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Advances in drugs on targeting SMN2 for the treatment of spinal
muscular atrophy

HE Zhi-hao, ZHANG Xiang"

(Beijing Key Laboratory of Active Substance Discovery and Druggability Evaluation, Institute of Materia Medica,
Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing 100050, China)

Abstract: As one of the most serious hereditary neuromuscular disease, spinal muscular atrophy (SMA) is
caused by the loss or mutation of survival motor neuron 1 (SMN1) gene. It leads to a decrease in the level of SMN
protein and a consequent loss of alpha neurons and progressive muscle atrophy resulting in the progressive muscle
weakness, the significant disability and the shortened lifespan. Up till now, only three drugs have been approved for
SMA, including the gene therapy drug onasemnogene abeparvovec. The antisense oligonucleotide drug nusinersen
and and the small molecule chemical drug risdiplam were briefly introduced. Some representative samples of
the small molecule chemical drugs and antisense oligonucleotide drugs targeting SMN2 in the clinical trial or
preclinical research phases were also reviewed.
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SMA [ 595 AL (18] 1) 52 i 47 5q Je ik
13 47 s b (W32 B 4 28 e A 47 2 1A 1 (survival motor
neuron genel, SMNZI) ik 2% 5l 58 A%, 5t 250 H 9 54 11
SMN & FHKF BRI, 512 o #0120 J0 B Bk 2 FEAT PR L
P4, SMN & & — iz KL 38 kD & A,
25 Z R fg, 55 pre-mRNA BT #2 N R 5
I (small nuclear ribonucleoprotein, SnRNP) 4= % . %
SR NEIUSNE IR T Bl R A R 4 L SR B )

FENZEHAELEPFI SMN L [H]: SMNLFISMN2. HHy,
SMN1 =4 4= & mRNA (full length mRNA, FL mRNA)
B AR, gmtd BA 58 A DI RERI SMN 2 H ; SMN2 H JE
BEFI b T HP AR FTHEAMBCERTIN 5
SMNZ i) 5 P55 # AR IR . (A1 T 9096 ) SMN2 2 [A] 7 4=
() MRNA ¥ 5 A 9 i 77 AL B = b 2 7 7 (SMN A7) 1)
W, EEETCIRER, IR PR, R 10% 1)
REME SMN R 1774 . SMN2 #% UL [ 30 5 il PR 7 &
FURH RIS, 72 SMNL Bk 2K (1 B T, B R SMN2 [ 47
TEBEW 45 B NG B8, (H HAS 2 LABs 1Lz 3 #H 42 T 1)
IBAEEY,

FOVF MRS JE R 58 2 A mRNA LAY, A% 40 i
(1 328 6 BT 48 o o DR 2 AR G R 7 o BT AT DLERBR
AR B R S L E AR AN A AR Tk
BRI TR B AT G B 14 5SS A 3'SS I 55 LA K Ak
BFRAEH RS, — ki, W& FIERZHE
FEARTE B, BY 444 1R 2H 2% 45 UL snRNP L U2AF (U2
snRNP auxiliary factor) A1 U2 snRNP % 5'SS.3'SS 14}
SCRFFBIRRG SR R . A AFESN R TG b Fr 51 2R
AR, XA IR AR LA D BR T e 2 R e

M SMN1 3| SMN2, pre-mRNA #h & 7 7 5 /N A1 k&
A2 C-to-T 1 & #, 1X f#143 SMN2 pre-mRNA 7£ B #1472
TN 7 R AR ERE . 3X R C-to-T AR AR T 4 8
F YR HA 58 7 (exonic splicing enhancer, ESE), [A] s} 7=
A A BT BIHEUTER T (exonic splicing silencer, ESS), &
=M rr s &8 AN — 2% E B (hetero-
geneous nuclear ribonucleoprotein, hnRNP) £ & LA 411 il
AR T YRR,

