-regulation loses its binding to the silencer at distal up-
stream of Cxcl13 promoter, impairs the repressive effect of
epigenetic modifications in the Cxcl13 gene promoter by de-
recruiting the HDAC1/SETDB1 complex, and consequently
promotes the transcription of Cxcl13 in injured DRG. ZNF382-
mediated increased CXCL13 eventually contributes to neuropathic
pain development and maintenance. Thus, down-regulated DRG
ZNF382 is likely essential for nerve injury–induced nociceptive
hypersensitivity.

Results
ZNF382 is decreased in injured DRG after peripheral
nerve injury
We first examined whether ZNF382 enrichment was altered in
two pain-associated regions (DRG and SC) after spinal nerve
ligation (SNL), a preclinical animal model that mimics periph-
eral nerve trauma in the clinical setting (Ho Kim and Mo Chung,
1992; Rigaud et al., 2008). SNL down-regulated the expression of
Znf382 mRNA and ZNF382 protein in a time-dependent manner
in the ipsilateral (injured) L4 DRG (Fig. 1, A and B), but not in the
contralateral L4 DRG or the ipsilateral (intact) L3 DRG (Fig. S1, A
and B). Similar results were obtained after chronic constriction
injury (CCI) or spared nerve injury (SNI; Fig. S1, C–E), two al-
ternative preclinical animal models of neuropathic pain
(Decosterd and Woolf, 2000; Wang and Wang, 2003). ZNF382
protein down-regulation occurred mainly in DRG cellular nu-
cleus, as it was expressed predominantly in the nucleus fraction
(Fig. S1 F). Interestingly, ZNF382 protein abundance was not
significantly changed in the ipsilateral L4 SC dorsal horn fol-
lowing SNL (Fig. S1 G), suggesting a potential DRG-specific
involvement of ZNF382 in neuropathic pain.

Because the available antibodies for ZNF382 are not appli-
cable for immunohistochemistry, we performed in situ hybrid-
ization (ISH) assay to determine the Znf382 mRNA distribution
using a set of antisense probes (two probes; Table S1). The
Znf382-positive signal was detected in the sections incubated
with Znf382 antisense probe, but not with Znf382 sense probe
(Fig. S1 H). Znf382mRNA was exclusively expressed in neurons,
but not in satellite glial cells, of DRG (Fig. 1 C). Approximately
77.4% of TUJ1-labeled neurons (756 of 981) were positive for
Znf382 mRNA. Moreover, ∼33.3% of Znf382 mRNA–labeled
neurons were large (>600 µm2 in area; Fig. 1 D), ∼37.4% me-
dium (300–600 µm2 in area; Fig. 1 D), and ∼29.3% small in size
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(<300 µm2 in area; Fig. 1 D). Consistently, ∼42.6% of the Znf382
mRNA–positive neurons were labeled by neurofilament-200
(NF200, a marker for medium/large cells and myelinated Aβ
fibers; Fig. 1, E and F), 36.9% by calcitonin gene-related peptide
(CGRP, a marker for peptidergic neurons; Fig. 1, E and F)
and 25.2% by isolectin B4 (IB4, a marker for nonpeptidergic
neurons; Fig. 1, E and F). Consistent with the real-time PCR
results, the number of Znf382 mRNA–positive neurons in
the ipsilateral L4 DRG on day 7 after SNL decreased by
32.76% compared with the corresponding sham group (Fig. 1 G).

Taken together, these findings indicate the down-regulation of
Znf382 gene in DRG neurons after peripheral nerve injury.

Rescuing decreased DRG ZNF382 mitigates neuropathic pain
Does down-regulated ZNF382 in injured DRG participate in
nerve injury–induced nociceptive hypersensitivity? To this end,
we first examined the effect of rescuing ZNF382 decrease on the
induction of SNL-induced nociceptive hypersensitivity. AAV5
that expressed full-length Znf382 (AAV5-Znf382) was micro-
injected into unilateral L4 DRG 5 wk before SNL or sham

Figure 1. Peripheral nerve injury–induced down-regulation of Znf382mRNA and protein in injured DRG. (A) Expression of Znf382mRNA in the ipsilateral
L4 DRG after SNL or sham surgery. n = 4–6 repeats (16–24 mice)/group/time point. Data from two independent experiments. Two-way ANOVA followed by
post hoc Tukey test. ***, P < 0.001 versus the corresponding control group (0 d). (B) Expression of ZNF382 protein in the ipsilateral L4 DRG after SNL or sham
surgery. n = 3 repeats (12 mice)/group/time point. Data from three independent experiments. Two-way ANOVA followed by post hoc Tukey test. ***, P < 0.001
versus the corresponding control group (0 d). (C) Representative images of ISH for Znf382mRNA (red) and immunohistochemistry of TUJ1 (green) or GS (green)
in the DRG. DAPI, blue. n = 3 mice. Data are representative of two independent experiments. Scale bar: 50 µm. (D) Histogram shows the distribution of Znf382
mRNA-positive somata in normal L4 DRG: large, 33.3%; medium, 37.4%; small, 29.3%. n = 3 mice. Data from two independent experiments. (E) Representative
images of ISH for Znf382 mRNA (red) and immunohistochemistry of different DRG neuronal markers (green) with DAPI (blue): NF200, CGRP, and IB4 in the
DRG. n = 3 mice. Data are representative of two independent experiments. Scale bar: 50 µm. (F) Venn diagram shows the number of neurons double-stained by
Znf382 mRNA and NF200, CGRP, or IB4. n = 3 mice. Data from two independent experiments. (G) Number of neurons labeled by Znf382 mRNA (red) in the
ipsilateral L4 DRG on day 7 after SNL or sham surgery. n = 5 or 6 mice/group. Data from three independent experiments. ***, P < 0.001 versus the sham group
by two-tailed unpaired Student’s t test. Scale bar: 50 µm.
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surgery. AAV5-Gfp was used as a control. As expected, micro-
injected DRGs stained with hematoxylin/eosin confirmed their
integrity, normal neuronalmorphology, and no obvious immune
cells infiltration (Fig. S2 A). AAV5-Znf382 or AAV5-Gfp micro-
injection displayed amarked GFP expression in L4 DRG neurons,
confirming the successful delivery of AAV5 (Fig. S2, B and C). As
expected, a substantial increase in ZNF382 protein was detected
in AAV5-Znf382–treated mice (Fig. S2 D). More importantly,
AAV5-Znf382 microinjection attenuated SNL-induced mechani-
cal allodynia as manifested by a decrease in paw withdrawal
frequency (PWF; or an increase in paw withdrawal threshold
[PWT]) to mechanical stimulation, and heat hyperalgesia as
evidenced by an elevation in paw withdrawal latency (PWL) to
heat stimuli on the ipsilateral side from day 3 to day 7 after SNL
in both male and female mice (Fig. 2, A–F; and Fig. S2 E). In
addition, this microinjection blocked the SNL-induced increase
in the level of phosphorylation of ERK 1/2 (pERK1/2, a marker of
neuronal hyperactivation) in the ipsilateral L4 DRG (Fig. S2 F),
as well as in the levels of pERK1/2 and glial fibrillary acidic
protein (GFAP, a marker of astrocyte hyperactivation) in the
ipsilateral lumbar enlargement segment (Fig. S2 G). No changes
were observed in either basal mechanical or heat response on
the contralateral side of SNL mice or on either side of shammice
following viral microinjection (Fig. 2, A–F; and Fig. S2, H–J).
Similar results were seen in AAV5-Znf382–treated CCI mice (Fig.
S2, K–N).

We also defined the role of DRG ZNF382 in the maintenance
of neuropathic pain. Given that AAV5 requires 3–4 wk to become
actively expressed (Li et al., 2020; Li et al., 2017; Yuan et al.,
2019; Zhao et al., 2013), mice were subjected to SNL 14 d after
DRG viral microinjection. As expected, Znf382 mRNA was
markedly increased in AAV5-Znf382–treated groups 21 d after
SNL (Fig. S2 O). Blunted mechanical allodynia and heat
hyperalgesia were also observed on days 14, 17, and 21 after
SNL on the ipsilateral side of AAV5-Znf382–treated mice
(Fig. 2, G–I). The locomotor functions were not affected
after viral microinjection (Table S2).

Collectively, our findings demonstrated that DRG Znf382
down-regulation might be required for the development and
maintenance of neuropathic pain.

Mimicking nerve injury–induced decrease in DRG ZNF382
causes neuropathic pain–like symptoms
We investigated whether the down-regulated DRG ZNF382
would be sufficient to induce neuropathic pain. To this end, we
first examined the knockdown effect of AAV5-Znf382 shRNA in
cultured DRG neurons (Fig. S3 A). AAV5-scrambled shRNA was
used as the control. As expected, ZNF382 protein was signifi-
cantly decreased 3 d after AAV5-Znf382 shRNA transduction in
cultured neurons (Fig. S3 B). We then microinjected AAV5 into
the ipsilateral L3/L4 DRGs of naive mice. AAV5-Znf382 shRNA
led to hypersensitivities to mechanical and heat stimuli on the
ipsilateral side, which occurred 4 wk after viral microinjection
and persisted for at least 7 wk in both male and female mice
(Fig. 2, J–O; and Fig. S3 C). The basal paw withdrawal responses
on the contralateral side were not altered (Fig. S3, D–F), and the
locomotor functions were not affected (Table S2). Furthermore,

mice microinjected with AAV5-Znf382 shRNA exhibited
stimulation-independent spontaneous pain as indicated by a
significant preference for (that is, spent more time in) the
lidocaine-paired chamber (Fig. S3, G and H). Conversely, mice
microinjected with AAV5-scrambled shRNA showed no ap-
parent preference toward the lidocaine- or saline-paired cham-
ber (Fig. S3, G and H). ZNF382 protein in the ipsilateral L3/L4
DRGs was significantly diminished 8 wk after DRG microinjec-
tion of AAV5-Znf382 shRNA (Fig. S3 I). The results were similar
in naive mice microinjected with Znf382 siRNA (Fig. S3, J–P).
These findings demonstrate that, in the absence of nerve injury,
DRG ZNF382 knockdown is sufficient to initiate both evoked
pain hypersensitivity and spontaneous pain, typical neuropathic
pain–like symptoms in the clinic.

ZNF382 represses Cxcl13 expression in DRG neurons
We next examined how decreased DRG ZNF382 was involved in
neuropathic pain. To this end, the ipsilateral L4 DRGs pre-
microinjected with AAV5-Znf382 or AAV5-Gfp were collected on
day 7 after nerve injury for microarray gene expression analysis.
In the AAV5-Znf382–microinjected DRGs, ~1,070 genes were
down-regulated and 697 genes were up-regulated by more
than twofold compared with the AAV5-Gfp–microinjected
group. Gene ontology (GO) analysis revealed that the up-
regulated genes were involved in the inhibitory synaptic
transmission (e.g., glycinergic synaptic transmission), and
down-regulated genes were enriched for a range of pro-
nociceptive biological processes, such as chemokine receptor
binding and chemokine activity (Fig. S4, A and B). Based on the
Venn intersection analysis, DRG overexpression of ZNF382
repressed seven nerve injury–induced genes (Fig. S4, C and D),
in which chemokine Cxcl13 was the most dramatically down-
regulated gene with a 31.9-fold decrease (Fig. S4 D). Previous
microarray data showed that Cxcl13 was the most markedly
increased chemokine in injured DRG after nerve injury (Fig. S4
E; Costigan et al., 2010). Indeed, SNL led to increases in the level
of Cxcl13mRNA from days 3–14 after SNL (Fig. 3 A) and number
of CXCL13-positive neurons at day 7 after SNL in injured DRG
(Fig. 3, B and C). DRG overexpression of ZNF382 blocked the
SNL-induced increases in the levels of Cxcl13mRNA and CXCL13
protein in the ipsilateral L4 DRG 7 d after SNL (Fig. 3, D and E).
SNL-induced increase in the level of Cxcr5 mRNA was not af-
fected by DRG microinjection of AAV5-Znf382 (Fig. 3 D). DRG
knockdown of ZNF382 through microinjection of siRNA or
AAV5-shRNA was able to up-regulate the expression of Cxcl13
(but not Cxcr5) mRNA and CXCL13 protein in the injected DRG
of naive mice (Fig. 3, F and G). Both single-cell RT-PCR assay
and triple-labeled staining exhibited the colocalization of
Znf382 mRNA and CXCL13 in individual DRG neurons (Fig. 3,
H and I). The evidence described above suggests that down-
regulated ZNF382 is required for nerve injury–induced in-
crease in DRG CXCL13.

