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Inhibition of Porcine Endogenous Retrovirus Expression by RNA Interference
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ABSTRACT

In recent years the number of patients waiting for organ transplantation has greatly outpaced the supply of human
organs available, which leads to a renewed interest in pig-to-human xenotransplantation as an alternative. However,
one of the biggest barriers in the xenotransplantation is presence of porcine endogenous retroviruses (PERV) that can
infect human cells. In this study, to present a possible solution for this problem, we tried to inhibit expression of
PERVs using shRNAs (short hairpin RNA) at the level of RNA synthesis and virus release. The shRNA targeting the
sequence of PERV A, B type was cloned into pSIREN-RetroQQ vector under the control of polymerase-Ill U6-RNA gene
promoter. Quantitative real-time PCR was performed to detect any alterations in mRNA production of PERV A, B
targeted by the shRNA in each done. Depending on the target sequence of the shRNA, the transcription of PERV
was decreased to as much as 4% and the number of progeny viruses was reduced to less than 1/200,000. Transgenic
pigs producing such shRNAs may result in a highly reduced PERV expression in cells and organs, which is a
prerequisite for safe xenotransplantations.
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ol A% /M & EA4E F9 e EHX] genome o EAs= WUA BEZHe|2|X(porcine endogenous
retrovirus; PERV)7} Q1ZHA 22 ol 4 szlﬂt Roltt, o]o] tjg digto 2 HZ i3] AT7HIL JE RNA
734 3 PERV RNAS] &3-S i3 JASH= o] AetEu gl RNA ZH(RNA interference)2 double-
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, 2002), EAS] HAS T L9 HAddS Fof
H A9 ASE F3le] AAVE 7bsskANE = Al genome
o A=l e vkl HEZube]E 2 (porcine endo-
genous retrovirus; PERV)E ©]2]8h AHS &7 27gte
2E AAE F givked AUtk

2] genomed] YH-E EAsHE PERV Sl sub-
group A, B, 12|31l C type¥te| virus UAME THEL T
¥48& 7FA2 vk I 5 PERV C type> SAA LT
AN g de W, gagd pol 742 homology 7}
o]-$- & PERV A%} B type S{x|¥4t ojye}l Al A
Yol ZE % FAo] Jhsditkn ¥e#lA SltkBlusch
S, 2000). olEfd 5oz ety x| FVE o]t
I 7S o o]aite Alghel WHHo| AEHiH
Z o] PERV A9} B type?) viruste AlEE 729AZA 7}
5790 Ak olol] digh fAAo T HI Eds] A
i 3l RNA 2Hd& 53 PERV RNAS] 2 S gt
AAsFE o] AFHIL Qv

RNA g9 28 WAYUSS a3 Pt &, ds-
RNAZF AIZUZ ==Y dicerzhs AEW &471 ©]
= QX3 TS 21~23 nucleotide 279 A& o=
A3} Small interfering RNA (siRNA)EF Bl 2
A 2458 AlxY @A A<l RNA induced gene
silencing complexes (RISC)2} SolH o=z ZA3st & A
BH @G7INEE 2 virus®] mRNAS Hegxoz 3
ohlo] #3llgtch(Tuschl 5, 1999; Hutvagner®} Zamore,
2002).

EAF AEA siRNAE ©]-83F RNA H F5(Ca-
plen 5, 2001; Elbashir &, 2001)%= o]7] B2 FofelA
A= el 53] HIV, Hepatitis C virus 53 22
Aol fHx X7 Hoplm $8FT UTHMorris9}
Rossi, 2006; Wilson™} Richardson, 2005). &34
AHEE SiIRNAE o83l W2 (i) $9T siRNAE
transfection 8-S AA A ME Qo2 =Y AY
(ii) AE QoA siRNAZF REHLE TE013 siRNA
e WEHE HE QFC R transductionA]AHA HE el

A

A siRNAZF FEHA 3= 59 F 77 QltkPa-
ddison 5, 2002). AFe] B¢ AE HelM |47 Az
F AR INAew 5 FHAY TEE AR
w2l influenza ®F SARSSF e F4 AW A5
$49 § 32w (Tompkins 5, 2004), T2+ A9 Al
E el 2@ 717k B B4 fAzke] BEE A8
ojo} Bl hepatitis B+ HIV-13H 22 7H3 %91 249
7o 82 & UthGiladi 5, 2003; Banerjea %,
2003). ¥ AFoA = BV Hdo] JhesAE HER
wlol#| 2 WElE ALE38le] shRNA A4S 2 A 2
=8l o] #Eel A= RNA polymerase I pro-
moterol] 2]8] PERV mRNA2| 57 A Fo| td sense
¢} antisense sequence, 1¥ il loop sequence® T/3H
short hairpin %2 RNA (shRNAY7} $AEA @k
M ZEJ A A shRNAE dicere]l €3] 21 nucleotide
A71=2 ZY F RISCY A3t PERVY target mRNA
Z F-3sted(Paddison 5, 2002), 23H 07 shx] AT
PERVS] Z&EE AAlstA ok