FE SMA B X IR J5 1 )L 4E, DLREIRAL L & 5%
AR T B A2 37 BE SRR, 48 1 B 1 75
FNEPIESE, SR TG T SRR 21

AR, KIL T VF 2 vl LA S SMA BB R IR 1 B 2
4E 20 i 38 in SMN 2 = A2 46 &4, 40 aclarubicin.
butyrate. 4-phenylbutyrate. valproic acid. hydroxyurea.
indoprofen. interferons- # and -y. forskolin. ortho-vana-
date . cantharidin. tautomycin. aminoglycosides. resvera-
trol. suberoylanilide hydroxamic acid and M344. HF
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I — U B, 20194E5 A, 243145 %
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() [T A R 34 DA R T2 B A JE R AR 22 R 4t (central
nervous system, CNS) 4 A7, R [ ¥ 4% R VG IT 259
v S A B Bom BLs 25 41
11 BLHEY
1.1.1 BEEABEM (nusinersen) [ L E TR (anti-
sense oligonucleotides, ASOs) & — #f 5 % & pre-
MRNA A5 H AT 5 (1) RNA 5> 1, I 0] 5 Hpg s 5 Ak
Fexs & 4, 40 IEH & A5 -RNA 2 RNA-RNA #H H.AE
T R B

Nusinersen (Spinzara™, HJ ASO-10-27 5-TCACT
TTCATAATGCTGG-3') /& H lonis Pharmaceuticals #ll
i fi (Biogen) 3t 7] F & [ty — Fir 2'-0- (2- H1 4L 2k £ 3E)
(MOE) B FRAZ M ¥ Je LB AZ TR, ¥ Ia N & 1 7 A 5
) ¥ 5% DNA, F T 3697 SMN & A /K F R 2 31 1)
SMA®, 2016 4 12 H, 3 [§ FDA 1E Utk #E H A T Fr
HRA SMA BIIRYT, BUOASRALH & A 1% 0 N AE R
SN2, 201944 A, HAE R E BT, oy E e
MBI SMA I Z5W) . 1% 245 7 th B EHE 77 I 22 50 1)
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Figure 1 The disease etiology of SMA™. a) Healthy individual. There are two SMN genes in healthy individuals: SMN1 can produces all
full length SMN proteins, while SMN2 produces 10% full length SMN proteins and 90% truncated SMN proteins; b) SMA patient. Due to
mutations of SMN1, no SMN proteins produced from SMNZ1, only 10% full length SMN proteins produced from SMN2

7 B A SR 5 AT R N A 2

75 SMA K97 WL [ 1 4% X 45 Hh A7 F SMN2 4 12
T 7 RSB SN & T 7 B REUTER T (intronic
splicing silencer, ISS) J& i 15 4 i ¥ 7 W] 16 45 4 BY 452 1)
ARy . Horb, 1SS-N1 [ T RE f2 52 42 400 1) 4 (5
7 AL IR BT B0 ) K7 hnRNP AL FI A2,
Nusinersen i@ i 7> 514 5 4 B8 26 B AMNEC ST, 5 SMN2
pre-mRNA - ISS-N1 A7 i &5 4, BHIWT 7 hnRNA £ 1 1)
SE4E, i SMN2 412 1 7 7F pre-mRNA B #3273 £ 75,
7 A& SMN & [ B &=, Nusinersen #7 25 ~“dE
AR, W 44 R W A T 300 J5 36 o Y “ R
2 2B TR

Nusinersen 73 5 ¥ 7 35 [H 1) 532 A i 12.5 5 3%
7C, E RN LG 70 5 NR ML ERTHAH 56
ARFNEIES G, ZAET A HEHS — R EERRIT,

HRT AR B . 2020 4R 12 7, E R EGR R AT
T 2021 4 B K B AR 2 fn B 3%, nusinersen 3§ 34 iE\ H
3%, SMA B35 1) FH 25 9 PR S 25 B AR B2
1.1.2  F F = (risdiplam) Risdiplam (Evrysdi™)
JEH % K (Roche).PTC 57 A A LA & SMA JE 4 45 3t
IF) R 1) 1R RNA BY 28116 751, 11 AR A FH % 24 g (2 3t
SMN2 /=4 4 K FATh e M B o

HIF 53 A48 A 2 5 SMN2 fil /s 356 [R] 1) HEK293H
NWEJG 'S 40 M &, 38 75 38 2 0% %8 (high-throughput
screening, HTS) 1771 A& H 20 2 73 Fidb & ¥ 1) e
i TR A SR AT L (K 3). XL
— B, 13 2 A D AR TR SMN L&) &
B B H/ G RATAEY SMN-C1. & 5 £ 1744 SMN-C2,
AJ DUF S H 5 SMN2 pre-mRNA HEAT &4, 4R,
H - A I 2R A0 K % il A A G 35 s A 2 P A
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Figure 2 The mechanism of action of nusinersen®. Nusinersen binds to the intron splicing silencer N1 (1SS-N1) site on the SMN2 pre-
mRNA. By displacing hRNP A1/2 from the ISS-N1 site, nusinersen promotes the inclusion of exon7. ASO: Antisense oligonucleotide