To further explore how ZNF382 regulated Cxcl13 transcrip-
tion in SNL DRG, we harvested the ipsilateral L4 DRGs micro-
injected with Flag-fused AAV5-Znf382 6 wk after microinjection
and performed chromatin immunoprecipitation (ChIP) se-
quencing (ChIP-seq) with Flag antibody, because commercially
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Figure 2. Peripheral nerve injury–caused ZNF382 down-regulation contributes to neuropathic pain. (A–C) Effect of premicroinjection with AAV5-Znf382
(Znf382) or control AAV5-Gfp (Gfp) into the ipsilateral L4 DRG on the development of SNL-induced mechanical allodynia (A and B) and heat hyperalgesia (C) at
different days before or after SNL or sham surgery on the ipsilateral side of male mice. n = 12 mice/group. Data from two independent experiments. Two-way
repeated-measure (RM) ANOVA followed by post hoc Tukey test. ***, P < 0.001 versus the SNL plus Gfp group at the corresponding time points. (D–F) Effect
of premicroinjection with AAV5-Znf382 (Znf382) or AAV5-Gfp (Gfp) into the ipsilateral L4 DRG on the development of SNL-induced mechanical allodynia (D and
E) and heat hyperalgesia (F) on the ipsilateral side of female mice. n = 12 mice/group. Data from two independent experiments. Two-way RM ANOVA followed
by post hoc Tukey test. **, P < 0.01; ***, P < 0.001 versus SNL plus Gfp group. (G–I)DRGmicroinjection with AAV5-Znf382 (Znf382) mitigated the maintenance
of SNL-induced mechanical allodynia (G and H) and heat hyperalgesia (I). n = 12 mice/group. Data from two independent experiments. Two-way RM ANOVA
followed by post hoc Tukey test. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus SNL plus Gfp group. (J–L) Effect of microinjection with AAV5-Znf382 shRNA
(shRNA) or control AAV5-scrambled shRNA (Scr) into the unilateral L3/L4 DRGs of naive male mice on the paw withdrawal responses to mechanical (J and K)
and heat (L) stimuli. n = 12 mice/group. Data from three independent experiments. Two-way RM ANOVA followed by post hoc Bonferroni’s test. **, P < 0.01;
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available ZNF382 antibodies were not applicable for immuno-
precipitation (IP). ChIP-seq assay showed that ZNF382-binding
fragments were identified predominantly across the genome
promoter, introns, and intergenic regions in the DRG (Fig. S4, F
and G). The top-ranked binding motif was predictably present
in the Cxcl13 intergenic region (Fig. 3 J). The fragment encom-
passing the binding motif was located from −29,738 to
−29,371 bp (transcription starting site [TSS] as +1) upstream of
the Cxcl13 gene promoter (Fig. 3 J). ChIP-PCR assay further
confirmed that the fragment (−29,636/−29,394 bp) of Cxcl13
gene, including the above binding motif, could be amplified
from the Flag-fused AAV5-Znf382 group, but not the Flag-fused
AAV5-Gfp group (Fig. 3 K). This amplification did not occur
when normal control serum was used (Fig. 3 K), suggesting
specific binding of ZNF382 to the intergenic region of Cxcl13
gene. Given that silencer functioning as a noncoding distal
regulatory element directs transcriptional repression by the
mediation of long-range chromatin interactions with their
target genes (Feuerborn and Cook, 2015; Huang et al., 2019;
Maston et al., 2006; Ngan et al., 2020), the ZNF382-binding
region was likely a potential silencer for Cxcl13 in DRG neurons.

CXCL13-CXCR5 is responsible for down-regulated ZNF382-
induced neuropathic pain symptoms
Because the role of DRG CXCL13 in neuropathic pain is still
unclear, we first questioned whether blocking the increased
CXCL13 in injured DRG could mitigate SNL-induced neuropathic
pain. To this end, Cxcl13 siRNA or control scrambled siRNA was
microinjected into the ipsilateral L4 DRG 2 d before SNL or sham
surgery. As expected, SNL-induced increase of Cxcl13mRNAwas
significantly blocked in the ipsilateral L4 DRG on day 5 after SNL
in mice premicroinjected with Cxcl13 siRNA (Fig. S4 H). DRG
microinjection of Cxcl13 siRNA also relieved SNL-induced me-
chanical allodynia and heat hyperalgesia from day 3 to day 5
after SNL (Fig. 4, A–C), suggesting the involvement of DRG
CXCL13 in the development of neuropathic pain. No changes
were observed in basal mechanical or heat response in sham
mice (Fig. 4, A–C). Similar results were obtained at 2 and 4 h
after DRG microinjection with CXCL13 neutralizing antibody,
but not negative control (NC) IgG, on day 14 after SNL (Fig. 4,
D–F; and Fig. S4, I–K), indicating the role of DRG CXCL13 in the
maintenance phase of neuropathic pain. To investigate whether
DRG increased CXCL13 was sufficient to induce neuropathic pain,
we microinjected CXCL13 protein into the L3/L4 DRGs of naive
mice. This microinjection significantly produced the enhanced
responses to mechanical and heat stimuli, which occurred within
2 h after microinjection and lasted for at least 5 h (Fig. 4, G–I). No
obvious changes were seen in basal mechanical or heat response
on the contralateral side (Fig. S4, L–N). None of the siRNA, anti-
body, or protein could alter the locomotor functions (Table S2).
Taken together, DRG up-regulated CXCL13 likely participates in
the development and maintenance of neuropathic pain.

Next, we asked whether DRG suppression of CXCL13 or
CXCR5 would impact the ZNF382 down-regulation–induced
nociceptive hypersensitivity. As expected, ZNF382 down-
regulation–induced elevation of Cxcl13 mRNA was blocked on
day 7 after microinjection with Cxcl13 siRNA (Fig. S4 O). Im-
portantly, mice microinjected with Cxcl13 siRNA displayed a
blockade in AAV5-Znf382 shRNA–induced mechanical allodynia
and heat hyperalgesia (Fig. 4, J–L). Locomotor functions (Table
S2) were not affected in these microinjected mice. Consistently,
Cxcr5−/− mice (Fig. S4 P) also exhibited the impairments in the
AAV5-Znf382 shRNA–induced mechanical allodynia and heat
hyperalgesia from wk 4 to 8 after microinjection (Fig. 4, M–O).
No changes were observed in basal mechanical or heat response
on the contralateral side of microinjected Cxcr5−/−mice (Fig. S4,
Q–S). Together, DRG ZNF382 down-regulation–induced noci-
ceptive hypersensitivities are dependent on CXCL13 and its
receptor, CXCR5.

The silencer is required for ZNF382-triggered Cxcl13 repression
and neuropathic pain relief
We inquired whether the silencer participated in ZNF382-
induced Cxcl13 repression and neuropathic pain relief. To block
the binding of ZNF382 to the silencer, a decoy DNA was mi-
croinjected into the ipsilateral L4 DRG. As expected, the decoy
DNA, but not the NC, significantly reversed the inhibitory effect
of ZNF382 on the level of Cxcl13mRNA on day 5 after SNL (Fig. 5
A). Behaviorally, the decoy DNA impaired the ZNF382 relief on
mechanical allodynia and heat hyperalgesia on days 3 and 5 after
SNL (Fig. 5, B–D). Neither virus nor decoy DNA microinjection
changed basal responses to mechanical or heat stimuli on the
contralateral side or affected the locomotor functions (Fig. S5,
A–C; and Table S2).

To further demonstrate the role of silencer in ZNF382’s re-
pressive effect, we performed the CRISPR/Cas9 system strategy
to excise the silencer in vivo. To achieve a better cleavage effi-
ciency, four target guiding RNAs (gRNAs) flanking the silencer
were designed and packaged into lentivirus (LV; Fig. 5 E and
Table S1). As shown in Fig. S5, D–F, expected positive band in-
dicative of successful deletion of silencer was detected on day 21,
but not days 7 and 14, after LV-gRNA microinjection into the L4
DRG, indicating that the sufficient excision of targeted sequence
required at least 21 d after LV microinjection. Thus, we chose to
inject LV-gRNA into DRG 21 d before SNL surgery. As expected,
LV-gRNA successfully mediated the CAS9 protein expression
(Fig. S5, G and H) and silencer excision in injected DRG (Fig. 5 F)
on day 7 after SNL. Moreover, DRG microinjection of LV-gRNA
significantly reversed the inhibitory effect of ZNF382 on the
level of Cxcl13mRNA on day 7 after SNL (Fig. 5 G). Behaviorally,
the LV-gRNA, but not LV-scrambled gRNA, impaired ZNF382’s
analgesic effect on days 5 and 7 after SNL (Fig. 5, H–J). This
microinjection did not alter either the basal responses to me-
chanical or heat stimuli on the contralateral side or affect the

***, P < 0.001 versus the Scr group. (M–O) Effect of microinjection with AAV5-Znf382 shRNA (shRNA) or AAV5-scrambled shRNA (Scr) into the ipsilateral L3/L4
DRGs of naive female mice on the paw withdrawal responses to mechanical (M and N) and heat (O) stimulation on the ipsilateral side. n = 12 mice/group. Data
from two independent experiments. Two-way RM ANOVA followed by post hoc Bonferroni’s test. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus the Scr group.
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Figure 3. ZNF382-triggered transcriptional repression of Cxcl13 in the DRG. (A) Expression of Cxcl13 mRNA in the ipsilateral L4 DRG after SNL or sham
surgery. n = 4 or 5 repeats (16–20 mice)/group. Data from two independent experiments. Two-way ANOVA followed by post hoc Tukey test. ***, P < 0.001
versus the corresponding control group (0 d). (B and C) Neurons double-labeled by TUJ1 (green) and CXCL13 (red) in the ipsilateral L4 DRG after SNL or sham
surgery. n = 5 mice/group. Data from two independent experiments. ***, P < 0.001 versus the sham group by two-tailed unpaired Student’s t test. Scale bar: 50
µm. (D and E) Levels of Cxcl13 (n = 4–6 repeats [16–24mice]/group) and Cxcr5mRNAs (n = 3 repeats [12 mice]/group; D) and CXCL13 protein (n = 3 repeats [24
mice]/group; E) in L4 DRG from the AAV5-Znf382 (Znf382) or AAV5-Gfp (Gfp)–injected mice on day 7 after SNL or sham surgery. Data from three independent
experiments. One-way ANOVA followed by post hoc Tukey test. *, P < 0.05; ***, P < 0.001 versus sham plus Gfp group. ###, P < 0.001 versus SNL plus Gfp
group. (F) Levels of Cxcl13 (n = 4–6 repeats [8–12 mice]/group) and Cxcr5 (n = 3 repeats [6 mice]/group) mRNAs in L3/L4 DRGs 7 d after microinjection with
Znf382 siRNA (siRNA) or scrambled siRNA (Scr). Data from two independent experiments. One-way ANOVA followed by post hoc Tukey test. *, P < 0.05 versus
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locomotor functions (Fig. S5, I–K; and Table S2). Additionally,
the LV-gRNA impeded the ZNF382-induced reduction in pref-
erence for the lidocaine-paired chamber on day 14 after SNL
(Fig. 5 K and Fig. S5 L), indicating that ZNF382 relieved SNL-
induced spontaneous pain in the presence of silencer. Collec-
tively, our findings suggest that the ZNF382-binding intergenic
region functions as a transcriptional silencer for the Cxcl13 gene
and is indispensable for ZNF382-mediated pain relief.

ZNF382 forms a complex with HDAC1 and SETDB1 in
DRG neurons
How does the silencer-bound ZNF382 negatively impact the
activity of the Cxcl13 promoter at a long distance? KRAB-
containing ZFPs, including ZNF382, had the potential to re-
cruit KAP1 and served as a platform for the assembly of a
transcriptional silencing complex, comprising histone methyl-
transferase SETDB1, histone deacetylases HDAC1/2, or hetero-
chromatin protein 1 isoforms CBX1/3/5 (Cheng et al., 2014;
Urrutia, 2003). We used Co-IP assay and identified that in the
Flag-fused AAV5-Znf382-injected mice (but not Flag-fused
AAV5-Gfp-injected mice), rabbit anti-Flag antibody could im-
munoprecipitate not only ZNF382 but also HDAC1 and SETDB1,
but not KAP1, HDAC2, CBX1, CBX3, or CBX5 (Fig. 6 A). Consis-
tently, rabbit anti-HDAC1 antibody was able to immunoprecip-
itate not only itself but also ZNF382 and SETDB1 in sham DRG
(Fig. 6 B). Moreover, a noticeable decrease in IP for ZNF382, but
not SETDB1, by the anti-HDAC1 antibody was detected in injured
DRG on day 7 after SNL (Fig. 6 B and Fig. S5 M). We also iden-
tified that rabbit anti-SETDB1 antibody was able to immuno-
precipitate itself and ZNF382 andHDAC1 in the sham DRG (Fig. 6
C). Likewise, a significant reduction in IP for ZNF382, but not
HDAC1, by the anti-SETDB1 antibody was observed in injured
DRG on day 7 after SNL (Fig. 6 C and Fig. S5 N). As expected,
rabbit anti-KAP1, HDAC2, CBX1, CBX3, or CBX5 antibodies could
immunoprecipitate themselves, respectively, but not ZNF382 in
sham DRG (Fig. 6 D). Our triple-labeled staining revealed the
coexpression of Znf382 mRNA with HDAC1, or SETDB1 in TUJ1-
labeled DRG neurons (Fig. 6, E and F). Together, the evidence
above indicates that ZNF382, HDAC1, and SETDB1 bind to each
other as a complex, and this complex formation is reduced in
injured DRG neurons after SNL.