AME 2

shRNAQ| Target Sequence?| Z7

AFA el 7do] 758 PERV A%t B type?] viral
RNA®] AAFS dA|8t7] Hste] WA PERV A type
(Genbank accession No. AY099323)9] cDNA €714 E&
Clontech/‘]-(USA)vOJ siRNA sequence selector (http://ioinfo.
ontech.com/rnaidesigner/)¢ll $J&$t & Reynolds 5(2004)
o] Heg 7|1&ES He 9HFsted 6709 target sited
E&33k o] F 4/l gagpol A Yol &3t
20E env AL Uloll EA5HeH), o1& EF target site
9] DNA AlZo] B type PERV (Genbank accession No.
AY099324) M= REH ALAEL &elstginh Fig. 10l
A FAIZE 7 9] target site 5 4204 Karlas 5-(2004)
of o3 o]u] PERV £&9] oz zgo] IRl Ao

5LTR o sA SLTR
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Fig. 1. Schematic presentation of the porcine endogenous retroviruses (PERV) genome and two mRNA species being expressed from proviral
PERV. (A) Localization of siRNA target sequences and primers used for detection of viral RNA. (B) SD and SA indicate splice donor and
acceptor sites.



& 23X 24T shRNA HEls} 97 5848 v
3l7] 938l positive control 2 A}&-3}Th o) d#} o] A
AE target sites 7|F o2 EF 7709 oligonucleotide
(%F 70 nucleotide)E A 3H3ATE 2t shRNAE codingst
+ oligonucleotide= sense, loop, antisense ~LZ]1L 6 ba-

se®] poly(MZE TA=o] AUrt

HiojH 22 MM W EHMEZY HH

shRNA 2271 A" HEZulo|2|~E Aier)
#eted packaging AMFEQ] GP293el Az 22
PSIREN-RetroQ #E|9} 3% {42} VSV-G (vesicular
stomatitis virus G glycoprotein)’t £ pHCMV-G ¥
El(Yee 5, 1994)E calcium phosphate ' 22 cotrans-
fecion3t i th. 48417ko] A F WY H virusE 2447
Aol FH)gE (1X10%/60 mm) PK-15 (porcine kidney;
CCL-33 from ATCC, USA) Ao #FAZTE 2G4
744 Zm# <l polybrene (5 pg/ml; Sigma, USA)E &7
A7belgith. ohEdHE puromycin (3 pg/ml; Sigma,
Usayo] #7td wigdo= 253 A AAS A ¥
T Mojd AEFE Gt & AP AL
3t GP293 (Clontech, Palo Alto, Ca) AlE+ 10%<] FBS
(fetal bovine serum; HyClone, USA)¢} penicillin (100
U/ml) - streptomycin (100 pg/ml) (Pen/Strep; GibcoBRL,
USA)°] #7}d Dulbecco's Modified Eagle Medium
(DMEM, 4.5 g/l glucose, GibcoBRL, USA)ell A i &3+3d
o0, PK-15 AlZE HAtek L FBSSF Pen/Strep, ~1
g3 1 mM®] sodium pyruvate (GibcoBRL, Grand Is-
land, NY)¢} 0.1 mM®| non-essential amino acid (Gi-
bcoBRL, Grand Island, NY)7} #7+8 MEM/EBSS medi-
um (Hyclone, USA)S AH&-3}9 37C, 5% CO, &7
incubatorollA] B &3t

RNA 22| ¥ RT (Reverse Transcription) PCR

PSIREN-RetroQ) HE 7 ©€ 1X105709] PK-15 A3
£ 48417 FQF widst & AEU total RNASH Y
2 BEE A viruse genomic RNAE #2383t
M ZW total RNAT A|EE TRI reagent (Molecular Re-
search Center Inc,, Cincinatti, OH)Z A 2l&le] #2515
th A& virus9] genomic RNAE w¥dS U4 £
(BECKMAN Ultracentrifuge®] rotor 90Ti& Al&-3}
17,000 rpm .2 2417 F&3 virus2HFH QlAamp Vi-
ral RNA mini Kit (Qiagen, Germany)2 Al8-3}o] &2
3ol #8]3 RNAZHE DNAE A&7 $138k9

