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ABSTRACT

In this study we tried to construct a more efficient tetracycline-inducible gene expression system by replacing
previous key elements with more advance ones. At the beginning, we substituted PGK (phophoglycerate kinase)
promoter for CMV (cytomegalovirus) promoter to control “rtTA2°M2” which has been known for high induction
efficiency in response to tetracycline. With this modification, expression of the EGFP marker gene under the induc-
tion condition was significantly increased. Next, we replaced “TRE” fragment with a modified version named “TRE-
tight” which has been reported to have higher affinity and specificity to the transactivator by minor base change
of the “TRE” DNA fragment sequence. Use of “TRE-tight” instead of “TRE” resulted in more than 10 fold increment
in terms of induction efficiency and significant decrement of background expression in non-inducible condition.
By combining PGK promoter and “TRE-tight” fragment, we could upgrade previous tetracycline-inducible system
to show more stringent turn on/off gene switch ability and stronger expression of the gene of our interest. Use of
this newly developed system must be very helpful to the studies of gene expression, especially to the transgenic
animal study in which non-controllable constitutive expression of the transgene has been one of the urgent
problems to be solved.
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tetracycline - =4|Q doxycycline®} 233+ tetO A Fo|
3= o] 1+ tetracycline response element (TRE) +-$] il
Ajste] FAze] 23S FEITHGossen 5, 1995). Tet
system< tetracyclineZ| 9| R=E2o] EAY 45 o F
Aze] Wy o] AFEE Tet-Off systemd THE 243}
i+ Tet-On system o 2 W FofA|H, ol fFHzte] 2d&
Aot FEsor & Agoe $A o Hdsio.
Tet-Off system< tTA7} DEHHEE 24T 4§ tTAY
transcription activation domain?] VP16°] ZA} 7}x <] &
T 845 NN EZA MY T8 FA%MY TEE
AAEt] AE E4E& FEste ZoZ d8HA gley
(Sadowski ‘&, 1988; Strathdee 5, 1999), HIf-= =710l A
9 ke L (background activity)o] v]F FA
Uehts Ao2 Buso] gltiAckland-Berglund ¢} Leib,
1995). =3 o7 fHxte] dde A M=
doxycycline®] x1£#Q1 g7} B asin, wdo| A1z &
2 FH(tumn on/off)E = H] AQHE A7ko] 71 Aow &
B4 ATHMansuy} Bujard, 2000). ©]o] H]3}] Tet-On
systeme 3t FAAY WA AR Z TR 28
B Algto] & o doxycydlined] AuUlol FHFHE &5
o v wEHE £x7F o wWE o2 YEhthUinl-
inger 5, 2000).

o] systemol| X A7 A8 HAFHR] B FAHL
HlFE 27004 o} gt Iy oA} o] Foj )] ¢
< #AZ 71§ background 84-& YElH, = 27
dxE e FHe] Bod e ddo] a7 Aol
olF aZA3}t7] H8te] £ ATolA= Tet systeme] 4]
LAES B JYRF Q4ER rostuat . 9
A nTAZ 23 Fr&o] 1 doxycydined| g 4
o] 2 nTA2M2 N2 WA 2™ (Urlinger 5, 2000),
rtTA2°M29] T3t promoterZi= PGK promoter® =%}3}
Gt 3 TRE A ¥9-S transactivator$}o] ZAgHH 3143}
Eolidol 73ld TREAight A EZ dASHATE & A
A &5 AR GEl9) Tet systeme ) F84 A
°]Z o|-&3 FEAFFEoI EAAES 9 93 T o
A okl olA w9 &g FHA LE ZH system
o2 ATE F J& ALE Jddrh

