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Abstract

Gene function studies via gene knockdown (GKD) in zebrafish have been
intensively conducted; however, most techniques offer only transient interfering
effects. Although zebrafish genomic information is available, the U6 sSnRNA genes
and the use of their promoters for short hairpin RNA (shRNA) expression have not
been fully characterized. In this study, the structure of the U6 snRNA genes and their
genomic organization are elucidated. Additionally, transcription assays utilizing the
U6 promoters were conducted to provide sustained vector-based RNA interference
(RNAI). Three U6 snRNA genes were characterized and randomly designated as U6-
1, U6-2, and U6-3. Phylogenetic tree analysis indicated that the U6-1 gene is closely
related to the mammal U6 snRNA genes and that the U6-2 and U6-3 genes are more
closely related to Drosophila and Xenopus U6 snRNA genes. According to the
conserved position of the upstream regulatory elements, TATA box and the proximal
sequence element were located. The “CCAAT box” is predicted to function as the
distal sequence element in the zebrafish U6 sSnRNA genes. Genomic BLASTn
analysis revealed that at least 555 copies of the U6-1 gene are dispersed throughout the
zebrafish genome, whereas the U6-2 and U6-3 genes are each present as a single copy.
RT-PCR demonstrated that these three U6 snRNA genes are functionally expressed in
various tissues. All three putative promoters were able to transcribe ShRNA in

zebrafish, providing that they have potential to be used for vector-based RNAI in

p { Comment:

zebrafish. A putative U6 promoter would provide a powerful tool for long-term GKD .-~
in zebrafish. The zebrafish U6 promoter efficiently promoted shRNA in vitro

expression in cell extracts isolated from Nile tilapia, but not from catfish or common



carp, demonstrating that the zebrafish U6 promoters promoted variable transcription
efficiency across species. Another U6 snRNA was found from the genomic BLASTn
search and designated as U6-4, suggesting that there are four different types of

zebrafish U6 snRNA genes.
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gou1UMIueeu Inmud loa 1n1iiaa Is Indu lelumaiiagutioandni luila
o a a = g o o =) ] o
wavoweu Insus 1oa 1nii0Aa 19 IMAAonN13 991119 Manvesdusg s umzmizaelu
JaA AAa ) o o = Yt °
IAdaelBIN gRAUNUATITNTAY Paterson et al. (1977) MU Ialimanaasainewoun
4 a a = 4 9 @ A o [ saA AAAa
wush lod Intana le naun 19 lumsdavinamsmusiviu hSalusad 793530 (Stephenson
@ a < o
and Zamecnik, 1978; Zamecnik and Stephenson, 1978) IMsWaUUNANABUTOAAIY InBLDY
4 a a d [ 4 I~ A A (B o a
InudloaIniang lo lnasdwaoiiios mszilumaiinh ligeen Taeldueu lnaudgTod
a 4 a o ~ @ I~ 4 a a
Tniinalelnavinailszana 15-25 Haaalo Ing vazlaimsiauuiureu Insud Toa Inil
4 [ { Y]
1nale Inauuyudauiag (modified oligonucleotide) TaomsilasuIasaaianurdnveaeu
Iy A A A S o ' 1 Y A = o s
Tnaudg Toa Iniind To Induadnsduilsznevveuuagau 13 e 1dianunsda Turad
[ Y v 1
91330 1aumvu 1dun phosphorothioate oligonucleotides (MM 2.2) FaD w19z UTozIAN
o d? 1w a 9 = 1 Jdo IR o ) a a
MINNUENTY LaNNIzINANAT IR Braada ) 19nsdSuuaslnseasaveslon Ini
S o { % 3 A
1na 1o Inaitlu morpholino phosphorodiamidates oligonucleotides (NNN 2.2) Fauanuluny
YY) 3 ydd?’ o 4 a a =S
anas asnsuiuesowehmueldaru nalnmsiauveaey lneud loalniiind e
J % o = = Aa o ~ = ) o
Tndlumsvavnamsmauvesdushwned 2 na'ln oFu1edaning 2.2 Insiiweu Tneus
a a 4 o 1 I ] [
Toa Iniiand To'Ind lidszgna 1 lulumsAnumrhnvesdu diduesnulsalsa uag 19
TumssnelsaninannmsialnAvosdu (Braat et al., 2001; Galderisi et al., 1999; Schmajuk
o o a a
et al., 1999; Lacerra et al., 2000; The vitravene group, 2002) Jaunsiueueu lnewud lod Inil
4
10aTe'Ina l1F umsdny e stulutlardhate Yauuaing vazdlansuluiim
(Nasevicius and Ekker, 2000; Boonanuntanasarn et al., 2002; Boonanuntanasarn et al., 2004;
. 3 Y
Yasutake et al., 2004; Candel et al., 2004; Yamamoto and Suzuki, 2005) Tagazwiulani
av 9 o a a = L < 4 ' o
wauI9ems ldueu lnud Toa Intinna Te Ind lumstona1iilaininnai 300 aajy
1 o a a 4 I~ { A [ 1 1 o [
fagiueu Inus Toa Iniinad le Inaszitlundenlsiussrauns varedmsuy
Aa A < 4 [ 3 =l a = 09.: 2K o w 9
MATATUTIOAATII LATINAVOINTHYATINTIAAIDNUBITUINAEITZ oz AU 293 10AN15 19
1 = 9 d‘ = 1 [ 1 A % 1 1 :JI
aglumsanymihiveduluszriumanannmsves lilamieszezdsouvesaunniu
o 4 . . . . . $ g
Hag MIMUvoIeU Inesus morpholino phosphorodiamidates oligonucleotides FaumMs sy
Y o < 4 L] [} o o
wiaslnseadrananauiindit ou lwiensidueaey (RNase H) Jiauszaninld dailima
Y =) I = Y] o 9
YDINMIVAVIMIUAAIDDNVDIEY T unamisansileadumsiiauvesls Tu Taulumsn
v < L] d‘ [ o =1 [ 3 o Y o
Tsvsuwuorswueihuinaionsduasizy llsaumnin inlimsasreasumsiiny
A JY a o a = X an o o = a
vosduiiana1udeamsmatalumsiadsuna llsau $995msiaszav 1sAuraieyila

9 a d' [ 9 = Yy o I3 . . .
ABINITIINAUANTUEDU fﬂ\illﬂi]ﬂ"liu%@"ll’f)ﬂul’f)@ﬁL’ﬂul’ﬂ (siRNA; small interfering RNA) 41

9 v o = o 9
naaod g lumsvavamsninuve e luiansu Tums 1 (Boonanuntanasarn et al., 2003)



9 o =] v =
nazdadnane (Dodd et al., 2004) na lnmsiauvesea les1sowe lumsdadueisoue
a [ { 4 I ] { ] [
ithnaneesuneldaenini 2.3 1ilean sikNA i Tuanavesersiowen hilatimsdaulas
= ~ ° o a 1A Yy @ ad
vamnsanezih lilszgndnumaiinn1sa1e8u (Gene transfer) Tagmsairailudouoae
g A1 Y oo 7 e g & PR
dunaodnnuTs Tumos Nvunzay G e meduilazlsznoua1eaIUUD4 sense strand,
. A a g a o 9 =] A a 1 ..
loop 1A% antisense strand LNOADULIBYNNITIUAATUFU 12 1Ae1510UeNF N1 short hairpin
&£ g ) s Sy v o Y 1 Y .
RNA (shRNA) #31u1due1510 ueNUIuuuiuasiuag ey 147 shRNA 9290 dicer n1e1u
Jd o 1 H < . ' ' o
addaa NV loop 80 11 ud)aswilu siRNA (1w 2.4) e ldavnemsuaaseen

G o d‘ 1
VDIYUAINTINN 2.3 Glf)hl'l]



A d

lllllIIIIIIIIIIIlllllllllllllllllDNA

AAAAAA mRNA

l ARAAAN
_-E- By T T 7YY Y l
Degradation of target mRNA Translation blocked
RNase H-dependent mechanism RNase H-independent mechanism
B
Base
Base Base \ [ 4] |
H !
o N O H 0
o= IP—U o= Ip_s o=p—nN_
|
0 ; o
Native DNA Phosphorothioate DNA Morpholino phosphorodiamidate
2N 2.2 nalnmsvavemsuaasesnvetoulaslodIniinalo ng (A) uaz Iassadha

'
JAA o

wpalodlninndlo lnanimaaaudas (8) nalndutienarniuisesmilu 2 na'ln

J

[ { o a a
Wan Av RNase H-dependent mechanism Ao M3nuou Inud loa Intiina le Ing

D.

v o J P ° 3 o 9 °
W Tl dududuersduethvine 1d19115%ou Tl RNase H $3aad1 Ingaasian

=] v v ag Y o o I =] = & A
DO UBDIUNUALDULD LAININITAATIULDUDITIDULD Llﬁgf’)ﬂﬂallﬂﬂu\iﬂ'ﬂ RNase

[

. . A 4 a a = d
H-independent mechanism A9ATzUIUMILOU sy loa Intiing 1o Inaduny

aoduoseuethrunelda ausild s To Tau launsadn s udusuersou

iemIad e ldsauvesowihvine'ld
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[TITTIIITITITITITITITTITTITT dsRNA
ATP
Dicer
ADP + P;
iRNA
si 1L L1l

{21-23nt) [TT] [TT1

RISC.

@
e ¥

ATP

siRNA unwinding

L 4
]

Target RNA recognition

& —
'

Target RNA cleavage

4 -

M 2.3 mﬂﬁummﬂfj (doublestranded RNA; dsRNA) UAUINNTLAAI0DN

ADP + P;

= A o I s . I s
yoguivue Tagh dsRNA szgnanTaodulad dicer iy
< ' < {
DU AYHUUIAGN (small interfering RNA; siRNA) NHYUA
Y
sz 15-25 Quua 910194 siRNA 929U RISC (RNA induced
i . &L A A o < s
silencing complex) N IUY TN UNTNITDAATISONDIT IO UL
Yy v v & I3 Y 1 4
14 siRNA Yunudwesowethminedleagan 1dam RISC
v o & ¢ v o s ¢
1w lddaduerswwethnineliviasenaiu niuduesou

=< 1 9 < Al =] A Jd
L@LﬂWWNTﬂﬁNQﬂﬂ@ﬂﬂ?ﬂlﬂuqcﬁwﬂﬂﬂfﬂimum@u 9 Mwaam”lﬂ
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B sss— rrTTTT

; Transcription

LS
; cytoplasm

H o o P A &
MNH 2.4 MIAAR0TU shRNA 1A 115 Taaes inensnsians iy
4 @ < ¢ . o .
shRNA ttazgnifaguilu siRNA Taedu l41) Dicer 910101 siRNA

