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[ Abstract]  Amyotrophic lateral sclerosis ( ALS) is a progressive neurodegenerative disease characterized by a
selective loss of upper and lower motor neurons that lead to paralysis and even death. Mutations in a large number of genes,
including FUS/TLS, EPHA4, SS18 L1, ATXN2 and C9ORF72, are identified to the casual genes of ALS, which broadens
our understanding of the role of RNA modulation in ALS pathogenesis. This review summarized ALS-associated genes and
the related ALS rodent models.
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Tab.1 A list of genes implicated in ALS pathogenesis

A FHIBE
Genes

Gene function

ESPUN

References

PR RAE Tt/ % WORVE %
Mutations fALS sALS

Chromosomes

IKFEIN JAE S G ALS BRI
SOD1 Mutations in this gere have been implicated as a cause of

fALS.

Hsp27 575 ] 24 of JiE-B WLZE 45 ( CMT2F) FIlz ity 3815 14
B 22 L (dHMN) b 3R SR AT DU i R R
SOD1 HH G R TTHi .

Hsp27 mutations cawe both CMT2F and dHMN.
Upregulated expression of Hsp27 protect against neuronal

Hsp27

damage induced by mutant SODI protein.

GluA2 JEAT B RS2 RG IR I — b1, X AMP A UK, TP

UL (1) B F 5038 ; GluA2 RNA S8 3R EE 15 ALS

PR,

This gene product belongs to a family of glutamate
CluA2 receptors that are sensitive to alpha-amino-3-hydoxy-5-

methyl- 4-isoxazole propionate ( AMPA) , and function as

ligand-activated cation channels. Defective GRIA2 RNA

editing may be relevant to ALS etiology.

EPHA4 J& T 32 1 s 8 IR S AR IR IR 352 1R TR W, 2

HFIE S ALS B R AAIE UG, JE R 228 n] 3

i,

Ephat EPHA4 belongs to the ephrin receptor subfamily of the
protein-tyrosine kinase family. In humans with ALS,

EPHA4 expression inversely correlates with disease onset

and survival, and loss-of-function mutations in EPHA4 are

associated with long survival.

PHEH 2 5 BE DNA I RNA 45 58, 25 5
A mRNA BEFEME BT 42 2 mRN A 3% 3 4 55 i 7,

FUS This gene encodes a multifunctional DNA/RNA binding
protein. It is involved in pre-mRNA splicing and the
export of fully processed mRNA to the cytoplasm.

[1]
21g2. 11 166 15 1 -3

7q11. 23 - - - (23]

4q32. 1 - - - [4]

2q36. 1 - - - (5]

16pll.2 27 4 0.2 ~0.4 [6]
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Mutations

KWt/ % WOk %
fALS sALS

275 SCHk

References

TARDBP/
TDP -43

ARHGEF28

SETX

ATXN2

PFN1

SS18 Ll

COORFT72

OPTN

DNA/RNA £ 81, R4 DI 2 78 TDP - 43 &1 5
HUBS ALS AR,

DNA/RNA binding pmwteins, the pathologic accumulation
of TDP43 is now well recognized to contribute to the
pathology of ALS.

ZERHT G AL 2 H mRNA AT RES S T ALS #
Lo VRERIIE L,

The encoded protein interacts with neurofilament mRNA
and may be involved in the formation of ALS neurofilament

aggregates.

IZFE 1A DNA/RNA fif BEfG DI AEIR , 2 5 RNA 559)
AR, B PR SRR —AS Y (0 R P A Y D 4R
ALS #5E,

This protein contains a DNA/RNA helicase domain which
suggests that it may be involved in both DNA and RNA
processing. Mutations in this gene have been associated

with an autosomal dominant form of juvenile ALS.

ATXN2 ZE N Sl & —A> 14 ~ 31 FREEZA ABb X
IR, LAY BE 3 32 ~200 A, S48 BE MK 1
ISR ALS 53,

The N-teminal region of the
polyglutamine tract of 14 -31

protein contains a
residues that can be
expanded in the pathogenic state to 32 =200 residues.
Intermediate length expansions of this tract increase
susceptibility to ALS.
ZHNEEARMRE - RN ELE T, %N
B 5 Miller-Dieker 275 i AH 3¢ , FIr 4 s 19 2 (1 S AT
RETE 2 W0 h R A A

The encoded protein plays an important rle in actin
dynamics by regulating actin polymerization. Deletion of
this gene is associated with Miller-Dieker syndrome, and
the encoded protein may also play a rle in Huntington

disease.

