14 PTAEMFERR

STAEMFORE, THEHFOHRR, AT HELEETZAMFAHRGEAR, Anit—FB1H
F AL,

TARBARGEREARSIE AR F oy ohit if A 452 h a6 H, B gain of function (GOF)#) i
Ho PlheARE AR AR R T RKI, R@P ARG “EREI LT Tk, LT ALK KB KL K
MAR KR Z ey dhak, THiEA LM AR, B loss of function (LOF)&) Jf £ . GOF i &£ A 8 T K 2L
SR, EE, LOF KAt hak b B0 LA,

AFUN—LT2WHFREAAILTERLS A,

141 #HXZHAREAR

ARAEA R R ReGE R, Ao LA, RFIREZHLRG—F 5k,

C3H 10T1/2CI18 2k A I RIERS, HFRXBREMITEG@MILR , 1977 F, JLEAFERC LS HE
AT S5 e9VE R, ABR KA, B AT A A4 5- R A A0 HF(S-azacytidine, aza) &35, HAK KB S
A% 4a i (Benedict et al., 1977). C4raza AIHE . B, FEFHER, SHCATETahRk. GFEHFE
Constantidines. Jones #= Gevers ¥ E#], aza &3 10T1/2 )5 & &9 £ ML A 28 JiL(Constantidines, Jones and
Gevers, 1977). 10T1/2 tafeF= 3T3 @ JLAR T AAK aza 5 F 5 &, A RIXILA @R, @ BLiEH i A7 e e %
(Taylor and Jones, 1979). B % aza #p4%] F A 454585 F M, 402 W% DNA F AL mPa L B AKX L mie
TAEH AL 4B,

1986 5, % H % B Fred Hutchinson #& & #F % F +5 49 Harold Weintraub (1945-1995) 52 35 'F Bl iX — £ A
HR kT Amieey kB, &%, Weintraub #9145 Andrew Lassar 5 iE 80, aza & 7249 10T1/2 858 I~ X
WA ey 5 4AE, mBILA MR ZEAR ST heREa. TREARTA, LA FONAEZ A
HEOHERT, IARTEMNEWIAME., 25, Lassar F A aza &3 10T1/2 M i 5 13 2 69 LA tm i3
A H 4 DNA, fmiX 3k DNA 3% A 23 aza & 49 10T12 @, TUAFI MA@, k%% aza R3E
89 10T1/2 tm ek 69 A H 40 DNA $: 2 3X —4E Flo A5 S —Fr e 4ty LA mBe & C2C12 kR 49 3 B 41 DNA,
A K — Ao AT AEE F 13 B L PY 20 L 69 3R F 4R 0] 2 AN K B A2 T 20K 0 L 4 35 69 1F ) (Lassar, Paterson and
Weintraub, 1986).

HHarold VWeaitrawb
(1945-1995]

& 14-1 Weintraub

Weintraub 49 4% 52 % Robert Davis 72 AN#F %, 1987 %, Davis. Lassar #= Weintraub 818, #1328 74
10T1/2 A& & 4z 4m BL 3 s UL A 4 B 69 % — K B (Davis, Weintraub and Lassar, 1987), fefF & ey, K42
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PoiR aza /R EATE AR £ Al HA A %X A aza & 3L)5E 49 10T1/2 2 é9 mRNA, #)%& 32P 47049 cDNA 154+
(BAVERARA A), LRAIA LR C2C12 49 mRNA #| & cDNA(&AE AR A B)o Davis 5L F % A 4 32
89 10T1/2 £0 /269 mRNA 4] & cDNA(&AMEARA C)o F4£69 DNA 54469 DNA F3t A H K & 722 L 8 &
/% #t (hydroxyapatite, HAP) L4 % (Bernardi, 1965). Davis ¥ 4% A A C /G, i HAP 4, #h#F £ 48
cDNA ¥ F, #tA& A& aza &35 10T1/2 49/8 T A A VLA ta i 4% 5 69 (RMAE AR A D)o kT4, ARG
BN, 2] 10T12 @I T R A 4 769484 D, B B3R R, %6, I HAP 4, #FWEN
cDNA, &% ki3 #FEsE, 52 Afo B LR cDNA, E4#, RELIWHRAEBER. m5CH
Bl 49 cDNA. B A %k & poly (A)" RNA (mRNA), FTA=Z R Fl 4 mRNA. Davis % B4 F B 4| & 2P 4Rt
# cDNA #4F, RE 5 AHR. 5 CARRMI.

AT H A 104/ cDNA P 3R E] 92 AL A . R A demiad H oy 2le, £RFIH 26 F. feist—F
M JUANR A FE 10T1/2 Mt 2 AT & A, AL A @ it -0 B) UL T A2 & 3R R AL AHERR LA 4 L i A2
AR, REFIMAZMAGEZOERNF, FEMAXLAREGAA LR, A5 54K MyoA.
MyoD #= MyoH. iX = A~ B 2 5] % s 4 4 10T1/2 e, R A MyoD T VAL A1 % s LA 0 i, d B
MyoD =T KA4E % P 48 It I s AL A 48 i (Davis, Weintraub and Lassar, 1987). £ &4k R, MyoD R & & AL A 4 fie,
BB A B e Rk, ML, MyoD & & i 45 % mRNA 4 s 49 4% 8 T (Lassar et al., 1989). VAJG 69 47F 5
JEE MyoD £ 69 % AN R 424U S ik 03X —AF LR A 4a R 4p 35 5 F HLRL Y T8

