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HiEAFREBD G EABKIHFFERATSEEMS LT HEHEA
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BRMAKRE HESMHBESLRRE, G 20- 254 ZFH(20E) REEEH)
FMESE, 20E 5JH MRS EHEEAARRREKR TN EES. BAESH
Bk R AEERIZINEL, WhRFBARET . BERPBETER. b R A
BN, RRSHEKAIMEHNEES, 20E AXPEFEFEENER. %,
W BT S M EBZE (EcR) REIEIER, #£1h 20E R pIREN
Rk, BHHESEF, B 20E BRAESRE.

TSR, MRS BBT R IERATES $ 20E BFH A S SR1EZ 4, F71E 20E 3
BEEMARE, B 20E @i RUSMMRE EHZESI RBRASE TR cAMP K FRHRE
T, #HMSIE—RIBARMBREBN, HREFKEIANRTSRE. G HEAB
BZ{k (GPCR) R—ELREBEMNEARE, EEEFMESHEINEENEA,
REMAMMIERER. AR GPCRIENEMEBENIRZAE, £ 20ERZEREHR
MESREFREER. RBEERSKHBEZAE DmDopEcR T & 20E 24l
M), BIANR 20E BUBEZ1E, {H DopEcR 7 20E E SR B FMINGEHAEE, HAH
R R EHRIE T 54 MEE 20E 558 GPCR, BRARAEIENIZE 20E.
B RIE R I 20E ENARK BRZRBHIE, BENSMEDERNHIHFE.
XEHRITH T 20E RET B By it NS A4S & RNMXER#HRNE
WA, KA R RN FHRIKEREENAREZEREESRREN
FELRAEEASHE L KRXHERARE RRE B (Helicoverpa armigera)
UKERL, BFFE DopEcR 7E 20E {5 5i&12 P ThAEIFIER] GPCR W LA & 20E, GPCR
%1 20E #NGRRMHRIREYFEHEL, FEMTE 20E FRFARFSRERIFE
BHRTERRE NS TFHLH .

MARGR

EETSRRAERBHENREN RFLEE, RAERERS. BE, hREFLL

BEMHIHAER. EARLERRBRRIENMER, BRT 20E 5EEERE

I



Lt R 122 A8 3

(DopEcR) (—F G BAMELZE) 44, LMFILY) B & H (R i1k . DopEcR 7
AL RFRIE, HE20E FHTHRRERSIRPREKFAE. ST
MrER It 20F MR, TUEEMERM 20E WERR. M2 T, £EK (DA) #E
FESH MM BB E, MEREMNBREK. /4% ERZ2AM%7) flupentixol BHYT
% B ZARE 208 EH 5] LA 2 U BN FE AR E . M DopEcR W] LA
B, AKFLEE. 20E @3id DopEcR R#41MET., DA & il DopEcR iFF
YHREIETE . 20E @i ME] DA S HMMIGFAM AKT MBERURITHT DA ZhEE.
20E @it DopEcR HEFEERIE, HEMBEASETH cAMP KFHEE M. 20E
%% DopEcR 5 Gas il Gaq #E/EF . 20E 3&it DopEcR 5% 20E 55 B EE
A BEER LA EcCRB1-USP1 ¥3% H 415 Wi L BRI LG4 EcRE (145 & . DopEcR A
PAZEH B ER N A AR S J5 454 20E. DopEcR 454 20E 7 s RAEREIK T 20E
25 & 7K T FIAR S I 40 M Dos S B o BfF R 45 SRR BA 20E 1835 DA 445 & DopEcR,
014 Bt B IR AL

fERRE P 7 —% GPCR (#7489 GPCR-3) @itk G EANBHESH
BRI AR VY SR A 33t 20F i N0 B %58 K E B BR 20E (55 . @i difk RNA T
MAEE A BB E S iTIE Y GPCR-3 5 20E 5512 %. #ETIH GPCR-3 F
BOER LM R A0, W4 R B RO AR BT AR K PR, M| 20E M EE
ik, 20E %S GPCR-3 5 Gaq 1 Gos HHE/EA, HMHEAMASEF. cAMP flE
I B 1k ROE 38 N - GPCR-3 B AL T AL B i, 20E 853 T4 GPCR ¥ 2 (GRK2)
BEEAL S WALRR SR 20E {55, P-arrestin-1 MM EA NS GPCR-3 MRk,
GPCR-3 A {E 40 #0153 B S TE 44 51456 20E. 20E 5 GPCR-3 45 & #5% GPCR-
3 WFE —RARRFEEI R, GPCR-3 KIRVEIBAEH 208 BN M 16
20E {55 . GPCR-3 FVEIURk{EA 20E HMMEZ {2t 20E ¥ HUA N, =
FIRFIALRF 208 WHE, #AAPESKEHARELNREHZE—ATBIEE
K.
SR RAER X
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Ecdysone regulates insect metamorphosis and facilitates diffusion

into cells via G protein-coupled receptors

ABSTRACT

Background, scientific questions, and significance

Insect growth and development are jointly regulated by a variety of hormones, including
20-hydroxyecdysone (20E), juvenile hormone (JH) and insulin. 20E interacts with JH and
insulin to regulate insect growth, molting, and metamorphosis. During the metamorphosis
of insects, violent changes occur in the body, such as the apoptosis of the larval midgut, the
formation of the imaginal midgut, the disintegration and reconstruction of the fat body, the
growth of the adult discs, and the remodeling of the brain structure. In general, ecdysone
acts by binding to the ecdysone nuclear receptor (EcR) to initiate the expression of early
and late 20E genes and initiate the métamorphosis process, which is the 20E genome
signaling pathway.

In recent years, the 20E non-genomic pathway has been proved in addition to the
classic 20E genomic signaling pathway. 20E triggers rapid changes in intracellular calcium
and cAMP levels by activating cell membrane receptors, which causes post-translational
modification of a series of proteins, regulating gene transcription and metamorphosis. G
protein-coupled receptors (GPCRs) are a family of seven transmembrane proteins that play
an important role in transmitting various signals and are the targets of various drugs. Studies
have found that GPCRs, as receptors for steroids, play a role in the regulation of insect
metamorphosis by 20E. The dopamine ecdysone receptor (DmDopEcR) in Drosophila can
bind to the 20E analog, which is considered to be the membrane receptor of 20E, but the
function of DopEcR in 20E signaling pathway is unclear. Two other GPCRs transmitting
20E signal were reported in Helicoverpa armigera, but they were not detected to bind 20E.
Previous studies also found that the amount of 20E entering the cell was controlled, but the
mechanism and biological effects were not clear. These studies have broken the classic
theory that 20E initiates the transcription of related genes by free diffusion into cells and
binding to nuclear receptors. The scientific issues yet to be clarified are of great significance
for establishing new theories of steroid cell membrane receptors and their signaling

pathways. In this paper, the major agricultural pest H. armigera is used as a model to study
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the function of DopEcR in the 20E signaling pathway and prove that GPCR can bind 20E.
To study the mechanism and biological effects of GPCR controlling the entry of 20E into
cells. These studies can enrich and improve the non-genomic signaling pathways of 20E
and the molecular mechanisms regulating insect metamorphosis.

Results

Holometabolous insects stop feeding at the final larval instar stage, and then metamorphosis
occurs. However, the mechanism by which the larvae stop feeding is unclear. Using the
agricultural pest H. armigera as a model, we revealed that 20E binds to dopamine receptor
(DopEcR), a G protein-coupled receptor, to stop larval feeding and promote pupation.
DopEcR was expressed in various tissues, and its level increased during metamorphosis
under 20E regulation. The 20E titer was low during larval feeding stages and high during
wandering stages. In contrast, dopamine (DA) titers were higher during the larval feeding
stage and lower during the wandering stages. Injection of 20E or blocking dopamine
receptors using the inhibitor flupentixol decreased larval food consumption and body
weight. Knockdown of DopEcR repressed larval feeding, growth, and pupation. 20E, via
DopEcR, promoted apoptosis; and DA, via DopEcR, induced cell proliferation. 20E
opposed DA function by repressing DA-induced cell proliferation and AKT
phosphorylation. 20E, via DopEcR, induced gene expression and a rapid increase in
intracellular calcium ions and cAMP. 20E induced the interaction of DopEcR with G
proteins os and oq. 20E, via DopEcR, induced protein phosphorylation and binding of the
EcRB1-USPI transcription complex to the ecdysone response element. DopEcR could bind
20E in the cell membrane or after being isolated from the cell membrane. Mutation of
DopEcR decreased 20E binding levels and related cellular responses. The results suggested
that 20E competes with DA to bind DopEcR, arresting larval feeding and promotes
pupation.

We revealed that a GPCR, named GPCR-3, transmits the steroid hormone 20-
hydroxyecdysone (20E) signal by triggering a G protein-mediated signal cascade and
forming a tetramer to promote 20E into the cell in H. armigera. GPCR-3 was screened as
being involved in the 20E pathway by RNA interference. Knockdown of GPCR-3 via RNA
interference caused delayed and abnormal pupation, inhibited remodeling of the larval
midgut and fat body, and repressed 20E-induced gene expression. 20E induced GPCR-3
interacting with G proteins aq and as and a rapid increase in intracellular calcium, cAMP,
and protein phosphorylation. GPCR-3 was located in the plasma membrane and was
internalized after being phosphorylated by GPCR kinase 2 and was degraded under 20E

induction to desensitize 20E signaling. p-arrestin-1 and clathrin mediated the
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internalization of GPCR-3. GPCR-3 can bind 20E in the cell membrane and in vitro after
being isolated. The binding of 20E to GPCR-3 induced the homo-dimer of GPCR-3 to form
a homo-tetramer. The homo-tetramer of GPCR-3 facilitated 20E entry and transmitted 20E
signaling. The homo-tetrameric GPCR-3 acts as a cell membrane receptor and transporter
of 20E, controls the amount of 20E in different tissues, and regulates the developmental
fate of different tissues during metamorphosis-apoptosis or proliferation.

Conclusions and scientific significances

1. This paper studies the dual function of DopEcR in insect feeding and pupation. DA
promotes the feeding and growth of larvae through DopEcR. 20E competes with DA to
bind DopEcR, transmits 20E signal through DopEcR, and promotes the metamorphosis of
insects, revealing the interaction of steroid -hormones and the dopamine system. It
elucidated the mechanism of 20E inhibiting lepidopteran insects feeding and promoting
metamorphosis, providing a new theory of steroid hormone signaling pathway and its
interaction with the nervous system. It provides a new target of the growth regulators for
pest control.

2. It is proved that ErGPCR-2 can bind 20E, which supports the previous research
conclusion-ErGPCR-2 is a cell membrane receptor of 20E.

3. Itis proved that GPCR-3 is a cell membrane receptor of 20E. 20E binding induced homo-
tetramerization of GPCR-3. GPCR-3 homo-tetramer transmits 20E signaling, and functions
as a transporter to facilitate diffusion of 20E. This is the first example of GPCR functions
as 20E transporter by forming homo-tetramer.

Keywords: Helicoverpa armigera; 20-hydroxyecdysone; dopamine receptor; G protein-

coupled receptor; facilitated diffusion; homo-tetramer; feeding; metamorphosis.
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2019), H#F454ET (Yang 2001).

Figure 1.1. Phylogeny of insects showing the major types of development. The figure shows
how the three major types of insect development, ametabolous, hemimetabolous and
holometabolous. For the major orders the width of the boxes show the number of families through
time. Phylogeny from (Wipfler et al. 2019) with family distributions adapted from (Yang 2001).

ER RS RES, B TS LRE (Misof et al. 2014) (E 1.1).
R LB NR B RREFHS LT REE L, FHEd, hEsE, TS
AHE. BEERNTERIMSUMERRE, BREERNEREARE, K
HABZ ARAEHBORANE, BEHRAER, XHRERARATELES.
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B DR — S B R ST A T — AN R R R 2 (B B LR, R AR
A7 TAXFBERN A G A EE SR REERUZ LML RE B, ArERraEm
B VA R Y B, X FRAE VR SRS RAE A RE RS (A 350Ma) FEEHM, #MS
HEHWANSHEMYE (Truman2019). £FABHERE 11 NE, HHEONERNE
EEFFRAEY): BEE (P35, BB (B, HEMHEE) . 8838 (3
ERREE) FMNEHE (R,

BRESREZWERS, ZHHELASZE5RTRANAEKEKE (Kostal etal.
2017; Truman and Riddiford 2019). Wiz #& 20E W31 R4 Drosophila melanogaster
S Bz, T i A B RSIEOR TH £ 4 R . AR =84IR (L3) B4,
FE—A 20E /MBkrP (8 1) R &) R BINERARES, R 2 RIS B A B B
H 54 (Koyama etal. 2004) . =/ MESER 20E BkrhZRSh 40 Sk NS5 WrER (1§ 2).
g (& 3) FEER (8 4). BUEHE (0% 3) HAREWEN 20E #0167 A K
WE, HIBLHHEE LRI AELRAEKIER (Edgar 2006). Riggh Rk
MR 7 WA RO R BT BIRR IR (PTTH) WIZETREAR (PG) P AW BE (Zitnanet
al. 1993; Harvie etal. 1998), ME{ll#& (CAD 74 JH (Richard etal. 1989), .Lll#& (CC)
Syt RN T AR R ENE SRR BT AR B E (AKH) (Lee and Park 2004). =A%

(PG. CAF1CC) BAFIFIRL HBENIRRIEH (Harvie etal. 1998). BRERHERK
(ILP) 7E&hH KA —H MW mMd (NSC) H7=4 (Ikeyaetal. 2002). ILP i@
TS EFEFRES TOR (target of rapamycin) B2 BIHSAHL Bl fsH#4)
FHRA (PanRRE) FEMEK (Koyamaetal. 2013; Das and Dobens 2015 ) .
At B S &S 5123t PG F 20E AY4 X (Colombani et al. 2005; Layalle et al. 2008) .
FE B ZRE AR TLP8 A 05K AR BRI /I FOL AR 43 A R4 61 . 2 SRR A 7= AR AL, T 9%
#HIALEK (Colombani et al. 2012; Garelli et al. 2012; Andersen et al. 2013). REE
KRB RIBES (FDS) {EF T KM NSC LAFZH] ILP K153# (Andersen
etal. 2013). FRRTAEFAERBHEKETF (IDGF) 5SS E M EIRIBRBREF K
YRG5 (Bryant2001). BARIS (Insulin) F 20E BB Liee EAHE MR, BEX
MMM KRG MAERE, FlnRE PG HEBENSRRIRSENIE
##% (Colombani etal. 2005; Layalle etal. 2008), KEFRYFAKFIAH (TOR 2R 5
HEBERRAENEKEEBRR TER (Teleman 2009). [FHE, RiEH CA BREFH
HERSEZE, BRLLEY JH KA (Belgacem and Martin 2007). Ih4h, S
EES R SRR TH 4% (Tuetal. 2005), S HR3, B RELHHKE

2
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%%l 20E. JH. IS fl TOR {5 5@ AIFHEEW, ERBEALZNEK, HE
BENMEEERRD, FHEFHZEEF (B 1.2) (Edgar2006).
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B 1.2, SHEKERSSHHRIERNEKRHE (Kostal et al. 2017). B R4 KE
BB (SLLERER) 5 MK & % B (JH, S0 I8 2R 20E, 204028 iU 5% £ (Edgar 2006) .
Figure 1.2. Hormonal pathways involved in the regulation of growth and development in D.
melanogaster (Kostal et al. 2017). The graph in lower right corner represents growth (solid green
line) and the developmental hormone fluxes (JH, solid blue line; and 20E, solid red line) in the
hemolymph of D. melanogaster (Edgar 2006).

2 20E 1R AR 4> FHL#
2.1 BEZBORK R IR B R A A R
MR R H YR IBEESEY) P BB YR A R 52 R R LT R
(Gilbertetal. 1980) (B 1.3A). fER B H, WEBFKEFREATMER, REEEL
PFheh, HAMHLUINR AL | 25 20 A A M AR T LA 23 b o BT B AR 23 VA B
SRV FE R B R o AR B K 20- BN BB E WL OB R M 58 20 A BRI T BN A L
N 20-F2 KB (20E) (Smithet al. 1983), #H AN 20E R LB ENFEHR
(Champlin and Truman 1998). B0z i 7 & W RIS HLAIIR R 2, HH
N EEMERETRMHE WM W R : (2T AREE BB Rk
(Yamanaka et al. 2013). % KR ELH B RS hEE S FRIBBEES KM
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WEEh A A B Th B kA4 (Tata 2000; Brown and Cai 2007). W 1.3A FizR, BLE
BWEKTRIR, EESREEIEPHRESHR—BERIEE.

T RERBIEREEH, FARZHIRABEERRBRN K ES). 18
BERERESRIFENEARREPE M SR EEE~ENKAE X
(Lagueuxetal. 1979). FERMEH, SLZ 8 WEREMERBH LKL IR RE,
BRLF=EL R AIRE (Rewitzetal. 2007). B MNBLEIRB SR EH, 41RHAHR
AR BB B 46 LA FRAk R B 7 AR, TH MRAER KRR E L 45 7 X PRI AR AT AR
A, HBEEBENEREREREEERN. S5 REE RNEKETHESHE
FK/NEF (Nijhout et al. 2014), T —MEERRSE— M. EEZELY R
JFE— MR E, SIHAZ (Lepesantetal. 1982). AR E & HANEHA L KT
A (Mirth et al. 2009).
2.2 20E ZFHES#E

20E @it H 21k (Koelleetal. 1991) &IEF, HINAEMEZERNTHMEZMH: B
BEZ4E (EcR) M#BSI1EHA (USP) (Yaoetal 1992; Thomas etal. 1993). EcR 1
USP B RS MBI A 5 R B X AR E A X 21k E R FEY(King-Jones
and Thummel 2005), FH & ZAHEFIRKR RTREMFFE (Billas et al. 2003; Hill
et al. 2013). 20E LAESEM /145 & EcR, REEGHCHAR USP 5 EcR MEEH (B
1.2). EREHBEEY, D% FEHFM EcR WA (EcRA, EcRB) H—Fpak#F USP
TR (USPA 1 USPB) (Hill et al. 2013). #RT, 7R+, THEMEI=F EcR I
B, EfEREMEHEFEAEARMER (Talbotetal. 1993). & 20E 455 #) EcR-
USP B~ Rk 5 R &R ot (EcRE) HE/ER (8 1.3C), EcRE M EHE
HZ BB AGGTCA BEFF. MAUR AR IE MY IE 5] (King-Jones and
Thummel 2005). 5 EcRE %4 i) 20E-EcR-USP B &¥BIE T R #EE Broad
complex (BrC). E74 F1 E75, HEARYRATEERKRIE. BrC HiG—4 C2H2
REEH DNA S EEZETRK, *f 20E ZBAHEARAEE E74 F1 E75 FIRIEE
FEE (Karim etal. 1993). E74 ZEE BB ¥R ETT E744 M E74B i (Fletcher
etal. 1995), BT ETS #xXHEFEKE, BIIUMBRANAL R EN TS ERE/L
AW E R (Fletcher and Thummel 1995). E75 2 ##Eh%) Rev-erb R M E
AREEY, BT, 7 20E M EHNREMNEFRZEPEFEZER (Segraves
and Hogness 1990; Cruzetal. 2012). HR3 2¥iE% 24K ¥ BFTZ-F1, XHEJ5H) 20E
Rk b B BRI BT A % (Broadus et al. 1999).
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2.2.1 20E 124k

EcR #1 USP EAMAKRZERERA (F 1.3B), BA N Kif A/B & (&%
FEIEX). C 4 (DNAAEKX, JEHWERT). D MR (BREKX, Ba8%EN
f5%5). E &t (MAELEEX, MRS, ERLHEN TEaE&— MU F &
¥a1 (Moras and Gronemeyer 1998), IR#E N KM ER, RIEAENRAE. Rig
489 3 > EcR 7 #J15 EcRA. EcRBI f1 EcRB2 (Talbot et al. 1993), HIhfEARH
[, EcCRB1 fFEBA 4B BI9E RiE, M EcRA RIS S N FE AR RIX (Talbot
etal. 1993; Sullivan and Thummel 2003), /EXRENE T A FEMHMRER, Hpghdh
#NH1 K% EcRBI il A AN KX EcRA (Talbotetal. 1993), EcRA MI{ERIATRET
HMECR-USP & &M R MAREREE, NSl RAMREREZERE, BRHTEERENR
#1384k (Uyehara and McKay 2019). X FREHAR, BEEEFERERBHALRA
R AEK, BRZBEBED EcR MG SR MELSRE (Schubiger et al. 2005).
S48 EcR IR R H 12 FEY R ALEH RS T (Lam and Thummel 2000). K&
% 3 M RM1E EcRA. EcRBI 1 EcRB2 (Kamimuraetal. 1997), EcRB1 £5 20E %
S L2 BRAMARFRFHEFETS (Goncu and Parlak 2009). 7E4E[E/NE+, EcRA X TR H
HARFTEXREE (Cruzetal. 2006). H% 2 EcRBI1 7E 20E 5% T 5 USP1 XL R
IR R4 BIHRE 5 HR3 R 3) F XM EcRE /5 3 & K # R (Liu etal. 2014a).,
20E ifit PKCS B #ERER 1L EcRBI 9 Thrd68, {2 EcRB1/USP1 B EH S EMEK
F45 6 EcRE EIGHEEFERK (Chenetal. 2017).

R USP FFEMA AR ER A X Z4 (RXR) FFl, #EERET
RXR #5EAHEERAMNRE, X USP af LA RXR BL4E (i 9- it s
ZE4&HBIE  (Bonneton et al. 2003). USP 5 EcR ZMEAME, RERE F 414
i (Billasetal. 2001 ).EcR-USP & R @EH L FAMZ T H 5DNAL S (H1.30)

(Riddiford et al. 2001), TERBEIEL &R, EcR-USP 2B E L/ MEEBEALUE
BRRERFS|ER/EME, 45 20E8, AEAZEBIES “TH” REREHHF
Rt R EFEF . AL CEETRTAERMKSE G RN S0 X M 5 KBS
EcR M USP XM R IE _RAN FERBEBENES1ES (Yao et al. 1992). USP
RAHE EcR 5EANENS . EREAKEFLREF, USP 25 20E R EES

(Hegstrom et al. 1998), 20E %5 USP Ser35 BB {L{2i 20E E SR BEFNFER

(Wangetal. 2012). U8 USP R )5, 2hHwim Z %] (Oroetal. 1992),
20E AR R, SR P HAIERIRA R ER T, RERETEE KL (Halland
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Thummel 1998). #% H USP1 25 20E (5 5%, 5 EcRBl BB AMHER
KB R CDK10 B E &1k, &If 20E 5@ AP HERESR (Liu et al.
2014a).

A Peri phe al tissues B
g O >0 e DNA Ligand
{ Bmin / /F:rott?\oesaf\ cd)sone 2 EcR-A [ABLE] bindi ing binding
A A 4 Glands monooxygenase ‘ Activation
20E , EcR-B Activation
- ars . .. A%
Y = 4 ‘ o ERRE o EFES
2l £ / st i L4 y &
5 t : \ | - = - - o
z i i ® . Coleoptera
g | / X EcR RXR o EcREcR
i -~ 3 A 4 v
- - . -
I'La I'Ls |Pupa A L;p‘aocte'a 8.1 C
Days diptera gy
Co- fEDfr:ssars Co-activators w
¢ / N

Larval tissues (ECHUS \ 20E LzoEE’*‘fS% ‘
EcR-B1 J % |
T "‘-“( Closed chromatin Open chromatin

> ) Co- fep(essu(s Co-activators 0 her signaling pathways?
VS \ 20E Lé‘

EcR-A L EcR
Imaginal tissues " —Eﬁgﬂ ﬁE 4E
Clos#d ch omatin Open chromatin

B 1.3. BRSFEREHESMA& (Truman 2019), (A) W EFEBENFE 5EEDL, BE
BEEE R T Manduca sexta (Bollenbacher et al. 1981; Warren and Gilbert 1986). (B) 1
FWMERAE (EcR) %M. (C) ERBESZH, BFMERARKLTER EcR A,
EcRE, WIRMEZHLE ST RE, HAFEZEFHRMTH.

Figure 1.3. The ecdysteroid system of insects (Truman 2019). (A) Production and titers of
ecdysone (E). The ecdysteroid titer is based on Manduca sexta (Bollenbacher et al. 1981; Warren
and Gilbert 1986). (B) The structure of the ecdysone receptor (EcR). (C) Prior to metamorphosis in
Drosophila, larval and imaginal tissues express different EcR isoforms. EcRE, ecdysone response
element; RE, response element for other transcription factors.

222 BEERE SRR
E74 F1 E75 & 20E BUE R %R A 7. RS, 20E #8152 E74A F1 E75B
MIRIE, 25 20E MFMHESKE (Thummel 1996). % ZFIX E74B 5 EcR-USP
EERBEINEER Vg EE XL, M E74A X Vg RIABE LM (Sunetal. 2004,
Sunetal. 2005). fE3R RAF IR RIL T =F LR BIE R E75 L& E75A, E75B f1 E75C
(Pierceall et al. 1999). E75A W] RNAi $3 Vg IR, M E75C KT FH Vg
KFFRREETHE, 20E MO RS S S8 Ve BmERE (Cruzetal. 2012). 7EMAE Kif
H, TE1E 4 ™ E75 BIRH1k E75A, E75B, E75C #1 E75D. fE4hfiE L, 20E A
%% E7SA mRNA RiX, E75B Al E75D T Re4E4 DNA, EEHEEERE, EI0E
WBMIA B+, E75A 1 E75C TEALR MU ERiA; T E7SB M E7SD EREER
i #&IL (Zhou et al. 1998; Keshan et al. 2006 ).
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HR3 2 ZABEEFH—R, 5H 3R EREIULZ 4 (retinoid orphan
receptor, ROR) [EJ& (Palli et al. 1992). HR3 £5 20E {5 S@BERMEFHE,
%S 20E MR E %R (Mane-Padros et al. 2012). 20E i#id EcRI/USP R E &
& Ezh HR3 FIERESR, #Tr=4% 20E 55 RHKRN, AEBEES (Riddiford et
al. 2003). 48 DHR3 FIRXER 5 20E FIMEAEX, 20E {€# HR3 fIRiE (Lam
etal. 1997). EEE/NMESHRF, 20E I HR3 FIRIA, HR3 FIREMH 8K
B (Cruz et al. 2007). 7ER X, AHR3 £5 20E /r SRR HEE BB M
A 5412 (Mane-Padros et al. 2012). ¥ RFHAERT4E, HR3 X FXH TOR 55
$EFR I B ShIE T AW E X EE (Bryant and Raikhel 2011; Mane-Padros et al. 2012).
AL ZREBIIRE K HHR3 5 M RME, TENRNBESHEREHBREER
R, EETFKTIEE (Zhaoetal.2004). 7£ 20E M# S22 F, EcRBI/USPI HEE
GiksE & HR3 BHM SR F /55 EcRE, /A33) HR3 ZEEKHE R (Liuetal 2014a).

Broad B EA £ /MNE THMEREMEREF, HHF—XNE/ C in C2H2 #
f&, ©A1EH K DNA &5 R%E (Moussian2010). RiEFIIANTE (Moussian
2010), BB BARRAWATER (Riddiford 1976), FURBEHANTER (White and
Ewer2014), EIHAEANTE (Dhadiallaetal. 1998). R Broad AH WM IHEE:

(i) BEWERY B A R Gi) %)) AR 2R K 4 (Champlin and Truman
1998; Moussian 2010). Ri# Broad HIRTHELLFYHME, EMEIZESHRE

(Clever and Karlson 1960). 7EXU$# H fM#%# B B RS MG, Broad ) mRNA
MEARKFHEEFE. 20E 3 FHEERMEZ L S Broad HIRIA (Quetal. 2015).
TEFRILA 15 P REBR Broad S B B8 5 U A 4h t- % 1 #k & 44 ( White and Ewer 2014 ).
Broad I RIAZ 3 20E #ERH MM EcRUSP RIE - R HERE (Kucharova-
Mahmood et al. 2002). F 4} Broad AARBAT SEREES IR EINEEEH

(Zhowu and Riddiford 2002). BrC Xt B B E TR EHEE XEE (Chenetal. 2004;
Zhu et al. 2007). FEIR R ARt % 5E 2 UM BrC #4446, BrC-Z1, BrC-Z2, BrC-Z3
1 BrC-Z4 FESE R4 FREEAFKIEA (Chenetal. 2004), B & MBS Fis 5t 20E
R84 TT LAE S BrC-Z1, BrC-Z2 M1 BrC-Z4 HIRIE . BHLFE e RNAI 4 47& 8, BrC-
72 %4 Vg B R vg ZEMRIX, T BrC-Z1 1 BrC-Z4 #it] Vg #13Ri& (Chen
etal. 2004; Zhuetal. 2007). 7E3R R+ BrC RHE R E75 RHERKIRE, AWM
{REpEA T A LEYP # R 4= (Terashima and Bownes 2006 ). 7E1E "R HAE, 20E
%S BrC-Z1 ®ik, #MEE E75B, E7SB BN EIEM R H. HK, EIIRP%

7
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47F, 20E %5 BrC-Z2 fl BrC-Z3. iX % BrC R# &M% E75B Rik, F %S E75A
Fik, FHYMIEAT (Terashima and Bownes 2006). 7EH# B BrZ7 5 20E {5
2%, 2K H FSEBRALISE THARERNER, 458 208 %R
FAEFILIEBRILRE, RFTESERF (Caietal. 2014¢). B4, RAKFEE Hsp 90
5 Brz7 M EAEFRIAE BrZ7 fIfE KR TE JH # 20E (5 9B EEE R HT)
At (Caietal 2014b).

