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ABSTRACT

The neuron-restrictive silencing factor NRSF/REST binds to neuron-
restrictive silencing elements in neuronal genes and recruits corepressors such
as mSin3 to inhibit epigenetically neuronal gene expression. Because
dysregulation of NRSF/REST is related to neuropathic pain, here, we have
designed compounds to target neuropathic pain based on the mSin3-binding
helix structure of NRSF/REST and examined their ability to bind to mSin3 by
NMR. One compound, mS-11, binds strongly to mSin3 with a binding mode
similar to that of NRSF/REST. In a mouse model of neuropathic pain, mS-11
was found to ameliorate abnormal pain behavior and to reverse lost
peripheral morphine analgesia. Furthermore, even in the less well
epigenetically defined case of fibromyalgia, mS-11 ameliorated symptoms in a
mouse model, suggesting that fibromyalgia is related to the dysfunction of
NRSF/REST. Taken together, these findings show that the chemically
optimized mimetic mS-11 can inhibit mSin3-NRSF/REST binding and
successfully reverse lost peripheral morphine analgesia in mouse models of

pain.



Epigenetics is a challenging but promising topic for better understanding of genetic
memory, and much literature has been published on the epigenetic regulation of chronic
pain,’ which involves an aspect of pain memory. The design of chemicals to affect the
genetic/epigenetic regulation of key molecules involved in pain processing is therefore
expected to provide a new medicinal solution for intractable chronic pain.z’3

Nerve injury-induced neuropathic pain is characterized by negative signs such as
unique hyposensitivity to C-fiber pain fiber stimulation and loss of peripheral morphine
analgesia, as well as conventional positive signs including hyperalgesia and allodynia.4
Recent studies have revealed that the negative factors are attributed to epigenetic
silencing of the C-fiber Na,1.8 channel and p-opioid receptor (MOPr) through
mechanisms involving a repressor, neuron-restrictive silencing factor (NRSF; also
known as repressor element 1 silencing transcription factor, REST),’ together with
histone deacetylase (HDAC).6’7

NRSF/REST was originally identified as an essential transcriptional repressor that
inhibits the expression of neuronal genes in both non-neuronal cells and neuronal
progenitor cells: It binds to a 21-base-pair DNA element, termed neuron restrictive
silencer element (nrse) or repressor element 1 (rel), of which approximately 1900
copies are found in the human genome.8 The N-terminal repressor domain of
NRSF/REST recruits a corepressor, mSin3,* which consists of four paired amphipathic
helix (PAH) domains, termed PAH1-PAH4. The structure of the PAH1 domain of
mSin3B, an isoform of mSin3, in complex with the N-terminal repressor domain of
NRSF/REST was previously determined by NMR: the minimal repressor domain of
NRSF/REST is an intrinsically disordered domain containing 44-54 N-terminal amino

acid residues that form an a helix after binding to the mSin3B PAH1 domain



(Supplementary figure S1 ).” In the complex structure, four hydrophobic amino acids of
NRSF/REST — namely, leucine at position 46 (Leu46), isoleucine at 47 (Ile47),
methionine at 48 (Met48) and leucine at 49 (Leu49) — interact deeply with the
hydrophobic groove of the mSin3B PAH1 domain. We therefore considered that a
compound mimicking the one helix turn formed by these four amino acids of
NRSF/REST might bind to the mSin3 PAH1 domain and inhibit the function of
NRSF/REST.

Recently, investigators are also becoming interested in a molecular
understanding of the poorly investigated disorder fibromyalgia, a predominantly

- . 10,11
female syndrome of generalized pain,

and several experimental pain models
mimicking clinical features of its pathophysiology and pharmacotherapy have been
developed.lz’13 Both in theses pain models and in patients, a lack of central
morphine analgesia has been observed, suggesting that negative regulatory
mechanisms may derive epigenetic silencing in fibromyalgia, as in the case of
neuropathic pain. To improve understanding of the molecular mechanisms
underlying the unique phenomena in fibromyalgia, we aimed to investigate the
effect of mimetic inhibitors of NRSF/REST in fibromyalgia models as well as in
neuropathic pain models.

PRISM BioLab has developed many helix mimetic templates (>30) for drug
discovery purposes. We analyzed these templates by superimposing them on the
one helix turn of NRSF/REST described above (Leud6, Ille47, Met48, and Leu49;
hereafter termed the “target helix”). Ultimately, one of the templates that mimicked

the main chain conformations of the target helix was selected. By adding the amino

acid side chain structures of the target helix loop to the template, C699 (Fig. 1) was
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designed and synthesized by the synthetic route shown in Scheme
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Next, to improve the solubility and structural similarity of C699 to the target helix,

1."* The two main

we synthesized mS-11 (Fig. 1) in accordance with Scheme
modifications of mS-11 from C699 were as follows: first, displacement of the
isoleucine position from spiro-cyclohexyl to (R)-ethyl was performed to achieve as
structure closer to the natural isoleucine side chain; second, pyrimidine was
converted to an oxadiazine ring to improve the solubility of C699. The chemical

structures of C699 and mS-11 were confirmed by NMR and other analytical

methods (Supplementary Information).