142 #HAZZFERER

HBEARERG TN, LTAFEER,

Yo AFAR, KDl Pin LGRS, Hivgdmic—4, AahhBiahm. AE RN
AHETURR, f B RTHERRARR RIS, BB @mCTQz)h e mie KB 5 T1E5,
Blha M EH R Z R G A % K &= 4 PRI E R 674 69 4 42 49 B (Nieuwkoop, 1969; Nieuwkoop and
Ubbels, 1972),

| 4

B 14-2 IS 51 & 2 1L B9 o) 4 AR A A A A

"> K 5 Douglas Melton 52 36 F s 52 & ] F 397 ta J0 A 40 48 An 3h 40 M 4F 7 69 mRNA. A4 A 97 28 0 69
mRNA, R4 FEA cDNA, #|mA % 2x10049 cDNA L& (Rebagliati et al., 1985). HeAl13n F shih iR A=ta 4011,
A1 H & mRNA, ARG 2P ARITHIRAT . X B IR4H 5 A 5 9P fm il cDNA SUE AR 4R 22 8, F- 4R A M4+
549 mRNA. 13 2] 3 N ah4h R 4F 749 mRNA (55140 %4 Anl. An2. An3)fe—ANME M4 589 mRNA
(Vgl)e Hefilst—& 547 Vgl, KT R —Anibtbty & ah, & TiHL5LE F(TGF-B) K #%(Weeks and
Melton, 1987).
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|ﬂh|tkl‘|nh <.|i|‘ Ll)NF\. ( I||r.np:5
for |ocalized e4q PNAg

Anima\
O \ltf-)ﬂ'al
('__A—"\
-
@ ‘ J/’g V9-1 in ovcyte
v

1. |Solate [’B{U Al R
2. Synthesize 2P <DNA
3. Probe re{)li(q P!HUFS

of DN U'l.-n\rj

K 14-3 27 wEHHF Ve-1, HE mRNA 4

B BT, BIEA TN ET2ARANRE T, AABEGHHERSEH. BATHAEREK
IR T BB R B MO A W, 185 e 29 AR, Pl N3ERERS 7T R 2 M A2 B A 45 F 3 A 42 S 340
& T 3 M (Gerhart et al., 1989). T4 7T A3 2 4oy &K B 49— AN 7 5 2 2] B AR A 69 M & oA #
B AR, Sh RNFIKUV)RIZ | 2001069 N 55 AR NS =T A5 AR A% 69 I M4 (Gimlich and Gerhart,
1984), & A &AMAZ(LICH)AZE 1 2m A6 7 69 )N 35 IR S =T VA5 BUAE A6 69 3 M) 4L (Kao, Masui and Elinson, 1986). %
18 % F) H2 1] K 5289 Richard Harland 5 1§45 William Smith A 7~ B A= J6 32 B mRNA, E418] UV &2 8y
REJE, A E AT AE & AR AL AR AL 69 AR I8 M AL (7 A H 4h) (Smith and Harland, 1991). #4104 T JUAY KR 49
mRNA, & IAE R & 3% 69 & LiCl & 32 if 69 AE 6 K R 49 mRNA(AR 20 & 46%), H KR IEF RIS KR
mRNA(R ) & 12%), mIMACAE IS K R 49 mRNA B 7 &9 H MACAE A (R 2 & 8%) KM TR 4 mRNA 49 =F
BRI E 5%)e fMEBrTF2H1ERAREE M mRNA 2 JLANES, EPREyH 835K F—/A mRNA A #
MALAE R, AL Xwnt8, {23 0 &2 A A K IR &£ & B (Smith and Harland, 1991), #1285 9 K 1F—A 4
HAGRE, @A — N0 & AR, W14 %4 Noggin (Smith and Harland, 1992). Noggin & ¥ % ik & % ix
RIRFAE T 3, M BAEK B, WELAMNZET, TAF—ANRANFEARATEOLER, Hit L,
C AR A ML AR NG, LT AR AV %5 45 .

% B &4 AUm N K 4 49 Eddy de Robertis 2302 4 11 R K B 4] & cDNA L&, ARG EH mRNA, k&
TAFMA UV 2B AR a9 B . #f1 K Chordin, CHAERKENE, UBEWEE, FLLAWEZ
% F1F M (Sasai et al., 1994).

143 BEARBELFRAR: HPRE AR

R, REAGERBRARNGDGEQRTRLAGAE, MAikLR,

ATFAALBAOMBTARBERAREER L. AIENRNSEI (AT AT Emib), LELF—H
(Mowry, 2020).

Wt & Ay kR A KA, I FH mRNA B, EH PRSI EMIE, T AR F mRNA &35 &
8 Jfi(Gurdon et al., 1971). 122845 1 T &k %, Plhedk AP 225 R RE % F 69T, 71X mRNA 45 &
PEmiekik, MEAFHEROMED LmIE, R A TRAAAND, RTFELTHBRKRG ST LA
B, mEESEmMBI ST LR T AN B R, MR CBIE A (nAChR) A &2 5 Filil, T
LRE, AT AR AR M B 6 B T, ME & B ERAH mRNAZA 2 P& mie, M2 T nAChR 4
B (Sumikawa et al., 1981) o SH"HILEF JTLIL E X F £ 69 NMDA 4k, L2 R 90 & m e ed & ik 5o & pr
& %149 (Moriyoshi et al., 1991) .
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AREREASMHTAR, AP SHTIcxAELRA R FiEE, RALIP S kR LB mANY
(Liibbert et al., 1987; Julius ef al., 1988) . A 's A 5-HT1c #9875 414 cDNA L&, Z4+ mRNA # 5-HT 3l
AW RETFIBEF R, KRGS H LA F—A cDNA,

MK KRG TR RESH Fili#E, mA GPCR, 125 FiHiBER0913 54 F18 %A T AFAE N 49 B,
AT VAR 9P tm e e % K 4 6924k (Masu et al., 1987) o

WA M Z SN, A EA T EAAMD R, B, HEFOT AEEBRHFORY, R AT ARZEAT
it ey &4 (Hediger et al., 1987) , REF MR FE oM E UREF) T AN RS, A2 LT AR KR
*HEemamiEE AR,