ZNF382 determines HDAC1/SETDB1-mediatedmodifications in
Cxcl13 promoter
To determine whether ZNF382 would regulate the HDAC1-
induced deacetylation or SETDB1-induced H3K9 trimethylation
in the Cxcl13 promoter, we first examined the levels of H3
acetylation (ac-H3) and H4 acetylation (ac-H4) in the Cxcl13

promoter and 59-end untranslated region (59-UTR) by ChIP. By
fractionating the promoter and 59-UTR (from −2,000 to +138 bp)
into 11 fragments (F1, −2,000/−1,731; F2, −1,830/−1,572; F3, −1,646/
−1,358; F4, −1,469/−1,098; F5, −1,306/−1,011; F6, −1,076/−786; F7, −891/
−602; F8, −721/−441; F9, −559/−239; F10, −333/−68; F11, −141/+138;
Fig. 7 A), ac-H3 was identified in F1, F3, F5, F7, F9, F10, and F11, and
ac-H4 in F1, F4, F5, F7, and F10 in the L4 DRG of naive mice
(Fig. 7 A and Fig. S5 O), among which the level of ac-H3 was
significantly elevated only in F11 and F3 in injured DRG 7 d after
SNL (Fig. 7 B and Fig. S5 P). We subsequently checked the oc-
cupancy of HDAC1 in F11 and F3 on day 7 after SNL in the ip-
silateral L4 DRG. The level of HDAC1 in F11, but not F3, was
decreased markedly compared with the sham mice (Fig. 7 C).
This suggests that HDAC1 was accountable for the up-
regulation of ac-H3 in F11 after SNL. We postulated that the
reduction of HDAC1 in F11 might be due to the decreased
complex formation by down-regulated ZNF382 after SNL. In-
deed, the HDAC1 level in F11 had a significant elevation 7 d after
SNL or sham in the ipsilateral L4 DRG premicroinjected with
AAV5-Znf382 (Fig. 7 D). Correspondingly, the level of ac-H3 in
F11 was decreased markedly (Fig. 7 E). Conversely, the occu-
pancy of HDAC1 was diminished and the level of ac-H3 was
increased in F11 in naive mice 8 wk after microinjection with
AAV5-Znf382 shRNA (Fig. 7, F and G). The evidence described
above indicates that ZNF382 determines the HDAC1 occupancy
and ac-H3 abundance in F11. To exclude the possibility that the
decreased HDAC1 occupancy in F11 was due to the reduction of
HDAC1 expression regulated by ZNF382, we compared the level
of HDAC1 between the AAV5-Znf382 shRNA–treated and AAV5-
scrambled shRNA–treated mice and found no difference be-
tween these two groups (Fig. S5 Q). We further asked whether
HDAC1 was required for ZNF382 regulation in ac-H3 level in
F11. The knockdown effect of Hdac1 siRNA was verified in
cultured DRG neurons (Fig. S5 R). As expected, SNL mice mi-
croinjected with Hdac1 siRNA 2 d before surgery presented a
significant increase of ac-H3 level in F11 on day 5 after surgery
in L4 DRG premicroinjected with AAV5-Znf382 (Fig. 7 H). This
finding further supports the conclusion that ZNF382 regulates
the ac-H3 level in F11 through corepressor HDAC1.

We also examined the extent of H3K9 trimethylation in the
Cxcl13 promoter and 59-UTR by ChIP. The existence of H3K9me3
was found in F2, F6, and F10 in the Cxcl13 promoter in L4 DRG of
naive mice (Fig. 8 A). H3K9me3 was reduced in F10 but not in F2
and F6 on day 7 after SNL (Fig. 8 B). Likewise, SETDB1 occu-
pation in F10 was significantly diminished (Fig. 8 C), suggesting
the H3K9me3 decrease in F10 in injured DRG was due to the
sparse occupancy of SETDB1 after SNL. Moreover, DRG micro-
injection of AAV5-Znf382 reversed the SNL-induced decrease in

the Scr group. (G) Level of CXCL13 protein in L3/L4 DRGs 8 wk after microinjection with AAV5-Znf382 shRNA (shRNA) or AAV5-scrambled shRNA (Scr) in naive
mice. n = 3 repeats (12 mice)/group. Data from two independent experiments. *, P < 0.05 versus the Scr group by two-tailed unpaired Student’s t test. (H) Co-
expression of Znf382 mRNA with Cxcl13 mRNA and Tuba-1a mRNA in individual neurons from mouse lumbar DRG. M, ladder marker. NC, H2O. n = 3 repeats.
Data are representative of three independent experiments. (I) Co-localization of Znf382 mRNA with CXCL13 and TUJ1. n = 3 mice. Data are representative of
three independent experiments. Scale bar: 50 µm. (J) ChIP-seq assay showed the example tracks of Cxcl13 gene from the ipsilateral L4 DRG 6 wk after
microinjection with AAV5-Znf382-Flag. ZNF382 binding sites (red) are indicated. (K) The Cxcl13 fragment containing the predicted binding motif was im-
munoprecipitated in the ipsilateral L4 DRG premicroinjected with AAV5-Znf382-Flag. Sequence chromatogram of excised band with regions of interest
denoted. Input: total purified fragments. n = 3 repeats (18 mice)/group. Data are representative of three independent experiments.
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Figure 4. CXCL13-CXCR5 is responsible for ZNF382 down-regulation–induced neuropathic pain. (A–C) Effect of premicroinjection with Cxcl13 siRNA
(siCXCL13) or scrambled siRNA (Scr) into the ipsilateral L4 DRG on the development of SNL-induced mechanical allodynia (A and B) and heat hyperalgesia (C).
n = 12 mice/group. Data from two independent experiments. Two-way RM ANOVA followed by the post hoc Tukey test. **, P < 0.01; ***, P < 0.001 versus SNL
plus Scr group. (D–F) Effect of post-microinjection with CXCL13 antibody (CXCL13 Ab) or NC IgG into the ipsilateral L4 DRG on the maintenance of SNL-induced
mechanical allodynia (D and E) and heat hyperalgesia (F). n = 8 mice/group. Data from two independent experiments. Two-way RM ANOVA followed by the
post hoc Bonferroni’s test. *, P < 0.05; **, P < 0.01 versus SNL plus NC group. (G–I) Effect of microinjection with CXCL13 or vehicle into the ipsilateral L3/L4
DRGs of naive mice on paw withdrawal responses to mechanical (G and H) and heat (I) stimuli. n = 8 mice/group. Data from two independent experiments.
Two-way RM ANOVA followed by post hoc Bonferroni’s test. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus the vehicle group. BL, baseline. (J–L)Microinjection
of Cxcl13 siRNA (siCXCL13; dashed arrow) into the ipsilateral L3/L4 DRGs attenuated AAV5-Znf382 shRNA (shRNA)–induced mechanical allodynia (J and K) and
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the occupation of SETDB1 and the enrichment of H3K9me3 in
F10 on day 7 after SNL (Fig. 8, D and E). Conversely, the SETDB1
occupancy and H3K9me3 abundance in F10 were significantly
decreased in naive mice 8 wk after microinjection with AAV5-
Znf382 shRNA (Fig. 8, F and G). There was no alternation in the
amount of SETDB1 protein expression between the AAV5-Znf382
shRNA–treated and AAV5-scrambled shRNA–treated mice (Fig. S5
Q). SNL mice microinjected with Setdb1 siRNA 2 d before surgery

exhibited a significant decrease in H3K9me3 level in F10 on day 5
after surgery in L4 DRG premicroinjected with AAV5-Znf382
(Fig. 8 H and Fig. S5 S). These findings also indicate that ZNF382
regulates the H3K9me3 level in F10 through corepressor SETDB1.

Collectively, nerve injury–induced down-regulation of ZNF382
elevates the ac-H3 enrichment and reduces the H3K9me3 enrich-
ment in the Cxcl13 promoter and 59-UTR through HDAC1 and
SETDB1, respectively, in injured DRG.

heat hyperalgesia (L). n = 12 mice/group. Data from two independent experiments. Two-way RM ANOVA followed by post hoc Bonferroni’s test. *, P < 0.05; **,
P < 0.01 versus the shRNA plus Scr group. BL, baseline. (M–O) Effect of microinjection with AAV5-Znf382 shRNA (shRNA) or AAV5-scrambled shRNA (Scr) into
the ipsilateral L3/L4 DRGs of WT or Cxcr5−/− mice on paw withdrawal responses to mechanical (M and N) and heat (O) stimuli. n = 8 mice/group. Two-way RM
ANOVA followed by post hoc Tukey test. *, P < 0.05; **, P < 0.01 versus the WT plus shRNA group.

Figure 5. Silencer is required for ZNF382 regulation in Cxcl13 in injured DRG. (A) DRGmicroinjection with decoy DNA (Decoy, 2 d before SNL) blocked the
AAV5-Znf382 (Znf382, 35 d before SNL) repression on Cxcl13 mRNA level on day 5 after SNL. Gfp: AAV5-Gfp. n = 3 or 4 repeats (12–16 mice)/group. Data from
two independent experiments. One-way ANOVA followed by post hoc Tukey test. **, P < 0.01. (B–D) DRG microinjection with Decoy (dashed arrow) impaired
the analgesic role of AAV5-Znf382 (Znf382) in SNL-induced mechanical allodynia (B and C) and heat hyperalgesia (D). n = 12 mice/group. Data from two
independent experiments. Two-way RM ANOVA followed by post hoc Tukey test. *, P < 0.05 versus the Znf382 plus NC-treated SNL mice. (E) Schematic
diagram of designed target sites for CRISPR/Cas9 system on Cxcl13 and the designed primer used in screening of silencer-KD mice. TSS as +1. F, forward; R,
reverse. (F) PCR-based validation of silencer-included fragment excision of Cxcl13 on day 7 after SNL from the mice premicroinjected with AAV5-Znf382
(Znf382; 35 d before SNL) plus LV-gRNA (gRNA) or LV-scrambled gRNA (Scr; 21 d before SNL). Sequence chromatogram of excised bandwith regions of interest
denoted. n = 3 repeats. Data are representative of three independent experiments. M, ladder marker. (G) DRG microinjection with LV-gRNA (gRNA) reversed
the AAV5-Znf382 (Znf382) repression on Cxcl13mRNA level on day 7 after SNL. Scr, LV-scrambled gRNA. n = 3 or 4 repeats (12–16 mice)/group. Data from two
independent experiments. One-way ANOVA followed by post hoc Tukey test. **, P < 0.01; ***, P < 0.001. (H–J) Microinjection with LV-gRNA (gRNA; dashed
arrow) into the L4 DRG impaired the analgesic role of AAV5-Znf382 (Znf382) in SNL-induced mechanical allodynia (H and I) and heat hyperalgesia (J). n = 12
mice/group. Data from two independent experiments. Two-way RM ANOVA followed by post hoc Tukey test. *, P < 0.05 versus the Znf382 plus Scr-treated
SNL mice. (K) Microinjection with LV-gRNA (gRNA) into L4 DRG dampened the analgesic role of AAV5-Znf382 (Znf382) in spontaneous going pain 14 d after
SNL. n = 9 mice/group. Data from two independent experiments. One-way ANOVA followed by post hoc Tukey test. *, P < 0.05; **, P < 0.01.
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Figure 6. ZNF382 forms a complex with HDAC1 and SETDB1 in DRG neurons. (A) HDAC1 and SETDB1, but not KAP1, HDAC2, CBX1, CBX3, or CBX5, were
immunoprecipitated by anti-Flag antibody in the ipsilateral L3/L4 DRGs premicroinjected with AAV5-Znf382-Flag, but not AAV5-Gfp-Flag. n = 2 repeats (40
mice)/group. Data are representative of two independent experiments. Input: 5% of the total lysis. (B) ZNF382 and SETDB1 were co-immunoprecipitated by
anti-HDAC1 antibody in the ipsilateral L4 DRG on day 7 after SNL or sham surgery, and the relative binding of ZNF382 to HDAC1 was decreased in SNL
compared with sham after normalized to the IP protein. n = 3 repeats (60 mice)/group. Data from three independent experiments. **, P < 0.01 versus sham
group by two-tailed unpaired Student’s t test. Input: 5% of the total lysis. (C) ZNF382 and HDAC1 were co-immunoprecipitated by anti-SETDB1 antibody in the
ipsilateral L4 DRG on day 7 after SNL or sham surgery, and the relative binding of ZNF382 to SETDB1 was decreased in SNL compared with sham after
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Silencer is required for ZNF382 regulation in epigenetic
modifications of Cxcl13
The evidence described above strongly implies that the inter-
genic silencer likely interacts with the Cxcl13 promoter in spatial
conformation. To further verify this conclusion, we performed
chromosome conformation capture (3-C) assay to explore the
structural basis between silencer and promoter (Hagège et al.,
2007; Jefferson et al., 2018; Naumova et al., 2012). 3-C–PCR assay
revealed that promoter-located fragment (−2,588, +371 bp) could
connect to silencer-located fragment (−30,481, −27,190 bp) after
genome reconstitution in DRG, but not in SC (Fig. 9 A), indi-
cating that DRG Cxcl13 silencer could get close to the promoter in
spatial conformation. Moreover, there was no noticeable dif-
ference in the level of 3-C product between sham and SNL mice,
suggesting that the silencer–promoter loop formation did not
depend on ZNF382 (Fig. 9 A). Unsurprisingly, ChIP assay further
revealed that the CRISPR/Cas9-mediated silencer deletion de-
creased the occupancy of HDAC1 and increased the level of ac-H3
in F11 in injured DRG premicroinjectedwith AAV5-Znf382 (Fig. 9,
B and C). Consistently, this deletion lessened the SETDB1 occu-
pancy and H3K9me3 level in F10 in injured DRG pre-
microinjected with AAV5-Znf382 (Fig. 9, D and E). Taken
together, Cxcl13 silencer forms a loop with promoter and acts as
a scaffold for ZNF382-triggered epigenetic modifications of
Cxcl13 in the DRG.

Discussion
In this study, we provided the first evidence to our knowledge
that ZNF382 inhibited DRG Cxcl13 expression by a repressive
epigenetic mechanism that depended on a chromosomal loop
between silencer and promoter. Peripheral nerve injury led to
the down-regulation of ZNF382 expression in injured DRG
neurons. This down-regulation caused a loss in ZNF382 binding
to the upstream silencer element of Cxcl13 and a reduced com-
plex formation with HDAC1/SETDB1, resulting in increase of ac-
H3 level and decrease of H3K9me3 level in Cxcl13 promoter, and
consequent elevation of CXCL13 in injured DRG neurons. Our
findings explore a novel mechanism by which down-regulated
ZNF382 promotes Cxcl13 gene transcription through the silencer-
based epigenetic disinhibition in injured DRG under neuropathic
pain conditions (Fig. 10).

