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Abstract

Evolution and origin of IFN-inducible GTPase genes and
functional analysis of amphioxus IFN-inducible GTPase genes

Abstract

Vertebrate interferon (IFN) proteins, mainly comprising type I (IFN-o/f and some
others), type-II (IFN-y) and type III (IFN-As) interferons, play an essential role in defense
against viral and microbial invasions by activating the expression of about 1500 genes
through the JAK-STAT pathway. Among these IFN-inducible proteins, only a fraction
have been extensively studied The remainders, whose functions have not been well
characterized, include at least four GTPase protein families: the myxovirus resistant
proteins (Mx), the guanylate binding proteins (GBPs), the immunity-related GTPase (IRG)
proteins and the very large inducible GTPases (VLIGs).

Although these four GTPase protein families have been well studied in mice and
humans, they remain poorly characterized in other vertebrate species; furthermore, their
evolutionary origins are still largely obscure. In this study, we performed comparative
genomic analysis of the four families in eighteen representative animals which yielded
several unexpected results. Firstly, we found that Mx, GBP and IRG protein families arose
before the divergence of chordate subphyla, but VLIG emerged solely in vertebrates.
Secondly, IRG, GBP and VLIG families have experienced a high rate of gene gain and loss
during the evolution, with the GBP family being lost entirely in Neoteleostei and VLIG
family lost in primates and carnivores. Thirdly, the regulation of these genes by IFNs is
highly conserved throughout vertebrates although the VLIG protein sequences in fish have
lost the first 870 amino acid residues. Finally, amphioxus IFN-inducible GTPase genes are
all highly expressed in immune-related organs such as gill, liver and intestine, and are
up-regulated after challenge with Polyl:C and pathogens, although no IFNs or their
receptors (IFNRs) were detected in the current amphioxus genome database. These results
suggest that 1) IFN-inducible GTPase genes play conserved immune functions not only in
vertebrates but also in cephalochordates; 2) Cephalochordate may activate Jak-STAT and
futher IFN-inducible GTPase genes though other ligand/receptor complex but IFN/IFNR.

In addition, we analysed and discussed the evolutionary and functional diversity of

GFP genes in amphioxus in the Chapter 4.

Key words: IFN-inducible GTPase genes; immune function; vertebrates; amphioxus;

evolution; GFP

VI



W iR

E—E Gk

—. TFIRTARER

IFN J& Tori M H, ik 185 ) 190 MNa M4l n, &I 23 £ 30 4>
SR SIK, B ThEE. IFN JZ40 K 7 (cytokine) K — i, HA—
YR I I 4 JEAE 53 4ERT. 40, Isaacs Al Lindenmann KB, X 5H 40 i £ 52 31| 4k
SR RT3 A B S BB 20 W — R pO 2RI, AR B 4 TR
(Isaacs and Lindenmann, 1957). B850, TFN 7EAFHESN0 220540, 40
AR TR P R 2 i S 0 ik 2 R HE HE EE T) fig(Goodbourn et al., 2000).

1. IAVEEFE B B L

SR NAR S AE S5 R I T IFN (147 {E(Isaacs and Lindenmann, 1957), {H%}
T IFN BEDAI R e oy v B B0 gk R 1R A 2208 . 1530 1980 4, Taniguchi 554" ) v b
F] N X) IFN-o. F1 IFN-p(Taniguchi et al., 1980a; Taniguchi et al., 1980b). 14 4FJ5(1994
), Sekellick %54 M IFN (K] d5c 4] K SRAZ A0 XS rh 5 [ B35 (1) IFN K] (Sekellick et al.,
1994a). [AIFE, AATTHAE 1965 fF il R I/ fa h - AA /RS TFN 800 235 1
Y))5i(Gravell and Malsberger, 1965), {HE % 2003 4, AA1TA MBEE £, K E A5 £
] A R TE R B IFN HE K (Altmann et al., 2003; Lutfalla et al., 2003; Robertsen et al.,
2003). IFN 7EAN [F] 470 Fofr o 1) i) i P ARG At v g FL R DR P 1) e o 2 148 (1 T 2 K