Y 1 A J o A '
Lﬂmj{ﬂi%ﬂ'}uﬂWiﬂuu@ﬂﬂTJu@NﬂWWﬂ 2.3 ﬁ@‘lﬂ

P

TargetRNA xxxxxla-(i-nio;xGll.llelxxxxxxxxxxx
e N5 bbbl ML 5
A ¢
A
A U
G A°©
C'G gA
A'U
G'C
G'C
A G
GU

i 2.5 Tasaadavedls Tu'lad ribozyme) nagdutiona1and lagls Tuland



12

Aoy ya o A A ¢ ¥ v 4 s Ao
wanniida ldumsiannmaiadutonail laens e 13 Tulesd Fuiluersioueni
J ] a A a o [ < o d v
Wosuglsnay 15Ty lmindendrmsvdutionaniludar fe'ls Tulmidiou
{ 4 v < R o a Aaan
(hammerhead ribozyme) (M 2.5) e ldudueuersvwethvue shldineadfnseuad
1 Y o Y < L] o 9 Y o =\ 09.1’ =\
aaraliinduduerswuethvinsuasenandiuld tazmsveaviemsiauvesduiui
' ° 3 P ° A =2 o q ¥
wasemMIiaaduesueth e nalamaianuuaaslagninn 2.5 39 ldms
a A < 4 9 a [ Y] < =] 9
asasumaNaduiiaaatasalinatamsiaseauduesoueithviungld (Tanner,
Y
1999; Warashina et al., 2001; Boonanuntanasarn et al., 2005) HAZINANAAINAIUFINITDIY
o Jq9 Y o [ a A < o A A ] =S
i hhlszgnalddmsumatindutionaniszezen niomalasunlasiugnssuuesou
o @ = 4 %
hyuneldinmsiianuanas Tasmsdaneduved shRNA uag/mse 15 10 ol v Ta)s Ty
s Y o Y o a 1A . @ 3
wos gy uaih I 1¥s i umatinnsoedu (Gene transfer) (Xie et al., 1997) fa1iy Tu
o 3 { 1] (] 4 P
Pagiiudaiiuiauladuediaunnlumsdnyunemsusnuazms InauTis Tumesniinnu
1 o 9 o Aa A < s A 9
mingavaon sy 115 lumswanimaiagufionnl Hod91n 1nsaa3 199049 shRNA vag
. [ =] <3 o A < d o o A A9 @
ribozyme 111101510 UDVUIAEGN LAZNTHINUVOIEUTHOAANIUT NS VIV NIUADINMTTEAL

] [ 9
#501/31101999 siRNA 1ag ribosome 4 1Nz amsngadamsiauvesonlduaz

(] ' o
ﬁ']ﬂ'ﬁﬂlﬁuwallgfﬂﬂ%isﬁﬂﬁ]u

RNA polymerase III promoter
A a o a ] 1 = Y] I ' '
Turaadadliziasmangas loa ansautanguersiouenan q eendu 3 nguldun
. & oA ¢ ¢ 7 o 7 a
ribosomal ()RNA siiogilszanm 80 nlesiyuauatonsioueiisnuamelumad an 5
s s <4 A A A s s I ] o
losrunazilli messenger (mRNA tazviandn 15 woduaaziiluesioumiinan
A o 2 d A < 1w
transfer (DRNA MINIUEATUFUv0015 0 Uemariignitau Iasou ladaeiu Ao nisn
a o < 4
suansuFuTaoou la RNA polymerase I (Pol I), RNA polymerase II (Pol II) (i RNA
o w . 4 J ) {
polymerase ITI (Pol I1I) AW&1AY (Wingender, 1993) 115 Tumosvosdulungqu Pol IT shmiiin
1 LR { 1 X o {
Tunsa$19 mRNA uag ngue1soueienii small nuclear RNA (U-snRNAs) (Faimiiinlu
N3ZUIUNT splicing) TasilnAszaumsiaasoonlag Pol 11 azudasoon luszaui lugeun
v
LATMILAADONVBIBU YA 1TANNTIMTA YAV UYaaNT DO Je1e DNNanandn
I3 AY Yo A =] A A a Y .
91510 ueh latnridiuvesonsoueniuANN1sdIuLa18 5° (S untranslated region Lag cap
structure) U8 3’ (3’untranslated region LA poly A tail) (Ohkawa et al., 1993; Taira et al., 1991)
~ A A 9 a =\ a =) s A a [ 3 9 o
mMsnwanani lannmsniuansulae Pol 11 Jaeilina lo Inamuay auiudmimiilds Ty

¢ e { A A o
o504 Pol I 114 umsad1a shRNA taz/miels Tu Ty o150 ueignimiuaueaila
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1 Y 4 { 9 { { z o
51519msfaudIu09 shRNA wag/se 15 Tu'lainlaeull e laseadrennlasu lihivernh
It liansadhgnszuiumsdavinemsudasesnvestuihvine1d

A = Ao Y A o s I d a3
MSNIIUEATVVDS Pol I 44 1a8F55UMARMINN TumsdunsizrorsouwevuIa@an
=1 a a = Y Y o ] a ~ < 9 o
eiimsaniiina le lnadulaie 5° uag 1ate 3° WhnvesDueHanaaisuantios A1
msuaasesnaoudegiionSeufieuny Pol T (Bertrand et al., 1997) @2uluajmsudasoon
=) o 1 J @ 1 . £ 1 < sa
e lifianusumngaeadiazodoiza1d 9 (Wingender, 1993) 3919z iuTd5 Tumosn
) Y A Y Qy ] a3 ~ 9 3
manzanlumaiunlslumsdeuaefusudivvesdduenzai1uily shRNA wag 15Ty

4

e
o Y A ] s A A Yy o Y = Y

Pol 1T ¥t lumsaseersvueinevessunszuiumsasialilsau laun

tRNA, 5S RNA 18 small nuclear RNA (snRNA) VNPHAFUNBIVDINTLUIUMNT RNA splicing
1 I 1 1 1 & [
gnsoautoomiu 3 ﬂqualmy 1dun Type I promoter Gdﬁwzagﬁl‘u ribosomal 5 S gene, Type 11
promoter #3149 tRNA 112 adenovirus 2 VA I gene Q& Type III promoter At lumsaha
{ J A % [l 1

U6 small nuclear RNA (U6 snRNA) Tagi 11)3 Tumasasiia Type I tiag Type I 9zinod lungu
intragenic control region (ICR) Huned uidvyaonsnuaumsniuansvognielu coding

. 1 A o I~ 3 A 1 o [
region 4§ type III promoter velianyuzidu external promoer UUAD mumaﬂﬂﬂmms%ag
k4 A 9 = 1 .

Auuennaate 5° milouIasadiNuedulungy Pol Il (Wingender, 1993)
vAa Jd A [ d‘ 9 1 o Iy o
nnpuautiavesTUs Tuwweswila Pol I aeil Idnauihldimsnenumsie
4 o Y] a I~ 4 o 4
Ts Tuwosuea ol 111 T lddmSumaiiaduiionn1n Taglainsiive1Tids Tumesves
4 1 [ 4 4 Aa A o 4
RNA Wieuaaiuduvedls Tu'lsl efnylszansamueamsiit il luadhals To'lad
[ 4 )
dm'lsalsaead (Kuwabara et al., 1999; Warashina et al., 2001) traz1i1 11/ 14 lumsdnmn
Y ~ ~ 4 9
NINNVOEY newregulin-1 TU¥Y (Zhao and Lemke, 1998) TuJansuTuimin
' A Y = A a Y .
(Boonanuntanasarn et al., 2005) #o1114/8 lans181uMsnaasddszaninnluns e siRNA
< J o Ay o Jd a 4 [ 1
TumaTuTagduiiona1d shldiinsidewmu Tus Tuaeswiia Pol 11T feglungu Type I
Y o v A < I Y 1 4 o 1 Y v A
promoter 11 1¥d 15 UEUTaAA1Y 1aun TU3 Tmes¥ee Us snRNA 111310090781 shRNA
d‘ 9 o (% = 9 ~ =~ < o .
e lFd M UMSANEIMUNNVEIEY LazNTHOAAINEUTZoLe1) ( Sui et al.,, 2002; Kwak et al.,
2003)
I ] . . A o @
U6 snRNA (Hua211)52n9 194 nuclear ribonucleoprotein mmvrummmuﬂumwau
Y v v

RNA splicing 1@1M5AUNY U small nuclear RNA 1194119 8 ¥ NNeIoanUnTeUINmMT
RNA splicing JA8N8UU small nuclear RNA 84 9 §n13n31uan3y 1ag Pol 11 L U6 snRNA

a N o Ao o o dy
M3sNsUansulag Pol 111 HASHANHUSNAINY m@]a"lﬂu
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1) annsanageumsianaeenlurasanaastlaely cyotplasmic extracts 13 Pol 1T
1D transcription factors
.. I @ & A o Yo o
2) Ol-amanitin Wuasdamianamnsodn 1F3uunmsiiauues RNA polymerase
Y v
%13 9 Bulungu Pol I 929ndudamsianu a1zl O-amanitin g4 uel
a0 laa luan e d-amanitin Juszdum
= 9 1 . . Ao 1 a = I
3) U U6 snRNA U32noua28aI1v04 intragenic box A NAWHUW0HIAA T Indn
a = I o Y A . . . Y an
48-59 wazidnae Imaniminily termination signal wilszneuaie lsiau
(thymidine) 4-5 LU 569A0N1
Yy = = 9 =\
latisreaumsuendutazmsany Ins9a5 19038 U6 snRNA Tuau 1y Xenopus
(Krol et al., 1987; Das et al., 1988; Kunkel and Pederson, 1988) 118 uuad17 (Das et al., 1987)

o W

TagannsodjlInseaduidngiunumaomsianioonuesdy Us snRNA (0 Wd 2.6) ¥4

g

Usznouaie
U6 snRNA
E | PSE | [TATATA| G BoxA |
-250 -79 -48 -26 1 48-59

MW 2.6 Ta53a3199998U U6 snRNA

o ]

Y] 9 1 A A v A = A Y 1 a =
mmwwmmﬁmmnmuWlmsmmJumaTa"lmmiamueumﬂqmmmﬂa

[ 1

S ) 1
To'lnaniinnudfnaensuansoonveddu U6 snRNA 1aun DSE =

Distal sequence element, PSE = proximal sequence element, TATATA =

TATA box, G = start nucleotide, Box A = intragenic box A

1. Distal sequence element (DSE)
1 a = s Ao 1 Y ' o_w
NQUYUBIIING 1o Inanvznuidurialszana 250 Uszneudienguusidian
1 o 4 = % !
ety enhancer Tumsuaasoonvesdu Tasludu Us saRNA Tuau 51wy In
Xenopus 3 NUNGUUYBIAIAVIUENFTEN I Octamer motif (ATTTGCAT)
2. Proximal sequence element (PSE)
1 o @ A =\ P Yy = o w 1 =
nguURIdIAUIING Te Inad laimsnaassnuniianudivyaensudaieonvodty