Previous studies revealed that DRG up-regulated TFs, like
CCAAT/enhancer-binding protein β, octamer TF 1, and myeloid
zinc finger protein 1, contributed to neuropathic pain (Li et al.,
2015; Li et al., 2017; Yuan et al., 2019). The present study iden-
tified a persistently down-regulated TF, ZNF382, in injured DRG
neurons after peripheral nerve injury, including SNL, CCI, and
SNI. This down-regulation may be considered as a potential
marker for nerve trauma. We further demonstrated that Znf382

mRNA was also markedly down-regulated in injured DRG,
suggesting that Znf382 gene transcription is inhibited in DRG
neurons under neuropathic pain conditions. The mechanisms of
how this transcriptional inactivation occurs are still unknown,
but may be caused by other repressive TFs, epigenetic mod-
ifications, and/or decrease in RNA stability. These possibilities
will be addressed in our future studies.

CXCL13 is a key player in neuropathic pain. The amounts of
CXCL13 in SC neurons and its receptor CXCR5 in spinal as-
trocytes were significantly increased in SNL mice and type
2 diabetes mice (Jiang et al., 2016; Liu et al., 2019a). These in-
creases were also observed in the trigeminal ganglion (TG) after
infraorbital nerve ligation (Zhang et al., 2016). Consistently, we
observed that peripheral nerve injury increased the levels of
Cxcl13 mRNA and protein in injured DRG neurons. Nociceptive
hypersensitivity caused by SNL or infraorbital nerve ligation
was alleviated in Cxcr5 knockout mice (Jiang et al., 2016; Zhang
et al., 2016; Zhang et al., 2017a). TG knockdown of CXCL13 or
CXCR5 by their respective shRNA attenuated infraorbital nerve
ligation–induced mechanical allodynia (Zhang et al., 2016). The
present study revealed that DRG microinjection of Cxcl13 siRNA
or CXCL13 antibody impaired SNL-induced nociceptive hyper-
sensitivities. DRG microinjection of CXCL13 led to the enhanced
responses to peripheral stimuli. Intrathecal injection or intra-TG
injection of CXCL13 not only produced nociceptive hypersensi-
tivity but also increased the activation of ERK and subsequent
production of TNF-α and IL-1β in the TG or SC of WT mice, but
not in Cxcr5 knockout mice (Jiang et al., 2016; Zhang et al., 2016).
Pretreatment with the MEK, TNF-α, or IL-1β inhibitor blocked
CXCL13-induced mechanical allodynia (Zhang et al., 2016). The
MEK inhibitor also reduced CXCL13-induced TNF-α and IL-
1β up-regulation in TG (Zhang et al., 2016). Given that CXCR5 is
expressed in the neurons of DRG and TG (Wu et al., 2016b;
Zhang et al., 2016), these findings suggest that neuronally in-
creased CXCL13 contributes to neuropathic pain likely through
ERK-mediated inflammatory mediator production and release
in DRG.

ZNF382 down-regulation is required for transcriptional ac-
tivation of Cxcl13 gene through the silencer-based epigenetic
disinhibition in injured DRG neurons under neuropathic pain
conditions. TFs regulate gene expression generally through their
direct binding to the targeted gene promoters (Li et al., 2015; Li
et al., 2017; Yuan et al., 2019). Recent studies suggest that TFs
also control gene expression, possibly via their binding to the
enhancers or silencers at distal upstream/downstream of the
targeted gene promoter (Ba et al., 2020; Beagan et al., 2017; Lin
et al., 2019; Nolis et al., 2009; Ogbourne and Antalis, 1998; Park
et al., 2014; Thurman et al., 2012). In line with this conclusion,
the present study for the first time showed that ZNF382 inter-
acted with the silencer at the distal upstream of Cxcl13 promoter

normalized to the IP protein. n = 3 repeats (60 mice)/group. Data from three independent experiments. **, P < 0.01 versus sham group by two-tailed unpaired
Student’s t test. Input: 5% of the total lysis. (D) ZNF382 was immunoprecipitated by neither anti-KAP1, anti-HDAC2, anti-CBX1, anti-CBX3, nor anti-CBX5
antibodies in the L4 DRG of sham mice. n = 2 repeats. Data are representative of two independent experiments. Input: 5% of the total lysis. (E and F) Co-
localization of Znf382 mRNA with HDAC1 and TUJ1 (E), and colocalization of Znf382 mRNA with SETDB1 and TUJ1 (F) in the L4 DRG of naive mice. n = 3 mice.
Data are representative of three independent experiments. Scale bar: 50 µm. IB, immunoblot.
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Figure 7. ZNF382 determines the HDAC1-mediated ac-H3 enrichment in the Cxcl13 promoter and 59-UTR. (A) Fragments immunoprecipitated by anti-ac-
H3 antibody from the Cxcl13 promoter and 59-UTR in mice L4 DRGs. n = 2 repeats (12 mice). Data are representative of two independent experiments. Input:
total purified fragments. M, ladder marker. (B) The increased level of ac-H3 in F11 and F3 in the ipsilateral L4 DRG on day 7 after SNL. n = 3–5 repeats (18–30
mice)/group. Data from three independent experiments. *, P < 0.05; ***, P < 0.001. Two-tailed unpaired Student’s t test. (C) The decreased abundance of
HDAC1 in F11, but not F3, in the ipsilateral L4 DRG on day 7 after SNL. n = 3 repeats (18 mice)/group. Data from two independent experiments. *, P < 0.05. Two-
tailed unpaired Student’s t test. (D and E) Effect of AAV5-Znf382 (Z) or AAV5-Gfp (Gfp) on the abundances of HDAC1 (D) and ac-H3 (E) in F11 in the ipsilateral L4
DRG on day 7 after SNL or sham surgery. n = 3 repeats (18 mice)/group. Data from two independent experiments. *, P < 0.05; **, P < 0.01. Two-tailed unpaired
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in DRG. ZNF382 also bound to HDAC1 and SETDB1, respectively,
and formed the complex of ZNF382/HDAC1/SETDB1 in DRG. A
previous study reported that KRAB-containing ZNFs, including
ZNF382, were prone to bind to KAP1 first and then recruited the
epigenetic corepressors (Urrutia, 2003). However, our Co-IP
experiments showed that ZNF382 did not bind directly to
KAP1 in DRG. Deletion of the KRAB domain of ZNF382 that
bonds to KAP1 did not modify the transformation suppressive
activity of ZNF382 in NIH3T3 cells (Gebelein et al., 1998). Some
identified KRAB-containing ZNFs in HEK293 cells recruited
epigenetic corepressors via intermediates like heterogeneous
nuclear ribonucleoproteins independent of KAP1 (Itokawa et al.,
2009). The evidence indicates other components, rather than
KAP1, are involved in recruitment of epigenetic corepressors
among the ZNF382-mediated complex in DRG, which remains to
be identified in the future. Although ZNF382 did not directly
bind to the Cxcl13 promoter, the silencer formed a loop with
Cxcl13 promoter in spatial conformation, which allowed HDAC1
and SETDB1 to deacetylate and methylate, respectively, the
Cxcl13 promoter, resulting in the silence of Cxcl13 gene tran-
scription in DRG. Our data also revealed that SNL-induced DRG
ZNF382 down-regulation resulted in the decomposition of the
ZNF382/HDAC1/SETDB1 complex, reductions in HDAC1/SETDB1
occupations in the Cxcl13 promoter, and subsequent promotion
of Cxcl13 gene transcription in injured DRG neurons after SNL.
Indeed, rescuing DRG ZNF382 down-regulation blocked the
SNL-induced increases in Cxcl13 mRNA and protein in DRG.
Mimicking this down-regulation through DRG microinjection of
Znf382 siRNA or AAV5-shRNA elevated DRG CXCL13 expression.
Moreover, blockade of ZNF382 binding to silencer by decoy DNA
or genetic deletion of silencer by CRISPR/Cas9 impaired the
ZNF382 suppression on Cxcl13 transcription and reduced the
ZNF382-mediated occupancy of HDAC1 and SETDB1 in the Cxcl13
promoter in injured DRG. DRG knockdown of HDAC1 and SETDB1
through DRG microinjection of their respective siRNA also im-
paired the inhibitory effect of ZNF382 on the increased level of ac-
H3 and the decreased level of H3K9me3, respectively, in the Cxcl13
promoter in injured DRG after SNL. Our microarray data showed
that, in addition to the most down-regulated Cxcl13 gene, ZNF382
overexpression repressed other inflammatory factors. Thus, the
possibility of down-regulated ZNF382 involvement in neuropathic
pain partially by regulating these inflammatory factors cannot be
excluded and needs to be further investigated in the future.

HDAC1-mediated histone deacetylation and SETDB1-mediated
H3K9 trimethylation are associated with the accessibility of
promoter and its consequent transcriptional activity (Daskalaki
et al., 2018; He et al., 2011). The increased ac-H3 and decreased
H3K9me3 enrichments in the Cxcl13 promoter likely contrib-
uted to the nerve injury–induced up-regulation of CXCL13 in
injured DRG. Indeed, ZNF382 overexpression–induced increased

occupancy of HDAC1 and SETDB1 diminished the ac-H3 enrichment
and elevated the H3K9me3 enrichment in the Cxcl13 promoter, re-
sulting in the Cxcl13 transcriptional repression. In contrast, ZNF382
knockdown–induced reduced occupation of HDAC1 and SETDB1
increased the ac-H3 level and lowered the H3K9me3 level in the
Cxcl13 promoter, leading to the promotion of Cxcl13 transcription. It
is worth noting that other potential mechanisms by which Cxcl13
gene is activated in injured DRG after nerve injury cannot be ruled
out. A previous study showed the involvement of down-regulated
miR-186-5p in the SNL-induced increase of CXCL13 expression in
SC neurons (Jiang et al., 2016). Our 3-C result of the SC showed that
the silencer–promoter loop of Cxcl13 was absent in the SC. These
findings suggest that, in different tissues, CXCL13 expression
is regulated by different mechanisms.

Down-regulated DRG ZNF382 contributes to neuropathic
pain. The present study demonstrated that rescuing ZNF382
down-regulation significantly alleviated neuropathic pain de-
velopment and maintenance in male and female mice. Mim-
icking nerve injury–induced DRG ZNF382 down-regulation
produced neuropathic pain–like symptoms in male and female
mice. Specific pathways in the spinal microglia or DRG macro-
phage were involved in the sexual dimorphism of neuropathic
pain (Luo et al., 2019; Midavaine et al., 2021). Sexual dimor-
phism seems to be limited to microglial or macrophage cells,
since the inhibition of pain-related signaling in neurons and
astrocytes produced similar analgesia in both sexes (Chen et al.,
2018; Villa et al., 2019). Given that ZNF382, downstreamCXCL13,
and its receptor, CXCR5, are expressed exclusively in the DRG
neurons, it accounts for the consistency of male and female mice
pain symptoms observed in the present study. These symptoms
could be blocked by DRG post-microinjection of Cxcl13 siRNA
or be impaired in Cxcr5−/− mice. As discussed above, down-
regulated DRG ZNF382 is responsible for transcriptional activa-
tion of Cxcl13 gene through losing the silencer-based epigenetic
inhibition on Cxcl13 promoter in injured DRG neurons. Blockade
of ZNF382 binding to silencer or genetic deletion of silencer not
only reversed the ZNF382 suppression on Cxcl13 transcription
but also impaired the inhibitory effect of ZNF382 on SNL-
induced nociceptive hypersensitivity. Given that increased
DRG CXCL13 contributed to neuropathic pain through ERK-
mediated production of inflammatory mediators (e.g., TNFα;
Jiang et al., 2016; Zhang et al., 2016) and that increased DRG
TNFα elevated nociceptor excitability and induced hyperalgesia
through enhancing voltage-gated sodium channel function in
DRG neurons (Liu et al., 2002; Leo et al., 2015; Fischer et al.,
2017), the anti-nociceptive effect produced by ZNF382 over-
expression in neuropathic pain likely results from the silencing
of CXCL13 and subsequent inactivation of ERK signaling pathway
in injured DRG. Inactive ERK signaling pathway may cause the
reductions in DRG neuronal excitability (Zhang et al., 2018) and

Student’s t test. (F and G) Effect of AAV5-Znf382 shRNA (shRNA) or AAV5-scrambled shRNA (Scr) on the abundances of HDAC1 (F) and ac-H3 (G) in F11 in the
ipsilateral L3/L4 DRGs 8 wk after microinjection. n = 3 repeats (9 mice)/group. Data from two independent experiments. *, P < 0.05; **, P < 0.01. Two-tailed
unpaired Student’s t test. (H) Effect of Hdac1 siRNA (siHD1) or scrambled siRNA (Scr) on the abundance of ac-H3 in F11 on day 5 after SNL surgery in the
ipsilateral L4 DRG premicroinjected with AAV5-Znf382 (Z). n = 3 repeats (18 mice)/group. Data from two independent experiments. **, P < 0.01. Two-tailed
unpaired Student’s t test.
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Figure 8. ZNF382 determines the SETDB1-mediated H3K9me3 enrichment in the Cxcl13 promoter. (A) Fragments immunoprecipitated by anti-H3K9me3
antibody from the Cxcl13 promoter and 59-UTR in mice L4 DRGs. n = 2 repeats (12 mice). Data are representative of two independent experiments. Input: total
purified fragments. M, ladder marker. (B) The decreased level of H3K9me3 in F10 in the ipsilateral L4 DRG on day 7 after SNL. n = 3 repeats (18 mice)/group.
Data from three independent experiments. *, P < 0.05. Two-tailed unpaired t test. (C) The decreased abundance of SETDB1 in F10 in the ipsilateral L4 DRG on
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primary afferent transmitter release (Latremoliere and Woolf,
2009), resulting in the attenuation of central sensitization in
the SC dorsal horn. In support of this conclusion, we found that
rescuing ZNF382 down-regulation in injured DRG attenuated the
SNL-induced hyperactivation not only in DRG neurons but also
in spinal dorsal horn neurons and astrocytes. However, other
potential mechanisms of ZNF382 participation in neuropathic
pain cannot be excluded. Our microarray data showed that other
pain-related genes also exhibited decreased transcription after
ZNF382 overexpression in injured DRG. Whether these tran-
scripts are involved in the role of down-regulated ZNF382 in
neuropathic pain remains to be explored. It should be noted that
rescuing DRG ZNF382 down-regulation partially reduced neu-
ropathic pain. This indicates that other mechanisms also play a
critical role in nerve injury–induced nociceptive hypersensitiv-
ity. For example, the changes of gene expression in intact/ad-
joining DRG may participate in neuropathic pain progression
(Klusáková and Dubový, 2009; Takasu et al., 2011; Yang et al.,
2018), although ZNF382 expression was not altered in these
DRGs after peripheral nerve injury. In addition, glial cells and
immune cells in the DRG after peripheral nerve injury are in-
volved in neuropathic pain genesis (Calvo et al., 2012; Ji et al.,
2016). In the DRG, T-lymphocyte infiltration occurs after nerve
injury and releases leukocyte elastase, producing mechanical
allodynia (Vicuña et al., 2015). Also, DRGmacrophages expansion
following peripheral nerve injury triggers a reciprocal interac-
tion between sensory neurons to induce neuropathic pain (Yu
et al., 2020). Concurrent injuries to the motor axons in pain
models also contribute to spinal central sensitization and noci-
ceptive hypersensitivity by activated glial and neuronal cells in
the SC (Richner et al., 2014). Thus, the combined approaches that
target multiple mechanisms underlying neuropathic pain likely
produce profound effects in managing this disorder.