2.3 20E FERLAFSor

K[ B 20E T LUES 408 I IR B XS F B RE N B4 A 3E 5% 24K EcR 45
&, #M5 USP EBFEREEY, 5RZHE 6T ECRESE, BIETWHERD
#3% (Riddiford etal. 2003). AT ARG T XML ZAER AR5, 20E ATLL
HEMBE RS2, FIREARAE _EERERL, EARBEEBE RS
RIEAEBT, RIBEREFEEARFSRRE (Srivastava et al. 2005; Kang et al. 2019).

FE SLEh b, MEBER AN 524 GPER/GPR30 2 G & BB EX 3244 (G protein-
coupled receptor) (Prossnitz and Barton2014), #f#(RsE45i81T GPER % S 40P
TR, WIZAHEA Ca? /K-FHREBS N, & PKC i&%E (Pietrasand Szego 1975), 4Hi
M cAMP BIHGETE R, 0% PKA 1248 (Szego and Davis 1967). WEEE BT GPR30
¥3% MAPK (mitogen-activated proteinkinase) 155 iH8%, AT MEHELFHK (Haas
et al. 2009). ZERR'E LIRS, MR LIBEE O ¥ES B PKB,
5l# cAMP MM FEH CREB MBiR{, #MFESHATER Bel-2 RIE

(Pugazhenthi et al. 2000).

Hig b %P T —F GPCR (dopamine/ecdysteroid receptor, DmDopEcR ) BEft 45
A B (DA), HEE5 20E 44, RIRES ERKI12 BiRRM, M2 EEESH
cAMP F 5 5 AKT MIBEER1L (Srivastava et al. 2005). RiF& DmDopEcR J5, HEtEE
FRBITHZEBENF . £ERESTLARERIBXFERZI8E7 (Inagakietal,
2012). 20E j#id DmDopEcR WiZRM. KZF. EIFEZLFI TN (Ishimoto and
Kitamoto 2010). 7E8%## H BHRF &, 20E i#it GPCR #iEHEALEs CPLC, # 5l
AR Ca? /K FRIBUEIE N, 1535 22 BR4N M i 40 U F2 /7 #4581 PCD (Manaboon et al.
2009) . 7EARES B, R I 20E Bef51% 5 Calponin PR BEER L IE A% (Liu etal. 2011).
20E #5853 ErGPCR1. ErGPCR2. Gagq+ PLC. CaMKIIAl Ca?*i%5 CDK10 F1 USP1
BANBERL. 2Bk, 55 EcRI/USP1 HERE SR, £ 20E 55Kk E
H#£ 5 (Liu etal. 2014a; Liu et al. 2014b; Jing et al. 2015) . R & ErGPCR1 #1 ErGPCR2

8
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HEMMAR B S 20E MIEREFRHASS, E2 ErGPCR1 A1 ErGPCR2 #RE Il 2] 5
20E ZEUPH]PonA HI%54 (Cai et al. 2014a; Wang et al. 2015). Bt4h, 20E S p-
arrestin-1 BB F %, 5 ErGPCRI1 #HE{EA#1%] 20E {55 (Zhang et al. 2015),
20E #% % GRK2 MRAMBERUIF LM, #f ErGPCR2 BEBRILAFMIE 20E 55
(Wang et al. 2015; Zhao et al. 2016). 20E @it GPCR # % Stim1 B¥BE{L I 5 Oraill
FMEAERR, BRRA Ca” B KT, {2 20E FEAXERAFE R (Chenetal 2019),
X SLEG 25 RAE B 20E i1t GPCR I EER AR, #— P RWERAZRPH
BRER, BRAZEAHBEES.
2.3.1 5E#4k GPCR

G BAMKZA (GPCR) RESESHBNBRANBZRREL —. X214k
BEMEARE, SERMEERMHELER. SUK. BE. £KBEF. %> 7
F1J6 (Bjarnadottir et al. 2006). AXKEFHAFLE 1% MEERIGHET 1000 FHAH
LIREE IR A BB (Flower 1999). GPCR 3 [H#iF& (Rohrer and Kobilka
1998) HIBF R RKGBEMEERIERR (Stadel etal. 1997) R GPCR RFEEER
AR, AT RIE W HTE SR EENERIKIE. R GPCR ftE s
AERBRARE (~1,000), BEINE Go KKK 16 M EERLH G BRABRE

(Isberg et al. 2015: Southan et al. 2016). P91 Go FERHE A HEF 1185 B H N 2
F (G AR ERRIN LB RIS AREE C %) FURBISMHEMAER (BN cAMP. Ca? F1 IP3
%), XEEFEXKKMRAFRESHKE (Marinissen and Gutkind 2001; Neves et al.
2002) (P 1.4). Bk, FBAABIER GPCR 5 Go EAMEBMHE AN TFEEH#EE
KEE (Nevesetal. 2002),

EE, RESZANEELSBRE=R4E GEA (Gopy) MEHE, Ga BAM
BHEBEHNG EATEMME (Oldham and Hamm 2008). GPCR Z{&{UF 47
R, G BEEUTII LS (B 1.5a). IMARKZETUBEER— Ge BEA (F
1.5b; B1'E ERRFEEESZ(E (Frielleetal. 1987) 1 5-32 B (5-HTe) %4& (Ruatetal.
1993) #ATLLEKIE Gos A, 9 5FB AR M A HME1%E (Southan et al.
2016)). —FEZAEBALE—MLL LM Go BAMEEE (B 1.5¢; p B LIRERZHK

(BAR) ¥EE Gas EARBEK, FECFRUMNH, BHFTLLE Gai BB LAMHIXF
B (Lietal. 2004)), 7E#tIES, XN T GPCR, CEAENRT. ZHRE
BREKRELTE GPCR-G EALEHRRYE (B 1.5d). —EHMEERRE
GPCR-G EAM R EE TR ML G HiEEM (8 1.5¢).
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Biogenic amines Amino acids and ions
Noradrenaline, Glutamate, Ca2*, Lipids

dopamine, GABA LPA, PAF, prostaglandins, leukotrienes, anandamine, S1P
5-HT, histamine,

acetylcholine Peptides and proteins
/ Angiotensin, bradykinin, thrombin, bombesin, FSH, LH, TSH, endorphins
N

/\ Others

Light, odorants, pheromones, nucleotides, opiates, cannabinoids, endorphins
G P lon channels, Biological responses

B
S~ S~
I1 o
PI3Ky, PLC-B, Proliferation, differentiation,
/ adenylyl cyclases development, cell survival,
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TRENDS in Pharmacological Sciences

B 1.4.G BEAB 24 EFHE (Marinissen and Gutkind 2001). DAG, ZBt%E HiH; FSH,
{RORMI¥E; GEF, SMEMZERZHET; LH, REFME: LPA, BMBER: PAF,
M /MREFEREF; PI3K, BERRNIEF 3-B8; PKC, EH ¥ C; PLC, BHiEME C; SIP, 1-B%
FREEEE; TSH, {RFRIREE.

Figure 1.4. Diversity of G-protein-coupled receptors (Marinissen and Gutkind 2001). DAG,
diacylglycerol; FSH, follicle-stimulating hormone; GEF, guanine nucleotide exchange factor; LH,
leuteinizing hormone; LPA, lysophosphatidic acid; PAF, plateletactivating factor; PI3K,
phosphoinositide 3-kinase; PKC, protein kinase C; PLC, phospholipase C; S1P, sphingosine-1-
phosphate; TSH, thyroid-stimulating hormone.

@ An expanded lock and key analogy b Different receptors (keys) activate € Same receptor (key) activates
i . same G protein (lock) many G proteins (locks)
R* Receptor 3
I B  BHT, B,AR . BAR s e
¥ ¢ [ B : 4 |
o = Ga protein \ ‘/ i / \
v L¥ (1S
Ga, Ga, Ga,
d Positive and negative design of interface residues confer selectivity @ Other mechanisms that can infiuence binding
D, receptor D, receptor D, receptor D, receptor M1 receptor
v B @ : | E m N E v
MU U v v U QO AN VA in] e
Ga, Gay, Gor, Gty Ga, Gor,
Positive design Negative design Negative design Positive design Non-interface residues affecting receptor dynamics

or ligand-biased conformations, post-transiational
modifications, alternative splicing, etc ...

Bl 1.5. GPCR-G BMBEHFENHPIRLIL (Flock et al. 2017),
Figure 1.5. Lock and key analogy for GPCR—G protein selectivity (Flock et al. 2017).

YERRREZ A, GPCR #i\ AN THMRREHKEE. ¥, AN GPCR
B AT DM 2R BB R R 5 S 5. B2, HSRREZHMARY, i GPCR
B ATE 20 B PN 30 A S A R R E R R I AEM RN, X E W GPCR MUEHRE

H S, WelsE NS S5 E0% (Rohrer and Kobilka 1998; Schiaffino et al. 1999).
10
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GPCR AIUZEAWESHEHF —BELEMEEEES. it L TRATRHR
#51) GPCR A LATE B2 I

%tF A 2 GPCR, B-arrestin 57 ZFEFH7E GPCR &5 5 GPCR tHEIEH.
Z{k-B-arrestin REMAIL, REEBMITEIE ERK1/2. B-arrestin 5 A %52 [H]
MHEERRRNK, FEENLERERS, A5, ZHREBRAEIIRE. 5
A K2R, B KF4h5 B-arrestin BIVEEER, HRHEMAELGRETHEEN
GPCR FEf#F ERK1/2 #i% (Luttrell 2005; Eichel et al. 2016). $t4h, BiEHESH
MRFE K G BEANT, ZEAMLE, FEE GPCR (0 p-AR) AWK, TH
& GPCR (Hlin{R AR E 2 4k: THSR) NP FE/REE. AERF/REE K
ZUHMEESE Gas EH, FH cAMP &, i3 ERK1/2 #UE (Irannejad etal. 2013;
Godbole et al. 2017).

R4 GPCR ML A0MLE fL B R 4 & WAL B 9 80E, ENTTRERUE AR
HIES G B, DA LKA (Benard etal. 2012), B & {k(Schiaffino etal. 1999 ),
A AP (Revankaretal. 2005), &% (Rozenfeld and Devi2008) FIfZAE (Sergin
et al. 2017) LRI T GPCR. B)-AR AJLAEHE N E R /R EME b, FME/REE
F 5 RN E Gos-cAMP 55, %55 5 AR Z A ML T X (Irannejad et al. 201 7).
B 5 HREAFR G ZAMBEL, GPCR @B AT H/REGMHEFREHESFHR
BEHEHEHANEL. i RENBERZAS (mGluRS) @i SR ERHEEAE
M FRZEL, ETEEHEEHFELS Gog/!l A FRAPH Ca &K

(Serginetal.2017). GPCR HIIZE L ATREA R T 5 RERM R AR EIEM, MiA

WERER, FESEBNERANTEY.
GPCR BUEfE# G EAMBCZ MBS (GRK) BERL{L C R i 5l M 3 & & BR/ 75

B A BEBRILH A B B-amrestin, ) LIEBZHE G BEAMBE, SHE

AR 8L (Ostermaier et al. 2014), FAh4E & B-arrestin 5B MR E S BRI Z &

AT (Gurevich and Gurevich 2006). 4, B-arrestin IEREMS 1815 5 & AT BE

A% c-Src (Luttrell et al. 1999), Akt (Beaulieu et al. 2005) FfSME 5815 #% ERK
(McDonald etal. 2000) #F{E54F, LR3I G EAKBHET1ER.

2.3.2 GPCR ¥

GPCR BHINAMNEREAMBRIR LRER, BREFRNEMERNERE,
GPCR “RMAMMEMRML . BV, ELIEERAFICE, BREERDITRE
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AR B GPCR MRS R, i B-ARs WIFEVE —F kLI KB %
Wi 8 (CCK-8) 5T Z MK RIE KAk (Fraser and Venter 1982; Agnati
et al. 1983; Avissar et al. 1983). {HR, ZBf & HEEAEHHIEELFLE GPCR Z R k.

WERRAMFFCHABTIIER T GPCR M FUH, £B4tT GPCR —REMER A
FERATSEAE(LIEE (Kaupmann etal. 1998; Gines etal. 2000). J5R{ER R AREY R
JttiREE B (FRET 8 BRET) JTiEMIAM —PIELT GPCR ZRUEHFE
(Angers etal. 2000; Albizu etal. 2010). &L, B4 FEMBEHAMRRKFES RS T
GPCR ZRALEhA LRI R W E (Calebiroetal. 2013). S8&MAL, —RiEER
HARFKBEFEM S, Rkt UERRESRED LGN SR
(Gomes et al. 2001).

—RWBIER GPCR v] 4y A=K, B, HE GPCR NAE_RUEZHFTA RN
SE5E%. fln, p-EET# B 224k (GABAsR) % GABAgR1 1 GABABR2.
FHAZ &M R T GABAsRI H, FrUAECiE R B85 GABAsRI 44, HE,
GABAsR1 REH S EEE SRS, GABAR2 BEFSHSMER. Hit,
GABAgR1 f1 GABABR2 ¥ AREHMBUE GIRK B4HEE, RAEZ GABAsRI
GABAsR2 E &4 GABAgR “RUER, AREBUEEETEM (Kaupmann et al. 1998;
Kuner et al. 1999). Wt4h, E#4k GPCR ML, =% GPCR 5XRK G EEFM T
SEEBEE. flin, ZEE DI 24ET Gos £FES, MHEK D2 BkET
Gai f6 85 5. (B, ZEK DID2 F _F&EIT Gaq 655 (Leeetal. 2004).,
=, —X GPCR fF“ G EH/p-arrestin BELFF " (M G A Z| p-arrestin). £
W, 3 p-f A ZRENREFER, BTG EANSESHESR. BR, X u-fly
k5 §-F1 F 24k YR B AT, 15 5 28T p-arrestin 1% 5 (Rozenfeld and Devi 2007).

GPCR —_RUEFEENAEMENAEEZRE L. KNTPRE A Z4E (AR 5
Z & D Z4F (DIR) Z[AHDIeEHER. AR BB {24 AR/DIR RIF.,
M-S DIR 5 Gas EHEBRELIERD DIR NS cAMP 0, FHik, S85i
DR BuEHI L, AR f DR BUFEEERIN T AIR/DIR RHEWEIKT, HBERKT
cAMP MR . XHFETNEAFRF R AT R DIR ER 0HERR)
4L T HAE (Salamone and Correa 2009) .

GPCRA, B il C ZRFRIBIEAFERVRS T, FH HARE 28 B RL 5 (7]
FERBEZR. EUFZHEAT, ZENRFEERREMAEE, EFHIIAIRT

12
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%, BRWELEZEENE RIS (Bouvier 2001; Fotiadis et al. 2003; Ferre et al.
2009; Fungetal. 2009) . u-Fi 5 324k5 8-F i SR AT A AL VR — 4K, H p-f 52
kY 8- i 2R B VD B RAE T A~ BRI AL E 52 (Golebiewska et al.
2011, BCARX ZARMRRAFM AT L4 NN (Harikumar etal. 2006), FLikif S0
ZARALEK (Patel et al. 2002) FIFIRE S ZEEEAIMEE (Cheng and Miller 2001).
A% [H] ) B AR AR R 45 M4 (Harikumar et al. 2007), #HMI4 (Kunishima et al. 2000)
AR Z5 493K (Whiteetal. 1998) Ui ER. Hxt C Ky -EEXTHB %
& (White etal. 1998) LK # ok Fog¥nkmR 5 %4k (Chandrashekar et al. 2006) )5 —
RIS RBNEN. Hoh, A KA =4 Bs 24 (Baneres and Parello 2003 ) 14 (7%
D2 %8 (Hanetal. 2009) LA _REKERXE G HEMEK. XEHREKRY, GPCR -
REMEN G BEARG=RABENLRBEEYTREB/MIIIRME SR, B
R BB EIRFEZRMICERMCHIED (Fotiadis et al. 2003; Fung et al. 2009), {1 po-
B LRR# /& (Whortonetal. 2007) FIFELLFZIA (Ernstetal.2007) HRJLIE N
85 G EHRE.

GPCR —RARHIAA[E B2 53 1 8 A7 HLH M AiE R (Paila and Chattopadhyay 2009 ),
RO R T RER B R A A T R BUR R MR L. B EMBRE RS AT
ERAMTHABEEN SO -RiE, HERTEEZAMNEES GPCR 44
(Yeagle 2014) (18 1.6a). GPCR AT M th AT Gt & i T s K M A5 T ifo 51 2 A
RUBR SN S B, JE A IF TR () 2 SRR FE AR 1k 7| S 2 1R BB B RE B AR (X 5K “ D7 /K 38
SIEESREREKERE “d” ZHEF KA (Oates and Watts 2011) (& 1.6b).

B 1.6. BEEIREA-2H GPCR ZRALA I HLM (Oates and Watts 2011; Yeagle 2014).

Figure 1.6. Cholesterol-mediated mechanisms of modulation of GPCR dimerization (Oates
and Watts 2011; Yeagle 2014).

233 2EREERASZE
ZOERHZEEEMETERBIGHEH TEBATIRMEZ 2%, 25X, 1§
B, FIAMBTREEEDA (Missale et al. 1998; Beaulieu and Gainetdinov 2011;

13
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Yamagata et al. 2016). 7ERHEZN T, WRIBLMH . HEMAEWEE, TERZHET
AW R DI KL ERESZE (D1 (Sunahara et al. 1990) 1 D5 (Sunahara et al.
1991), tHA[EEFRA DIA #1 DIB), Bid5 Gos BECA TN A cAMP KF;
D2 RZBEfEZ4A& (D2, D3 1 D4) #iid5 Gai #HEERABKAMA cAMP KF
(Beaulieu and Gainetdinov 2011).

TEHESMAE NFLBNE CRZE. TEHEINE ERZEN Dopl
Dop2 5 #30Y) D1 FEZ4RAHLL, RIIEN4EMIPA cAMP JK-F (Hill et al. 2016). Bt
4, Dop2 SZARIEF LLEL BB Gaq FERKKI % EREWRE T 80040 M A 45 K F

(Himmelreich et al. 2017). Dop3 58514 D2 #2Z MLl #hFIL G cAMP
7KFREMK (Mustard et al. 2005). ZEFFLA S, Dop3 /&% JH BUE, 23 cAMP
KR (Baiand Palli2016). HEIYERL %4, Dop/Ecd 24k, RiEH DopEcR
SZAREETT LA £ ERREIE SR AN cAMP KT & H S B ULEE 3 ##E PI3K
B4 WA LA R A 20E 454, MTTHNHI 2 B S RER I S B RIERE
HEA B MAPK 22 M PEETE (B 1.7) (Srivastava et al. 2005). 5% B
o, ZZAS5HERENEMAES. EEHY, DA Z25RZERE KR (Inagaki
etal. 2012). %3 51017 (Agarwal etal. 2011). £ /2 {LF1E 4L (Andersen 2010).
iZ3)) (Draper etal. 2007) UL K 2 MECE R BIBE R RIARIZE (Maet al. 2011) &

e

Rapid Non-Genomic E DA

Effects -
£ g ) G2
L \\ 7\
S \L_ g N/
MAPKinase' Cyclic AMP?
E AKT (PI3Kinase?)
— // o=
S Edrly
Genomic Effects [/ } \
Development ?\ Lbl g
\\.\ \ M

A 1.7. 48 DmDopEcR ?'—ﬁﬂ&ﬁiﬂlhﬁ&% EEdeRFEHE S22 (Evans et al.
2014).

Figure 1.7. Drosophila DmDopEcR participates in nongenomic signaling pathways of
ecdysteroids and catecholamine dopamine (Evans et al. 2014) .

2.4 20E RIERMAR
IR RFEREEERTTLUEEE RS FERMEREY BB fdt Haf. %l
Xt JUFR RS P30 ) 2K B B2 ¥ R B T S FFX FF W & (Plagemann and Erbe 1976; Giorgi

14
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and Stein 1981). HEBHKZE, FLHARERHURFEEZEL S 5RERMEEIANA
Fl (Milgrom et al. 1973; Pietras and Szego 1977).

EREY, BEHENNTBRBERZEIEBANZN, TALELHE RN
BB AL (Yamanaka et al. 2015). &R W0 2 R AN B0, 3805 4508 19 B Bt 4
R MBI MAh, XA B ENEIERET ATP 448 & (ABC) BizRALKRER
BEREN R, RBFEE—FHBERRESLOBEEA - BEEE SIS (ED,
2 5 90 Mg o gt R R AIIRUK (Okamotoetal. 2018) (P 1.8). Ecl &wiSHNUIAE T
IZHE [ (OATP) Oatp74D, ERBFFHMEANAE F (SLCO) BREMMA . Ecl
REKERH 5K EER EcR REG—FMERY, HARED 20E #MEK %
R, 1E A LU i 8 1A i B B R SN 3% e Ecl fEAEM M Ik 2P SR B S K 2
REE. SR, X RITH TR EMEBMORBZHE RS BHER, R
- -MEZEANFH ST BEE . Z TP RN SRR Ry 8
B REIE 4, AT WA g 28 ] Ak 2 mT LASe it L Ao % o 19 el 4 B8k N\ K ( Banks 2012)
(E 1.8). A, RARMAAKN Ecl ELRFEHREHFLERAARFIHRIE,
M) Ecl AT MR EHE RGP MR BEESES, HER G DKL
ENSHMZ A E (Okamoto and Yamanaka 2020), i8] Ecl /* 32K BRI EEA
RS R, 5O AR e A R A BB M, BT AR KRR R B FDAT M.

g ’s—«wwvf%
’ZS;JA,J.‘;.'MA,@ &
Differentiation
Remodeling
Apoptosis
Larva / Adult

B 1.8 B¥IEEE N 5 RS EREROKE I LR EESEA KB (Okamoto and Yamanaka
2020).

Figure 1.8 Steroid hormone entry into the brain through blood-brain barrier requires a
membrane transporter in Drosophila (Okamoto and Yamanaka 2020).



Iy e e A

3 FERRERE, HRATRAIEL

SESRRETEREHN, saEbila, £0ER. $ERERH, 85
PR, BHEEEHEET IR 20E 2 2EEKRE (Riddiford etal. 2003) BLK
BIRYBENRSENERARERERT. AW, hdFEERERETISE M
JER. 20E B THREREE, £HE®RIAN 20E fJLLE By #udt i, 5824
HERREZE SN, ARERRE, RHARSKE. EHHHARY 20E FTLUE
MR b GPCR £IR(E S, R ZEITIRE, MM iABERRANEREE
RKE. BWMEIANALEREZ 1K DopEcR & RIEM 20E %4k (Srivastava et al. 2005),
HZ£M25 20E 55K GPCRs RERXEMBEEWAMRBZEMIHEE. 20K
SHZEEE AT EENLRSINATA, 5 & (Coccurello and Maccarrone 2018)
MEREZARIKEITA (Rebello and Greenway 2016), £ EEZ{AES 20E §
BTH FWEBN Az D

SR E BB E 2 RREE, TR RN hy #0% H MR (Gorskiand
Gannon 1976; Plagemann and Erbe 1976). (BRI ARAXERBEFTEREZER
H4 83 4N (Yamanaka et al. 2015; Okamoto et al. 2018). GPCR B #JiA AR LL
B RREE, HEBREE KM AERY GPCR W UL EESHFIE S BIEH
AREERAKER. BNXHBIHAFEERRNF, BF*—PHHAE
B A R ML

AR AUEER Y EHBRIEARAANR, FELALREETHORLLRE
#HPf & HaEpi LA K SO MR, FAEFOTEYFNMBREYFHEAR, BEEN
MRS, BERBS RNA TH#H, WNER. ZEaMERE©EI1HKTHRST 20E @
iT DopEcR M4 SR & B4 F ALk, #5L 20E-EIA ##ll GPCR 44 20E B,
#7% 20E 5 DA HH4 & DopEcR LAIHIEN R, F#{F DopEcR {ENHEZ A2 —1%
B20EES, RERRES. FEREAMHUERGESREAAENERALENHE
W, AEREHREFNEKFETRNFEES. kit KA 20E ## GPCR 28
WILE IHLE LA R IR R K E MR R H &R, FUEF RS GPCRs
#F%5 20E 5 527 HMF S, 20E LLK GPCRs fE AR =AM LM ER, AKRE
20E WESHBARMHRMMR G EROHT ER IR, JFHRAHMERER R
B 1 S Ay HL



th FROK A 8 22T 1R 3T

BE BNRBERRFESSER/MEARZHRIFISEE
B HERH{RH L EERIAR

15§

TEZRBRHMNBEEREB R, WARHMNER. NBE 84 R ERK
HRAMAZRS. ERDHN, SiEL#Ee, SRFEN, S§LHnERE 857
R . B WK 20-F2 54 BR (20-hydroxyecdysone, 20E) @it b i 20E
BZEFRIL (Riddiford et al. 2003) U RIFBEFREIBFE (Dubrovsky 2005) FifE S
#F (Linand Smagghe 2018) HIM{ERREZREKRE. AW, ShHEL#ERARILE
HAERE .

20E @it 5 HZ A M ESA Bl (EcRB1) 44T B FTHRERRKEA,
EcRBl 55 11EA (USP1) ERERE A 5B EMEWMBITH (EcRE) &4
(Lanetal. 1999). WM ETT LLETHZHAE (EcR) £18(55 (Gruberetal.
2002), 20E "JLUELE G HAMBELRZ/E (GPCR) BREE5HF. EXFED, 20E#
iT R &N GPCR 3N T AT R F KA Ca> ff)7KF (Manaboon etal. 2009), FH#i%
EHBEE C (PKC) #1712 (Elmogy et al. 2004). M4 B+, ErGPCR-1 (Cai et al.
2014a) A1 ErGPCR-2 ( Wang etal. 2015) 7E 40 UM b 1%1% 20E 155 . 20E i@id GPCR,
BEfEEE C (PLC) M55 S @MRIATEOBERIL, 35 USP1 (Liuetal. 2014b), 44
Ffa B B 2R 4K #1408 10 (CDK10) (Liuetal. 2014a) F1 PKACI B L5 #9355 (Jing
etal. 2016), HETIHAR 20E ¥ R H 41k EcCRBI/USPI, 37 B i d 4 #2144 20E
BREFEFIRIX (Liuetal. 2014b; Jing et al. 2015),

GPCRs fE4HMUME L4 & FES, BHEETF, X, KB, <%, BBF, K, &%
BRI EBRE (Preiningeretal.2013). {H&, FENXHZ GPCR 5REBMBMELESH
E#IE#E, GPCR £ X 20E R HMAKERME WMAMBEZENFEESI. Fln,
f# it &1L GPR30 #J COS7 4ifa 4347 T A GPER (GPR30) (Maggiolini and Picard
2010) 5 Alexa 633 +Ric FIMEBE RIS A (Revankar et al. 2005). #Hd &Rz
DmDopEcR #) S BRI HHMAR 5317 7 RIEH EEZ {5 (DmDopEcR) 5 20E 4Ll
¥ *H #Ri2 K Ponasterone A ([*H] PonA) H145 4 (Srivastava etal. 2005). 4 M1k,
7 B BEE IR R 9 5 B A GPCR AIE{RSME & R E R R

Z O A2 AN GPCR, BN TAME (Neve etal. 2004) . FTEFHESIS,
ZERSHRIEEPRHL RS (CNS) PRIE, HoMEIE CNS ALRF, FHlnl

17



U TR R A28 S

JE 004 M (Cavallotti et al. 2010) F1'E E # 3 '8 B2 (Hussain and Lokhandwala 2003) .
LERZASS5HEHMERGZERE, AFEHM, Ak, A&, 1212, %3, X
KaiEshiEs], ULERHENWMES T (Girault and Greengard 2004) . % Ef&
SHZEEEETEENERBINAIT N, BFE#E (Coccurello and Maccarrone 2018)
RMEEESHIALBIREIT AN (Rebello and Greenway 2016). % EREMEITHERS
SRMERR, MEEERNEEREESTRERS S REMEERNEZERTR
(Boyd and Mailman 2012) . B2, £ERZENEFRENGMRTEET#.

ERRT, EHEORSSIARE VIBHBEITA (Maetal. 2011) « ZEES
FEVRE AT, HP2EEZE 1 BRRRHELY, S0EKRZEk2#R
FEBEER (Guo et al. 2015) . DmDopEcR NS AE B3| BAFEERENF &

(Inagakietal.2012). RIBEZE/A (MB) F DopEcR IhEE I MK 5 8BS 315 M PR
(Lark et al. 2017), DmDopEcR FHFE I FIEEMNE ERIEAREKATHEEEN
J&A (Ishimoto et al. 2013; Abrieux et al. 2014). SO #ifflid FiX ) DmDopEcR &45
4% Bl (DA) B[’H] PonA. 20E AJLA5[*H] Pon A £ 4+44& DmDopEcR; [,
DmDopEcR #ik A% 20E FIZHAESZ{E (Srivastava etal. 2005). %A, BRFEE
EZARThEe s B L.

A #EH, HFARRYE DopEcR 7 B BV AL HENEIEAH . DA @i DopEcR
RS R s R EMAERK. 20E 5 DA %44 DopEcR, FHilit
DopEcR 15 A1k —RA4E# 20E 55, Mii{Ed B HRZZE . DopEcR A LAfE
YRR h Ak S 45 & 20E. [EBA T 20E #HI8EEE B AR HRHRESKENS T
HL#I; EBA T GPCR & 20E KIZNMIIR 2 4% 7R T REBBE S L LR AN EE.
AHANLEBBEESRERESHEZRELERETHNER, HEIISHIR
AR 7 35T A A A TR ) B B
2 KRS
2.1 Wbk
2.1.1 SLWEHY

R4 B Helicoverpa armigera K B 8RN\ K%, U TIREE L0 Z 34T 1H3%,
FRRER 14 h KH/10 h BAE, BE 26+1°C, BEF 50%+10%.