1A A o 1A J o w a S o v
U6 snRNA azognusnudumiaiing lolng -79 91 -48 Sxduiuavesiiong leanigniumni
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I A AAAa 1 a o = 1 Y] ™ =] 9
1111 PSE 11 U6 snRNA vpadali3iaaasianuaziianuuanaadiuun Tagnalilsaldns
Meud MU lumsuunnguiuaue PSE
3. TATA box
a ° VA ~ S = a g ] A =
WUVUTNAURMUIIAE T Inan -31 84 -24 Tagluvsnaiiszilsznaudie 1iaa
Jd a o
To'lnA%iia thymidine 11a adenosine $14IUNIN
4. intragenic box A
1 a 4 ] I~ a o
NEUUDIHIAG 10 Ind (RRYNNRRYGG) (Wingender, 1993) liildilluiinna To'lng
{ o 1 a =~
AT UADMININEATUVDIIY U6 SnRNA
5. start nucleotide
Ay a o a Aa = J A .
MISUAUMINIIUAAT UFUIZIAANTIAG 0 1nA G Nogr1991N TATA-rich boxes
a 4
sz 24-25 Haaale'lna
6. termination nucleotides
a 4
UsznoulUdre thymidine Uszunar 4 -5 1nale Ina

[

Ao 1ATimsAnyentu U6 snRNA wagmsswunnguussdmuiwaniiunumdiny
'ldna1n13dedu Tu'ln (Kudo and Sutou, 2005; Wise et al., 2007) wazluln (Lambeth et al.,
Y
Y ) ) Y a <
2005; Lambeth et al., 2006) 5203415151 1) 1961 un15a319 shRNA dnsSumatingutiena1id
1 < YA [ 4 o Yo 1 Aa v J
a8 15neu1ainss1eau Ts Tuees U6 snRNA 11911 1asumzaesiaveddad (Das et
) [ = S T = = 1
al., 1987) SMSUMIANYIGU U6 snRNA Tuilar wunissaumsanyigulungu small
nuclear RNA iuﬁummﬂmﬂq Fugu rubripes (Mysliniski et al., 2004)
o 1 I 3’ 3 o [}
Uaa1e (Danio rerio) 3a0g 11 Family Cyprinidae iffutlanitvavuadn erdooglu
] 3’ 4 3 o a
uraaivadeu vanNue e TaduSeuna 4-5 HUALAT §19UANYIINT 6

=~ =

a ~ A= = My A A o v A o
LYUALUAN T ’t’]’li]ll’t’]’lﬁ!ﬂuﬂﬂ 5 TJ ﬁ’lj\l'lfl'ﬂ’g']ilhlé]]]lﬂﬂ\l'ﬂnfﬂﬂﬂﬂ 2-3 19U A1NIUAYLUDUATINIA

Q

Y Ao w ~ 1

o w 1 < J =
ae11v098191 Taudane 7 uou daunadezlidiinenaiseanii guaadnni uazeziinoy
= ' o o w 1 = A o w [} 1 9 1 Y U =\
Anosszriuaudvesdnd davdlaunsiiorziidiaaluanan gdaunin Nesvzguile vl
s Aa 1 o o w [ 1 Aa o w

HOUFIUTZH WDV VDIAIA MIHFUIUEI RN 18U NUBIAIAD (External

4 ' 2/' % ] ]
fertilization) MINANNUF19 TinTaniae19 14 Tiande 100 o (@19171009 300-500 Wo ) T4
o o w 1 1 A o < o YA 1
Wannmeuenddud lalanvus la awnsoveuiumsiannmisvesdisou ldodns
o 2K 3 A A ) X = 9 o @ 1 a Y I
Fau vudunideminaldlumsdnsmusumsiauinsvesiiseu deuldiuTuea
= Y o % Y N S o 9 I
AnIneaiugMaas lnemmgunumurnnvessuidayaemsiauins dardharedu

PN ) 3 = 9 9 ~ = 4 1 1 A o
wuﬂummgﬂuhmaﬂﬂmmmmmmmwmmmﬂummmgyEJ INTITATNITUIVSUITIUIU



16

=

Y

gulndifReanuaY (Postlethwait et al., 2000; Dahm and Geisler, 2006) Wan1nHa1haedad
9 o W a A A P = 3 Y ™ A = 9 A
Joyadmuiduesd Tuuineuauysal (hitp://Zfin.org) 39 IANMsWaLINATANMSANE NN

= 9 ' VA ] . . . .
vosouludarihate ed1eneiios Taan1s 19 antisense RNA, modified oligonucleotides, double
stranded RNA, siRNA, ribozymes (Roth et al., 1999; Stenkamp et al., 2000; Nasevicius and

[ <
Ekker, 2000; Oates et al., 2000; Zhao et al., 2001; Xie et al., 1997; Dodd et al., 2004) GRAMIEH
Y = 9 Call =1 1 o 9

A wamsany1ns I¥asuen Tnwugans o szinsreanuinansetiun sy

=< Y A ~ Y I [ =y [ o 1 da'dd = < 4
MIAnEIUNUINKINNVe U I ueg19d uaasuou Inudivaiininanoduiona11

Y Y

1 1Y [ Y 4 a
Tuaeszeznady q Wiy MsAnEIMs laauuaznisuen 115 Tunes ¥ia U6 snRNA
o Iy A a g R A Ao o Ax g s
dsumanaguteaavutudnsutulumsisuma Tulagounienauszezelu

4 P & Aaw s a

arhate ez TenilumsllarharedluTueafnu1dsen1edumsunnd a s ine

9 dy v J g’
HAagaIUNITLNIZIAgNIaTAIUN
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=).

Unn 3

J ad
gunsalnaziEms

M3UENEY U6 snRNA 1§y saiondlunvesahans 1ae35 nested PCR Tagly

zebrafsih genomic library ilvEiuduny

1.1 M350y ad MU AUDIAIUUD coding region BU U6 snRNA Tudainlas
éffaaquaﬂ"lﬁﬁﬂm@gﬂu (http://www.ncbi.nlm.nih.gov/entrez/) 1&uA human U6 snRNA
(X07425), mouse U6 snRNA (X06980), xenopus U6 snRNA (M31678) t8& Drosophila
U6 snRNA (AH004871)

1.2 %113 alignment iiiomaufiianuassiuve s iterinnlflumsesnuuu
Tnsiwesdmsuns Tnaudu Us snRNA (11AN1IN)

1.3 ¥1M351endu U6 snRNA luaiuves 5>-flanking region 9103 lunvestarshaelae
3911 nested PCR 10814 zebrafish genomic library tiumuiwan uaziidmupauved

PCR Tutlsinassiaviua 10 ul 1dun

- each deoxynucleotide 200 uM
- each primer 1 pmol
- EX Taq Polymerase 025 U

- 1X Ex Taq buffer (Takara Shuzo, Shiga, Japan)

anzlunisni PCR

94°C 94 °C
3 min 30 sec

72°C 72°C
1 min 5 min

58°C
30 sec

€ 35 cycles—™ >

J = o w A
"I,Wﬂll’f]i (ﬁﬂﬁ&i’]EJﬂaWﬂ‘]JL‘]JE‘TLLﬁﬂQ[lu@ﬁNTI 1)

[
=1

Y
#1151 PCR A599N Afix-F waz U6-r1

AMWMSUPCRATIN 2 Afix-F uaz U6-12
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v 4
1.4 thwawda PCR 1118117 1%05gnT Tao1d Gelpure DNA purification kit (GeneMate,
Kayswille, UT, USA) uazﬁﬂﬂiﬂauvfﬁd pGEM T-Easy plasmid (Promega, Madison,
WI, USA) iof1mMsIns e ey aueaHanan PCR
1.5 MsLendu U6 snRNA Tuadiuueg coding region IUD termination sequences V1M
= 9 o 9 . . <3
3 luuvesadais Tagmsii nested PCR Tagls zebrafish genomic library 11
Wan VaEIUNANUDA PCR AZNTUIUMS 1UA1TH PCR uAenuve 1.3
4 o ~
Iwswes (eaziBeadsuauaailuaisian 1)
Y v
AMSU PCRASIN 1 U6-fl uas Afix-R
Y v
AWMU PCRASIN 2 U6-f2 uas Afix-R
o a do o a ~ Y = % = ~ Y
HazIMINATITHARVUAVDINANAA PCR 11 1@ 1iu@einusisazideanuaaslilu

10 1.4

a & [ Q:I
2. MINANEHIATIA319U098Y U6 snRNA TasmistfSaumaunulassasianilivestivu Ue
. o
snRNA fladimsnanuliludaiviiaou q

0 = 9 = A Y 9 = = ~
Mmsany Ingaad1aveddu U6 snRNA 71 1a91nda1dnate Tasmsanyulssumew
o W d‘d o W = d' ] 9 9 1
Aauaninnudinaedu U6 snRNA 7 latimssieau1d laun

- @IUVeN proximal sequence element (PSE)

- @IUU99 TATA box

- @IUv04 distal sequence element (DSE)

- Initiation nucleotide

- Intragenic box A

- Termination sequences

3. msaa phylogenetic tree UD4 coding region V038U U6 snRNA vesanhnae uaztiv
U6 snRNA v0sdaiiT3nuiiaca q
doannlumsnaaesiinuit ludarhaies Us ssRNA 3 siafuandiaiu 1un U6-1,
U6-2 1182 U6-3 34 l8mmsinernnudantusueddiuiia 3 #iaf Us siRNA 104aU
(X07425), mouse U6 snRNA (X06980), xenopus U6 snRNA (M31678) 1a& Drosophila U6
snRNA (AH004871) Tagnge 9 phylogenetic tree A83TM3 Neighbor-joining method (Saito

and Nei, 1987)
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Man 3.1 seuuavedlnsmesuazlealniiinale lnanlslumsanuil

Primer Sequence

AFix-F  5-GAGCTCTAATACGACTCACTATAGG-3’

AFix-R  5-GAGCTCAATTAACCCTCACTAAAG-3’

Ub-rl 5" TATGGAACGCTTCACGAAT-3’

Ub-r2 5" TGCGTGTCATCCTTGCGCAG-3’

Ub-r3 5" TGCGCAGGGGCCATGCT-3’

U6-f1 5’-GTGCTTGCTTCGGCAGCACA-3’

Ub-02 5" TGGAACGATACAGAGAAGAT-3’

cU6-1f  5-GTGCTCGCTACGGTGGCACA-3’

cU62f  5-GTGCTTGCTTCGGCAGCACG-3’

cU63f  5-GTGCTTGCTTCGGCAGCACA-3’

cU6-1r  5-AAAACAGCAATATGGAGCGC-3’

cU62r  5-AAAATGAGGAACGCTTCACG-3’

cU63r  5-AAAAGATGGAACGCTTCACG-3’

pU6-If  5-TCCATATTGCTGTTTTAGTGCGTGG-3’

pU6-2f  5-TGGCTTCAAGTCTCTCAGCG-3’

pU6-3f  5-TCCGAGAGTCTGTGAATGTT-3’

pU6-1r  5-TCTAGACTCGAGGGATCCGTGGACAGGCTCAGGGC-3’

pU62r  5-TCTAGACTCGAGGGATCCAGAGCTGGAGGGAGAGC-3’

pU63r  5-TCTAGACTCGAGGGATCCGGAGCCTGGAGGACTGC-3’

sle-plus  5-GATCCGGGCGACATCGGCGTCAGCTTCAAGAGAGCTGACGCCGA
TGTCGCCCTTTTTT-3’

sle-minus  5’-CTAGAAAAAAGGGCGACATCGGCGTCAGCTCTCTTGAAGCTGACG
CCGATGTCGCCCG-3’

pGEM-f  5-TAATACGACTCACTATAGGGC-3’

pGEM-r  5-GGAAACAGCTATGACCATGA-3’
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= o = 1 A | =) Ay
4. MSAPINMINNUVDIEH U6 snRNA Neivlarilys real gene 1190 pseudogene Tae3s

reverse transcritption PCR

1NMINNY U6 snRNA 3 wiialud Tunaeatlarnate uadelingiuin Us snRNA e

a A A 1 = [ d‘ 1 [ A 1 dyd o
awuﬂuﬂmmmaaﬂma"lu Llﬁw\lﬂ']3LL’dﬂQil&ﬂ’)ﬂ’)%ﬂll@ﬂ@ﬂﬂﬂuﬁiﬂl’lh NIINAADIUIINN