BB 2PN, ORI Z [ IFN FE R4 A HES I 1) 45 A S vh v b
ko MRPEP I FNENE . ARG AR B A DL RIE EIRETE, AR L1
IFN 7y N =FhA, 1 A4, 11 U0 1T (Lutfalla et al., 2003). I % IFN N ZHHNFK
e, MAFEED 8 ANWFIZE: IFN-a. IFN-B. IFN-8. IFN-g. IFN-k. IFN-t. IFN-0
AT IEN-¢(X MY limitin)(Pestka et al., 2004b). I 4 TFN #8040 o M gwtis, a2
PR K i TFN-0 5248 1(IFNAR1)F1 IFN-a 5244 2(IFNAR2)ZH i ) 598 — 2. A
20 2 1 Y IFN FER B IE A (e 9 S g tafk b, b IFN-B, IFN-¢, IFN-x F IFN-o LA
ANIERTE AL, 1 IFN-0 (13 ANDIREHEIR LMBEE R A B . HA I L300 1
RUIFN 5 AHIREBL, AEge Ak B g oA o AR FLEIYIE IFN-0 ZER7E R GER
& A R, U] A R A S R AR T A AR BE IR A Y TR 4 (gene
conversion)(Woelk et al., 2007) X343 PAFIAE ) T 4L IFN 737, —Fpadh 10 DA
B, 55— LA IR B A7 7 (Sekellick et al., 1994b; Sick et al., 1996; Lowenthal et
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al., 2001), (HEMIFH—"MME 4. XSH) 1A IFN 20 F/Em BB 3 l—7%,
R EATIAN & T LA AR FLBh P28 1 8 IFN 20~ Gl fa LA ], eI
—ANTALIFN LR, EP51) B4R 1R IFN, (HEE RS54 A1 11T A TFN JE (K] (Pestka
etal, 2004b). [Ft, KTEMHE, HRIE/F/EF Y (Lutfalla et al., 2003; Zou et al.,
2007). IIT %Y IFN KIVEGR, 3 A (IFN-AL. IFN-)2 F1 IFN-23) H3E3AGAE 19
St AR E K41 (Kotenko et al., 2003; Sheppard et al., 2003). 5 _Lid 2K
IFN A1, EATE S 5 AN T Bk, WA P80 TFN X458 1AL IFN
S, WALIEFIEFLIE T8 IFN 1 AR 71 -F IR 40T, iy 1 29 IFN A&
) — IR s % JAe i \ 1T K (Lutfalla et al., 2003).

518, A IFN ANfF], 108 IFN R — AN IFN-y 4%, I H ARG HES)
W& R LR R e, VA R AR SRR 1, U0 IS B IR £ 1K ) B (Pestka et all.,
2004b; Robertsen, 2006). {H 5§ P AL 2%, ASFIFN ) TFN-p J5 R [FE P A4
1%, ASAIHEAR K — BEN TR #RIA A, IFN=y 2 DU L 3045143 11 (Pestka et al., 2004b).
HE] 2004 5, Zou 55N A FET[FIVEPE ST 3D 5 #4) s ASURN 5 (R 41 1) [R] 6 T (synteny)
HLEBCRH I KAL) TFN-y 25255 k. R BT HESD AN RIS AL ) IFN-y #5474 A
AN 3 AN B A R

