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Epigenetic regulator UHRF1 inactivates REST and
growth suppressor gene expression via DNA
methylation to promote axon regeneration
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Injured peripheral sensory neurons switch to a regenerative state
after axon injury, which requires transcriptional and epigenetic
changes. However, the roles and mechanisms of gene inactivation
after injury are poorly understood. Here, we show that DNA meth-
ylation, which generally leads to gene silencing, is required for
robust axon regeneration after peripheral nerve lesion. Ubiquitin-
like containing PHD ring finger 1 (UHRF1), a critical epigenetic reg-
ulator involved in DNA methylation, increases upon axon injury and
is required for robust axon regeneration. The increased level of
UHRF1 results from a decrease in miR-9. The level of another target
of miR-9, the transcriptional regulator RE1 silencing transcription
factor (REST), transiently increases after injury and is required for
axon regeneration. Mechanistically, UHRF1 interacts with DNA
methyltransferases (DNMTs) and H3K9me3 at the promoter region
to repress the expression of the tumor suppressor gene phosphatase
and tensin homolog (PTEN) and REST. Our study reveals an epigenetic
mechanism that silences tumor suppressor genes and restricts REST
expression in time after injury to promote axon regeneration.
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Functional impairment and poor recovery following central
nervous system (CNS) injury is due to the failure of injured
axons to regenerate and rebuild functional connections (1, 2). In
contrast, axon regeneration and partial functional recovery occur
in injured peripheral nerves (3, 4). A more complete under-
standing of the mechanisms employed by peripheral neurons to
promote axon regeneration may provide new strategies to im-
prove recovery after CNS injuries.

Mature neurons in the peripheral nervous system can switch to
a regenerative state after axon injury, which is thought to re-
capitulate, in part, developmental processes (5, 6). Sensory
neurons with cell bodies in dorsal root ganglia (DRG) project
both a peripheral axon branch into peripheral nerves and a
central axon branch through the dorsal root into the spinal cord,
providing a unique model system to study the mechanisms that
control the axon regeneration program. Indeed, peripheral but
not central axon injury elicits transcriptional and epigenetic
changes underlying the regenerative response (3, 7). Using this
model system, many intrinsic signaling pathways involved in axon
regeneration have been identified (4, 8-11). A major focus has
been on revealing the regenerative-associated genes (RAGs)
promoting axon regeneration (1, 12, 13) and the coordinated
regulation of such genes (14, 15). However, the roles and the
epigenetic mechanisms by which genes are repressed after injury
remain poorly understood.

Epigenetic mechanisms, including covalent modifications of
DNA and histones, modulate chromatin structure and function
and play an important role in defining gene expression. Recent
studies have identified several epigenetic modifications that ac-
tivate the regenerative program (3, 7). Acetylation of the histone
tail, which correlates with a transcriptionally active state, pro-
motes expression of RAGs and axon regeneration in peripheral
and central neurons (16-19). DNA demethylation, regulated by
the Ten-eleven translocation methylcytosine dioxygenases (Tets)
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promotes expression of multiple RAGs upon axon injury in pe-
ripheral nerves (20, 21). Whether DNA methylation of cytosine
bases at CpG dinucleotides (SmC), which generally leads to gene
silencing (22-24), contributes to regenerative responses remains
incompletely understood (7). Genome-wide changes in DNA
methylation occur following nerve injury in DRGs (19), with
hypermethylation prevailing over hypomethylation at early time
points after injury (25), suggesting a potential role for DNA
methylation in the regeneration program. In support of this
notion, administration of folate was shown to increase DNA
methylation and axon regeneration in the injured spinal cord
(26), but which cell types displayed changes in DNA methylation
was not determined.

DNA methylation in neurons is dynamically regulated during
development as well as in response to physiological and patho-
logical stimuli (25, 27, 28). DNA methylation is catalyzed by DNA
methyltransferases (DNMTs), including DNMT1, DNMT3a, and
DNMT3b. Whereas DNMT1 is primarily responsible for the
maintenance of DNA methylation, DNMT3a and DNMT3b are
involved in de novo methylation patterns during cellular differen-
tiation (29, 30). How DNMTs target specific genetic regions re-
mains unclear (24). DNMTSs can bind to transcription factors or
components of repressor complexes to target methylation to DNA.
For example, the epigenetic regulator ubiquitin-like containing
PHD ring finger 1 (UHRF1, also known as Np95) coordinates
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gene silencing through the recruitment of DNMT1 and DNMT3a/b
(31-33). UHRF1 recognizes methyl groups on histone H3, spe-
cifically H3K9me2/3 as well as methylated DNA (33-36). Most
studies on UHRF1 focus on cancer cells (37) and neuronal de-
velopment (38), but the role of UHRF1 in peripheral neurons
remains largely unknown.

Another mechanism that shapes gene expression is the miRNA
system. miRNAs are small, evolutionarily conserved, noncoding
RNAs, 18-25 nt in length, that bind to the 3’-untranslated region
(UTR) of target genes, causing either target messenger RNA
(mRNA) degradation or reduced protein translation (39). An
increasing number of miRNAs have been shown to be involved in
axon regeneration (7). miR-9 down-regulation after sciatic nerve
axotomy was shown to be critical for axon regeneration (40). Since
miR-9 increased expression confers a mature neuronal fate (39),
the decrease in miR-9 after axon injury is consistent with the
notion that injury recapitulates in part developmental processes by
switching back to a growth-competent state (5, 6).

Here, we reveal that DNA methylation contributes to promote
robust axon regeneration both in vitro and in vivo. UHRFI, a
critical epigenetic regulator involved in silencing tumor sup-
pressor genes via DNA methylation is a target of miR-9 in sen-
sory neurons. UHRF1 increased expression upon axon injury,
resulting from a decrease in miR-9, is required for axon regen-
eration. Another target of miR-9, the transcriptional regulator
RE]1 silencing transcription factor (REST) transiently increases
after axon injury and is also required for axon regeneration.
Mechanistically, UHRF1 interacts with DNMTs and H3K9me3
to methylate the promoter region of the tumor suppressors gene
phosphatase and tensin homolog (PTEN) as well as REST,
thereby triggering their silencing. Our study reveals that injury-
induced gene silencing by DNA methylation promotes axon re-
generation in the adult peripheral nervous system.

