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Abstract

Functional Analysis of Human Neuregulin 2 on Stress
Granule Formation

JIN-Ah KIM
Advisor : Assistant Prof. Takbum Ohn, Ph.D.
Department of medical science,

Graduate school of Chosun University

Stress granules (SGs) are cytoplasmic foci that rapidly aggregate in cells
exposed to environmental stress including heat shock, oxidative stress,
hyperosmolarity, viral infection, and UV irradiation. SG contains nontranslating
mRNAs, translation initiation factors, and many specific RNA-binding proteins
affecting mRNA function. In addition, several signaling proteins are aggregated to
SGs and/or influence their formation. SG also interact with P-bodies, another
cytoplasmic mRNP granules including non-translating mRNA, translation repressors,
and mRNA decay machinery.

The Neuregulins(NRGs) are a family of epidermal growth factors (EGF) that
interact receptor tyrosine kinases of the ErbB. The neuregulins are encoded by four
genes (NRG1-NRG4). NRG2 was identified mostly in the nervous system. Through
activate with EGF-receptors, NRG2 induce the growth and differentiation of
epithelial, neuronal, glial and other cells.

In this study reveal that knockdown of NRG2 prevents sodium arsenite-
induced stress granule assembly and modulates translation.
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Stress Granule @40 203dtl= Neuregulin 2 2 J|s0f
=

Stress granule (SG) 2 HIZJ} el AEdH A(heat shock, oxidative

o

stress, hyperosmolarity, viral infection, UV irradiation, S)0 =& AUS O

k= H S&St= cytoplasmic foci OICt. SG = nontranslating mRNA,
translation initiation factors, specific RNA-binding proteins affecting
MmRNA function & JHAIL2 UCH AHCHIE SG Ol= A JHAl signaling
proteins Jt 2 A0 =2 formation 0l &= &L,

SG = P-bodies(PB) 2 &SXHEZ ot=l Ol L OE
cytoplasmic  mRNP granules Ol nontranslating mRNA, translation
repressors, mRNA decay machinery £ Z& &t

Neuregulin (NRG) & epidermal growth factor(EGF) 2 A4 &0IH
ErbB 2| tyrosine kinases receptor 2 &S&ESHCH NRG = UIJHK =&
XHO(NRG1-NRG4) 0l 2ol 2129 & Ch NRG genes & otLt2l NRG2 =

22 JIHNAM E=CH NRG2 = EGF-receptors € Sdll epithelial,

i

===l

neuronal, glial, other cells & A& &3}

0l =20lM= NRG2 knockdown (KD) & sodium arsenite—induced

=

stress granule assembly & 2 M6l translation 2 X&&HCsE HAE AR
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|. Introduction

Stress granules (SGs)2 YA eukaryotic initiation factor (elF2a) 2

stress ST QAN S BFES9Z  cytoplasmic, non—membranous,

phase-dense & &Z 2AMUCHT]. AEHA BS99 Fo JIs2
polysome disassembly 0ff 2|8t HEHA BHASX|0IH, SG = mRNA triage
WHE =ol MIZOIA translational reprograming £ JtsolHl 8HCH?2].

[ml
09
g

AEdAE serine/threonine kinases £ &43I6HH elF2a 2
51 ® serine 2 CQIASIAIZCZM THHHE HAZ SCHAIZ2ICH3-8].
AEHA 43 Kinase 2 U388 E&stCh (i) HRI (heme-regulated
initiation factor 2a kinases) [9]; (i) PKR (protein kinase RNA-acivated); (iii)
PERK (PKR-like endoplamic reticulum (ER) kinase); (iv) GCN2 (general
control nonderepressible 2). Phosphorylation of elF2a (p-elF2a) =
translation initiation & 0 Z 23 tRNAY'/GTP ternary complex & A2
SEMGHAH 2 AAIZ2ICH10,11]. Ternary complex Jb Sle &<, capped
mRNAs 2| 5" Z0lM SFSHXI= 48S complex &0l SE &1, translation
0l ¥30 noncanonical 48S complex = 60S ribosomal subunit 2 & =&
%= QICH10]. Elongation O] &=&IT Xl LUAS M translating ribosomes =
polysomes Z &1 J=2 SG HA assembly & £ U&= messenger
ribonucleoprotein particles (MRNPs) 2 BIRCH12]. elF4A & &2 Z