2. IFNR EEEE B WY P EIEL

IFN & —FEe i+, JR A TS & SR 1 52 4 B A REAT (AR5 DRt
ANFEH IEN 45 S A AL A, 1 290 1IR3 4 IFNART Hil IFNAR2 (Samuel,
2001; Pestka et al., 2004a; Pestka et al., 2004b), II %! IFN-y [{J324A>} IFNGRI1 Al
IFNGR2(Samuel, 2001; Pestka et al., 2004a; Pestka et al., 2004b), i IIT 4[] 52 44 1) &
IFNLR1 1 1L-10R2 ZH % (Kotenko et al., 2003). R HT &I, 41124+ 45 IFNGR1
TEAE TS A28, 1 IFNARL. IFNAR2 Fll IL-10R2 T & [R5 3L A H &% B
TREAEDU ). IFNGR2 B [R1Y5 5 ) BEAEmf 71309 7 $8 31(Stein et al., 2007;
Gao et al., 2009). 5T IIT 71 TEN 324K IFN-AR 1 #3354k STk v v W43 , {5 ENSEMBL
¥ 95 FE B C http://www.ensembl.org/index.html ) IFNLRI & A & & & 7~ (ID:
ENSG00000185436), IFNLRI FEPH AL 5 ] 36 34 3 E BN ) /3 A2 Ao (A4 HE
5&, IFNARI. IFNGR2 1 IL-10R2 7EWTFLEH A (O 4k 5038, HAR B[RS
PERS o A BB T, Stein S5 76 BE S A R RH R Kt 3R 3 T 5 R = ANE DAY
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BT A A L DU ALK . CRFB3-CRFBG6, MG 7~ T X Se 5L R s T
AN SERIAHL S (Stein et al., 2007). AAFEIFERI M5k, MATEUER] T DY 237
IFNAR?2 5%fi# 44 CRFBI Fl CRFB2 (MR R .

BRAWOFEZRER: KR RRIDIWAGHE Y. Bk, SKRZshPA
RN H 158 MRtk ¢ & il (925 (Delsuc et al., 2006a; Putnam et
al., 2008a). AIBRAFHESY) TP 2RIy BRI, P FER Azumi 55535
X Sk R BN RSP HIARE Y Fh (LB AR R R L34 T b, (B7EPRAN D)
T R RE BN H0 28 S G e A2 AR HE Kl (Azumi et al., 2003; Huang et al.,
2008b). Hibino 55X} i K2 24 HH (¥ 55 BRI 41 43 W7 145 21 17 AH )19 45 L (Hibino et al.,
2006). MUk, — BN IEN FER IR IE o e RGEFF, B HESII PR A 1
LARFATEA GRS, H AT T YA R 0 LR Ge o AN R, AR
R TR G b PR 38 43

3. IFN BB Rk B HIE

AFHES) IS0 TS A 0 P 1740 = 2 Pl 5 R i RGNS IR e R A T
R IFN LRI 0 56 R 2 P Y0 » 1 TEN-y IR P e 2 495 v 38 ) B
I 4 IFN #J3f i Toll-like A2 44(TLR)EE RIG-I-like 2 A(RLR) /5 (K45 530 B 180 (K]
1 N 2)e XPHANSZAR R G/ s g CERE Js A = A=) oy ) W0 EAEAE—E 4y
T TLR3. TLR7 Fl TLRY #I4] 7E P14 (endosome) i L, TR Fh s 85 R 50N A5 B
[¥] ssRNA. dsRNA. dsDNA 4r¥: TLR4 4244, TR g g (22 e bkas
Fes LPS. H % B (mannan) 2% (Kumar et al., 2009); RLR 2345 T4, tHafin
5] dsRNA J #(Garcia-Sastre and Biron, 2006) . iX S8 524K 731+ [¥) R Wi F oo A7
7 5f. W TLR3 i TRIF (Toll/IL-1R k& H). TRAF. TBKI/IKK1 557 1ififk
IEN #7575 5~(IRF)3 A1 IRF7, {efd o P A sih s 2k, JF4h& %) 14 IFN
R sh 1 b, MmiEds 18 IFN % 5%(Kumar et al., 2009); TLR7 F1 TLRY i it
MyD88. TRAF3 1 IRAK4, 1 Z533% IRF3 1 IRF7 (R4, NmFFiE 18 IFN 1)
5% (Kumar et al., 2009); 1 RLR 5 dsRNA 4545, 1 56H0H MAVS. IPS-1. VISA
A1 CARDIF, 0% IKK-¢ M1 TBK1, Hif #H#0% NF-kB. AP1 #1 IRF3, Mfijik
0% 1M IFN #5518 H ) (Garcia-Sastre and Biron, 2006).
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Fig. 1-1 Activation of Type I IFNs through TLR signaling pathway (Kumar ef al. , 2009)
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IFN-y 5| 5 (1) 58 J M5 TS TFN SR IIR, 7 A8 I 58 R i i kit 2 b
AWAEL S E R 2 Ja, WSOIRA i (dendritic cells)2s /™ A R 3 [ RAEH 1,
T 388 11 4% 3% 407 94 .41 g (natural killer lympocyte, 45 i NKL)YFIZEN T 414
J% 43 IFN-y(Trinchieri and Sher, 2007). 734k, {EAHIAASZ 25 AE B G
(115 27 R, SRAFPE Gl SN, CUBEAS E A BT o % SR A1 B 41 it 2 11 1) MHC (Major
histocompatibility complex) I85>, <K BIRIETLED I 2 )1ki% 5 2 T-helper