SSI8L1 AU Ay 2 A N 7, 2 5 3 Mg L4 il i
PEFREM, SSIBLI 22N ALS MK,

This gene encodes a calcium-responsive transactivator
subunit
chromatin-remodeling complex. Mutations in this gene are

involved in ALS.

which is an essential of a neurn-specific

5 RABEHMEAERASS AMM AR, B4 2 ~22 1
8 700 ~1600 9% I GGGG CC AR IR T & i %8
AR5 ALS SRR FTD) A,

COORFT2 has been shown to interact with Rab proteins
that are involved in autophagy and endocytic transport.
Expansion of a GGGGCC repeat from 2 —-22 copies to
700 — 1600 copies in transcripts gene is
associated with ALS and FTD (frontotemporal dementia) .

from this

OPTN W 5 huntingtin &[4 75T 3A DL JK RABS
FARELAEH , B #05 TNFa F1 Fas BUUAGE #5081
FOGEAE , T PN 578 R B AL T IR AN ALS

OPTN interactions with huntingtin, RAB8 and transcription
factor ITA proteins. It may utilize tumor necrosis factor-
alpha or Fasdligand pathways to mediate apoptosis and
inflammation. OPTN mutations are associated with familial

glaucoma and ALS.
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UBQLN2

SQSTM1

VepP

ALS2/ALSIN

HNRNPA2B1

HNRNPA1

CHMP2B

ELP3

ANG

SPG11

DCTN1

NEFH

VAPB

HEHRZRERER,

This protein is  thought to functionally link the
ubiquitination machinery to the proteasome to affect in vivo
protein degradation.

A2 R AT NFKB {5 Sad %
SQSTM1 binds ubiquitin and regulates activation of the
nuclear factor kappa-B ( NF-kB) signaling pathway.

25 KBRS VR 3R 1 B2 3R 4045 A
The encoded protein plays a wle in Golgi sorting, protein

ubiquitination and degradation.

Z 5EREE, N
This protein is involved in vesicular transport and functions

as a modulator for endosomal dynamics.

MR 125, 5 mRNA I T ARG FLE A %,
This gene encodes heterogeneous nuclear ribonucleoproteins
(hnRNPs ) and influences pre-mRNA processing, as well
as other aspects of mRNA metabolism and transport.

WA F125, 5 mRNA I AR ALE A 56,

This gene encodes heterogeneous nuclear riborucleoproteins
(hnRNPs) that associate with pre-mRNAs in the nucleus and
influences pre-mRNA processing, as well as other aspects of

mRNA metabolisn and transport.

Z 5 RIE kT
CHMP?2B is involved in vesicular transport.

ELP3 JEAE H ZBFE R B S S W A E LT T RNA
EIE R, B P 2T A 5,

ELP3 is the catalytic subunit of the histone acetyltransferase
elongator complex, which contributes to transcript elongation

and also regulates the maturation of projection neurons.

RNA BRGNS , f2E (RNA K 1T S 3808 A )
R TR AR IR URNE Bl T g K

This gene encodes rbonuclease, RNase A family. It
hydwlyzes cellular tRNAs resulting in decreased protein
synthesis. It is an exceedingly potent mediator of new

blood vessel formation and motor neuron axon outgrowth.

Z LAY iz, SR g L KA K,

The protein is involved in intercellular transport and is
related to axon outgrowth.

5 2 N R A IR sl s K

Dynactin hinds to microtubules to drive axonal transport.
Z 5 eI BB AL,

The potein is involved in the formation of neuronal
cytoskeleton.

Z 5y B iz , SR aonin L KA K,
The protein is involved in intercellular transport and is

related to axon outgrowth.

Xpll. 21

5¢35.3

9p13. 3

2q33. 1

7pl5.2

12413.13

3pll. 2

8p2l. 1

l4ql11.2

15@1. 1

2p13. 1

22q12.2

20q13. 32

19

18

Rare

I
Rare

I,
Rare

[17]

[18]

[19]

[20]

[21,22]

(2]

[24]

(2]

TE: -, AW CALS, SN BB R BE LA ; A LS, F BEON R BE ALIE

Note. —, unclear; fALS, familial amyotrophic lateral sclesis; ALS, amyotrophic lateral sclerosis.
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2 RNA RBRER ALS TZHH?

