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ABSTRACT

Until recently the most popular tetracycline-inducible gene expression system has been the one developed by Go-
ssen and Bujard. In this study, we tested the latest version of same system and the results are summarized as follows:
Compared with previous one, the difference of new system are minor changes of nucleotide sequences in transac-
tivator and tetracycline response element (TRE) regions. Sensitivity to the doxycycline (a tetracycline derivative) was
improved. Leakiness of GFP marker gene expression in non-inducible condition was significantly decreased. Higher
expression of the marker gene was observed when the cells were fed with doxycycline-containing medium. Optimal
insertion site of woodchuck posttranscriptional regulatory element (WPRE) sequence which was known to increase
gene expression was different depending on the origin of cells. In chicken embryonic fibroblast, location of WPRE
sequence at 3’ end of TRE resulted in the highest GFP expression. In bovine embryonic fibroblasts, 3 end of transac-

tivator was the best site for the GFP expression.
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A FAAke] Fde TrgA o, frEdoer 2dd 5
UTHGossen?} Bujard, 1992). #H<* £°] Tet systemo]| %]
|5 e o A7 FokRe A3Rd &9 Y,
A Az 7)1Fe] w3k A+, S7AE 3E AT, SiR-
NAol gk A5 Fo vk tgdt dek A+l o]-&3
T e Bd FERA FEHE zebrafishel FHA g
N, Z2g]al A A3 29 mouse”t AAMEI O H(Li 5,
2012; Kim -5, 2011; Traykova-Brauch &, 2008), r'&<t
ojuf Gty Az ¥ Al o] &HUATHSun 7,

&

Tet system, Transactivator, TRE, WPRE, Primary culture cell)

frEvrsE7IAEe] 75 9 F7)AIEe] APGAER
stol] g AT = ARE-E oM (Woltjen -5, 2009;
Ahfeldt 5, 2012), in vitro%} in vivool A =4 RNA 3+
A el wek AT 2 ol Alzel A B4 59 ¢
7] el gk vately A3 9] =% RNAI =Yel
gk ATl % AREE ATHMeerbrey 5, 2011; Wang 5,
2007). ot ofe] W] ATt AREEAL 9l Tet
system<> S5 <04 steroid hormone & ©]-83%F 3
2 @ 24 systemel] BlEl] A frEE0] EiL, H50
ol dtgo] Yo yton, FrEZd o3 HE
S0l tE dgko]l Ao yehbA 2w RS Tt
ZthBohl 5, 1997; Mayford 5, 199). —L&|1} H]HF%=
z7lelA bk e A7 dolubA] ek AR back-
ground Z/do] mm|EkA EAfstaL QlojA, o|E sdst
7] $18k A7 e glom, fEEAed gt trans-
activator®] S FIAAM Feade] W v
ol FHxte] WS Suistelr] gk AR o] Fof

1o, ot

F

2 ATE SHESARET AN 7 S22 A vho] @ TA21AF(FHAIRE: PI009587042013)2] A lell <]

! Corresponding author : Phone: +82-53-650-4469, E-mail: bckoo@cu.ac.kr



110

i

0]

A a1 Q) tH(Urlinger -5, 2000; Low &, 2010).