oy YUY

Tet System2| 7§M

2 AFolA 753 Tet vector= & A7 B3}
a1 & Tet vector$] pRevIRE-EGFP-RSVp-rtTA2°M2
(PTGRT)$} pRevTRE-EGFP-WPRE-RSVp-riTA2’M2 (pTG-
WRT), 712] 3 pRevIRE-EGFP-RSVp-rtTA2’M2-WPRE (p-
TGRTW) (Koo &, 2005)% thZT2 8lo] rtTA2’M2¢l] tf
g+ promoterE 7]¥2] RSV promoter®ll 4] PGK promoter
2 diA3 pRevIRE-EGFP-PGKp-rtTA2°M2 (pTGPT)$}
pRevIRE-EGFP-WPRE-PGKp-rtTA2°M2 (pTGWPT), 12|
3 pRevIRE-EGFP-PGKp-rfTA2’M2-WPRE (pTGPTW)Z
247k F%3190th o] 9le] 7]&2] TRE F-#-& ¥ MFo]
H3H TRE-tight (Clontech, USA) A ¥2 thal|3+ pRev-
TREtight-EGFP-PGKp-rtTA2°M2 (pTtGPT)%} pRevTREti-
ght-EGFP-WPRE-PGKp-rtTA2°M2 (pTtGWPT), 2121 p-
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RevTREtight-EGFP-PGKp-rtTA2°M2-WPRE (pTtGPTW)S
22y FEsk A $13th WA RSV promoterell A PGK
promoter= A3 4 2 A7l BAdta Q=
Al F579 vectorSE 747} Sal I % Klenow fragment, 12}
3 HindIIE A Y2 X213t CMV promoter -2 A
Asta pGEM-7Zf-PGKp vectorZ Xba I, Klenow frag-
ment, 281 HindlIE £AUE X8l #&8% PGK
promoterE AZF3}3Arh TRE F2& TREtight €2
A stE 28 A FAol - 753 PGK promoter’t =
¥ Z} vector® Xho I ¥ BamH [ 22 A 2|3t TRE
& AAS o, pTRE-Tight vector (Clontech, USA)E
Xho I # BamH I &8 AgJsl] #]3 TRE-Tight Z2HS
=3tk o)) Aol A 75 4 vectors] T
&+ Fig. 13 2tk

T-%3F vector= Gibbon ape leukemia virus®] 37} -
AAPL LAFE PT67 (Clontech, USA) ¥4M el cal-
cium phosphate W'H 22 transfectiondt$ith. PT67) 4
AAFE virust Moloney murine leukemia virus®} gag¥}
pol FAA7} A== GP2 293 (Clontech, USA) A X9
FAMAAA hygromycin B (150 pg/ml)7t H7He vkl
oA 252k wisgith. FE5E 2 MEFo| vesicular sto-
matitis virus G glycoprotein (VSV-G) 39} F-H2E 7171
pVSV-G (Clontech, USA) plasmid& UA|A 22 trans-
fectiond}e] 48217+ F-ol virus WG A FE3IAT. WA
€ virus= H2o] wlop frob ZR1 CEFell A A 150
1g/ml9] hygromycin B7} 374 wjgd o= 257 A
atod Qe A dold 47k AEFE FHI3IT

pTGRT
i

pTGWRT
el

Fig. 1. Structure of tetracycline-inducible expression retrovirus
vectors. LTR, long terminal repeat; Hygro®, Hygromycin B resistant
gene; TRE, Tet-response element; EGFP, enhanced Green Fluores-
cent Protein gene; RSV, Rous sarcoma virus promoter; rtTAZSMZ,
modified rtTA consisting of the reverse tetracycline repressor (1Tet-
R) fused to a VP16 transactivation domain; WPRE, woodchuck he-
patitis virus posttranscriptional regulatory element; PGK, phospho-
glycerate kinase promoter; TRE-tight, is a modified Tet response
element, which consists of seven direct repeats of a 36-bp sequence
and 19-bp tet operator sequence. Length of each sequence is not
drawn to scale.
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Aol AHSE ME NEEL 37T, 5% CO, 2HA H)
Fatlem, 45 g/l glucose (GibcoBRL, USA), 10% fetal

calf serum (Hyclone, USA), 100 U/ml®] penicillin®} 100
ug/mIA streptomycin (Hyclone, USA)°] ¥%8 Dulbe-

cco's Modified Eagle Medium (DMEM; Hyclone, USA) ¥l
Aol A wfFateich.
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;F—%—ﬂ vector system®| tetracycline A|g 2} o} &)
P AL SR 2 0] turn on¥ = system® 2 7ot}
‘ﬂ%l Zkzkel A Z tetracychne FLEAS] doxycy-
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dine® 3718 259 Ao 2o A2 bl )2}
@ F EGEP f-:a70el 4l 998 BaeIsT A 7t A