SMN-C3

RG7800

Figure 3 The structures of risdiplam and its related compounds
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RG7800 ff) % 4= 1 . ifit 5% P 245 /85h 71 % (pharmacoki-
netics, PK) 4T T #F 5%, WA WET A RK A E T
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WA E AT MR A PHEAT T IR N AR AL A
., risdiplam By B IR @ R0 035 BRAR AR BR T |
TeE TR AR HAR W A /D (s s o B T — 2D
(IR TR, 2020 4F 8 H, risdiplam %543 2% [¥] FDA it 4k,
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Risdiplam derivatives

T 24 B R UL b A 08 55 2 1R B UL 4 1R 7,
52 55— AL HELE 9 SMA BT B8 M6 71 (1 25 417
W 3z, BSR4 E W) R 0% & (structure-
activity relationship, SAR) A f&j Z2 548 1~ : A LL & &
FAN A S B, e s e B BEZE pH 1 3 pH 12
7 NI 2% R0 7K 2 il v Ak 2 e, TR O 3 B 3 T
i, Ames 5256 1) 45 L T4 00 B B (R)), #EHEIE JF
M 5 T BE A% (1) 3 At L, TG A Ik 1 A P IR ke
WE A E A R B, AR A0 R AT, Ames S50 B 1,
A B AR P S ik i oAy e 0 e I v B (R,) FRRE 28
£i7 B [SMN-C3 7=l J Bt (1- £ FEWR I -4-F5) N & 747
B IR N R 7207747, risdiplam Atk RG7800, [
IR G AS 22 7= AR N- B B AR U, A 2 5 3 FoxMl
(forkhead box protein M1) /- F I TEISMNEA R B o
W1 4 iR, 78 pre-mRNA B3 (138 F5 i, U1snRNP
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Figure 4 The mechanism of action of risdiplam®. A: Binding to the transient double-strand RNA structure formed by 5SS and U1 snRNA

(the RNA component of the U1 snRNP), risdiplam converts the weak 5'SS into a stronger one; B: Risdiplam binds to 5'SS as well as to

ESE2 of SMN2 exon 7. SM: Risdiplam

507 F AT T - A I 5 AR S 0 5B B A A
(5'SS) M2 28 A& Ak & KRB P, #E SMN2 pre-mRNA
[ By F 1 A2 v, 5'SS [RF K B # A H 5 ULsnRINP 1) 45
AR, Ha S ST, Risdiplam 2825445 57
P4 i B 5E H 5'SS A ULSnRNP & & W) T R 1) 5% s 0%
RNA 14, MK SMN2 48 2 7 1 55 5'SS ¥ 46 4 i
5'SS, A AT B AT . R, 284k &Pk mT DLik
PEPEHL 5 SMN2 41 27 7 H g 0 57 B 23 5 - ESE2
gh 4, DL 9 B ) SMN2 1) 4% 5 0. Risdiplam 5
SMN2 4} & 7 7 1) 5'SS LA Jz ESE2 1 &5 &, A& o Xy
SMN2 ¥ bR LA 7 S M. 70 SRR T B3 10 B 4T 4 41
UL 2 B 5 5 2 Be T 44 i (induced pluripotent stem
cells, iPSCs) /== 1z 2 #h & e 4 i+, risdiplam {i 3
THNETF TSR P AE 2K FL mRNA, 4K
SMN Z& (1 3 4.,

[ 2020 4F 8 H #£ 3% [ FDA 1E 23k b J5, risdiplam
1E SMABIT YT S Bl — BAE IS K, 58 =R
B9 890 77 0,