oF0ILE KNI&E DHIHAIES 2 p-elfF2a Ol A2totKl 210 translation initiation 2

4
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tOd

0o
ol

AMGtL] p-elF2a—dependent SG Ol Sl= elF2/5 JHAl CItES X
SG assembly £ AIZSHCH13,14]. T2 CSHEHE(Ras—Gap Binding protein 3
(G3BP), T-cell internal antigen 1 (TIA-a)) 2t post-translational
modifications = SG WM Bt=OHXI2| fIoH translationally stalled mRNPs
Of OHoh 7% &CH OHE=2 SG assembly = translationally stalled

ni

rr
b2

mRNPs JF Z R0HXI Bt translational arrest Ol CHoll Z=XO0[X]
AEY AL MEHE SEOILF SG-assembly factors 21 knockdown(KD) Ofl

olgh THE = UCH15,16].

rir

P-bodies (processing bodies, PB) cytoplasmic granules &

ro

HH

A

HAOI BE mRNAs 2 & FE0AM S&otl 1HZ2=Z mRNA

ro

repression 1} mMRNA decay € HIZ %= U= mRNA storage 2
SE2CZM Ho & £ UCH17-19]. MEZZ0A PB 2 S22, 09

+

microtubules’

==

oM
-
U

=

Ol
rr

JiotXIgh =28 0ls=2

Ir

depolymerization Ol S/&=&CH20,21]. AFAHIZHAM PB = ‘neuronal

A
e

It

granules’” @ 223 M A2M, 10| neuronal plasticity 0l F&S 0

ol

A= AlE

I>

22X 2=4ASJ|0l localize ! CH22,23]. Neuronal granules =

rr

ribosomal subunits, mMRNA, translation JHAIQI Xt (elF4E, elF2q &),

2

mRNA JIsS =X&otl= HUHWES JHALL

Jm
]

tdstEl A=

mio
el
0

toh

ol

St AIEAON mRNA JF &S=& [WDHKl translation 2 =X CH[24].

o

P-body (PB) 0ff BZ=% sHal DA QAO 2EE translation 2 A,

010

&, M&, PB Ol mRNA 2 degradation Ol CHoH Z2&XEO0ICH. PB =
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multicomponent complexes Ol04 Lsmip—-7—- complex (sm-like protein),

Dhhip/Rck el Patlp (putative anion transporter) & ZE&ol= EH
decapping activators Jb SO UCH25-27]. Lsm 1p-7 = H&Nol ==Y

otCt — HIZ Lsm £2&0| translational repressors 22 EF/EEHAUE

J2i2 PB 4= =&a6ld viral transcripts translation 2 S|&Eot=0
ZR5ICH. Dhhip/Rck ¥ Patip L8 mRNA translation 2 A2 PB O

2
ol

F 2AHIE mRNA collection & &S0 2t0i6te 2122 ¢ FLH28].

HCOOF PB = C8s =Zetstlh: (i) Decapping, deadenylation 1t

decapping proteins Dcplp, Dcp2p &2 5°-3° degradation J2l1] 5-3°

ro

exonuclease O COiaH grSotdl < RNA Edlls4[29,30]; (i)
Translational 2 HIAF (CPEB; Y-box proteins); (iii) Translation elongation
R A (elF4E, elF4G, elF4A, elF3, elF2 and 4E-T); and (iv) the 40S ribosomal
subunits. il PB 2 CHE &4 RA= mRNA decapping EDC3p 2

enhancer 112|212 the deadenylase complex CCR4p/ POP2p/NOT1p-5p E

AEOIXR =2 receptor = M2

0z
Iy
0l
Jz

o

H

| =
=]

Rl
ton
o

’

XASCE. Neuregulins (NRGs) = A& QA9 IHA0IM

Rl
ol

epidermal growth factor (EGF) 2 2240| QUCH. NRGs receptor = EGF
receptor 9! ErbB2, ErbB3, ErbB4 £ E&ol= tyrosine kinase
transmembrane receptor 2| ErbB AR 0ICt. ErbB receptor 2 A4S&EE2

E0ol NRGs = epithelial, neuronal, glial OlLt CtE2 =F/9| MNZSo A&}
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ol NRG-ErbB signaling pathways = EHAl

H

9

il
ol
(1
10
H
o
Q
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n

Ol
Iz
I~
AL
ton
P
[l
2
of¥
k0
ro
12
o
o
ol
rr

2 ARLJACH32-35].
NRG F&&2 Ul M |S&EX (NRG1, NRG2, NRG3, NRG4) 2

alternative splicing 2 Soll 2Mot= C=+2 glycoproteins 2 & etC}.