2.1.2 LM

MY hFRMMA (HaEpi) (Shao et al. 2008) ZE&H 10% a4 MiE (FBS,

Invitrogen, Carlsbad, CA, £E) MR RUMEBFETHTHERLF. BAMEE
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N 27°C. SO 4ffi% (Thermo Fisher Scientific, Carlsbad, CA, %E) ZEXMFEH
ESF921 373 (Expression Systems LLC, EEMAEETEMBL4EL) FF 27°C 1%
7o
2.1.3 SR

20-$2 548 fFHH (20E) (Caymanchem, FEEKRM, £E), LEK DA. &¥F
BEE. RRFRER (ET4W, b\, $E), DMSO (RX=E, X, $E), B
hmmpEE R (Gibico, A%, E£E), Ca”#87R7| acetoxymethyl (AM) ester calcium
crimson dye CInvitrogen, £/RETELE, %E), Ni*i (GE Healthcare, ILZEE, &
#iERT, %£E), AlexaFluor594 FRCHI/NEMFEE K (WGA) (Inveitrogen,
JRETEE, %E), 4'.6-diamidino-2-phenylindole (DAPI). 35 KAE#). Flupentixol ¥
MEZEEABEAR, HEARANEME BRI H2ERTT. TRIzol RNA £
R (&R&, b5, FE), RN ERE 2xSYBR real-time PCR pre-mixture (2R &,
b, $E)D, RIPARBR (B=X, b, $PE), DNA RE&8 (22X &, LK,
FE), T7 RNA R&E. RNA BE##I7]. NTPs (Thermo Fisher Scientific, #%E*
#r, £EH), FFA dsRNA # iR 7 QuickShuttle-enhanced (1§21, b7, #E),
A-TSEEREA] T4 DNA %38 (New England Biolabs, 3[H). BiRid /L8 (HRP)
PR ERBAER R 1gG, BIEBRRERCH EMRBIR oG (P42, b, $
H), ¥ %% I ALEX488 (Inveitrogen, F/REFE/E, £E), B-actin LWE
fifk (Cat. AC026, ABclonal, X, F &), His/GFP/RFP B[ itk (Cat.
AE003/AE012/AE020, ABclonal, EiX, ¥ & ). NucView™ Caspase-3 assay kit(Biotium,
Hayward, 35[), S-ethynyl-2'-deoxyuridine (EdU)kit (Ribobio, ™, FE), F&
R ILITIE R A ChIP assay kit (E =K, JtE, FE), 20-Hydroxyecdysone
Enzyme Immunoassay kit (20E-EIAkit, 20E BEEX BB HriAA &) (JUREMZ, &
E), TUNEL ZEZMMEATHNXFE (VazymeBiotechCo., BiH, FEH), cAMP
ELISA Rf)& (E®E®R, tx, $E). 51N (ETEY, k&, FE).
2.1.4 SEIR{ 38

B (A—E8, JbF), MESEE T (IR, db5D, FERHikE, PCR
1X, GelDoc XR BB RN 5% M5 & PCR X (Bio-Rad, £E), EEARE LI
(Eppendorf, & ). Infinite M200PRO NanoQuant 4> Y}t E it (Tecan, Grodig, R
HF]D, Olympus BX51 %6 RHEE (RKERT, HA), Nikon ECLIPSE E6000/TS100
BBWRAERMNE (BE, HA), Zeiss700 BB AFRESME (A, EFD.
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2.2 LWHE
2.2.1 EETEREYEBFEST

AR U R4 P 3R 18 DopEcR HI4A K51, 1 it F i £ il 51 4 DopEcR-
F 1 DopEcR-R (# 2.1), i#if PCR 71 DopEcR £1&, Jll/FRiE. ExPASy-translate
tool Chttp://web.expasy.org/translate/) #i i€ DopEcR T X iEZH#E(ORF) /% . SMART

(http://smart.embl-heidelberg.de/) TRHE B i ISR . MEGA 7.0 RIGF#TE B R

FE B LLXT HAD B R Gt A .
2.2.2 RNA H#R

BB ME TR B HRRARE, T, RBAMEHA 1xPBS (140 mM
NaCl, 10mM Na;HPO4, 2.7mMKCI, 1.8 mMKH,PO4) ¥EikF1%, 2-H/HL 50 mg,
74 1 mL TRIzol BT EE 2R oK L7 B EE, 12,000 rpm A5 ES L 10 min, YEE LIE
ZF# EP BHEEBE 5 min. HIFEFRRA 1xPBS HRME—IK, FILIMA 1
mL TRIzol R EWKITREMM, FHET RNAase # EP B . RJFIMA 200 pL #
47, BIZIES 10s, FREE 2min, 12,000 rpm, AEEO 15 mine HEKER
BEF L RNase ] EP Bd, WASEERYREEERS, -20°C HELIR. K5
12,000 rpm AR50 10 min, 3 _EiF. F 1 mL DEPC /KEEE R 75%ZBEk RNA U1
EHK, BLEFLERE, RTEMNAER DEPC K 60°C /K# 10 min J# RNA,
RNA ¥R F Infinite M200PRO NanoQuant 4366, RNA FEM4AE A
1937 R L kR
223 R¥EF cDNA KA

RYE Abm AF LK) 5xAll-In-One RT MasterMix REFAF E#ITRETR
cDNA. RMAKRINT:

RNA 2 ug
AccuRT Reaction Mix (4x) 2pL

¢ RNase H7K BnZE 8 uL
AccuRT Reaction Stopper (5x) 2 pl
BES 42°C B E 2 min

5xAll-In-One RT MasterMix 4 uL

& RNase fJ7K 6 pL

25°C T 10 min, 42°C J§ & 30 min, 85°C & 5 min. -20°C {#7%-
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2.2.4 qRT-PCR (5Eh}sE & PCR)
PAR ¥ 35 H) cDNA MR, RT 510K 2.1, #EE, LA &% PCR K
RIERZRIT:

cDNA 2 pL
F 3% (1pM) 4 pL
R34 (1 uM) 4 uL
2xSYBR real-time PCR pre-mixture 10 pL
B 20 uL

gqRT-PCR R %f%: 95°C 15 min; 95°C 155, 60°C 1 min, 78°C if#R 2s, &R
40 {X; 65°C 3| 95°C S riafknhek, [AIRE 0.5°C. K73 Ct{H, X mRNA KRIXK
FRAR 20T, 200 GO FRI-AC T ACt SLIG4A RN R P EE Y
Ct FI9E-W B E A B-actin B Ct FIH{E. ACt XTRBEARRIRAPERER Ct Fy
{B-ME 2R B-actin ] Ct FHH1{E.
225 ZRESAERH &

DopEcR (] cDNA KBt (148 bp & 1,020 bp HIZEELF 5, A% 290 NEEER)
5 pET-30a E#EH R EE RN ENBITE BL21 (DE3) PRk, EHAK DopEcR
FAERE®RE, @id 12.5%SDS-PAGE 4itk. MEE LY FEH DopEcR EH,
RAEFIEE . 1§ 500 pg ALEHBNEARRASSHERNTEHRIENR
SR E KR, MHRREIETE A REITE T £ SVEH, 21 REH 500 ug 4t
FHENEARRASSBNTA T2 HRENRSAERBCAR, HE—-RA%K
BAT R T % S, BA B AT R KRE, — RSB %EkiEs soopg EAED,
—RERANLHERETERME. LIATLEETRE, RBENE#HTIEET R
.
2.2.6 ARWEMNHR SEHRRITRIE

WBAREER ORF FFIEAFFE IE B FRIRERK plEx-4-GFP/RFP-
His FHBARZEFR NS RAFR . TREFYRRE 2.1, BT RESIN TR
BOFRA. FAIROAREEIET 80%E HTHS. 3-5 ng ERERKS 100 uL
AEEKIRAR A, 8 uL BRRAS5 100 pL £ BEKRSI B, A fl B IRSIER
— EP W, MABRANIRPH B RAMIEFRBE R, 48 h FRABHBENER K
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2.2.7 AR

RSB RRE, T, RRIERNE 100mg, 4FHI7E 500 uL Tris-HC1 £
B (40mM, pH7.5, & 1mM K PMSF) HK E51%, 12,000 rpm 4 10-15 min,
W LIEREAE R S E A . HREO RN %R 1xPBS kM —IK, A 1mL
1xPBS (& I mM [ PMSF) WA ZE EP B . SRJ5 4,000 rpm 2 min A5 L,
x BiEIREUARAE, A 100 pL ) RIPA AR VK E344% 10 min, 12,000 rpm, 15 min
AHEL, EENAERAEAR. BEARKER Bradford & AR EZEM &

(Bradford 1976).

2.2.8 BHRAEHD

KM EATIMAEZARLCEEZF 10 min, FMFEHE 20 pg EE 3T SDS-
PAGE B FE¥k, #% SDS-PAGE BHRZBIWMALRER L. HERHHRAER
FER 2-5%RIBR AR oM B THE 1 he BAEF A TBS (10 mM Tris-HCI, 150 mM
NaCl, pH 7.5) ¥f#. Biis A, WREES MR P 5—HE 4°C TEEE®H. TBST

(TBS HFHAN 0.02% Tween) ¥i% 3K, Bk 10min /5, F-&ERMEBEREEFRICH

FEHGETR A =5 1gG 1:5,000 FHRB /S MH AR ZERE 3 h.EEBS WA TBST
BEBIK, TBS T&—ikK, K 5min, B5H 45 uL NBT 1 35 uL. BCIP #E 10 mL TBS
FEBEXGTRE, RAEERFHEE FKEERL LKA, H@id Photoshop HKiF
HIVER G . B R RS Image] BpEiH 5381 GraphPad Prism 7 3t 403878
A HE .
2.2.9 SEFLYTRE Co-IP

520 M 2 IR B 80% B 3L YAl B ) id KX FFL .48 h J5 , A 2 uM 20E 5 DMSO
AL, BE/SA 1| mL RIPA AR BEMAMES, 12,000 rpm, 4°C &0 10 min,
HY E3E. 500 uL RIPA 2R FEYE Protein A resin PR, FERMREM LiET N Protein
A resin 4°C Z18#2 % 1h, 1,000 rpm, 4°C B0 5 min R IEERELEESHED, W
100 uL. E¥E{ER Input. L3555 GFP/RFP/His B EHI (A 4°C 18T 4h, RIEMAZ
50 pL Protein A resin 4°C ZZ18#E BB & 2h. 1,000 rpm, 4°C B 2min, £ EiFE, U1
JEH RIPA SEAEWYE 3 K, 12,000 rpm, 2 min BOF LiE. JEERMNR 166G 1EXN
BRMEXT R . BRGH 60 pL RBEESRITIE, WA 30 ub EELEBIESIFED 10
min. $R/5181d SDS-PAGE MEH R A&ZHIZRT BREH.
2.2.10 Juf5 R SBILVTIE ChIP

¥ EcRB1 f) ORF (GenBank %5 EU526831) A pIEx-4-RFP-His FHi .
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¥ pIEx-4-EcRB1-RFP-His i #15% 43| HaEpi ZHME = 48h, SR)5 dsDopEcR 5, dsGFP
FEYe4mfE 24 h, BJ5H 20E B DMSO A3 40H1 3 h. 4HM 37°C T 1% FEEZCEL 10
min, REFNHEBRELKRE 0.125 M 25°C 10 min DL LT EE. PBS Sk M F
W, SRJE SDS HEE M (1%SDS, 10 mM EDTA, 50 mM Tris-HCI, pH8.1) &
FUWEMM . B LFEIRE 200-1,000bp ] DNA F B . B0 5, EiEEINE] Protein
Artesin 1 4°C TRBBRBE | h, LREEFEFUES. OB, W—Ho LHF
W F{E qQRT-PCR HJ Input. ¥ K fh EiEH S RFP B IEEHUIEE/NR 1gG 1E AR MER
FBIE 4°C B E T . H Protein A resin HINF RAE VUM EE-DNA HEWH, HE
4°C THEHME 2h. FRER MR Z P (0.1%SDS, 1.0% Triton X-100, 2 mM EDTA,
200 mM Tris-HCI (pH 8.0), 150 mM NaCl) k& B &Y —IK, BERREEMNE (0.1%
SDS, 1.0%Triton X-100. 2 mM EDTA, 20 mM Tris-HCI (pH 8.0), 500 mM NaCl)
Pk —IK, LiCl Bk M (10 mM Tris-HC1 (pH 8.1), 0.25MLiCl, 1 mMEDTA,
1%NP-40, 1% B S AHELEE) A TE S (10 mM Tris-HC1 (pH 8.1), 1 mM EDTA)
PR . RGBS (1%SDS, 0.1 MNaHCO3) & E 4. DNA-EHTE 65°C
A AT R M ZCEE, SRS RNase A MR A88 K 203 . 3@ X By 07 #hig4li{k DNA,
F{# A ChIP F/ChIPR (£ 2.1) 5% (¥ EcRE) @it qRT-PCR #4723 #7.
22.11 HAENMKES

# 20E A7 DMSO §, LI 10 mg/mL HIAE&EW. FI PBS LL 1: 100 F
B 20E & B WAER 20E TIEB M. EHEBE 6 h 4 I UT A4 H 500 ng/s pL
R RIES 20E. HEEM DMSO EH B 5 BHEEM B K4 fdb. EH 20E 5
DMSO j&, #HAHITE 1. 3. 6. 12 F124 h #£ELE mRNA BB AK AT qRT-PCR
B AMENZ. A GraphPad ¥4 4 #7 qQRT-PCR HI¥i#%. A Imagel % 4it B EH R
ERZEHE, FFF GraphPad B {E 47 KB HI%E .
2.2.12 HE %465

HRRRRER AR RE TR, T 4%NEZRPBERET 4°C BEid®: REH#T
BERERBLIK: 50% Z.BE-70% 2. BE-80% Z. BE-95% Z.BE-100% Z. B¥-100% Z.B%, % 30 min;
CEE: “HFE1: 1BEW2h, ZHFE IShBRTERLE,; AFERE. —F
& 1: 1REWS 52°C B 40 min, 52°C A¥E 30 min FIK; SR/ T 45-60°C MR
R EEERBRARNTFHAEPHITHRCE., FHEVAVEERTIR 7 um BEE
B H R AT RS A B : = F %K 20 min-=F 3K 20 min-To/K Z.B% 10 min-95%Z.B%
10 min-85% Z. &% 10 min-70%Z.B% 10 min-50% Z.BZ 10 min-PBS 10 min. RE/KHKIHH
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YIARTAR (1 g 5Kk, 10mL 28, 20 g KAI(SO4): #1 200 mL H.0) & 10
min; KA FARUKEES | min, SRJ5H Scott MBASE 1 min; K F B B2
S (T0% I CBEAE 1% HIEhER ) BE¥R 20 s, I Scott KT 1 min; #H1]
A5 0.5% KSR pl AR 30s, RERATKES: 0% HE . EiH
{*FF 4°C, M Olympus BX51 KA EHME (Olympus Optical Co., HRE, HA)
2.2.13 SRy %

¥ HaEpi 40 500 pL DPBS %E¥k 3 K, 4% LR FEEERE FEE 10 min.
SE HIZ0M DPBS ¥ei& N, K 3 min, 0.2%Triton X-100 #4228 15 min. DPBS ¥
NI, K3 min, K (FH 2%BSA 1 PBS) & | h. HiifEAmE 1.
1,000 %BRJ5, £ 4°C T B AMIER. DPBS &K, K 3 min, WLEH4A IgG
Alexa Fluor 488 (Introvigen, Carlsbad, CA, USA) FIE MWL 1: 1,000 FIFRELL
i BYAWTE 37°C T BISHE B 4082 1 ho DPBS ¥E¥ 3 ¥, %K 5 min. 200 pL Alexa
Fluor 594 {BEXHY WGA B (WGA: PBS A 1: 2, 000) =8 ErE 1740 H iE
et 10 min. DPBS ¥E# 3 IR, BK 5 min, 1 pg/mL DAPI W =18 BRE i {T40
Mgt . DPBS ¥k 3 1K, K 5 min. 80%MIHME H, HEHPHEET 4°C, #FH
Olympus BX51 Kt EMBE (Olympus Optical Co., HRH, HA) WEEK.
2.2.14 dsRNA BI& R

RNAi #/ Z A FRIEFE 10 N8 25 MFH (Xu et al. 2016). SUiHAE T7
BEIFRFIEGIM cDNA P EEERFR (R 2.1). LUFE T7 B3 FREE
R B BONER, SR dsRNA. SRR T: # 1 ug cDNA BEIR S 20 pL SxFER
MHIRES, ZEMEAE 80 UT7 RNA RARF (Fermentas), 2.4 pL 10 mM A/U/
C/GTP (Fermentas) 1 120 U RNasin (TaKaRa). JIAJC RNase HI7KZE 50 uL, 37°C
EILRE, MM 10 uL40 U & RNase i) DNase I, 10 uL DNAase I Buffer 130 uL
F RNase 17K, FHKBEHE 37°C BE 60 min FEfF DNA B4R, FER/E G
RNA ¥} ZBEUTiE)5, F 50 pL JC RNase 7K dsRNA . 1% P BR AR BEU R B8 3k B
dsRNA WZLFEAE RV . FME S YL ETHN dsRNA BEATHR BRI
2.2.15 BEKEITE (HT115DE3) M4ditT RNA TR

RYE 2 BT BI3CE J7 #4718 RNAi (Dongetal. 2012). 354 (HaDopEcR-
swRNAiF/HaDopEcR-swRNAIR) (% 2.1) AT HFRFBK PCR ¥ 1. ¥ BEIRH B
i\ B Marek Jindra {8+ (32 52 3L A1 E A4 % H .0 ASCR)FZ{E#) pPD129.36(1.4440)
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Biah. SEHAREELE DHSa F, FAEFEEER (Amp, 25mg/mL) kM
YETaRE . EH BRI BB Marek Jindra 1+ (BB ERE A ¥ 50 ASCR) £
HEA9 HT11S . F SOpLAmp (25mg/mL) 1 6.25 uL JUERE (Tet, 25mg/mL)
PR TERE, REHEMF SmLLB ik (BRI 05g, FREA 1g, NaCl
1g, ddH20100mL, pH7.4), 7E 37°C HFHFIG IR EHEKLL 1: 100 ok
M) 100 mL LB MAEEFESD, 37°CHERBEREIHIhEL, ERFEFMA
FAE B-D-1-FAAM ML AR (IPTG, 0.5mM), 37°C B D REIEH 4h. 17
EXANEE RNA, H3@IT 2% BEASFEREAL B ik Bl dsRNA L. RS MM E BIZE
400 pLPBS . EEMARL R, SH30 R. ME&BEWYIR 1 cmx]1 cmx0.2 cm,
¥ B dsDopEcR RI#E HT115 RHKBIE R RE . R AL HRFHEEL HT11S B
BghhE LR, WMBRABASE GGFPHTIS B8 . NB 6l 2h RK, &
W, SkEFBERIAHIREUE RNA MEH. @it QRT-PCR B & A R ET R 4R34
2.2.16 B4k RNA Fi#t

FH PBS 4% dsRNA #FEE 100 ng/uL. B 6 # 6h 41 B FrK E 15min, # 500ng
dsRNA R RUEST B E 3 WIEHR BB MAEA S Ll fE s . dsRNA BIEIRG 24 h
EH—K. EFE=IRES S, % 500 ng 20E £ 500 ng dsRNA —E XS B 4h Bk K.
B —IK dsRNA XS, EHNE R REERITA.
2.2.17 4B E RNA TR

4 HaEpi MM F 14 5] 70% E 80 % BT, 75 B B 4RMI3%E 3% 2 4 5 2-4 pg dsRNA
#15-8 uL QuickShuttele-enhanced ¥ G+ iRFITAIMF #. REWHMMTE 27°C T
7% 48h. 2 uM 20E W E MM 12 h, ZEFU DMSO 1R .
2.2.18 $hBk, HERAAKRNE

—E4 3 1-F BB R P2 AR e MBS R P RE, FEMGEK,
FMBEEE 30 RYBEHF#TIRER. TRHEETEETERAFRERAHNERNER
K 55 {3 P AR ) A 75 45 24T 20E A flupentixol AbZE f5 4 dt i & 0 v A AR B3 0
2.2.19 % 20E R 2R

WE=EAND LA TFARKEM RS S, SHBCRFEITIRE, A% TR 16h.
4°C T 80%HFEBA S FES R, MR, 1mL FER 1 g HEFR 20E. 4°C
10,000xg B> 10 min, WE LIEBIFAGETIR. JTEBEMRE | mL EIA SR
e 1,000 £5. REGABMRETM, £ 20E BESZ 2T (20E-EIA) RF&
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(Bertin Pharma, Y5 B 50 pL £ A FALI 20 4 &.

B g, WA Rk 2 B A B R BERH 0.1 mM EER (PTU) K 1.5
mLEP &, 4°C20,000 g &0 10 min. HWEUHEBAREFM, F£HEBROMES
% ELISA iRF& (MLBIO Biotechnology, ¥, FE) il LiEHR+F DA Mk
.

2.2.20 Tunel 47

RE R &P Y, A TUNEL BrightRed 4 A AR & (Vazyme
Biotech Co., ' [EF &) #4T Tunel 7747, f#H Olympus BX51 Y6 24 (Olympus
Optical Co., &R, HA) WEER. F Image) tTHELBRIEEE (Tunnel (55),
B3t GraphPad 314 Hr 3k BRI 23 .

2.2.21 HBASETIRERRR

M EILR) 70-80% J5, 2 pg dsRNA BUFURIATAMIEL Sy, FF1E 27°C THFF
24h. FAFEKRERE (A4 Ca' 1877 AM BERESRAGLEL, &WRE 3 uM) 27°C
BT E M 30min. A/5H 1xDPBS (2.7mMKCI], 1.5mMKH,POs, 138mM
NaCl, 8 mM Na;HPO4) P40 3 X, HESH 1 uM 20E K DPBS F 42 2 min,
PAR AR FS IR BT R, A E CaCl; (BIREHN 1 mM) F120E (KIRSE
J91uM) # DPBS LI SAMSME AT, A2 4 min. ERABCCHBELREEMS
Carl Zeiss LSM 700, £ 6 #HJ—¥K 555 nm &% . &5, 83T Image Pro-Plus
BT ERBARRERE, HETHRITS.

2.2.22 HMRA cAMP Ji5E

HaEpi 4117 6 FLARF3EF 2 80 % % & 45 M8 71k 2.2.20 #4T RNAi. A DopEcR-
GFP, DopEcR-M-GFP, GPCR2-GFP F1 GPCR2-M-GFP # % HaEpi 40/l 36 h. 0.5
mM 3-7 T %-1- I EE HTE (Sigma, St.Louis, MO USA) [ DPBS % & 402 30 min.
2 uM 20E ALE 40 0. 5. 10, 15, 30. 60 A1 120 min; DMSO kb EE A 40 fE X 1R .
M EEE IR, 0.1 MHCI A2, IR 5 AT & 9 B4 H cAMP ELISA 77/ & (Biodragon,
e, HE) RS cAMP FKE.

2.2.23 KRR AEERF T

Fi 5 uM20E 8¢ 10 uM Z EE2fiZ (DA) 43 HaEpi 40/ 72 he £/ 5- 05 2-1i
ARE (BEU) BAFIEENMAIETE. M NucView 488 caspase-3 H iR 77 &
HaEpi 403 F caspase-3 H1iE 1. Fl DAPI (10 pg/mL) 7E 58 BRI B 40 10 min
AT MY, SRS H Laser Scan WOGIE R & RS Carl Zeiss 700 (LSM 700)
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MEL
2.2.24 GPCR ZBBIRIE o3 3

{# FH I-TASSER 7E£2 i % %% (https:/zhanglab.ccmb.med.umich.edu/I-TASSER/) T
Il GPCR & &K EME 4 THR ., SYBYL X2.0 344 ( Tripos) F#J Surflex-Dock

(SFXC) IRE¥ ALk 20E Xf#EE GPCR WiE AL m . Z19 B/ iEiT PyMOL 544

7~ (Seeliger and de Groot 2010).
2.2.25 GPCR i s ge 2

7£ I-TASSER 7E£:fR% 2% http://zhanglab.ccmb.med.umich.edu/1-TASSER/ b7 £;
T GPCR 4544 (R 2.2). GFP, GPCR (ErGPCR-1, ErGPCR-2 F1 DopEcR)
K HREE[ErGPCR-2-M: S113A, CI38A, Gl42A; DopEcR-M: Y68A, Y109A,
T113A, WI160A F SRS MiEdH PCR AE#ATH 1% . it DNA FHIR KR
AR
2.2.26 20-553 3 57 FRNEEX 4 R Y 52

20- 52 0 K FRRSEX R R T (20E-EIA) BE T RIRICH 20E (B¥ 20E) MZ
BrAHBAASES (AChE) FRiCHJI 20E (Tracer) XA FRAIHE R4 20E Hiih 5 510 R 3
17 20E MW, &1 20E LMES R GAASENEREE. REFARTNERT
FIBEIR R (800 mL UltraPure /K% 2 mL IRZGHIBEIRE M H A17000; ¥ H0
400 pL Tween20 # A12000) ¥tikiR, LR EFAREG S KA. # AChE #5icH 20E
FIRE G R 20E MOATLA, FHISIRZE 4°C TRE SR, BEREMEREE 3 WS,
# Ellman X7 (AChE MAEKEBREY) HFmBfld, ZEBE 1.5h. AChE 7
iC#Y) 20E {EFZE Ellman i®FPHEY L, HAEELEY, TTRIIRIK 414 nm B
¥, L4 FEE % (Infinite M200PRO NanoQuant, Tecan, Grodig, BibF|) 7 414
nm AR PBERERE, AEESLESBILMRERHBERIEL, 585+ 20E K&
b . 8RR T EAE A 20E FRHEf 2 A1 GPCR 4546 1) 20E ME.
2.2.27 HaEpi 414 & 20E ¥ AR

DopEcR-GFP, ErGPCR-1-GFP, ErGPCR-2-GFP K3 Z¥7ZF{& ErGPCR-2-M-GFP
#1 DopEcR-M-GFP 4} BI#E HaEpi MMt Fi&. MM DPBS Wk MiikE, AEH
1 uM 20E # B HMME TS F 27°C BE 5 min. 4°C 1,700xg &.L» 5 min UKL
B, kA 500 pL EIA PSR ERFFHEALE Smin. 4°C 48,000xg FE L 1 h
G, BT R A ERT 100 uL EIA Zilih. B 50 ng BEEEEB T souL
EIA P, £/ 20E B kA& (20E-EIA RAE) Ml SaMEs 4
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i) 20E.
2.2.28 GPCR K B 544 20E RN

¥/ pIEx-4-GFP-His fiki, 7E SO it Rk GPCR. M FEE HERIGA
7B (BestBio, ) EUEMFAEER. H chargebuffer (50 mMNiSO4) ¥t 100
pL N HERl 3 1k, RERZE S8 (0.5MNaCl, 20mM Tris-HCI, pH7.9, SmM
BKME) 3% 3 K. it FIEH GPCR EEASTEHI M NiZ L. 100 pL NP HERHRI S
HREEANSSEMPRERBRE S % E 26°0C THREME 40min. Rf5, AEEE
R PESE NEAERL 3 7R, PRV (1 MNaCl, 20 mM Tris-HCl, pH7.9) ¥&¥k 3
K, IR 5min. 4°C T 500xg B.0» 1 min, %4 GPCR M Ni*##l5 1 uM 20E 7£ 1
mL £&5ZWBEHBE Smin, FHREFEIEE 3 K, BIK Smin. 50 uL TEREMHE

(0.5 M NaCl, 20 mM Tris-HC! (pH 7.9) 75 mM BKM) #eAi GPCR F145& 17 20E,

$RJ5 F PBS 3&id Amicon Ultra-15 #4554, DARRMKBRMERIRE, A TRELR. &
FH Bradford /%= 43 B GPCR HIRE . BX 5 ug A& B ## T 50 uL EIA buffer,
f#FH 20E-EIA RAFI ST .
2.2.29 GPCR %54 20E R¥A ghek

GPCR # GFP 7E S #iffirhid %k, H#rEA S B4k, 20E-EIA AT4&
20E WAL . ZE7E NiZHEE LB GPCR 5&7% 1 £ 60nM 20E 7E 250 uL. £
& 22 (20 mM HEPES, 100 mM NaCl, 6 mM MgCly, | mM EDTA f1 1 mM EGTA)
i1 26°C & 40 min. FEEREFH L GPCR Fl 20E 454 894EE 3 1K, &K S min,
BJSTE 50 pL ¥ERRZEA (0.5 M NaCl, 20 mM Tris-HC1 (pH 7.9), 75 mM B{M#e)
H¥efi. Amicon Ultra-15 SR B AR BEITIEIE 3 K. Eid BCA ERIIEA K
W . % 10 pg GPCR R H 55 1) 20E INA EIA MW ZE 50 pL, F{£H 20E-EIA iR
FlEREATHM . BT GraphPad Prism 7 2R B HEH (Kd).
2.2.30 DopEcR &£ DA RIBRIMLE K 20E RELE 5K

ELISA # (MLBIO Biotechnology, L#F, FE) FEANNLE 10 pg 254k
] DopEcR-GFP 7E 200 pL €422 pf# (0.015 M NazCOs, 0.035 MNaHCO3, pH9.6)
i 4°C B LW . MR BRIEEM (0.15 M PBS, pH 7.4) i3 IR, RiGHE
37°C F5 200 uL 1%BSA S E 1 he HHZMEBER 3 (K, 7E 200 uL PBS i IMA
FIRER DA, WE DA MBMHE. KASRIBERROIMESE ELISA A&
I AT . ¥ 45E DopEcR-GFP [ ELISA F4R 5 20 pmol DA &, R/5¥#i%H
WREH 20E 5k DA 5P E . LABTH 20E Xf DA K54
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Table 2.1 The PCR primer sequences used in this experiment

% 2.1.PCR E|¥y

Primer name

(5'—3" nucleotide sequence

RNAI primers
DopEcR-RNAiF
DopEcR-RNAIR
DopEcR-swRNAIF
DopEcR-swRNAIR

GFP-RNAIF gcgtaatacgactcactataggtggtcccaattctegtggaac
GFP-RNAIR gcgtaatacgactcactataggcttgaagttgaccttgatgee
GFP-swRNAIF tactcageggecgetggtcecaattetegtggaac
GFP-swRNAIR tactcactcgagcttgaagttgaccttgatgec
qRT-PCR primers

DopEcR-QF actacgtatgcttacacggcca

DopEcR-QR tgagccagaacgtgcagaccat
HHR3-QRTRI1 gactttgctgatgtcacccteege
HHR3-QRTF1 tcaagcacctcaacagcagcececta
EcRB1-QRTF1 aattgccegtcagtacga

EcRB1-QRTR1 tgagcttctcattgagga

USP1-QRTF1 ggtcctgacagceaatgtt

USPI-QRTRI ttccagctccagetgactgaag

BrZ7F ggtgactgtccttactgegge

BrZ7R ttaattcctttgaccatgact

RpL27F acaggtatccccgcaaagtge

RpL27R gteettggegcetgaacttcte

B-actinF cctggtattctgaccgtatge

B-actinR ctgttggaaggtggagagggaa

CHIPF atattcgaatcgttggeg

CHIPR cagtgtaattaagagaca

Expression

HaDopECR-expF
HaDopECR-expR

gcegtaatacgactcactataggggtggigecgcetgtecgtat
gcgtaatacgactcactataggticcgtgtcgaaattagcetic

tactcaagatctggtggtgccgetgtccgtat
tactcaggtaccticcgtgtcgaaattagette

tactcagaattacatcattgectegtttctca
tactcactcgagetcgggttggacaggtict

Overexpression

OV ErGPCR2-F* tactcagagctcatgattacattcataacagtg
OV ErGPCR2-R tactcactgcagaggctgtttgatgtigagcgac
OV ErGPCRI1-F tactcactgcagatgattacattcataaca

OV ErGPCRI1-R tactcaggtaccaaattcgccattagtegt

OV DopEcR-F tactcagagctcatgectgccaagatgatgage
OV DopEcR-R tactcaagatctggtcgtcgttgtccaggeegat
OV Gag-F tactcagagctcatggagtgctgcatgtcgg
OV Gog-R tactcactgcagtgctagattaaattccttga
OV Gas-F tactcagagctcatgggatgettcggeteg
OV Gos-R tactcaagatctggagcagetcgtactgeeg

*ErGPCR-1 HMESRK/F5I7NE] ErGPCR-2 ) 7TM (EER 359-757) MIATME, LASLH
ErGPCR-2 # 7TM ST fEMARAE | .