Table 1. Primers used in Real-time PCR Analysis

3t PERVS} 2 o) 183

ImProm-II Reverse Transcription System Kit (Promega,
USA)E AHE-3I3ITh

Quantitative Real-Time PCR

PERV &8 oA 575 &13t7] 948l quantitative
real-time PCRE 33131 =t PERV gag-pol £ env -+
Aol 3t specificdt PCR primer® Mang 5(2001)°ll
&) olu] el RS AME-3SItH(Table 1). Bio-Rad 3]
AHUSA)®] MiniOpticon real-time PCR detection system
£ o] 83l TYS sampled 4708 FAlo| real-time
PCRE 3o, 22 S 33 w5 AF53UH.
PCR ¥H3-2 DyNAmo SYBR Green qPCR Master mix
(Finnzymes, Finland) 10 wlell 2z} 5 pmol®] +8F —
strand primer, ~22]31 cDNA template 0.5 n g& %
AA 20 W2 T ME ] total RNAYA gag-pol
2 env A LEFE A7 918 internal
control?! GAPDH (glyceraldehyde-3-phosphate dehyde-
rogenase) 2t &7 quantitative real-time PCR& 383}31
o} Quantitative real-time PCR A& Opticon Monitor
analysis software® 3t Ctah& 2Ask3l o, Ctt
oNA GAPDH 328 Ctak2 reference= A3}l gag
pol 2 env 51719 CtghL targeto.Z 3 ¥ 270 T )
H(Livak?} Schmittgen, 2001)S AM&3le] HEHoZ
gag- pol B env §7AXS] Hd HEE 8| Wl ThFig.
3A, 4A). shRNA®] 2]3 knock-down 2H§-0] A A virus
o] Aatel] mixE FFe E98kr] HAste] WA knock-
down EAE 13w AEo] wie} v 2RE virusE
Tt APY E4S U AoAH £48 A
ol1] copy & €3 YT standard virus DNAE 104]
A 8lAste] virus ¢DNA sample? #7] quantitative
real-time PCRE 3% ¥, standard curveE 7]F0E
7} sample?] virus cDNA copy & Al4tetSith(Fig. 3B,
4B).

2 3

Z} shRNAE coding3te 9F 70 nucleotide Z°]2] DNA
& BamH 13 EcoR122 A2 ¥ pSIREN-RetroQ |
U] U6 promoter th&ol =3t} HFHo 2 75 Fe
pSIREN-RetroQ-shRNA #E[E T3} Ch(Fig. 2).

o] FF9 shRNA HE]Z Zolg MEeojA, AlEo

Target virus Target gene

Primer sequence (5 - 3')

Fragment length (bp)

Upstream primer

CCATACTGGTCAAGGACG

PERV-A/B/C ] 217
AB/ po Downstream primer TGCTTCCGTCAGTGAACC
PERV-A/B Upstream primer AGGTCTCCTTGGATGACC 138
- nv
“ Downstream primer GATCTGGACTGCACTCAC
Upst i TTACCTGACCTGGATTAG
Porcine GAPDH GAPDH pstieati primer 219

Downstream primer TGTTAGAGGATGGTCCTG
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Fig. 2. Construction of shRNA retrovirus vector. pSIREN-RetroQ is
a self-inactivating retroviral expression vector designed to express
a small hairpin RNA (shRNA) under the control of the human U6
promoter (U6p). The hybrid 5 LTR consists of the cytomegalovirus
(CMV) typel enhancer and the mouse sarcoma virus (MSV)
promoter. Puro®; puromycin resistance gene, PGKp; Phospho-
glycerate kinase promoter.