9
ﬂﬁ’JLﬂﬁSﬁﬂﬁLLﬂﬂd’ﬂﬂﬂﬂlﬂﬁ U6 snRNA 914 3 vHa Tuodoizag il HAZNINIATIVAOUMT

Y
11@AI90n IABNI51I reverse transcription PCR A4518az108a08 111l

4.1

4.2

4.3

4.4

4.5

o Y A 1< A A 3 o 1 @ Y
Wlarhaeshvnaladulenioniglszinm 3 Wouuunuaiedisedey laun a
A0 11990 AU 978222 IUTZUUMBAUDIVIT DN YT0 59l
MM3ana total RNA 91n03872@19819 Tasld TRIZOL Reagent (Gibeo BRL,

. as aAav Y a o v aa J I3 o
Rockville, MD, USA) a5 msvesuingraauazinimsasaaoue Taolmou la
DNase I (Promega)

NN ANUAT 131’7 First-strand cDNA @91} 98 First-Strand cDNA Synthesis Kit (Amersham

. . 9 J . as A )
Pharmacia Biotech Ltd) 1aa 1% Insiues hexadeoxynucleotides mu3smsnuuziilag
UsHNAWAA

o a 4 :JI a o
MMITUATIEHMITUAAIDBNVDI U6 snRNA N4 3 ¥1a 1aen1391 PCR a4 first

[ 1 9 I A 9 =
strand cDNA V04938721 9 9110U0 4.3 1 uAlD WA UYL YaIUNauves PCR

] = v 9

URABINYD 1.3

annzlunisni PCR

94°C 94 °C
3 min 15 sec

72°C 72°C
15 sec 5 min

58°C
15 sec

€ 35cycles— >

Iwswes MU U6-1:  cU6-1fuay cU6-1r
A5V U6-2:  cU6-2f ag cU6-2r

A5V U6-3:  cU6-3fuag cU6-3r

InTznanan PCR 114 Tagnsii Electrophoresis A8 15 % nondenaturing
polyacrylamide gel doudane 0.5 pg/ml ethidium bromide in 1 X TBE buffer Liag

menmumelduas uv
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a d o o
5. MTIATLHAMHHIVREYU U6 snRNA vulasiulaavesdarnas uazdmivgavesau
U6 snRNA vilasIulaavesilandnae
A a 1 Y 3 A = A~
1109910M 351891191 T39d3 9UNARNNGAYDIBY U6 snRNA Ne1135aLantonn
18 aalszneudiedleves proximal sequence element (PSE), TATA box, coding sequence IUD
Y Y
termination sequence (Das et al. 1988; Goomer and Kunkel, 1992) Tumsanuinsatiselddrd
a g ~ ' a A 9y o w A 9y =
IEVOIAIDUIBYBITU U6 snRNA uaazsianilsenouaisdauianilsenouaie PSE audg
. . = A I a o 9
termination sequence (79 84 106 %30 112) 1Juduns 14n135%1 BLASTn search Iag 14

Lm’dq%’@yamm zebrafish genome (http:www.ncbi.nlm.gov/genome)

4 o o W d R
6. msdansuemsthllszgndlidmSvduionai Taemsinaudruveslislunes tile
o % . o U d v o | = d‘ v
11131a319 expression vector Iagiihainvedllslunesnenuaiuvesdunasng short
o d d o
hairpin RNA (shRNA) 11a211m30529mM31¥ uvessneniumunnnnesaanadly

(Y] d d
naeanaaes laslimsanaveuen el RNA polymerase 111 a1ntsadvestardhane

6.1 M3 Inauaiuved Ty Tumesvoddu U6 snRNA
6.1.1  hmsana genomic DNA vodtahaienndiuvesasundean Tagly
Wizard” Genomic DNA Purification Kit (Promega)
6.12  mslaaudinvedlys Tuwesvesdu Us-1, U6-2 1ag U6-3 A28 nested PCR
Fafldunauves PCR 18azideauidediude 1.3 uaz1% genomic DNA fi
afia’ldinde 6.1.1 duad ueduuLY

anzlunsni PCR

94 °C 949C
5 min 145 sec

72°C | 72°C
45 sec 5 min

60°C
45 sec

“"— 35 cycles—’i

Inses
PCRASIN 1  dM5UU6-1:  pU6G-1fuag U6-r3
IV U6-2:  puU6-2f uag U6-13
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TV U6-3:  pU6-3fuay U613
PCR AR 2§ U-1: pU6-1f 1ag pU6-1r
TV U6-2:  pU6-2f tlag pU6-2r
TV U6-3:  pU6-3fiay pU6-3r
(ln3wes pUs-1r, pU6-2r, pU6-3r latimseanuuy i taiuvesen luidasume

Bam HI 11ag Xba 1)

4
a a

6.1.3 hwawdn PCR 1 1aush 19 u5ans Taely Gelpure DNA purification kit

q

(GeneMate) uazﬁﬂﬂiﬂawﬁ’wd pGEM T-Easy plasmid (Promega, Madison,

4 ) a do o a @ A
WI, USA) L“ﬁ@T]Wﬂﬁ’)m‘ﬂ%‘l’iﬂWﬂULUﬁ"UﬁNWﬁwﬁﬁ PCR uammﬁaﬂiﬂaum

o w

seuuaandeanlsluminaaosas il

U

o o w < @ <} L4
6.14 thinauniidwuafiowegndeslidadedulel Bam HI wag Xba 1 uaz

MiuTans Taelsy Gelpure DNA purification kit (GeneMate)

L)

. [ %) [ aaan ) ) ..
6.2 M35 expression vector uaxﬁ%’wﬁmmaﬁ’uuwmmuﬂgﬂsm in vitro transcription

A o ]

o [ Aav { o < &
FelgaarnedmsunulItelueiaa lumsnazimstionanuanyug golden

e

phenotype mﬂuﬁﬂymxﬁmmuiﬂﬂ'ﬁu slc24a5-1 (GenBank accessions no. AY 538713) i

D.

o ] a =\ P dyd a a =) 4
dunds  tanale lnan 385-405 lumsiiveeenuuuledlntind leng (sle-plus tag sle-
H v 4
minus) (115199 3.1)@11 5 short hairpin RNA (shRNA) N WHUIUAINa 1l uazimsaumy
Woawlanae 5° e lslumsyoudenunataianiainvealls Tuwesves Us
snRNA ludo 6.1.4
6.2.1 N3N in vitro hybridization A135 VD4 Boonanuntanasarn (2005) Ia Elﬂf]faﬁ&ﬂ

. & A a o a = .

M3 annealing ¥ei1/Tuasnanua 15 lulasans Naaudsenoy 20 mM Tris pH 7.5, 10 mM

MgCl,, 15 pg sle-plus, lag 15 ug sle-minus

a =

dmisznouveellfnsen annealing 1 1¥anudounguygi 85 eeruvaiBod 5

U

=

~ 3 1 Y a9 ~
wnnntiutaselmguneunaivesdszanm 15 wn

Q U

0o 2 a g Ay v 9 o & "o a ¥ o
6.2.2 hFudpuen ldande 6.2.1 wihimsireuaeiuwaralalude 6.1.4 uagih
1 3 o - a a Q(
3 transformation [guUANIS 8 Escherichia coli Mniuiimsananaaialdusqns uaz
a do @ o 9 a do o 9 A 9 d‘do Y] ~ 9
AnEiaeua Mdeyanzawuan lslumsiaenlylnaunidduangnaes
a ad 9 ) [ aaa . . .. o Yy A
6.2.3 MaWanALUEAUIDUAMSUUYATON in vitro transcription 1 TAGI8M 31

Usuaduduuuudleds PCR $alia1msenouuodasHausI1eaz@eaumeiuie 1.3
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wazldwaraiantaiuveslys Tuwmesain Ue-1, U6-2 130 U6-3 Niail shRNA (10 6.2.2)
I A g Y o )
WuawueauUUd11SY PCR

annzlunsni PCR

94°C 94 °C
3 min 145 sec

72°C 72°C
45 sec 5 min

60°C
45 sec

¢ 40cycles —>

Inswes pGEM-f 118 pGEM-r
° A Ay ¥ ) Y a = Y L ® . . .
Wmawnaa PCR N lduanaliusgns laons1d QIA quick”Gel Extraction Kit (Qiagen,

Hilden, Germany)

6.3 MNAAAITANA RNA polymerase III 91ndanshate
NIHAATITENA RNA polymerase 11T 1A 1MITU89 Weil et al. (1979) lagiimsaaiiag
Y
Tz audaliseazdeadane 1l
° 9 A A 9 ' A A A kS
6.3.1 thgniadhareiszezilinis I9e1msange liuasnua vieszezisuiei
Y
Yuan Ml dauA1881392a10 phenoxyethanol 300 ppm HaMFAIDEgnUar lumsazats
Y 4 { [} (] g’ <
a3 PBS Nugog lutimia
o A 9y LY~ Qy < a a
6.3.2 thgnilamaavuandadusuanvnailszinm 5 Nadmas luasazae
Y 4 1 [} (] 3’ < Y 4 (= z 1
vlwlos PBS Augogluiimds ndrdndrearsazaretinivios PBS uaidu 3 a3 udanoieen
Y] O'Qy
msazaeivilesnalil
Aa I
6.3.3 ONA1TLAYU hypotonic buffer (10 mM HEPES-KOH, pH 7.9, 10 mM KCl,
1.5 mM MgCl, 0.5 mM dithiothreitol) a3 1) luad@ed1e Usuas 2 mwestlSunasgnilan
QY Y v o Ay o & a v v . o
wenlanmy dane Bl ndadszana 10 w17 1d2uad8 homogenizer 5A54
° aaa . a < . .
6.3.4 ﬂ1ﬂ1iﬁq9ﬂ§]ﬂiﬂ1 hypotonic TagmsianaIsaza1eldy hypotonic stop solution
(0.3 M HEPES-KOH, pH 7.9, 1.4 M KCl, and 0.03 M MgCL,) a3 11/ludmed1edo 6.3.3 Tu
US1as 1 Tu 10 mvea)Finasdedra e liidndu
o w 1 y a A 3 a = I~
6.3.5 1hared 1 liuIesinnuE 1591 100 000 g gaIMY 4 DarUTATYd 1Tuna

o g o 3 ' v a a v . . .
1 92 Tu9 nduimsinuasazateanuuuIadsus 1dsaulaely Total protein Kit, Micro
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Lowry (Sigma, MO, USA) 1189110159091 1% 181/53as T 58 uaududu 5 mg/ml mimiu