%2 60 mm dishol 5><1057H£é Folgk & 1 ohgd do-

xycyclinea 1 ng/mlé F== J7Fetsi7 v H7bshA] &
& AR wgs) rf’if} 48717 wijokst & d 4] &}
oA FITC filter® %3 EGEP -fxix}2] whal.g
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RT-PCR

Doxycyclines X7}aF71h drbsbA] oke wlx)ol A
ZE2y 4BAIRE wiekgh 7’*71’4 A A trizol (Invitrogen,
USA)° o]-§3to] RNAE & 51 pgl RNAZ Im-
Prom-1I reverse transcnp’aon system (Promega, USA)&

}%,6}_04 DNAE ,q] 0}0"1:} 7\/)4 A} “101]}\3 2 Lll/}
DNAE THOo=Z o]g35l9 PCRE /\“\I 31530 94T
A 30%, 57°CellA 30%, 72TollA 3023 W88k cyde
& 2532} gk AR 2 4 AWE A8 72T NA 7R
HPM—-B}O’I?} % A ?joﬂ AHE-& primert + strand primer$!
5-AAGCTGTGTGCCACCTACAAGC-3'¢} — strand pri-
mer?! 5'—GCCATTCCCAGTTCTTCCATCT—3’% AREEFS
oW, 1.5% agarose gel ©]&3 H7]dFL AA 5}
EGFP #47e) #iwdahe 281 bpe) DNA @318 #618)3
A ST WAl Arkabgel Yot 8-S skels
7] $18ted GAPDH 2ol thdt primer® PCRE S35}
%, + strand primer$! 5-ACGCCATCACTATCTTCC-
AGGAG-3'¢} — strand primer<] 5-CAGCAGCCTTCAC-
TACCCICITG-3'& A}£o}°3013% SEE dHle 27)=
655 bpolth. PCR Wk~ 94Tl A 30%, 54CollA 30%,
68X 3027F WH8-3H: cydled 253 WL ) A)ERd e,

Fluorometry2} Western Blotting

%i% Zb QS 60 mm disholl 5x10°705 FH| & 1

2 doxycydline S 1 ug/ml =2 A7 AY A7t
o}x] Ow iR 2 aghel 5 t]r 481 7F wpeksl & 7k 4
Sphto}O:] Ak "53«?57“ e XS’—J} B9 th 2

< 5 welg o]&ato] ;ﬂ%‘ﬂf‘éé #2]5tvh. Fluorometry
= g2 Ze AAog A HA, —‘?’—a]d ;quu
A& Bradford W 0.2 AFste] 100 ngd #HI F, ex-
citation filter P4859} emission filter F5357} A2 Twin-
kleTM LB 970T fluorometer (Berthold technologies, Ger-

many)E ©o|-&3to] EGFP @ ALE SA33Ich

Westem blotting S A Als}7] $Jete] g Hoheid
%10 ugg #3sho] SDS-PAGEE 4A)% & nltrocellulose
membraned| transferA] A}t 5% skim milk7t ZE9
0.03% tween-20 blocking bufferel] 1A17F B2k £ 1:5,000
o2 3|A3% ant-GFP Ae} 1:8,0000.2 345 Zﬂ” anti- 3
-actin AAE 16A17F WS AIZICH TBS buffer= 4] ¢}
& o]xgA 2l HRP conjugated Goat anti-mouse IgG
1:1,0000.2 34 3te] ¥R AFH ) vH2A17] membranes
FAE & 71 299 West Dura Extended Duration
substrate (Pierce, USA) -9l A713te] Xeray filmell 60
27V =E:AAA 5:1)«}6}0:’:1/}
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HUHNIA SI0IAMS 2t Vectord] M2 EGFP 2 TE

o HH
7+2ke] Tet systemell 2J8iA] -3¢ CEF Alxe W
EE-4Q doxycydline©] 7@7}54 ZA M 7 = 83