144 HDRFEAFERER: BE54EM

HEFRTURRE-AHFRA, ARALE; CTURHZRBIT—MHER, ARARKFTETUS
BRIy e 4,

K4 (Roger Tsien, 1952-2016) MAHEALFFet 3BT, B AAHK, Roger Taéen 11952:2016§
BT AEBFEFRT, FTHERKRKAZRHRALGHFHTRTAEE, AABEHTHA
MG T ER AT, HABIRESHTHELSR, I AELZEBHTER
Bk, AmARABEZTNANET @M BTRE, A fura2 F— R4
M 75 3 TR EH 75 Fe A (Tsien, 1980, 1981) &

A T A% (Osamu Shimomura, 1928-2018)  (Shimomura, Johnson and Saiga,
1962; Morise, Shimomura, Johnson and Winant, 1974) #= Douglas Prasher (1951-)
(Prasher et al., 1992) TAFy ksl b, AARBEAGIEHENZR AR (RERALK
&, GFP) TR AL L5 HFE KM KA (Heim, Prasher and Tsien, 1994 ;
Chalfie et al., 1994) .

T Akt 2 @ 69 4T #kE (capsaicin) 7T VAME 3R R UK PE . AL 7T WA3E pR 4
. David Julius (1955-) F 1980 44X /& Richard Axel £ 3 'F 1§ LB o9 B A & 14-4 Tsien
kR FBFREFZ GG TR (Julius et al., 1988) o Z|H& L KFHEH % 5
B, Mgk R Ak ik, P —ANREAFTREMEG TR, AN KRB BARE G TRTARA I T MR T
M, T—HRAREMNBEERGEN D THEARKRY R, ERRTFINARREESL, BARANEER YR
MR, LA M ARAY LT (dorsal root ganglia, DRG) AAEN % #+ B RAE, d BLAT#RME A B o
FEHMFER AR FARICH B FIEA M E (capsaicin) T AHE F KA HF A2 T (dorsal root ganglia,
DRG) ##b% L= 25 & F NiiAmE T R, NAEFRABTINA (Woodetal., 1988) o RIEX —4F4E,
Julius #4752 32 F, A DRG #9 mRNA #]% cDNA L&, ARG 4# 5@ Kkmie (F A4 HEK293 @it) .
RGEH AT & —T < T 54 cDNA 8 &, Rif5 240, REE 2 —A cDNA, ¥ jk44 3 5] HEK @/
T AN B E AL BT MR e R R (Caterina e al., 1997) o %AW E AR L iTa 44 VRI, E A
FAHRAMRE R, W BAFATRA R, AR ITRE .

FHABA, VRIFFR-L_NEAR, mAET - ANCELERORALRAS I Kk TrpiBid,
{2 &, & Julius K I VRI /> F3F skt & Ao R R BF, Trp illifl Rk 69 At L5 RARF £, 1969 5, £E¥
g4 ) 89 Purdue K 52 & 4 R #5754 Willam Pak (1932-2023) A R #6974 M @ B (electroretinogram,
ERG) #F % RN . FFRY 0RBAL T LM (Pakeral, 1969) . B, REETHEKRFHAHSE
XREA—HFRE, B3 ERG T, WMNMARE T R8®AY BN AT S E{2” (Transient Receptor Potential,
Trp), AR KL 69K B LR FE%49 Trp £ B (Cosens and Manning, 1969) . 1989 5, % Huil k514 5%
#| 54 Gerald Rubin (1950-) %235 % 49144+ 5 Craig Montell (1955-) #[& 7 R4y Trp £ B (Montell and
Rubin, 1989) o HAIKIN Trp AR BABYZRARA S EHBERX, EH KLY I9NMALRERGHA KK BA
CHREHRBAFRBEST R, FFARS HIEMNGAHRERLHTEE, 2irfletHTEBRLT ALK
A, Trp XM ARBE R KT Z#A4, BIEA, ERXERG Trp AFHRELHK, ETo Trp &
At 2R, JfTRER, CATRFHE,

Julius 2352 1997 F9 K ABTT LA, B Trp TR/ KIAKX, RS AmN Trp FFREIIT
7, RIAE % Trp RAEKRR, KNL S A, 4o Julius 550 F 2002 5 A # 5 FRKA KBGO TF (McKemy
etal,2002) , ZRKIAAE Trp RkH— MR, A SA TrpiBid, BE TN T @478 B RE G9RETE

A AL

Trp i, TAHAFRAN TrpBERTES, 55,
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A R R F— R L5 T AL GPCR. LAY F — R A BT AN F 5 Bl R FA 198
RAFRNME L. RN FE—BEBMKIAR GCEOBFEEHL, £ KM EE 2T RIS
(Pace et al., 1985) . "t v 2 478 G & & (Jones and Reed, 1989) Fe3f BRI &0 B Fi@iE
(Dhallan et al., 1990) #9 % &% b, % EH-F46 b & K 5249 Richard Axel (1946-) #=4t 4918 45 Linda Buck
(1947-) @it % ##gse R 2 (PCR) RIT DR % ERHAFH 18 GPCRs (Buck and Axel, 1991) , WA
BIEE M AR RN T o REFEGRILLFE EMAN, EREGETHTFRAILA, 25t
TR ekt ($4. B #. B, %) (Hoon et al., 1999; Chandrashekar ef al., 2009) .