oje] Ao H AFelA= 7P AdE FE] Tet
system®] 7} Q455 ©]83Fo] one vector FENE] 3
A 24 systems THSE F, AAPHIEE A S
A o] system®| G84S S TR AHEEH
84F Tet system®] T4 oA 7 F83F 2714
82?1 transactivator?} minimal promoterg 233} te-
tracycline response element (TRE)= Z}7}e] Ui Aol
HYPH Pejolrt. & A7l =Yg transactivator™ 7
9] Tet system®l 1= transcativatorel] W3l 57| ofw]
Ak Aol W E o] glom, Fk oA el o
Axpe] WS Sdsia7|a, B FEEHEQD doxycy-
cline®ll t3g 7S FoIA AEES] doxycycline &A1
stoll & o2 FAAke] A {7t 7hs8ttHZhou &,
2006). M= TRE A D2 7|9 A doA] A AL
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A= Tet systemoll AFE3}7] 13+ Tet3G AL
vector= WPRE 9{A[oll webr] 57 744 SH=2 756130
th. WA WPREZ}F EGFP -37+8] 3" f1x]ell =¥ pT3-
GWPT vector®] 758 & A7-HollA Bfakal 9l pTt-
GWPT (Koo 5, 2009) HindIlIS} Clal #l3t&z w0
2 A2)5}o] transactivator$] rtTA2’M2 H-5-8 A 735}aL,
2 Ao pCMV-Tet3G-IRES (Clontech, USA)°ll 53k
Adass Azste] 22 nTAG & =933tk
A 23k o] vectors Bglll 9 BamH I 2.2 *]2]8}] mi-
nimal promoter %! TRE-tight A4S A|AsSIAL p-
TRE3G vector (Clontech, USA)l| 4] #2]§ TRE3G pro-
moter i AEFste] pT3GWPT vectors 753131
t}. WPRE 4] € ©] transactivator A9 <] 3'oll 9|x|g+ pT3-
GPTW vectorv= pTtGWPT th4l pTtGPTW vector (Koo
s, 20095 AREete] dAkel U Ao w A xtst
Stk 53 7} vectord) WlETE AREE vectord] FHE
T-%% Fig. 17 2ok

VirusQ 44t U ERMEZO Z4H
T3k ZH7Fe] vector™ Gibbon ape leukemia virus©]

2

ofrt

pTtGWPT
[5r H Hyg H TREtight [EGFP | were [ ok [rTazsMzH 3'UR |
pTtGPTW
[5urR H Hyg H TREtight [ EGFP | Pok [rma2M2| weRe H 3'UR |
pT3GWPT
[5r H Hyg H  TRess  [Eefp | were [ pok | rtase H 3R |
pT3GPTW
[5rR H hHye | TREsc [ Eckp | pok [ rt1asG | were H 3R |

Fig. 1. Structure of tetracycline-inducible expression retrovirus vec-
tors. LTR, long terminal repeat; Hyg', Hygromycin B resistant ge-
ne; TRE-tight, is a modified Tet response element, which consists
of seven direct repeats of a 36-bp sequence and 19-bp tet opera-
tor sequence; EGFP, enhanced Green Fluorescent Protein gene;
WPRE, woodchuck hepatitis virus posttranscriptional regulatory ele-
ment; PGK, phosphoglycerate kinase promoter; rtTA2°M2, modi-
fied rtTA consisting of the reverse tetracycline repressor (rTetR)
fused to a VP16 transactivation domain; TRE3G, Tet-response ele-
ment consist of 7 repeats of a 19 bp tet operator sequence located
upstream of a minimal CMV promoter, the junction sequences of
TRE3G has been altered to an even spacing and the central por-
tions are randomized; rtTA3G, five amino acid changes convert
rtTA2’M2 to rtTA3G. Length of each sequence is not drawn to
scale.

vut F427F 25 += PT67 (Clontech, USA) A
ol calcium phosphate " 2= transfectiond}{th. PT67
of A 2J4FEl virusi= Moloney murine leukemia virus®]
gag¥} pol FAAZE HAEE= GP2 293 (Clontech, USA)
Ao ZFAAIAM hygromycin B (150 pg/ml)7} %7}
v eFetel A 2571 wjatqict. 758 ZF ATl vesic-
ular stomatitis virus G glycoprotein (VSV-G) % 71
A= 712 pVSV-G (Clontech, USA) plasmidS A4
& transfections}o] 48417 ol virus WjFS F}a}
Atk ALk virust YApuieFet Ao Bjod oAl 2 (bo-
vine fetal fibroblast, BFF)2} T+9] wljo}Adf-o}A 3 (chi-
cken embryonic fibroblast, CEF)oll MOI 1.02.2 7F$A|
A 150 pg/mle] hygromycin B7} H7hd wjef o=
253 ARsto] olef FAATE del| Z4zte] AEFE
shlatoich Aol AR BE XSS 37T, 5% CO
z70 A sl o™, 10% fetal bovine serum (Hyclo-
ne, USA), 100 U/ml9] penicillin?} 100 pg/ml®] strepto-
mycin (Hyclone, USA)¢] 323%¥ Dulbecco's Modified
Eagle Medium (DMEM; Hyclone, USA) ulj=|ojlA] wlj<F
SFALY.

