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Abstract: Mutations in Fused in Sarcoma (FUS) have been identified in patients with amyotrophic lateral
sclerosis (ALS) or Frontotemporal Dementia (FTD). Pathological FUS is mis-localized to cytosol and forms
aggregates associated with stress granules (SG), while FUS is normally localized to nucleus. However, it is
largely unknown how pathological FUS forms SG-aggregates and which domains are responsible for this process.
In this study, we examined cellular localization and aggregation of ALS-linked FUS missense mutants (P525L,
R521C, R521H, R521G), analyzed the domains responsible for cytosolic FUS aggregation in HEK293T cells,
and confirmed this in cultured mouse neurons. To do this, we firstly generated missense mutants of FUS and
then examined their cellular localization. We found that P525L. was mostly mis-localized to cytosol and formed
FUS-positive SG aggregates while R521C, R521H, or R521G was localized to both nucleus and cytosol. To
further characterize the domains required for aggregate formation of cytosolic FUS, we generated different
domain-deletion mutants using FUS-A17 which has a deletion of nuclear localization signal. Interestingly,
cytosolic FUS without SYGQ and RGG1 domain or cytosolic FUS without RGG2-ZnF-RGG3 domain did not
form FUS-positive SG aggregates, while cytosolic FUS without RRM domain generated more aggregates
compared to FUS-A17. Taken together, these data suggest that SYGQ-RGG1 or RGG2-ZnF-RGG3 domain
contributes to formation of cytosolic aggregate, while RRM domain might interfere with FUS aggregation.
Therefore, our studies will provide important insight for understanding cellular pathogenesis of neurodegeneration
associated with FUS aggregate as well as finding therapeutic targets for ALS or FTD.

2 9k DNARNAZY oA 2 tjefst 7]15S ol YeiXIFused in Sarcoma (FUS)e| 312 &4

% Corresponding author
Phone : +82-(0)42-629-8785 Fax : +82-(0)42-629-8789
E-mail : leeja@hnu.kr

This is an open access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons. org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

-331-



332 Mi-Hee Jun and Jin-A Lee

Ho |7} EAEY @ AZFHA v oA BAFJL. FAE Q] FUS
g ol 2B SHA o} AdE
SR B4 71 B A B4

Eal
s3] dEAA gt wEkA, & ATolM s FAYY A FUS v

oA FUSE MEA=Z ZE EY|
HATE 2 o]59 o 2EF

(e oo fif

R521H, R521G)e] M= 9% 2 A2 FUSe| A 3¢l Aodsl= FUSH =rQlS 431 5
3

Askazt sigith. ol fl8l WA, FUS Pl2Als EdRiole] Al A& &A%

S A 2EA=E fRIste] 2EY S SHAE FAs=

Az}, P525LThHE

HbH | R521C, R521H, R521GE &3} Al 220 £

3Tt o] & F3ll FUSY #Mo 2o o]z FUSY mEA= 2719] ofm|ito] vf9- o3-S 1%
AT MEAR w2 FUSS| A FA #odste FUSEHR] 2418 el 3 XA ho]
Aemo] YRR AEE SHAE FAEE FUS-AITE o435l thkst =l A< EdHo|E A%
3132, o] 9] SHA| A ARE B4 2 A3 SYGQ-RGGIY RGG2-ZnF-RGG38l= AlEZ FUS

(FUS-ASYGQ-RGG1-A17, FUS-ARGG2-ZnF-RGG3-A17)e Z=E#2 SHAS JAHA e
o] gl= FUS-ARRM-A172 FUS-A179] HI3l B2 2E#H S A J3%

ol B4 43 Al E2 9] FUSE SYGQ-RGGIY RGG2-ZnF-RGG3 =W ¢S
=HQle FUS A 84S Aslsla e Aoz Azbdd. o A+ F3}