* The signal peptide sequence of ErGPCR-1 is added in front of 7TM (amino acids 359-757) of
ErGPCR-2 to achieve the localization of ErGPCR-2 7TM on the cell membrane.

2.2.31 ST

A SPSS23.0 (SPSSInc., EEFFFEFMZMER) BATEIE ST FrE ¥k
BREZDLEANEYEMIMLR. B RS TRARNEE. BEREFE
5T CANOVA) A T4t R E S HZ M ER, BE KL BHLERRE p=0.05.

29



WK K2 A AL ig 3

*p<0.05 BREBEMER,
3SERER
3.1 #£ 20E {TF, DopEcR FERINFRRIA

T W5 DopEcR 7EARE A HIIhEE, %W T DopEcR EEMHRF R K ER
A . 2K AR K T DopEcR, DopEcR fIFRX B M/ (48h F 120
h) FETSHBAE. o, ERE, PBAREN &S BENE DopEcR, HE
i SRR ERIE (B 2.1A-C), XK DopEcR FEARH BRI H M 4t
IR .

*#p<0.01 BB E.

A Epidermis kDa B C
DopEcR 38 kDa kDa
-170 3[ — Epidermis
B-actin 42 -130 170-
; —100 190
Midgut -70 70 >F
DopEcR 38 -55 55 Z 32
. : 40- -DopEcR < &
P-actin = - 42 B-actin- —40 3;{"])‘; e
42 kDa A Z 9
Brain 35 K ‘;‘_l
DopEcR —— 38 =35 25- = é
B-actin 42 -25 z
Fat body 15 0
§ & O % S N &S
DopEcR 38 -15 9 b{*" .Q" ,‘?% ‘\f\‘\' .«de ,\’»Q
z 5 52 F & & & ¢
B-actin 42 § % £ 5 TF ™M F MM
= =
& ‘F\Vb&\ ;\."‘Q }%v:@\\gbv'&v _E' > > E‘
FEFFT Sy
FM F MM
D E F
= oDMSO kDa kDa
E DopEcR —— i 38 DopECR [ == == === - 38
< > 20E
3 | = e Sy
Z B-aCtin | e———— “42
- DopkeR FEERREEREE,
& P ‘DM\O DMSO 100 200 300 500 (ng)
2 &aclxn$4z ——e
il 1 6 12 24(h) 20E
=
£ £
: - 1.5,0DMSO 'g
3 E 2
36 s
x & S
E4 2 &1
° ] %
3
o a umso 100200 300 500 (ng/larva)

DMSO 100 200 300 500 (ng/lanz) 20E (12 h)

20E (12 h)

B 2.1. BN EAREZESHT DopEcR KIRIEH, 20E il T DopEcR HII& . (A)DopEcR
BRI DopEcR BIFIAE . B-actin BEEXTER. (B) Western EiZE & # DopEcR Hi{EF1 -
actin FLAAHIFFRE. 6th-72 h IR L ER A . Western blot ] SDS-PAGE #ERZIR
FERN12.5%. (C) &I Image) BALAHT A PHEHE. REXJRTER ZRKTFIERE
% (SD). (D) qRT-PCR 434 20E LARS [E)FI7 & 77 01 1940 3k # DopEcR mRNA 7K.
FFRFEE DMSO AXTRR . 81T 24T THEARX mRNA KF. (E) A (F) D & #EE
FENEESM#T, 20E L% 33k # DopEcR HIRiA. SDS-PAGE R E N 12.5% . B-actin &
BYEXTHE . 83T ¢ MIEA Image) BT AT . RELBRHE=ZRERNFIHELSD. 14
BERHEEER (*p<0.05; **p<0.01),

Figure 2.1. Expression profiles of DopEcR by western blot analysis and 20E upregulates
DopEcR expression. (A) Expression profiles of DopEcR detected by anti-DopEcR antibody as the
method description. B-actin as control. (B) Specificity analysis of the antibodies against DopEcR
and B-actin by western blotting with epidermis protein of 6th-72 h larvae. SDS-PAGE gel in western
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blot is 12.5%. (C) Quantification of the data in A by ImageJ. Error bars indicate the mean + standard
deviations (SD) of three times repetition. (D) qRT-PCR analysis of 20E regulation on DopEcR
mRNA in larval head by time and dose. Equal volume of diluted DMSO was injected as control.
The relative mRN A level was counted by 2-24CT, (E) and (F) Western blot analysis of 20E regulation
on DopEcR in larvae head as the treatment in D. SDS-PAGE gel in western blot is 12.5%. B-actin
was detected as control. Statistical analysis by Student’s f test and ImageJ. Error bars showed the
mean + SD of three times repetition. Asterisks manifest significant differences by Student’s ¢ test
(*p < 0.05; **p < 0.01).

A7 K 20E 535 DopEcR RIiEMIATT, M7kt 6 h %)t fufis 5 20E.
i qRT-PCR 73#7R 5], 20E 53 & LART [B) FOUR AR #0072 L 18 7 3k DopEcR
#] mRNA 7K (& 2.1D). Western ElZE 4 tE 2 7 AHLIKE SR (B 2.1E M F).
X gk KB 20E L DopEcR HIRIX.

3.2 20E {4 IR, DA B854 0N &

7T B 20E M DA EHHREFEEM, 28T N =4 B Rt A 8] i %
ANRE 20E BEMMIMKENK DA HE. £RRE, BHSHM 20E BERK, 2
., MZ 6% 72 h I9H/EH, 20E WEMASMMN. EHAENRIEEEREN 6 uM

(29 pg/g B E) (B 2.2A). MILLZ T, BHYHK DA WERHE, HEZM 6 &
0 h % 120 h iZ¥% T/ (& 22B), R 20E f1 DA 7%, BEMEKPHIHEEM
K.

AT 20E W4REE RN, ¥ 500 ng 20E {EHBIRBRNE 6 h 4
e, FsEnt R e REFERE RGN, S 20E /5200 2l 60h 8], &
VHFERTMRT 21%%30% (8 22C). 5 DMSO 2B SR tL, Pk E Y
KEFAZRE (E 22D). XEHIERH 20E MK T4 HRNBWHEFE NTTRE
THE., s, @R 6h g yEst T £ EREZ A% flupentixol (Srivastava et
al.2005) EL&IRE S0uM, 5 PBS {bFEMIRAMIL, FHREGEMEENINGE
Fri#{% (& 2.2E # F), &8 DopEcR M4 B EMAEK.

3.3 F3R DopEcR 7T LA &h B33 & H- SR 1L 08

AT #i5E DopEcR ZELNHREHMIERA, NE -4 R5 B ERIX dsGFP &,
dsDopEcR HI KB (HT115) XK&iM% DopEcR. 5"B&KIE dsGFP W KT E M
b, "RERIX dsDopEcR I RGATERT, SRR E, S8, RERiRLE DopEcR
K2k B B M%) (B 2.3A). "B H dsDopEcR Bl dsGFP HRIT-R L EE R,
SR, 4hERIE TR AR R EER T (B 2.3B). RARENLERT RNAI B3k %

(B 2.3C). T5S% IR BRERLEEL 44h (B 2.3D). Besh, REIREZHH
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& 2.2. 20E #6740 Rk & RRbE. (A) =R4IHFIRAE 3 K (A3) B RGN
20E . (B) ZR4HBIRESE 3 K (A3) MKEHLEREEE. 3F: =REEHshH;
3M: =L RRSN R AF: TURSECE #A%hd; 4M: TUSEi s #A%h th; SF: HESE R High &,
SM: AW A4 H; 6-0h, 6-24h, 6-48h, 6-72h, 6-96h F16-120h: &L HMN 0h F)
120h; PO, P2, P4, P6, P8, P10: HEHI0 E 10 K. Al-A3: RAEF 1 KEFE 3 K. MM:
FEWE . (C) S 500 ng 20E /5 0-12, 12-24. 24-36. 36-48 1 48-60 h FIRYEFEE.
DMSO fEXRR. HEEREMEEETE. (D) ¥4 500 ng 20E /5 0-12, 12-24. 24-36.
36-48 1 48-60 h A E (138 INE . DMSO F{EXI R . (E) 7S flupentixol J5 0-12. 12-24. 24-
36.36-48 F148-60 h B FEE . PBS 1EX IR . it & E A R YWHFER T E . (F)VES flupentixol
J& 0-12. 12-24. 24-36. 36-48 F1 48-60 h Ik E 11N, PBS {EXtHE. RELK B R=EWZF
BEENTFHELSD. t BB AMTEREBEKT (*p<0.05: **p<0.01).

Figure 2.2. The 20E titer and dopamine titer in H. armigera and 20E repressed larval feeding
and promoted pupation. (A) 20E titer of the whole body from 3rd instar larvae to adult 3 day (A3).
(B) Hemolymphal dopamine titer from 3rd instar larvae to adult 3 day (A3). 3F: third instar feeding
larvae; 3M: third instar molting larvae; 4F: fourth instar feeding larvae; 4M: fourth instar molting
larvae. 5F: fifth instar feeding larvae; SM: fifth instar molting larvae; 60 h, 6-24 h, 648 h, 6-72
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h, 6-96 h, and 6120 h: sixth instar larvae from 0 h to 120 h; PO, P2, P4. P6, P8, P10: zero to 10-
day-old pupae. A1-A3: adult day | to day 3 from female adult. MM: metamorphic molting. (C) The
food consumption was quantitated as the amount of diet eaten at 0—12. 12-24, 24-36, 3648 and
48—60 h after 500 ng 20E injection. DMSO was used as control. The amount of the food
consumption was weighted for the quantity of feeding. (D) The increment weight of body was
quantitated at 012, 12-24, 24-36, 3648 and 48—60 h after 500 ng 20E injection. DMSO was used
as control. (E) The food consumption was quantitated as the amount of diet eaten at 0—12, 12-24,
24-36, 3648 and 4860 h after flupentixol injection. PBS was used as control. The amount of the
food consumption was weighted for the quantity of feeding. (F) The increment weight of body was
quantitated at 0—12. 12-24. 24-36. 3648 and 4860 h after flupentixol injection. PBS was used as
control. Error bars show the mean + SD of three biological repeats. Significant differences were
calculated by Student’s 7 test (*p < 0.05; **p < 0.01).

Bl TR R HEL 1 48 h (1Y 23E), IR TURVA KBTI HEL 1 48 h
(14 2.3F B1 G). dsDopEcR R FRPASNILET dsGFP 4b P4 ) i 24 04 T A I
{54 F 255 IXBEEEULLN], DopEcR Af 4l ULt £T ol A dil & 2 i (o

Jy {4k DopEcR ft 20E {iE k&) L1 A &4 |1 (%) Dy 5%, F4 ¥ 1) DopEcR 1) dsRNA
TENT/NEE 6 h ghilufih, LK DopEcR, SRIGHETy 20E 5. 1y dsGFP V1S
ALK, dsDopEcR IEGHATN DopEcR (E4h ML &1, lls, NRIAARFN S i) 434 L by
W F K (I 2.4A) . 1B DopEcR )iy Y9 dsGFP BN 20E %) LHILE, W {1 20E
ESHE. SRR ERICEIIER (8 24B). Git o HTRA, F4F 20E 0 fE
VAR R AR 4R 29 he 1A, 15 dsGFP B 20E EMAILL, dsDopEcR &
I 20E JES T ALH T 4B 1 43 h (P 2.4C). % DopEcR IR 20E T, KAy
QPR E Ty 83 %, IHALIAE Ty 9%, LEILLIIH Ty 74%, 15 dsGFP )RS 20E
FIXTRAMILE R EZR (p<0.01) ([§2.4D). XU¥HE R DopEcR 7E 20E 45
ik i) -

Wik A 58 A% 1T RREL FEME R 1 1 AT AR I CTUNEL) R0 RIALBUL = 000, B
W] 4fi DopEcR % 1j 20E i T4 Ao g RUGNGAATIE Vo 18 dsGFP+20E 4b B4
Hufr, gdublg SR T AT 2L, R g o 8, i dsDopEcR+20E
AL PRI A UO T AR B2 (X6, AR AR UK U . tE4h, dsGFP+20E 431 14)
g, BENT ARSI UAT IR IF AR, 1) dsDopEcR+20E Ak ¥4 sy I 0 44
MAREEHES, WERMNBAENATES (B 24E 1 F). XLHIE R DopEcR
£ 20E S RI4EMA TR RER .
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B 2.3, B — 84 B NRS) IR dsRNA Rif& DopEcR, MfighRAK, #af
ALBE. (A) gRT-PCR ¥l 6-96 h 4 B F DopEcR FRAIE . (B) (M8 dsRNA J5HIR
B, (a) "B3% dsDopEcR J54i IR A, (b) MMRE., WHIR=1 EX. (C) Western ENZE
BRIME dsRNA TR . 12.5%SDS L, B-actin 58 . Image) S ##H B1G HUE .
(D) REERM & HHERE 30 Mhdix3 wsER. (E) (F) M (G) H—#gHR (1-F)
BERE R (P-2) #130 RYBMTHEE, AERNGBK. FFEREHNEE=R. REL
R FEELSD. RS TEREEKTE (*p<0.05; **p<0.01),
Fig 2.3. Silencing DopEcR by feeding dsRNA from first instar to 6th instar larvae repressed
growth, feeding and pupation. (A) qRT-PCR detected the efficiency of DopEcR knockdown in
tissues of 6th-96 h larvae. (B) Phenotypes after feeding dsRNA. (a) Phenotypes of larvae, with
larger body size after feeding dsDopEcR. (b) Phenotypes of pupae. The bar represents 1 cm. (C)
Western blotting showing the knockdown efficiency by dsRNA feeding (12.5% SDS gel with -
actin used as a control). Image] software was used to transform the image data. (D) Ratio of
Phenotypes. The data were calculated from 30 larvae x 3 experiments. (E) (F) and (G) The average
quantity of feeding, body weight and body length of insect from first instar larvae (1-F) to pupae
(P-2), analyzed individually with 30 insects. All data were performed in triplicate. The bars indicate
the mean + SD. Significant differences were calculated by Student’s ¢ test (*p < 0.05; **p <0.01).
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(* p<0.05; **p<0.01),
Figure 2.4. DopEcR silence by dsRNA injection delayed pupation and tissue remodeling. (A)

qRT-PCR showing the efficacy of DopEcR knockdown (sixth instar 6 h larvae for the first dSSRNA
injection, thrice at a 24 h interval, 500 ng dsRNA/larva) in larvae epidermis, midgut, fat body, and
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head at 6th-72 h. 20E (500 ng/larva). DMSO was a solvent control. (B) Phenotypes after DopEcR
knockdown as the experiments in A. Phenotypes were obtained at 98 h after first dsDopEcR
injection. Scale bar = 1 cm. (C) and (D) Statistical analysis of pupation time from sixth instar 6 h
larvae developing to pupae and the percentage of different phenotypes. (E) Tunel and HE-stained
midgut and fat body after knockdown of DopEcR, observed at 60 h after the first dsSRNA injection.
LM: larval midgut; IM: imaginal midgut. Tunel Red fluorescence indicates apoptotic signal. HE
staining showing the morphology of the midgut and fat body. The yellow bars represent 100 pM.
(F) The red fluorescence intensity (tunnel signal) were counted by Image] and represented with
mean + SD. Tunnel signal was calculated with red area (% of the tissue). Error bars show the mean
+ SD of three biological repeats. Significant differences were calculated by Student’s ¢ test (*p <
0.05; **p <0.01).
3.4 20E {HHE BT

20E #pflgh d B AT R 3 E I 3 BUR AT LIS K I SR E TR A 138 1 4 e o T A0
YT SR BT 7T 20E 5 DA Z[8]955 &, A& DopEcR 7 20E F1 DA &2 HIEH .
5 F DMSO #1 DA 4B fJ4AHLL, #hn 5 uM20E72h J5, H 31%H) HaEpi 4H
R B caspase-3 WEME, FRHH 20E R T-. HE, 5 dsGFP 1 20E &4 E 405
FtL, dsDopEcR #15 uM 20E 4b¥2 /) HaEpi 4188 /Y caspase-3 G R ERK (B
2.5A 1 a), F&H 20E i1t DopEcR R i, 5 PBS AE AL, 33%
B DA (10 uM) ZEHAMPRME) 5- 20 E-2-RERE (EU) BEES, KR
B DA (10 pM) {2 4RAM5E. (B2, 5 dsGFP+DA (10 pM) ZERMZBHIAELL,
dsDopEcR+DA (10 uM) 2B 40 P 2KA EdU 55 . 20E A FE AR
5, {HLH% DA F#SAMHIINTE (& 2.5B Al b). XEe4E B R B 20E i@it DopEcR
Rt AMATS, T DA @it DopEcR {E3t4HfEE%E, 20E f541 DA FIThek.

WEZABE B (AKT) A CDKI10 KIBHRI, LL#E—PESE 208 A1 DA TRl
HEHER. EAFRGEER DA (10 uM) 5% AKT BEE&1L, {8 DopEcR WM&
EMLT DA 38 AKT BEERAL (B 2.5C, a), £ DA i85t DopEcR 5% T AKT
BERIL. 20E (5 puM) ME T DA SR AKT BiER{k, B2, DA IE:i% 20E %
F#) CDK10 B§ER{L (B 2.5C, b o). XEREERBE—HBUESL T 20E #41 DA H13h
AE.
3.5 DopEcR 25 20E 55 # %

4347 DopEcR HE4HMIE AL, LARRIN & R — 2 MR & B - f# B 48 2t DopEcR
% T8 FE PR REAT S AL AR W, R I DMSO X B AhHE H9 40 i DopEcR Efz
FERMES, 20E 43 Smin £ 1 h W, DopEcR HARALBMAMpHE S (B 2.6 F1E
2.7A), iXLe4E R R DopEcR 7EAIRE L R ¥EHAER, 20E 74 33 DopEcR I

o
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B 2.5. 20E 5% EEAITHBE. (A ) 1] NucView™ caspase-3 i P #ll 2 i 77 &4 % DMSO,
20E (5uM), dsGFP+20E (5uM), dsDopEcR+20E (5uM) 1 DA (10 uM) +20E (5uM)
RCFE S () HaEpi BRLHMIRATE S . (a) WU (6 S2400 (KE) MR, (B)
{#H EdU A7) & DMSO, 20E (5uM), dsGFP+20E (5uM), dsDopEcR+20E (5puM)
FIDA (10 pM) +20E (5 pM) ALERJSH) HaEpi 4HAE HIMFEE 5. (b) MMM (5KH)
SR () L. DAPL ARG (56D, Bk E 10023 MK IT40]
4. HEBIR=100 um. (C) HEFENZITHT 20E (5 puM) B DA (10 uM) 30 35S M
EA A (a) (b) M (¢) AKT-RFP-His, AKT-RFP-His fl CDK10-RFP-His. 7.5%SDS-
PAGE . IRELKR R = EWE ZHIFIELSD. A Image) B4 FHR BB EIE. @
AR5 (* p <0.05: ** p <0.01) BBEHEEFESHT (ANOVA, p <0.05) #HITERTENSD
e

Figure 2.5. 20E antagonizes dopamine function. (A) Apoptosis signal in HaEpi cells after DMSO,
20E (5 uM), dsGFP+20E (5 uM), dsDopEcR+20E (5 uM) and DA (10 uM) +20E (5 uM) treatment
by using the NucView™ caspase-3 activity assay kit. (a) The ratio of apoptotic cells (green) to the
total cells (blue) in the field view was obtained. (B) Proliferation signal in HaEpi cells after DMSO,
20E (5 uM), dsGFP+20E (5 uM), dsDopEcR+20E (5 uM) and DA (10 uM) +20E (5 uM) treatment
by using the 5-ethynyl-2'-deoxyuridine (EAU) kit (Ribobio, Guangzhou, China). (b) The ratio of
proliferation cells (green) to the total cells (blue) in the field view was obtained. DAPI stained the
nucleus (blue). Statistical analysis using the data from 100 x 3 cells. The yellow bars represent 100
um. (C) Western blot analysis of 20E (5 uM) or DA (10 uM) induced proteins phosphorylation for
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30 min. (a) (b) and (¢) AKT-RFP-His, AKT -RFP-His, and CDK10-RFP-His. 7.5% SDS-PAGE gel.
Error bars show the mean = SD of three times’ biological repetition. ImageJ software was used to
transform the image data. Significant differences were calculated by Student’s 7 test (*p <0.05; **p
<0.01) or one-way analysis of variance (ANOVA, p < 0.05).

DopEcR DAPI Merge
DMSO

20E 5 min

20FE 15 min

20E 30 min

B 2.6. DopEcR SEALT HaEpi SRR, 3 EARLHE 20E HFIFAF. 20E LF (1 pM),
DMSO fEIFFIFTHE . 425 : DopEcR % W IEHIAF] Alexa-488 #7ic i) #1448 DopEcR HH .
#f: DAPLIRICAME. BOLERESHMBENE. WHIR=25 um.

Figure 2.6. DopEcR located in plasma membrane without internalization by 20E induction in
HaEpi cells. 20E treatment (1 uM). DMSO as solvent control. Green: DopEcR protein stained with
an anti-DopEcR antibody and secondary antibody labeled with Alexa-488. Blue: nucleus stained
with 4’-6-diamidino-2-phenylindole dihydrochloride (DAPI). Observed by confocal microscope.
Scale bar = 25 um.

A7 8% DopEcR 7E 20E (R BHALIE VLS, K dsDopEcR EN7SEE 6h 4 A1
J& Rk % DopEcR JG KB & 20E 5 58 ERNHRKF. 5 dsGFP XRALL,
Ri% DopEcR JE %1 R 7 20E 15 5@ 42 R E K ¥ %K F, 54& EcRBI, USP1,
HHR3 1 Brz7, HBERIK. BHREEEER RpL27 FARSER (B 2.7B).
dsDopEcR %4t HaEpi 40 FIF & F&1K 20E H SRR FE (K 2.7C). XBHEIER
BH 20E @it DopEcR %5 20E {5 S BB E R AIRIE.

20E it GPCR A FHIGIMA Ca R ER MK F T RRERE, Mk
EcRBI/USP1 #% E &%) (Liuetal.2014b). K, W T DopEcR £EF£ 5 20E %
B8 Ca? K TFHIZN. ZERERI 20E FS T HEK Ca> 4L A BB HS Ca® 1
BN (BR, 7E DopEcR iM% /5, 20E REEFE S Ca® IPUEBRHAIRA (B 2.7D Fl

E). X¥IEHE DopEcR 25 20E i SHI4AM A Ca* 18 n.
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Bl 2.7. DopEcR £ 20E {5522 MEM. (A) DopEcR EM TR, 4. fRidE MER
TERER (WGA) FIZHIE . 8. F DopEcR HikM Alexa-488 #RiCH —HiAFic ) DopEcR
HH. Hf: DAPI FRCHI4EMIE . FBOLRERHENE. LHR=25um. (B) I (C)
qRT-PCR K JI7EREFF DopEcR & 6-72h # R (500 ng dsRNA/4H) #1 HaEpi 48/ (2 pg
dsRNA/mL, A5 1 uM20E §BE 12h) P 20E M ZEF A mRNA KF. UL B-actin ISR,
(D) M (E) DopEcR rfikJ5, it Image Pro-Plus 44718 i HaEpi 4 Ca¥ /K F. 4f
55 dsGFP (2 uM) F dsDopEcR (2uM) K72 48 h, AM BeBIRL AL (3uM) 4H 30
a5, SR/G4HA 20E (1uM) 1 CaCl, (1mM) 4. F: RELHEJG HaEpi 4080 #15% 7%
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SRE. FO: ARAERIHRGEE. BEHRELMELE 555 om BERBOETE 6 s iix
—KKH. (F) M (G) DopEcR R3] 7 20E filt’R# cAMP 310, HaEpi 41l dsDopEcR
5 dsGFP ¥ 48 h, R)55 2 uyM 20E ¥ F . RELERHE=KER K TFHHE+SD. BT
Student’s r I B EMER, BESRRIEEZER (*p<0.05; **p<0.01).

Figure 2.7. Roles of DopEcR in 20E pathway. (A) DopEcR was localized in plasma membrane.
Red: The cell membrane was marked by wheat germ agglutinin (WGA). Green: DopEcR protein
stained with an anti-DopEcR antibody and secondary antibody labeled with Alexa-488. Blue:
nucleus stained with 4°-6-diamidino-2-phenylindole dihydrochloride (DAPI). Observed by confocal
microscope. Scale bar = 25 um. (B) and (C) gRT-PCR showing mRNA levels of 20E-response genes
after DopEcR knockdown in 6th-72 h larval epidermis (500 ng dsRNA/larva) and in HaEpi cells (2
pg dsRNA/mL, 48 h once, followed 1 uM 20E for 12 h). B-actin was regard as control. (D) and (E)
Ca?" levels by Image Pro-Plus analysis after DopEcR knockdown in HaEpi cells, which representing
three repeats. Cells were treated with dsGFP (2 uM) and dsDopEcR (2 uM) for 48 h and AM ester
calcium crimson dye (3 pM) in DPBS for 30 min, and then by 20E (1 uM) and CaCl; (I mM),
respectively. F: fluorescence intensity of HaEpi cells after different treatments. F0: fluorescence
intensity before different treatments. Fluorescence was recorded per 6 s by confocal microscope
photographs at 555 nm wavelength laser. (F) and (G) DopEcR knockdown repressed the 20E-
triggered cAMP increase. HaEpi cells were transfected with dsDopEcR or dsGFP for 48 h followed
by incubation with 2 uM 20E. Error bars showed the mean = SD of three times repetition. Asterisks
manifest significant differences by Student’s ¢ test (*p < 0.05; **p < 0.01).