IR, ALS &l 58 (8 A IR A o
ER N IR A W DL K RNA BT840 T 2 F2 A S 60,
M AEFTA BYAE SOD1 4T 1Y ALS %% 24 RNA Y
Vs Y, HiiAMKS 5 ALS L AW
KA 30 R A Ay, 6 A ML 22 1T 32 4K \RNA 57 1) 2K
HERG MBI R L isE 20, B2, WK
RNA 5§ §] JE f AR 0 56 B T 2 20350 4, Hop
COORFT2 AL FEUAY ALS ¥R 7E X Wtk ALS i
BB Y HE B i, 5 RNA UG ¢ Rt i %
Yl T COORFT2 B YIAR 1 (55— SMiF Ela F15Y
YIAR 3 (5—4M 1 Elb Z[EA GGGGCC 7~ M 5k
1 FE & ¥ 51 (hexanucleotide repeat expansion ,HRE) ,
HER K £ N BEh B 2 80, EW AR
GGGGCC T AEH—WEAE 30 LA R & T 30 A
ZA R AR R A (FTD ) 8 ALS AYTTRE ALS
F R VLB ik 1600 4>, RAF COORFT2 IER
S AL TS8R AT Rk BB, {H 2 BT AT HER A
M REALHI S5 FTD 5 ALS, H—J& HRE 454
T COORFT2 ¥4k TAE AN I LR, FF T e &
DNA JEH, RNA/DNA %252 3 ( R-loop ) 512 RNA
Pk, 4 R ETREJE HRE 25K 7] A S 30— Fh (0K
7 5 ATG U115 (repeat-associated non-ATG ( RAN)
translation) GGGGCC H & A LA gt it H e iR/ K 2 1R
s R K 2R 1 22 B, 3 PR 22 IR A 24 i B¢
., COORF72 5—4M i FJ5 1 GGGGCC £ 45 Il &
5,3 8 RNA 195 B RAEN

I 4k, FUS . TARDB , SETX . ATXN2 . ARHGEF2S .
ELP3 HNRPA2B1 Fll HNRPA1 %5 8 J:[H7E ALS fr
g7 HL Bk T COORF72, 5 RNA A ¢, FUS
F TARDBP J&—A~2 J1HEf DNA Fl RNA 254
M ,Z5 RNA Bk e 5142 S mRNA Foe 1 4
95, SETX 45 DNA/RNA i e B 2 sl , 2 5 (RNA
FIZN /N RNA 198581, ANG J&F RNA fif§, ATX N2
AR LIS I TARDBP #51%: , ARHGEF28 J& Rho 15
SV B B AT DASS S M4 22 85 11 mRNA Jf 51
H %M  ELP3 25 RNA & AUIE £, HNRPA2B1 I
HNRPA1 9 i AN Y5 — B4 A% M5 4% 85 H (heterogeneous

nuclear ribonucleoprotein, hnRNP) J& £ I fit RNA 4%
B M, AT AT AR mRNA ( pre-mRNA ) 4318 % £
PEBIHEA S mRNA ¥ iz | BIPEAIRRENE . NI RNA
R 55 PTRE 2 ALS M AZO Bl Z — .

3 ALS zhiptEsl

ALS Eh B 2 0F 58 ALS 1996 N s BE . R
USRI T R B T B, HETES. ALS (MG 1528
SR 5% SOD1 TDP-43 VCP FUS ALSIN %%
FER BAS 7] 58 A8 (R A SR AR T )i 30 89 6 56 R R
/INER B8 PRIz 53 /DN B, 38 A 6 Wobbler /)N B & 58
5 ALS Zy Jdih 2, UL B S e 75 R K BRL ALS 7Y
(F2), HERAALS Z& hZH Wobbler /)N FUZ 50
AETT AL R ALS AR T BEZE AR ) Z A
hmSOD1-G93A 53 AR HE PR % e A /)N B2 B i H
Iz B ALS RER T AR FO Y R AR AR SO iE
Sl 2T R HL