W4l FAwL,

O
E3] FUS 2E#2 -4

= FUSE 2EH A SRA 43 ddd thdst B4 wHdgke] w7l i ofsfiErto] ohz}
olg A% AFEE f3 AR FHE B 24 ¥ T3 I E ATY F dS Aotk

Key words: FUS, Amyotrophic lateral sclerosis, Stress granule, Frontotemporal dementia, RNA-binding protein

.M B

TLS (Translocated in Liposarcoma)Z %2 ZFUS
(Fused in Sarcoma)= N4 A 43 (human myxoid
liposarcoma)ol| A1 &3 &% f% A (fusion oncogene)
2 AE ARG o]y FFelr= FUS| N-
Eto] CHOP 32 HARIARl §gste] FUSTE &
3 Y AR 7FEA she Aoz G2
1 o]F FUSE F=E TY AAARA Y 715 24
< BFo] A7 Hent 20099 2F HIA HE
3ol 71 &3 9l FAY W (Amytrophic Lateral
Sclerosis:ALS)o A FUSS] EA® 0|7 BHALx A, F4|
Y-S 717 #A9 Ho|A FUSE EFste SHA
EAE DA HA Ha HFJ A o] 5] 7]F0]
A AFE7] AT gk, A W oo}

2} 654 olxel] W stE 271X wje] dF HASF
=
Ly

)

A4 X vl (Frontotemporal Dementia)3F2}ol] Al A =
EX R FUSS] o7 AN, S EAE
FUSS] Ed®o)7t fle HaAd HAS ] A7 A 2
M= FUSE E¥ske AlZA A7 24E o g
g3 wHAZo A <] FUSe] 75 A7t ol A9
w7 dels] 2 XE5A dFe] FasHA A=
Ak’

FUSE DNA/RNAZ S SldzA F2 g 93]
she o2 dEA o, HaAPA Ao A7A
FoHE o]5o] oM AEAZ FFHoZ WA
el g SA o S, olgg SHAE &
Eg 2 Aol dAFoE PFAEE 2EH S &3

- ==

ZEH & SHAE AE7E Abst 2EH S, AHE 2E
g9l 2o e 2EG A A 2 HUL w,
H AR ol A U Aol A v e A F
o2 HWE7] ko] duld 9 F2A), RNAZ T
W 9 RNAEC] T3 FREA, 4HE Fe9 A
Z2 SHA Y o5 2EHX: AFME F&
3 P 2E 27 AAEE F43) 28
s 79 Fe rxE 484 doh a3y A2
tefet A E mde] ArAde] wawd FAYE A
7 FUSEARo] gl Ao oA wA o} 2E
g2 SA GRS BAAE] 2EH S YA
g PAste RaluA] 2o, AEZZ FHE e AL
2 B {3 Jopd e o3k uigAE e &
Es SHA7 v7t9 < FE2 HEkEEa 53
4 X A3 Wejdde] A4l dE SFAEA

2

Analytical Science & Technology



Analysis of domain required for aggregates formation of FUS 333

A Ao A FUSE] #Ae A U YXE ARAE AR FUSEPHO] & P525SLS ThHE &) nro =g 1}
oA o] 59 A7 Ee g T2 Aoz A7ty 9} SHAE Bo] At e, R21CE a—wr Al =
I, FUSE AlZ W X & AA sk o8 =< Aol YA, MEAR o]5F FUSE] ol &
T4 eHolgt & 4 ok 3