FH G F nusinersen 75 2230 i 84 P9 45 24 & R AR R 4
Z 4, risdiplam i Mk 77 s 2, )i A HAx # 42 R
GURAN L Z9 X IR IT B R R A R,
A UEYE X B AN 1 SMN 2 K50 50 RS R K
E A
1.2 SFlaRMAZRMENIRIEZY
1.2.1 Branaplam Branaplam J& i & /A &) W & H 1)
SMN2 By 42 1& i 7)o 8 ik A F R 1k SMIN2 /) Jik R 4
2 FE A1 NSC34 32 3l #h 4 J0 241 il R 347 el L 07 e,
M AL S (2 1.1x10°4N) Hh % 5 H DUk T8 B 4%
Y A% U T RE (0 45 1 B 58, 5 L 45 My kAT i1k, 1931
NVS-SM1 (branaplam).NVS-SM2 ix B 4> B K i 3%

PRI & (85). 1B 6 fiEa g ik 7tk &9%
MIFIRR o JEIE ELISA P SMN A7 /) BB UL AH A
o1 SMN % (17K, branaplam 1 NVS-SM2 ] EC,, 7 5l
$90.02 A10.6 umol-L 42,

NVS-SM2

NVS-SM1 (Branaplam)
Figure 5 The structures of NVS-SM1 and NVS-SM2

The compounds have the equi
activity when methylation of the amine
in the linker region is tumed into ether,

The compound has the best activity
as its main core is pyridazine.

The basicity and lipophilicity of
the tetramethylpiperidine are
the key factors to keep activity
as well as to decrease hERG
Toxicity.

The aromatic region is tolerant of various aromatic and
heteroaromatic moduﬁcanons and prm‘ed to be a favorable
ion as well as p hemical and

ADMET properties. The | gy APProXi planar

ion of the phenylpyridazine biaryl system,
caused by internal hvdrogen bond, represents the
preferred bioactive conformation.

Figure 6 SAR of pyridazine series
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FL % s AR DL S SMN & E 388 b AHXS 1 &, NVS-
SMITEEMRMFIEM BT TR T A8 FE,
{5 F NVS-SM1 7£ /™ B (1) SMA IIfi /& 77 #5254 (SMN A7)
HHOIE B T HRE SR M 9 AT A . BRI PR BT T AL
P, EHE T NVS-SML NI R B 7L, B F 1 PR
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NVS-SM1 A e 48 By EaE PR/ H, & nT Bl i
F& € UL-snRNP & 4 ) 5 SMN2 pre-mRNA 2 [&] [ #H
HAEH, RSB TFTHES, mEAEGRMEK
SMN & [,

11 A1l R BT 58 (NCT02268552) & — 15 T iR 25
24> EIRAE AR I X 1 B SMA %2 )L IR branaplam
(B Te: B B2 VPAL 13 5 B2 Ak i 2 1 28
712 (pharmacokinetics, PK). 2% 2% (pharmacodynam-
ics, PD) A1J7 %, ¥ & 11 AR branaplam 1) ¢ K i %2 &
(maximal tolerable dose, MTD), i 72 1 1 SMA & £
JATE ) 22 A 7 2 DL R BRI 4 A 9T R B B R B
LW SR, — DK Y EE R AL A ORI, R A%
e B2 2, NI LA, LIS R4 HE 52 AL
VR 0L 1 7 A543, TSI PG Ak 6 8] e 8 4500
1.2.2 SMN-C3 HI TR, %@ i HTS k15 1)k %
WEMHEERATEY L (K 3) AT AR 2 342851
A, SMN-C3 2 Hoh — AN A AR AL & 0%,

ZA AW H A g E R K A (EC,, =
84 nmol-L™), 30 7 1 L SMA 3% 1 Bl £ 45 40 iy FL
SMN2 mRNA 7K -, [F] I FEAK 7 A7 mRNA 7K1, A
1M SMN & [ a3 e, 75 38 RIE M 7% T £ it
S Hf = AR T Islet-1 FH PR 3E Bl 28 0 4H i AT Islet-1 914
IEBNHZ TN, f# F SMN-C3 -t R 58 iy | 540 11 %Y
SMA B 4l 1f) SMN & [ KFP, 75 ™ & SMA /)
BB AL R AR S R A A SMIN2 B #5245 4 77 wT 7 1k
P48, 5] I Ik BE RE K 75 3G DA =, TS AR
J 32 B0 Ty R B A A sk 22 JUL PR R B