SETHIBT AR 20E #@id ErGPCR-2 R MAA cAMP KFREG N, LG
EcRB1/USP1 4% A% K% 3 (Jing etal. 2016 ). (Kl t., 7E HaEpi 482 H #81 7 DopEcR
£ 20E 34N cAMP KA R FHRIYER . 5 DMSO 4B 4HMIAEEL, 20E 4b2
LN N cAMP BRI (B 2.7F). {B&, 7E DopEcR fif%/5, 20E 5 S HI4H0H
P cAMP R &R (B 2.7G). iX e85 R B 20E 3@iZ DopEcR 340 7 4f1 ) cAMP
(IR FE
3.6 DopEcR 5 Gaq M Gos HEFERH LW E A BRI

SEMZHRESEAG (S) T o (Gos) 5I# cAMP 74, M GEAT
# 0q (Goq) 1RHELAMA Ca> HIEI (Vines 2012). A7 Bi#Hi 20E i#if DopEcR 1
IR Ca** 1 cAMP JK-FRIVLEI, @it7E HaEpi 4 ILRIE DopEcR-His
Gag-RFP-His 5 Gas-RFP-His ¥4&#& DopEcR 5 Goq 3 Gas Z (A& F i EAE
Fi. RFP-His I His 73t %A LAHERR His Bl RFP-His /45| @ E AR EERA K
et . Input H1 Gog-RFP-His 1 DopEcR-His ¥ %14, 7 20E 55 F, RFP Hilk
¥ DopEcR-His 55 Gaq-RFP-His —&ITiE TR, {B7E 1gG AR X B o B A3
%) DopEcR-His (B 2.8A, a). [FFFH#, £ 20E #52 T, RFP §if&34 DopEcR-His 5
Gas-RFP-His —#JTiE F R (2.8, b). HEXEH, 7€ 20E#EST, RFP Hilk
FKHed His-tag 5 RFP-His —RITIE (B 2.8A, o). XEHIELEY, £ 20E HFT,
DopEcR 5 Gaq 1 Gas HEM EEA.
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Anti-RFP [u, = “l Gag-RFP- |- | Gus-RFP-
His 76 kDa | His 75kDa

Hls 44 kDa . "IS 44 kl)a

Anll-B-ac(m - - s [..... — 42 kDa

Co-IP  Anti-RFP g(; Anti-RFP 1gG Anti-RFP
Guq-RFP- l“ Gus-RFP- —| RFP-His
> -~
el {_f.l [:3 His 76 kDa [ j His 75kDa [0 77 B as
DopEcR- DopEcR-
Anti-His E:] His 44 kl)a I sl | His 44 kDa TR, His 6 kDa

0.6

g

s

e
'Y

B—
—
—

DopEcR-His/Gaq-
RFP-His
—_ o
DopEcR-His/Gas-
RFP-His
7 = i
*

0 £ 0.0+ L 0.0
B 4 s b =5
- <
B4 a4
g Y3
=3 e
g 32
7z A
0 >0
Overexpression of USP1-His ()\trn\pnssmn of CDK10-His
DMSO  + - DMSO + - - - -
20E ~ + 4+ + + 20E + 4+ + o+
APP - - + - - APP - - + - -
BGEP = = —= # = asGrp - - - + -
< = s wa ik dsDopEcR - - = e W
dsDopEcR o USPI-His.P P _ CDK10-His-P
Anti-His | s = s = emee 8L (SP1-His Anti-His CDK10-His
S2 kD S1 kD
Anti-B-actin ‘__ B S e s | 42 KDa Anti-B-actin 42 KDa
gs =
; 4 EcRBI-RFP-His overexpressed in HaEpi
:‘ =, N DMSO
=2 a.i(’; EE 20E
= il ~ g ~
; 1 =z Bl dsGFP+20E
=9 = - 3 dsDopEcR+20F
()\trt\prusmn of PK/ \( 1-His ¥ 304 s AR ’
=
DMSO  + - = 204 —‘
20E t + + 4+ b
APP - - + - - I
dsGFP - e A - é‘ 104
dsDopEcR - - - - 4+ =
- 4 _PKACI-His-P ‘E 0
Anti-Hi -_— g 4
ANH-TLS e W = W% & A\ PKACI-His B Anti-RFP 12G Anti-RFP

Anti-p-actin [(SSe o= s v ] ) ::):"
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A& 2.8. 20E {3 DopEcR 5 Gaq R Gos BEE, Fi#id DopEcR {EHEARBMIL. (A)

RAEILITIE (Co-IP) P 20E (2 uM, 30 min) %S F DopEcR 5 Gaq 1 Gas KIBEX.
DMSO £ A% H . (a) (b) M (c) Input: RFP 2X His &KMLM+ Gaq-RFP-His, DopEcR-
His, Gas-RFP-His #1 RFP-His ff1/K¥. B-actin {{Z#. Co-IP: RFP AR ILITIE Gag-
RFP-His 1 DopEcR-His, Gos-RFP-His 1 DopEcR-His E{ RFP-His Al His. 4% 314 /M R, 1gG
i RAtEXT . SDS-PAGE KHIRE AN 12.5% . (B) EAMRENLHHr 20E FFHE R FRREE
£ (2 uM20E 1 h). (a) (b) 1 (c) USPI-His, CDK10-His 1 PKACI1-His. APP: 0.5 uM
APPase 7€ 30°C F## & 30 min. 7.5%SDS-PAGE %t. (C) ChIP 4347 DopEcR 2 5] 20E
%S EcRBl 5 EcRE Wi44. EcRBI-RFP-His £ HaEpi it FiE 48 h, MR
dsDopEcR (2 pg/mL) 8 dsGFP (2ug/mL) 12h, #X/5 2 uM 20E 3 DMSO %5 6h. Input:

GBI RGN . 1gG: FERFRME/R 1gG. 514 EcRE: ¥ [H& EcREDNA H5!4. HR3
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F14: #[5 HR3ORF K151%. FIAHEHETHNEANEEHEART (RE (*p<0.05: **p
<0.01).

Figure 2.8. 20E promotes DopEcR coupling with Gaq and Gas and protein phosphorylation
via DopEcR. (A) Co-immunoprecipitation (Co-IP) to detect DopEcR coupling with Gaq and Gas
under 20E (2 uM for 30 min) induction. DMSO was solvent control. (a) (b) and (¢) Input: the levels
of Gag-RFP-His, DopEcR-His, Gos-RFP-His and RFP-His in the cells detected by antibodies
against RFP or His. B-actin was a loading control. Co-IP: Anti-RFP antibody co-
immunoprecipitated Gag-RFP-His and DopEcR-His, Gas-RFP-His and DopEcR-His, or RFP-His
and His. Nonspecific mouse IgG was a negative control. SDS-PAGE gel was 12.5%. (B) Western
blot analysis 20E-induced phosphorylation of proteins (2 uM 20E for 1 h). (a) (b) and (¢) USP1-
His, CDK 10-His and PKAC1-His. APP: 0.5 uM APPase incubation for 30 min at 30 °C, 7.5% SDS-
PAGE gel. (C) ChIP analyzing the involvement of DopEcR in 20E-induced EcRB1 binding to the
EcRE. EcRB1-RFP-His was overexpressed in HaEpi cells for 48 h. The cells were incubated with
dsDopEcR (2 pg/mL) or dsGFP (2 pg/mL) for 12 h, followed by inducing of 2 uM 20E or DMSO
for 6 h. Input: non-immunoprecipitated chromatin. IgG: nonspecific mouse IgG. Primer EcRE:
primers targeted to EcRE-containing DNA. Primer HR3: primers targeted to HR3 ORF. *p value
via Student’s #-test based on three replicates in all figures (*p < 0.05; **p < 0.01).

20E if it ErGPCR-1 /2 PKC %4 %52 USPI1 f1 CDK10 HIBEER L., 12T 53X
ErRB1/USP1 ¥R E WML RMERE KEF (Liu etal. 2014a; Liu et al. 2014b), i
ErGPCR-2 /28] PKA B2 2 PKAC] HIBEER Y LA 55 20E %42 B R (Jing
etal.2016). Hit, FE T XLELORABERIL, LlE—B#7R DopEcR £ 5 20E i&
ZHINLE . BEFENEE R 20E #5F USP1 BiM{L. A MEBEELES (APPase) ALH[E
KT USP1 HIBERL. (ERE dsGFP XtRBAHLL, DopEcR Rk EEMH|T 20E &
1 USP1 B¥BR{L (I 2.8B, a). [AIFE, DopEcR REREZEE) T 20E FF# CDK10
BEER1L (I 2.8B, b) 71 PKACI BEER{L () 2.8B, ). X ¥ #E X B 20E i@ DopEcR
FRXEREE OB

20E @iT EcRBI/USP1 ®EFEEMS5 EcREs WEGAWEREHER (Lan et al.
1999). 4 T f 4k DopEcR 7 20E #5 FHZEREFZPHMIER, EHREOMRBEIEE

(ChIP) # & 7 EcRBI-RFP-His 5 EcRE ( Helicoverpa HR3 5' i i X &1 fy

GGGGTCAATGAACTG %54 . qRT-PCR &K HH, 7& 20E &3 T, EcRBI1-RFP-
His 5 DMSO 3t E S5 E L1 EcRE. {HE, 5 dsGFP AAEM4EL,
dsDopEcR #bFEH HaEpi 4, EcRBI-RFP-His 454820 EcRE. I1gG AR
FALF HR3 HIFFAEHE (ORF) ¥ HR3 51K~ HEMELR (B 2.8C), X
£ R KW 20E i@t DopEcR #¥7 ECRBI/USP1 ¥R H 445 EcRE K& & -
3.7 DopEcR &4 20E F&5HB

{#F SYBYL X2.0 #44 F #7 Surflex-Dock (SFXC) ##5# 20E 5 ErGPCR-1 (Cai
etal.2014a), ErGPCR-2 (Wangetal. 2015) 1 DopEcR #1754, LA =FF GPCR

5 20E & W REME . T8 45 2 E 7R DopEcR, ErGPCR-2 1 ErGPCR-1 & E U2 g b
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L5 20E 4 mBoEE (B 29A-C). 20E 5 DopEcR ] Tyr-68, Tyr-109, Thr-
113 #1 Trp-160 AN E: 5 ErGPCR-2 ) Cys-13, Ser-113 #l Gly-142 e .=
NE5; 5 ErGPCR-1 ] Met-228 TR —1ME8 (& 2.9D-F). DopEcR, ErGPCR-
2 1 ErGPCR-1 5 20E £ & 18727 514 2.6433. 1.6124 #1-0.5007, K+ B 785,

AR IR, XL REKH, DopEcR 1 ErGPCR-2 Lt ErGPCR-1 B % & 15t

20E 455 HE T,
A B C
Bl 3 &
DopEcR-2 L BN
 20F . 20E
g ¥
£ zoa% ErGPCR-1
ErGPCR-2
D E F
138C ‘ i
Y109 A
%< 228N
T":.‘ 20A7 3.1A { | ;
AY AL e &9 4
bsAl . y u
W160, 2 o ud ‘S_
DopEcR D Er(-l"( R-2 r'\,éz "
3.3A ) " \ e
2""||3s f ErGPCR-1

B 2.9. GPCR-20E S& M AYME. (A) (B) M (C) SYBYL X2.0 # 4 Surflex-Dock
(SFXC) MR FiMIKEH GPCR #%. DopEcR, ErGPCR-2 1 ErGPCR-1 (k) 1 20E
(f(0) MBELEH. (D) (E) M1 (F) HEZR/R GPCR RS A RRFR A M 20E - W] Fia i 4L

. PrEER IR,

Figure 2.9. Modeling of the ligand-binding complex of the GPCRs. (A) (B) and (C) Prediction

of the Surflex-Dock (SFXC) program from the SYBYL X2.0 software. Overall structures of

DopEcR, ErGPCR-2, and ErGPCR-1 (gray) and docked 20E (Green), respectively. (D) (E) and (F)

A closer view of the pockets relative to docking models of DopEcR-, ErGPCR-2- and ErGPCR-1-

20E complex and the amino acid residues mutated in this study. The dotted lines indicate the

predicted hydrogen bonds between the amino acid residues of GPCRs and 20E. Orientation is the
same in all models.

3.8 DopEcR &4 20E

9 TiE# DopEcR 44 20E, DopEcR-GFP K& 5845k DopEcR-M-GFP (1R#E
SYBYL X2.0 #f Surflex-Dock (SFXC) FEFHITMFI I-TASSER ZELIR % %
http://zhanglab.ccmb.med.umich.eduw/I-TASSER/BI UM, ¥ 7T B8 A9 K B BE 45 & 47 s i3t
ITRIFE (£22)) 76 SO MM FHAT 7T iERE, GFP iLRENREXTH . ErGPCR-
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1 (Caietal.2014a) F1 ErGPCR-2 (Wangetal.2015) iTRix AL AR GPCR & &
20E KR /1. 1T FIXH) ErGPCR-1-GFP, ErGPCR-2-GFP, DopEcR-GFP & 3L 5eZs{k
ErGPCR-2-M-GFP 1 DopEcR-M-GFP i F4HMifE (/& 2.10A). i#id 20E-EIA #53l
25510 20E 7R, iRk GFP 48Ut tL, ErGPCR-2-GFP Fl DopEcR-GFP it
RIEM M MAELE & E LM 208, (H2, 5idRiX GFP B4IMAHLEL, 5k B ErGPCR-
1-GFP, ErGPCR-2-M-GFP 1 DopEcR-M-GFP it KA MAIES &1 20E 1%
FEENIM (B 2.10B). Xk R R DopEcR fl ErGPCR-2 1 PLZE& 4R i)
20E.

& 2.2. GPCR FlN& SRR RRBA R
Table 2.2. Predicted binding residues and point mutations.

Proteins C-score Ligands Binding sites Moutation sites
ErGPCR-1 0.03 CLR 225M, 228M, 2321, 236V,
2641, 267F, 310A
ErGPCR-2 0.05 CLR 106R, 1091, 110C, 1138, 138C, S113A, C138A,
142G, 85L, 1888, 192W Gl142A
DopEcR 0.10 Y01 55F, 628, 68Y, 71L, 75V, 109Y, Y68A, Y109A,
113T, 160W, 164A T113A, W160A

GPCRs HITRM4E & 538 3d http://zhanglab.ccmb.med.umich.eduwI-TASSER/ZE£E Filll. C &
SRMPLESMREGERS. CLR, [BEE. Y01, ABEBESIRHERREE. ErGPCR-2
AL IR RIERIEN 7TM FRFI# TR S -

The  predicted binding residues of GPCRs are predicted online at
http://zhanglab.ccmb.med.umich.eduw/I-TASSER/. C-score is the confidence score of the predicted
binding site. CLR, cholesterol, cholest-5-en-3beta-ol, cholesterin. Y01, chosterol hydrogen
succinate. ErGPCR-2 was numbered from the overexpressed 7TM.

%t ErGPCR-1-GFP, ErGPCR-2-GFP, DopEcR-GFP & H %3 {4 ErGPCR-2-M-GFP
#1 DopEcR-M-GFP T E A%, LLHE4LH GPCR 5 20E M4&6E7). SDS-
PAGE Z #4875 GPCR WALTERE (& 2.10C). £/ 20E-EIA W& &
Hr& Y GFP f14 B 4li{L i ErGPCR-1-GFP 25 &3E % {&/K 1 20E, {B&, DopEcR-
GFP LTI BRI R A 20E, HF 5 pug DopEcR-GFP 44 1.3 ng I 20E, 10 pg
DopEcR-GFP 44 2.3 ng (1] 20E. 5¥f4: % DopEcR-GFP #H:, DopEcR-M-GFP %
TARLGE &8 /0 I 20E, 7E 50 pL EIA S, 4 5-10 pg DopEcR-M-GFP 44 0.8-
1.6 ng 20E. [F®E, 7E 50 pL EIA &+, & 5-10 pg ErGPCR-2-GFP 44 1.4-2.5
ng 20E. fHZ, ErGPCR-2-M-GFP R 20E #4555/, £ 50 pL EIA S
t, 4510 g EARS S 0.7-1.7ng {9 20E (& 2.10D). XLE¥IEEH, GPCR A
R B atifhf5, DopEcR F1 ErGPCR-2 #RF[ L4545 20E.
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GFP B4 19 % # GPCR R4 (5% % . 15 (o : DAPI FRiC IR . F 3L B 48 B i T WL 82,
Hf R=20 um. (B) 50 ug it ®iX GFP, DopEcR-GFP, DopEcR-M-GFP, ErGPCR-1-GFP,
ErGPCR-2-GFP 1 ErGPCR-2-M-GFP f¥] HaEpi ZH i ffJ i & 1145 & 1) 20E. (C) SDS-PAGE #
DR e BRH L8RS D #8454k GPCR. (D)DopEcR-GFP, DopEcR-M-GFP,
ErGPCR-2-GFP 1 ErGPCR-2-M-GFP &1 20E., R EL R RN EHMSD. ESFRE
# Student’s t iRIRFEREZER (* p<0.05; **p<0.01).

Figure 2.10. Detection of 20E that was bound by the GPCRs-overexpressing cell membrane
proteins and the isolated GPCRs. (A) Cell membrane localization of overexpressed GFP and
GPCRs. Red: the cell membrane was marked by wheat germ agglutinin (WGA). Green: green
fluorescence from GFP and various GPCRs fused with GFP. Blue: nucleus stained with 4’-6-
diamidino-2-phenylindole dihydrochloride (DAPI). Observed by confocal microscope. Scale bar =
20 pm. (B) Quantity of 20E bound by 50 pg membrane proteins from HaEpi cells that was
overexpressing GFP, DopEcR-GFP, DopEcR-M-GFP, ErGPCR-1-GFP, ErGPCR-2-GFP, and
ErGPCR-2-M-GFP. (C) SDS-PAGE shows the partially purified GPCRs with Coomassie brilliant
blue staining used in the experiments in D. (D) Quantity of 20E bound by DopEcR-GFP, DopEcR-
M-GFP, ErGPCR-2-GFP, and ErGPCR-2-M-GFP. Error bars represent the SD of three replicates.
Asterisks indicate significant differences according to Student’s r-tests (*p < 0.05; **p < 0.01).

ER%EILE GPCR, it 20E-EIA MMM Gz, ik—P i+ % DopEcR-
GFP #1 ErGPCR-2-GFP 5 20E 454 % % $( (Kd). DopEcR-GFP 5 20E {J Bmax
A 9.764+0.4953 pmol/mg, Kd 9 17.98+3.005 nM. {E &, DopEcR-GFP R34 #] Bmax
7} 6.661+0.2764 pmol/mg, Kd 420.5+1.98 nM ( 2.11A). Ht2ZF, ErGPCR-2-
GFP 5 20E K Bmax 4y 10.42+0.6629 pmol/mg, Kd 79 23.32+3.304 nM. ErGPCR-2-
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RS, IELRIYFEREHE 10 g 7B EEK 50 uL EIA Zl+i#iT. (C) SDS-
PAGE % D=5 0 BRIIE A, B, F MG FEEA{LA GPCRs. (D) 20E 4# T, i
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JKF. H DopEcR-GFP, DopEcR-M-GFP, GPCR2-GFP 1 GPCR2-M-GFP ¥ 4% HaEpi Ziffl
48 h, $RJG 2 uM 20E ¥ & . (E) id#*iX DopEcR-GFP, DopEcR-M-GFP, GPCR2-GFP I
GPCR2-M-GFP HaEpi #if8 ) Ca’*7K*¥. H DopEcR-GFP, DopEcR-M-GFP, GPCR2-GFP
Fl GPCR2-M-GFP ¥ 440/ 48 h, DPBS " AM BEF5iR 4Lkl (3 M) 8 30min, R4
7 # 20E (luM) F1CaCly (1 mM). F: T[AEESG HaEpi MM 5RE . FO: AN[E] 4R
RTHe Y58 AE . BT BOE I R BB 555 nm B KMBOE T8 6 s iR — K%, SR
{#/H Image Pro-Plus 3347 7447, (F) DopEcR-GFP ‘5 DA (i figh & ihizk. JH GFP-His
PR TR IELE & o (G) DopEcR-GFP #f 20E Il £ (UL 158 F45 5 M4k . DopEcR-GFP
.41 ELISA #2435 20 pmol DA § i fi. ASWAcHA (20E M1 DA WL MM DA fiiH
JF. WRERLR ZATEM SD. AL 5 20 M Student's 1 KR4S AF AL & 725 (* p<0.05: **
p<0.001),

Figure 2.11. Ligand-binding studies on isolated DopEcR and GPCR-2 and DopEcR and
GPCR-2 mediates the rapid increase of Ca?* and cAMP levels. (A) Saturation binding curves of
DopEcR-GFP and DopEcR-M-GFP to 20E. (B) Saturation binding curves of ErGPCR-2-GFP and
ErGPCR-2-M-GFP to 20E. Nonspecific binding was analyzed with GFP-His tag. All the
experiments were performed using 10 pg of isolated protein in 50 puL EIA buffer. (C) SDS-PAGE
to show the highly purified GPCRs used in A, B, F and G. (D) The cAMP levels of HaEpi celis
overexpressed with DopEcR-GFP, DopEcR-M-GFP, GPCR2-GFP. and GPCR2-M-GFP under 20E-
triggered. HaEpi cells were transfected with DopEcR-GFP, DopEcR-M-GFP, GPCR2-GFP, and
GPCR2-M-GFP for 48 h followed by incubation with 2 uM 20E. (E) Ca?" levels after DopEcR-GFP,
DopEcR-M-GFP, GPCR2-GFP, and GPCR2-M-GFP overexpressed in HaEpi cells. Cells were
transfected with DopEcR-GFP, DopEcR-M-GFP. GPCR2-GFP, and GPCR2-M-GFP for 48 h and
AM ester calcium crimson dye (3 pM) in DPBS for 30 min, and then by 20C (1 pM) and CaCl: (1
mM), respectively. F: fluorescence intensity of HaEpi cells after different treatments. FO:
fluorescence intensity before different treatments. Fluorescence was recorded per 6 s by confocal
microscope photographs at 555 nm wavelength laser and then analyzed using Image Pro-Plus
software. (F) Saturation binding curves of DopEcR-GFP to DA. Nonspecific binding was analyzed
with GFP-His tag. (G) The competition curves of DopEcR-GFP to 20E and Dopamine. The ELISA
plate coated with DopEcR-GFP was incubated with 20 pmol of DA in the presence of increasing
concentrations of the different ligands (20E and DA). Error bars represent the SD of three replicates.
Asterisks indicate significant differences according to Student’s t-tests (*p -~ 0.05; **p < 0.01).

GFP AL Bmax PEAL4 7.5£0.6592 pmol/mg, #}#] 29.03+5.275 nM (1) Kd (14
2.11B). SDS-PAGE 4 "y ips b G (0 dl g H] T RS i 26 700 GPCR L2814 31
alift (P 2.11C). 20E-EIA 7000 |- AbRILIE 20E 15 GPCR 457571 20E) il AChE
FRICTY 20E (Tracer) MR T BEE ek 20E HUMLIGI0 58 Tro IXHCBHE Ll )
DopEcR-GFP fl ErGPCR-2-GFP fJ L% & 20E.

B REE 2 i 414 DopEcR-GFP, DopEcR-M-GFP, GPCR2-GFP fll GPCR2-
M-GFP ] HaEpi #Hi/fd%} 20E Wi ) cAMP Al Ca® /K-, 'jil &1k DopEcR-M-GFP
(7 HaEpi ZAf A tL , 12 %X DopEcR-GFP HJ HaEpi ZMI7E 20E #li& T cAMP Ay
WEEMAFESAKT (E2.11D). s, 5it%kRiE DopEcR-M-GFP FIZHAEARLL,
1L %1% DopEcR-GFP ff] HaEpi 40H7E 20E i%5 3~ Ca™ HiIW 77 gt 40 M 7 5 ORI b
FN (F2.1E). XEEFEL W] DopEcR 215 1 20E i F O BOE MM S N . £F3d %
X GPCR2-GFP fl GPCR2-M-GFP ] HaEpi 4 i W 82 ) 1 AR AR 45

BE—2 381 7 DA BT 20E 5 DopEcR M5 (%,  LARE e i AN AC (4 5 #1 A 244 11 G
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%. DopEcR 5 DA HJ Kd 5 447.5£100.6 nM ([E 2.11F), #H# DopEcR AJLL5 DA
gig. thsh, BIERES Kd (450 nM) S DA W E A FEWRE R 20E 4038
MBRSEEME. X T 20E, HENBEEH (Ki) K 42.5+8.6 nM (B 2.11G).
20E #4506 % 20E 7] LAEUL DopEcR 1/ DA. XE¥(#E %83, DopEcR Xf 20E
HISEA I DA H.
4t

DopEcR FILPAZ5E DA B 20E, B2, ZEHHHMBANENERE. HTHE
GPCR &K EMBE N EBEITRE, FMAHE GPCR 2T NRERBMEZIE.
ARG TIEFE R 20E 5 DopEcR 44 S B4 R F LR IFE3 B RIEEN{E
5. /B GPCR A[PA4& 20E. 20E 11 DopEcR ik LAEi# 20E 15 5 32t 8%
W B A,
4.1 20E 5 DopEcR &8-3B 4 mF LR IHMERILBES

L EBRZARENWEEIHNDERMEMBHNITATEEEZEM, EFEALER

(Coccurello and Maccarrone 2018) FIXEIE K KIHEITA (Rebello and Greenway

2016). ZEEMWZITHEERERSSHMEAHIKHAE (Boydand Mailman 2012) FIki
JRHEERECH% (Martorana and Koch 2014). 7E4hdiA4: KB B Bk DopEcR 7T LA
hidE e, XKW DopEcR FELRIAP RIEMEM, FHNEREIWAY DA £
BESYHET RIS RETH. SEKSRIBNITASINAERMAEXE (Burke
etal. 2012), % B2 AA(E 5@ R 7E 08 198 X Bk o R 4% 4F Al (Handler et al. 2019).
DA ThRER %I T R RL N2 30 Th B SRR B EHAT R I FRAK, AT &

20E A ARRRR BRI BWHFE (Wang et al. 20100, FFilid EEER T KMF+
XA REKR 5| R IR EIT AN (Dominick and Truman 1986), B2, HLHIMA
JEH. 20 M4 R AR ATEE, 20E TTLI4E & DopEcR Rl DA i&4%.
MARES 4N G ARSI 48 h BI4)RIFER B A/SE 120 h, FL 20E HEM 0.5
pM EI0%E 4.7 pM. 5 DA AHEL, BEBEY DopEcR KRN A1&AR%, FHBLE
BEEANBEXNSTEBREET DA 5ZEMEETNE, FMH T DA MK
cAMP 7K FH)F+ 5 (Srivastava et al. 2005). DopEcR 5 20E 1 DA 2 [8]#) % £ {Ui#
i CHO 4B SO ZHf i BIS6AE . BE4h, DopEcR @it cAMP 15 SREIH T RER
$RAT N, FIaR{BIZIZ (Ishimoto et al. 2013). AFAIRH T 20E BEREFEE
DopEcR FRil#4h iR & %35 20E 55 . Ft, M NE4h RS B DopEcR &
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EHEEY, ghiF RIS, WIEZ AT DA WERER AT RER B T4 RE
HRILFTEL. B4 DA MENFA R AR SR M EEE X, At —PMA.

48 DopEcR R LUEE MK B MR ER. BEEEMZTHE DopEcR 1E
FAEREE H BB E R, ATRHILRKBERMBITA (shimotoetal. 2013), FH
DopEcR RAENRHFE. FEARFAF, fiM% DopEcR SEULEIER, ME4RBE, &
K, EEMINURIKFETR, KB DopEcR A KPKLHIB & FHRER, FHEE
BB P Y 20E Z1&.

GPCR 5 Gos 1 Gaq HHEER, /7 MAAMA cAMP I Ca>* 7K Fid i s
PKA F1 PKC 212 (Marinissen and Gutkind 2001 ). GPCR-cAMP-PKA 1 GPCR-Ca?*-
PKC @2 53R E B R EEFNERENESES (Marino et al. 2006). 20E
i83d DopEcR 5|& MBs # cAMP & BHHR&EE I, 1 DopEcR &l cAMP {55
AT N, NI/ T 20E I3RS 57 BB AT R, Bl 9047 A4E ) (Ishimoto et al. 2013).
20E %53 #9 cAMP 3811, PKACI BEERILIRHE cAMP RN L4565 & H (CREB) W
BEERML, ZEHES cAMP KRBT/ (CRE) 44 LAMIRH R 20E AR HERRIE
FR#HLHE (Jing et al. 2016). 7E 20E % F T, DopEcR 5 Gus M Gaq H#EHEIE
Fi. 20E i#if DopEcR #1N cAMP 1 Ca®*7K*¥, %% USP1, CDKI10 1 PKAC1 #i%&
HBERR{L, F38I0 EcRB1 5 EcRE #9454 . GPCR 7EM3#2 R 4H R o4& 38 20E 15
5 (Caietal.2014a; Wangetal. 2015). JEEFH GPCR, Gog, PLCl, Ca®*fMEHH
B C (PKC) ESABKCEMBRRPBR LT, ¥Y PKCEBEHBIEN T USP BfR
WHIRATE 20E EFHARZFHERERZLER (Liuetal. 2014b; Ren et al. 2014).
20E i@t #i% GPCR, PLC1, Ca*' #l CaMKII {5 Sl AR USP1 ME M ZBL, X
Xt F EcRBI-USPl R E AWML BRMERFEREREE (Jing et al. 2015).
ErGPCR-2 B{KFHIE T 20E & FAIES N LA K USP1 #1 CDK10 H)BERAL, M T H]
20E #FH 44k EcRBI/USPI HIFLEL (Wang et al. 2015). 20E @idBAsAEs C-y-1
(PLCG1) ¥ USP1 HIB¥ER{L, ¥ GPCR NRMIEEFEHiRZ 5% Z % EcRBI
N SHEFHARBZBERAR (Liu et al. 2014b; Wang et al. 2015). FFARLERIUEEL T
DopEcR 7E 20F {5 5B M1ER, Eit, RS HIARE DopEcR AT %I 1L
ABFFREIXIEEA T DopEcR FIMEINEEANLE], HESEHRBRITANSERR
LR 20E ®12 .

4.2 GPCR %54 20E
iR IE GPCR WIS IR AR 7E 508 (Srivastava et al. 2005) FIEFL3)4)
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(Maggiolini and Picard 2010) F&5-&RKEREEE. KERESZ L SHIFEM I
ZARREM NG EES (Falkenstein et al. 2000). 4k, 20E 25{L4[°H] Pon A
5 EcR/USP ¥Z4E AWM EFEMALL 20E & 122 MUEZK (Minakuchi et al.
2003). FE A4S RILH EcR/USP F Z 4% PonA ) Kd {525 0.9nM (Yaoetal.
1993), KEH KA HN 1.1 nM (Swevers et al. 1996). FKEEI LRI SH TR
B R B R B %45 mEcR, Xf[*H]PonA EF LS/, Kd 4173 nM, Bmax 7y 0.82
pmol/mg B Ef (Elmogy etal.2004). Mid#ix DmDopEcR ] S19 4015 B IR R
FX[°H] Pon A BB B4 4, Kd A 10.4£0.38 nM, Bmax 7y 0.32+0.04 pmol/mg
FE A (Srivastava et al. 2005).