Results

DNA Methylation Is Required for Axon Regeneration. To directly
examine if DNA methylation is required for axon regeneration,
we chose RG108, a direct DNMT inhibitor over 5-azacytidine,
because it inhibits methylation without incorporation into DNA
and has been shown to be effective in the CNS (41, 42). We
treated mice with RG108 2 h before a sciatic nerve crush injury
(SNI), repeated the treatment 1 d later, and measured axon
regeneration 3 d after injury. Compared with vehicle controls,
RG108 treatment reduced the length of axons regenerating past
the crush site (Fig. 1 A and B). We next tested if DNA methyl-
ation contributes to the priming effect of a conditioning injury, in
which DRG neurons exposed to a prior conditioning injury show
a dramatic improvement in axon regeneration compared with
that of a naive neuron (43). We treated mice with RG108 as
described above in Fig. 14, and adult DRG neurons were dis-
sected from mice that received or not a prior (3 d) SNI and
cultured for 20 h. As expected, a prior nerve injury enhanced
growth capacity leading to longer neurites (Fig. 1 C and D).
RG108 treatment partially blocked the conditioning injury effect
(Fig. 1 C and D) and decreased global 5SmC levels in control
uninjured and injured DRG (Fig. 1E). These experiments in-
dicate that DNA methylation is required for the priming effects
of a conditioning injury but do not allow us to determine which
cell types within DRG require active DNA methylation to
stimulate axon regeneration.

We thus tested if DNA methylation is required in neurons for
axon regeneration by performing an in vitro regeneration assay.
In this system, DRG neurons are seeded within a defined area,
allowing their axons to extend radially (16, 44, 45). Axotomy is
performed at days in vitro (DIV)7, and DRG are stained 40 h
following axotomy for SCG10, a marker for regenerative axons
(46). Regenerative axon growth is quantified by measuring the
length of SCG10-positive axons from the axotomy line to the
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DNA methylation is required for axon regeneration. (A) Representative longitudinal sections of sciatic nerve from DMSO or RG108 treated mice.

Nerves were collected 3 d after SNI and sections were stained for SCG10. Dotted lines indicate the crush site. Arrowheads point to the longest axons. (B) In vivo
axon regeneration was calculated from images in A. The number of regenerating axons stained with SCG10 was measured at various distances from the crush
site (n = 5 biological replicates for each, respectively; **P < 0.01 by one-way ANOVA; mean + SEM). (C) Adult DRG neurons dissected from DMSO- or RG108-
treated mice that received or not a prior (3 d) SNI were cultured for 20 h and stained with the neuronal-specific marker TUJ1. (D) Average axon length per
soma was calculated from images in C. Total neurite length was measured and normalized to the number of neuronal cell soma to calculate the average axon
length (n = 4 biological replicates for each; *P < 0.05, ns, not significant by one-way ANOVA; mean + SEM). (E) Measurement of global DNA methylation. The
global DNA methylation assay was performed using the MethylFlash Methylated DNA 5-mC Quantification Kit with genomic DNA from whole DRG 3 d after
SNI (n = 4-5 biological replicates for each; *P < 0.05, **P < 0.01 by one-way ANOVA; mean + SEM). (F) DRG spot-cultured neurons were treated with DMSO or
RG108 (100 uM) 10 min before injury and 24 h later. DRG spot-cultured neurons were fixed and stained for SCG10 40 h after axotomy. Arrow and dotted lines
indicate the axotomy site. (G) Regenerating axon length of DRG spot-cultured neurons was measured 40 h after axotomy from images in F (Individual data
plotted; n = 8 biological replicates; ****P < 0.0001 by t test; mean + SEM). (H) DRG spot-cultured neurons were treated at DIV7 and DIV8 with DMSO or
100 pM RG108. Axon lengths of DRG spot-cultured neurons were measured 40 h after initiation of the treatment (n = 6-8 biological replicates for each, ns, not
significant by t test; mean + SEM). (Scale bars A, 500 pm; C, 100 pm; F, 200 pm.)
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axon tip. Cultures treated with RG108 displayed impaired axon
regeneration compared with vehicle-treated cultures (Fig. 1 F and
G). DNA methylation is required after injury for regenerative
growth, but not for elongating growth, as RG108 treatment did
not affect axon growth in naive, uninjured cultures (Fig. 1H).
Together, these experiments indicate that active DNA methyl-
ation following axon injury is required for robust axon re-
generation in sensory neurons.

UHRF1 Level Increases After Peripheral Axon Injury in DRG Neurons.
Since the expression levels of DNMT3a and DNMT1 do not
change in DRG after nerve injury (21), we focused our study on
ubiquitin-like containing PHD ring finger 1 (UHRF1), a regu-
lator of DNA methylation (37). We first determined if axon in-
jury alters UHRF1 mRNA and protein levels in DRG neurons.
We observed an increase in UHRF1 mRNA and protein levels
24 h following in vitro axotomy and 3 d following SNI in vivo
(Fig. 2 A-C). To confirm that the increase in UHRF1 levels
occur in sensory neurons in vivo, L4 DRG were dissected 3 d
after SNI and stained for UHRF1 and TUJ1, a neuron-specific
marker, and compared with uninjured contralateral DRG. The
number of neurons expressing UHRF1 increased following SNI
(Fig. 2 D and E). We then compared the UHRF1 protein changes
after peripheral SNI, dorsal root injury (DRI), or T9 spinal cord
hemisection injury (SCI). TS, T6, and L4 DRG were dissected 3 d
following SNI, L4 DRI, or T9 SCI and analyzed by Western blot
for UHRF1. The T9 SCI damages bilaterally the centrally pro-
jecting axons coming from the L4 DRG but does not affect the
more rostral DRG at T5,6 (Fig. 2F). We thus used DRG T5,6 as a
noninjured control for SCI and contralateral L4 DRG for DRI
and SNI (Fig. 2F). Whereas SNI increased UHRF1 protein levels
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in DRG neurons, DRI only modestly increased UHRF1 protein
level and SCI did not affect UHRF1 levels (Fig. 2 G and H).
These experiments indicate that the injury-induced increase in
UHREFT1 levels are specific to peripheral axon injury.