HEH0|F Sl0IA Tet Systemd| 2|8t EGFP RF X L8
&
7k Al A EGFP +314ke] 2 60 mm dishell 5x
100702 )3k 2F AlE2 1 pg/mlel doxycydclines %7}
SRAAY H7FeHA] e iAol A 48A17F ket ¥,
FEn7 stell A FITC filters -3l ¥2&3ich
Doxycycline®] &5=o] W& EGFP xd2ke] el vz
AP A 230 AAeSi=d], & wjxel 7k
doxycycline®] %= 1 ng/mle] =X HE 1085
= 3)43to] 0.1 ng/mle] =74 A28l e, doxy-

ke
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RT-PCR &4

7} A3z A EGFP {r7d#ke]l =]l ofF gl
PCR W< ol&3i3ler, v+ } % o AAst
Aok “”1 ?ﬂJaL?ﬂU] d st A w2t AEERY tri-
zol (Invitrogen, USA)S ©]&3lo] RNAE &3t & 1
1ge RNAZ ImProm-II reverse transcription system
(Promega, USA)S o]-&3&le] (DNAS Alx&tic) 2H2)
o] AgltellA 2 plo] (DNAE FHOo2 o]835o] PCR
= N/\]o}cﬂ o, 94Tl A 30%, 57CellA 30z, 72Cell
A 3027t WHEEhE cycled 253] WHE XS &, HT
274E 93 72 CoAA 7R3 whgEIGith B Aol A=
Al 32 mi«l virus vector?] =% oF-5 &<lstr] 8}
o] EGFP f+%17t2} WPRE /Ho%ﬂ )3 prmier® PCRE
AAstgon], AEel Aaksbdo] ojiha 98-S
Qlatr] 918k 7= 2} A EFel 3]st GAPDH
AApol|l Hjgt primers /\FC-LO}O% PCRS 343k3ith
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Western Blotting &4

A 7+ AEZS 60 mm dishol 5><1057HE =k $
1 e doxycyclineS 1 pg/ml X2 H71el A,
A7VeHA] g2 MR 2 wEs) “7*913} 48A17F S 3
Zt M| 2E splitste] Mxwt 33 § 253 E3st3l e
UJ] AEE g o) gate] Adwds
Ak 2S- Bradford WH o E AeFsl & Western blot-
tingS AAISH3ITE ‘ﬂxi ﬂ sk A d 10 ugs 3
dlo] SDS-PAGEES A A|8F & nitrocellulose membrane
o transfer?| Zt}). 5% skim milk”} E3HE 0.03% Tw-
een-20 blocking bufferel]l 1417 ¥4 gk 3 1:5,000°2.2 ]
23l anti-GFP &9} 1:80000.2 3]4] J anti- B -actin
FA = 16217+ RHSAI 2L TBS buffer® =413 Th, ©]
2+ A?] HRP conjugated Goat anti-mouse IgG 1:1,000
o=z 3Xsle] HESAIATE HHSA]Z] membranes Al
3 & 717 g9l West Dura Extended Duration sub-
strate(Plerce, USA) 898 #7}8to] Xeray filmell 60x7F
EEAAA A

ELISA #4

W E EGFPe] A3 45 9lste] ELISAS HA
31312, Western blotting¥} U3t 2714 AEE 4|
Fokdct. 48217 wjFet &, 7} Aol 400 nle] PRO-
PREP €%(Intron Biotechnology, Korea)= % 7]-6}04 scra-
pper® AIXE WolrmelA epp tube® H11 §, —20Te]
207 ARGl o] & 4CellA] 13,200 rpm, 587 91
Atgate] Aol $iE AEdS stk &
gk o do)] xghe GFP 9ide] =2 GFP ELI-
SA kit (Cell Biolabs, USA)S ©]-&3}o] é_lf\] ke, W
A stansdard GFP$} AM|XE @iz 243k w42 6]“
3l Anti-GFP antibody”} coating®l platec] 100 n1%
A7rste] 2A17FE<t WA]EFSI T 1xwashing buffer= 33]
FAI$+ $ biotinylated anti-GFP antibodyE 100 pl%

tstod 243 Fet whEA
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FEE SAITL