A Trp BB HAE, MaT AT LERL CB. 96 E, IF00R) H—B5THE, ALK

RMAR TR —H Trp i, BRAAFEO L@ TH LWEMTLTRGENERLHT,
42 TMC (Kurima e al., 2002; Vreugde et al., 2002; Jia et al., 2020) o & SM B Ao WAL 69 R /) B % B % 4%,
Jm % B A2 )M 89 Scripps #F 7 P 9 Patapoutian % 3 'F & 49 Piezo (Coste et al., 2010, 2012) #= GPCR (Xu et
al,2018) o MME LR, HEF—BRHBRTATREZLEMTRNGL T,

145 BHRFEFRAR: FARFARG KL
FEERMHER, hafo DNA TR LA KEOSHHORETRRA,
M4, RIEMEG T %2 ILMEIILE K42,
TaEs R IT S MIT 4949 -F £ 4% K David Baltimore (1938-) #9523, Baltimore W% &k B T
Wi, 32 % KR FEE, 37 ¥ 5 Howard Temin & Fi£3%, 1986 4 X 3L NF-kB, 1989 F XA T4
#WELR (RAG) « RAGABHANA —FZF|EIHaILE R,

Daved Baltimnore
11938 - |

& 14-5 Baltimore

1984 5, Baltimore #9#F 50 £ Susanna Lewis X1 7 £ 8, A AR RFE OxBREL RO F I ETH V-]
T, MR T KIE ViAo Jk A L L 69 DNA 57, RAREF L@, FEXA R Lk e mia s ey kot
¥imie % PD. HANVAEFF] Vicke IxZ 8], T R 8 ME 6T 24> A 3 BB BR A KA 09 35 "% % - B oRob sk
FR M HE #4585 (xanthine-guanine phosphoribosyl transferase, gpt) o B A £ 45 % & 16 DNA 5 7|4,
AR B 09 R B 09 gpt /B 5] — B K& VicAe IxZ 1A T4, HAIGY 571804, gpt A E@dm T Ak
K GPT & @R, MAERGIUIERIR. Lewis $RINEKD], WMy nTHE, HEANPD@EZE, &
TEMBRGFE MR S HA AR BT Vicde JxZ 8] DNA T4, gpt 571814 (Lewisetal., 1984) .

Baltimore 5% 3 'F 49 55 — {2 #F %0 4 David Schatz Fl £ Lewis 89 7%, BMET NS B#HEZRHL
B (hph) ®mdF. AREMmEE, RANKET $4 Baloiikmipigeminf, %368 4 Vick Tk 7]
DNA. #1%% gpt 3 hph S K B 77, FE @A BB 3 B 915 FA Wt 124 R B B A 69 5% & =&
3T3 M eFémin 2, #A A KA Vicde JxZ W] DNA 40 (Schatz and Baltimore, 1988) . Schatz /£ &%
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At hc TSR, LEP k91 )E Yoav Citri (1953-1995) A Ak E 3T3 a4 V (D)
JEWFN, X—#NFHnT BB R (Schatz and Baltimore, 2004) -

< —

Jx Vr

&

PG —— ’F— Before

Recombinaction

S o Hf’rer

—

&l 14-6 %% RAG 923141t

Z48 3T3 @0 K £ Vide JxZ 18] DNA 41, Lo —A09i%it iz AT E4 Vic-Jxbymie (AT B i)
#9 mRNA # s cDNA L&, & KEF cDNA 3 4 2| 3T3 /e, &4 4 A T AN Vicd= JxZ 18] DNA
TG gpt R hphe EXAAF KA B Ml cDNAMHFRAT, 3T3 M2 ERBRABNEEF L. fte
R A A B @medy cDNA F 3 ViAo JxkZ 18] DNA £ 48, 14331089 gpr & hph KB AT AR K T 6, K
A GPT 3 HPH &k, XA &) 3T3 mit b MR EMB A BHE £, PR I3 W@iakaiE LT 5 mmks
X cDNA, X% 3T3 MR M ETRER KX BAFEFL, T THRRERR K BHEF W 3T3 @izt
VA A AR T A cDNA A $ 8 Vide Tk 8] DNA ¥ & 41,

B A —#m e & K1k % mRNA K 7T AfF 2 ik % TR 89 cDNA, 4= %2 —#F cDNA %4 & 48, IR A
XA E— AT, 122, R ESH cDNA BB E AR T REIIA Vicde JkZ 18] DNA 41, 24 F
0t A A A R S AP A2AE 49 cDNA 49 JLE %4 1k ). Baltimore % i £ Whitehead #F % BT 49 5] & Robert
Weinberg (1942-) R 4T A4 F 5 5 JE 52, Weinberg 5 50 'F B A B 40 DNA #1& L&, WX A R4 4 5)
3T3 wmfhid, HA3T3 I LG ARERLEA cDNA, mA—FAHM DNA, TiA4ARTUALR,

Schatz de. B #k E.JB 69 2L B 28 DNA # % 2] 3T3, A HA DNABET —FRHLH (AABKAK) , &
A X AL R4S (AARE) EBEABHREBOLEE DNAHETHITI @B, K5 HEHR
BRERET V- EHE 3T tafit, MK 1500 ANk se A B89 3T3 aa il 1615 3] 1 N BB R 49 3T3 tafit
# (Schatz and Baltimore, 1988) . #uAl1 547 &K IiX — 3T3 @Ak 455 h I T ViAo JxZ 18] DNA £, {&
FHEM G gpt KA, ® A LR B AT BB AT 2R SATE, AR LGERTINAAGLER
. R &M A4hE (Schatz and Baltimore, 2004) .