Ol HEBHAEIS ([Ch£=9] QOlAl CHBHAL C[HQI9] K AFSH mosaic-like REXE

oy
rr
o
=}
J
X
10
lo
[0
ogr
0=
==
e
=
X
o
10
Jn
v
JA
1>
c
=
kel
10
>
AL
i}

Ct==2 STRXIF SHIRUACH 015 &I NRG2 (Dont & NTAK 22

201)[41-44], NRG3[45], NRG4[46] = NRG1 222H Rw2dEE

tII

ujo
ol

databases £ ZMGtHLE low-stringency hybridization & PCR
P AIRAE AIE6IHA LAHZULCT

UIJHel NRG REXNSHAM HIE 2= 2401 EGF 0l CHol 50 K

<|

OLOlc &t 22128 SAFSH 2HE It JAXBH NRGT b NRG2 It ItE
P2 2SO UACHB8,41-44]. NRG1 — NRG4 2| EGF-like Z0IeI2 40-
48% JT FAtolCt. |RAME0l ZS0E =+6t2 2= NRG EGF-like
S U2 ErbB3 L= ErbB4 2 ZESICHA47]. NRG1, NRG2 22| EGF-
like &Oele S0 =M Z& FSTE UEHH= alternative exon

AMENA &dot= & JHX 0l a & B = It

o
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NRG2 = ¢&IZH 2= Soil LU L& ot &, M,

njo
r

0%
(]}

FM S ZAGHACH41,42]. Db X SH0AM NRG2 2o e

-

S (granule cells and purkinje cells), Xl&ts|(granule cells), &2

AlZ A (granule cells), M=79o=2 HMSHECH41-43]. AMOAM NRG2 2
Hetel g MEs2 2 AN st FHES M=zstd Aez

HetotH A NRGT 1of AEXCO=Z Ch=Ch st#E, ERUAIZOIA NRG2 2

o
o

00!
o

ErbB3 =2 ErbB4 receptor Ol && Z&otH OHIHEHLE co-
receptor £ Al CHE ErbB receptor Ol recruit ot04 OHJH = CF.

e REASS A3cld

ol

41 SG 2 PB 2 L0 SR8 JEg=

ot= WEUM NRG2 It siRNA O 2/6H knockdown EIA=S[H, oxidative

>

n

G & A—|O| Al DF

o (=== |

0ge

A EatEllie MM S Z0tHet JATH 2

[e]]

stress 0l gr=st
=20 e NRG2 JbF SG assembly 2 translation 0l @S &S
MNXeX LOIE2DX MIZ0 NRG2 knockdown (KD) £ SR%56H0
HAGHAUCH 2 & translation initiation 0 2tgtE CHMA SO B5tet

NZe dEE2 HEAN =

rr

Al ZOHERUALH.
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ll. Materials and Methods

II-1. HIZHHY, RNA interference (RNAi) 2 22X

U20S, Hela cellsS 10% FBS (inactivated fetal bovine serum) 2t 1%

ol

penicillin/streptomycing XZ&ol= DMEM (WellGene)Oll B, Ol
cellE8 37C 5% CO, 2 |AXIE = incubation OIAM HIGHRULCEH. NRG2 £
depletion  GtJ| o U20S  celltl NRG2  siRNA(sINRG2-1,
GGAACAGCCCUUAGUCUUU; siNRG2-2, GGUCGGGUGGCGUUGGUAA) 2t
SiICONT (DO, GCAUUCACUUGGAUGGUAA; GFP,
GGCUACGUCCAGGAGCGCACC)E Lipofectamin2000 1t =& 6to
MelotALCH 2 48 AlZt0l XILELD siRNAE st O Xelst = 2F 90AlZt
Ol&h OI2H GtRUCH SG, PB assembly £ 2J| <o transfection =

Sodium arsenite 0.2 mM& 302, 1AI2F H2lotF D cell viabillityE 22|

2Ioil sodium arsenite 0.5 mM 1AI2t-4Al2t X elot % L.