AE PG o 28, R521GH R521H-4 7%
FUSE 52671 9] ov|=qbo @ A Eo] 9lom N- a3 Al ZA o IXIH} S A 9k, R521CO Hls) Al E A

o) kel AN/ s =wQl, ohre] A A} A B Ak MEAZ o] F3h= FUSAIAS
ZH]l, C-7IEEA] Eo = 3 XD (nuclear Ash 3 ﬁi/\ioadé F3ste v 17709] opr] e
localization signal)e] &gt} 2 3], N-o}n]= ¢t 2 A EAMO|(FUS-ALT) & A Z5He, o] 52 Al
°] SYGQ-F% =m ¢l (SYGQ-rich domain)2> th& XA olFx AlZA Ul $HAE AL AT
AAIAES] DNAZ Y F919F §d=H A /‘35} stk A FAAS S8 2o =Ale A st
= <l (transcriptional activation domain)2.2 7] 71 91814, FUS-A172 o] &3}, thekst =mQl A
g &HA Jdon, o o] f9je ZEl2 Tc’r"} Ednio] gy wy WEE A Feta, o] 59 &
(prion-like) 54 7FAA in vitroo| X A& H| €] A PFPE A A4 AEAE WA U2 FUSe
k=)

FUSSA A (filamentous form of FUS aggregates)® 43 SHA AL 8= N-2Ee] SYGQ-TH =
o Fofghtiar AHH LD Athr), AT mHele 3l % RGGIE=M A C-THe] RGG2-ZnF-RGG3 =
2] FUSW el 3719 arginine-glycine-glycine (RGG1- Welo] AFAQds & F UAL W FHFAE
3) ¥4, 1719] RNAQIA EE]Z (RNA recognition RRMEH ¢l& A EZZ FUS A AL JA TS
motif: RRM)®} zinc 3 A (zinc finger: ZnF) = Qo] gAS F 3 gFEe] MEA FUS 38 &~
Z7) geh ¥ RGG2-ZnF-RGG3 =1 21-S RNAZ &l Ef X

F83 9L 3, GUTH F7IMY 2 s FATH

A n}7] o "ol pABPe} AL ol
u2iA, HalAdgol ] AxAE wA e

7t Qe Aoz deElA YrhS 283, C-IIEEA FUSE RGG EHIRIS &3 ZE#HZ S FAo

dto| = B F A FE 9 proline-tyrosine 3 $1X] A 5115]3’_ RRMS A AL A 5= AL 3ol

4 (PYNLS)3 RGG3 Z=|¢lo] £t} w9 &) o 4 A ol AT A= FF FUSY 2E

FAX, A EFAYEYOA dAEE Edde] g2 SA G AEE JH® o} Tkt

o] FUSS] CIF2EA] dtel] = o] Qrh!™ P HAZA FUSS] W dhs 2Ef 2 S3A

AIZFRZOFUSO 5] 7H A% ps2sLEdmele] g4 3 £H1E 2-she 71d o8l Fel ol

A, AA Awe] mAdAd 27 I 9 F49 AdE Ao X8 FH AFS AT @M E AT

o] B E o0 FUSe] & 93] AlZAEe] & T A Aol Azt

Awlol FUSY MEZA=Re o) 2 A U &3

< of71ElH FA YW Uy HArzle] & Aoz 2. X2 ¥ AE HY

AzhEh B3, FUSTAAted Edwolrt gle #7

gy 2@ ASFAA X B AAAEA A FUS 2.1. DNA H|Z}

7F & o 2 whA vhol AlZAA Y] FPA F & A3 o] A28 human FUS WT ¢} A< Sdwo]

Eg 2 Ao S35 Ho] Byt E(FUS-A17, FUSAGly-A17, FUS ARRM-A17, FUS
el FUS ©rld el A Zu ZA e g ARGG-A17, FUS 135-A17, FUS 195-A17, FUS 255-

83 = B4 2 AEE A H 2EHE § Al7y2 54 PCR Zglo|H A|EE o] 83} PCRZE

HA Aol dast =l 42 Fuse] A42 Q1 24z} FEs1tH(Table 1). Z4ZFe] PCR AHE2 3xFLAG

7% 9 olEo] #Host= HAA HAHSe] WA CMV 7.1 vector (sigma)2] HindIll/BamHI A}o]oll 4
Aol Aol & Aoltt. o] & fal, ¥ AFolMe= o] 3xFLAG % 23 WH=E HF At
FA YoM LAE FUSS E<wo] e Az