3 A a ~ 1 o Y
NUNYUHY -80 DA ALB YT wmmzumﬂﬂf

6.4 in vitro transcription

M3nsaeumM3 1115 Tuwesvee Us snRNA §1m5UMIuant00nvod shRNA Tag
Ufnsemsmansudulurasanaass ANATNI5¥04 Fan et al. (2005) Tastimsaauilasli
M AUAIH

6.4.1 wsoulRnsen TulSuassaw 300 ul Falidauilszne 20 mM HEPES-KOH, pH
7.9, 80 mM KCI, 5 mM MgCl,, 1 mM EDTA, 1 mM dithiothreitol, 10% glyerol, &3¢ fin RNA

%] 1 a g Y 9 [ a

polymerase 111 91NA20819Ua1 900 ug 1az ADUBAULVU(INUD 6.2.3)1.5 mg YSVUTUAS

A

k4 v v 2 v
asazatesunanuali e 270 ul Taeldiraze1alls1A91n RNase aans Agamigil 28 oam
aiea dunat 30 Wi e liiiansad1alasaasa preinitiation complex formation (PIC)

6.4.2 MMITNUPATOMIUAATUFU TAgN131AY 250 uM INTP (ATP, UTP, CTP,

a =

Y Y ] v

GTP) e i avnalinguvgil 28 esruaado 1.5 ¥ 19

6.43 MMIngal§isemsanusuIagn1sana13azald stop solution (5% SDS,
100 mM EDTA, 1 M sodium actate, pH 4.8) a4 11/ lul§azen Tud5uas 1 1w 10 ves5uas

9
N
0 [ aa Y Y g Y 3

6.4.4 msanaiawedutuvesn Tagldiou 14l DNase (Promega) Haan Ny

MmsuenasaiedaliuSqniale phenol/Chloroform
¢ ) & & Y v y

6.4.5 anaznoUITOURAIIENIUEA MINTuTlutenazneu uarawazneuliazeln
azangaznouluy loading buffer 5 ul (95 % formamide, 18 mM EDTA, 0.025 % bromophenol
blue, 0.025 % xylene cyanol, 0.025 % SDS)

a 4 =] 9 A .
6.4.6 MIWATIZHOI5IOUIDAIYIT northern blot analysis

= U =} 4 o 9 1
7. MINAABIANYING IFTAONTUUUNINADS 1D 6 ADNITNATIUMILAAIDN UL

9y a Y Y 4 J A o w
il Taoldasanaou lad RNA polymerase 1T nradvestlaninnudinny
FaesHgne Vewta wru darlu daran uazilaria
7.1 MMsWAAa15anA RNA polymerase 11T 1InUaan (Clarias garienpinus) a1 lu

(Cyprinus carpio) n3e ariia (Oreochromis niloticus) Iﬂﬂi%@ﬂﬂm“ﬁizﬂgmﬁﬁl%

[ Yy 9
9111591094 litang ¥ioszeziiisuethiun aaugnlaidlemsazate

phenoxyethanol 300 ppm td¥d0e9gnUa luansazareivivies PBS Muveoglu
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Y

o < o @ o A,

¥ 1dimsana RNA polymerase I 101335 U04 Weil et al. (1979) Tagiins

o Y v A = [} = v 9

aauadlimnzauaaliseaz@eauaenuye 6.3

o a 4 [
7.2 MIMIUATIZHMTUAAIDDNUD shRNA Tagld vector construct Tudo 6.2 Tuamsana

RNA polymerase 111 1 1a0na1an Ua1lu 3o ariia Taeldisms@eddude 6.4

Y o a d a =] Ay ¥ an .
HAIIIMINATILHHANEAD1510UEN 1A 1A83T northern blot analysis
= Y~ = 4 o 9 1 v J g’
MINAADIANYING 13 ADNTUUUNNINADS 1UTD 6 ABMTNATBUMIHAAI®DN IFAIN
¥IADU 195U ?jmmﬁ (Peneaus monodon) T?]:\‘l"lln (Litopeneaus vannamai) Tagl¥msada
o o 1 { o
tou 93] RNA polymerase I11 91nA93880UNT202 post larvae 10-15 Mimsaauia laons
vy A S g v Y & oo o v 2 g
ugie luansazate PBS Mg i@ audseay tarviudogeguusu@n o vuie
Y
Aa A [ 1 [ Ly o a 4

Uszanal 5 Taawas Hd1anaaIsAINII8azBeArReINUYe 6.3 1INUURINMTUATIZH
AMIUAAIDDAUDI shRNA Tasl¥33m51Ae10UTe 6.4 A28 vector construct (V0 6.2) 1891

a o a = A Y as .
miamswwwawa@amameﬂﬂiﬂmﬁ northern blot analysis

Northern Blot analysis
[ Y
9.1 WTIULAUIA 15 % denaturing polyacrylamide gel N1 8 M urea MNUUTHANER in
. .. Ay v ' A A 9
vitro transcription 1 laxuen luuruannou 1a
o =] ' . g . .

9.2 im3deuesioue luuruwadle 0.5 pg/ml ethidium bromide in 1 X TBE buffer 1132
a ¢ s Ay ¥ Y o <
3Lﬂ'§"|$1’iﬂ"l1/‘l'f]1ﬂ@ﬂ!@‘ﬂulﬂTﬂﬂﬂﬂ?ﬂllﬁﬂ@ﬂ@ﬁ?qﬁﬂf’]m@

o T A ] @ [ 1 =] A ] ™
9.3 WwHueanlieswwed10613 lloreToussowe lUnuAwmUs U Hybond -
. S o
N membrane (Amersham) Tasldnszualnihnai 80 Trad 3 41 Tue
Y 1 =] A Y o ' A a
9.4 wasnnmelouersoue lUfukumusuud) huriumusu leufigugl 80
~ v
P AT 2 32139
o ] a J o . .
9.5 W sun laus ladny oligonucleotide probe
{ J o 1 &Y
(5’ AAGGGCGACATCGGCGTCAGC-3’Dig) ﬁﬁmﬁaﬁuﬂumummuau”lm%ucvﬂu
= o a <9 A an ~ ) aAauv Y a
Eluuﬂ’lﬁiﬂﬁl Iﬂﬂ‘ﬂ’lﬂ’lihlaﬂﬁklﬂcﬁ"ll'mﬂu ATNITNITNUUSUITINUIHNHRAA (Roche,
. & o a ¢ 72 Ay vy e
Manheim, Germany) nniuth iz iueversiouenlddqe anti-digoxigenin-AP

antibodies ttaz i IInALO VTR 18 NBT/BCIP awasmsuuzihnnuisndnan

(Roche)
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UNN 4

Han1Ineae

Tnsea319ve9du U6 snRNA ludashane
= a Jd 1 . . G
11nMs Inauguluusnuveslds Tumosiaz u19a UV coding region V898U U6
snRNA 9103 113v091/a181a1e 42833 nested PCR Taals genomic DNA library ¥eeilaifnane
< 9 Y a an 4 J QsJ‘ o a Qy
Wududuuuy lananaaiidersvunadszana 550 wauns 1ndutims lnaunanansu
(% 1 Y 1 o a do w 1 a {
AaNa1 191y pGEM T easy vector 1AIRIMIUATIZHAWLILA WUITBU U6 snRNA 3 iiad
1 v =K 9}3 A 1 o ~ 9 o =~ 1 ~
uana iy 3918A%091 U6-1, U6-2, oz Ue-3 agiiins Inaududuauysaivesdunaazdn

NAVDIR AU AUFAS IUNIND 4.1

15198 coding region

9 2

HAMIANEIATIHNUIOU Ub-1 HaIuued coding sequences 191111 112 LUH LAz iy

U6-2 11a2U6-3 Hd@IUV84 coding sequences (AU 107 1a¢ 106 1UA ANSIAY H91003
A

AFEUNIUANUATINUVDIRIAVLLE WUIUSIIBL coding sequences VOIBUIT 3 UAIUUDI
o o A o A | A A v . & A
MAVILANTANNATITUGR (113197 4.1) WUAIUNGFENI intragenic “box A” FalaIMseno
yosdwuwangniwuniinnudiny lumstmihnlumsaugumsuaasesnvestulu

§ a < 1 { o o 1
NANNYANIIUAATUTAY RNA polymerase 111 taziiludrunddgaomsuaaioonveonly

quiig
oAA Jd . 1 < . . n 9
nguiiidiuuesTis Tuaesognielu coding sequences 9614'150@W intragenic “box A” 1414
< 1 Ao o 1 a = 1 A 4
Huarunduusemansuaniuvesou lungy RNA polymerase I NUa 103115 Tunos
@@:%}NM)ﬂ coding sequences
1 o w A o Y A [ o 9 a =
nunguyesdwuiuanimin lumadudyavulvvganiuaniu 1usu U6 snRNA
09/' a ~ a S a
14 3 81 A VTnandszaev ludeiund Te Indnidluwe thymidine 817152300 4-5 $i7nd 1o
R = ng; z;‘ 1 a A . . = Y
l1“]/1(91 F1UMsANEIATIHNUI USMNY termination sequences UDN U U6-1 sznoaudie
.. A a = 4 A a2 A A 2 . . I
thymidine 4 1139 5 Hnale'lng luvaeiou Us-2 Jusnaiiilu termination sequences 11l
a 4 1 a i I a
thymidine 5 1372 10 1@ 1 U6-3 H1T18M11) 1 termination sequences (1Y thymidine 4 HIA3
4
Tolna
4
MAVVAUDIUTNIN coding sequences YBIBU U6 snRNA vestlaninaeis 3 vila I
Y =< o A = Y | v . ~
ANUAABAAINUG (A13199 4.1) 1azANUARBAAINUNY coding sequences VOITY U6

A ) v & a A 1 = Y =
snRNA ‘Vﬂﬂiﬂﬂﬁﬁ’l%uﬂﬂu ] FUFUAYINY (MINN 4.2)



Us-1
uU6-2
uU6-3
Us—4

Us-1
uU6-2
uU6-3
Us—4

Us-1
uU6-2
uU6-3
Us—4

Us-1
uU6-2
uU6-3
Us—4

Us-1
uU6-2
uU6-3
Us—4

Us-1
uU6-2
uU6-3
Us—4

Us-1
uU6-2

Us—4

-200 -180 -160
GGCTATCCTGACACTCTAAT TTCCCCCTGTCCATAAACTT GGTGACCTACTGCATCAATC
GAAAATTACCACGGTAATCC CTCACACAAACTCTGGATTT GAGATCCTTCAGGTTTTATC
CAAAAATACTACGGTAAACC TCCACAAAACTGCTGGTTTC AAACTTTGAAGGTTTTAAGC
AARACTCTACGGTAAACCTAC ATAAACTGCTGGTTTTCAAA TTTTAAAGAATTTAAGGGTT