G

YR, BT 402 AR(TCRYRA, M He& i3t 7 TFN-y(Trinchieri and
Sher, 2007).

4. Jak-STAT {5Si@EEK

1B IFN (R4 SOFor 5, BEA MRS BN UR B M, AR VB AT DL
RTE X (Ortaldo et al., 1983)45 G EAEAE TAEAT 40 MU 100 1t IRNART-IRNAR2 JE R
[f) 28 4& F(Samuel, 2001; Pestka et al., 2004a; Pestka et al., 2004b). X 454K T
IRNAR?2 %54 STAT2 (Signal Transducers and Activators of Transcription) -3k iy 45 &
STAT1 fJfig ). WEALJ5 ) JAKI/TYK2 (Janus tyrosine kinases/tyrosine kinase2)X
STAT1/STAT2 &AWL, MIifl STAT1/STAT2 M Fik 4448 Bt . Wigs it
i W2 A 1Y) STAT1/STAT2 L5 IRF9 &5 & JB BOH I & & 4 ISGF3(IFN-stimulated
transcription factor). ISGF3 ¥ 2#%N, Jf454 2 ISRE (interferon (IFN)-stimulated
response element)iZ M7 I, MIMTIFIE 52 T4 IFN 5 5 1L )5 14 (Darnell et al.,
1994)(&l 1-3)0 I R T-PU 3 AL T~ LB AR IR 45 5 8RR 2R i B PRl ik o TFN-=y
FEMEOER T Eg R, Subsinmiliaes)E, U RERERL S
FFRIE T4 g T 19 P4 IFNGRI-IFNGR2 4V E &4k L. X —454
75 JAKL F1 JAK2 [RIAR TLRERRAL, AT 0S4k T X AN - 75 46 5 11 JAK 1/ TYK2
WERRAL IFNGR 1, 18 5 3 7745 T i3k STAT1 16 11 . JAK1/TAK2 3 1M il 3K 1) STAT1
WAL, MIMAE STATT M _EI& S 548 E I (Krause et al., 2002). @it E, M4
W IR IV () STAT1 JE 384K GAF (gamma-interferon activation factor). GAF
HBIIA, 14543 GAS (gamma-interferon activation site)i% B ot E, Mifi I A
5 TFN-=y i 2 D W R0k (B 1-3)0 Haflivh, Bz IFN-y PP R B T4
(Boehm et al., 1997; Ehrt et al., 2001), P A] UL IFN-y ZEMLAAR G5 o 16 R PE F 22
PE.
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Fig. 1-3 Jak-STAT signaling pathway (Sadler and Williams, 2008a)