W AXE Ak, 3 fIA4AEAE Aol FUSE ©f 22, M= i} L DNA transfection

43t theFdt =HlQl Ao 938 FUSS] $1x] £4 o17} wjo} A1 Al EHEK 293)= 10% FBS, Peni-
< 58, Al ZA=E o] 53 FUSY SHA FA o #o cillin/streptomycin, DMEM 8l &4 el 4] 37 °C, 5% CO,
ste =HRlE FA8s A sidith 2 A3, FAYY AE B GF71E o] &3l vigstdtt. B 2ty S

Vol. 28, No. 5, 2015



334

Mi-Hee Jun and Jin-A Lee

Table 1. Primer list for FUS deletion constructs

Construct Use Orientation Sequence
FUS WT
FLAG Forward 5'-CGCCCAAGCTTATGGCCTCAAACGATTATAC-3'
FLAG Reverse 5'-CGCGGATCCTTAATACGGCCTCTCCCT-3'
FUS Al17
FLAG Forward 5'-CGCCCAAGCTTATGGCCTCAAACGATTATAC-3'
FLAG Reverse 5'-CGCGGATCCTTAGCCAGGGCCAAAGCCACC-3'
FUS-ARGG1-A17
Recombinant Forward 5'-AACAGCAGCAGICCTCGGGACCAAGGATCA-3'
Recombinant Reverse 5-TTGGTCCCGAGGACTGCTGCTGTTGTACTG-3'
FLAG Forward 5'-CGCCCAAGCTTATGGCCTCAAACGATTATAC-3'
FLAG Reverse 5'-CGCGGATCCTTAGCCAGGGCCAAAGCCACC-3'
FUS-ARRM-A17
Recombinant Forward 5'-CCGATTAAAGTCTGCCCGGTITGTTGTCTGAATTATC-3'
Recombinant Reverse 5-AAAGTCTGCCCGGTTGTTGTCTGAATTATC-3'
FLAG Forward 5'-CGCCCAAGCTTATGGCCTCAAACGATTATAC-3'
FLAG Reverse 5'-CGCGGATCCTTAGCCAGGGCCAAAGCCACC-3'
FUS-ARGG2-
ZnF-RGG3-A17
FLAG Forward 5'-CGCCCAAGCTTATGGCCTCAAACGATTATAC-3'
FLAG Reverse 5'-CGCGGATCCTTAGCGAGTAGCAAATGAGAC-3'
FUS-A135-A17
FLAG Forward 5'-CGCCCAAGCTTATG AGCTATGGTGGACAGCAG-3'
FLAG Reverse 5'-CGCGGATCCTTAGCCAGGGCCAAAGCCACC-3'
FUS ASYGQ-A17
FLAG Forward 5'-CGCCCAAGCTTATGGGCAATCAAGACCAGAGT-3'
FLAG Reverse 5'-CGCGGATCCTTAGCCAGGGCCAAAGCCACC-3'
FUS ASYGQ-
RGG1-A17
FLAG Forward 5'-CGCCCAAGCTTATGGGCGGAAGTGACCGTGGT-3'
FLAG Reverse 5'-CGCGGATCCTTAGCCAGGGCCAAAGCCACC-3'

3171 918iA M EZE poly-L-lysine Z® ¥ cover glass
ol MEE wjgstder 34 £ WHe=R
CalPhos™ Mammalian Transfection kit (Clonthech)Z
A 23| Ake] A Ao met Al Yol §-325 =Y st
p=
k-2 APl i o AFMEE AR
¥ ICR(Imprinting Control Region) %] Bjo}e] Al
A2E wfgFste] ARttt A= gote =T
£ 25% EYAE ol &ot MEFELRE B3l
AN A ER 2]k (10% FBS, 0.45% glucose,
2mM glutamine, penicillin/streptomycin, MEM)ol| 4] 3

