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a b s t r a c t

The neuron-restrictive silencing factor NRSF/REST binds to neuron-restrictive silencing elements in neu-
ronal 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, sug-
gesting 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 and central morphine analgesia in mouse models of pain.

� 2017 Elsevier Ltd. All rights reserved.

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,1 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 medici-
nal solution for intractable chronic pain.2,3

Nerve injury-induced neuropathic pain is characterized by neg-
ative 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 attribu-
ted to epigenetic silencing of the C-fiber Nav1.8 channel and l-opi-
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Fig. 1. Structural comparison of the NRSF/REST helix with C699 and mS-11. The
spirocyclohexyl 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.
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oid receptor (MOPr) through mechanisms involving a repressor,
neuron-restrictive silencing factor (NRSF; also known as repressor
element 1 silencing transcription factor, REST),5 together with his-
tone deacetylase (HDAC).6,7

NRSF/REST was originally identified as an essential transcrip-
tional 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 (re1), of which approxi-

mately 1900 copies are found in the human genome.8 The N-termi-
nal repressor domain of NRSF/REST recruits a corepressor, mSin3,4

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 disor-
dered domain containing 44–54 N-terminal amino acid residues
that form an a helix after binding to the mSin3B PAH1 domain

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, CH2Cl2 (DCM);
(ii) H2, Pd-C, MeOH or piperidine, DCM. (b) (i) i-PrOCOCl, Et3N, DCM; (ii) HCOOH. (c) (i) AcCl (ii) t-BuOH, DMAP, DCC, DCM; (iii) K2CO3, MeOH, H2O; (iv) N-
hydroxyphthalimide, Ph3P, DEAD, THF; (v) hydrazine haydrate, MeOH. (d) (i) i-PrOCOCl, pyridine, CH3CN; (ii) HCOOH. (e) (i) HATU, DIEA, DCM or DMT-MM, NMM, MeOH; (ii)
HCOOH.
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