dYENF slIM2 ZF Vectordl ME EGFP
# zH oy uE

Z}7}e] Tet system©] E91% M2ZENA EGFP 3=t
o 2 g %E%é]?l d xycychneol A7 Z27d0)
A AR o] e Aow §—.LOJ~C4‘23\1:‘r(13ig. 2, Fig.
3). BEFolA 7]&2] Tet systemﬂ- IEaRT 55?41-4 Tet3G
systems ©|-&3to] EGFP 7zke] wds 747 st
Az}, 71E9] Tet systemell W& AfEAl :rLjiw‘?i Tet3G
system©] =¥ AEQ] BFF-T3GPTWO A 718 7k i
Cik=y 1/]rE]rlH*E ﬁﬁi HZE AHFig. 2). &3 "'1:‘ RN
9] vector system X7+ WPRE Algo| EGFP Ao 3'
A =Y ABFHU transactivator A 2] 3l 91X
& oA 70“15} e FEES Uil Zlew
1= ATKFig. 2). Doxycycline®] H7FA] e =7,
= U 240 TtGWPTF TIGPTW2TF T3GW-
PT9} T3GPTWOI A -go] 3 wdsA] egonz,
d AA7F 9 A o] FolA= Ao Wy AThFig.
2). webA 7]E9] Tet systemE.Uh A= Tet system©]
ol fFrHzte] Wl -l glojd W FREI Fi

Mxte &
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wL
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Fig. 2. Expression of the EGFP gene in BFF cells. The cells were
divided into four groups of cells according to the virus (TtGWPT,
TtGPTW, T3GWPT or T3GPTW) 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 of '—' or '+
at the top of each column indicate culture of cells 'in the absence'
or 'in the presence' of doxycycline (I pg/ml). Other symbols at
the left side indicate the white light (WL) or fluorescence (UV).

TtGWPT + TtGPTW - TtGPTW +

T3GPTW -

T3GPTW +
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T3GWPT - T3GWPT + T3GPTW - T3GPTW +

Fig. 3. Expression of the EGFP gene in CEF cells. The cells
were divided into two groups of cells according to the vi-
rus (T3GWPT or T3GPTW) used for infection. Each group
of the cells were further divided by modification of the
virus and presence of doxycycline in the media. The sym-
bols of '=' or '+ at the top of each column indicate cul-
ture of cells 'in the absence' or 'in the presence' of doxy-
cycline (1 pg/ml). Other symbols at the left side indicate
the white light (WL) or fluorescence (UV).

z71 stollA o] wdFo] Aot yEhrw vlg- g8
1 A} Mol systemQ)S EHRISHSIT]
Tet3G system®] 72k Hd {12 o] AlEFol o
#9]

Agle] FAsHA Lperte

= [
stk 1 A3}, BEF9= ©2] CEFlA+E WPRE 4 <¥
o] transactivator AL 2] 39 X3 7H-$-HT} EGFP
ARl 30 Aol =H Ao o= A3 AL £
T8-S YeEE 2102 SRI¥ATKFg. 3). ol& AEF
of W& 7Hg E&2]<] Tet system®] A8 %<1 #-82] &
A4S S Aoldh

Z MEZOM EGFP 7T XIS FO|0f Cf 3t RT-PCR &4
Doxycycline©] 7} A 7FH A @42 vi=oll A uj
gk 7zt HEF] RNAE &E]ato] RT-PCRS A AI8H3]
I A, virusell AAEA 2 AR AFEFoIAM =
rpell ek 3% whio] yehbA] egkom, virusell
AH AZFoIME TZ o] 1 SIckFig. 4, Fig.
3% THLS vector system®] THY HE & 21
Agle] FdstAl Uebst oW (Fig. 4, Fig. 5), ©l&gh
1l virus vector systemel °]g &2 f-312}<]
Ao g o|Folfas AT F AUATh

R

A

Py 2T oy
o
L
o oft
oH ofr

Zt MEZF0IM EGFP 230 Thet HYE 70 FTF 24

RT-PCR 23]} &3 oA w3t BFF A¥=
HFH duwAs FE]ste] Western blottings A A3
o sde Al deds SDS-PAGERE - EGFPol
Solxor Ajtete FAE WHEA1Zl 23, doxycycline
o] EAlste ¥d f% oA E TtGWPTY TtGPTW
Aol WlEiA T3GWPTH T3GPTW A dwro] o 7
g UdS YERNITH(Fig. 6). L2t doxycycline©] §l+=
Hlf AT TIGWPTZF hdsl AlETol A oket
o] FAFATKFig. 6). °l#d dd> 7]E9] Tet
systemol| A= EGFP +x17te] a7} S ebA| o
FoJA]| ] ol background E/do] EAlEHH, AR