—
(o)

o X oM e

AIZF F3E 37 °C, 5% CO, A wj %71 o] &3] vl
&3t 273 M EF-A ) F ¥ (B-27, 2 mM glutamine,
penicillin/streptomycin, Neurobasal medium)2. 2 B}
ol wjeFa A},

ke
T

2.3. HAMEZSIEHY

Cover glass 9JollA A&+ F-A =}
paraformaldehyde®]l 105t =204 A1 &, 1X
PBSE 5%4 AFollA 2 3] AoJli ATt 0.1% triton
X-100& F=2ollA 5wt t7lste] 3443 A= Al
XAHE TFE 3 1.5% bovine serum albumin & %
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P525L b
FLAG-FUSR521C [BSEBRGI ___SvGa | RGG1_| RRM | RGG2|ZnF| RGG3]]| 2o
R521C g'g
FLAG-FUSR521H [BXEBAGI __svGa | RGGI | RRM | RGG2[ZnF| RGG3|]| 2%
R521H
FLAG-FUSR521G [REBABI ___svea | RGGI | RRM | RGG2|znF| RGG3]]|
R521G =
FLAG-FUS525 [BREBAGN _ SYGQ | RGG1_| RRM | RGG2[ZnF| RGG3] | §
525

FLAG-FUS FLAG-FUS
R521G

FLAG-FUS
525

Fig. 1. Cellular localization of FUS and formation of FUS-positive aggregate in HEK293T cells expressing FUS missense mutants
(P525L, R521C, R521H, R521G). (A) Schematic domain structure of FUS (wild-type: WT), missense mutants (P525L,
R521C, R521H, R521G). SYGQ; Ser-Tyr-Gly-Gln, RGG; Arg-Gly-Gly-rich motif, RRM; RNA-recognition motif, ZnF;
zinc-finger motif. Missense mutations are indicated by red lines. Flag-FUS (WT), flag-FUS (P525L), flag-FUS(R521C),
flag-FUS(R521G), flag-FUS(R521H) was transfected into HEK293T cells. Cells were fixed and immunostained with
anti-flag antibody. (B) Confocal images showing cellular localization of FUS and FUS-positive aggregates in cells expressing
each FUS construct. Scale bar: 20 um, DAPI (4',6-diamidino-2-phenylindole) was used for nuclear staining.
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Fig. 2. Cellular localization of FUS and formation of FUS-positive aggregate in HEK293T cells expressing FUS deletion
mutants with NLS deletion (A17). (A) Schematic domain structure of FUS deletion mutants with NLS deletion (A17)
(FUSA17, FUS-A135-A17, FUS-ASYGQ-A17, FUS-ASYGQ-RGG1-A17, FUS-ARGG1-A17, FUS-ARRM-A17, FUS-
RGG2-ZnF-RGG3-A17). Each flag-tagged deletion mutant construct of FUS-A17 was transfected into HEK293T cells.
Cells were fixed and immunostained with anti-flag antibody. (B) Confocal images showing cellular localization
of FUS and FUS-positive aggregates in cells expressing each FUS mutant construct. Scale bar: 20 um, DAPI was
used for nuclear staining. (C) Bar graph representing ratio of cells with FUS-positive aggregate in cells expressing
each FUS-mutant expressing cells. Values are the means+SEM of three independent replicates. One-way ANOVA
followed by Tukey’s multiple-comparisons test, *** p < 0.001.
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2 A¥ A3(Fig 2B-C)°ll 251 FUS-RRM2 Al > A 3= e
HAMFUSEHA FEE SXstevs #4T AL whEbA], =Wl B A AN E2FE WA v FUS
2 AZtE =Y &3, RGGIEH Qo] o} 2 A 33 A o] XA FAdlE FUSY N-2% SYGQ-RGGI, C-
FAE FANTI=A A e 71AAF = WS SH R 2k RGG2-ZnF-RGG3ET ¢l o] B4l e 3}
< Zlott. ), RRMEH 12 Al ZZ W] FUS/E SHAR FA