-140 -120 -100
AGTGTGCCTAGCACTGACAG GGCCAAAGCTCTGTAGTGCA CGGCATACAAGTGGGAACAT
AGTTTGCAGGTTTATGTCAC CATGATATAGGGTCAGACTT GATCTAAGGGAGCTGAATAA
ATTCGCAGGTTTTCTCTGAA GAGGTTTACTGTCATGTTTG AGGTAAATGAGTTGAATAAG
TACAGGTTTACTACTACACA GTGATTTACTGACACATGTA AGTGTAAATGAGTTGAATARA
—R0 PSE  _¢q —-40
GRCTCRECCAGGTCCCACCAC CYTGGAGGARACATI'GCTGGG ACTCGAGGCGT
GI'GGTETAGTCACTCACCAC CYCCCAAARACAYACCCAGA AGTCCCTGGTS
TAGGTETATCCACTTACCAC AYGGCAGARRACAFYACCCAGA AGTCCCGGGT
GIrAAGEAAGCCATATACCAC ACATGAAACACAYACCCAGA AGTCACTGGT
-20 1

CTGAGCCTGACTGCTGATCT GTGCTCGCTACGGTGGCACA TATACTAAAATTGGATCGAT

GTGCTTGCTTCGGCAGCACG TATACTAAAATTGGAACGAT

GTCCTCCAGGCTCCTAGTTC GTGCTTGCTTCGGCAGCACA TATACTAAAATTGGAACGAT

GTCCTCCAGACTCCCAGCTC GTGCTTGCTTCGGCAGCACA TATACTAAAATTGGAACGAT

________ &0 80 100

ACAGAGARGATTAGCATGEC CCCTGCGAAAGGATGACACG CAAATCCGTGAAGCGCTCCA

ACAGAGAPGATI'AGCHTG(*: CCCTGCGCAAGGATGACACG CAAATTCGTGAAGCGTTCCT

ACAGAGAAGATTAGCATGEC CCCTGCGCAAGGATGACACG CAAATTCGTGAAGCGTTCCA

ACAGAGA?&GATI‘AGCA CCCTGCGCAAGGATGACACG CAAATTCGTGAAGCGTTCCA

TATTGCTGTTTT 112

CA—————- TTTTT 107
TC---——- TTTT 106
TC---——- TTTT 106
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M 4.1 GUIVaVeIBU U6 snRNA vealasnaie wudu U6 snRNA 4 siia (U6-1,

Y v
U6-2, U6-3 1en 1891nmsAnennsail U6-4 WUN zebrafsih genomic

v A a = o o A .
database Tulaihate ﬂﬁ@\i%ﬂﬂuiuﬂ”ﬁﬁﬂHTﬂiQHL‘]J‘L!ﬂ”ISGNG]f’EJLL‘]J‘]J?ﬁJ

MAUTUDITU U6-4 18910 zebrafsih genomic database (NW001514080.1)

' o v Y = = = o = = !
NEUVDIAIAVILA CCAAT UAAIAIBUDUTIHATNTA LOVAHABUEV
HAZAMILAAINGNUBIAIAUILIA PSE 1lag TATA box MNa1a1 19ad 1o

sa 9 a o Y a a % a4 A
Inaisudulumsnswansudu uaasdietionglo lna +1 noudaey

Y ! { o I . . . o w
Lﬁuﬂizuammuﬁgﬂmuumﬂu intragenic control region “boxA” A1A

A . . Y o v A Ay £
e u termination sequences uaasReA I TovaaulA
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M5 4.1 ManfSaumguanuasanuveImIaUUavesEi U6 snRNA Tulashae

¥HA U6 snRNA coding region PSE (-79 6N -1) DSE (-250 94 -1)
U6-1 N U6-2 85.7 % 48.8 % 50.0 %
U6-1 N1 U6-3 86.6 % 54.2 % 51.7 %
U6-1 N1 U6-4 86.6 % 53.6 % 52.0 %
U6-2 N U6-3 96.3 % 81.3% 73.6 %
U6-2 N U6-4 96.3 % 71.3 % 67.3 %
U6-3 N U6-4 100.0 % 74.7 % 76.1 %

M3199 4.2 MSSeuNeuANUATINUVOIAVIUEVIUI 1IN coding region VOB

U6 snRNA lulansha1eiu coding region veséiu U6 snRNA Tudniviia

o 9
Zebrafish | Drosophila | Xenopus Mouse Mouse Human
(X06980) (M10329)
ue6-1 84.82 % 88.4 % 88.4 % 88.5 % 89.3 %
U6-2 95.3 % 97.2 % 95.3 % 95.4 % 96.3 %
U6-3 94.4 % 98.1 % 98.1 % 96.3 % 97.2 %
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Drosophita
71
zebrafish
u6-2
39
Xenopus
73
L zebrafish
70 . U6-3
mouse!
92
mouse?
81
zebrafish
VT |
human

MNN 4.2 UNHMN phylogenetic tree @ $ralaes neighbor-joining (Saito and Nei,

o w

1987) M3 a3 1urun W ddeyad W uIUaUsIN coding region Y9 U6
snRNA 113 3 ¥iia (U6-1, U6-2, U6-3) Laz oy ad 1a U e 19l coding
region Y84 U6 snRNA veadaiwiindu 9 a1ndeyalu GenBank 18un

WY BE (X07425) MYy’ (X06980) M1 (M10329) Xenopus (M31687) Drosophila
(AH004871)

wnane AUsHo coding region MALILTUDI U6-4 N U6-3 ATINU

100 %
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HRINAMTAI phylogenetic tree Tagly coding sequences UYD9IU U6 snRNA vo31lan

9/ v Jd a Ay ya 9 @ A £ < P
U118 LAZINTAAIVYUAAN N <) ‘Vlhlﬂllﬂ1§i'l‘(’lxﬂuvh UAANANNINN 4.2 "]5\‘]5]3“41!]1@?]1 U6-1 Ud3

9 = v o X Jya o [ c’dy 9 1
1JmmawazummauwuﬂﬂawmJ U6 snRNA VDIFAUAYIGNAIYUNNINNI U6 snRNA

v & a A ~ ~ v o Jd9 Ya o = '
VNAAIFUADU “lwumw Ue6-2 Mﬂ??ﬂﬁuwuﬁiﬂﬁﬂfﬂﬂﬂ U6 snRNA UDILNANIHININNIT U6

o & a A v o I a o

snRNA Va4 isiiandu 9 uag U6-3 9xlinnudusius Ind%¥any U6 snRNA ¥94AY Xenopus

11NN

ySnulls Tuaes

4 2/' a A o o d' [ Y] 1 d'
115 Tume5 U89 U6 snRNA 14 3 ¥a YA 19 UUa@Nuana1enueg19u1n (01w 4.1) Tu
= o &Y va 7 ) \ A o s o o
M3AnIASIt 1ains e Inseadiavesarnueals Tumes e dwuneenilsensuueidisn
- o w 1 =S a 4 4 9 %
AN IAYAoNMIUAAI0DNUBIU U6 snRNA Tuusnaved s Tuwes 3 eeallsznoudioiu
9 1
1aun
- Distal sequence element (DSE)
- proximal sequence element (PSE)
- TATA box
J o w { o I~ 1 1 Aa
Tagosnilsznovvesdwuwai Idgnswumiludiuues DSE vxnuogluusnulils
O} H o 1 4 1 o (Y] H

Tupe5v09 U6 snRNA Ndunnaszanas -250 94 -240 Fagiiarvilsznovvesdiduianil
UNUIMADMTITINTUEAAIDDNVOIEY (Wingender, 1993; Das et al., 1988) §1M5UBU U6 snRNA

9 VA A 4 o oA 1 ] 3
Tudagihate wunnusna s lumesved U6 snRNA Tudumiainiainuingny DSE 11
UMPUIAUDI “CCAAT” TasluU6-1 92 CCAAT NAMNUL -244 D4 -240 11AZNY CCAAT

4 d' o ] = d'

boxes 114115 TUMDT VDI U6-2 1Ay U6-3 NAUMNUL -249 D4 -245 (1IN 4.1)

psftlszneuvesduuaniianuddyaemsiaatoanuodulungy U6 snRNA Ao

2 Y =® 1 1 A o & 1 a A o w
PSE &4 laimsanyiudludmnianus niluaensnsiiansy Ue snRNA 1199910818 U a
1 [ Q' AaAna d' 1 a (% o = 9o ] 1

V949 PSE 92uana19n 1 luaaliaianaasiany 1unssuun PSE 39 1¥@ 1M1 82119910

Yy A

o [ =Y = S A Yy =) v & a A A
mzmmmﬂab”lmwmu ﬂ"lﬂumﬁmmﬂuw U6 snRNA 1uﬁm%umu 9 AoYszanm -
= a a 8= o % o w = '
79 O3 -48 'H’JﬂﬂIfJVl)ﬂﬂLﬂuﬂﬁ%TLLuﬂﬂﬂﬂﬂigﬂ’E]“]J"ll’é)x‘iﬁWﬂ“]JL“]JﬁGUfN PSE (01919 4.1) WuN

a A 1 < a z a Aaa = J
USNUNMIAMIYUVTIU PSE 6U’ti)\'i?l'l«! U6 snRNA ﬂl@ﬁﬂﬁWfﬁﬁW‘ﬂﬁ 3 ¥UA umﬂaiallm

1 @ 1 =} Y o w a 1 a

UANHAN 9 NU E)EJNhliﬂ@]1111'\1‘]Jﬂ’NiJﬂiﬂﬂuﬂl@ﬂﬁWﬂUmﬁiuUil’)m PSE 9¢2 mnmﬁ@ ACCAC

a = a =
(U -65 D3 -61) 1iag AACAT (UFLIU -52 03 -48)

a a = s [ =~ 09/’ a A a
mnmuami@'l%@mmﬂu TATA box ¥938U U6 snRNA N 3 ¥UA VYNV ILIN

= I 1 = £ g a Aa an L. a =
Reanune AR WU -31 89 24 Fadluusnaniwa lsiau (thymidine; T) HazozA ludu
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o v A

. { S 1 1 =Y s A Y
(adenosine; A) 110 Tuvaizidwuiiong Te lnanegsznita TATA box futiaad Te Indizudau

Y
Y] a ] 9 [
V99 U6 snRNA 14 3 il Titianuadiendenu

84 U6 snRNA Tudlunvestarsnais

TumsAnuidmiuauesdu U6 snRNA Tud Tunvesdardhate §3de 1alddoyaves
o W = Y . . = T Sy -
Mauandsznounie PSE, coding region 39U termination sequence 1u input Tums
a 4 9 9 = 9 . .
n3129 Blastn Taglg1uvayaved Iunilainate (http:www.ncbi.nlm.nih.gov/genome) Wa