In summary, our study reveals a novel molecular mechanism in
which down-regulated ZNF382 is required for neuropathic pain de-
velopment and maintenance through losing silencer-based epigenetic
inhibition on Cxcl13 promoter and promoting its expression in injured
DRG neurons. Given that rescuing the nerve injury–induced DRG
ZNF382 down-regulation mitigated neuropathic pain without altering
basal/acute pain or locomotor functions, thepresent studymayoffer us
future prospects of neuropathic pain management with a conceivable
foray into the new realm of three-dimensional regulation of pain-
associated genes and a plethora of potential therapeutic strategies.

Materials and methods
Animals
C57BL/6J mice (6–8 wk old for in vivo experiments and 3–4 wk
old for in vitro culture) were purchased from SLAC Laboratory.

Cxcr5−/− mice provided by Dr. Yong-Jing Gao (Nantong Univer-
sity, Nantong, China) were obtained by mating heterozygous
mice after being backcrossed on a C57BL/6J background for 10
generations. WT littermate mice were used as the control. Mice
used in the study referred to the male ones unless otherwise
specified. Animals were hosted in a centralized location in the
Second Affiliated Hospital of Zhejiang University, School of
Medicine, with a standardized circadian cycle of 12 h for light
and darkness. Mouse chow and water were provided ad libitum.
All experiments were approved by the Zhejiang Animal Care and
Use Committee and the Ethics Committee of the Second Affili-
ated Hospital of Zhejiang University, School ofMedicine. Utmost
care was taken to ensure the welfare of the mice and keep their
usage to a minimum. Behavioral experiments were undertaken
with blinded investigators, with no knowledge of the content of
viral or other preparation conditions.

Animal models
Three rodent neuropathic pain models, L4 SNL, CCI, and SNI,
were performed according to the methods previously described
(Decosterd and Woolf, 2000; Rigaud et al., 2008; Wang and
Wang, 2003). In brief, the mice were anesthetized with sodi-
um pentobarbital. For the SNL model, the lower back was dis-
sected until the transverse lumbar process was exposed. After
the process was removed, the L4 spinal nerve underneath was
ligated with a silk 6–0 thread. A slight distal location was chosen
for transecting around the ligation site. Subsequent layers of
muscle and skinwere closed. For the CCI model, the sciatic nerve
was loosely ligated with 6–0 silk thread at four sites with an
interval of ∼1 mm proximal to trifurcation of the sciatic nerve.
For the SNI model, tibial and common peroneal nerves were cut
and ligated with a silk 6–0 thread, and the sural nerve was
undamaged. The sham groups undertook identical procedures,
without the ligature or transection of the corresponding nerves.
Any mice showing neurological deficits after the operation were
excluded from experimental treated groups.

Behavioral tests
Mechanical, heat, and spontaneous pain tests along with loco-
motor function test were performed as described in the previous
studies (King et al., 2009; Ma et al., 2021; Tao et al., 2003; Zhao
et al., 2013). Each behavioral test was performed at 1-h intervals.

PWFs and PWTs were defined as a response to mechanical
stimulation via von Frey filaments. Briefly, the animal was in-
troduced to an individual Plexiglas chamber on an elevatedmesh
screen. Two calibrated von Frey filaments (0.07 g and 0.4 g;
DanMic Global) were used to stimulate the hind paw for ∼1 s,
and the hind paw was stimulated repeatedly 10 times at 5-min
intervals. Paw withdrawal responses were averaged over the

day 7 after SNL. n = 3 repeats (18 mice)/group. Data from two independent experiments. **, P < 0.01. Two-tailed unpaired Student’s t test. (D and E) Effect of
AAV5-Znf382 (Z) or AAV5-Gfp (Gfp) on the abundances of SETDB1 (D) and H3K9me3 (E) in F10 in the ipsilateral L4 DRG on day 7 after SNL or sham surgery. n = 3
repeats (18 mice)/group. Data from three independent experiments. *, P < 0.05; **, P < 0.01. Two-tailed unpaired Student’s t test. (F and G) Effect of AAV5-
Znf382 shRNA (shRNA) or AAV5-scrambled shRNA (Scr) on the abundances of SETDB1 (F) and H3K9me3 (G) in F10 in the ipsilateral L3/L4 DRGs 8 wk after
microinjection. n = 3 repeats (9 mice)/group. Data from three independent experiments. *, P < 0.05. Two-tailed unpaired Student’s t test. (H) Effect of Setdb1
siRNA (siSET1) or scrambled siRNA (Scr) on the abundance of H3K9me3 in F10 on day 5 after SNL in the ipsilateral L4 DRG premicroinjected with AAV5-Znf382
(Z). n = 3 repeats (18 mice)/group. Data from two independent experiments. *, P < 0.05. Two-tailed unpaired Student’s t test.
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Figure 9. Silencer is required for ZNF382 regulation in epigeneticmodifications in Cxcl13. (A) 3-C–PCR at the Cxcl13 silencer/promoter loop. Schematic of
the Cxcl13 locus with regions of interest indicated and the Cxcl13 locus following NcoI digestion and T4 ligation of bound fragments. Gel electrophoresis of 3-
C–PCR products from the L4 DRG and SC dorsal horn of sham mice, and from injured L4 DRG of SNL mice. ERCC3 was used as a control. Sequence chro-
matogram of excised band with regions of interest denoted. n = 2 repeats. Data are representative of two independent experiments. M, ladder marker. (B and
C) Effect of LV-gRNA (gRNA) or LV-scrambled gRNA (Scr) on the levels of HDAC1 (B) and ac-H3 (C) in F11 on day 7 after SNL in the ipsilateral L4 DRG
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number of trials and calculated in percentages, which resulted in
the PWF ([number of pawwithdrawals/10 trials] × 100 = percent
response frequency). For the PWT, the animal hind paw was
stimulated with a series of von Frey filaments (0.02, 0.04, 0.07,
0.16, 0.4, 0.6, 1, and 2 g) starting from 0.16 g. If a negative re-
sponse was seen, the next larger von Frey filament was applied.
If a positive response occurred, the next smaller von Frey fila-
ment was applied. Six von Frey tests were performed in each
animal, and the 50% PWT was determined based on Dixon’s up-
down method (Dixon, 1980).

A Model 336 Analgesia Meter (IITC Inc. Life Science Instru-
ments) was used to measure PWLs to the noxious application of
heat. In brief, the rodent was introduced to an individual Plex-
iglas chamber on a glass plate. The analgesic meter’s light
emitter beamed through a keyhole onto the hind paw’s plantar
surface, with the stimuli switched off upon pawwithdrawal. The
PWL was logged, defined as time passed between initiation of
the stimuli to paw withdrawal. Five trials were undertaken with
an interval of 5 min each. A 20-s cutoff limit was defined to
eliminate any tissue injury.

Locomotor function tests the righting, grasping, and placing
reflexes after PWF and PWL. For the righting reflex, the rodent
was placed supine on a flat surface. The time it took to upright
itself to a normal position was recorded. For the grasping reflex,
the rodent was placed on a wire mesh, any contact or grasp of
the wire was recorded. For the placing reflex, the rodent was
placed on the edge of a surface with the hind leg in a lower
position than forelimbs, while leaving hindlimbs just off contact
with the edge of a platform. Whether the hind paws were re-
flexively placed on the platform was recorded. Each trial was
repeated at a 5-min interval five times, and the scores for each
reflex were recorded on the basis of counts of each normal
reflex.

The conditioned place preference (CPP) test was performed
as described (He et al., 2012; King et al., 2009; Li et al., 2017; Zhao
et al., 2017) after the described behavioral tests above. In short,
the CPP apparatus consisting of two distinct Plexiglas chambers
connected with an internal door (MEDAssociates Inc.) was used.
The movement of each animal and time spent in each chamber
were monitored with sensors around the perimeters and

premicroinjected with AAV5-Znf382 (Z). n = 3 repeats (18 mice)/group. Data from two independent experiments. *, P < 0.05. Two-tailed unpaired Student’s
t test. (D and E) Effect of LV-gRNA (gRNA) or LV-scrambled gRNA (Scr) on the levels of SETDB1 (D) and H3K9me3 (E) in F10 on day 7 after SNL in the ipsilateral
L4 DRG premicroinjected with AAV5-Znf382 (Z). n = 3 repeats (18 mice)/group. Data from two independent experiments. *, P < 0.05. Two-tailed unpaired
Student’s t test.

Figure 10. Schematic shows the proposed mechanism by which ZNF382 participates in neuropathic pain. ZNF382 is down-regulated in injured DRG
neurons after peripheral nerve injury. ZNF382 down-regulation reduces the ZNF382/HDAC1/SETDB1 complex formation and diminishes the corepressors
occupancy in Cxcl13 gene promoter and 59-UTR at the structural basis of the silencer–promoter loop. The latter increases the ac-H3 enrichment on F11 and
decreases the H3K9me3 enrichment on F10 in Cxcl13 gene promoter and 59-UTR, resulting in the transcriptional activation of Cxcl13 in injured DRG neurons.
ZNF382-mediated increased CXCL13 acts on the neuron-expressed receptor CXCR5 to promote DRG neuronal hyperactivation, which eventually contributes to
central hyperactivation and pain hypersensitivity. Gray color pattern: potential unknown components.
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recorded in MED-PC CPP software. The animal was first pre-
conditioned for 30 min with full access to two chambers to
habituate them to the environment. At the end of the pre-
conditioning phase, the basal duration time spent in each box
was recorded for 900 s to check for any preexisting bias in
preference. These mice were excluded from the experiment
with <180 s or >720 s in each chamber. The conditioning pro-
tocol was then performed in the following 3 d under the con-
ditions of internal door closed. In early morning of the first day,
the animal was first given intrathecally 5 µl of saline and paired
with one conditioning chamber. In the later afternoon, the
animal received an intrathecal injection of 0.8% lidocaine
(dissolved in 5 µl of saline) and was paired with another
conditioning chamber. The order of the injection between li-
docaine and saline was switched during the following 2 d. On
the test day (at least 20 h) after conditioning, the animal was
placed in a chamber with free access to both chambers. The
duration of time spent in each chamber was recorded for
15 min for each animal. Difference scores were calculated as
post-conditioning time subtracted from preconditioning time
spent in the lidocaine-paired chamber.

DRG microinjection
DRG microinjection was performed as described (Li et al., 2020;
Zhao et al., 2017; Zhao et al., 2013). Briefly, after the animal was
anesthetized with sodium pentobarbital, a midline incision in
the lower lumbar back region was made, and the lumbar artic-
ular process was exposed and partly removed. The exposed DRG
was injected with solutions at 0.5–1 µl through a glass micro-
pipette connected to a Hamilton syringe. The AAV5 (titer ≥ 1013

vector genomes/ml) or LV (titer ≥ 5 × 108 transduction units/ml;
He et al., 2020; Jiang et al., 2016; Li et al., 2020; Takasu et al.,
2011; Zhang et al., 2016; Zhao et al., 2013), siRNA (20 µM; Li
et al., 2020; Li et al., 2017; Mo et al., 2018; Zhang et al., 2018),
decoy DNA (0.75 µg/µl), recombinant murine CXCL13 (50 µg/
ml; PeproTech; 250–24), or CXCL13 neutralizing antibody (100
µg/ml; R&D Systems; MAB470; Jiang et al., 2016; Wu et al.,
2016b; Zhang et al., 2016) used in the present study were se-
lected by referring to the former studies. To improve delivery
and prevent degeneration of siRNA and DNA, TurboFect in vivo
transfection reagent (Thermo Fisher Scientific; R0541) was used
as a delivery vehicle as reported previously (Li et al., 2020; Li
et al., 2017). The needle remained in place for 10 min after the
infusion process. The animals showing signs of paresis or other
abnormalities were excluded from the experiments. The in-
jected DRGs were stained with hematoxylin/eosin to examine
the integrity of structure and no obvious leukocyte infiltration.