AEZA FUS A& Edo] & C- 2k RGG2- He e vk A oz Azt

ZnF-RGG3=MWQl A& & ®o] FUS-RGG2-ZnF-

RGG3-A17T%E 7€ %/-g AE PYAsIA 2oL, A EZ 33. FUSMIZE SEH<e AEzA STA 0F
HA A ete AR BHYE o, RGG2-ZnF-RGG3%E 24

3 A ZA FUS °11zﬂ P 5 =HdYS g A AEAM AFIAFel FAYY Y FEFY
o1 4= A THFUS-RGG2-ZnF-RGG3-A17; 0.12+0.04) A Auf Fzle] A3 HoAE FUSE £83t= 53
(Fig. 2B-C). RGG2-ZnF-RGG3E FUS2] RNAZ gl Aol 2EH 2 A EAshs duPoe] A &
FAQ dodoz RIS HZd = FUSY Aty B3z HJ2, T B AFEAE] Al
RNAZ o] FUSel o3 v == Al =540l vf-¢- 24 9] Fusel 2EH~ A 34 2 3 e
Za3ltte 437 B2 A RGG2-ZnF-RGG3 AHA el B2 3k vk wEbA, g4 Azl
Sl RNAZ TS E9R0lS 71X FUSEHHY A FFsRd FUS @l d S A7 2EH A $F
AL Bzl 2uElE MESA] At 23 Aot AH A=A golrr] QA Alxd FUse] =
E RISATEH Aot H2 A7 BEH RNAZE el A& EdRolEe] A= MEd SHAE
FUS 334 dA4 9] A E(seed)Z 2Hg3Ty LA 2EF 2 A A @l d]l PABPIE A XHAH
FUSS} RNAZ R o] A e 88 3102 A < B3 A 3 FAF v oz s
ZtE ], RNAZ S| 23 A4 =uel Zojr) 3 . 2 A3, Fig 3914 e 73} 7o) FUSS Alx
A A FAAZGE £ AF A34E s F 4 A BT 2Ed S A nA @Al

PABP MERGE

FLAG-FUS
A7
FLAG-FUS
ARGG1-A17

g g
& u,-;
Qb ez
—J i 4
[ wg
a (%)
25 S
s Log
Qv 0o
i LU
s u_<'s‘
ot

23

98

>

o

By

FLAG-FUS
ASYGQ-
RGG1-A17

Fig. 3. Colocalization of FUS with PABP-positive stress granule (SG) in cells expressing each FUS mutant in HEK293T
cells. Each flag-tagged FUS construct was transfected into HEK293T cells. Cells were fixed and immunostained with
anti-flag or anti-PABP antibody. Confocal images showing cellular localization of FUS and FUS-positive aggregates in cells
expressing each deletion mutant of FUS-A17. Scale bar: 20 um, DAPI was used for nuclear staining. PABP: a stress
granule marker protein.
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Fig. 4. Cellular localization of FUS and formation of FUS-
positive aggregate in mouse cultured cortical neurons
expressing FUS (WT) or cytosolic FUS with domain
deletion (FUSA17, FUS-ASYGQ-RGGI1-Al17, or
FUS-RGG2-ZnF-RGG3-A17). Each flag-tagged FUS
construct was transfected into mouse cultured cortical
neurons (at DIV(days in vitro)3-5). Neurons were
fixed and immunostained with anti-flag or anti-PABP
antibody. Confocal images showing cellular localization
of FUS and FUS-positive aggregates in neurons
expressing FUS (WT) or deletion mutants of FUS-
A17. Scale bar: 10 um, DAPI was used for nuclear
staining. PABP: a stress granule marker protein.
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