AP FLAER 20E-EIA FUEE SR EE GPCR 454 20E. HillZ5) B
DopEcR X 20E RILHABRNRERMELE, Kd A 17.98+3.005 nM, Bmax K
9.764+0.4953 pmol/mg £ H . ErGPCR-2 Xt 20E RILH AT PR R4S, Kd A
23.32+3.304 nM, Bmax A 10.42+0.6629 pmol/mg & H. DopEcR 1 ErGPCR-2 ff] Kd
EH5 M SO AR M2 8 Kd BB % +EE, {82 DopEcR 1 ErGPCR-2 fj Bmax &
=T A SO 40 Ha fEAS I B 49 Kd. #5448 3143 55 DopEcR &4 20E 1 Kd fE(17.98 nM)
BT SR8+ EcR/USP R RE45 & Pon A 1 Kd (0.9 nM) (Yao et al. 1993), iX
B GPCR 3t 20E W45 &R I HEZAK, XATEERZ A GPCR (i DopEcR
1 ErGPCR-2) Z 541/ 20E ES4£ SHEEZ—. &, 20E Xf DopEcR KI3EM
71tk DA &, FEATCAHI% DA IER, HESERNESHESER, FlmEng
Ca*"fl cAMP /K Pfh & 20E 5 5842

SRTHIBF R %8, ErGPCR-1 1 ErGPCR-2 7E8# H B R4 diH 5% 20E {3
2, BEEETEAMZE S ER T ErGPCR-1 1 ErGPCR-2 5 20E 2518U4[°H] Pon A
Mi%54& (Caietal. 2014a; Wang et al. 2015). ZERFFFH, MESET 20E-EIA Hi%HT LA
¥l ErGPCR-2 456 20E. (B2, XTI 5+ R K F| ErGPCR-1 5 20E M4 & -
ER—THAATNERENFREFAERRENERERMELS (Evans et al.
1995), TTHEREN GPCR WMA#UHEBI AL SRS G 23 (Nygaard et al. 2013;
Strasser et al. 2017).

4.3 20E i DopEcR Fi&

EANES, ZERZBRANTEMARLE, QEXYE, AREINFELE

(Kebabian 1978), ZERKEESARBIEFERRE SR EFEM (Boyd and
Mailman2012), Etk, £EEZERE LEMHERGWESR (Joyce2001)., L EE
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REMPERIBIR O TR S MRS AR 5%, Bl RUE, BAE, WEH
R, FEMEHENMBEERSEIE (Beaulieu and Gainetdinov 2011). (A EMEE
AL AP IRE REM A&, GRS, KRN (Krolick etal. 2018).,
AW A MEF 20E L1 DopEcR FKik 5 DopEcR 454 UABHNTH DA @R HIE M.
B RHAS, FMEYRE 20E, FlEE. HAs R THREMEA 20E S AR
BV BIRTT £ ERARRRA M TR .
4.4 4 GPCR {4 20E {55
¥4 41 DopEcR J8 T GPCRA % (MUK FikE) 1k, 534 DmDopEcR £

68% I [EJAYE . ErGPCR-1 1 ErGPCR-2 BT B %44 (b EAZH) (M 2.12).
SR, He%e Bt DopEcR AR SE T ®KE, X5 DmDopEcR AN[F], DmDopEcR £
FEEBRMHRPROEREL, BERE—-, BB RAMER kP ERE

(Srivastava et al. 2005), FIRERFAXGHE MR B B R [MFEER. 20E FF
MB & cAMP & EiRiEH N, it DopEcR fill %k cAMP 15 516 %, A RIBR K
SK{BAT A (Ishimoto et al. 2013). DopEcR X EE K RiE, SR, ErGPCR-1 Al
ErGPCR-2 fER I, MEMFMIH 9 ZRIX (Cai et al. 2014a; Wang et al. 2015).
DopEcR I T+ # HANE, X% T ErGPCR-1 (Caietal.2014a), A4
[[F ErGPCR-2, JS#&TPJLA# GPCR RS 2 (GRK2) BERRILM &1E 20E {5 S HHK

(Wang et al. 2015). #Zid GPCR )£ R FRIE LA KA F K GPCR RAF— G HH
iR EALE (Flock etal. 2017) WHe R 7 At 4 £ GPCR 2 5% 20E 15 51%

ngera dopamine receptor 1-like XP 0211985851
pamine receptor | BAG14260 .1

D(1A) dopamine receptor NP_000785.1
100¢ Homo sapiens T(1B) dopamine receptor NP 0007891

apiens beta-2 adrenergic receptor NP 000015

octopamine receptor Oamb isoform X1 XP 021194395 1*

pamine receptor AAC47161.1

reeeptor 2-hike XP_021 198737 1
r2 NP 001108338.1 Class A
Homo ha-2A adrenergic receptor NP 0006723

85 1l ‘ Bombyx mori dopaminc receptor 3 BBDS52720.1

05 | [ Homo sapiens 1)(4) dopamine receptor NI'_ 000788.2

Homo sapiens D(2) dopaminc reeeptor isoform long NP 0007861

Homo sapiens D(3) dopamine receptor isoform a NP_001277738.1
GPR30 CAG46541 ]

Homa sapi

steroid receptor isoform C NP_001014559.1
ysteroid receptor KOBS8020. 1
ool 42 sifon dopaminc cedysteroid receptor AGN74919. 1

99 ~ Helicoverpa armigera DopEcR AYES4242.1

100 | Oy < ata Dopamine ¢

Helicoverpa armigera G protein-coupled receptor AFW03960.1 | Cl B
R ass
100% — — Helicoverpa armigera ecdysone-responsive G-prolein coupled protein-2 AKA95280.1

B 2.12. REHFH DopEcR WRAREM. * AP &E MK ZHE Oamb EH X1
(XP_021194395.1) 7E5CHTHISCE 14 #7749 DopEcR™ (Liu et al. 2014b)
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Figure 2.12. Phylogenetic tree of DopEcR in various species. *The octopamine receptor Oamb
isoform X1 (XP_021194395.1) in this article was named “DopEcR” in the previous article (Liu et
al. 2014b).

5 &k

DopEcR 7E4 HBE BT ER 762 DA 24k, it AKT BERfe, ZNMsEsE, #hdug
B, 20E 7ERAITFED LI DopEcR HIERIE, 35 DopEcR 454 LABH M HAE
Yt a I PR TIEE . 20E ik DopEcR 5 Goq 1 Gos FIFE EAER, 3440
LA Ca® Fl cAMP HKE, FHESFEORBEBIL, MME 20E 2R RE
PASEIAERS (B 2.13). GPCR FJLAE A 20E H 722 20E 4R 2R M1EM .

6th-6 h larvae 6th-120 h larvae

Dopamine titer 20E titer

Dopamine <X DopiEcR/ 20E Hemolymph
\ Dop,
Uui Vn‘ Gus Ga

q

cAMP Ca*

Cytoplasm

Flupentixol —1
(0))

AKT-P

@ PKACI1, CDK10, USP1 phosphorylation

4)
() CREB-P ) (_EcRBl Dyspi-p

R ———
Cell proliferation
Larva Feeding [:»St(’l’ feeding pcp and Metamorphosis
Growth ! Nucleus

Bl 2.13. DopEcR #f4h R &M 20 WRERBEPHNB. MAE 6 h BE/E 120 h
&) B 2 o i £ B R A TR, B4 UKD 20E W B £ ELARIE IS DopEcR {2 AKT-
PKFULE SRt G FAAIETE. £ B2 AME] T URE MG 4 Rt e (1). BNk 20E
5 DopEcR 454 UAME#: 20E {55, 355 DopEcR 5 Gas 1 Goq FIME/ER, cAMP #1 Ca?*
AKFRISINEL X PKACT, CDKI10 F1 USP1 fIsE (AFBERRIL (2). BEBR{LK CREB (CREB-
P) 5 CRE % & Ui 20E A3 K # 5% (Jing etal. 2016) (3) . BE&4LA USP1 A1 CDK 10
F3 EcRBI/USP1 #FZE MR, HE5BEBERRTH (ERE) &4, UEWER
TAEFEMFEE (Livetal 2014a; Liu etal. 2014b) (4).

Figure 2.13. Diagram illustrating the roles of DopEcR in larval feeding and 20E-regulated
metamorphosis. Dopamine titer in hemolymph decreased and 20E titer in whole larvae increased
from 6 instar 6 h to 6 instar 120 h larvae. Dopamine via DopEcR promotes the AKT-P levels and
larval feeding and cell proliferation. The dopamine receptor inhibitor flupentixol represses larval
feeding (1). The increased 20E binds to DopEcR for 20E signaling, including the interaction of
DopEcR and Gos and Gag, increase of cAMP and Ca?" levels, and protein phosphorylation of
PKACI, CDK10 and USP1 (2). The phosphorylated-CREB (CREB-P) binds to CRE to promote
20E-regulated gene transcription (Jing et al. 2016) (3). The phosphorylated-USP1 and CDK10
forms EcRB1/USP1 transcription complex and bind to ecdysone response element (EcRE) to
regulate gene expression for insect metamorphosis (Liu et al. 2014a; Liu et al. 2014b) (4).
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E=F BRAEFS G EHEHREN 3 FAEIRTLR AL
BESHBEIZZ S LY BEN R

138

TEVALEN P, MR 5 H A% 324k (ERa A ERB) 4 & ULR 31 £ R # R (Dahlman-
Wright etal. 2006). G EH{BELZ 1k (GPCR) GPR30/GPER #{ & Al B E MR
JESZ{& (Revankar et al. 2005). ZAEE R E T 5| ML = F 1 cAMP KPR
RN, FHiEid gm M S B R B ER L. (Simoncini and Genazzani 2003). 7EE
B, BEBESKZE BMEEEZE, ER) &8, 5SR-REHEBRIIEA
USP EREEFE &Y, NTTESHEFFER, lindE Z44 3 (HR3) 1 Broad-Complex

(BR-C), LAFiiH 44 (Riddiford et al. 2001). 20E FiEit K& T4 A% 1
GPCR fil RZEMEA Ca> RYIRIEIE N (Manaboon et al. 2009). % R/ K 8 & 24
(DmDopEcR) #A & 20E MMRZ 4k, ©5 20E &S LAY BIER RS EZHE
RAEEFI 4 &2 (Srivastavaetal. 2005). BRBEL KB FRH, GPCR 7] LUES 20E
MMM 246, 7EARR S, 20E @it IR R MR R ¥ 5408 1 E O Kt 3 AE 10
(CDK10) HIBEES{L (Liu et al. 2014a). 20E @it ErGPCR-1 (Cai et al. 2014a) #
ErGPCR-2 (Wang et al. 2015) 1£i#{55, 5K 20E JeHEHMA(ES&1%%. 20E @it
ErGPCR-1 3B f588 C-y-1(PLCG1 BB AL I 1) 40 M BT 7% LA 5| R 40 e Ca? 38 m,
MTift% PKC /389 USP1 B§EE4L (Liu et al. 2014b) FZ B4k Jing et al. 2015),
{2 EcR/USP R B AW MR AEERIE. 20E i@ ErGPCR-2 #1i1 cAMP K,
%S CREB (cAMP MR L4 A ) /PKA CERMES A) BERRILFT 20E mR B K &
iE(Jing etal. 2016 ). §¥84% H1 ) ErGPCR-2 1 DopEcR FJ LA% & 20E(Kang etal. 2019),
B, GPCR REBEMMENBEZ A,

GPCRs, —E-tREBEER, WA THRBZERKHEKZ —. GPCR Eid#
BEARMRE=RE G BOXRME I, ANANRF, &ER, K, BROEASH
fiSMES (Bockaert and Pin 1999). Gas fl Goq YV 3 73 Bl8GE SN 7 F IR E BRI 4L
B (AC) FOBEAEES C (PLC), A4 A3 MAAMIA cAMP # Ca> BJIREE (Marinissen
and Gutkind 2001). GPCR #] A fi R ¥R £ A s 7R & AR R H I (Cheng and
Miller 2001; Cheng et al. 2003). AHEEW4EEZ/E (CCKR) A UM B R FIE_F
R T —NMERBKHIE S SR, USRS S 2R3+ B RIP# (CHO)
A4 (Chengetal. 2003). FURFAREFE Sk (PTHIR) FERGZE R — B4k,
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RS ETFR, 4k PTHIR 8% B0 CHO 48 # G BB (Pioszak et al.
2010). GPCR MIERLAT LA A MBS FEAEE R (Ding et al. 2002; Kroeger et al.
2001; Pfleger and Eidne 2005). GPCR B FERE R /3 & =& (prototypic secretin
receptor) (Ishiharaetal. 1991) LAZH pRZY B3R — AR A 1E T IR AR 40 iR 2R B0 IR
fE (Dingetal 2002). HAl GPCR EXEMBEESHITREFES BRIEITHE
Thee, LARTERLE BARK S FHLE MATE R

R E BB E R RRERE, EITRT BB BOE N (Gorski
and Gannon 1976; Plagemann and Erbe 1976). {H2, —HEHRERE, KEBREETE
BreEAA MM (Milgrom et al. 1973; Pietras and Szego 1977). fER$EH, #
HEEBLRAN FHETEAARSTERER, HELRHEEAMARBET Bt
AZHMl (Yamanakaetal.2015; Okamoto etal.2018). Wi F#EHN RIBAMFEE Ecl

(Ecdysone Importer) (Okamoto et al. 2018). ErGPCR-2 #&#!| 20E 3t A0/l (Wang

etal. 2015), {ERHNEIHAHEE.

FEAM A F, —F4N GPCR-3 ] GPCR #4524 20E 4IRS, GPCR-
3 TE4 B JE 1] LAGE & 4 IR 4 1Y) 20E . 20E 456 35 5 GPCR-3 M VR IU R 4L .GPCR-
3 [EVE DY R 4&%0 20 55, AR Z R A{REt 20E My BuE A 4. iX & GPCR
LT A IR MO R4 75 24 20E $512 B AR 20E 24— A7, BIEW T 20E
it GPCR f£i#155, FEIRME T HMIEER IR E BB EN By BLH.
2 ERMRE B

2.1 SRR
2.1.1 LW
¥i484 B Helicoverpa armigera WISEW BRI B &,
2.1.2 04N
e R B R R IS &,
2.1.3 SR

IR G-EE-N-RERIHTEE, XN (EERRBTEE) RRS
£, BS3; Sigma Aldrich); Annexin V-FITC Apoptosis Detection kit (GK3603, Genview,
Houston, TX, USA); HERFRE=E. 514 (R3.1) HEBETEK.
2.1.4 LHO{UER

AL (Amnis, RELBPMERE): HBMZRE_Z.
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2.2 EWHHE
2.2.1 GPCR ik R EME B2

#£ 2 pM 20E 403 12 h #) HaEpi MK R A LS E GPCR, DMSO 4 #
{EXTHE . {#F SMART (http://smart.embl-heidelberg.de/) FiHI3Kk73H) GPCR BT gEss
¥y, {#F ExPASy ProtParam T.£ (https://web.expasy.org/protparam/) 7 ¥7&E H A
MEXERE. B ClustalX #ITEAREERFFEZEILR . MEGA 7.0 FH)
Neighbor-Joining ( NY ) 5 ¥ # B % % # {L % . I-TASSER COACH

(https:/zhanglab.ccmb.med.umich.edw/COACH/ ) B ] GPCR-3 MIACIALE & 1 F2,

PyMOL-v1.7 A4k = 4 45 0 310 E B Y G5 HIRFAIE .
222 REHKES

RE_EFTE,
2.2.3 RARIZHH RNA TR

REBE BT,
2.2.4 ChIP 4#f

W FEHE.
2.2.5 $ GPCR-3 i #] &

RE_EFHE,
2.2.6 BB R %R

RE=EJTE.
2.2.7 HE %68

RE=EHIE,
2.2.8 EWTRN

RBE BT,
2.2.9 cAMP 18l

RE_EHE.
2.2.10 HaEpi 4if8 & A B3R5 Co-IP

RE=EHE.
2.2.11 BAFAHBRIRR

cAMP RRLTTHZEEH (CREB; GenBank %S KT207931) , #5K[1EA
1 (USP1; GenBank B35 EU526832) , ZMLAMIEAMKEiME#ESF 10 (CDKIO;
GenBank &5 KC188798) FIEH¥MM A #{LE | (PKACI: GenBank ¥F &
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KT207930) ] ORF 73 H)3E N\ F| 844 pIEx-4-His. FEH R HaEpi 40P S 36

h, 885 dsGPCR-3 B}, dsGFP #4241/ 24 h, 4R/ 5 2 uM 20E ## % 30 min. DMSO

YEXHB, 40puL A (2pug/ul) » 0.5pLAPP, 5SuL 2K, 5pLMnCh (3 50puL)

30 °CH#H 30min. A SDS-PAGE EHALHEM, E¥ 10min, R/EETESFEE

AWM. NiZNTA FEAFE4it. CREB-RFP-His, #RJGH P-(Ser/Thr) PKA JEM¥Hiik
(Cell Signaling Technology, Danvers, MA, USA) @it A f IR .

55 P 4 PR BB AN 20 B R R 4R BRI A (Beyotime, 1 E ki) 5 & ABMBEERRES
#%I5% (Roche Diagnostics, 24, HE) /BEBEMNHAMBEED. 40 pL EH 2
pg/uL) , 0.5 puL APP, 5 pL ¥, 5 pL MnCly (3% 50 ul) 30 °C## % 30 min. 3
FEASFENZUREEAROBMRIL. Bactin ML DK 65 AR
RAGMEFELORIE. A TN GPCR-3 BRR{LH/KF, GPCR-3-GFP-His, &k

( GPCR-3-4¢+minal GEP.His) , dsGRK2(KT364485.1)F dsp-arrestin-1{ KP027422.1)
¥ YL HaEpi 41/l 48 h, #R)5 1 uM 20E §% & 15 min. HaEpi 400 &A% (CPZ, 50
uM) AbE 2h, SR/5H 1 uM20E &3 15min. dsGFP{ERRIEXTER. BEJE, HiEs 2
uM 20E 8¢ DMSO # & 30 min. /] 25 uM & CQ A HE A M GPCR-3 WiLJE
Hriz.

2.2.12 gL
WE BT,
2.2.13 GPCR-3 G A SR 4 F X8

Tk,

2.2.14 ¥ HaEpi Z1fIFI 4RSS 1) 20E M GPCR 5 20E Mg 4 ihek

Uk St vip R
2.2.15 RRARMLMA 20E HE

B S RN# 96 h 4 RIFSF B 10 mg PG FE, AETRIER. B0 RER
£ 200 pL B 80% FREEH, FHETAFEPFESIHE. 10,000xg HL 10 min J5, L
BWEZETXAT. B 100 uLEIA BB A S ERTUE. BT 20E IREN, §MF
&t FH EIA SRR 1,000 £%. {5/ 20E BEBEZ 04T (20E-EIA) RFEAT IR &
) 20E. dsGRK2 1 dsGPCR-3 4 5% % HaEpi 41} 48 h. dsGFP {EXI#&. GPCR-
3-GFP-His M dsGRK2 3t# 4% HaEpi #1f85 48 h.{¥ F§ GPCR-3-GFP-His M dsRFP {E
XTER. SRJS7E 2 uM 20E A5 92 E 30 min. {5 20E-EIA A7) &R 40N
1 20E H &.
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2.2.16 ZFMLHE

F R G-BEEN-BERPB KR, N (BERPBREERE) HKRE
£, BS3) RE— M HER, THTRXBAMREED (Friedrichson and Kurzchalia
1998; Angersetal. 2000) , HRIFHBAFITRE L. W5 HaEpi ZHHEFEL, DPBS
Y% 3K, RES5EHA 1 uM 20E SFIRER DMSO 1 DPBS {85 . =& HaEpi
Y AIE R 5K AE 5 mM BS3 ) DPBS FZEE TS 1 h. ¥ Tris-HCl (pH 7.5)
FEARREN 20mM UL LB B 4B E ) HaBpi ZHFIAR S KEIT R
SEK, RE#ITEORENEIMT.
2.2.17 HFGHHREE AR T

FH 0.5-5 pM 20E 42 HaFEpi 40/ 48 5% 72 h. DMSO {Ex#8. f#F T Phospho-
Histone H3 (Ser10) itk (% Z Wik, Cat. 9701, Cellsignaling technology, Boston,
MA, USA) RllZnfuiss. 40AF DAPI (10 pg/mL) =B BEEFHE 10 min 31T
M e, FEABOERMLERERMEHRITHE. Annexin V-FITC Apoptosis
Detection kit (GK3603, Genview, Houston, TX, USA) AR 4AMI{X (Amnis, Seattle,
WA, USA) MMM, Annexin V-FITC @il 5EBIEM L EME A R{ERE
HI T 40, 7 Propidium Iodide (PI) i it it A\ 40 A /- BB AR T 40 M AN SESE AR
2.2.18 4HMABGEE NN

¥ GPCR-3-GFP-His, GPCR-3-M-GFP-His §I GPCR-3-2Cemind_GFEP_His 43 )%
Je3) HaEpi 4R, Bid B 0WEMMR, HER T PBSH, 55uMPI & 25°C T
B 10 min. FRRAMMIL (Amnis, Seattle, WA, USA) K#I%K .
2.2.19 BT

W EHE.
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& 3.1. ARFARF A K PCR 315
Table 3.1, The PCR primer sequences used in this study

Primer name (5'>3" nucleotide sequence
RNAI primers
GPCR-3-RNAIF gcgtaatacgactcactataggggtggtgcegetgtecgtat

GPCR-3-RNAIR
GPCR-3-swRNAIiF
GPCR-3-swRNAIR

gcgtaatacgactcactataggttccgtgtcgaaattagette
tactcaagatctggtggtgccgetgtcogtat
tactcaggtaccttcegtgtcgaaattagcettc

GFP-RNAIF gegtaatacgactcactataggtggtcccaattctegtggaac
GFP-RNAiR gegtaatacgactcactataggcettgaagttgaccttgatgee
GFP-swRNAIF tactcagcggecgetggteccaattetegtggaac
GFP-swRNAIR tactcactcgagcettgaagttgaccttgatgee
gRT-PCR primers

GPCR-3-QF actacgtatgcttacacggeca

GPCR-3-QR tgagccagaacgtgecagaccat

HHR3-QRTR1 gactttgctgatgtcacccteege

HHR3-QRTF1 tcaagcacctcaacagcageccta

EcRB1-QRTF1 aattgcccgtcagtacga

EcRB1-QRTRI tgagcttctcattgagga

USP1-QRTF1 getectgacagceaatgtt

USPI-QRTR1 ttccagetccagetgactgaag

BrZ7F ggtgactgtecttactgegge

BrZ7R ttaattcctttgaccatgact

B-actinF cctggtattctgaccgtatge

B-actinR cigitggaaggtggagagggaa

CHIPF taacgccttcagtaccgatit

CHIP R gtgcaggtcaccgctaaca

Expression

HaGPCR-3-expF
HaGPCR-3-expR

tactcagaattacatcattgcctegtttctca
tactcactcgagcetcgggttggacaggttet

Overexpression
OV ErGPCR-2-F tactcagagctcatgattacattcataacagtg
OV ErGPCR-2-R tactcactgcagaggctgtttgatgttgagegac
OV ErGPCR-1-F tactcactgcagatgattacattcataaca
OV ErGPCR-1-R tactcaggtaccaaattcgccattagtegt
OV GPCR-3-F tactcagagctcatgectgecaagatgatgage
OV GPCR-3-R tactcaagatctggtcgtegttgtccaggecgat
OV Gag-F tactcagagctcatggagtgctgcatgtcgg
OV Gag-R tactcactgcagtgctagattaaattccttga
OV Gas-F tactcagagctcatgggatgcettcggceteg
OV Gos-R tactcaagatctggagcagctegtactgeeg

3 LRER

3.1GPCR-3 25 20E [ 5#&%

KT %%ESE5 20E558%FH GPCR, 2 pM 20E 55 HaEpi 12 h, A DMSO
YEXTRE, BEATHRANF . KNP 13 GPCR BE T WAL LEREX, KPR
¥ EHE, BT (B 3.1). ATIESE GPCRs 25 20E &18, MMRERHRESE 6
h #HHiEN dsRNA KKK 20E LiERIAM GPCR, F# 20E 5 5 /51 20E B2 %
REHER, SRREEEEZZE EcRBI, R KRB USPI Fi# 3R T HHR3

BrZ7. GPCR-5. 3. 24. 49. 55 F1 56 %% 20E i3 Lifl; AW, {XKY.GPCR-3 5
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20E and DMSO from transcriptome (log2 Fold)

The transcript fold of HaEpi cells treatment with

B 3.1. 5 DMSO ALk, F 20E A3 HaEpi 41BN R AT FfE L LR RRIEN GPCR.
PALFRR R log2 (20E 4bF/DMSO &) . *#F R GPCR-3.

Figure 3.1. The fold of GPCR transcripts from the transcriptome of HaEpi cells treated with
20E, compared with DMSO. The ordinate indicates log2(20E treatment/DMSO treatment). *
indicates GPCR-3.

A B
[ DMSO mEm dsGFP+20E [ DMSO EE dsGFP+20E

= 206 3 dsGPCR-3+20E 12+ @@ 20E = dtGPCR-&NE.

Relative mRNA ievels of genes
from Epidermis
Relative mRNA levels of genes
TOr m ”ns

GPCR-3  EcRB1 UsP1 HR3 Brz7 GPCR-5 EcRB1 useP1 HR3 BrZ7

[ DMSO mm dsGFP+20E
mm 20€ 3 dsGPCR-24420E

33 DMSO B dsGFP+20E
ma 20E [0 dsGPCR-49+20E

-
o

from Epidermis

o N a2 o @

™~

Relative mRNA leveis of genes
from Epidermis

Relative mRNA levels of genes

o N & o o

GPCR-24 EcRB1 USP1 HR3 BrZ7

GPCR-49 EcRB1 uspP1 HR3 BrZ7

E F

g £ DMSO EEI dsGFP+20E [ DMSO EEN JsGFP+20E

§, 129 mm 206 £33 dsGPCR-55+20E 2 Em 20E 3 dsGPCR-56+20E
. >

5‘10 3!10

e 2

gga 258

gur © s ¢

TR P 5 -

2 2 [_—l I £ 2

3 3

e 0 2 o

GPCR-55 EcRB1 uUsP1 HR3 BrZ7

A& 3.2. qRT-PCR it 5 20E S R EE RN GPCR.(A-F)R &M [E GPCR 5] HHR3,
EcRBI1, USPI 1 BrZ7 W1 iE. 2 pg/mL dsGPCR S E 400 24h, #AJ5 1 uM 20E 5 & 4 6
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he REZRRF=AEENTFIELSD. ESEFIRE MRFEEZEER (* p <0.05) .
Figure 3.2. Screen of the target GPCRs involved in 20E-induced genes expression by gRT-
PCR. Panels are the expression of HHR3, EcRB1, USP1, and BrZ7 after knockdown of the GPCRs,
individually. The cells were incubated with dsGPCR at 2 pg/mL for 24 h, and then cultured with
20E at 1 uM for 6 h. Error bars represent the mean £ SD of three replicates. Asterisks indicate
significant differences according to Student’s #-tests (*p < 0.05).