2l

FE L}E‘rﬂ%‘”f/}(ﬁg 2. A &
WPRE (Zufferey %, 1999)7} E%}% virus vectorel] <13
TEE AEFAA LS Ao, 11§ WPRE A
Ao] EGFP f3xke] 3 91Xl =qis Aol 7bg 28
1EE Vel TH(Fig. 2). AREH 2 TGRT vector sys-
tem TR PGK promoter’t =%1¥ TGPTY TtGPT
vector systemoﬂ oeja] FHE AFEFoM A HH-G
YERH S THFig. 2). TGPT2H Tt(JPT vector systeme B3l
3 B9 TtGPT7F v+ % %4, £ doxycycline©] z47}HX]
oF2 Z27lol A EGFP a9 oham ZFebA Vet |3

o] W‘EJ A e g B3 F A TNFig. 2). a}aw

A ol digh {:H | ,&%i‘.o" Aot f % x4
01]7\{ ];]]‘_124 701—1:5} 15

79| vector system T

[ed

=
4 WS WOl TtGWPT vector system
o] FAAZ FES AU FAAF A5l glofA 7}

Fig. 2. Expression of the EGFP gene in CEF cell. The cells were
divided into three groups of cells according to the virus (TGRT,
TGFT, or TtGPT) used for infection. Each group of the cells were
further divided by modification of the virus and presence of
doxycycline in the media: The symbols at the left side indicate the
difference of the virus in the same group. For example, '— —'
means no modification', while '—W—"or '— — W' indicate insertion
of WPRE sequence at downstream of "EGFP' or TTAZ’M2 sequence,
respectively. Other symbols of '—' or '+' at the top of each column
indicate culture of cells ‘in the absence’ or ‘in the presence' of do-
xycychine (1 pg/mi).
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Fig. 3. RT-PCR analysis of the EGFP gene in CEF cell. The
symbols at the top raw, such as ‘—*, “—W—" and '~ W indicate
ingertion of WPRE sequence in the TGRT, TGPT, and TtGPT vector
at the site explained in the Fig. 2 legend. The symbols at the second
raw from the top, such as '— or ‘+ indicate culture media supple-
mented with or without doxycycline, respectively.

% A48 §47 ol systemd] Aoz AL

Zt HEZ0|M EGFP WE ZH 20| Ofst RT-PCR

=4

Doxycyclineo] 71= A A7 =1 A eF-2 wljx]oll A wl
okgt b M| EF2] RNAS #2319 RT-PCRS A A3t
7 A%, virusoll ZFFHX e A MEFAAME EGFP
o 3 FZ gdHo] e gkgen, virusol ZEE
AEFME FZ ddo] A THFig. 3). 5% @
2 vector system?] FFol 4&#glo] WPREZ} EGFP 34
212 3o =98 A$ 73 A8kl e thFg. 3). ©] &
HE §& ZZoNAE TGWRT| H)3s| TGWPTS} Tt-
GWPTolA 73 ddo] Yelgton, & A&
TtGWPT7} 7H <3t 5% v & YehldthFig. 3). ©]
213 A3= Y& vector systemol H]3| TtGWPT7} €] )
FAAY] AE zdo] P} EEHOR o|FAAE RS

of g},

=

Zt MZF0M EGFP L0 Cf5 A 70| B 24

RT-PCR 2313 54g 7oA g Ax2ry A
Gl S Ha)3lo] Western blotting? fluorometry S 4
A1 331}, Western blotting®] 79, Td§ Alxe] Mg
4% SDS-PAGES & EGFPel So|d oz Agsl= 3|
£ 434170 23}, RSV promoter’t =$]€ TGRT A&+
81} PGK promoter’t =18 TGPTY TtGPT & FTl A
745 S JeEhIQ(Fig. 4). 7% 200 7P A
WS TGPT A& 5 WPRE Mgl EGFP #3114} th&