= 1T A = =y LY = 9 = = ~ o g‘
MIANYINYI BY U6-1 UM33eaa 103 Tunwet/a1naisnnda 555 ga Taslin1si53e9a790
AU RN Tuaurien199 vealas T Tsuaie 9 s1eazweaudnd lua13199 4.3
Tuvaig oy Ue-2 uaz U6-3 wuniieg 1 galud Tuwvesainae
dy a 4 Y Y = 9/ =
UONIINUINHANIAUATIZH Blastn Taglugrudoyavesd Tunlarinas wusu Us

o w

= A K 9}3 A g [ qg.: = Yo 9 )
snRNA 90 1 w1l 39 laaereiilu Us-4 auiudslaideyadwuwavestu Ue-4 anlu
9 Y =3 3 dy 1A Ao W A . . [ Y .
gudeyan gl umsAnyIATIl Wy du U6-4 Ua1auian coding region ATINUN coding
. 3 dy a J Ao w A )
region U0 U6-3 fiavua uonvnl luusnulds Iumesves Us-4 wiidrauiuandu
o { o @ { 1 [
psndsgneundiralumsuaaseenvesdui ldna 1Audadredu 18un DSE, PSE tag
. A o :j = 5’ dyd dy Y ' 9 A
TATA-rich boxes (MW 4.1) A9 UNaNIANYIATIHIF IHuIa1ha1eiey U6 snRNA
g 4 wilalud Tuw
Y Y Y dy Y I 1 9 A [ A A ] @ 1o [
nindeyatdudliiiuinaihaeiiiu Us saRNA og 4 sialuana1eny uada 1
Y1 A a = a 9 A (= = z dy
ausonswldndursialatimsuantenn uazyialaten luiimsuaasesn msdnuasl
= Y R = sAq Y ) 1 a
391975 reverse transcription PCR Taglimseonuuy Inswesdldtianusumneasusne
v Y Y
coding region UBIEY U6 snRNA Nuana19nu 3 sila msanunseil 1d 1¥ded190Ie1z614 9
9 9 1 A Y 1 [ 1 [ d' Y
voaladhanelaun auee a1 widen A1 seUVdoERIMT T4 Az dums WA 4.3 uaaa ¥
< 1A o 1 ~ o =S
MUY U6-1 uag U6-2 snRNA imsuaadeaniueioizaa q nlasiimsdnu uay 8y Us-

A a o A o =
3uay/vise Ue-4 lJﬂ’]ﬁ!Lﬁﬂﬂﬂ’ﬂﬂiunﬂ@?ﬂ?gﬂﬂ'lﬂ'ﬁﬁﬂy']
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MI19N 4.3 WU IIUIUYD9 U6 snRNA 113 Tunwsatlahane

U6 Number of
Chromosome  Number of loci strand
Locus copies
U6-1 1 1 2 Minus
3 2 56 Plus
4 2 121 Plus and
5 2 60 Minus
12 1 6 Plus and
14 11 260 Minus
18 1 3 Minus
20 1 1 Plus and
23 1 15 Minus
Not placed 3 31 Plus and
Minus
Plus
Plus
Plus and
Minus
u6-2 21 1 1 Minus
U6-3 11 1 1 Plus
U6-4 9 1 1 Minus

v 4 v
WM IIUFANTUTUTUDINGY U6 snRNA NN IUV098 9 UIU Y09 PSE 3UD4

1 Jd QSJ‘
termination sequences Ner HYsaumuu
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N 1 2 3 4 5 6 7

106 bp u6-3

MW 4.3 Wa RT-PCR U09M31aA300nv038 U U6-1, U6-2 t1az U6-3 Y890 I82z614
cDNAs afia91ne3e1zana 9 Jaun a1 (1), 5914 (2), a1 (3), auea (@),
A a o A . Y
WNBN(5), ITUVUMUAUDINIT (6) LA DUMN (7) N AD negative control 1%

Y '
WINAUUNY cDNA

msiszgnaldlislumesvesiiyu U snRNA 1Wonsiandoon short hairpin RNA (shRNA)

[} 9
=L Ao w =2

[ 4 [ dyd 4’ o 4 9
'JGI‘Qﬂizﬁﬂﬂﬂuﬂﬂﬁ”lﬂﬂ]usllﬂﬂﬂﬁﬁﬂﬂ”Iﬂi\iu Aomemsite1ds lumesvesdadnaie

d Yaow K

{ J ) @ a <3 o LY s
nuen'ld Tszgnalddmsumaiinduiionani faveieldmimadaaedulls Tumesves Us
A A Y A 4 A T o Qy 1 ad A
snRNA wilanuenla As TUsTlunesves Ue-1, U6-2 uag U6-3 IFauaenuFuaiumouene
a g d' P A Ao 1o ' A quad a9
naatly shRNA MmN 4.4 uaasIaseas wvessunaanoasnarie 1ddusuauuuulums
A 4 a 9 < 4 ~ [V 9 9
WATILHMINTIUAATUUBS ShRNA A28 1 T53] RNA polymerase 11T Aania laantlardhate
a a 4 a
108733 in vitro transcription LA UATIEHHNANAA transcription Tag14 northern blot analysis W@l
= A ' s = o A 9
msanyaaclunni 4.5 wun 11s Tumes91nou Us snRNA 114 3 sHavestaihaie
a P4 < 2 a L. J ~ 4
A1150MaA shRNA 18 tazaziiin a1 wawda transcription voann 115 Tumesvzlinovers
<} Y v Y 1 a a o dy 9 . A
OUe 2 1Y Inanu uaa iU RaRaaNIIuans UFUNUTZNDUAY terminal sequences Nl
a 4 a 4
thynidine 4 #7038 19 14 ¥159 5 Hnale na
dy A o 4 ~
UoNNHWOMMINAdoUMILEAI00nY04 115 lumosvoseu U6-1, U6-2 Lag U6-3
Y] a 4 v I 4 {
fumsiaaseanludarsiaou o Tasmslaasadadu 'ty RNA polymerase II 71 19a1n1/an
a 1 4
an danlu nazdartia wuh 1 Tumesvesdu Us-1, Us-2 uaz Ue-3 voahateansn
o 4 v 4 1 a 1 [ 1
M laie lgansanawuesi RNA plymerase I 71 ldaindariia (mni 4.5) ua lieaunse
4 o & 2 ! '
ueraseon Ao Idmsanadulal RNA polymerase I #i 1an1niaign wazalarlu (li'la
HAAIHA)

= 09/1 dy‘u G Y 4 =
msfnuInaldwnesvouvalumsnadoumsiszgna lalis Tumesveddu Us

Qﬂl} a 4 g} a 4 ' v <]
snRNA 114 3 vilavetladhateludanivasygindu wu msldasadaduml RNA
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Y o Y 1A a o aa a Aq ¥ J
polymerase I11 9104NA1A1 ttazAav1d wunmsnamaasusululgansenlslls Tuaes

1 1< a o A
Ue-1 tiag U6-2 E]EJNhliﬂGHSJNaﬂ15ﬂ51uﬁﬂiﬂwulﬂﬂﬁﬂﬂu1ﬂ

244 240 30 -5
T TACATZ
79 48
pUG-1shRNA h PSE T
249 -5 3 2%
T TATATA
79 48
pUG-2shRNA h PSE T
249 45 1 -26
T TATAT,
79 a8
pUG-3shRNA if PSE shRNA | TTTTT

H (Y} Jd (Y
MW 4.4 wuMNanIMsaanaaulslanesved Ue-1, U6-2 uaz U6-3 Aon
shRNA d1aUIUaved PSE ¢ 187 0 4.1 az S19Dave shRNA

Us2nouAlY aIuvDdsense shRNA, 9-mer loop, shRNA antisense

U6-1 U6-2 U6-3 N

sans — WP Zebrafish

sants — M Ny Nile tilapia

4 a d o
MINT 4.5 HAVIMITIATIZHNTIN in vitro transcription @78 northern blot analysis
Tudashaie wazdatia Us-1, U6-2 uag U6-3 Ao tNWand 143y in vitro
transcription }A1nMIAAABEUIA1 1A IAT9a519 pU6-1shRNA, pU6-

2shRNA 1182 pU6-3shRNA Aa1ay aduaasununnluning 4.4
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Ue-1 U6-2 U63
53nts — . L Litopenaeus vannamai
53nts — | *5 Penaeus monodon
BRI

Y a d o
MNN 4.6 HAVDINSAATIZHMSI in vitro transcription @28 northern blot analysis
1%6&%13 (Litopenaeus vannamai) !mzﬁ’aqmm (Penaeus monodon) U6-1,
U6-2 tag U6-3 7D INUNANSG 113U in vitro transcription IAINMIAAADEY

uaa1dIngaad1a pUs-1shRNA, pU6-2shRNA i1ag pU6-3shRNA ua1al

AUFAL LHUNWIUAINN 4 4
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UNN 5

d
J01504Ma !!ﬁ%ﬁ'?‘ﬂwﬁﬂ1iﬂﬂﬁﬂﬂ

= o A9Yo = = 9 v a A
msanpluasedl 1dhinsuentu Us snRNA 9103 Tusvesdanshane'ld 3 viiah
1 @ =\ 1 v Ao w 09/’ A A 4 a . .
uAnA NNy Taslianuuanasnundwuianinusne 1ls Tuwesuaz 5w coding region
9/:: A ] [ dy A =~ 09.1’ =}
oz Idaede Taemsdy aetl Ue-1, U6-2 1ag U6-3 1110991001 U6 snRNA Naauiinaiy
[ Y] o W 1 o 1 o @ L J 1 o @ {
HANANAUYRIAIA VI ABY NN MITWUNNGUUBIMA LI NTUnguYeId I UILaNi
ANNAIAYADMIUTAIDDNUDIOU U6 snRNA 1ALA Distal sequence element (DSE), proximal
sequenc element (PSE) 14l TATA-rich boxes nldussanumsdnmn (Krol et al., 1987; Das et

s a

al., 1988; Kunkel and Pederson, 1988) 33 19msisudmmuaiuiing Jo Inaisudy
1 o W I 1 o W ~ 1 a = a =S
nauawuIUe DSE Hunquarduanzwueglszanauing 258 93210 1inale
Eal a A o {2
Indneudaiiing Te'lndiudu (Wingender, 1993) 1171 enhancer n3oRUNUIM NS
v v v
IMNTZAUMIUAAIDONVYOITY U6 snRNA (Das et al., 1988) Tumsinunsstinunguirauima
CCAAT NUTNUA NS -249 D3 -240 1109910 AT 109UMIANE1IINGUILE CCAAT box
0 { 4 . .
mwi’hﬁ;ﬂu enhancer Tududu 6] (Ach and Weiner, 1991; Park and Levine, 2000; Boularand et
Y
al., 1995; Eklund and Skalnik, 1995) diiunmzdide99a31a1 CCAAT hwzlivumlumsi
Y g = 9 = eﬂ// dy ' = =
n1 1)1 DSE Jueu U6 snRNA ve91/a1inans wamsany1nsaiiana191nnsany1vesgy
1 o A 9 1 1 A o Y A 3 ~
U6 snRNA Tuau vy 1n wazd #ldnenuinquiuaiimeniilu DSE Tudu Us snRNA vz
o W I [ .
Ndwueilu ATTTGCAT 150158071 octamer motif (Krol et al., 1987; Das et al., 1988;
Kunkel and Pederson, 1988; Kudo and Sutou, 2005; Lambeth et al., 2005) Tuvazilugu us
snRNA ¥030a3n) lnunguiue octamer motif wag 1 1dlis1eaumsswuninguualan
Y A J ~ A
w11 DSE 1181 U6 snRNA veauaan (Das et al., 1987)
A ° AN Y ° g . .
ioannduuan launsswuninilu pSE 1u au (Domitrovich and Kunkel, 2003), 111}
(Oshima et al., 1981), 33 (Lambeth et al., 2005), Xenopus (Krol et al., 1987), 1ag AN (Das
] Y Y ] ]
etal.,, 1987) azlinnuasenutios (M 5.1) lumsanniil Jaduunnguueswaintmim
I 9 ~ o 1 v A 3 A YA = 4
(il PSE Tagldmsieudumriiaved PSE fUdU Us snRNA fiavateh laimsanyuer)3 o
< Y =~ v Jd a =S [ = @ o 1
w1831 PSE 1481 Us snRNA Tudadsiiadedduasiinnuasatiuueauaunednvya (nm
~ = Y] o"dy 9 =~ 9 2K o A
#5.1) uag PSE Y0984 U6 snRNA 1udadideqgnaiguuiiniundisnaanuganingge

=) = Y o A @ @ OBJJ ° A
wWSeuneuny PSE VIFAAIUNTEANTUHAITUA (™NN 5.1)



Vertebrate consensus!