20E B HERREMER (B 32). 1435 GPCR-3 (MN150685) /BT GPCRB %
4% (Secretin 34k Mth2-like), 5 D. melanogaster methuselah-like 2 (NP_788462.2)
BA 2833% MEE—FtE, 5%%& Mth2 (XP_021207607) BF 62.17% HIFJE—2
¥, 554 8 ErGPCR-1(AFW03960.1) Y REYR— 314 79 33.03 % , 51548 B ErGPCR-
2 (AKA95280.1) MIFEIE—BUMERN 32.22% (B 3.3), EHitk, %8 GPCR-3 KifiEH
7E 20E £ 51 BRI ThREMIE AL

100, Helicoverpa armigera GPCR Mth2-like isoform X1 XP_021185461.1
Qgﬁ Helicoverpa armigera ErGPCR-3 MN150685

Spodoptera litura GPCR Mth2-fike isoform X1 XP_022814039.1
60/— Manduca sexta GPCR Mth2-like XP_030019730.1
45 ooLBombyx mori methuselah-like protein 10 AEM43036.1

| Bombyx mori GPCR Mth2 XP_021207607.1
100 Hyposmocoma kahamanoa GPCR Mth2-like XP_026327334.1
45 i—— Danaus plexippus plexippus GPCR Mth2-like isoform X1 XP_032517703.1
22 59_{—*‘ Pieris rapae GPCR Mth2-like XP_022120619.1
~~~~ Papilio xuthus GPCR Mth2 KP195630.1
52 100 1 Aedes albopictus GPCR Mth2 isoform X1 XP_019537542.2
I ' Aedes aegypli GPCR Mth2 XP_021699069.1
! — Zootermopsis nevadensis GPCR Mth2-like XP_021932657.1
i L 7 Athalia rosae GPCR Mth2-like isoform X1 XP_020707673.1
70 77 F—— Apis mellifera GPCR Mth2 isoform X2 XP_001120657.3
r! 92| g Diachasma alloeum GPCR Mth2 XP_028981831.1
a7 98- Bombus terrestris GPCR Mth2 XP_003396591.1

- — Pieris rapae GPCR Mth2-like isoform X3 XP ' 022127620.1
| 4{% Helicoverpa armigera ErGPCR-1 AFW03960.1
| Spodoptera_frugiperda GPCR ABC24708.1
e e e
9

Class B

Helicoverpa armigera ErGPCR-2 AKA95280.1
— Drosophila melanogaster methuselah-like 2 NP_788462.2
98 Bactrocera dorsalis Diuretic hormone receptor JAC52791.1
o Helicoverpa armigera diuretic hormone receptor isoform X2 XP_021182087
et 99 ——— Drosophila hydei caicitonin gene-related peptide type 1 receptor XP_023161989.1
| _954 Helicoverpa armigera calcitonin gene-related peptide type 1 receptor XP_021196683
l Drosophila melanogaster diuretic hormone 31 receptor isoform A NP_725278.1
L_{ Helicoverpa armigera DopECR AYE54242.1
6 Homo sapiens GPR30 CAG46541.1
T e Homo sapiens alpha-2A adrenergic receptor NP_000672.3 Class A
== Homo sapiens beta-2 adrenergic receptor NP_000015.1
Drosophila melanogaster dopamine receptor AAC47161.1

0.20

B 33 ZTEERFH (NI i) HWRERHE GPCR-3 53l GPCR MRZREM.
GenBank B3R SALTh T X AFRMEE . MAHFAIHAE & ErGPCR-1, 2 1 3,

Figure 3.3, Phylogenetic tree of GPCR-3 from H. armigera and the GPCRs based on the amino
acid sequence (NJ method). Numbers above branches support values (%) based on 1,000 replicates
are indicated, the scale bar represents 0.1% amino acid substitutions per site, and the GenBank
accession numbers are behind the Latin names. Bold font indicates H. armigera ErGPCR-1, 2 and
3.

3.2 GPCR-3 AT By RIE LA

AT A GPCR-3 EEMPLREEFMIIRE, BT GPCR-3 R EREEN.
GPCR-3 7ER . AR AN HHERIE. GPCR-3 HHERA mRNA /K-FERLE
W57 (SM) FIAEZSHBL (75l 72h & 120h) 30 (E 3.4A, B f1C). f#F Western
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A B Cc
Epidermis kDa b
GPCR-3 |60 2.5, - Epidermis & 104 - Epidermis
a = Midgut g = Midgut
p-actin | —— o — 42 £ 20{ -+ Fatbody s ‘3’ 8{ + Fatbody H
Midgut 3 = . » il
215 S 6
GPCR:3 |0 § 3 N 3
B-actin | 2 240 g 4
Fat body 9 Z & ““\i/t
Fat bo S e
GPCR:3 | 6 ©05 g 2 > ¥
Peactin| s 0.044— 5 oL ——————
= - &) = £ £ &£ £ £ £ ©V UV & % = £ £ £ £ £ £ v o
5 3ccfc sz s “s33ngsen T33888e®
I ¥§T &8 R A 2 E£ £ £ E££ £ =3
£ £ £ é £ % & & & & £ ® ® © ®© £
¢ 2882835 N = — S
F M FF T Fmo R MM P . - v
D E F
Epidermis Epidermis (6th-96 h )
[ e T kDa .
GPCR-3 2.0 =3I DMSO
.. — ! bmso = JH
p-actin | 3 Insulin 10—
e — = o =
GPCR-3 [| om -—g 3 130
p-actin I 500 ng/larva 3 -
L 5 1.0
GPCR-3 || nsulin § 100 — |y
p-actin "l 5 pgllarva Sos
70—
GPCR-3 || 208 ., .| opPcr3
f-actin ST = = | |90k o0 55— g 80/kDa
1 3 6 12 24 (h) =Ty
1 3 6 12 24(n —— | B-actin 42 kDa
G H |
] DMSO B dsGFP+20E
) DMSO B3 dsGFP+20E
[ 20E [ dsUSP1+20E 03 206 [ dsEcRB1+20E = ] EcRB1-RFP+DMSO
§ 8 . gs % ga‘g [ EcRB1-RFP+20E
: : 97
06 M e 30
2 5 =
> 3
<4 2 ® 20
3 3 E
: g g1 .
g’ g 3 oL [Py fopm
k] 8 K 5 & Anti-RFP 19G Anti-RFP
& & Primer ECRE  Primer GPCR-3

A&l 3.4.20E &3l EcR-USP1 il GPCR-3 ®ik. (A) HFURENZER MM GPCR-3 (R A
Ao B-actin fEASM. 5F: 5 HILELHH, SM: SESWIE4hd: 6th-0h: 6% Oh 4h: 6th
-24h £ 6th-120h: 7N#¢ 24 h £ EXNEE 120h 4hdt; P-0d £ P-2d: Wi O KEFE 2 K.
F: BRRHER, M: BEMBL MM: RSB, P: %, Western blot 4] SDS-PAGE
BRI 75% .  (B) 1 Image) JAFMHE =AM 007 BB A #ITHE.  (C)
qRT-PCR 4#T GPCR-3 mRNA JK¥-. (D) KRB E R B M L E b GPCR-3 BAT&E.
¥ JHIIT (500 ng/ghH0), %55 & (S pg/ghi) 5K 20E (500 ng/4h ) FESTBIAES 6 h 4hdih,
ENGREUY DMSO 1E31H8.  (E) @it Image) BAFMRHE =My EH L%t D #ITH
it 4. (F) GPCR-3 fIHLA1E 6th-96 h 4 IR KB 1P #ITH AR RIEMT. (G A
(H) dsEcRBI 1 dsUSPI (1 pg/mL A2 48 h) Fiftk EcRBI M1 USP1 f5. HaEpi 48 2 uM
20E#F 6h f5, ¥l GPCR-3 (] mRNA /K. dsGFP (1 ug/mL, 48h) NFAtEXTEE . DMSO
£ 20E X, (D) A5 (£ 3.1) 3 EcRB1 & &% GPCR-3 ) Lif X #4T ChIP 4
¥1. EcRBI-RFP-His 7£ HaEpi Zife it ®ik 72 h. i 2 uM 20E A E 40/ 3 h. DMSO 4 &
fEXT R . BT LRI T = IRAMF B E, I EH Student r KA HEATZE RAE 517 (* p<0.05;
**p<0.01). REKFREHE KW FHELFHERZE (SD).
Figure 3.4. 20E upregulates GPCR-3 expression. (A) Expression profiles of GPCR-3 detected by
anti-GPCR-3 polyclonal antibodies by western blotting. B-actin was detected by the antibodies as
the protein quality control. 5F: 5th instar feeding larvae, 5M: 5th instar molting larvae; 6th-0 h: 6th
instar at O h larvae; 6th-24 h to 6th-120 h: 6th instar 24 h larvae to 6th instar 120 h larvae; P-0 d to
P-2 d: pupal stage at 0 day to pupal stage at 2 day. F: feeding stage, M: molting stage, MM:
metamorphic molting stage, P: pupae. SDS-PAGE gel in western blot is 7.5%. (B) Calculation of A
according to three independent replicates using Imagel software. (C) mRNA levels of GPCR-3
using qRT-PCR analysis. (D) Western blot of hormonal regulation on GPCR-3 in larval epidermis.
JH 111 (500 ng/larva), insulin (5 pg/larva) or 20E (500 ng/larva) was injected into the 6th instar 6 h
larvae. Equal volume of DMSO was injected as a control. (E) Statistical analysis of D according to
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three independent replicates by ImagelJ software. (F) Specificity analysis of the antibodies against
GPCR-3 by western blotting with epidermis protein of the 6th-96 h larvae. (G) and (H) The mRNA
levels of GPCR-3 after knockdown of EcRB1 and USPI by dsEcRBI and dsUSPI (1 pg/mL for 48
h) followed 20E (2 pM for 6 h) induction in HaEpi cell. dsGFP (1 pg/mL for 48 h) was the negative
control. DMSO was the solvent control for 20E. (I) ChIP assay of EcRB1 binding to the upstream
region of GPCR-3 using primers (Table S1). ECRB1-RFP-His was overexpressed in HaEpi cells for
72 h. The cells were treated with 2 pM 20E for 3 h. DMSO treatment was used as a control. All
experiments were performed in triplicate, and statistical analysis was conducted using Student’s -
test (*p < 0.05; **p < 0.01). Error bars indicate the mean = standard deviations (SD) of three times
repetition.

ENiZE /% B 20E {5 275k 6h gh i, GPCR-3 BRiAE N (B 3.4D M E). RKK
T Hiskxt GPCR-3 MiFERE (B 3.4F). Ak EcRBI M USPI J5, GPCR-3mRNA
KRR (B 3.4G F HD o B 30 45 &AL EK A4 (http://jaspar.binfku.dk/cgi-
bin/jaspar_db.pl) 7E GPCR-3 f1ZE 4 DNA 5- i X B Tl 2 & B KSR 21k
254 7014 (EcRE) /5 51 (5'-56-GCGTTCATAGAACTT-42-3"). 1% L X 3 5'-TCAATG-
3'5 HHR3 F1/#) EcRE f£5F (Liu et al. 2014b), Y& %BYTIE (ChIP) SLIGIFSE
EcRB1-RFP-His 54 %1% DNA H B ([ 3.4D), Xuegh RRBPIES F AW,
GPCR-3 RiA# 20E Eiff.
3.3 GPCR-3 TRkl 20E #R ML, AREBRNEFRE
3 TR & GPCR-3 7£ 20E f#ERAT TR, BT dsGPCR-3 EATSEE 6h &)

HARAE GPCR-3. 20E F R4 HIRATLUE: 2870, S5VEST dsGFP+20E K4 R L,
dsGPCR-3+20E ABe{R it AL, <51 IEER . (il RMMPIb R (B 3.5A F1
B) . JEHT 20E H&h RAE LR AR IR (A FI4RAT 28 hy R, S5iESY dsGFP+20E
figh HAHEL, VEST dsGPCR-3+20E Hi%hdufv i (7] 38 38 h (& 3.5C) . uhb,
dsGPCR-3+20E X3485 7 AL #3754y (18 3.5D) o dsGPCR-3+20E Ab¥ LB AL uH i)
MR HAR, ERLE. L RBABHN R REES R 43%. 26%F121% (H
3.5E) » HAREREELYERE, dsGPCR-3+20E M T HaFAsHANES (B
3.5F) . GPCR-3 BE®K/E, H/% 20E BEEH B HEE, BFF EcRBI, USPI,
BR-Z7 1 HHR3 WIFREHHMH (B 3.56) . EHEMENZHEL T RNA HIT3E

(E35HAMh) . RBAAERR, GPCR-3 EEENMIENE 96 h 47 K4 R
B (B 3.6) , ¥ GPCR-3 EXRFE RIS FhElEH. XuERRHA,
GPCR-3 257 20E A HES KT
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GPCR-3 EcRB1 USsP1 HR3 Brz7 & O S 3
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B 3.5.dsRNA HEM M GPCR-3 SEBMLRE. (A) GPCR-3 M /SR (X 6 h 114 500
ng dsRNA/Zh 3, [BIRE 18 h —IK, —3=1K), & =IKiEST (500 ng 20E/4hH4). #R#E DMSO
AHRRALZE/NES 4 120 h, SHMASS 2 RANARRIISS 2 KT RiaRBiE. (B) A BRE
B, (C) A0 h ghRBLEEA E G0, BEERA 30 M4hdua NEs. (D)
RBEIE . FERIB BTN . {#H GraphPad Prism 5.0 i+ H pE. (E)
RWFEFARRRYUNE L. (F) #{€ GPCR-3 J5, HiGMAEN &K HE R, dsGFP
fEXTER. LM: ghdihf: IM: RHRPfE. (G) qRT-PCR B GPCR-3 Wi /E758 72h 4)
&1 20E MR EE ) mRNA KF. (H) 1 (h) Western blot #&#ll GPCR-3 1T E. B-
actin BEEX . FESRHEH =K. REARTTESD. BERTEF A EM
AR R ERZEESN (*p<0.05), ns RRBREZEUER.

Figure 3.5. GPCR-3 silence by dsRNA injection delayed pupation. (A) Phenotypes after GPCR-
3 knockdown (500 ng/larva at sixth instar 6 h, thrice at an 18 h interval) and 20E treatment (500
ng/larva) at the third injection. Images were obtained at six instar larvae 120 h, pupal stage at 2 day
and adult stage at 2 day according to the DMSO control group. (B) Percentages of the phenotype in
A. (C) Statistical analysis of pupation time from 6th instar 0 h larvae to pupae. The data were
calculated from 30 larvae x 3 experiments. (D) The survival rate of adult. Dead adults were
monitored every half-day. p value was calculated using the GraphPad Prism 5.0 software. (E)
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Percentage of different phenotypes from delayed-pupation. (F) HE-stained midgut and fat body
after knockdown of GPCR-3. dsGFP was used as a control. LM: larval midgut; IM: imaginal midgut.
(G) qRT-PCR showing the mRNA levels of 20E-response genes after GPCR-3 knockdown in larvae
at 6th 72 h. (H) and (h) Western blot showing the efficiency of GPCR-3 knockdown, analyzed by
Image] software. B-actin was used as control. All experiments were performed in triplicate. The
bars indicate the mean + SD. Asterisks indicate significant differences using Student’s #-test based
on three replicates (*p < 0.05). ns denotes no significant difference.
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. Fy

o 5 ‘q " IM
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& 3.6. AR ENHTRR GPCR-3 TR EMAEZSHIML R PH. 51 GPCR-3 R
FLREPUAME—HL, ISR AlexaFluor488 HifkfE —Hi. AiMEIERIMEXRR. FFAREMEBLL
(HE) Rt Rls, SEKNERT GPCR-3, A DAPL () R, LM: 4
B IM: BERTH. EEFRAER 100 pm.
Figure 3.6. GPCR-3 localization in the larval midgut during metamorphosis by
immunohistochemical analysis. Rabbit polyclonal antibodies against GPCR-3 were used as the
primary antibody and goat anti-rabbit Alexa Fluor 488 antibodies were used as the secondary
antibody. The pre-serum was used as the negative control. Hematoxylin and eosin (HE) staining
showing the morphology of the midgut; Green fluorescence indicates GPCR-3; Nuclei were stained
with DAPI (blue). LM: larval midgut; IM: imaginal midgut. Scale bar indicates 100 pm.

3.4 GPCR-3 257 20E %3 i YOl 41 i R BRI 2 E FR R AL

7 HaFEpi 41 40l GPCR-3 £ 5 20E i S0 Ca? FIZIHI N cAMP /K°F, LLBH
FAETE 20E 5 SESHIER. 20E BT Ca¥ 41 A PR BAI4 S Ca iR
No B2, @& GPCR-3 BT 20E HSH Ca™BHAMAN (B 3.74) . A,
GPCR-3 k)5, 20E 53K cAMP K-FA R EZE /S (B 3.7B) . XEHIFER
By GPCR-3 257 20E & S LR R .

GPCR it Goq fR#H4AMIA Ca* B0, Hi@ i Gos FI¥# cAMP 31 ( Vines 2012;
Kang et al. 2019) ; [Eitk, 4 5#iL7E HaEpi 4008+ 3tid FiX GPCR-3-RFP-His 5
Gaq-GFP-His Bt Gas-GFP-His 345 & GPCR-3 5 Gas/Gaq Z [/ H./EH . Input &

7~ 7 Goq-GFP-His, Gos-GFP-His 1 GPCR-3-RFP-His & %A K. St
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FRIRLL 45 5eEL (3uM) B 6 30min. F: A[E4E G HaEpi MR NIEAE . FO: AR
FP 3T HaEpi #HARAK HIEE . (B) GPCR-3 #{&f5 HaEpi ZUMI+ () cAMP /K. dsGPCR-
3 Bl dsGFP (1 pg/mL) KE 48h. 20E (2uM) . (C) M (D) £ 20EEFEFT (2pM, 30
min) GPCR-3 5 Gaq # Gas {BEt. DMSO {E# % HE. Input: GFP 3{ RFP Hifs+3 40
& Gog-GFP-His, GPCR-3-RFP-His 1 Gas-GFP-His 7K. B-actin EHH{EZ M . Co-IP: RFP
P RBEITIE GPCR-3-RFP-His. JE4§RM/INR 1gG £MMETHE. SDS-PAGE BRIKE A
125%. (E) % CREB-RFP-His Z /&, iBif PKA /&%) Ser/Thr f7 BB HB#ITER
JRENE B GPCR-3 i & 20E i% 519 CREB Bt (P-CREB-RFP) . dsGPCR-3 & dsGFP

(1pg/mL ¥4 12h) , 20E (2pM) 3 DMSO # & 0.5 h. Input, His #r%H1{&# M HaEpi
“HH+ CREB-RFP-His HI%IA/KFE. (F) (G) f1 (H) EAMKENZER/R GPCR-3 /1'% 20E
%S H USP1-His, CDK10-His A1 PKACI1-His fBER{L. APP: 0.5 uM APPase 7 30°C T %
#H 30min. 7.5% KR SDS-PAGE 4% . 81T Image] AFMRBEB ="M VM ERLRHITS
. BEXKRTFFHELSD. ESRRETFZAEETERFERH (1 (*p <0.05) FE
DEER, s BTIREBEHER.
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Figure 3.7. GPCR-3 participates in 20E-induced rapid reaction and protein phosphorylation.
(A) Ca?" levels after GPCR-3 knockdown in HaEpi cells. dsGFP or dsGPCR-3 (1 pg/mL in the
medium) for 48 h. AM ester calcium crimson dye (3 uM) in DPBS for 30 min. F: fluorescence
intensity of HaEpi cells after different treatments. Fy: fluorescence intensity before different
treatments. (B) cAMP levels after GPCR-3 knockdown in HaEpi cells. dsGPCR-3 or dsGFP (1
ug/mL) for 48 h. 20E (2 uM). (C) and (D) GPCR-3 coupling with Gaq and Gas under 20E induction
(2 uM for 30 min). DMSO was solvent control. Input: the levels of Gaq-GFP-His, GPCR-3-RFP-
His and Gas-GFP-His in the cells detected by antibody against GFP or RFP. B-actin was a loading
control. Co-IP: Anti-RFP antibody co-immunoprecipitated GPCR-3-RFP-His. Nonspecific mouse
IgG was a negative control. 12.5% gel in SDS-PAGE. (E) Western blot showing 20E via GPCR-3
induced CREB phosphorylation (P-CREB-RFP) by the phospho-(Ser/Thr) PKA substrate antibody
after CREB-RFP-His was affinity isolated. dsGPCR-3 or dsGFP (1 pg/mL for 12 h), 20E (2 pM)
or DMSO for 0.5 h. Input, the expression levels of CREB-RFP-His in HaEpi cells detected by an
antibody against the His tag. (F) (G) and (H) Western blot showing 20E via GPCR-3 induced
phosphorylation of USP1-His, CDK10-His and PKAC1-His (2 uM 20E for 1 h) using the Anti-His
antibody. APP: 0.5 uM APPase incubation for 30 min at 30 °C. 7.5% SDS-PAGE gel. Statistical
analysis according to three independent replicate experiments by ImageJ software. All experiments
were performed in triplicate. The bars indicate the mean + SD. Asterisks indicate significant
differences using Student’s r-test based on three replicates (*p < 0.05). ns denotes no significant
difference.

(Co-IP) ZRFH, H5MM 1gG STRMLL, 7€ 20E FS K4+, /#H RFP il
T3S T Gaq-GFP-His 55 GPCR-3-RFP-His (8 3.7C) . [, 7 20E & SHI4M
#, RFP $i/5% Gos-GFP-His 5 GPCR-3-RFP-His FiiE (& 3.7D) . XEHiER
B, 20E #SF, GPCR-3 5 Goq 1 Gas A E.{E A LAEHi 20E (55 .

20E @it Ca>* {5 512 CDK10 (Liuetal.2014a) 1 USP1 (Liuetal.2014b) ]
B 1L, 20E i#d cAMP {21¥ PKAC! FIBERR LA CREB ()B$ER (L. (Jing etal. 2016),
Hit, #E T GPCR-3 7E 20E 5 5 HiX L (R I BERR AL EFD . 5 dsGFP XtIR
FREL, BUE GPCR-3 i 7 20E 3 KX WU & B BB (B 3.7E, F, G T H) .
XA REKY, GPCR-3 5 20E B RMEABBRILE X,
3.520E %S GPCR-3 BRI AL

WM GPCR-3 ML ZHAEE AL AR FE XY 20E HIRIE/R M. GPCR-3 FENM T
DMSO 5t HR 4R E+ . {22, 20E 4 15 min 5, GPCR-3 #i AL B4R+ (&
3.8A) . Western ENZE 4 #TIESE T 20E ¥5' 3/ GPCR-3 L. AT, WHHIEBR
AFESTHRETHESR. Lanbda EEBRE (APPase) LHRKT HTE,
R MR 1 GPCR-3 B ER 1L T (/H 3.8B) . 5 DMSO X HBHiLt, &+ GPCR-
3 BBERR KL 20E B (AN E AR 77 a8, KRB 20E 877 GPCR-3 HIBERRLFD
Mk (B 3.8C A1 D) .

T B3 GPCR-3 WALJE I firig , £ F v Big 4 4011 71 &P (CQ, Sangon Biotech,
FE E#) (Gonzalez-Noriega et al. 1980) K40+ GPCR-3 fy#niz. GPCR-3
£ F DMSO Xt 8 sh 4R, {B7F 20 B S T4MR . =3 20E 5, 4l
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B 5{H+SD. B BN E G EZ 0 %, FRATFRHEEREEZR (ANOVA, p<0.05) .
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Figure 3.8. 20E regulates GPCR-3 phosphorylation and internalization in HaEpi cells. (A)
Localization of GPCR-3 in HaEpi cells. Green: GPCR-3 protein stained with an anti-GPCR-3 and
secondary antibody labeled with Alexa Fluor 488. Red: plasma membrane stained with Alexa Fluor
594-conjugated wheat germ agglutinin (WGA). Blue: nucleus stained with 4’-6-diamidino-2-
phenylindole dihydrochloride (DAPI). Observed by confocal microscope. Scale bar = 25 um. (B)
Western blot showing the subcellular distribution and phosphorylation of GPCR-3. Gel
concentration of SDS-PAGE is 7.5%. f-actin and Coomassie Brilliant Blue staining were used as
loading control for cytoplasm or membrane protein quantity and quality. APP: X protein phosphates.
(C) and (D) Western blot showing the GPCR-3 phosphorylation induced by 20E on time and dose.
Gel concentration of SDS-PAGE is 7.5%. The bars indicate the means + SD of three independent
biological experiments. Different letters denote significant differences as determined by analysis of

67



IR K228 22 A 183

variance (ANOVA, p< 0.05). (E) Degradation of GPCR-3 in cytoplasm. DMSO: solvent control for
15 min; 20E: 20E 2 uM for 15 min; withdrew 20E 2 h: withdrew 20E and cultured 2 h; CQ withdrew
20E 2 h: withdrew 20E and cultured with chloroquine (25 uM) for 2 h. Green and blue are the same
as those in A. Scale bar = 25 pm. (F) Western blot showing the relative levels of GPCR-3 in
membrane and cytoplasm after the treatments in E. (G) Overexpression of GPCR-3-GFP and its
mutant GPCR-32C-teminal GFP in HaEpi cells. Green and blue are the same as those in A. Scale bar
=25 um. (H) and (I) Western blot showing the variation of the phosphorylation of GPCR-3 and
GPCR-34Ctminal GEP, Gel concentration of SDS-PAGE is 7.5%. The asterisks denote significant
differences as determined by Student’s f-test: *, p < 0.05. The bars indicate the means + SD of three
independent biological experiments.

B GPCR-3 /K FR&K; B, %N CQJ5E, GPCR-3 RMTELIME +& A B B[&
f# (& 3.8E) . Western EJi#FESZ, GPCR-3 fi T DMSO X g, H7E
20E 5 TWWEIZERE . £ CQ RIEFRE+ X/ 20E2h J5, 4IMUHA + GPCR-
3MERD. HE, EF CQ WMKHEFRETRRE 20E /57, HHMEPH GPCR-3 BF
PAEHRF (EI3.8F) . XLLRRHY, WLEH GPCR-3 R EE T EME

G EAMBKZAEE (GRK) BT EZAN C RKnBBUKME GPCR 55 KE
(Wangetal.2015; Heetal. 2017) . A 7 % & GPCR-3 (B ERIL ML Z BRI R &R,
¥ HaFEpi #0H8 313 %A GPCR-3-GFP fl C K imHh £ (aa 479-534) ] GPCR-3( GPCR-
38Cteminad GEp) , GFP i3 ®iAfEXTER. 20E %S GPCR-3-GFP Pfk, #RT, GPCR-
3ACteminal GFP 7E 20E ¥5% T3 A (B 3.8G) . Western ENZE R 7R 20E i
2J5, GPCR-3-GFP #BER{L, AT, GPCR-3°C*mind GFP 7f 20E SRR AEKE
BERL (B 3SH M . XL RK 20E %5 # GPCR-3 f] C K HBEBR L2

T GPCR-3 IR 4L.

GPCR M43 GRK BERILKIEY, BRI FI{RHRE B-arrestin FIFH E1E
B (Benovic etal. 1989; Lohse etal. 1990) . M#&EHS 5 GPCR FIAEFEA (Chenet
al.2014) , SRR (CPZ) ] M4& 2R A [a) BT IR B BIE 3R, T+ BB AT 1
W& A (Bhattacharyya et al. 2010) o i i Al {1 L Jok bR 10 1) P 4% B 3 SR BE
GPCR-3 1k, CABI®E GPCR-3 WALMIMLE . SREAMILETREE, 7 dsGFP
XtEEZAR A 20E 5% 15 min /5, GPCR-3 W{k, {82, GPCR-3 7E dsGRK2, dsp-
arrestin-1 F1 CPZ S B4 H KRR ERL (B 3.9A) . Western ENZEHTIESE, £
dsGFP %t 40/, 20E #5 S GPCR-3 B AL IF LB AR+, (B &, % GRK2,
B-arrestin-1 B, CPZ %35, GPCR-3 A& 20E BB AMAL (B39B) . &
HEEBKENTIESE T 20E S GPCR-3 #1 B-arrestin-1 A EYEM. Input £IR B-
arrestin-1-GFP-His fl GPCR-3-RFP-His f)%i& 7K F4H % . RFP §ifk Co-IP 87~ T 20E
%S T B-arrestin-1-GFP-His 5 GPCR-3-RFP-His &4 %R ILITIE (B 3.9C) . AR,
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9 dsGFP, dsGRK2, dsP-arrestin-1 &:¥E 48h, Il CPZ (50 uM) #bFE 2h, SR 51
1 WM 20E 4-78 1Smin. £¢{5: GPCR-3 $i{A 1 Alexa Fluor 488 #Ric ) ~HikRicH) GPCR-3 &
M. #f: DAPIARICHMMEL. tLHR=25um. (B) A thEEABENZM4T. B-actin HH
g S i R A E R AR R TS B AR, (C) A1 (D) GPCR-3 £ 20E
(2uM, 30min) %% T4 B-arrestin-1 1 GRK2 f&EX. DMSO REFIXTHE . Input: GFP
RFP SRR MBI 948 B-amestin-1-GFP-His, GPCR-3-RFP-His #l GRK2-GFP-His & X
IK¥. B-actin HE{ES M. Co-IP: RFP Hitk%ZITIE GPCR-3-RFP-His 1 B-arrestin-1-GFP-
His 8{ GRK2-GFP-His. iEFrR1%/NR 1gG fEMATER . SDS-PAGE BURWIRE N 12.5% . 1@
i Image) BRI =M BE LIOHATH M. B RRBUN p EET=EAE
HLH. RELAR RN BILAEWFLRHFIELSD, ns RRBREBENER.
Figure 3.9. GRK2, f-arrestin-1 and clathrin participated in 20E-induced GPCR-3
internalization. (A) HaEpi Cells were treated with dsGFP, dsGRK2, dsp-arrestin-1 for 48 h, and
CPZ (50 uM) for 2 h, followed 1 pM 20E for 15 min, respectively. Green: GPCR-3 protein stained
with an anti-GPCR-3 and secondary antibody labeled with Alexa Fluor 488. Blue: nucleus stained
with DAPI. Scale bar =25 um. (B) Western blot of the samples in A. B-actin and Coomassie Brilliant
Blue staining were used as loading control for cytoplasm and membrane protein quantity and quality,
respectively. (C) and (D) GPCR-3 coupling with B-arrestin-1 and GRK2 under 20E induction (2
uM for 30 min). DMSO was solvent control. Input: the levels of B-arrestin-1-GFP-His, GPCR-3-
RFP-His and GRK2-GFP-His in the cells detected by antibody against GFP or RFP. B-actin was a
loading control. Co-IP: Anti-RFP antibody co-immunoprecipitated GPCR-3-RFP-His and B-
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arrestin-1-GFP-His or GRK2-GFP-His. Nonspecific mouse IgG was a negative control. 12.5% gel