| 9123 TGWPT Adweld], o] AgwolA e vfi=
ZAANME Bwd A #ds vehdo] background
activity7} & A 22 1AL} o]o) H]&] TIGWPT=
TGWPT A3 ZRTHE 5 2A0A 9 EGFP 2de =
F oAl vEbt ey, BliGE 2ol A e EGFP 'Héo]
AaHA AAEE Aoz 1= Aol nis) FdA T
d 2 SUdA Brh 2839 sow IHArh(Fig.
4). AEFA Ankxl o] FAHor s
A &S BAE) Y8 dE2T= A B-actin FA
O 3 HeE RE AEEA A FLT FEE AT
(Fig. 4).

CEF TGRT TGWRT TGRTW TGPT TGWPT TGPTW TIGPT TIGWPT TtGPTW
+

Fig. 4. Determination of doxycycline induction of the EGFP gene
in CEF cell using Western blot analyses. CEF, uninfected cell; Each
other cells are designated with the virus name used to infect. —: cell
was grown in the doxycycline free media. +: cell was grown in the
media supplemented with doxycycline (1 pg/ml).

7} QoA B3 gald 5 100 ngs o83k fluo-
rometry S 2|3} t}. Western blotting 2% 2342} w3t
7IX & RE vector A& Fol|4 WPRE A &o| EGFP 4
Ae] ol YA Aol 7bg @ LEL Uepiion,
doxycyclineo] 7He Z714 TGWRTE 05x10° rlu/100
pg Achia Wy gxs Jepd o b3 TGWPTE oF
2.3x10° rlu/100 ng 183 TIGWPTE F 2.0x10° rlu/100
ug #o2 SA=AY(Fig. 5). £F, o) G EGFP
o HlE ZMY WdFd dF fE F1A9
EGFP Ha%S AXM fE&4 = TGWRTZ} oF 159
o FES vehd d vls TGWPTE oF 60, 121
TGWPTE oF 150809 fe&S JehHAT(Fig. 5). ©1%
o] A%E F3ate] £ o TIGWPTZF 8228 1A ol
Ao AYHe 2REE FHaslelr] AT Y FAA
B Ao glojA b 2 -3 vector systemPS &

e,

=

Kl

FEAQ FAR #E 24 systemo] ZFojoF & 21
o2 RN FEEHo FFHAE Aol A&
Fu)gte] wao] Yehta fFEEAC] IHHA Be 24
A= DA Yol @] oAF ool i Watsuji 5,
1997; Rossi¢} Blau, 1998). ©] ® AMHEHE 254 AE
U A U 7)edl olwe dFE vAA] da F
9} vl Zo] golFot FTHZhu %, 2002). T3, system 7
A a7t AZ B fAAY 84 dEiME 84S
VR @otol sta A9 2F 7)H& WalskA] ot
of &T}HRossi®t Blau, 1998). £ FelA AHE-E Tet-On
system®] chimeric transactivatore AAE, JVHAE,
T8 3 virush B Sog FAE o FHAE
o] fAxte A% A4S AY FEATIA denth B
ok ol frAl R AREEE doxycydine®] F wlg- &
Zolol A A Ed FRE EAo] Ao vEhA o,
Axpe) W 22 FEr} thE systemo] H)3te] BAF A
oz ryEo] JrkBohl %, 1997; Mayford 5, 199). ©I
23t 43S 7FA Tet-On systeme 59 34 A8 &
de] 2t oY FHAte] BHS BEE A7V Wol
B0 (Bohl F, 1998), FAAF T& Fde
& z2 3 7|Bol A o8 ) FARe A dde 5
Aoz AMgHI 9k Kistner 5(1996)2 doxycyclineE
S-8A17 FAAE AAQ A 23 o)A reporter A A}
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Fig. 5. Fluorometry analysis of EGFP. Cells are designated with the virus name used to infect. ‘—* or '+ indicate culture media supple-

mented with or without doxycydline, respectively.