2 ULsnRNA &5 & if, SMN-C 251k & ¥ 45 & 2
SMN2 4} & 1+ 7 E 5'SS Al ESE2 PN 7 i 5 5'SS 45 &
Rt TN F 7S R S, SESE24 & &
F hnERP (heterogeneous nuclear ribonucleoprotein) G
AL I UV ULsNnRNP E 54 5 ESE2 455 . MM 45 &
b F2 f# 74 SMN-C 2846 & 9 12 78 XF SMN2 J STRN3
pre-mRNA [ i i 5120,

1.23 RG3039 f£ HTS 5258 v, {87 A &= T 48 i (1
SMN2 #% 55 /)N 43 1 T30 75 41k o 5 DR 23 A, v e ik 556
VI E HORAE iz B b 4 o R AN i A 1K) SMN2
DRI S s 7)1 . B TG AR B BT SR R T — R4
C5 UM 2,4- & JE gk R4k &4, Hop — 2k &
YIAE SMA 3 SR E I B 2T 4 21 il 2 35 I SMN mRNA
A4 SMN 2 H K F 1 52 =y DL 48 i #% A Cajal 44
(cajal body) F1 Gem (gemini of coiled body) %= 1 1%
e, Fl e E SMA /N BB A delta-7 /1 BRI T AR
PEAL &4 D156844 (K1 7), H iz A &4 7] 1K 5 71

Y5, B sh RO, R 4y
4k, D157495 (RG3039, PF-06687859) 5 HAth ft. &
IR BB ROt BREL DRI T A 34 g s PR Ak 38 245 42747

oL
N Hal
il j"\ HCI

. SN7NH,

D156844

cl
seop 8.
N Hel
o i HCl
Cl N
N NH,

RG3039 (D157495, PF-00687859)
Figure 7 The structures of D156844 and RG3039

Gem i 25 2 R JE T SMA B 3 11 1 4T 4 41 4 1iE,
FUA S e ™ H R 2 AR O, A R B AR 1)
C5 HUAC Iy v e bk 4 47 2 1 B 21 43 48, S0 S
Gy T W E i TE KRS (decapping scavenger
enzyme, DcpS). DcpS /& — Ff 45 & 1 7K fiE m7GpppN
MRNA 1 45 14 A% ZF AR B E, 2 RNA AT 5 75
24 &) 5 DepS 45 G AE B AL T — Fh IR 00 o i A
LRI Grb, G 2] DepsS Jit e v 11

FIHROAIE, A 3208 B H M XUE I R IR
3o 48 58 i, RG3039 7E fiT A7 il 4 771 &~ 24 ] ifif 52,
B A RS
1.3 &FlaARETHZM R IR IED
131 FEBEZMXNLEY i CHEH, branaplam 2
TN T R B B SMN2 BT 3484670, H BT AT 11
Wl AR TR B W] 8 FiT i, &5 M Ik IR — 2K X 5
Bk R ISP TR B2 BHBE IR 5 2K ) T ) 4 1
B FT SR AT B, X HE R VR R AU . FRK
5 Z N, WAMR AT 1,3,4- 18 IR ERAR, X O IEC S 3
&5y A 1,5-B-4 (S---0) B 1,5-F- 14 (S---X) JEFLAh
FEAE IR T MR LR I HABHL M. RELEY
LR 032 1T

G-2-1 F1 G-2-2 1 PK 4k & B, 98 2 S AN =
A-(4-MEk M 5 ) 2 AR5 B0 4 PR 3RS ok 35 0D, AR T
PR AU R AR B AR SR ) G-1-1.G-1-2 F1 G-1-3 B A7

M. N
o 'NI‘ S “o...s--\\N x...s-‘\\N
e t Ly @N,
A B 3

Figure 8 Conformational constraints. A: 2-Hydroxyphenyl pyrid-
azine; B: 2-Hydroxyphenyl thiadiazole; C: 2-Methoxypheny! thia-
diazole
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Table 1 SAR of phenyl thiadiazoles

A

N NH
~

N

w

R N
ELISA
Compd. R= . Fold activ.
EC,,/umol-L
G-1-1 Y N@o 0.062 25
T
G-1-2 Nﬁ/@on 0.032 31
N
!
G-1-3 O OH 0.061 34
AN
F
G-2-1 0.043 31
N7
HN
Cl
G-2-2 0.034 25
N7
HN
Cl
G-2-3 0.048 3.2
N7 I
HM
E
G-2-4 0.020 31
N I
HN
G-2-5 0.033 3.0