[1-2. Antibodies

=

Western blot 1t immunocytochemistry £ otJ| f?Ioi Rabbit anti-
Neuregulin?2 (Millipore), rabbit anti-phospho_mTOR (cell signal), mouse
anti-p70S6K (Santa cruz), rabbit anti-phospho_p70S6K (Cell signal),
mouse anti-Bactin (Abcam), rabbit anti-elf2a (Santa cruz), rabbit anti-

phospho_elf2a (Biomol), rabbit anti-phospho_S6 (Cell signal), rabbit anti—-
9
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4EBP1 (Cell signal), rabbit anti-phospho_4EBP1 (Cell signal), Goat anti—
elf3n (Santa Cruz), Goat TIA (Santa cruz), rabbit anti—-DDX6(RCK) (Santa

cruz) £ AL20otSL.

[I-3. Immunofluorescence microscopy

Cover slip0ll 212 MZ0 AEdA RESIEE XMl = 1x PBSZ2
281 washing =, 4% PFA (paraformaldehyde)Z 1522t LDHAIZI S,
Aot2 HEt2= 522t permeabilize SHAISICH O = 1AIZE-1AI2F 30&2
% 5% normal horse serum 1t 0.02% sodium azideJt Z&& PBSZ
A=20AM blocking€ of%Ct. 1X antibodyE blocking solution0il

5|44 (elF3b 1:500, TIA 1:500, G3BP 1:400, Rck 1:400, NRG2 1:600) otO

A20 2 TAIZH-1AIZ2F 302 YD =, 1x PBS/0.02% sodium azideZ
582t 3YA MAHFJUCH. 2XF antibody E&F blocking solutiontl 34

(AF488 1:500, cy3 1:400, cy5 1:400) StRA20 1Xt antibody?t Ot&HIFXIZ

A20 2F {AIZ2E-1AI2F 302 S 1 1x PBS/0.02% sodium azide 2 522t
3HA MOHZE =0 slide glass 0l mounting solution2 0lI&dll mounting
ot CH &2 & 0l&Nikon Eclipse 80Ti microscope (Nikon) 2 cells 2

& DS-Ril1 digital camera@ cells2 AI&Z2 A ASMH Adobe Photoshop

(CSh) 2 H2IotSCt.

10
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[I-4. Western blot analysis

Cells2 RIPA buffer 80~100 ul £ extract 8t5l BCA assay reagent

ro
ra

2 protein 8% OIULH == tBH Xl = SDS-PAGE gel UM 2c2l81
PVDF membrane 22& transfer ot{CH. Membrane2 5% normal horse
serum 1t 0.1% sodium azidedt &= PBSEZ & 20|AM blocking2 ot%l 2

blocking solution0ll & A& 11Xt antibody= 4C OlA overnight at{CH 1

£ TBS-TZ 1022 3% washing 8 & TBS-TO

lon

A& 2XF antibodyS

@)

ok {AIZ2H=1AI2F 302 BtE2Al2] = detection GHSILCH.

[I-5. MTT assay

NEE 96well platetil |9 sodium aresite Xclst F 0 1x PBS &

rol

washing 8 & &b well2 MTT solution 0.5 uyg % media 180uldll (final
volume 200ul) EJI8t &, 37C 5% CO, 2 SXI&l= HHI| CHOIA 2~4 hr

B SHRCE Incubation0] LY mediaE 46| MAHS = DMSOE <€ 0

el A= =, ELISA reader2 AF=20st0 wave length 560nmOil M
SZ2EE sSHOIUL

II-6. Quantitative real-time PCR (gRT—-PCR)
Total RNAZE 2 ug 22 trizol2 #EIIGIH ==oIULCH. cDNA

11
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st&6H)| 2ol Oligo—dT (Bioneer) 2F total RNA 2 ug , dNTP mix (Solis
BioDyne), reverse transcriptase (Thermo scientific), RNase inhibitor

(Thermo scientific), reaction buffer (Thermo scientific) S AI=Z0oISCt.

cONA &4 = gRT-PCR (Applied Biosystems Inc.)& SYBR mix (Agilent

nio

HECZ A&6tA D

02
Ol

technologies) £ AtE3dt0! SYBR green %H
GAPDH £ control 2 ot L},

Primer:  NRG2-FW, GACGCTGGGGAGTATGTCTG; NRG2-RV,
AGGACTTGGCTGTCTCGTTG; GAPDH-FW, TGACATCAAGAAGGTGGTGA;

GAPDH-RV,TCCACCACCCTGTTGCTGTA.