Schatz 5 ##F 5 £ Marjorie Oettinger 2L FAAS1E, S XBIHE, Byl akTasFLAE (RAG) .
MR EZTRAACARN A4 DNA, ABAEAa@p P AL FHRELHEBRTRRFLARA
DNA A #, YA E% T RAG #94E4L 2K RAG-1 (Schatz, Oettinger and Baltimore, 1989) . RAG-1 £ H %
Bh—TRAAREZANE AR, ARARARAETAV (D) JZ@tdahdhim A, R, &. F. 5. B,
M, EARRRSHEITV (D) TEESME, RAG-1 WH k., RAG-1 Rxty@miafrmsi5 vV (D) J
TAEMAMK: RAG-1 2 X TROGMM. BHAIERE, o REMREFREK,

A—RKFOHBHT, AAFE: 5 RAG-1 £ H4 18kb DNA, #4iLV (D) J THMFERERSRW
A BM e R BARE—F, WK 100 2] 1000 42 . F A0 69 46 & AL iF B 5 B R 69 & B 28 DNA
Tas K, 2 IR I by 4 T e d LA A= 34 MR B (Schatz, Oettinger and Baltimore, 1989) . 125 % &
A, 2 L2KE cDNA B, FHAETFH (Oettinger et al., 1990) o HAIZTIUAN A 6k R TR, B L&
TR, P — M BEUAEZTRMER RAG-1 FA£75EH —ALR, 5EERA&M%EMR (Schatz and
Baltimore, 2004) . @B, CoMXAHRGERNRELERL, mahhm@mitty AR T il XA XA
WA, MR LR AWML —AE Y Lo
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WA R IR E ZHEML 18kb £ B4 DNA +, RAG-1 A B R E &+ 6.6kb, B A 1Llkb, AT
A B4 DNA P& —AAE, st —F 69 TAEERIA LR T ARG RAG-1 LA E 1000 45, Bt
MARX — K B H RAG-2 (Oettinger et al., 1990) . VYAB%nil, RAG-1 ¥k 23tk & 3% & B Transib, /5 k& X i
KT RAG2 A R#E—FH IR FH, 25 RAG-1 42 RAG2 89 5P| A= h it TR AN ETTHA T Ig A B Taay
B& (Carmona and Schatz, 2017) .

14.6 X H3% R

R REG B ZEARAANRE RFRA LD IR TR T ik, wEIFTERBIZATEANALR,
TRARBEZRERA TR, 23 REHFEGES, ACARESHREFORK, EF44TENLRG
75 ik E R AT KA TR e H K

T AEMFR KA W, MGH # Paul Zamecnik 2R E#IEE T AR XL EMFHR LW P LR £
i2 (Zamecnik and Stephenson, 1978) . i@ if %+t 5 ¥k 4 F 49 mRNA Z4MY R L EHFER, HECHEAN
Mt )E 5 mRNA 44, Ariphl KB e hik. mwn, AMPAARXELFRAZENH T mRNA 8%, &
&R IE R B e ) A B A I R GX AP sk RNA. BT R 89 EAZITER, WA RNA (“RLRNA”) A%, B
KA EMASA 0 BAZFTR . WA —BRARRIK, 2HITERES, ZERINRT.

AEmEE2d, B DNAFPIRITRREN, REHEGBNAR., BAL S FARES@mIE T, R
RE A FE AR, £ B KA K54 Mario Cappechi (1937-) B RiE#AvHilahh ey mia b A RlR T, A
ERFART « RENFMEREKATAFER R E MG EREFF &, EFTUARDKIERSTF i (ES)
HITRREE, MAXFTELEHRAETEEGES @i, REFImHENDRTE, K Z448% B
ARE B DR, IR T H AT H KX HIL ARSI %7 % (Thomas and Capecchi, 1987; Mansour,
Thomas and Capecchi, 1988) o X —7 & A T &% ENERRA 2, 12 A A TREFRES AR,

RNA Fit (RNAi) %, A Andrew Fire (1959-) 18 /R A a9, Hay521E F R L RNA #F 2 & R 4%
AR R E, B B4 RNA AE A Baget ik, A ER LA 5 R L RNA —4£69<dp 4145 A”  (Fire et
al.,1998) o HAVEFES 1995 FH I — N ERTENKBIFGER, HoRRET, EIAENFFR
At —F #F 5% (Guo and Kemphues, 1995) o Fire % #9F 50 L IiX R ZA4F5F U #UA RNA 893 %, A% &
ALERIAF . ABRIRES AT RNAL, #BixE LR 5 TME, mHieil & LepiE AT S0k
AR, A% %, EETUAITLHWREBTR, TAMER, MA@ L HALER, AIATARTH
o FTAWHRETUAR THILsI @B LR FHE, .

“4% 4% M 8 B~ (zinc finger nucleases, ZFN ) £ £ B F ¥ & #f X 5 ¢7 /& & #F ¥ K Srinivasan
Chandrasegaran A% K B89 K. HALER N1 Ba 22 43k Fokl 5457+ DNA B34 604K akd, b4
R A b Bl 45 A B Bl 4% € DNA, T A4 # 0 #1452 DNA &3], £ A R # 3% (Kim, Cha and
Chandrasegaran,1996) . X — 7 k4 THRINANLR B, #t—F KRB TR Tshlsnmie (Bibikova et al.,
2002)

B AT AL FAEANG DT MAFFE PRI G A S FEA T DNA % B, TUAAMNAT
PCR. Fl# 3| Az B &9 2 3% ¥ Jo 5 (Xanthomonas) ¥ 49 # F % & B ¥, B Pri§ #9“TALE” (transcription
activator-like effectors) o XA & iR % DNA 536977 KEF A& : €M E2RH T TALE & & 49 DNA £
A8, BBREA—ZRNNELNALRFIAKR, EATEL KA H 34N ALBEM A (Moscou and Bogdanove,
2009; Boch et al., 2009) o /34 AR ELE AT F 12425 1342 A LB A k& TALE 5452 DNA %
BT 4 F 6 KA, MARACT T IR, AT A AT LR % DNA 57 b a4 2 A A, ¥
7T %4249 TALE & @1 5 Fokl # B B 49 AF 4% S+ M b 238 ak &, SR T T AL 452 DNA J5 7] 48 5] NS4k i
% (DSB) #) TALENs (Transcription Activator-Like Effector Nucleases) , X 2| X H IR eI LR, Rk —
ARBF T EFATEAT AR RGZEEFH ik,