total RNA®} vkl W2 Ed A& virus®] genomic
RNAO thgh ztzte] (DNAS FEoZ 8l quanti-
tative real-time RT-PCRE 413t A3 o3 g4k
A HZ9] total RNAYX GAPDH Aol thet gag-
pol 5738 A Axg 2** WA(Livak# Schmi-
ttgen, 2001)= A&l iAoz FA1% AF(Fig. 3A),
target site”} gag-pol TR shRNA HE|Z o]
PK-15-1053, 1947 A|Zoll4 PERV Z& &&o] PK-15 Al
Zo| giM)st 2 6%, 4% 7 @A Vel L
9] PK-15-2992, 4204, 4458 M EZAAE= ztz} 11%, 16%,
34% Az & oA aAE YePNJAL, target site’t
env FAAC shRNA HE]=Z Hold PK-15-7749, 7770
Ao ZHzZF 75%, 28%E H|w3 e ug oA E
Bk tgo 2 PERVE & AA7} dojid AEFE
oz AX 92 UEHE virusd AN oAl st
o standard curve® ZMJstd A SF3IThFig. 3B). L
A3 AEM PERVE oA &g&°l 7 EUWY PK-
15-1947 Al EA viruse] YA} ALk A = PK-15 Al E ol
tiu}ake] 3008 o]/ AAH R, PK-15-4204 A E A
£ 2008 o] JAFHJZS s 2 9] PK-15-
2992 A|Zo| A= 1308 ©]4, PK-15-1053 A ZolA &= 79
v o) e} SAlE Bivk 12y PK-15-4458, 7749, 7770
AE2] 7AS-, viruse] JAF AYato] 58 o]3} vhell A=
7] 2keS 2183 thFig. 3B). ©1E 3719 target site
(4458, 7749, 7770)° N3 shRNA HEEL A ZY total
RNA©| W3t gagpol 7314+ A FmAAE e
d JA&(Fig. 3A)S YEMH Zo=, AFAH O = PERV
9] 632} &S knock-down Al7|7el HAFIA| e
HE Y-S & F JATh

3 PERVY 2d A& env primerE AME3 quan-
titative real-time PCRE &3 3% Z3}, shRNA HE7} A
old 7/0e] AZollA PERVY 2&EHEE control® 10~
20% AEZ JAHJKFig. 4A). 2L FoA|A target site”?}
env 222 shRNA #E{7} He]d PK-15-7770% PK-
15-7749 A EolA PERVEY ol H|& 2z
10%, 15%) 7V =4 A=A 228 AE 51 3
29 A& virusE VIFLE AU E W o)E HAXE
9] shRNA®] 93t AAE&L controldl] B3] 1/10 =& 1/2
B2 7P e S HItHFig. 4B). ¥E AW
PERVY &d A9} 2 2 olUAA T Karlas F
2004)9] Aol AHEH target site’} E=E PK-15-
4204 AE2] 7S FHz 209 w7 e ZolE HGloH
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Fig. 3. Inhibition of PERV gag-pol gene expression in the PK-15 cells
transduced with various shRNA vectors. (A) total RNA extracted
from each cell line was reverse transcribed and the resulting cDNA
was subjected to quantitative real-time PCR using a po/ primer set
shown in Table 1. Relative expression level was determined by
comparison with the level of each cell line's GAPDH ¢DNA. (B) to
evaluate inhibitory effect on the progeny virus production from
each cell line, viral genomic RNA extracted from the released
viruses in the media was reverse transcribed, then the resulting
¢DNA was subjected to same quantitative real-time PCR. Inhibitory
effect was determined by comparison with the cDNA copy number
obtained from PK-15 cells expressing no shRNA. PK-UéX; PK-15
cells transformed with SIREN-RetroQ carrying no shRNA coding
sequence. The data were obtained from experiments performed in
triplicate, and dre presented as mean+SD.

E A A TE HE Fo|HE PK-15-1947 Al EolA
175 v ojdo 2 @ AolE e THFig. 4B).
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A2 HA9 A7 AgelA oldEe olFit B
o]2e gloiA 7 2 EAIEL HA genomed] FE
FA) 3= PERVZY Q1ZtelA 22 Hold # e
Ao|thBlusch 5, 2002). ©12}g PERV #F 7FsA<
Hagsl] g Aoz A AESY e FFEO

2 758 AL (i) virus AAke] ¥ BEES AU o]
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Fig. 4. Inhibition of PERV env gene expression in the PK-15 cells
transduced with various shRNA vectors. (A) total RNA extracted
from each cell line was reverse transcribed and the resulting cDNA
was subjected to quantitative real-time PCR using a env primer set
shown in Table 1. Relative expression level was determined by
comparison with the level of each cell line's GAPDH cDNA. (B) to
evaluate inhibitory effect on the progeny virus production from
each cell line, viral genomic RNA extracted from the released vi-
ruses in the media was reverse transcribed, then the resulting
¢DNA was subjected to same quantitative real-time PCR. Inhibitory
effect was determined by comparison with the cDNA copy number
obtained from PK-15 cells expressing no shRNA. PK-UéX; PK-15
cells transformed with SIREN-RetroQ carrying no shRNA coding
sequence. The data were obtained from experiments performed in
triplicate, and are presented as mean+SD.