[I-7. Polysome profiling analysis.

Sucrose gradient centrifugation atJ| €Il polysome profiling buffer
(20mM HEPES (pH 7.6), 125mM KCI, 5mM MgCl,, 2mM DTT, DEPC water)

E MEGIH control 3t NRG2 KD % stress Ml & U20S MHIEE lysate

2

[

_

A
=

0lo

on
3%
a
I
MHh
O
o
=
HI

et & =, 13000 rom OlA 10 =22t

dyEcl ottt 1 &

=

2 2 supernatant € 17.5~50% sucrose
gradient Oll loading ot 10 ultra—centrifuge (Beckman)Wl A SW41-Ti rotor
£ AME38I0 35000 rpm OMIA 2.5 Al2ts0H AGIRCH. O = gradient 2

fraction collector (Brandel) 2 AF206t0 fraction otiCt.
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lIl. Results

lI-1. Neuregulin 2 (NRG2) = SG assembly Ol 2t048tC}.

NRG2Jt SG assemblylll 2t0iot= 21 ZO0tEJ|l 2ol NRG2<2
SiRNAZE HI&oIRCH NRG2E targeting ot SIH2 CHE siRNAs (siNRG2-
1, siNRG2-2) & 0ol U20S cells OIA sodium arsenite2 ST = SG

assemblyJt O 2H T Us s LAHGHACH (Figure 1A). 0=

nio

antibody elF3b (SG marker) 2 #0I5I¥ 1D NRG2 knockdownlzZ &=

o

O 2 OIXIX §E=lis

S

Processing bodies (PB marker; Rck) Ole &
S 2 %= AACE. NRG29 knockdown &= western blot analysis 2t
real-time PCR = &QI5tRUCH (Figure 1B, 1C). Figure 1D &= siCONTZ
SiNRG2 (siNRG2-1, siNRG2-2) 2| SGE X&dt= cell &5 countingdttd
e =2 LIEH 240(CH,

NRG2Jt SG assemblyOll 2t0iGtH SG2 components &= U208,
Hela cells 0lA sodium arsenite M2l & NRG2 It elf3b (SG components)
2} co-localizeE 22N & £=UCHFigure 2A, 2B). L2 SG components
el TIA, G3BP %t co-localize &= XS U20S, Hela cells OIA &It L

(Figure 3A, 3B).

13
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Figure 1. Depletion of NRG2 inhibits SG formation.
(A) U20S cells were transfected with siDO, siNRG2 (siNRG2-1, siNRG2-2),

then treated the sodium arsenite 0.2 mM for 30 min — 60 min before
processing for immunofluorescence microscopy. Antibody reactive with
elF3b (SGs marker, left panels) and Rck (PBs marker, right panels). (B)
Western blot analysis the knockdown efficiency of NRG2 in U20S. (C)
Knockdown efficiency of NRG2 was assessed using gRT-PCR in U20S
cells. (D) Graphical representation of SG assembly in U20S cells
transfected with siD0, siNRG2 (siNRG2-1, siNRG2-2) prior to treatment

with 0.2 mM sodium arsenite for 30 and 60 min.

16
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A. elF3b NRG2 S6K Merge

mock

SA0.2mM

B. elF3b NRG2 Merge

mock

SA 0.2mM
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Figure 2. NRG2 is co—localized with SG components.
(A) U208, (B) Hela cells were treated with sodium arsenite 0.2 uM for 1
hour prior to processing for immunofluorescence microscopy. Antibody

reactive elF3b (SG marker)and S6K (PB marker).

18
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A. Tia NRG2 G3BP Merge

- ...
o ...

B. Tia NRG2 G3BP Merge

h ...
o .-.
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Figure 3. NRG2 is SG components.