147 S TAE%H¥M%: CRISPR A4
CRISPR-Cas9 &%, #MTieHRA &ML R BT ik,

BAAEGEFAFRRMAERZEYD T K I CRISPR: clustered regularly interspaced short palindromic
repeats, J& & FIRF| X EF H AP Z A 08 [3 55| 2 mE fed mE 8 2R B AR e K B A et
T AL DNA #4745 a9 s A Bext 4925 4. @5 CRISPR 48X (Cas) #9 Cas9 A AZPR M 8%, CRISPR/Cas9
WK AR A EMEA PR LAEERN. & B35 K Emmanuelle Charpentier (1968-) #=% B A5 K Jennifer
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Doudna (1964-) &4F & 4E 438 B T & B % 4% 89 CRISPR-Cas9 tk 2 (Jinek et al., 2012) , Cas9 /£ sgRNA
(single guide RNA) 31§ T, %4k sgRNA #5449 DNA /73], CRISPR-Cas9 H R R % A4k B
T SRR, W EAXRS AR RAETRE RS LB RIFT KL A AR,

(’;’N/}l((lﬂl(’//(.' ()71((//)(’/!/ ter (%;/J/Lfy(;/ « Dou (J&?( z

&l 14-7 Charpentier /2 Doudna

SHAFETEHR, CTATEE FRM T E, 2014 FATOAERE RN L9469 T CRISPR & 469
HiAE A EDREIFEZLAR: MIT 49 Eric Lander (Wang ef al., 2014) A=7k#4 A A% £ (Shalem ef al.,
2014) . 3% B Sanger #F %P 69 % 42 A5 35 F (Koike-Yusa ef al., 2014) Aodb 7 K F MR LM E BT
(Zhou et al., 2014) . HmE 2, £BTiH &6 min b8 i3 1% % F &K% fo kA sgRNA L&, #)F
CRISPR/Cas9 # %t % #J& tmfefe % g8 F4m it oF R ILE @ a0 K B Gy e th JF i o

(els&pt‘min, #* 22
B e Mm 4 — v W
4%%&%—:’#‘ % Vo S5

[

LT T

&l 14-8 CRISPRi

AT CRISPR 240 S8 i £ T AR ST AERK, T ARIE, LT 3474 B &L 06 57
# (CRISPRi) , ## A AR kKkey LA/ #ERi£ (CRISPRa) (Gilbert ef al., 2013; Mali et al., 2013; Perez-
Pinera et al., 2013; Maeder et al., 2013) o & 7 3 & @ %5 649 3 R 3L 47 20 A% h 22 A 9L, 4FaFdE %20 RNA 8%
BERRELEEIH R, RABFEREESTAT KA BEMGA RNA T a3 mAt KRB &, K
UCSF #9 Jonathan Weissman ) FA 4.2 7488 7 i& /] CRISPRa VA% CRISPRi & 45 LA XK B KT K4£IE %
75 RNA (IncRNA) # &8 2 et ifit. # R LB A RE B4 L AL B SR THREATHSEETR
RF & A E S IRE Bk,

HIEARMBRZIN, REAEE, BREEEZHMARAKTE, CREBRKLHAFMNE S8 B 4r.

271




5E L #

Bernardi G, Chromatography of nucleic acids on hydroxyapatite. Nature 206:779-183.

Benedict WF, Banerjee A, Gardner A, Jones PA (1977). Induction of morphological transformation in mouse
C3H/10T% clone 8 cells and chromosomal damage in hamster A(T;)C1-3 cells by cancer chemotherapeutic
agents. Cancer Research 37:2202-2208.

Bibikova M, Golic M, Golic KG and Carroll D (2002). Targeted chromosomal cleavage and mutagenesis
in Drosophila using zinc-finger nucleases. Genetics 161:1169-1175.

Boch J, Scholze H, Schornack S, Landgraf A, Hahn S, Kay S, Lahaye T, Nickstadt A and Bonas J (2009). Breaking
the code of DNA binding specificity of TAL-type III effectors. Science 326:1509-1512.

Buck L and Axel R (1991). A novel multigene family may encode odorant receptors: a molecular basis for odor
recognition. Cell 65:175-187.

Carmona LM and Schatz DG (2017). New insights into the evolutionary origins of the recombination-activating
gene proteins and V(D)J recombination. Federation of European Biochemical Societies Journal 284:1590-1605.

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD and Julius D (1997). The capsaicin receptor: a
heat-activated ion channel in the pain pathway. Nature 389:816-24.

Chandrashekar JC, Yarmolinsky D, von Buchholtz L, Oka Y, Sly W, Ryba NJP and Zuker CS (2009). The taste of
carbonation. Science 326:443-445.

Constantinides PG, Jones PA and Gevers W (1977). Functional striated muscle cells from non-myoblast precursors
following 5-azacytidine treatment. Nature 267:364-366.

Cosens DJ and Manning A (1969). Abnormal electroretinogram from a Drosophila mutant. Nature 224: 285-287.

Coste B, Mathur J, Schmidt M, Earley TJ, Ranade S, Petrus MJ, Dubin AE and Patapoutin A (2010). Piezol and

Piezo2 are essential components of distinct mechanically activated cation channels. Science 330:55-60.

Coste B, Xiao B, Santos JS, Syeda R, Grandl J, Spencer KS, Kim SE, Schmidt M, Mathur J, Dubin AE, Nontal M
and Patapoutian A (2012). Piezo proteins are pore-forming subunits of mechanically activated channels. Nature
483:176-181.

Davis RL, Weintraub H and Lassar AB (1987). Expression of a single transfected cDNA converts fibroblasts to
myoblasts. Cell 51:987-1000.

Dhallan RS, Yao KW, Schrader KA and Reed RR (1990). Primary structure and functional expression of a cyclic
nucleotide-activated channel from olfactory neurons. Nature 347:184-187.

Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE and Mello CC (1998). Potent and specific genetic
interference by double-stranded RNA in Caenorhabditis elegans. Nature 391:806-811.

Gerhart J, Danilchik M, Doniach T, Roberts S, Rowning B, Stewart R (1989). Intracellular signaling centers: their
establishment and modes of action. Development 107:37-51.

Gilbert LA, Larson MH, Morsut L, Liu Z, Brar, Torres, Stern-Ginossar N, Brandman, Whitehead EH, Doudna JA,
Lim WA, Weissman JS and Qi LS (2013). CRISPR-mediated modular RNA-guided regulation of transcription in
eukaryotes. Cell 154:442-451.

Gimlich RL, Gerhart JC (1984). Early cellular interactions promote embryonic axis formation in Xenopus laevis.
Developmental Biology 104:117-130.

Guo S and Kemphues K (1995). par-1, a gene required for establishing polarity in C. elegans embryos, encodes a
putative Ser/Thr kinase that is asymmetrically distributed. Cell 81:611-620.

Gurdon JB, Lane CD, Woodland HR, Marbaix G (1971). Use of frog eggs and oocytes for the study of messenger
RNA and its translation in living cells. Nature 233:177-182.

Hediger MA, Coady MJ, Ikeda TS and Wright EM (1987). Expression cloning and cDNA sequencing of the
Na*/glucose co-transporter. Nature 330:379-381.

Hoon MA, Adler E, Lindemeier J, Battey JF, Ryba NJP and Zuker CS (1999). Putative mammalian taste receptors a
class of taste-specific GPCRs with distinct topographic selectivity. Cell 96:541-551.

Jia'Y, Zhao Y, Kusakizako T, Wang Y, Pan C, Zhang Y, Nureki O, Hattori M and Yan Z (2020). TMC1 and TMC2
proteins are pore-forming subunits of mechanosensitive ion channels. Neuron 105:310-321.

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA and Charpentier E (2012). A programmable dual-RNA-
guided DNA endoclease in adaptive bacterial immunity. Science 337:816-821.

Jones DT and Reed RR (1989). Goir: an olfactory neuron specific-G protein involved in odorant signal transduction.
Science 244:790-795.

Jordt SE and Julius D (2002). Molecular basis for species-specific sensitivity to “hot” chili peppers. Cell 108:421-30.

272



Julius D, MacDermott AB, Axel R and Jessell TM (1988). Molecular characterization of a functional cDNA
encoding the serotonin 1c receptor. Science 241:558-564.

Kao KR, Masui Y and Elinson RP (1986). Lithium-induced respecification of pattern in Xenopus laevis embryos.
Nature 322:371-373.

Kim Y-G, Cha J and Chandrasegaran S (1996). Hybrid restriction enzymes: zinc finger fusions to Fokl cleavage
domain. Proceedings of the National Academy of Sciences USA 93:1156-1160.

Koike-Yusa H, Li Y, Tan EP, Velasco-Herrera MC and Yusa K (2014). Genome-wide recessive genetic screening in
mammalian cells with a lentiviral CRISPR-guide RNA library. Nature Biotechnology 32:267-273.

Kurima K, Peters LM, Yang Y, Riazuddin S, Ahmed ZM, Naz S, Arnaud D, Drury S, Mo J, Makishima T et al.
(2002). Dominant and recessive deafness caused by mutations of a novel gene, TMCI, required for cochlear hair-
cell function. Nature Genetics 30:277-284.

Lassar AB, Paterson BM and Weintraub H (1986). Transfection of a DNA locus that mediates the conversion of
10T1/2 fibroblasts to myoblasts. Cell 47:649-656.

Lassar AB, Buskin JN, Lockshon D, Davis RL, Apone S, Hauschka SD and Weintraub H (1989). MyoD is a
sequence-specific DNA binding protein requiring a region of myc homology to bind to the muscle creatinine
kinase enhancer. Cel/ 58:823-831.

Lewis S, Gifford A and Baltimore D (1984. Joining of Vk to Jk gene segments in a retroviral vector introduced into
lymphoid cells. Nature 308:425-428.

Liibbert H, Hoffman BJ, Snutch TP, van Dyke T, Levine AJ, Hartig PR, Lester HA and Davidson N (1987). cDNA
cloning of a serotonin 5-HTc receptor by electrophysiological assays of mRNA-injected Xenopus oocytes.
Proceedings of the National Academy of Sciences USA 84:4332-4336.

Maeder ML, Linder SJ, Cascio VM, Fu Y, Ho QH and Joung JK (2013). CRISPR RNA-guided activation of
endogenous human genes. Nature Methods 10:977-979.

Mali P, Aach J, Stranges PB, Esvelt KM, Moosburner M, Kosuri S, Yang L and Church GM (2013). CAS9
transcriptional activators for target specificity screening and paired nickases for cooperative genome
engineering. Nature Biotechnology 31:833-838.

Mansour SL, Thomas KR and Capecchi MR (1988). Disruption of the proto-oncogene int-2 in mouse embryo-
derived stem cells: a general strategy for targeting mutations to non-selectable genes. Nature 336:348-352.

Masu Y, Nakayama K, Tamaki H, Harada Y, Kuno M and Nakanishi S (1987). cDNA cloning of bovine substance-
K receptor through oocyte expression system. Nature 329:836-838.

McKemy DD, Neuhausser WM and Julius D (2002). Identification of a cold receptor reveals a general role for TRP
channels in thermosensation. Nature 416:52-58.

Montell C and Rubin GM (1989). Molecular characterization of the Drosophila trp locus: a putative integral
membrane protein required for phototransduction. Neuron 2:1313-1323.