DRG neuronal culture, transfection, and transduction
Primary DRG neuronal cultures, viral transduction, and siRNA
transfection were performed as described with minor mod-
ifications (Zhao et al., 2013). In short, all DRGs from the 3–4-wk-
old C57BL/6J mice were harvested in cold neurobasal medium
(Gibco) containing 10% fetal bovine serum (Gibco), 1% GlutaMAX
(100×; Gibco), 2% B-27 (Gibco), and 1% penicillin-streptomycin
(10,000 U/ml; Gibco). The DRGs were then treated with enzyme
solution (1 mg/ml collagenase type I, 5 mg/ml dispase in HBSS

without Ca2+ andMg2+; Gibco). The contentwas then centrifuged
and triturated, and dissociated neurons were resuspended in a
mixed neurobasal medium, then pipetted into a poly-D-lysine
(50 µg/ml; Gibco)–coated six slot well. The cell suspension was
subsequently incubated at 37°C with 95% O2 and 5% CO2. For
viral infection, 5 µl of AAV5 virus (titer ≥ 1013) was added to each
well after 24 h of incubation. For siRNA transfection, siRNA was
diluted and transfected to the cultured DRG neurons with Lip-
ofectamine 3000 (Invitrogen) according to the manufacturer’s
instructions. At least 3 d later, the neurons were harvested for
RNA or protein extraction as described below.

RT-PCR
For quantitative real-time RT-PCR, four ipsilateral L4 DRGs from
four SNLmice or four ipsilateral L3/4 DRGs from two CCI or SNI
mice were pooled together to achieve enough RNA. Total RNA
from the tissue or the cultured samples was extracted and pu-
rified using the miRNeasy kit with genome DNA Eliminator
Columns (QIAGEN) and reverse-transcribed using the Super-
Script First-Strand Synthesis System (Invitrogen/Thermo Fisher
Scientific). Each sample was run in a 20-µl reaction with 20 ng
cDNA, 10 µl SsoAdvanced Universal SYBR Green Supermix (Bio-
Rad) and 250 nM forward and reverse primers. Tuba-1a was
used as an internal control for normalization. Reactions were
performed with the Applied Biosystems QuantStudio5 real-time
PCR system. mRNA levels were calculated using the ΔCt method
(2-ΔΔCt). All data were normalized to Tuba-1a, which has been
demonstrated to be stable even after peripheral nerve injury
insult (Wu et al., 2016a; Zhao et al., 2013). All the primers are
listed in Table S1.

For single-cell RT-PCRs, freshly dissociated DRG neurons
were first prepared as described (Xu et al., 2014; Zhao et al.,
2013). In short, a single living DRG neuron, after 4 h of plat-
ing, was collected using an inverted microscope fit with a mi-
cromanipulator and microinjector and placed in a PCR tube with
5 µl of cell lysis buffer (Signosis). After centrifugation, the su-
pernatants were collected and divided into several PCR tubes for
Znf382, Cxcl13, or Tuba-1a genes. The remaining RT-PCR proce-
dures were performed following the manufacturer’s instructions
with the single-cell RT-PCR assay kit (Signosis). PCR products
after amplification were separated on a 2% agarose gel contain-
ing 0.025% ethidium bromide, and bands were visualized under
UV illumination and photographed with the Gel Doc XR+ Imag-
ing System (Bio-Rad).

Microarray and bioinformatic analyses
The tissue collection and RNA extraction were performed as
described above. The concentration of RNA was determined by
the NanoDrop ND-2000 (Thermo Fisher Scientific), and the
Agilent Bioanalyzer 2100 (Agilent Technologies) was used to
assess the RNA integrity. Following the manufacturer’s standard
protocols, the sample was labeled, hybridized, and washed. In
short, double-strand cDNA was transcribed from the total RNA,
and then complementary RNAwas synthesized and labeled with
Cyanine-3-CTP. The labeled complementary RNAs were then
hybridized onto the microarray. After washing, the arrays were
scanned by the Agilent Scanner G2505C (Agilent Technologies).
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Feature Extraction software (version 10.7.1.1; Agilent Technolo-
gies) was used to analyze the array images and get raw data.
Quantile normalization of raw data and subsequent data pro-
cessing were performed using the Genespring (version 13.1;
Agilent Technologies). GO enrichment analysis of differentially
expressed genes was performed using DAVID Bioinformatics
Resources (https://david.ncifcrf.gov/). Gene expression profile
data of DRG from animals with nerve injury were obtained from
a previous study published in the Gene Expression Omnibus
database (accession no. GSE30691). Volcano plotting was used to
show the differential gene expression pattern between sham and
nerve injury samples. The intersection of genes between the
different groups was visualized using a Venn diagram.

Plasmids construction and virus production
The Znf382 coding sequence was synthesized (GenBank acces-
sion no. NM_001081007.2) and inserted into pro-viral plasmids
pAAV-CMV-MCS-P2A-GFP and pAAV-CMV-GFP-P2A-MCS-
FLAG (SunBio) using the Seamless Cloning and Assembly Kit
(SunBio). pAAV-CMV-GFP or pAAV-CMV-GFP-FLAG was used
as the corresponding control (SunBio). Znf382 shRNA duplex
corresponding to bases 694–712 from the open reading frame of
mouse Znf382 mRNA (GenBank accession no. NM_001081007.2)
was designed. A mismatch shRNA with a scrambled sequence
(scrambled shRNA) was used as a control. shRNA oligonucleo-
tides listed in Table S1 were annealed and were inserted to
pAAV-CMV-GFP-mir30arm-shRNA (SunBio). Adeno-associated
virus (AAV5) packaging was completed with SunBio Biotech-
nology. Four silencer-target gRNAs are listed in Table S1 and
were inserted to pLenti-MCS-EF1a-Cas9-FLAG-P2A-GFP (Obio
Technology). A mismatch gRNA with a scrambled sequence and
no known homology to a mouse gene was used as a control. LV
packaging was completed by Obio Technology. Silencer frag-
ments were inserted into the pMD19-T vector and used as the
decoy DNA, and the empty vector was used as a control. All the
constructs were sequenced to prove sequence integrity. Znf382
siRNA (assay ID: s107425), Cxcl13 siRNA (assay ID: s79951), Hdac1
siRNA (assay ID: s119557), Setdb1 siRNA (assay ID: s96549), and its
NC siRNA (catalog number 4390843) were purchased from
Thermo Fisher Scientific.

ISH
The ISH was performed as described previously with minor
modifications (Dong et al., 2001; Li et al., 2017; Pan et al., 2021;
Zhao et al., 2013). Mice were deeply anesthetized with sodium
pentobarbital, and perfused through the ascending aorta with
cold 0.01 M PBS, pH 7.4, followed by 4% paraformaldehyde in
0.01 M PBS. After the perfusion, bilateral L4 DRGs were rapidly
dissected and post-fixed in the same fixative solution for 4 h at
4°C, and dehydrated in 30% sucrose at 4°C overnight before
frozen sectioning in a cryostat. Two sets of 15-µm sections were
collected from each DRG by grouping every third section. Znf382
mRNA antisense and sense probes were prepared by in vitro
transcription (Roche Diagnostics) with primers listed in Table
S1, and labeled with digoxigenin-digoxigenin-uridine triphos-
phate using DIG RNA Labeling Mix (Roche Diagnostics) ac-
cording to the manufacturer’s instructions. After treatment with

proteinase K for 15 min at room temperature and prehybrid-
ization for 2 h at 65°C, the two sets of sections were hybridized
with digoxigenin-labeled probes for Znf382 mRNA for 17 h at
67°C. After being washed for 10min three times in saline sodium
citrate buffer, the sections were then blocked in blocking solu-
tion for 1 h at room temperature and incubated with anti-di-
goxigenin-conjugated alkaline phosphatase for 2 h at room
temperature (Biochain; k2191020). After being washed in 1× PBS
containing 0.3% Triton X-100, alkaline phosphatase buffer, and
detection buffer, the sections were developed with Fast Red. For
the double-labeling of ISH and immunohistochemistry, the
sections above were then washed in 1× PBS containing 0.3%
Triton X-100 (PBST) for 5 min three times and blocked for 1 h at
room temperature in PBST containing 5% goat serum, and in-
cubated with chicken anti-TUJ1 (1:250; EMDMillipore; AB9354),
mouse anti–glutamine synthetase (GS; 1:500; EMD Millipore;
MAB302), mouse anti-CGRP (1:200; Abcam; ab81887), mouse
anti-biotinylated IB4 (1:250; Sigma-Aldrich; L2140), mouse anti-
NF200 (1:500; Sigma-Aldrich; NO142), rabbit anti-CXCL13 (1:
100; Novus; 16041) plus chicken anti-TUJ1 (1:250; EMD Milli-
pore; AB9354), rabbit anti-HDAC1 (1:100; Proteintech; 10197–1-
AP) plus chicken anti-TUJ1 (1:250; EMD Millipore; AB9354), or
rabbit anti-SETDB1 (1:50; Proteintech; 11231–1-AP) plus chicken
anti-TUJ1 (1:250; EMDMillipore; AB9354). The fluorescent signals
were then developed with appropriate fluorescence-conjugated
secondary antibodies described below. For quantifying cell size
distribution of Znf382 mRNA-positive neurons and counting co-
localization of Znf382 mRNA with NF200, CGRP, or IB4, nine
equivalent sections from three WT animals were selected for each
group and analyzed together.

Immunohistochemistry
After they were anesthetized with sodium pentobarbital, mice
were perfused with cold PBS and 4% paraformaldehyde. After
perfusion, bilateral L4 DRGs were harvested, post-fixed at 4°C
for 4 h, and dehydrated overnight before frozen sectioning at
15 µm. After being blocked for 1 h at room temperature in PBST
containing 5% goat serum, the sections were incubated over-
night at 4°C with chicken anti-TUJ1 (1:250; EMD Millipore;
AB9354), mouse anti-GS (1:500; EMD Millipore; MAB302),
rabbit anti-CXCL13 (1:100; Novus; 16041) plus chicken anti-TUJ1
(1:250; EMD Millipore; AB9354), rabbit anti-HDAC1 (1:100;
Proteintech; 10197–1-AP) plus chicken anti-TUJ1 (1:250; EMD
Millipore; AB9354), or rabbit anti-SETDB1 (1:50; Proteintech;
11231–1-AP) plus chicken anti-TUJ1 (1:250; EMD Millipore;
AB9354). On the second day, after being washed for 5 min three
times in PBST, the sections were incubated with goat anti-rabbit
antibody conjugated with Cy2 (1:200; Jackson ImmunoResearch)
or DyLight 405 (1:250; Jackson ImmunoResearch; 111–475-003),
or goat anti-mouse antibody or anti-chicken antibody conju-
gated with Cy2 (1:200; Jackson ImmunoResearch), Cy3 (1:200;
Jackson ImmunoResearch), avidin-FITC (1:200; Sigma-Aldrich;
A2050), or Alexa Fluor 594 (1:200; Jackson ImmunoResearch)
for 1 h at room temperature. Control experiments included
omission of the primary antiserum and substitution of normal
mouse or rabbit serum for the primary antiserum. VectaMount
permanent mounting medium (Vector Laboratories) or Vectashield
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plus DAPI mounting medium (Vector Laboratories) were finally
used for slide mounting. A Leica DMI4000 fluorescence mi-
croscope was used for immunofluorescence-labeled image ex-
amination, and a DFC365FX camera (Leica) was used for image
capturing. Single-, double-, or triple-labeled cells were quan-
tified manually or using National Institutes of Health ImageJ
Software.

Western blotting
Bilateral L3 and L4 DRGs and ipsilateral L4 SC were harvested. A
higher protein concentration was achieved by pooling together
four ipsilateral L4 DRGs from four SNL mice or four ipsilateral
L3/4 DRGs from two CCI or SNI mice. Ice-cold lysis buffer was
used for the tissue homogenization, which contained 10 mM
Tris, 5 mM EGTA, 2 mM MgCl2, 1 mM dithiothreitol, 40 µM
leupeptin, and 1 mM phenylmethylsulfonyl fluoride. After cen-
trifugation (4°C, 15 min, 1,500 g), the supernatants were gath-
ered for cytosolic proteins and the pellets for nuclear proteins.
The protein sample concentration was measured using the De-
tergent Compatible Bradford Protein Assay Kit (Beyotime). After
heating at 99°C for 5 min, the samples were loaded onto an SDS-
polyacrylamide gel (Beyotime) and then electrophoretically
transferred onto a nitrocellulose membrane (Beyotime). The
membranes were blocked with 5% nonfat milk Tris-buffered
saline with Tween-20 for 1 h and then incubated overnight
with the following antibodies: mouse anti-histone H3 (1:2,000;
Santa Cruz; sc-517576), mouse anti-β actin (1:5,000; Proteintech;
66009–1-1G), mouse anti-GFAP (1:2,000; CST; 3670S), mouse
anti-CAS9 (1:200; Santa Cruz; sc-517386), rabbit anti-ZNF382
(1:1,500; Abcam; ab51276), rabbit anti-GAPDH (1:5,000; Santa
Cruz; sc-25778), rabbit anti-phospho-ERK1/2 (Thr202/Thy204;
1:2,000; CST; 4370S), rabbit anti-ERK1/2 (1:2,000; CST; 4695S),
rabbit anti-KAP1 (1:1,000; Proteintech; 15202–1-AP), rabbit anti-
HDAC1 (1:2,000; Proteintech; 10197–1-AP), rabbit anti-HDAC2
(1:2,000; Proteintech; 12922–3-AP), rabbit anti-SETDB1 (1:500;
Proteintech; 11231–1-AP), rabbit anti-CBX1 (1:1,000; Proteintech;
10241–2-AP), rabbit anti-CBX3 (1:1,000; Proteintech; 11650–2-
AP), and rabbit anti-CBX5 (1:1,000; Proteintech; 11831–1-AP).
Horseradish peroxidase–conjugated anti-mouse or rabbit sec-
ondary antibodies (1:5,000; Jackson ImmunoResearch) were
used for protein detection, Clarity Western ECL Substrate (Bio-
Rad) for visualization, and ChemiDoc XRS+ System (Bio-Rad) for
exposure. ImageJ software was used for quantification of the
intensity of blots with densitometry. After each was normalized
to the corresponding GAPDH or histone H3 (for nucleus pro-
teins), the relative density values of the treated groups or dif-
ferent time points were determined by dividing the optical
density values from these groups by the average value of the
naive/control groups.