UHRF1 Promotes Axon Regeneration in DRG Neurons. To test if
UHREF1 plays a role in axon regeneration, we used the in vitro
axotomy assay. DRG spot-cultured neurons were infected with
lentivirus encoding control shRNA or shRNA targeting UHRF1.
UHRF1 knockdown significantly impaired axon regeneration,
and this effect was rescued by expressing human UHRF1 (Fig. 3
A and B). Expression of human UHRF1 had a moderate effect in
enhancing axon regeneration (Fig. 3 D and E). We verified that
the shRNA targeting UHRF1 reduced UHRF1 at both the
protein and mRNA level (Fig. 3 C and F) and only modestly
affected cell death (labeled by cleaved caspase 3) and axon
growth in naive, uninjured cultures compared with control
shRNA (Fig. 3 G and H). These results indicate that the up-
regulation of UHRF1 levels following axon injury is important
for axon regeneration.

UHRF1 Is a Target of miR-9 in Sensory Neurons. Since UHRF1 is
regulated by miR-9-5p in colorectal cancer cells (47) and miR-9-
5p represses axon growth in both peripheral and central neurons
(40, 48), we tested if miR-9-5p regulate UHRF1 levels in sensory
neurons. We found that the level of miR-9-5p was significantly
decreased 3 d following SNI, as previously reported for premiR-9
(40). DRI induced a decrease in miR-9-5p, whereas SCI did not
significantly decrease miR-9-5p levels (Fig. 44). Down-regulation
of miR-9-5p also occurred in cultured neurons 24 h after in vitro
axotomy (Fig. 4B).

Fig. 2. Induction of UHRF1 in sensory neurons fol-
lowing axon injury. (A) Expression level of UHRF1
mRNA was analyzed by RT-gPCR. RNA was extracted
from DRG spot-cultured neurons 24 h after axotomy
for in vitro analysis or from L4 and L5 DRG 3 d after
o SNI for in vivo analysis (n = 3 biological replicates for
each; *P < 0.05, **P < 0.01 by t test; mean + SEM). (B)
Representative Western blot of DRG spot-cultured
neurons 24 h after axotomy for in vitro and L4 and
L5 DRGs dissected 3 d after SNI for in vivo experi-
ments. TUJ1 serves as a loading control. (C) Normal-

20 ized intensity was calculated from Western blot
images in B (n = 7 biological replicates for in vitro

0 and n = 8 biological replicates for in vivo, *P <
“,c’t & 0.05 by t test; mean + SEM). (D) Representative sec-

& tions of mouse L4 DRGs dissected 3 d after SNI and

*® stained for UHRF1 and TUJ1. (Scale bars: 50 pm.) (E)
Percentage of DRG neurons expressing UHRF1 was
calculated from images in D (n = 3 biological repli-
cates; **P < 0.01 by t test; mean + SEM). (F) Scheme
representing injury location and DRG collected for
the experiment in G. (G) Representative Western blot

* from the indicated mouse DRGs dissected 3 d after

SNI, SCI, or DRI and analyzed by Western blot for

UHRF1 and TUJ1 as a loading control. Protein sam-

ples were prepared from different mice for each in-

jury. (H) Normalized intensity was calculated from
images in G; n = 8 biological replicates for each in-
jury; *P < 0.05 by t test; mean + SEM).
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The 3'UTR of UHRF1 contains a seed sequence for miR-9-5p
(Fig. 4C). Using a GFP reporter assay in HEK293T cells, we ob-
served that miR-9-5p can effectively target UHRF1 3'UTR (Fig.
4D). To determine if miR-9 regulates UHRF1 levels in sensory
neurons, we examined the expression levels of UHRF1 in cultured
DRG neurons expressing miR-9-5p or its specific inhibitors (Fig.
4F). When miR-9-5p was expressed in cultured DRG neurons,
UHRF1 mRNA level and protein level were decreased (Fig. 4 F
and G), whereas the expression levels of UHRF1 was increased by
the expression of the miR-9-5p-specific inhibitor (Fig. 4 F and G).
These data indicate that UHRF1 is a target of miR-9-5p in sensory
neurons.

Expression of miR-9-5p was shown to impair axon regenera-
tion in vivo (40). Since miR-9-5p targets UHRF1, we tested if
miR-9-5p changes the regenerative capacity of DRG neurons in
vitro. Expression of miR-9-5p impaired axon regeneration
compared with control (Fig. 4 H and I). Expression of the miR-9-
Sp inhibitor showed an increase in axon regeneration (Fig. 4 H
and /). The impaired axon regeneration mediated by miR-9-5p
was rescued by UHRF1 expression (Fig. 4 H and [), indicating
that UHRF1 functions downstream of miR-9. These effects
were specific to regenerative growth, as neither miR-9-5p nor
its inhibitor affected significantly axon growth in naive con-
ditions (Fig. 4/).

REST Is a Target of miR-9 in Sensory Neurons and Regulates Axon
Regeneration. Further supporting a role for miR-9 in axon re-
generation, we found that several known miR-9 targets were up-
regulated in our previous microarray analysis (16) (Fig. 54). This is
likely an underrepresentation of miR-9’s effect as most mammalian
miRNA targets are imperfectly paired and are thus translationally
repressed (49). Gene ontology (GO) analysis of the molecular func-
tions of known and predicted miR-9-5p targets revealed that the
targets of miR-9 primarily encode transcription factors or chro-
matin modifiers (Fig. 5B), consistent with UHRF1 functioning
downstream of miR-9 in axon regeneration.