2
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Normal TtGWPT TtGPTW

P

'
+
+
'
+

< EGFP

- Bovine GAPDH
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- + - + - +
_
_

T3GWPT T3GPTW

)

— — — B Jc]aY

(SR S— ) se— —— ] WPRE

<-4 Bovine GAPDH

Fig. 4. RT-PCR analyses of the EGFP gene in BEF cells.
The symbols at the top raw, such as ‘P’, ‘Normal, TtG-
WPT', ‘TtGPTW’, 'T3GWPT' and ‘T3GPTW’ indicate plas-
mid vector, uninfected cell, TtGWPT, TtGPTW, T3GWPT
or T3GPTW infected cells. The symbols at the second raw
from the top, such as ‘— or ‘+ indicate culture media su-
pplemented with or without doxycycline, respectively.

P Normal T3GWPT T3GPTW

- + - + - +

- EGFP

- WPRE

—— — — — — — <ChiCanGAPDH

Fig. 5. RT-PCR analyses of the EGFP gene in CEF cells.
The symbols at the top raw, such as ‘P, ‘Normal', "T3G-
WPT' and ‘“T3GPTW’ indicate plasmid vector, uninfected
cell, T3SGWPT or T3GPTW infected cells. The symbols at
the second raw from the top, such as ‘=’ or ‘+ indicate
culture media supplemented with or without doxycycline,

Tet3G systemol| A= Ht} =3k dd A7} o] Fo|H
S 9u|st= Aot MEFAA L] AWkl o] GAt
Ho2 MP=a & gl T2 AMES
a-tubulin Aol gk Whg-2 BE AL EA A &
A3k Fs HYTHFg. 6).

Tet3G vector virusE CEF A X0l 7ZFAA|AA d&
A4S B3 A3, BFFIlA+ WPRE A ¥o] transacti-
vator AE9] 3 $1A| =43 2 I Ak dE
F 1d fFEES YeEhEd v, CEFolAE WP-
RE A ¥do] EGFP f+x#ke] 3 $1x]ol =91%¥ T3GWPT
vector’} =PE AXENA 1 Ahe @I =2 3wy
Fress Hole o= IRI%ArKFig. 7). Wk AlE
T ol wel Boh E84<1 vector system®]| M
o] WFH oz Megrojol & Zoz AZher)

o
ofr

Z+ Tet System® Doxycycline0i| Ci8t DIZIE 20|
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TtGWPT TtGPTW

Normal

- EGFP

- o-tubulin

Normal  T3GWPT T3GPTW

<4 EGFP

< o-tubulin

Fig. 6. Determination of doxycycline induction of the EG-
FP gene in BFF cells using Western blot analyses. P, re-
combinant EGFP protein; Normal, uninfected cell; Each
other cells are designated with the virus name used to in-
fect. —: cell was grown in the doxycycline free media. +:
cell was grown in the media supplemented with doxycy-
cline (1 pg/ml).

Normal T3GWPT T3GPTW
-+ -+ -4

- EGFP

- o-tubulin

Fig. 7. Determination of doxycycline induction of the EG-
FP gene in CEF cells using Western blot analyses. P, re-
combinant EGFP protein; Normal, uninfected cell; Each
other cells are designated with the virus name used to in-
fect. —: cell was grown in the doxycycline free media. +:
cell was grown in the media supplemented with doxycy-
cline (1 pg/ml).

S50 doxycydines F7bete] LS F3 F, We-
stern blotting? ELISA "'H-S o] &3dfto] als SA43t
2T} Western blotting A3 ol A= TtGPTWoll 4] EGFP2]
W& o] doxycycline %7} 100 ng/ml o]/l A 1%
o] B]3l, T3GPTWOIA&= 10 ng/ml Z71o|A oFgt &
o] UebsttHFig. 8).