ELISA
The CXCL13 ELISA kit for mouse was purchased from R&D
Systems (MCX130). The DRGs were harvested and homogenized
in the lysis buffer containing proteinase and phosphatase in-
hibitors (Beyotime). Protein concentrations were determined by
Detergent Compatible Bradford Protein Assay Kit (Beyotime).
For each reaction in a 96-well plate, 100 µg of protein was used,

and ELISA was performed according to the manufacturer’s
protocol. Samples were read at wavelength 450 nm with cor-
rection at 570 nm. The standard curve was included in each
experiment, and the reads of all samples were within the range
of the standard curve.

Co-IP assay
Co-IP was performed following the Pierce Classic Magnetic IP/
Co-IP Kit (Thermo Fisher Scientific; 88804) instructions with
minor modifications. Briefly, the DRGs were collected in 1 ml
ice-cold IP Lysis Buffer with PMSF (1:250) and proteinase in-
hibitor cocktail (1:1,000). After centrifugation, the supernatant
was collected. 500 µg protein was used to incubate with ∼5 µg
rabbit anti-Flag antibody (CST; 14793), rabbit anti-IgG control
antibody (Proteintech; 30000–0-AP), rabbit anti-KAP1 antibody
(Proteintech; 15202–1-AP), rabbit anti-HDAC1 antibody (Pro-
teintech; 10197–1-AP), rabbit anti-HDAC2 antibody (Proteintech;
12922–3-AP), rabbit anti-SETDB1 antibody (Proteintech; 11231–1-
AP), rabbit anti-CBX1 antibody (Proteintech; 10241–2-AP), rabbit
anti-CBX3 antibody (Proteintech; 11650–2-AP) or rabbit anti-
CBX5 antibody (Proteintech; 11831–1-AP). The antibody/lysate
solutionwas diluted to 500 µl with IP Lysis Buffer and incubated
overnight at 4°C to form the immune complex. 25 µl of Pierce
Protein A/G Magnetic Beads was prewashed in the tube, which
was placed into a magnetic stand to collect the beads against the
side of the tube. The supernatant was removed, and the antigen
sample/antibody mixture of IP was added to the tube and in-
cubated at room temperature for 1 h with mixing. After the
beads were collected with amagnetic stand andwashed by the IP
Lysis Buffer, the proteins were eluted by 100 µl of Elution Buffer
and neutralized to normal pH before being boiled at 99°C with
loading buffer. The proteins were loaded onto an SDS-
polyacrylamide gel (Beyotime) and transferred to a nitrocellu-
lose membrane (Beyotime) followed by Western blot analysis.
For the detection of ZNF382, HDAC1, HDAC2, SETDB1, KAP1,
CBX1, CBX3, and CBX5, the membranes were treated as de-
scribed above except that they were incubated with mouse anti-
rabbit IgG (conformation specific; L27A9) second antibody (CST;
5127S).

ChIP assay and ChIP-seq libraries
The ChIP assays were performed using the EZ-Magna ChIP G–
Chromatin Immunoprecipitation Kit (Millipore; 17–611) as de-
scribed (Li et al., 2020; Zhao et al., 2017). The crude homogenate
from the DRG was cross-linked with 1% formaldehyde at room
temperature for 10 min and quenched for 5 min at room tem-
perature by adding glycine (0.125 M final). After centrifugation
at 1,000 g at 4°C for 10 min, the pellet was collected and lysed in
Cell Lysis Buffer containing proteinase inhibitor II (Millipore;
17-611). After centrifugation, the pellet was collected and lysed in
Nuclear Lysis Buffer containing proteinase inhibitor II (Milli-
pore; 17-611). The lysis was sonicated until the DNA was sheared
into fragments with a mean length of 200–1,000 bp. The sam-
ples were mixed with 20 µl fully suspended protein G magnetic
beads and 2–5 µg of rabbit antibodies against Flag (CST; 14793),
HDAC1 (Proteintech; 10197–1-AP), ac-H3 (EMD Millipore;
06–599), ac-H4 (EMDMillipore; 06–866), SETDB1 (Proteintech;

Ma et al. Journal of Experimental Medicine 21 of 25

ZNF382 and silencer regulate neuropathic pain https://doi.org/10.1084/jem.20210920

https://doi.org/10.1084/jem.20210920


11231–1-AP), or H3K9me3 (EMD Millipore; 17–625), or with
rabbit anti-IgG control antibody (Proteintech; 30000–0-AP),
and then subjected to IP overnight at 4°C. 1–2% of the sample for
IP was used as input (positive control). After being washed with
Low Salt Immune Complex Wash Buffer, High Salt Immune
Complex Wash Buffer, LiCL Immune Complex Wash Buffer,
and TE Buffer (Millipore; 17-611), the protein/DNA complexes
were eluted and reverse cross-linked to free DNA. After puri-
fication, the DNA fragments were amplified using PCR/real-
time PCR with the primers listed in Table S1. Inputs were used
as normalization references in each group for quantification.

ChIP-seq libraries were prepared using the Illumina TruSeq
DNA sample preparation kit according to the manufacturer’s
instructions with few modifications. 100 ng of ChIP input DNA
(as measured by Fragment analyzer) and 50 µl of im-
munoprecipitated DNA were used as the starting material; Il-
lumina adapters were diluted 1:50, and library samples were
enriched through 18 cycles of PCR amplification. The library
quality and fragment size were assessed by qPCR and Fragment
analyzer. Samples were sequenced on the Illumina Hiseq4000
sequencing platform.

Input and ZNF382 ChIP-seq raw reads were quality-checked
with FastQC (version v0.11.5) and aligned onto the mouse ge-
nome using STAR (version v2.5.3a) after the reads were trim-
med using Trimmomatic (version 0.36). Peaks were called with
MACS2 and assigned to the specific genes with Homer (version
v4.10). After creating the coverage and overlap between the
peaks and the intragenic TSS, transcription end site, and gene
body with deepTool (version 2.4.1), the distribution of the peaks
on chromosome and intragenic elements was analyzed with
ChIPseeker (version 1.5.1). Motifs were predicted and motif-
related regulated genes were analyzed with Homer (version
v4.10). Finally, the network of the potentially regulated genes
was created with igraph (R package; version 1.0.0).

Chromatin conformation capture (3-C) assay
NcoI-digested 3-C libraries were prepared as described (Hagège
et al., 2007; Naumova et al., 2012). Briefly, 1% formaldehyde-
fixed nuclei prepared from 40 L4 DRGs or 10 L4 SCs were
quenched in 0.125 M glycine. Samples were centrifuged at
1,000 g for 10 min at 4°C, and the pellet was collected. Pellets
were resuspended in cold lysis buffer (10 mM Tris-HCl, pH 8.0,
10 mM NaCl, and 0.2% Igepal CA-630) containing protease in-
hibitors and centrifuged at 2,500 g for 5 min at 4°C. The su-
pernatants were removed, and the pellets were washed with 1×
NEB buffer 3.1 three times. The pellet was resuspended in di-
gestion buffer containing 1× NEB buffer 3.1, 1% SDS, and 10%
Triton X-100. The genome was digested with 500–1,000 U of
NcoI restriction enzyme (NEB) and incubated at 37°C overnight
with rotation, followed by ligation with 5,000 U of T4 DNA li-
gase (NEB) at 16°C for 6 h and then room temperature for 30min
in ligation cocktail containing 1% Triton X-100, 1× ligation
buffer, 100 µg/ml BSA, and 1 mM ATP. The cross-linking was
reversed, and DNA was purified with PureLink Genomic DNA
Kit (Thermo Fisher Scientific; K182001). 3-C ligation products
were amplified using Platinum SuperFi PCR Master Mix (In-
vitrogen/Thermo Fisher Scientific) and the 3-C primers (Table

S1). PCR products were separated on 1% agarose gels, and the
bands of the expected product size of 300 bp were excised. DNA
was isolated from the gel fragments using the GeneJET Gel Ex-
traction Kit (Thermo Fisher Scientific; K0691), ligated into
T-Vector with the pClone007 versatile Simple Vector Kit, and
sequenced commercially (Tsingke Biological Technology). ERCC3
(excision repair cross-complementing rodent repair deficiency,
complementation group 3), a stably expressed gene with higher-
order chromatin architecture, was used as a control (Splinter
et al., 2006).

Statistical analysis
The cells were evenly suspended and randomly dispersed in
each well tested for in vitro trials. The animals were distributed
into various treatment groups randomly for in vivo experi-
ments. All of the results were specified as mean ± SEM. All
statistical analyses were completed with GraphPad Prism 8.
Molecular, biochemical, and morphological results were ana-
lyzed using two-tailed Student’s t test, one-way ANOVA, and
two-way ANOVA followed by the post hoc Tukey test. Behav-
ioral results were analyzed using two-way ANOVA followed by
the post hoc Tukey test (more than two groups) or Bonferroni’s
test (two groups). The detailed analyzed process used in each
experiment was elaborated in the matching figure legends. The
sample sizes were determined based on the pilot studies, pre-
vious reports in the field, and power analyses (power of 0.90 at
P < 0.05; Li et al., 2020; Tao et al., 2003; Xu et al., 2014; Zhao
et al., 2017; Zhao et al., 2013). Significance was set at P < 0.05.