The ability of both C699 and mS-11 to bind to the mSin3B PAHI domain was

15,16

examined by NMR using saturation transfer difference (STD) ™ 17-19

, Waterlogsy
and "H-">N heteronuclear single quantum coherence (HSQC)20 titration
experiments, which showed that mS-11 bound more strongly to the mSin3B PAH1
domain than C699 (Supplementary Fig. S2).

In the HSQC experiments (Supplementary Fig. S3 and S4), chemical shift changes
were compared between unbound mSin3B PAH1 and bound mSin3B PAH1 under the

condition of a 10-fold excess of mS-11 (Fig. 2, green lines).
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The CSPs for mS-11 were delocalized over almost all of the molecular surface of the
mSin3B PAHI1 domain; thus, it was hard to identify the contact site of the PAH1 domain
for mS-11-from only the experimental CSPs. After binding to mS-11, the structure of the
mSin3B PAHI domain is likely to change, as observed when it binds to NRSF/REST,
and.to lead to changes in its CSPs. It was therefore necessary to differentiate the CSPs
due solely to structural change effects after mS-11 binding from those due solely to
contact effects with mS-11.

First, we estimated the CSPs due solely to structural changes of mSin3B PAHI
caused by binding to NRSF/REST by applying SHIFTX2?*! calculations to two mSin3B

PAHI domain structures: a ligand-free form (PDB code: 2CR7), and an



NRSF/REST-bound form (PDB code: 2CYZ), as shown in Fig. 2 (red). The CSPs
calculated to be due to only structural changes after binding to NRSF/REST were larger
than the experimental CSPs observed for binding to mS-11 (Fig. 2, right and left side
axes). This suggests that the structure of the mSin3B PAH1 domain bound to mS-11is
more similar to the unbound structure than to the NRSF/REST bound structure; thus,
the binding affinity between mS-11 and PAHI is not as strong as that between
NRSF/REST and PAH1. Although the CSPs caused by mS-11 are small, the pattern of
CSPs for mS-11 is very close to that of CSPs calculated to be due solely to structural
changes induced by NRSF/REST binding (Fig. 2), suggesting that the binding mode of
mS-11 is similar to that of NRSF/REST. In addition, the HSQC signals of five residues
of the mSin3 PAH1 domain (Phe58, Glu85,1le90, Val91 and Leu97) are disappeared
(Fig. 2, green blank bars); these amino acids are likely to contact mS-11 under
fluctuating conditions. In particular, the CSP of Phe58 CSP was calculated as a small
CSP due only to structural.changes in mSin3 PAHI after binding to NRSF/REST;
however, disappearance of the Phe58 signal suggested that Phe58 is a key residue for
contact with PAH1. For the subsequent docking calculation, therefore, we defined
the residues that disappeared due to ligand contact as active residues, and the
neighboring residues as passive residues.

Figure 3A shows the structure of mS-11 docked onto the mSin3B PAH1 domain

using HADDOCK (PDB code; 5Y95).



Notably, mS-11 inserts more deeply into the mSin3B PAH1 domain as compared with
the NRSF peptide (Fig. 3B). In detail, two of the active five residues, Phe58 and Leu97,
make direct contacts with mS-11, while the other three residues, Glu85, 11e90 and
Leu97, are not directly involved in the interaction (Fig. 3C). We considered that the
disappearance of the signals of these three residues must be caused by a characteristic
structural change of the PAH1 domain on binding. The docking structure also supports
the higher affinity of mS-11 binding to mSin3B relative to C699 binding: the
ethyl-group of mS-11, which corresponds to the spiro-cyclohexyl group of C699, inserts
more deeply to the hydrophobic pocket (Fig. 3D).

We tested the effects of mS-11 in a mouse model of neuropathic pain. The
nociceptive threshold to C-fiber stimulation (5 Hz) was significantly increased in mice

on day 5 after partial sciatic nerve ligation (pSNL) injury, as shown in Fig. 4A. As



predicted, this hyposensitivity (hypoesthesia) was significantly reversed on day 12 after

daily treatment with 10 mg/kg (i.p.) of mS-11 from day 5 to day 11.
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In addition, morphine analgesia lost in the pSNL model was recovered, as predicted (Fig.
4B).

We further investigated the recovery of lost morphine analgesia in a mouse model of
fibromyalgia. Intermittent cold stress (ICS)-treated mice were given mS-11 as described
above for the pSNL model. Repeated mS-11 treatment reversed both the hyperalgesia
and the loss of morphine analgesia (Fig. 4C,D). Similar recovery of hyperalgesia and

loss of morphine analgesia were observed on repeated mS-11 treatments in a recently



developed fibromyalgia-like pain mode induced by intermittent physiological stress
(IPS), as shown in Fig. 4E,F.