Another well-characterized target of miR-9 is REST (also
known as NRSF) (50, 51). REST acts as a repressor of multiple
mature neuron-specific genes (52, 53). We observed that miR-
9 regulates REST levels in sensory neurons, as miR-9 expression
in cultured DRG neurons decreased the levels of REST and
UHRF1 mRNA (Fig. 5C). The role of REST in axon regeneration
has not been explored in detail, although a previous analysis
suggested a role for REST-dependent transcriptional regulation
after injury (54). To test if REST plays a role in the regenerative
response, we analyzed known REST target genes (55) from
previously published RNA-seq datasets that analyzed DRG
neurons at embryonic day (E)12.5 (axon growth stage) and E17.5
(synapse formation stage) (56) and DRG neurons in naive and
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Fig. 3. UHRF1 expression is required for axon regeneration. (A) DRG spot-cultured neurons were infected with lentivirus expressing control shRNA (control),
shRNA targeting UHRF1 or human UHRF1 (UHRF10E), fixed and stained for SCG10 40 h after axotomy. Arrow and dotted lines indicate the axotomy site. (B)
Regenerative axon growth was measured 40 h after axotomy from the image in A. Individual data plotted; n = 8 biological replicates; ***P < 0.001, ****P <
0.0001, ns, not significant by one-way ANOVA; mean + SEM. (C) UHRF1 mRNA levels were analyzed by RT-qPCR in control DRG spot-cultured neurons or DRG
spot-cultured neurons expressing shRNA targeting UHRF1 (n = 3 biological replicates; *P < 0.05 by t test). (D) DRG spot-cultured neurons were infected with
lentivirus expressing control shRNA (control) or human UHRF1 (UHRF1 OE), fixed and stained for SCG10 24 h after axotomy. A shorter time point after
axotomy was used in this experiment to visualize the enhanced regeneration effect. Arrow and dotted lines indicate the axotomy site. (E) Regenerative axon
growth was measured at 24 h after axotomy from images in D (individual data plotted; n = 8 biological replicates; **P < 0.01 by t test; mean + SEM). (F) DRG
spot-cultured neurons were infected with control shRNA (control), shRNA targeting UHRF1, or human UHRF1 (UHRF10E) lentivirus. Expression levels of
UHRF1 was analyzed by Western blot. TUJ1 serves as a loading control. (G) Measurement of cell death effect following UHRF1 knockdown or overexpression.
DRG spot-cultured neurons were infected with lentivirus expressing control shRNA, shRNA-targeting UHRF1, or human UHRF1 (UHRF10E) at DIV1, fixed, and
stained for cleaved-caspase3 and DAPI at DIV7. shControl_1 is the control for shUHRF1 and shControl_2 is the control for UHRF10E as we used different
amounts of lentivirus for shUHRF1 and UHRF10OE. The number of DRG neurons stained for cleaved-caspase3 was normalized to the number of DRG neurons
stained with DAPI. The values are averaged from three spots per biological replicate (n = 3 biological replicates for each; *P < 0.05, **P < 0.01, ****P <
0.0001 by one-way ANOVA; mean + SEM). (H) DRG spot-cultured neurons were infected with indicated lentivirus at DIV1, fixed, and stained for TUJ1 at DIV7.
shControl_1 is the control for shUHRF1 and shControl_2 is the negative control for UHRF10OE (n = 4 biological replicates for each; ns, not significant by one-
way ANOVA; mean + SEM). (Scale bars: 200 pm.)
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Fig. 4. Axon injury reduces the levels of miR-9-5p that target UHRF1 to promote axon regeneration. (A) RT-gPCR analysis of miR-9-5p 3 d after in vivo SNI, SCl,
or DRI (n = 5-7 biological replicates; *P < 0.05, **P < 0.01 by t test; mean + SEM). (B) RT-gPCR analysis of miR-9-5p 24 h after in vitro axotomy (n = 4 biological
replicates; **P < 0.01 by t test; mean + SEM). (C) Schematic representation of GFP-UHRF1 3'-UTR reporter constructs and the sequence of miR-9-5p seeds in
UHRF1 3'UTR. (D) Relative GFP reporter activity was assayed 4 d after transduction of lentivirus expressing GFP or GFP-UHRF1 3'UTR in combination with
lentivirus expressing control or miR-9-5p in HEK-293T cells. The expression of GFP in each group was analyzed by Western blot. Normalized intensity was
calculated from Western blot images (n = 3 different batch of cells; *P < 0.05 by t test; mean + SEM). (E) Mature miR-9-5p expression levels were analyzed by
RT-qPCR. Mouse DRG spot-cultured neurons were infected with lentivirus expressing miR-9-5p or an inhibitor of miR-9-5p (n = 3-4 biological replicates; *P <
0.05 by t test; mean + SEM). (F) Expression level of UHRF1 mRNA was analyzed by RT-qPCR in neurons expressing control, miR-9-5p, or neurons expressing an
inhibitor of miR-9-5p (n = 3-4 biological replicates; *P < 0.05 by t test; mean + SEM). (G) As in E but expression levels of UHRF1 was analyzed by Western blot
with anti-UHRF1 antibody. TUJ1 serves as a loading control. (H) DRG spot-cultured neurons were infected with the indicated lentivirus, fixed, and stained for
SCG10 40 h after axotomy. (Scale bar: 200 pm.) Arrow and dotted lines indicate the axotomy site. (/) Regenerative axon length of DRG spot-cultured neurons
was measured at 40 h after axotomy from A (individual data plotted; n = 8 biological replicates; **P < 0.01, ***P < 0.001 by one-way ANOVA; mean + SEM).
(J) DRG spot-cultured neurons were infected with the indicated lentivirus at DIV1. Axon lengths of DRG spot-cultured neurons was measured at DIV7 (n =

4 biological replicates for each; ns, not significant by one-way ANOVA; mean + SEM).

injured (5 d after SNI) conditions (57). Heatmaps revealed two
clusters with an opposite trend (Fig. 5D). GO analysis revealed
that genes in cluster “a” were up-regulated from E12.5 to
E17.5 and down-regulated in DRG following nerve injury, and
correlate with synapse and ion transport (Fig. SE). Genes in
cluster “b” were down-regulated from E12.5 to E17.5, are in-
creased after nerve injury, and are related to apoptosis and
nervous system development (Fig. 5E). This analysis reveals that
a subset of REST target genes is regulated by injury to re-
capitulate in part a less mature, more growth competent state.