4 ALS &iRh¥ &8 R EE

ALS Yk R Z 0 DL J%, B R iy e R 4
AR RN 175 5SS BB 42 7 0 B SR ALS (9
BEHL, X A ALS IRIT RS R 2 —, — 7
TATE A O AR T R AN B BIR A S TR, K 22 B0 ik
PRI 6 3 & B ALS 20 2L A L 40 C9ORFT2 |
ARHGEF28 A 37 ALY | 3 46 5L [R W] i S e AN []
FowALH, S — i, B LS SOD1  TDP-43 |
FUS %53k PR 75 B A= UL R i 36 ak bt &5 5 i 48
B 2830320 BT DA R DRSS R £ 5 4 i BRSEE [ 2%
AR o RE R S DRI AL A 5 PR A S
PREE RIS E o Rk i —Fh A% TR . FI ] CRISPR/
Cas9 FART LIS AR L (1) 5 s mi A, st 15 75
S O TRT B SIS R VR TR IORSME s, LAk, IR
o LK Fk W L B2 A D Rg R, wT DLAUH A
ZAh PR AHE AR i L 35 DR il B A 28 28 ot 41 A
YEF AR AR, 3 PR bR ALS B RUR BESE 4 i ik
FEIN 2875 B BOR AL, DL 7E Aok B WF 5 o, 75 22
LGS AR B DR A Sy 3 AR T RS e S5O ML Y
ALS HAL
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K2 ALS Witk AR
Tab.2 Rodent models of ALS

% IR

No. Target genes

A
Phenotypes

275 3k

References

1 SOD1

2 TDP43

3 FUS

4 vcp

5 ALSIN

6 Vps54

SOD1 ZE DI [A] Az i, £ 04 e BRI R S 0 30 B e R DR B /N B ot 20 A4
i F , 2 B AE AR A 5 AT S FHR AN TUIR iyt EE RIS, Bkt
RS YR AAF W, B BEE , AR5 DU ZE R I SR St 75 A 38 ALS SEARLL,
Over twenty transgenic rat or mouse lines with different mutations utilizing neuronal -specific or
astrocytic promoters have been created. Mutant SOD1 transgenic rodents recapitulate many features
of ALS, including mitochondrial dysunction, protein misfolding and aggregation, excitotoxicity ,
and oxidative stress. Transgenic animals have shoitened survival and limb paralysis. Mice with a
low transgene copy number, in which the onset of disease-like symptoms is delayed and shows
slower progression , may more accurately recapitulate human ALS.

TD P-43 SR FEANIR] J3 B 2 5 R R BURI/IN B, 32 SR TR SR ZE fibbhe i, 4138 3y ph
JCRAEIRITHBUE , BRIV S5 RN RAR,

Both transgenic rats and mice with mutant TDP-43 gene were generated using different promoters,
transgenic rodents displayed axonopathy, synaptic defect and motor neuron degeneration. Mutant
TDP43 caused the development of an abnormal gait and reduced grip strength.

WP FNSEAE FUS e B PRI R/ IN BRAR A7 1, JH: o 9 28 2 5 PR K U RT % J AT LRI
A ICE [ A BEPA: e D8] e R IR B B J2 Rt S A B R A 2200 2R OF S Ak 3 T 2
SERTVA L

Both transgenic rat and mouse with overexpression of wild type or mutant FUS gene have been
generated. Mutant FUS transgenic rats developed progressive paralysis secondary to loss of motor
neurons. Transgenic rats that overexpressed the wild-type human FUS display a substantial loss of
neurons in the cortex and hippocampus and deficit in spatial learning and memory.

i RISSH 28728 V CP E R A LES T/ B S5 B JULPA o 0 B R | 04
ORI SEH A WEZEEL 21 H IR 2 ATFE T, 33 55 R YL A 18] 5 B

The VCPRISSH/R155H mice manifest prominent muscle, heart, brain and spinal cord pathology.
including striking mitochondrial abnomnalities, in addition to disrupted autophagy. Homozygote
exhibit weakness and myopathic changes on

mice typically suwvive less than 21 days,

el ectromyography( EMG) .

PSR /N BURAT TE B0 A ARl 0T, A7 7R IS S ) R B , 5 RSB AY e BU R AYIZ 3 i 22
TOA MR

ALSIN knockout mouse models digplayed normal life expectancy with minor motor coordination
impairment , and potential corticospinal motor neuron ( CSMN ) defects in the cervical region of the

spinal cord.

wobbler /NRJELT Vps54 JE AR RS F o /D MERIR EE 0 TRF = % AT,
WUATE S AR SiF R A LS R AT - Mg s 2on stk ,

Wobbler mice are homozy gous forVps54 spontaneous mutation. The mice exhibited body weight loss,
defective spemmatogenesis, male infertility and ALS pathological changes including muscle
weakness, gait instability, head tremor, progresive ascending and descending motor neuron

degenerati on.
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