I Z
=z %
= m
n

HE M R R . G-2-5 07 -5 K HE e I 7R /)N
FR SMA R i B ok 42K SMN 2R 1 197~ B 34 1 1 50%
PL_EE,

1.3.2 PK4C9 {Eif#E A&7 788 =i 72 oo 1
o, AT SMN2 # % R AR 77 50 &1 71T
TSL2 (terminal stem-loop 2) & 4% # S 4 {F FI™* ., &
N AR, TSL hairpin i) 3% 8 7> 2 14 1 E7 1) 5" 85 % i
A X BT EEALE R S AN B IS R A T AR
WS, AF 7 N B A T TSL2 RNA 45 4 1F 4 $E kR, X
SMA BEAT T ¥EAR (/N 73 T i, i 7 —JRd g
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Figure 9 The structure of PK4C9
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Figure 10 The Mechanism of action of PK4C9)
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Figure 12 The structure of I-1
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Table 2 ASOs in preclinical studies
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NeGd. BIRBNIEN 2 — P HE ST, H
A7 AE ST 15 9 DA R 8 BSR4 1 T 8 i3 U 45
AN BT, Hammond %5547 3 T Pip6a-morpholino
phosphorodiamidate oligomer (PMO), Bl F= 5 1% i# fik
Pip6a 1 20-mer PMO J7 51145 &, #E17] SMN2 A1 2.+ 7 1]
ISS-N1. fE#F#IKIES 4525 )5, /™ 2 SMA /)RR i
2 RGFHNEA AL m 3R IE SMN &R [, X Fi597 SMA
BRI 7.

E1 (Mov11).PMO-25 Fl HSMN2EX7D (-10,-29) ]
k%% 4H %35 24 morpholino A2 11 i) ZE A% H R, 2 [7] SMN2
W& T 7 NS T B 5 E1 (element 1) 5( 1SS-N1,
I T SMN2 BY I 1 AN B 7 B A DA 4 K
SMN % [ 1) &, 3k 10 208 SMAKE IR, 8 i v 5 45 24
J&, B HEK T 7 SMA /N R AR 17 1R,

2 REERE

A D — Tl 712 B P 88 A% 1 4 2 UL A 2 L9, T i
JULZE 46 Bk R 52 B 4k 2 & I OGTE . H R ILSMA 2
F 2 3 1) SMINL 256 [R] 98 4% i sl 2k 51 &2 1), I HL AT BAA
SMN2 2 A Hr 39 i SMIN 25 3 17 AR DL SRS 2 T e R A
Kk, FERRTT /N T AR UL T TR 29
TBIT T S T O R A

H AT, T SMA IR I7 25 i Fe # i = 2 4 vp
FLLF LA JiH: © BLnusinersen AR 1 e X #%
HERZ) A LA risdiplam AR 1) /N 7 TG 259, 1R
F-F SMN2 3 [X], 1 %5 SMN2 it 3 [R] 5 5% F 8T 2 45 1ffi
R, DR SMN2 B (K b A8 2 7 7 B ALk R AR 5
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Code name Chemical name/description Molecular mechanism Organization
Pip6a-PMO Peptide-oligonucleotide: Pip6a-morpholino phosphorodiamidate oligomer SMNZ2 expression University of Oxford
targeting SMN2  (PMOs), Pip6a: Ac-(RXRRBRRXRYQFLIRXRBRXRB)-COOH, the PMO  enhancers

sequence: 5'-ATTCACTTTCATAATGCTGG-3’
E1 (Mov1l) Morpholino-modified 20-mer antisense oligonucleotide (ASO), which SMN2 splicing Shift Pharmaceuticals,
sequence: 5-CUAUAUAUAGUUAUUCAACA-3’ modulators University of Missouri
PMO-25 25-Mer antisense phosphorodiamidate pholino oligomer (PMO), which SMN2 splicing University College
sequence: 5'-GUAAGAUUCACUUUCAUAAUGCUGG-3' sodulators London
HsSMN2Ex7D MO antisense oligomer (ASO), which sequence: SMN2 splicing Ohio State University
(-10,-29) 5-ATTCACTTTCATAATGCTGG-3’ modulators
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