To directly test if REST is required for axon regeneration, we
used X5050, a REST inhibitor that leads to REST protein deg-
radation (58). X5050 treatment of DRG spot-culture before
axotomy efficiently reduced REST protein levels and impaired
axon regeneration (Fig. 6 A-D). REST knockdown also impaired
axon regeneration, and this effect was partially rescued by
expressing human REST (Fig. 6 E, F, and H). These effects were
specific to regenerative growth, as axon growth in naive condi-
tions was not affected (Fig. 6G). Together, these results indicate
that downstream of miR-9, REST and UHRF1 are required for
robust axon regeneration.

UHRF1 Represses Tumor Suppressor Gene Expression via Promoter
DNA Methylation. UHRF1 is highly expressed in cancer cells,
where it contributes to the silencing of tumor suppressor genes
(37). Given the importance of reducing the levels of tumor sup-
pressor genes to promote axon regeneration (59-63), we explored
the possibility that UHRF1 functions to silence tumor suppressor
genes after axon injury. UHRF1 silences gene expression by interacting
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with dimethylated and trimethylated H3K9 and recruiting of
DNMT1 and DNMT3a to promote DNA methylation (31, 32, 58)
(Fig. 74). We first investigated which DNMT isoforms cooperate
with UHRF1 in sensory neurons using coimmunoprecipitation in
extracts prepared from naive and injured (24 h) spot-cultured
DRG neurons. UHRF1 interacted with DNMT1 and DNMT3a
in both control and injured conditions (Fig. 7 B and C). While the
levels of UHRF1 were increased 24 h after in vitro axotomy, the
levels of DNMT1 and DNMT3a remained constant, consistent
with previous reports (21).

The signaling network of tumor suppressors plays crucial roles
in the regulation axon regeneration (59). The levels of several
tumor suppressors, including PTEN and p21 (CDKN1A), are al-
tered in injured peripheral nerves and impact peripheral nerve
regeneration (59). PTEN deletion increases axon regeneration in
the CNS (60, 62) and also enhances outgrowth of peripheral axons
(63, 64). CDKNI1A expression decreases after injury in cultured
neurons (45), and UHRF1 is known to epigenetically silence
CDKNI1A (65, 66). We thus tested if UHRF1 represses PTEN
and CDKNI1A expression in injured sensory neurons. Whereas
PTEN and CDKNI1A levels were reduced after axon injury in
control neurons, UHRF1 knockdown resulted in increased levels
of PTEN and CDKNI1A (Fig. 7D). ChIP-qPCR assay revealed
that H3K9me3 and DNMT1 were enriched at the CpG promoter
region of PTEN and CDKNI1A after in vitro axotomy (Fig. 7E).
To determine if CpG island DNA methylation of PTEN and
CDKNI1A promoters is altered after injury, we carried out qPCR
for PTEN and CDKNIA after cleavage with a methylation-
sensitive and/or a methylation-dependent restriction enzyme.
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Fig. 5. REST expression is regulated by miR-9 following axon injury in sensory
neuron. (A) Differential expression of validated miR-9 targets in our previously
published array (16). (B) Enriched GO molecular functions from analyzing miR-9-
5p predicted and validated targets. (C) Expression level of UHRF1 and REST
mRNA was analyzed by RT-gPCR in neurons expressing control or miR-9-5p/3p
(n = 4 biological replicates; **P < 0.01 by t test; mean + SEM). (D) Heatmap of
REST target genes in DRG neurons at E12.5 and E17.5 and DRG neurons of naive
and 5 d after SNI. (E) Enriched GO processes for a and b cluster in D is shown.

Compared with uninjured neurons, the CpG island methylation of
PTEN and CDKNIA significantly increased following in vitro axotomy
(Fig. 7F). These results reveal that PTEN and CDKNIA are down-
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regulated at the transcriptional level following injury in a UHRF1-
dependent manner. Further supporting the role of PTEN tran-
scriptional repression by UHRF1, we found that the impaired
axon regeneration mediated by UHRF1 knockdown was rescued
by PTEN knockdown (Fig. 7 G and H). In this assay, PTEN knock-
down alone showed a trend toward an increase in axon regeneration,
similarly to what we observed with UHRF1 expression (Fig. 3 D
and E). These results indicate that that UHRF1-dependent re-
duction in PTEN levels via epigenetic silencing is required for
robust axon regeneration.