Z. TIRFEIFS GTP & (GTPase) B RiHRE

B4, TIERCL KD 50 £4E T (Isaacs and Lindenmann, 1957). fFiX 50 4%}
BRI TT A, AATTROR B R I AT e S R P S e R E RO 2 55— B By Ze b i 47
WA . L, AR ASHE AT 40 3R a5 R NI PR TV0 97 2 T 13 S 4L 11
A2 —(F W.L7A (Borden et al., 2007)) ‘BT ZE M & @ o AT BTN
WL RAATL) . 128 TFN AJ 355 300 2 MK &I (Der et al., 1998), 52 IFN-y
VI RN A 1300 N(Boehm et al., 1997; Boehm et al., 1998; Ehrt et al., 2001; Gil
et al., 2001a). R, FEXLERNIy 1 AR — 00453 21 TARBFRI0ESE, XL
fuF5 Mx1. RNAseL (RNase L). PKR. ISG15 (interferon-stimulated gene)~ NOS2. phox.
NRAMPI1. PRK (RNA-dependent protein kinase)fil IDO (1 WL £5id (MacMicking et al.,



1997; Skamene et al., 1998; Bach et al., 1999; Sadler and Williams, 2008b)). i 411,
Mx1 J&T GTP BH AR L o TAEAR LSBT 1 R R, /DR adE
T4 34 GTP MR AXKE, ek GBP HEAKE. IRG & HKIEM VLIG &
1 5 % (Boehm et al., 1998; Klamp et al., 2003a). Kk, HRETMIEA 4 4> GTP Bk %
BT RN, BAREIhE.

FI 11 GTP B (A8 S RS A X, K AR F GTP B A KK IR 45 & X (1
M G X)HAAMABI R, It H 5 BRSO, e kiR A
G1-G5 (Leipe et al., 2002; Leipe et al., 2003). 5 NJofEH, G1(GXGKS). G3(DXXG)
H1 GAIN(T/Q)KXDIFEA R 8 [ S T A PR 5T

1. MEERKRNARER

19634, Lindenmann & I [FJ=5 R I, A2Gah &/ CE A HLm i 28
(Lindenmann et al., 1963), Jf HRHLX el f1 g s b—ANgdm 4 0 Mx A7 sk
€ fF)(Lindenmann, 1964). 20245, Stacheli 25 M/ A I e BEMx 1 36K, FF 4k
RIS TV — I UE T Mx /R IR T 2 25 P 94 H (Staeheli et al., 1986). MX
AR TR B AE70-80kDa, 3N G: NumfIGIX I8, Chi ) GTPREg
X (GED) & X (CID) . HHPGED S H — MMXFFA [ s 2 Rk Al — A4 il
IRTE[X (coiled coil domain), ‘EAIEMxS H & 8 FUAH BAE FH A AR 1R 25 22 (1) 4E H (Melen
etal., 1992b). CIDAISEZAMRPLEE X T W 8 b T 1. MXJE T Dynaminfk [ %K
5, FAxmR S 5 X A A S Dynamin i FH SR A [ dynamin X 3. 3XANXISAEMX A 3k,
HATE Pk = AR 2 AR R R FF . S35, HMX—#f, Dynamintl B4 CID
MGEDX ; HMXAFK)JE, Dynaminft N A7 44 M K LE 1 (Martens and Howard,
2006b).

DRI/ B M FEP K 3% T A9 TFN (IFN-o/B 1 TIFN-L) 45 (Haller and Kochs, 2002b;
Kotenko et al., 2003), THAHRT, AMIFEPIE Mx FEREIR) R 31 X UKL T 14
IEN FTHF 454 1) IERS J01F(Hug et al., 1988; Chang et al., 1991; Ronni et al., 1998b;
Asano et al., 2003). S FLAMLL, ¥ (Schumacher et al., 1994; Bernasconi et al., 1995).
BE At (Altmann et al., 2004). ¥ K ff(Yap et al., 2003)F14L fi# ff1(Collet and Secombes,
2001)) MX FERI A 3 7t &4 ISRE Joff, Bkt %2 T R TR s . AR
&, MR MX 387 HBA 2-3 A ISRE Joff, Mg HAa—4
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