o 24d F4o] xwrn 10 W o)y FEIE AL B
3133131, Lamartina 5 (2003)& Internal Ribosome Entry
Site (IRES) A €°] H7}€l Tet-On systemS o|-85} AF]
2k A5l erythropoietin (EPO)S} serum alkaline phos-
phatase (SEAP) f+312te] F=7 A4S golsigit).
%3719 Tet system (Gossen3} Bujard, 1992) Tet
operator £ 3fol] e FHA7F =Y E vectors} rtTA
FAAE 238 vector® ] two vector system®]
ATk webd FAAZ 5 el glolA Zzhe) vec-
torg =Y FAME FES 75T F o] FE In)
€ &5t systemo] 4¥3] =lH /WAE HAEsfof st
2 A AAHQ Am7t #$- 3ithRyding 5, 2001).
°l& ) d3t7] $te] 242t vectoro] SHH o= =9l¥
2 825E& DY vector Aol cloning¥ oz A HT} e
g IS AXH GAzE el FRAAZ A EGo) 7}
53 one vector systemS &332} 51t} olo] B o
TN TEHF 7]1E9] one vector systemS A H o2
Bl = two vector systemoll H 314 @)@ g Ao vy
B FEEo] HwA xA BuEhKoo 5, 2005). 1
2t} TRES} transactivatorg 2@ A)717] 9%+ promoter?]
FAP €13 ] o ) BE 2458 F )
cassette .= Z9F A9, el FaA] A3 By 2Hol
odE A7t B3 tHFitzsimons %, 2001; Smith-Arica
5, 2000). ©12g ] AdE H23dkelr) 918k TA-
2°M2¢l| th&t promoter® RSV promoters} PGK promo-
erS 247t =9J3h3lth. 1 A¥, PGK promoters %98
Aol el Frizte] wdo) w9 BaiA vebton,
T FE8 %A RSV promoterE A8+ 7S B3 4
v o] S7kskE Ao YEhgT) Aol ALEE rt-
TAYM2= 7129 oTA Aol vlsiy ehdAe] wx
doxycyclines] 3k Zrdo] wobr 9 fAxte wa
TEZFEG BEX02 dojd £ K= sl How o
214 lTHLamartina 5, 2002; Salucci %, 2002). IE3
doxycycline®] §i= Wiz A= tetO Q40 W
< 7] A& Yehd o 24 background E4lo] &
< AeR HiEe] oi(Urlinger %, 2000). rtTAS} do-

xycycline®] 2% Fe7t olef Fd A4S BHE tumn ondt
7] 913t B-23h= §-919) TRE A E- TREight A E 2
WABHSTE TRE-tight promoters o} HEle] mi-
nimal hCMV promoter X &7} tetO 247} & 3le e
2 ¥¢H 3lori(Agha-Mohammadi &, 2004; Sipo &,
2006), Tet system®] leaknessE TAAl7)e Ao 2 deld
AT (Klopotowska &, 2008). 2% 23}, PGK promoter:t
& WA 2eA oF eonfo] HE FE&S UEhid A
= 2l oF 150919 Fregs Yol 7129 TRE
MEE 38 systemo] Y3 TREtightS 33 vector
system®l 3] FEHH MEFONA o FAAY LH &
=80l 5 52 Aoz ST AW f = 40
Ao AAl 2EES TRE Aldo] T84 4%l o =
= Aoz yeigth oj#fdk Aale Bickman 5(2004)00
% ArelM e FUsA UeEbted, HF9 AE T
A 74 7hgk 32 TRE A Eo] 3 systemo] EQE
Ao, =82 TRE-tight A go] ¥£3rd 70|t}

A} Backman & 23 Aol A= 5081 2d
e ] Ble) 2 Aol xE oF 1508 =] #
Yepdo 2 2 A9 vector system©] BT} &
A B 22E Vs St e 1T -
oleig & TV HIAE A4 By &
& A7} o] FoAAE Ag o] g]
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