UHRF1 Epigenetically Represses REST Expression. REST expression is
regulated at the posttranscriptional levels in sensory neurons (67)
and is also regulated at the transcriptional level by gene methyl-
ation in small-cell lung cancer (68). To test the possibility that
UHRF1 regulates REST levels after injury, we first determined the
temporal changes in REST and UHRF1 mRNA levels in DRG in
vivo following SNI. The mRNA level of REST increased 1 d after
SNI and returned to baseline at 3 d after injury, whereas UHRF1
mRNA increased at 1 d, remained high at 3 d, and returned to
baseline at 7 d (Fig. 84). Because whole DRG contain a mixed
population of cells, we also examined the neuron-specific temporal
changes in miR-9-5p, REST, and UHRF1 expression in DRG
spot-cultured neurons at different time points after axotomy. miR-
9-5p levels decreased starting 1 h after in vitro axotomy and
returned to baseline at 32 h after injury (Fig. 8B). REST mRNA
levels increased over time, reaching a maximum at 16 h and
returning to basal levels 32 h after axotomy (Fig. 88). UHRF1
mRNA also increased over time, reaching a maximum at 24 h after
axotomy and decreased toward basal levels 40 h after axotomy
(Fig. 8B), a time at which injury-induced gene expression changes
return to basal level in this assay (16). ChIP-qPCR assay of DRG
spot-cultured neurons 16 h after injury reveals that REST is
enriched at the promoter of CALB1 and NMDALI, two known
REST target genes (69) (Fig. 8C), suggesting that REST regulates
gene expression in injured neurons, in addition to its role in un-
injured neurons (67).

Next, we tested if UHRF1 silences REST expression via DNA
methylation after axon injury. REST mRNA was up-regulated in
naive and injured DRG neurons in which UHRF1 was knocked
down (Fig. 8D). Mechanistically, we found that repression of
REST is associated with the enrichment of H3K9me3 and DNMT1
at the REST promoter and with increased REST promoter CpG
methylation (Fig. 8 E and F). RG108 treatment efficiently blocked
the increase in CpG island DNA methylation of REST promoter
after in vitro axotomy and after SNI (Fig. 8F). These experiments
were performed 32 h after injury, a time at which REST levels
return to baseline, but UHRF1 levels are still higher than un-
injured control (Fig. 8B). Together, these results suggest that the
increase in UHRF1 after injury promotes the epigenetic silencing
of tumor suppressor genes and also restricts at the transcriptional
level REST expression in time (Fig. 8 G and H).

Discussion

Injured adult sensory neurons gain the capacity to regrow axons
after injury via the activation of a proregenerative transcriptional
program. Here, we show that gene silencing via DNA methylation
contributes to removing the barrier to axon regeneration. Our
findings also suggest that the transient increase in REST, controlled
by miR-9 and UHRF]I, allows neurons to enter a less mature neu-
ronal state that favors the establishment of a proregenerative state.