The present study has provided experimental evidence showing that mS-11, a
compound chemically optimized to interact with mSin3 and to inhibit
mSin3-NRSF/REST binding, successfully reversed the lost peripheral morphine
analgesia which caused by epigenetic MOPr gene silencing through NRSF and HDAC
molecules® in a model of neuropathic pain. Therefore, these findings suggest that mSin3
may play an important role in this silencing machinery. The successful reversal of pain
symptoms was also observed in the case of loss of central morphine analgesia in two
models of stress-induced fibromyalgia (ICS and IPS), although the time-consuming
identification of the brain loci involved remains a subject for future study.

Interestingly, we observed that hyperalgesia in both the ICS and IPS models was
reversed by repeated mS-11 treatment, in contrast to the finding that C-fiber
hyposensitivity is reversed-in the model of neuropathic pain. Because abnormal pain
behavior in the ICS or IPS model is closely related to centrally originating pain
mechanisms'’, whereas the neuropathic pain model is based on peripheral mechanisms
causing AB/Ad-fiber hyperalgesia and C-fiber hypoesthesia, it remains unclear whether
similar machineries are involved in the central and peripheral actions of mS-11. It is
interesting to speculate that the paradoxical anti-hyperalgesic action of mS-11 may arise
because it prevents the decrease in the endogenous opioid analgesic system13 by

blocking in the epigenetic silencing of MOPr gene expression.
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Figure Legends

Figure 1. Structural comparison of the NRSF/REST helix with C699 and mS-11.
The spiro-cyclohexyl group in C699 was changed into an ethyl group in mS-11 to
improve structural similarity to the natural isoleucine; in addition, a pyrimidine ring in

C699 was changed into an oxadiazine ring to improve solubility.

Figure 2. CSPs of the mSin3B PAH1 domain binding to mS-11.
Chemical shift changes in the mSin3B PAH1 domain after the addition of mS-11.
Shown are the experimental CSPs measured for mS-11 addition (left axis, green lines)

and the CSPs calculated for PAH1 binding to the NRSF/peptide (right axis, red lines).

Figure 3. The structure of the mSin3B PAH1 domain bound to mS-11.

(A) Structure of the mSin3B PAH1 domain (orange ribbon) bound to mS-11 (stick
model). The four interacting hydrophobic amino acids are indicated. (B) Structure of the
mSin3B PAH1 domain (orange ribbon) bound to the NRSF/REST peptide (stick model).
The four interacting hydrophobic amino acids are indicated. (C) Structure of the
mSin3B PAH1 domain (pale cyan ribbon) bound to mS-11. The five active residues in
the HADDOCK calculations are indicated by red sticks. (D) Surface structure of the

mSin3B PAH domain with mS-11 docked.

Figure 4. Repeated treatment with mS-11 ameliorates abnormal pain behavior in mouse
models of neuropathic pain and fibromyalgia.

(A, B) C-fiber hypoesthesia (A) and loss of peripheral morphine analgesia (B) on day 5



after pSNL injury, and their reversals on day 12 after treatment with 10 mg/kg i.p. of
mS-11 (days 5—-11). Results are represented as Threshold (1A, A), or paw withdrawal
latency (PWL, s, B). *p<0.05, vs. Sham-Vehicle on each corresponding day. *p<0.05,
vs. Injury-mS-11 (day 5). $p<0.05, vs. PWL at 0 min. (C, D) Thermal hyperalgesia (C)
and loss of central morphine analgesia (D) on day 5 post ICS (P5), and their reversal on
P12 after daily treatment with 10 mg/kg i.p. of mS-11 (days 5-11). (E, F) Thermal
hyperalgesia (E) and loss of central morphine analgesia (F) on days 5, 12, and 19 post
IPS (p5, P12, and P19), and their reversal on P12 and P19 by daily treatment with 10
mg/kg i.p. of mS-11 (days 5-11). ¥*P<0.05, vs. PWL at P5 (IPS-mS-11). $p<0.05, Vs.

PWL at O min. The number of mice used in each group is indicated in figures (A—F).

Scheme Legend

Scheme 1.

Synthesis of C699 and mS-11.The following reagents and conditions were used in each
step. (a) (i) Cbz-norLeu-OH or Fmoc-Met-OH, HATU, DIEA, CH,Cl, (DCM); (ii) Ha,
Pd-C, MeOH or piperidine, DCM. (b) (i) i-PrOCOCI, Et;N, DCM; (ii) HCOOH. (c) (i)
AcCl (ii) t-BuOH, DMAP, DCC, DCM,; (iii) KoCO3, MeOH, H,O; (iv)
N-hydroxyphthalimide, Ph;P, DEAD, THF; (v) hydrazine haydrate, MeOH. (d) (i)
1-PrOCOCI, pyridine, CH3CN; (ii) HCOOH. (e) (i) HATU, DIEA, DCM or DMT-MM,

NMM, MeOH; (ii) HCOOH.
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Highlights

- Dysregulation of the neural repressor, NRSF is related to neuropathic pain.

- Based on the structure of NRSF bound to mSin3, mS-11 was designed and
synthesized.

- NMR shows that the mS-11binding site on mSin3 is similar to that of NRSF.

- mS-11 reverses hyposensitivity of the peripheral C-fiber response in neuropathy.

- mS-11 reverses hypersensitivity of hyperalgesia/allodynia in a fibromyalgia model.