Moriyoshi K, Masu M, Ishii T, Shigemoto R, Mizuno N and Nakanishi S (1991). Molecular cloning and
characterization of the rat NMDA receptor. Nature 354:31-37.

Moscou MJ and Bogdanove AJ (2009). A simple cipher governs DNA recognition by TAL
effectors. Science 326:1501.

Mowry KL (2020). Using the Xenopus oocyte toolbox. Cold Spring Harbour Protocol doi:10:1101/pdb.top095844.

Nieuwkoop PD (1969). The formation of the mesoderm in urodelean amphibians. 1. Induction by the endoderm.
Wilhelm Roux’ Archieve of Developmental Biology 162:341-373

Nieuwkoop PD, Ubbels GA (1972). The formation of the mesoderm in urodelean amphibians. IV. Qualitative
evidence for the purely “ectodermal” origin of the entire mesoderm and of the pharyngeal endoderm. Wilhelm
Roux’ Archieve of Developmental Biology 169:185-199.

Pace U, Hanski E, Salomon Y and Lancet D (1985). Odorant-sensitive adenylate cyclase may mediate olfactory
reception. Nature 316:255-258.

Pak WL, Grossfield J and White NV (1969). Nonphototactic mutants in a study of vision of Drosophila. Nature
222:351-354.

Perez-Pinera P, Kocak DD, Vockley CM, Adler AF, Kabadi AM, Polstein LR, Thakore PI, Glass KA, Ousterout
DG, Leong KW, Guilak F, Crawford GE, Reddy TE and Gersbach CA (2013). RNA-guided gene activation by
CRISPR-Cas9-based transcription factors. Nature Methods 10:973-976.

Oettinger MA, Schatz DG, Gorka C and Baltimore D (1990). RAG-1 and RAG-2, adjacent genes that synergistically
activate V(D)J recombination. Science 248:1517-1523.

Rebagliati MR, Weeks DL, Harvey RP, Melton DA (1985). Identification and cloning of localized maternal RNAs
from Xenopus eggs. Cell 42:769-777.

273



Sasai Y, Lu B, Steinbeisser H, Geissert D, Gont LK and De Robertis EM (1994) Xenopus chordin: a novel
dorsalizing factor activated by organizer-specific homeobox genes. Cell 79:779-790.

Schatz DG and Baltimore D (1988). Stable expression of immunoglobulin gene V(D)J recombinase activity by gene
transfer into 3T3 fibroblasts. Cell 53:107-115.

Schatz DG, Oettinger MA and Baltimore D (1989). The V(D)J recombination activating gene, RAG1. Cell 59:1035-
1048.

Schatz DG and Baltimore D (2004). Uncovering the V(D)J recombinease. Cel/ S116:5S103-S106.

Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelson T, Heckl D, Ebert BL, Root DE, Doench JG and
Zhang F (2014). Genome-scale CRISPR-Cas9 knockout screening in human cells. Science 343:84-87.

Smith WC and Harland RM (1991). Injected Xwnt-8 RNA acts early in Xenopus embryos to promote formation of a
vegetal dorsalizing center. Cell 67:753-765.

Smith WC and Harland RM (1992). Expression cloning of noggin, a new dorsalizing factor localized to the
Spemann organizer in Xenopus embryos. Cell 70:8129840.

Sumikawa K, Houghton M, Emtage JS, Richards BM and Barnard EA (1981). Active multi-subunit ACh receptor
assembled by translation of heterologous mRNA in Xenopus oocytes. Nature 292:862-864.

Taylor S and Jones PA (1979). Multiple new phenotypes induced in 10T1/2 and 3T3 cells treated with 5-azacytidine.
Cell 17:771-779.

Thomas KR and Capecchi MR (1987). Site-directed mutagenesis by gene targeting in mouse embryo-derived stem
cells. Cell 51:503-512.

Vreugde S, Erven A, Kros CJ, Marcotti W, Fuchs H, Kurima K, Wilcox ER, Friedman TB, Griffith AJ, Balling R et
al. (2002). Beethoven, a mouse model for dominant, progressive hearing loss DFNA36. Nature Genetics 30:257-
258.

Wang T, Wei JJ, Sabatini DM and Lander ES (2014). Genetic screens in human cells using the CRISPR-Cas9
system. Science 343:80-84.

Weeks DL and Melton DA (1987). A maternal mRNA localized to the vegetal hemisphere in Xenopus eggs codes
for a growth factor related to TGF-B. Cell 51:861-777.

Wood JN, Winter J, James IF, Rang HP, Yeats J and Bevan S (1988). Capsaicin-induced ion fluxes in dorsal root
ganglion cells in culture. Journal of Neuroscience 8:3208-3220.

Xu J, Mathur J, Vessiéres E, Hammack S, Nonomura K, Favre J, Grimaud L, Petrus M, Francisco A, Li J, Lee V,
Xiang F-L, Mainquist JK, Cahalan SM, Orth AP, Walker JR, Ma S, Lukacs V, Bordone L, Bandell M, Laffitte B,
Xu'Y, Chien S, Henrion D and Patapoutian A (2018). GPR68 senses flo and is essential for vascular physiology.
Cell 173:762-775.

Zamecnik PC and Stephenson ML (1978). Inhibition of Rous sarcoma virus replication and cell transformation by a
specific oligodeoxynucleotide. Proceedings of the National Academy of Sciences USA 75:280-284.

Zhou Y, Zhu S, Cai C, Yuan P, Li C, Huang Y and Wei W (2014). High-throughput screening of a CRISPR/Cas9
library for functional genomics in human cells. Nature 509:487-491.

274



B
Schatz DG, Oettinger MA and Baltimore D (1989). The V(D)J recombination activating gene, RAG1. Cell 59:1035-
10438.
Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA and Charpentier E (2012). A programmable dual-RNA-

guided DNA endoclease in adaptive bacterial immunity. Science 337:816-821.

275