DNA demethylation mediated by Tet enzyme was shown to
promote RAG expression upon axon injury in peripheral nerves
(20, 21), but whether DNA methylation is implicated in regen-
erative responses has remained unclear (7). A high-throughput
DNA methylation microarray revealed only a modest number of
genes exhibiting differential methylation following injury, and
none of these genes were associated with regeneration (19).
Another study revealed genome-wide changes in DNA methyl-
ation following nerve injury in DRGs, with hypermethylation
prevailing over hypomethylation early (3 d) after injury and the
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Fig. 6. REST expression is required for axon regeneration. (A) DRG spot-
cultured neurons were treated with DMSO or 50 pM X5050 10 min before
injury, fixed, and stained for SCG10 40 h after axotomy. Arrow and dotted lines
indicate the axotomy site. (B) Regenerated axon length of DRG spot-cultured
neurons was measured 40 h after axotomy from images in A (Individual data
plotted; n = 8 biological replicates; **P < 0.01 by t test; mean + SEM). (C)
Normalized intensity was calculated from Western blot analysis of DRG spot-
cultured neurons after treatment of DMSO or 50 pM X5050 (n = 3 biological
replicates, *P < 0.05 by t test; mean + SEM). (D) Representative image from
Western blot analysis of DRG spot-cultured neurons treated with DMSO or
50 pM X5050 for 24 h. Expression levels of REST were analyzed by Western
blot. TUJ1 serves as a loading control. (E) DRG spot-cultured neurons were
infected with lentivirus expressing control shRNA (shcontrol), shRNA targeting
REST or human REST, fixed, and stained for SCG10 40 h after axotomy. Arrow
and dotted lines indicate the axotomy site. (F) Regenerative axon growth was
measured 40 h after axotomy from images in E. Individual data plotted; n = 8-
12 biological replicates; ****P < 0.0001 by one-way ANOVA; mean + SEM. (G)
DRG spot-cultured neurons were infected with the indicated lentivirus, fixed,
and stained for TUJ1 at DIV7 (n = 4-8 biological replicates for each; ns, not
significant by one-way ANOVA; mean + SEM). (H) DRG spot-cultured neurons
were infected with control shRNA (shcontrol), shRNA-targeting REST, or hu-
man REST lentivirus. Expression levels of REST was analyzed by Western blot.
TUJ1 serves as a loading control. (Scale bars: 200 pm.)
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DNA methylation changes recapitulating developmental neo-
natal stage (25). A limitation in these studies was the use of
whole DRG in which neurons are outnumbered by glial cells and
other cell types (70, 71). Using a DNMT inhibitor in vivo and in
purified neurons in vitro, we revealed a critical role for DNA
methylation in axon regeneration. Since no significant changes in
gene expression for DNMT1 and DNMT3a were observed (19,
21), we examined the role of UHRF1, which interacts with both
DNMT1 and DNMT3 and found that UHRF1 was required for
robust axon regeneration. DNMT3a and DNMT1 functionally
cooperate during de novo methylation of DNA (29, 31), and
DNMTS3A interaction with transcription factors (72) may target
UHREF1 to select genes. UHRF1 is highly expressed in many
cancer cells, where it contributes to the silencing of tumor sup-
pressor genes (37). Given the important function of tumor sup-
pressor in restricting axon regeneration (59-63), our study
suggests that in peripheral neurons UHRF1 promotes axon re-
generation in part by silencing tumor suppressor genes. UHRF1
is also expressed in highly proliferative neural stem/precursor
cells (73), suggesting that up-regulation of UHRF1 in injured
neurons may cause them to assume a less mature state.
Consistent with this notion, we also reveal that the master
regulator of the mature neuronal phenotype REST (52, 53) is
transiently up-regulated following injury, suggesting its role in
establishing a less mature neuronal state. Indeed, REST represses
neuronal genes in nonneuronal cells as well as neural progenitors
(52, 53, 69), and REST down-regulation during neuronal differ-
entiation favors the acquisition and maintenance of the neuronal
phenotype. However, REST expression remains in some part of
the adult nervous system, where it has other regulatory roles in
neural diseases (74-76), including neuronal death in stroke
models (77), neuronal protection in aging and Alzheimer’s
disease (78), and experience-dependent synaptic plasticity (79).
In the adult peripheral nervous system, homeostatic levels of
REST are maintained by a constitutive posttranscriptional mech-
anism in which the RNA-binding protein, ZFP36L2, reduces
REST mRNA stability (67). In the absence of ZFP36L2, elevated
REST levels lead to axon disintegration (67). REST is also ele-
vated in models of neuropathic pain (74), where its expression is
maintained for weeks after nerve injury and represses expression
of voltage-gated potassium channels, neurotransmitter receptor
subunits, and synaptic proteins (80-83). These studies indicate
that REST regulates gene expression through repression in adult
neurons and emphasize that REST levels needs to be tightly
controlled. Our data provide a mechanism for a time-dependent
transcriptional regulation of REST levels after axon injury, with
REST expression being restricted in time by miR-9 and UHRFI.
Our study suggests that a transient increase in REST allows in-
jured neurons to enter a regenerative state and that UHRF1-
dependent REST silencing prevents the adverse effects of pro-
longed elevated REST levels. The expression of one known REST
target gene, the subunit of the voltage-gated calcium channel
alpha2delta2 (84), decreases following peripheral nerve injury and
pharmacological blockade of alpha2delta2 with pregabalin en-
hances axon regeneration (56). Our data suggest that REST also
functions to activate a set of genes related to nervous system de-
velopment to promote axon regeneration. Mechanistically, this
could operate via Tet3, as it was shown that REST recruits Tet3 for
context-specific hydroxymethylation and induction of gene expres-
sion (85). REST may thus transiently turn off the developmental
switch that limits axon growth and regeneration, switching the
neuron from a mature state back to a growth-competent state.
Our study, consistent with others (40), also showed that miR-
9 represses axon growth and its down-regulation after injury is
important for axon regeneration. miR-9 has essential roles in neural
development and neuronal function, with increased expression
conferring a mature neuronal fate (39). The injury-induced down-
regulation of miR-9, leading to elevation in both UHRF1 and
REST, is consistent with axon injury recapitulating developmental
processes by switching back to a growth-competent state (5, 6).
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Fig. 7. UHRF1 represses tumor suppressor gene expression via promoter DNA methylation. (A) Model illustrating current known mechanism of UHRF1-
medidated gene promoter methylation. UHRF1 binding to H3K9me2/3 recruits DNMTs for promoter methylation. (B and C) Uninjured or injured (24 h) DRG
spot-cultured neurons were collected and lysates subjected to immunoprecipitation with anti-lgG, anti-DNMT1 (B), or anti-DNMT3a (C) antibody and followed by
immunoblot with the indicated antibodies. Representative Western blot from three independent experiments is shown. (D) Expression level of PTEN and CDKN1A
by RT-qPCR analysis. RNA was extracted from uninjured or injured (24 h) DRG spot-cultured neurons infected with control shRNA or uninjured DRG spot-cultured
neurons infected with shRNA-targeting UHRF1 (n = 3-4 biological replicates; *P < 0.05 by t test; mean + SEM). (E) ChIP-gPCR assay for H3K9me3 and
DNMT1 around the CpG promoter region of PTEN and CDKN1A using uninjured DRG spot-cultured neurons and DRG spot-cultured neurons 24 h after axotomy
(n = 3-4 biological replicates; *P < 0.05 by t test; mean + SEM). The fold change after injury is plotted. (F) Measurement of PTEN and CDKN1A CpG island DNA
methylation in uninjured DRG spot-cultured neurons and DRG spot-cultured neurons 24 h after axotomy, infected with control shRNA or shRNA-targeting UHRF1
(n = 3 biological replicates for each; *P < 0.05, ***P < 0.001 by one-way ANOVA; mean + SEM). (G) DRG spot-cultured neurons were infected with lentivirus
expressing control shRNA (shcontrol), sShRNA targeting UHRF1 or shRNA targeting PTEN, fixed, and stained for SCG10 40 h after axotomy. (Scale bar: 200 pm.)
Arrow and dotted lines indicate the axotomy site. (H) Regenerative axon growth was measured 40 h after axotomy from the images in G. Individual data plotted;

n = 8-12 biological replicates; ***P < 0.001, ****P < 0.0001, ns, not significant by one-way ANOVA; mean + SEM.

In conclusion, our study unveils the miR-9-UHRF1-REST
transcriptional network as an important regulatory mechanism
promoting axon regeneration via the epigenetic silencing of tu-
mor suppressor genes and mature neuronal genes.

Materials and Methods

Surgeries and in Vivo Regeneration Assay. All surgical procedures were per-
formed under isofluorane anesthesia and approved by Washington University in
St. Louis, School of Medicine Animal Studies Committee. All in vivo experiments
were done using 8- to 12-wk-old C57BI6 mice. Sciatic nerve injury experiments
were performed as described (44). In vivo regeneration assay was performed as
described (44) with minor modifications. We counted the number of SCG10-
positive regenerating axons at multiple distances from the crush site, defined as
the position along the sciatic nerve length with maximal SCG10 intensity. The
cross-sectional width of the nerve was measured at the point at which the
counts were taken and was used to calculate the number of axons per 100 pm
of nerve width. Detailed procedures can be found in S/ Appendix.