(A) U20S (upper panels), (B) Hela cells (lower panels) were treated with
sodium arsenite 0.2 uM for 1 hour prior to processing for
immunofluorescence microscopy. Antibody reactive TIA, G3BP (SG

components).

20
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llI-2. NRG2 = stress 0fl e} translation & X&&HC}.

NRG22| &= S M3l 2AA2! MEOUA Polysome profiles € Hl
wotJd|l ol sucrose gradient analysis & otHCH U20S MIZOIA control

(siD0) 2+ NRG2 (siNRG2) £ KD ot 0.2 mM sodium arsenite & 302, 1

-

A2t XMelgt = sucrose gradient fractionation & A& otALt. Control cells
Ol sodium arsenite RX=& translational M= polysomes 0l 24U X1
monosomes 0l & & RS £ = ALt (Figure 4A, right panel). NRG2
knockdown 22 & polysome Ol e F&0l OIXIX &S A2 = = U
S Lt (Figure 4B, left panel) sodium arsenite =% polysomes 2 A &

HE Jt= control Off BIol Blm&E AZ0NAE SHSHXICH 8 polysomes 2

11 monosomes Jt control Ol Hloll 20| SEZHU= HE =2 =

1
80

QUCHFigure 4B right panel). 122122 NRG2 = sodium arsenite Xel=l Al

ZOIAM translation O]l 2= OI&CH

rr
Py
mio

2 = QUCH
Translation 2 elFs complex 2 =&0 2ol d&HE= HHIIK 24

£ & 5'-terminal MRNA m7G cap X E QlAIGt= elF4E IOt UL elF4E

=2
Y
i

ol SEHE(elF4E-binding protein (4EBPs))2 phosphorylation

ol 2o =& = =0l de—-phosphorylation &l™ elF4E 2 Z &6l cap =

Ol Al

— T

FXl 206t translation 0| &S T X L=Ch &8 Global translation

ol

0 2HMZ= Jt& dBEHEO HAHUSS A LIHZ0l elF2a 2
phosphorylation &= Z0ICH 0|2 22 AlA =S western blot @& 0}

2 ACHFigure 5).

21

Collection @ chosun



la0s 60s
N

7 | !
LA

&0s
GHE

2\

4

\/

il

N [. {1 polysome ' ! | Douecme
VT ——— \ —
’ “".:I Vi fi f)‘\ f“\ﬁﬁ\. l} \/
e \ 1 L \f IV ""“1___ |
CONT_mock CONT_SA0.2mM
305 302
A0S 00\3 0s £es
\ \ vV
h | |
{
\ 1 polysome
i polysome \ {
{ 1 \
U \
A Mﬁh\-

i,

NRG2 KD_mock

22

Collection @ chosun

NRG2KD_SA 0.2mM




Figure 4. knockdown of NRG2 inhibits stress—induced polysome
disassembly.

U20S cells were transfected with (A) control (CONT KD) or (B) NRG2-
specific (NRG2 KD) siRNAs, then treated 0.2 mM sodium arsenite before
sucrose gradient analysis. The peaks of 40S, 60S, 80S ribosomes and

polysomes are indicated by arrows or bar.
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Figure 5. Knockdown of NRG2 inhibits stress—induced translation.

U20S cells were transfected with control (CONT KD) or NRG2-specific
(NRG2 KD) siRNAs, then treated 0.5 mM sodium arsenite for 30 min or 1
hour before western blot analysis. Antibodies reactive p—elF2a, 4EBP1, p—

4EBP1.
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I-3. NRG2 = HIZMZE (cell survival) 0l &= 0I&ICH

U20S cell A NRG2 knockdown & =0 0.5 mM sodium arsenite

-

£ 4 A2t DX Helst & MTT assay € Soll MIEQ viability 2 202t
Ct. NRG2 KD MIZOIAl survival 2 control MW HIoH =0 <& X8t

& O = UEtsE RS 2uCHFigure 6).
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Figure 6. NRG2 affects cell survival.
Knockdown of NRG?2 in U20S cells were treated with 0.5 mM sodium
arsenite for 1 ~ 4 hour, and their viabilities were determined by the MTT

assay.
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V. Discussion
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