Online supplemental material
Fig. S1 shows the ZNF382 expression in DRG and SC after SNL,
CCI, or SNI. It also shows the specificity of antisense probe for
Znf382. Fig. S2 shows the validation of targeted gene delivery and
expression. It also shows the effect of DRG ZNF382 over-
expression on neuronal/astrocyte hyperactivities in DRG and SC
and behavioral responses after peripheral nerve injury. Fig. S3
shows the validation of ZNF382 knockdown in DRG and the
effect of DRG ZNF382 knockdown on basal behavioral responses
in naive mice. Fig. S4 shows the GO analysis of ZNF382-
regulated genes, distribution of ZNF382 genome binding, and
validation of Cxcl13 knockdown and Cxcr5 knockout. It also
shows the effect of CXCL13 antibody and protein on basal be-
havioral responses on the contralateral side. Fig. S5 shows the
validation of LV-gRNA function and the effect of decoy DNA or
LV-gRNA on basal behavioral responses on the contralateral
side. It also shows the ac-H4 enrichment in the Cxcl13 promoter,
and validation of HDAC1/SETDB1 knockdown and expression.
Table S1 shows all primers and other sequences used. Table S2
shows the mice locomotor functions after treatments.
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Figure S1. ZNF382 expression in DRG and SC after SNL, CCI, or SNI. The figure also shows the specificity of antisense probe for Znf382. (A) Expression of
ZNF382 protein in the contralateral L4 DRG after SNL. n = 3 repeats (12 mice)/group/time point. Data from three independent experiments. One-way ANOVA
followed by post hoc Tukey test. (B) Expression of ZNF382 protein in the ipsilateral (Ipsi) L3 DRG after SNL. n = 3 repeats (12 mice)/group/time point. Data from
three independent experiments. One-way ANOVA followed by post hoc Tukey test. (C) Expression of Znf382 mRNA in the ipsilateral L3/L4 DRGs after CCI
surgery. n = 3 repeats (6 mice)/group/time point. Data from two independent experiments. *, P < 0.05; **, P < 0.01 versus the corresponding control group (0
d) by one-way ANOVA followed by post hoc Tukey test. (D) Expression of ZNF382 protein in the ipsilateral L3/L4 DRGs after CCI. n = 3 repeats (6 mice)/group/
time point. Data from three independent experiments. *, P < 0.05; **, P < 0.01 versus the corresponding control group (0 d) by one-way ANOVA followed by
post hoc Tukey test. (E) Expression of Znf382mRNA in the ipsilateral L3/L4 DRGs after SNI surgery. n = 4 or 5 repeats (8–10 mice)/group/time point. Data from
three independent experiments. *, P < 0.05; **, P < 0.01 versus the corresponding control group (0 d) by one-way ANOVA followed by post hoc Tukey test.
(F) Distribution of ZNF382 protein in the nucleus and cytoplasm fractions of DRG cells. n = 3 repeats (6 mice)/group. (G) Expression of ZNF382 protein in the
ipsilateral L4 dorsal horn after SNL. n = 3 or 4 repeats (3 or 4 mice)/group/time point. Data from three independent experiments. One-way ANOVA followed by
post hoc Tukey test. (H) DRG sections incubated with Znf382mRNA antisense probe and sense probe. n = 3 mice. Data are representative of two independent
experiments. Scale bars: 50 µm.
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Figure S2. Validation of targeted gene delivery and expression. The figure also shows the effect of DRG ZNF382 overexpression on neuronal/astrocyte
hyperactivities in DRG and SC and behavioral responses after peripheral nerve injury. (A) Representative images of hematoxylin and eosin staining of control
uninjected and injected DRGs 5 wk after microinjection. n = 3 mice. Data are representative of two independent experiments. Scale bar: 100 µm. (B) Rep-
resentative images of GFP expression in the ipsilateral and contralateral L4 DRG on week 6 after microinjection with AAV5-Znf382 (Znf382) or AAV5-Gfp (Gfp)
into ipsilateral L4 DRG. n = 3 mice. Data are representative of two independent experiments. Scale bar: 50 µm. (C) Representative images of colocalization of
GFP and TUJ1, or GS in the AAV5-injected DRG. n = 3 mice. Data are representative of two independent experiments. Scale bar: 50 µm. (D) Expression of
ZNF382 protein on day 7 after SNL or sham surgery in the ipsilateral L4 DRG premicroinjected with AAV5-Znf382 (Znf382) or control AAV5-Gfp (Gfp) 5 wk
before surgery. n = 3 repeats (12 mice)/group. Data from three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001. One-way ANOVA followed by
post hoc Tukey test. (E) Effect of premicroinjection with AAV5-Znf382 (Znf382) or AAV5-Gfp (Gfp) into the ipsilateral L4 DRG on the development of SNL-
induced mechanical allodynia on the ipsilateral side. n = 8 mice/group. Data from two independent experiments. Two-way RM ANOVA followed by post hoc
Tukey test. *, P < 0.05; **, P < 0.01 versus SNL plus Gfp group. (F and G)Microinjection with AAV5-Znf382 (Znf382) dampened the SNL-induced increases in
the level of pERK1/2 in the ipsilateral L4 DRG (F; n = 3 repeats [12 mice]/group) and in the levels of pERK1/2 and GFAP in the ipsilateral lumbar enlargement
segment (G; n = 3 repeats [3 mice]/group) on day 7 after SNL or sham surgery. Data from three independent experiments. One-way ANOVA followed by post
hoc Tukey test. *, P < 0.05; **, P < 0.01. (H–J) Effect of premicroinjection with AAV5-Znf382 (Znf382) or AAV5-Gfp (Gfp) into the ipsilateral L4 DRG on paw
withdrawal responses to mechanical (H and I) and heat (J) stimuli on the contralateral side. n = 12 mice/group. Data from two independent experiments. Two-
way RMANOVA followed by post hoc Tukey test. (K) Expression of Znf382mRNA in the ipsilateral L3/L4 DRGs on day 7 after CCI or sham surgery from the mice
premicroinjected with AAV5-Znf382 (Znf382) or AAV5-Gfp (Gfp). n = 4 repeats (8 mice)/group. Data from two independent experiments. One-way ANOVA
followed by post hoc Tukey test. ***, P < 0.001. (L–N) Effect of microinjection with AAV5-Znf382 (Znf382) or AAV5-Gfp (Gfp) into the ipsilateral L3/L4 DRGs on
CCI-induced mechanical allodynia (L and M) and heat hyperalgesia (N) on the ipsilateral side. n = 12mice/group. Data from two independent experiments. Two-
way RM ANOVA followed by post hoc Tukey test. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus the corresponding CCI plus Gfp group. (O) Expression of Znf382
mRNA in the ipsilateral L4 DRG on day 21 after SNL or sham surgery from the mice premicroinjected with AAV5-Znf382 (Znf382) or AAV5-Gfp (Gfp). n = 3
repeats (12 mice)/group. Data from three independent experiments. One-way ANOVA followed by post hoc Tukey test. *, P < 0.05; **, P < 0.01.
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Figure S3. Validation of ZNF382 knockdown in DRG and effect of DRG ZNF382 knockdown on basal behavioral responses in naive mice. (A) Rep-
resentative image of GFP expression in cultured DRG neurons on day 3 after transduction with AAV5-Znf382 shRNA (shRNA) or AAV5-Znf382 scrambled shRNA
(Scr). n = 2 repeats. Data are representative of two independent experiments. Scale bar: 50 µm. (B) Amount of ZNF382 protein in cultured DRG neurons 3 d
after transduction with AAV5-Znf382 shRNA (shRNA) or AAV5-Znf382 scrambled shRNA (Scr). n = 3 repeats/group. Data from two independent experiments.
One-way ANOVA followed by post hoc Tukey test. *, P < 0.05. (C) Effect of microinjection with AAV5-Znf382 shRNA (shRNA) or AAV5-Znf382 scrambled shRNA
(Scr) into the ipsilateral L3/L4 DRGs of naive mice on PWT to mechanical stimulation on the ipsilateral side. n = 8 mice/group. Data from two independent
experiments. Two-way RM ANOVA followed by post hoc Bonferroni’s test. *, P < 0.05; **, P < 0.01 versus the Scr group. (D–F) Effect of microinjection with
AAV5-Znf382 shRNA (shRNA) or AAV5-Znf382 scrambled shRNA (Scr) into the ipsilateral L3/L4 DRGs of naive mice on pawwithdrawal responses to mechanical
(D and E) and heat (F) stimulation on the contralateral side. n = 12 mice/group. Data from three independent experiments. Two-way RM ANOVA followed by
post hoc Bonferroni’s test. (G) Effect of microinjection with AAV5-Znf382 shRNA (shRNA) or AAV5-Znf382 scrambled shRNA (Scr) into the ipsilateral L3/L4
DRGs of naive mice on the time spent in saline- or lidocaine-paired chambers 8 wk after injection. Pre, preconditioning; Post, post-conditioning. n = 12 mice/
group. Data from three independent experiments. **, P < 0.01 versus the corresponding preconditioning by two-way RM ANOVA followed by post hoc
Bonferroni’s test. (H) DRG microinjection with AAV5-Znf382 shRNA (shRNA) produced spontaneous pain in naive mice. n = 12 mice/group. Data from three
independent experiments. Two-tailed unpaired Student’s t test. **, P < 0.01. (I) ZNF382 protein expression in the unilateral L3/L4 DRGs 8 wk after micro-
injection with AAV5-Znf382 shRNA (shRNA) or AAV5-Znf382 scrambled shRNA (Scr). n = 4 repeats (8 mice)/group. Data from two independent experiments.
Two-tailed unpaired Student’s t test. ***, P < 0.001. (J–O) Effect of microinjection with Znf382 siRNA (siRNA) or scrambled siRNA (Scr) into the unilateral L3/L4
DRGs of naive mice on the paw withdrawal responses to mechanical (J and K) and heat (L) stimulation on the ipsilateral side and on the paw withdrawal
responses to mechanical (M and N) and heat (O) stimulation on the contralateral side. n = 12 mice/group. Data from two independent experiments. Two-way
RM ANOVA followed by post hoc Tukey test. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus the Scr-treated mice. (P) Expression of Znf382 mRNA in the
ipsilateral L3/L4 DRGs 7 d after microinjection with Znf382 siRNA (siRNA) or scrambled siRNA (Scr). n = 4 repeats (8 mice)/group. Data from two independent
experiments. One-way ANOVA followed by post hoc Tukey test. ***, P < 0.001.

Ma et al. Journal of Experimental Medicine S4

ZNF382 and silencer regulate neuropathic pain https://doi.org/10.1084/jem.20210920

https://doi.org/10.1084/jem.20210920


Figure S4. GO analysis of ZNF382-regulated genes, distribution of ZNF382 genome binding, and validation of Cxcl13 knockdown and Cxcr5 knockout.
The figure also shows the effect of CXCL13 antibody and protein on basal behavioral responses on the contralateral side. (A and B) GO enrichment analyses of
the up-regulated genes (A) and down-regulated genes (B) from the injured DRG premicroinjected with AAV5-Znf382 compared with AAV5-Gfp. (C and D) Venn
intersection analysis of the changed genes in injured DRG with or without AAV5-Znf382 microinjection (C) and fold change of the seven genes repressed by
ZNF382 (D) from red circle in (C). U, up-regulated genes; D, down-regulated genes. (E) Volcano plot of DRG differential gene expression analysis after nerve
injury using a cut-off value of P < 0.05. Red circles represent up-regulated genes, blue circles represent down-regulated genes, and Cxcl13 is plotted in the red
magnified circle. (F) Heatmap of the ChIP-seq signals from the DRG microinjected with AAV5-Znf382-Flag. Mean-normalized ChIP-seq densities of equal bins
along the gene. 2-kb region flanking the TSS is plotted. Red to blue color gradient of the heatmap represents the relative ZNF382 level. (G) DRG ZNF382
distribution across the genome. Genome was classified into promoter-TSS, first exon, other exon, first intron, other intron, TTS, and intergenic regions.
(H) Level of Cxcl13mRNA in the ipsilateral L4 DRG on day 5 after SNL from the mice premicroinjected with Cxcl13 siRNA (siCXCL13) or scrambled siRNA (Scr).
n = 6 repeats (12 mice)/group. Data from two independent experiments. One-way ANOVA followed by post hoc Tukey test. ***, P < 0.001. (I–K) Effect of post-
microinjection with CXCL13 antibody (CXCL13 Ab) or NC IgG into the ipsilateral L4 DRG on paw withdrawal responses to mechanical (I and J) and heat (K)
stimuli on the contralateral side. n = 8 mice/group. Data from two independent experiments. Two-way RM ANOVA followed by post hoc Bonferroni’s test.
(L–N) Effect of microinjection with CXCL13 or vehicle into the ipsilateral L3/L4 DRGs of naive mice on paw withdrawal responses to mechanical (L and M) and
heat (N) stimuli on the contralateral side. n = 8 mice/group. Data from two independent experiments. Two-way RM ANOVA followed by post hoc Bonferroni’s
test. BL, baseline. (O) Cxcl13 siRNA (siCXCL13) blocked the AAV5-Znf382 shRNA (shRNA)–induced increase in Cxcl13mRNA in the ipsilateral L3/L4 DRGs. n = 3
repeats (6 mice)/group. Data from two independent experiments. Two-tailed unpaired Student’s t test. *, P < 0.05. (P) PCR-based genotyping of WT and
Cxcr5−/− mice. n = 2 repeats. Data are representative of two independent experiments. (Q–S) Effect of microinjection of AAV5-Znf382 shRNA (shRNA) or AAV5-
Znf382 scrambled shRNA (Scr) into the ipsilateral L3/L4 DRGs of WT and Cxcr5−/− mice on paw withdrawal responses to mechanical (Q and R) and heat (S)
stimuli on the contralateral side. n = 8 mice/group. Two-way RM ANOVA followed by post hoc Tukey test.
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Figure S5. Validation of LV-gRNA function and effect of decoy DNA or LV-gRNA on basal behavioral responses on the contralateral side. The figure
also shows the ac-H4 enrichment in Cxcl13 promoter, validation of HDAC1/SETDB1 knockdown and expression. (A–C) Effect of microinjection with decoy DNA
(decoy) or NC (dashed arrow) into the ipsilateral L4 DRG on paw withdrawal responses to mechanical (A and B) and heat (C) stimuli on the contralateral side
after SNL surgery from the mice premicroinjected with AAV5-Znf382 (Znf382) or AAV5-Gfp (Gfp). n = 12 mice/group. Data from two independent experiments.
Two-way RM ANOVA followed by post hoc Tukey test. (D–F) PCR-based detection of silencer-included fragment excision of Cxcl13 on day 7 (D), 14 (E), and 21
(F) after LV-gRNA (gRNA) or LV-scrambled gRNA (Scr) microinjection into L4 DRG. n = 2 repeats. Data are representative of two independent experiments. M,
ladder marker. (G and H) GFP (G) and CAS9 (H) expression in L4 DRG on day 7 after SNL from the mice premicroinjected with AAV5-Znf382 (Znf382, 35 d before
SNL) plus LV-gRNA (gRNA, 21 d before SNL). n = 3 repeats. Data are representative of two independent experiments. Scale bar: 50 μm. (I–K) Effect of mi-
croinjection with LV-gRNA (gRNA) or LV-scrambled gRNA (Scr) (dashed arrow) into the ipsilateral L4 DRG on paw withdrawal responses to mechanical (I and J)
and heat (K) stimuli on the contralateral side after SNL surgery from the mice premicroinjected with AAV5-Znf382 (Znf382) or AAV5-Gfp (Gfp). n = 12 mice/
group. Data from two independent experiments. Two-way RM ANOVA followed by post hoc Tukey test. (L) Effect of microinjection with LV-gRNA (gRNA) or
LV-scrambled gRNA (Scr) into L4 DRG on the time spent in saline- or lidocaine-paired chambers 14 d after SNL surgery from the mice premicroinjected with
AAV5-Znf382 (Znf382) or AAV5-Gfp (Gfp). Pre, preconditioning; Post, post-conditioning. n = 9 mice/group. Data from two independent experiments. **, P <
0.01; ***, P < 0.001 versus the corresponding preconditioning by two-way RM ANOVA followed by post hoc Bonferroni’s test. (M and N) ZNF382 and SETDB1
were immunoprecipitated by anti-HDAC1 antibody, and the immunoprecipitated ZNF382 level was decreased after SNL (M), ZNF382 and HDAC1 were im-
munoprecipitated by anti-SETDB1 antibody, and the immunoprecipitated ZNF382 level was decreased after SNL (N) in the ipsilateral L4 DRG on day 7 after SNL
or sham surgery. n = 3 repeats (60 mice)/group. Data from three independent experiments. *, P < 0.05 versus sham group by two-tailed unpaired Student’s
t test. (O) Five regions (F1, F4, F5, F7, and F10) from the Cxcl13 promoter and 59-UTR were immunoprecipitated by ac-H4 antibody in mice L4 DRGs. n =
2 repeats (12 mice). Data are representative of two independent experiments. Input: total purified fragments. M, ladder marker. (P) Level of ac-H4 in F1-F11
from the Cxcl13 promoter in the ipsilateral L4 DRG on day 7 after SNL or sham surgery. n = 3 repeats (18 mice)/group. Data from three independent ex-
periments. Two-tailed unpaired Student’s t test. (Q) Levels of SETDB1 and HDAC1 protein in the ipsilateral L3/L4 DRGs of naive mice 8 wk after AAV5-Znf382
shRNA (shRNA) or AAV5-scrambled shRNA (Scr) microinjection. n = 4 repeats (16 mice)/group. Data from three independent experiments. Two-tailed unpaired
Student’s t test. (R and S) Hdac1mRNA (R) and Setdb1mRNA (S) knockdown validation in the cultured DRG neurons 3 d after transfection with corresponding
Hdac1 siRNA or Setdb1 siRNA. n = 3 repeats. Data from two independent experiments. Two-tailed unpaired Student’s t test. **, P < 0.01; ***, P < 0.001.
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Table S1 and Table S2 are provided online as separate files. Table S1 lists all primers and other sequences used. Table S2 lists
locomotor functions.
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