Embryonic DRG Neuron Spot Culture and in Vitro Regeneration Assay. All
embryonic culture experiments were done used CD-1-timed pregnant mice.
Embryonic DRG neurons were cultured as described (44). DRG neurons were
infected with lentivirus at DIV1 and axotomized at DIV7. DRG spot cultures
were treated with 100 uM RG108 or DMSO (vehicle control) 10 min before
axotomy; the treatment was repeated 24 h later and spot cultures were
fixed 40 h after axotomy. To quantify axon regeneration, spot cultures were
fixed 40 h after axotomy and stained for SCG10. Regenerative axon growth
was quantified by measuring the length from the axotomy line to the axon
tip and averaged from three technical replicates per biological replicate.
Measurements were taken with the observer blind to treatment. Detailed
procedures can be found in S/ Appendix.

E12424 | www.pnas.org/cgi/doi/10.1073/pnas.1812518115

Adult DRG Neuron Culture and Neurite Length Analysis. Adult DRG neurons
were cultured as described (16). For quantification of average axon length,
total neurite length stained by TUJ1 was measured with Neuron Image
Analyzer (Nikon) and was normalized to the number of neuronal cell soma.
The values are averaged from four technical replicates per biological repli-
cate. Detailed procedures can be found in SI Appendix.

Antibodies and Lentiviruses. Details on antibodies and lentivirus used can be
found in S/ Appendiix.

RNA Preparations and RT-qPCR. Total RNA from DRG spot cultures was
extracted at the indicated time after axotomy using PureLink RNA mini kit
(Life Technologies) or miRNeasy Micro Kit (Qiagen). To perform gPCR, iTaq
Universal SYBR Green Supermix was used (Bio-Rad) with validated primer sets
from PrimerBank (https:/pga.mgh.harvard.edu/primerbank/). Detailed pro-
cedures can be found in S/ Appendix.

Bioinformatics Analyses. For miR-9 target analysis, validated miR-9 targets were
obtained from MetaCore and targets that were detected in our previous
microarray (16) were used for downstream analysis in MetaCore. For REST
target gene analysis, a list of 951 REST target genes was generated from
ref. 55 and from validated targets from MetaCore. RNA-seq data from
naive DRG and DRG 5 d after sciatic nerve crush obtained from CAST/Ei
mouse (57) were downloaded from Gene Expression Omnibus (GSE67130).
RNA-seq data from E12.5 and E17.5 DRG neurons (56) were downloaded
from Gene Expression Omnibus (GSE66128). Heatmap for REST target
genes were generated, and DAVID was used for Gene Ontology enrich-
ment analysis. Detailed procedures can be found in S/ Appendix.

DNA Methylation Assay. Genomic DNA was prepared from mouse embryonic

DRG spot cultures using AllPrep DNA/RNA Micro Kit following the manu-
facturer’s instructions. Detailed procedures can be found in S/ Appendix.
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Fig. 8. UHRF1 epigenetically represses REST expression. (A) Expression level of UHRF1 and REST were analyzed by RT-gPCR. RNA was extracted from L4 and
L5 DRG dissected 1, 3, and 7 d after sciatic nerve injury for in vivo analysis (n = 4-5 biological replicates for each; *P < 0.05 by t test; mean + SEM). (B) RT-gPCR
analysis of UHRF1, REST, and miR-9-5p mRNA levels. RNA was extracted from DRG spot-cultured neurons at the indicted time points after axotomy (n = 3—
8 biological replicates; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by one-way ANOVA; mean + SEM). (C) ChIP-gPCR assay for REST around the promoter
region of REST's target genes using uninjured DRG spot-cultured neurons and DRG spot-cultured neurons 16 h after axotomy (n = 3 biological replicates; *P <
0.05 by t test; mean + SEM). Fold change after injury is plotted. (D) Expression level of REST was analyzed by RT-qPCR at the indicated time points after axotomy in
DRG neurons in which UHRF1 was knocked down (n = 3 biological replicates; ****P < 0.0001 by one-way ANOVA; mean + SEM). (E) ChIP-gPCR assay for H3K9me3,
H3K9me2, DNMT1 and DNMT3a at the CpG promoter region of REST from uninjured DRG spot-cultured neurons or DRG spot-cultured neurons 24 h after axotomy
(n = 3-5 biological replicates; *P < 0.05 by t test; mean + SEM). Fold changed after injury is plotted. (F) Measurement of REST CpG island DNA methylation in DRG
spot-cultured neurons 32 h after axotomy with treatment of DMSO or 100 1M RG108 for in vitro analysis and in whole DRG 3 d after SNI with DMSO or 9 mg/kg
RG108 treatment for in vivo analysis (n = 8-11 biological replicates for in vitro analysis and n = 4-5 biological replicates for in vivo analysis; *P < 0.05, ns, not
significant by one-way ANOVA; mean + SEM). (G and H) Model illustrating the temporal changes in miR-9, REST, and UHRF1 induced by axon injury. The earliest
event involves the down-regulation of miR-9, which allows the increase in levels of UHRF1 and REST. UHRF1 suppresses the expression of tumor suppressor genes,
such as PTEN, while REST represses the expression of mature neuronal genes, including ion channels. Subsequently, UHRF1 shuts down the expression of REST. The
transition between a naive state and a regenerative state involves a feedback loop that controls the temporal profile of REST expression. The kinetic profile of
REST expression allows neurons to enter a less mature state without leading to axon disintegration. The temporal relationships (G), as well as the topological

interactions (H) among miR-9, REST, and UHRF1 and selected target genes, are shown.

ChIP-qPCR Analysis. The SimpleChlIP Plus Enzymatic Chromatin IP Kit was used
as described, with a few modifications, for ChIP assays. Detailed procedures
can be found in S/ Appendix.

Immunohistochemistry. Detailed procedures can be found in S/ Appendix.

Coimmunoprecipitation. Cells were solubilized in lysis buffer and incubated
with the indicated antibody overnight. Protein-G Dynabeads were added for
2 h. The beads were washed with lysis buffer and bound proteins eluted and
separated by SDS/PAGE, followed by immunoblotting with the indicated
antibodies. Detailed procedures can be found in S/ Appendix.
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