21802 MelaAOldmixon 5, 2002), (ii) vkl
2 WAL )23l A Y (Fiebig &, 2003), (iii) 573 mRNA
sequence® #33= RNA 7] 71€$ o&3dt= o]
t} o] W F 53] RNA 7S HL3 Fulolaix
A7 A Bok= 5d A THF AlEolA RNA 7H
52| 7F54d0] H-& FH(Elbashir 5, 2001)¥ o=
e we £E2 dbhstn gled, dEHd AR
Karlas 5(2004)°] 2]t PERVY] Zd¥ A A Eoix <]
siRNAS] PERV o Ao &e A9 Miyagawa &
(2005)9l 9)3F siRNA HEE Fo]A]Z] siA] AlE ol A
o] PERVY &d Ao #3 B1E E & Qith Q7%
Fg FTAe] Hee FUA AR 2 dFeAE

$t PERVE] & oA 185

7)Ee) the wd wEe) A A YA 2A 71 5

gt Qe §314 BHe] AT dEgntole s B

£ o8l ¥ A AXelH 717k RNA 1H] &
=il

T8 doyle 4¥H A2®E Agstuxt itk WA
ArghA| o)) ZEdo] ¢l PERV genomed] A7IAME-&
71202 25 7709 Y2 shRNAE Zdsl= dlE=2n)
olg]z WEE FE% thg, 753 dERulolz|x dE
Z HAAMEL] PK-15 AlEe] AoJAZ] F AL Yol &
Ast= PERVE] 28 94 &3E quantitative real-time
PCR ®H& o]83le] EQIs}3ith Internal control ¢l
GAPDH #7A 0 it gag-pol +32He] A e ¥
E7b do)=A] gk AE 1|3 4~75%2] Z4dE&S
el on shRNA #E 5 PK-15-1947 A X7} ol Al
F FollA 7P G 2 E@%) S B ATKFig. 3A). Kar-
las 5(2004)¢] AME-3 siRNA target siteql pol2 sequ-
ence?t B A9 67]9 target sited} H|ALIIHE o,
Karlas 5(2004)2] 7oA PERVe] TEE Al AX
WellA 10%2] PERV 2 A& BW 4204 siRNAE
£ A7 A M EPK-15-4204) 4 %= 7] Bl T
oA ZAE BATH16%, Fig. 3A). WHHo] £ AtoA
43k shRNA WElZ dojd PK-15-1053, 1947 A Eoj
AE olBY ¥ =2 vE A &S EStNFig. 3A). Env
primerE ©]4-3 F& A& BN & PK-15-7770 Al
F7F 71 A" 2HE10%) S B THFig. 4A). ©]HH
PERVS] L& ojx] F-go| AFAIEA o]n] Elg 7]
£9] shRNAETH &2 AFA A5 shRNA7H o &2
o4 &&& JeERHlon, o] WEES PERVY 7EdE
A E Z=Q3IHE ARel=E GA] F& oA 58S
B Zolgl oAE) PERVY & A7} dojdt AE
FZ2 oz AE 92 BEH A< viruse] TE A
AL E standard curve® ©]-83}e] B3 Ay, 1 17
~205F wijol] &3l 7HAES R SItHFig. 4B). oj¢t &2
Ao T4 A Lo knock-downE FE3HE RNA 7F
AL ME oA el PERVE] HdE AAAZ 8 ol
AE 92 W=9 PERV virusd YA 5 A3 74
AZIE e FAF £ Auth

Hlolg] = fAAE FH o= 3 RNA 7H] §54 9
ojA 3hte] AAolEd virus®l EdWo|7} RNA 7HY
o A sensitivity & FAE °|F F Yrh= Aotk ol E
EA= 53] DNA virus2t 8734 wtel Ed%ol7) 4
Al ot RNA viruse Z-9olA B dA s Dra-
ke 5, 1998). Das 5(2004)<> RNA 7Hd& ©]83 virus
94 HFolA RNA virus SHHol] A3 230
2 &) Azte] A'd4= siRNAY] 9% knock-down &
H7h A AAsE g AT olof digh miqte
2 o8 79 virus FHAAE FA] THoR T AS-
EdWolo o3 siRNA A&l A4 FHE FAZ
4 SlthKahana 5, 2004; Chen 5, 2005). 5, siRNAC
o3t 54 fxte] &d JAZE Ay HIME o
g 719 siRNAS] EdWol7t FFolof 7] wjEell
o8] XL targetoZ 3 shRNA HEHE FA|d A Eoj
Zol A, siRNAS oisk &dd AgEs 7k
virus EAHoI7F el 7beAe 4ds] A" RAolvt
(Wilson 5, 2005; Leonard %5, 2005). mhgha B A3
] PERVS] Zd A7} E21d shRNA HEE 5 17§17}
ohd 1 o)) shRNA HEE FAol| =HA] AEe] o]
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