in SDS-PAGE. Statistical analysis according to three independent replicate experiments by ImageJ
software. *p value via Student’s -test based on three replicates in all figures. The bars indicate the
means + SD of three independent biological experiments. ns denotes no significant difference.

3.6 GPCR-3 &4 20E
BT 45 LHRIUE GPCR-3 &7 K 20E HI B 244 . SYBYL X 2.0 244 i) Surflex-

Dock (SFXC) Al Fit# 20E 5 GPCR-3 {5t . #A 2 R GPCR-3 B RHIEEM TS
20E 456 H73 5 B . 20B 5 GPCR-3 %2 M240 A1 L331 FE A2 (& 3.10A).
GPCR-3 £54 20E M8 7348 2.1. AT UEH] GPCR-3 454 20E, 7E SO 4iffarpid
15 GPCR-3-GFP R H % {& GPCR-3-M-GFP (GPCR-3-GFP 20E 4 & i s RS,
% 32) HAMLEAR. GFP SRKIEHNXE (B 3.10B) . £/ 20E Bl s

(20E-EIA) K45 & 43473 9, GPCR-3-GFP it Rk M40 A 40 £: & 1 20E &
£Z% T GPCR-3-M-GFP #l GFP &Rk Hx R4 (& 3.10C) . XLLERERY
GPCR-3 LGSR ) 20E.

& 3.2. Bifii554 20E ) GPCR fr S RRE2E
Table 3.2. Predicted binding residues and point mutations.

Proteins C-score Ligands Binding sites Mautation sites
0.04 CLR 240M, 241A, 244G, 248V, M240A, G244A,
2761, 279Y, 331L, 334W L331A, W334A

GPCR-3 0.02 CLR 237M, 240M, 241A, 244G,
327L, 330G, 334W
0.02 CLR 222F, 240M, 244G, 2471, 248V,
252F
GPCR-3 HITMIES &7 4385 http://zhanglab.ccmb.med.umich.edw/I-TASSER/ZEZFiill. C 4
RN LS SAHNEEERT. CLR, cholest-5-en-3beta-ol, fH[HEE.
The  predicted binding residues of GPCR-3 are predicted online at
http://zhanglab.ccmb.med.umich.edw/I-TASSER/. C-score is the confidence score of the predicted
binding site. CLR, cholesterol, cholest-5-en-3beta-ol, cholesterin.

RS B4R GPCR-3 i 20E-EIA FZERMAMMNLES et — S
GPCR-3 45& 20E B B4 (Kd) . {4 SDS-PAGE M i = RO E &
) GFP, GPCR-3-GFP 1 GPCR-3-M-GFP {J4{i¥ (/& 3.10D) . GPCR-3-GFP 5 20E
BT AI4E B 45 4 ) Bmax = 9.06 + 0.43 pmol/mg T H, Kd =20.84 +2.28 nM. 1B
72, GPCR-3-M-GFP [#i T X} 20E H45& 6677, Bmax = 8.69 + 1.47 pmol/mg EHH,
Kd=84.68+21.23nM. GFP &% 20E HIBKE S (B 3.10E) o XEHIRIEE
GPCR-3 FJ A4 & 20E.
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& 3.10. GPCR-3 5 20E 4iA&. (A) GPCR-3 5EAL &M EAWEN. KEMRE GPCR-
3, REMR 20E. EEARFHEOTEMBRREL 20E ZRNER. RABMAKEZERRS 20E
MEEHAMEARE. (B)E&IEM GFP, GPCR-3-GFP ! GPCR-3-M-GFP HI4H MR & 457
WGA: PNEMFRER (WGA) 4. GFP: GFP, GPCR-3-GFP il GPCR-3-M-
GFP fi%kth )¢ Jt. DAPL: DAPI FR2MIANRERZ . BOLHRA BB, HHI= 20 um.
(C) 50 pg i$FiX GFP-His, GPCR-3-GFP-His 1 GPCR-3-M-GFP-His {] HaEpi 41 & 3
HEWEMNE. RESRR=AEHZNFIHELSD. BSRRBB  BRTFEREER (p
<0.05) . (D) SDS-PAGE M B i 4+t 2 7 2 B /) GFP, GPCRs-GFP 1 GPCR-3-M-
GFP H9#if%. (E) GPCR-3-GFP 1 GPCR-3-M-GFP X} 20E fMMI& & ih4k. GFP JdkEbs
SIS R. FrELRBER 10 g 5B EOE 50 pL EIA B PiliT. RELRR=
MEEMFHELSD.
Figure 3.10. GPCR-3 binding 20E. (A) Modeling of the ligand-binding complex of the GPCR-3
predicted by Surflex-Dock (SFXC) program from the SYBYL X 2.0 software. GPCR-3 represented
by gray and 20E represented by Green. The dotted lines indicate the predicted hydrogen bonds
between the amino acid residues and 20E. The residues that interact with the 20E are represented as
sticks with different colors. (B) Cell membrane localization of the overexpressed GFP, GPCR-3-
GFP and GPCR-3-M-GFP. WGA: The cell membrane was marked by wheat germ agglutinin
(WGA). GFP: Green fluorescence from GFPs, GPCR-3-GFP and GPCR-3-M-GFP. DAPI: nucleus
stained with DAPI. Observed by confocal microscope. Scale bar = 20 um. (C) Quantity of 20E
bound by 50 pg membrane protein from HaEpi that overexpressed GFP-His, GPCR-3-GFP-His and
GPCR-3-M-GFP-His. Error bars represent the means = SD of three replicates. Asterisks indicate
significant differences according to Student’s t-tests (*p < 0.05). (D) SDS-PAGE showing the purity
of the isolated GFP, GPCRs-GFP and GPCR-3-M-GFP with Coomassie brilliant blue staining. (E)
Saturation binding curves of GPCR-3-GFP and GPCR-3-M-GFP to 20E. GFP was nonspecific
binding control. All of experiments were performed using 10 pg isolated protein in 50 pL EIA buffer.
Error bars represent the means + SD of three replicates.
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BREERETHEI. /A 8% (*p<0.05) FANOVA HHEEER (FRFEEN
REREE, p<0.05) . RELKFRR =AML EYELRITIIELSD, ns RREBEN
ERo

Figure 3.11. 20E induces GPCR-3 to form homo-tetramer. (A) Co-immunoprecipitation (Co-IP)
to detect the oligomer of the overexpressed GPCR-3 in HaEpi cells. DMSO was solvent control.
20E (2 pM for 30 min). Input: the levels of GPCR-3-GFP-His, GPCR-3-RFP-His, detected by
antibody against GFP or RFP. B-actin was a loading control. Co-IP: Anti-RFP antibody co-
immunoprecipitated GPCR-3-RFP-His and GPCR3-GFP-His. Nonspecific mouse IgG was a
negative control. SDS-PAGE gel was 12.5%. (B) GFP-His and RFP-His as negative tag control for
A. (C) Crosslink with BS3 to detect the oligomer of GPCR-3 in the epidermis using western blot.
SDS-PAGE gel was 7.5%. 500 ng 20E was injected into a larva at the sixth instar 6 h. DMSO was
control. (D) Crosslink with BS3 to detect the variation of the oligomer of GPCR-3-GFP, GPCR-
3AC-teminal GFP, and GPCR-3-M-GFP in HaEpi cells using western blot. SDS-PAGE gel was 7.5%.
HaEpi cells were incubated with 2 uM 20E for 15 min and then treated with BS3. Statistical analysis
according to three independent replicate experiments by ImageJ software. Significant differences
were calculated using Student’s r-test (*p < 0.05) and ANOV A (different letters represent significant
differences, p <0.05). The bars indicate the means + SD of three independent biological experiments.
ns denotes no significant difference.

A 8 c

Overexpression of GPCR-3-RFP- Overexpression of GPCR-3-RFP Overexpression of GPCR-3-RFP

His and ErGPCR-2-GFP-His His and ErGPCR-1-GFP-His His and DopEcR-GFP-His
DMSO  + 5 DMSO DMSO
20E - + 20E +
Input 0E €
,—:;L——imj . Inpu(
| ErGPCR-2-GFP-His - ErGF‘CR-I—GFPrHu i3
ANU-GFP o e 8; ;Da 2 ANti-GFP |s— 93 kDa Anti-GFP | sssss DopECR-GFP-His
73kDa
-
PCR-3-RFP-His
ANti-RFP jusss s | GPCR-3-RFP-His Antl-RFP al ? GPCR-3-RFP-His
| 05 kD2 | o5 kD Anti-RFP [Ses S et
-
Antl-B-actin }—-——_——J 42 kDa Anti-B- ac(ln 42 kDa Anti-B-actin E 42 kDa
CodP Anti-RFP 19G Co-P Anti-RFP 196 Co-IP Anti-RFP
> ErGPCR-2-GFP-His _ ErGPCR-1-GFP-His DopEcR-GFP-His
GPCR-3-RFP-His i g |- GPCR-3-RFP-His GPCR-3-RFP-His
Anti-RFP | ksl Anti-RFP [ l Anti- RFPL J
e [_ ____________ _ |9skDa 95 kDa y - 95 kDa
8,15 ns 2,15 ns 'i-./.'s
T Y - Tz s 2 ns
o o [ a¥ - I X b
sE 10 SE 1.0 E& 10 -
g 4 \? o o
33 5o ‘ pES
& 0.5 xos | 0 % 0.5
58 58 s _ ‘ 34
S (] = S m =
W ogol 09 A | (] i no_m['f’l - 0,041~ [‘,.L At
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BERRVRFEN 12.5% . 3T Image) HAERSE = MR E T LRFITHIT . RELKRR
FHELSD. ESRFEH  MREFEAEEHAFEREER (*p<0.05) , ns BREKR
FREMHER.
Figure 3.12. GPCR-3 does not interact with other GPCRs by 20E induction. (A) (B) and (C)
Co-IP to detect GPCR-3 coupling with other GPCRs under 20E (2 uM for 30 min) induction. DMSO
was solvent control. Input: the levels of GPCR-3-RFP-His, GPCR-3-GFP-His, ErGPCR-2-RFP-His,
ErGPCR-1-RFP-His and DopEcR-RFP-His in the cells detected by antibody against RFP or GFP.
B-actin was a loading control. Co-IP: Anti-RFP antibody co-immunoprecipitated GPCR-3-RFP-His
and GPCRs-GFP-His. Nonspecific mouse IgG was a negative control. SDS-PAGE gel was 12.5%.
Statistical analysis according to three independent replicate experiments by ImageJ software. The
bars indicate the mean + SD. Asterisks indicate significant differences using Student’s -test based
on three replicates (*p < 0.05). ns denotes no significant difference.
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20E & 15 min. £{4: GPCR-3 #i{AH Alexa Fluor 488 #7iCH) —HikFic GPCR-3 BH. ¥
f5: DAPI fRicZifEtZ. HBIR= 25 um. (F) &F%& GRK2 {ff GPCR-3-M-GFP B{ GPCR-3-
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43515 2uM20E % 5 . (1) HaEpi #iffi+ it RiX GPCR-3-GFP 2 GPCR-3-M-GFP f5 /] Ca?*
K. HHAR S H) % GPCR-3-GFP, GPCR-3-M-GFP Fl1 dsGRK2 48 h, AM 45 iR4T & vkl
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MHRFRE. BMREKRREAERENFHELSD. A RKITEHEEZER Gp
<0.05) , ns RAEERENER.

Figure 3.13. GPCR-3 increases the amount of 20E entering cells on the cell membrane. (A)
20E titers in wing disk and midgut at 6th-96 h larvae. (B) Relative mRNA levels of GPCR-3 in fore
wing disk and midgut of 6th-96 h larvae. (C) Crosslink with BS3 to detect the oligomer of GPCR-
3 in the midguts and wing disks from 6th-96 h larvae using western blot. SDS-PAGE gel was 7.5%.
(D) 20E levels in the whole HaEpi cells that overexpressing GFP-His, GPCR-3-GFP by arresting
the GPCR-3-GFP in the cell membrane by knockdown of GRK2. dsRFP or dsGRK2 (2 ug/mL for
12 h) twice, followed 20E incubation (2 uM for 1 h). (E) HaEpi Cells were treated with dsGFP,
dsGRK?2 for 48 h, followed 2 uM 20E for 15 min, respectively. Green: GPCR-3 protein stained with
an anti-GPCR-3 and secondary antibody labeled with Alexa Fluor 488. Blue: nucleus stained with
DAPIL. Scale bar = 25 um. (F) GPCR-3-M-GFP reduces 20E into cells. dsGRK?2 (2 pg/mL for 12 h)
twice, followed 20E incubation (2 uM for 1 h). (G) Crosslink with BS3 to detect the variation of
the oligomer of GPCR-3-GFP and GPCR-3-M-GFP in HaEpi cells using western blot. SDS-PAGE
gel was 7.5%. HaEpi cells were incubated with dsGRK2 and 20E. (H) cAMP levels of HaEpi cells
overexpressed with GPCR-3-GFP and GPCR-3-M-GFP under 20E induction. HaEpi cells were
transfected with GPCR-3-GFP, GPCR-3-M-GFP and dsGRK2 (2 pg/mL) for 48 h followed by
incubation with 2 pM 20E, respectively. (I) Ca®* levels after GPCR-3-GFP or GPCR-3-M-GFP
overexpressed in HaEpi cells. Cells were transfected with GPCR-3-GFP, GPCR-3-M-GFP and
dsGRK?2 (2 pg/mL for 12 h twice) for 48 h and AM ester calcium crimson dye (3 uM) in DPBS for
30 min, respectively. F: fluorescence intensity of HaEpi cells after different treatments. Fo:
fluorescence intensity before different treatments. Each bar represents the mean + SD of three
replicates. Significant differences were calculated using Student’s #-test (*p < 0.05).
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B 3.14. BUEEMERIA GPCR BIRFE. (A) 1 (B) BULEm (PD REFITHAMM
ST AKPLEFRICASEA M S SR E . (C) HAKENES T 2 uM 20E %7 30
min P 1L HaEpi 0389 GPCR-3-GFP 5 GPCR-3-M-GFP [0 & . #8id Image) BIFH#E=
ANMRSL A E LT . IRERFRFHMELSD. ANOVA (AR FRARKREE
R, p<0.05) , ns RNBAREHER.

Figure 3.14. Membrane permeability detection and GPCR endocytosis. (A) and (B) Flow
cytometry analysis by propidium iodide (PI) staining. The horizontal line was labeled as the
percentage of dead cells to total cells. (C) Quantity of GPCR-3-GFP or GPCR-3-M-GFP
internalized into the HaEpi cells induced with 2 uM 20E for 30 min by western blot. Statistical
analysis according to three independent replicate experiments by ImageJ software. The bars indicate
the mean + SD. ANOVA (different letters represent significant differences, p < 0.05). ns denotes no
significant difference.
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MBERREE N 3. WAERERFEHZY DAPL . WEIR=20um. (a) A PRHEBATA
3 REHMRS DARMEEE (EE) . (B) i@ Annexin-V FBYLERE (PD JL@itiT
WM. R1, IEE40M; R2, FHAT40M0: R3, SRFC4M0E; R4, BRBIA 4000, %:
AT (R2+R4) SE4MMESE. (b) BMGTHHI . REXRFS=ZAEE LR
FHELSD. ANOVAIHHEBEER (FAAFREARREEEZR, p<0.05 .

Figure 3.15. Low concentration of 20E promotes HaEpi cell proliferation and high
concentration of 20E promotes HaEpi cell apoptosis. (A) Detection of cell proliferation. Red
fluorescence indicates the phospho-histone 3 detected by the phospho-histone 3 antibody and goat
anti-mouse IgG Alexa-Fluor 568 (red). Blue indicates nucleus stained by DAPL Bar indicates 20
um. (a) Ratio of P-histone 3 staining cells to the total cells (blue) in A, (B) Flow cytometry analysis
by Annexin-V and propidium iodide (PI) staining. R1, normal cells; R2, apoptotic cells; R3,
detection error within the permitted range; R4, dead cells. %: the percentage of apoptotic cells (R2
+ R4) to total cells. (b) The statistical analysis of F. Each bar represents the mean + SD of three
replicates. Significant differences were calculated using ANOVA (different letters represent
significant differences, p < 0.05).

4 Wig

GPCR {EAMEZ A EM ALY E NP LB REARBRES. HR, EHF
% 0 B M AF B E , LS £ GPCR 25 20E {5 544 % . GPCR FRALHIHLHIFI AR
PAK#t 20E #tNAIBAIHLE] . ABF AR GPCR-3 AT LAZE& 20E f4i# 20E {55,
BuE PKA I PKC 55384, 20E @it GRK2 i## GPCR-3 MBEELfF KA FLIE
20E {55, GPCR-3 U_RUHRFTE, 20E 453 F GPCR-3 ARG, R
20E BEAZHME, {RFEAMAET.
4.1 20E it GPCR-3 fEHifs S & Lf58

Bt 5EERZ S, GPCR 5 Gos 1 Gag A5 H /E A LA IN4H A A cAMP F1 Ca®*
K3 43 FIETE PKA %M PKC i&% (Marinissen and Gutkind 2001) . GPCR-
cAMP-PKA 1 GPCR-Ca**-PKC B2 & 531X ERHRIERRARRNESHER

(Marino et al. 2006) . ErGPCR-1 5 Ca**-PKC i&4% (Liuetal. 2014b) , T ErGPCR-

2 %S GPCR-cAMP-PKA 1 GPCR-Ca**-PKC i£42(Jing etal. 2016).20E it GPCR-
3 #845 USP1, CDK10, PKAC1 I CREB HIBSBR{, XE6HE H B BBt TR
20E 1@ F K M EcRB1-USPl R EEWEXEE (Liu et al. 2014b; Jing et al.
2016) . 1342 51/ DopEcR 7E 20E ¥ 3 FHEES Gas 1 Gaq #HEAEA, LA cAMP
M Ca** 7K (Kang et al. 2019) . 20E i GPCR-3 fili’R 7 #LLF DopEcR 7
20E B RERERNESHEERIRM . XEHIFERH, GPCRs 1518 20E 55, {RitE

Ei#BfESE, —% GPCR A4k (Weinberg and Puthenveedu 2019) . GRK 1 B-
arrestin £ GPCR WAL EE/EA (Gurevich and Gurevich 2019) . K% # GPCR

# GRK B¥ER{L.Hi8id 5 B-arrestin (Ritter and Hall 2009) FIMEEH (Oakley et al.
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1999; Kang et al. 2014) HE/EATH AL, % GPCR 5 G EAM#—PMEE
F, X PR PR NS (Murga etal. 2019) . GPCR-3 i 84K & T U HLH],
20E %S T GPCR-3 f] C 3i#f GRK2 BF&1k,, FF1E B-arrestin-1 MIMREEK NI T
W . GPCR-3 7EIAESIARIEM LI IE 20E S F.
4.2 £/ GPCR 44 20E 4B H&

HE4 GPCR 1£# 20E 55, BHERBERR (Srivastavaetal. 2005) FHHEs fp
) DopEcR (Kangetal.2019) , #4454 ) ErGPCR-1 #1 ErGPCR-2 (Caietal. 2014a;
Wangetal.2015) . ABF5048/R T GPCR-3 tha[ LAf&i% 20E {55, DopEcR FME# %
MBEZ 4k GPER BT GPCR A K% (MHELLE#*) , M ErGPCR-1, ErGPCR-2 fl
GPCR-3 B F B K& (43ibE 24k methuselah-2 ¥, Mth) . ErGPCR-1 f§i% 20E
{ES MM A 44 20E, M ErGPCR-2 1 DopEcR LLE M (Kd R 18-23 nM) &&
20E 4% 20E {55 (Kang et al. 2019) . X445 RR I £/ GPCR A LA{E 20E 9
ik A

% 4~ GPCR 1% 20E 15 5 #{E N 20E MR Z &5 R E T hE R 5 F Mth E2IE T
FA—A2E, MEZRRTHEAEESH (Lietal 2013) « B—AERRATEERENG
EAFHRFETFHFIREZEUBUTREEHHE G EL. FARMZEETH
RAREIRY G BEARFINMKRALE, FlaERARRKMTIE S RITHE—EH (G
BH) WEANMAK (S5) (Flocketal. 2017) . M4, RIEH) GPCR 7 LLEL A
G EBEARKBESHES. fltn, ErGPCR-2 M1 GPCR-3 ] LUt 5 Gaq 1 Gas 1 H.
VR S fn B h 45 F1 cAMP K ¥, i ErGPCR-1 U8 T Gaq 3880 40 fa o 45 1) 7K
S (Jingetal.2015; Kangetal. 2019) . —FEGEAZMHZAREEDFREN, W
ANKE LIREHR BF GPCR 2% (al-BF LRFZHE, o2-B LIREZEMN p-F LR
E24K) fEARRZMA (Goldie et al. 1984; Alberts 1993; Ruffolo et al. 1995) .
4.3 20E {23% GPCR-3 F¢ R FIR U 4k B4t 20E HE A

A 26f0 B % GPCR FLMERBAN > FHERIES, BE URE _RERERER
NAFEE, HREAEMFEDIREMAES (Gurevich and Gurevich2018) . GPCR @i =
RAEMZREMZ BHEHRBESHERIMES (Xueetal.2019) . A BAR (B LIREARE
Z4k B ETERURARNREAFE, £ SO ARTEBEAENMERE (Fung et
al. 2009) . EERILEETALLES A £ GPCR XA RAHERAE (Milligan et al.
2019) . ABFFKKRIN GPCR-3 FERAMREFVE R4, Hild 20E £&iFHRHA
JEIIE KR, GPCR-3 ) 20E &4 A S RABMS T FREIRAEMFER, #5H9 20E &
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A% GPCR-3 U A AA EE/EH. GPCR-3 VRN RAANMUEIN T 40
Ca? /il cAMP HJ/KF LA 20E 155, TiHE(Z# T 20E By Bu A, 5%
2k EcRB1 S5 & #AT R R T, X E KK GPCR IR AL SR EBHMESSH
HAR# KBRS E Sy #OE N

W R B ErGPCR-2 7 AR 20E #E A4 (Wangetal. 2015) . fER#EH, &5
BFEBEFARESHEN B BT 8IER, MARTEEN FIERMR W ER TR M
4t (Yamanakaetal. 2015) o te4b, S8 AIERIL 20E MM i\ SELH T E— 4
B %35 % [ Ecdysone Importer (Ecl) , i BA 2K B BE# & N QA 2@ A s 5,
TR 52 3| —Fh ¥z B A 4] (Okamoto et al. 2018) . Ecl fEA—F 12 IREBIERIEA,
BRI —/ M IE B FLERIZ I #E  (Kalliokoski and Niemi 2009) . 1
FBEHFNARFEE B AT, B THERBENESESUNAFE Ed. RFRIE
BT 20E &4 GPCR-3, HEAFENERGE (BF 7x4 =28 MNBEREWHKE &
1), f233 20E RENGHML . SXTRERF SRR 7 8 B R R 3\ 40 8 2 8% GPCR &),
{82 GPCR-3 [YR AN 20E # N\ ML AIILE] M TIRA T A .
4.4 GPCR-3 U4 INA LR o 20E W BT 2k 40 v =

IR E I 20E RIBFE TR F HRAMIREETE (Koyama et al. 2004) , &R
E K 20E SMFHFHEE, HSBEBAFARNAEKE L (Edgar2006) , 8 20E
ERRWRE T REARR R, 4 B FEKRE 20E WHELAN 0.5 uM, BEES
T2 20E WEHZE 5uM  (Kangetal. 2019) . SRS, HFEMAKE 20E K
BETRFEALK, MHBERT, # 20E #ATAALNELZIRHN. Bk
FE K 20E (5 uM) Bt 3 na5 K 5 AR E R 5 (ATGS) BIRBER MK caspase-
3 FIIEAL, ST B S BRIA TS (Lietal. 2016) « ABF R R ILN# 96 h 413 F B GPCR-
3MREBERTRE, F AT HINRESTES TEY . 20E BERN KT+
B 20B WRERE S T, HHA THRESH GPCR-3 FIRNRAEIE T EL K
20E #EA4ME, FH GPCR-3 WNENSRM 20E KN . XLEELER R GPCR-3
[FIYR I {25 20E 5 by 8ok NEEAIH
5 45

GPCR-3 & 20E A MR Z 44, UURNE _RIEHRFETHMRES, 20E &5
3t GPCR-3 R RVEIIZE 4. 20E %55 GPCR-3 5 Gaq Al Gas M E/EH, Bm#mpe
PGB TR cAMP VR LR — RFUTE FURMBEER(L, AT (R0 A% R R
BB R, s, GPCR-3 FVRINRA{E# 208 & N4, 34T 48+
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20E ¥R J¥ , 20E i#id EcRB1-USP1 ¥% K &14 L1 20E 22 £ K & GPCR-3 HIRIX,
PLUIE R B 77 80 20E 2 54 ST . GPCR-3 @it GRK2 /M SRIBER L
LK Y5 B-arrestin-1 MM EAMMEEERMAE, &1L 20E E5H# S (B 3.16) .

GPCR-3

: B-arrestin-1

Clathrin i
PKAC1, CDK10, USP1, CREB phosphorylation

i l

e

1 *

A ]} CREB-P EcRB1 USP1-P

= CRE )===={ ECRE je—e

,/ l’ Gene transcription Lysosomal degradation

PCD and Metamorphosis

|

3.16. GPCR-3 {Rj# 20E HAYBBIFAE 20E {55 . 20E 454 (2% GPCR-3 LR FIEII &
5. GPCR-3 [R)YRIY {2t 20E #ENMM 54421k EcRB1 456, MR LR P ILis
B REMMAAT (1) . 20E FF GPCR-3 5 Goq 1 Gas MM E MR, Bl 18 AR S
fl cAMP K, MifiF3 PKACI, CDK10, USP1 1 CREB H#§Rgft. BR1LiY) CREB

(CREB-P) 5 CRE &4 ¥ LA{R i3 20E Wiz Ay B3Rk (Jingetal. 2016) . BAREILAY USP1 A1
CDK10 {21 EcRBI/USP1 X SR S8 MEMM LA (EcRE) & LI R &
FERMEELZIE (Liu et al. 2014a; Liu et al. 2014b)  (2) . GPCR-3 [8])¥ VU %KL GRK?2
it FHIBERRILAN B-arrestin-1 AP FEEM S S5MAL, LAME GPCR IRBOUFLIE 20E 5%

(3) .
Figure 3.16. Diagram illustrating the GPCR-3 promotes 20E into cells and transmits 20E
signals. GPCR-3 oligomerizes to a homo-tetramer from a constitutive homo-dimer by 20E binding.
GPCR-3 homo-tetramer facilitates 20E entering the cells to bind to the nuclear receptor EcRB1 to
promote gene expression and apoptosis during metamorphosis (1). 20E induces the interaction
between GPCR-3 and Gaq and Gas to increase cytosolic calcium and cAMP rapidly, which leads
to phosphorylation of PKAC1, CDK10, USP1 and CREB. The phosphorylated-CREB (CREB-P)
binds to CRE to promote 20E-regulated gene transcription (Jing et al. 2016). The phosphorylated-
USP1 and CDK10 forms EcRB1/USPI transcription complex and bind to ecdysone response
element (EcRE) to regulate gene expression for insect metamorphosis (Liu et al. 2014a; Liu et al.
2014b) (2). GPCR-3 homo-tetramer is internalized by GRK2-mediated phosphorylation and
participation of $-arrestin-1 and clathrin, and degraded to desensitize GPCR and terminate the 20E

signal (3).
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AR AT 44t BB B B 52 4% DopEcR 7E 20E ¥ B A&+
#15FHLE], I F 20E-EIA F¥EERR T £ 4 GPCRs 455 20E, 83T 20E %838
HERREHRHTESKEHS TS, Br T RKARBEEZERAENELE
I T 20E J$E GPCR £ ALK LA K GPCR 7 12 2 [ B = 3 \ 40 ) 43 F 1L
#, AXRERERELHEEON ST BWIHRM T HIER SR
4.1 RIAFRBLERE XL
—s 20E 5454 DopEcR 858 B B RBUR H{RHEALIE KT 5L
1. #hdEKECE % DAL ST 20E MBI, 3R 0% R E BRI
20E WEBm. APTR R RS Dk RS BEE AT TR 4t T IR k.
2. DopEcR ZE41 Bt BB B 78 24 DA %18, DA 5 DopEcR £& R AKT BEER{L,
MAIETE, SduE R4 K. E T DA 4B MR R rThEE, ARHR
% B R A Z R RERIIR N AR 4L T 57 A48 .
3. 20E 7ER &I+ L iF DopEcR HIRIA, I£5 DopEcR &5& AN A Rt &
MM PR ThEE, FRBMMEEKERIEERRE. EHAT 20E BFLEE
DopEcR, ANEEMBEESRERILEMNEREMEIERE T HEL.
4. 20 fit & DopEcR 5 Goq 1 Gas MIAHE(EF, 3&MAHAEA Ca> 1 cAMP 1K,
HESEARBERIL, MTAT 20E BEEFRNREUEALE. FET 20E FE
BRI 41 AN B R 405 5@k i 2 L
Z. 20E 3 GPCR-3 B R FRURAEEE S BT Bot A4
1. RIT 20E {2 GPCR-3 FiREIVRIU R &, {213t 20F 3 Hut A\ 40 H 3£ %0 20E {5
5. 9 GPCR £ BARMITYBALG R IhEEIR 4L T ER 3 HF .
2. GPCR-3 454 20E Hfib R 402 L1 20E (5545 5, GPCR-3 5 Gaq 1 Gos i E
TEF, 5S4M NS cAMP 3N, UUREAFBEER, M ESr 40z 2 E
MREMBRES. #—PEHFET 20E FERAFESEE.
3. GPCR-3 i#id GRK2 /M FMBEBR L LA K 5 B-arrestin-1 FIM#E & HRAH E/ERI T A
#, AL 20E 55 S, B/~ T GPCR 7£ 20E 15 55 F PR BLENLH .
4. GPCR-3 /G G 4by SR IF 3% 0 7 4BM N 20E W&, AR =IRER 20E (&
AT FERE TR RES YRS AR S R i HEE R EI 5 FALE .
42 FHRT/ERE
1. RSB T GPCR-3 WEkTERIE 20E MNAMAITIEE, (HREHDHE LK
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. #ln, BREFE GPCR-3 EmAMKFZZER, #MAEEmEEII6E, it
GPCR &M GPCR-3 ERLHEZEATNIIG, REHRAKE. Wik, TRE
FASRIEER TG ILIREERFE (FRET, fluorescence resonance energy transfer)
MR HILIREEE T (BRET, bioluminescence resonance energy transfer) AR ¥
fli GPCR ZRAUMFENBE —E R, RAEAXHAIBARNEARSREE
48 (total internal reflection fluorescent microscope, TIRFM) % T H, BILA#EH, 3
SHNEREMMR S GPCR ZRAAMIHRMEE.

2. BF 20E 540MAR £ GPCR & &, FrLUG R ANZIAE 20E %5 R R A vl geda fll
ZIEL &K 20E, MdENGMAK 20E. 7 E x40 MR F4n i & H B9 20E #9475
FAW, CABHEE 20E AR EERR.

3. BRSNS B A RNAI CLHBET 74 KRGEMKIE, 82 B TR L et
FoAE A B E g 5T AR E R TR BT A KT8 £ RNAI B9E6L BN A EF 9w #E
£ R 8 58 4 1 AR SRR B R R T RE
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