ELISA ZA¥ol| M= TtGPTWel H]3] T3GPTWelA =
< GFP 2&=s Yehlil=H], 10 ng/ml®] doxycycline
TR A= oF 119, 100 ng/mlel A= 1.84l], 18|31 1,000
ng/mlel A= oF 168l ol =4 UEbstHFig. 9). o=
Azt vl3) ¥4} systemo] WA FEEL digh Wt
gol FHoN Ak fEwde] EAde =1

I

Dox. Conc. (ng/ml)
0 0.1 1 10 100 1000

——_ ccrp

TtGPTW
—m— —— e S v ] ct-tubulin

Dox. Conc. (ng/ml)
1 10 100 1000

—
T3GPTW

D SE— — — —— <] o-tubulin

0 0.1

Fig. 8. Western blot analyses of BFF-TtGPTW and BFF-T3-
GPTW cells in different doxycycline concentration. Cell was
grown in the media supplemented with doxycycline (con-
centrations used are indicated) for 2 days.

8000 4

—e— T3GPTW
—o— TEGPTW
p—
T o000 -
—
=)}
c
S
g 4000 4
c
[e]
(§]
0 o000
[
(0]
0 -
1 10 100 1000

Doxycycline Conc. (nhg/ml)

Fig. 9. ELISA analyses of BFF-TtGPTW and BFF-T3GPTW
cells in different doxycycline concentration. Cell was gr-
own in the media supplemented with doxycycline (concen-
trations used are indicated) for 2 days.
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Tet system-> in vitrot} in vivool| Al €] Fdzke]
ds fFrEdoz xdaly] g% 7P de 48X 3
2F 24 systemo|t}. 19921 Gossen¥} Bujardell 2]3ljA]
A7l o] system AYAHE transactivator Tz o]
FEAQ! tetracycline AlEe] Ed7} Ajste] TRE F-
of 2830 =4 tetracycline inducible promoter®] =%
stell e frHzbe] wEe] doju= system =,
systemo] E1¥ Ay FEHE AAA = T

=

f o
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AQ tetracycline AlFe] =do] EAct= 3 shellA
o ke wdo] F¥thGossen?t Bujard, 1992;
Gossen &, 1995). Tet system®] 7] 742 F 84, =
TRE7} 234 promoter 5%} transactivator §-2°] 4]
2 & vector ol EA3F= two vector system S 2 A,
FAAS F= A T Al AEA] 74749 vector7t
=9 AAE A8 - wvE S SAd AL 27|
A A TS AAE ok st ARHA, AAA EHo] A
CHRyding 5, 2001). o]2idt FAHES | 23l7] $15}e]
FHol= F 8AaE WY cassetteo] E=Y3F] 538 one
vector systems FH g & A4 B knock out/-in &
& AL 5ol ofe] Aol ARgskaL 3l o (Bickman -5,
2004), ¥ Aol 753 719 one vector system
= 7]E9] two vector Tet systemol| H|3|A] A7 217
G507 QI3 7]EA, AR S As T,
FHE Frudo] =2 Aoz HIHAHKoo &, 2005
Koo &, 2009). ©] 2] Tet system®] 71412 TREZ} 3
3l promoter i} transactivator F-i-o] S W
AAA vfE 27104 9] background 48 7HAAl7]
aL, tetracycline A|F o] =4l e s FEAAA
U FEES SR WEe R A gl

ATl A 53 Tet3G systems> PGK promoter
atoll rtTA2°M2 A]¥o] FEA15}a1, TRE-tight (Clontech,
USA)7} =50 3= 71E9] Tet systemoll ]34 (Koo
5, 2009) 7NAE FENO] transactivator®} inducible pro-
moterS =93 HE| 24, transactivatori= HEHE bacte-
rial Tet represssor®} 37§©] minimal VP16 activation do-
mains 2385 o, 7]F9] Tet-On Advanced trans-
activator®] 57§¢] olw|wAkS WHPAIXT Fxolth Pro-
moter -] 7|59 pTRE-tight promoter A €e] A2
9 M Aol MgEa, 4 ol R A"
# ¥FE]Z endogenous mammalian transcription factor
At F-97F EAEHA @& 3otk o] Tet3G system
2 719 o2 Tet systemell Bldl] Td = ZolA=
w9 2 S-S Y, W2 doxycycline &=l
L Wzl wkgghth. &g TRE3G promoterol| = en-
dogenous mammalian transcription factor 2% 9|7}
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