Human? U6-1
u6-2
o6-7
U6-8
U6-9

Mouse? U6

Bovine?! U6

Xenopus® U6

Zebrafish U6-1
U6-2
U6-3
U6—-4

Drosophi1a®06-1
U6—-2
U6—-3

gT%ACCGT(%g‘:T (GT) RARR (o3 TG

—-bb CTTACCGTAACTTGAAAGTA -47
—-bb GTTATCCTAACCAAAAGAGT -47
—-bb GTTACCGTAAGGAAAACAAATG —45
-68 GTCACCGTAAGTAGAATAGGTG -—-45
—-bb GTCGGCCTATGTGTACAGAC -47
-72 AGGAAACTCACCCTAACTGTAAGT -49
—-67 GTCACCATAACTGTTAAAGAGATG—44
-72 CTGTCACTCTCCTTAAGTTACAGG -49
-79 GCT -48
-79 TGG -48
-79 AGG -48
—-79 TAAl -48
=71 ATCCTTATGATTCCTAAGTACATATTICTG —43
=71 ATTCTTATAATTCTCAACTGTCTCTTITCC —43
=71 ACTTTTTATAATTCTCAACTTCTTTITCC —43

MNN 5.1 MISEUNEUANNATINUVBINAVIVTRWIZAIUVBI PSE
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Seuiavod PSE ludairiafenuling 0uauead1aiua U198 PSE

[ o’dy 9 =\ kY KX o VA = )=} 1Y
GLHEWYJLEIENQﬂﬂ?ﬂﬂ%ﬂﬂﬂ?hﬂﬁ?ﬂﬂﬁﬂﬂuq\iﬂ'J”ILiJﬂLﬂiEJ‘]JLTIEJ”LIﬂ‘U PSE U943

9 v
dailnszandu nasdud

M181e 'Dahlberg and Lund (1988)

*Domitrovich and Kunkel (2003)

’Ohshima et al. (1981)

“Lambethet al. (2005)

*Krol et al. (1987)

‘Das et al. (1987)

0o v A W

MauandiAgdn

=

U

& A = A o Ay A
niannulugy U6 snRNA ﬂﬂﬂ@ﬂJ"lJfJ\iﬂWﬂULUﬁﬂhl‘ﬁiJﬂu

HAZeLA IUBULIN 139NFENI1 TATA box 9EWL TATA box 1181 U6 snRNA Nnyiiavodia

fﬁiﬂﬂ HAZWULTNIUAWNU (-30 o -24) FIRUHMUIVOI TATA box ﬂ%ﬁ@ﬂﬂé}@\?ﬁﬂﬁuLﬁﬂﬁ
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U949 TATA box U9398U U6 snRNA N luay (Domitrovich and Kunkel, 2003), #11} (Oshima et
al., 1981), 3 (Lambeth et al., 2005), 1n (Kudo and Sutou, 2005), Xenopus (Krol et al., 1987),

d‘ 1A = o’d‘ (] 1 v a = <A Y A
1 1UadIn7 (Das et al., 1987) u@umaia”lmmgnmn TATA box f1703 18 Indisudui

1 Y] < Y1 a = d Aa 1 Y] a =\ <A 9
ANULANANAUGY 92U 18111908 To InAv5aIs21319 TATA box 1 Hand o Inaisudu
1 [ {1 [y v J
Y9IOU U6 snRNA 9zLANUUANA1NUGITY U6 snRNA a9y 13011 U6 snRNA vada)
1 Aa o Y3 1 0o v A =S I a dy (=} o @ 10 [ A
angianu taasliaundwuiing 1o lna luusnail ludiaudny uadumimse
] a 1 @ a 2 s A =\ o w 1
52OLHNVBIUTNIUIZNIN TATA box nU 17na To Inaisuauiinnudiryaenmsuaasoon
~ $ o o § g J o o
v838U U6 snRNA Failutlse Temilumsih 115 lums TnawineduTds Tunesdmsy
A o o Aa 1 v A = A Y I~
shRNA ms1zeninsa)asudduuausnmseyiing TATA box nutiing le Inaisudwiu
o W < ) ~ 9 A o (=Y 9
Seuuaveudu lsidasumz idesmsiiemsdaneoula
a 7o ] = = 9 ) Y ~
VNMIAATIEHA WM UIVDIBU U6 snRNA 113 Tunvestlaninaie e lvinueu ue
2 a & = o A a0g 2 Ao o ! . . (Y
snRNA 9naHanHa 3909507 1Tlu U6-4 Faidauiue luaiuaed coding region #5404 100 %
o 1 o @ { a 1 1] 1
AU coding region Y948U U6-3 uatidmuiwanusnm s Tuaesarenu dsagy lailardhare
= ~ 1 o a A o a ) ] = [
181 U6 snRNA NUANANNAY 4 Fila tazilominmsinsziavusvesauluIns Tu Taunig 9
Tud Tunvewlarnarenwui Bu Ue-1 imsiGesdannnia 555 galud Tuyvestardiate oy
1 1 = v A Y = a . .
pgauIng Ty Tyue1e 3950 9n8Y U6-1 1riog luuaiia multigene family 14318911
. y 3 d
M3ANEIDY 9 (Hayashi, 1981; Domitrovich and Kunkel, 2003) N1#398911 U6 snRNA Niing
1A I . . = = o 1 v @ 3
W18 U6 snRNA 11]1 multigene family taziin1353e9d10g111a5 Tn Tauaa o daiuwag
= 3 dyd FI 9 ~ v Y] a = ] A Ao 1
msfnensaliveaglIainahanegdu Us saRNA uanaenu 4 wila uaziiog 1 stianiaog
1 a I { T
Tunguues multigene family 8n 3 sHaludunnvegiiowgamed 1ud Tuuvestarthare
A ' 9 A A 1 @ [ a K I A 1A
nnMsnnuIadnaelion Ue saRNA Nuanaanuegd 4 ¥tia sailuntiaulaiou
z a A A ] = [ 9 =2 qgj dyd Ya
14 4 sialmsuaaeenyiie i wazlinmsuaasesnlueioizlatng msanuinsetiseldis
o a 4 [ 1
reverse transcritpion PCR 1ag#1n1531A512HN1SIaA09NUD8YU U6 snRNA 1ua3e1za1 9
1B @U09 A1 10N AU FTUUMAAUINS S99 tag swme vesawdhate 1ilesan
< o w o z 1
99A152NOUUBS A VILAVDIBY U6-4 uay Bu Ue-3 innuasenuiianua 39 lannsonsy
P = 2/' a Yy A [} A I =\ =1 a =) = 3
1@ 8ute 2 ¥tiauaasesn lavse lu vieidumsuansesnvesBuiissria@e) mIAnyIAT
Y Y
MU Bu U6 snRNA 114 3 stiatimsuaasesnlutlaniates uaznumsuaaseonlunnedos
A o a =2 YA o ! .
’mmm‘mmﬂwmmﬂﬁiqﬂ”lmmu U6 snRNA imag“luﬂizmm house keeping gene
= 09/’ dy Y o oI a
MsANYIA5IH lAasdeumsniinuves1ls Tumesou U6 snRNA lumsnsiuaasy

shRNA Taamsdiade 115 Tumesveddu Ue-1, U6-2 tag U6-3 fUABUIDNa519 ShRNA 11azii
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ABSTRACT

We have characterized three U6 snRNA genes in zebrafish and randomly
designated them as U6-1, U6-2, and U6-3. The U6-1 gene is closely related to the
mammal U6 snRNA genes and that the U6-2 and U6-3 genes are more closely related
to the Drosophila and Xenopus U6 snRNA genes. The upstream regulatory sequences
were located based on their conserved position relative to the transcription start site.
Furthermore, we speculate that the “CCAAT box” functions as the distal sequence
element in the zebrafish U6 snRNA genes. Genomic BLASTn analysis revealed that
at least 555 copies of the U6-1 gene are dispersed throughout the zebrafish genome,
whereas the U6-2 and U6-3 genes are each present as a single copy. Three U6 snRNA
genes are functionally expressed in various tissues. All three putative promoters were
able to transcribe short hairpin RNA (shRNA) in zebrafish cell extracts. Our findings
demonstrate that these putative promoters have the potential to be used for vector-
based RNA interference (RNAI) in zebrafish. The zebrafish U6 promoter efficiently
promoted shRNA in vitro expression in cell extracts isolated from Nile tilapia but not
from catfish or common carp, suggesting that the zebrafish U6 promoters promoted
variable transcription efficiency across species. Another U6 snRNA was found from
the genomic BLASTn search and designated as U6-4, demonstrating that there are four

different types of zebrafish U6 snRNA genes.
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INTRODUCTION

Recently, the zebrafish (Danio rerio) has become the most popular vertebrate
used as a genetic model for developmental biology studies, models of human disorders,
and drug discovery research (Hertog, 2005; Bryson-Richardson et al., 2007; Kari et al.,
2007). The short life cycle provides a number of embryological and experimental
advantages. Moreover, zebrafish are easy to maintain and breed. The zebrafish is
expected to have roughly the same number of genes in its genome as the human
(Postlethwait et al., 2000). It was found that the zebrafish genome contains about as
many transcripts including expressed sequence tags (EST) and microarrays as the
human genome assembly (Dahm and Geisler, 2006). In addition, the zebrafish
genome is fully sequenced and mapped, and this information is available to the
scientific community at (http://zfin.org). As a result, there has recently been more
scientific focus on developing various genetic tools and methods that can rapidly
elucidate gene function. Gene knockdown (GKD) technologies using antisense
morpholino oligonucleotide (MO) and small interfering RNA (siRNA) have been
widely used for gene function analysis in zebrafish (Nasevicius and Ekker, 2000;
Dodd et al., 2004). However, these techniques lead to transient loss-of-function
phenotypes, which are only applicable for investigating gene function during
embryogenesis. Additionally, the loss-of-function phenotype is not transmitted to
subsequent generations. Thus, vector-based expression of short hairpin RNA
(shRNA) that can provide constitutive, sustained GKD effects in zebrafish is needed to
expand the knowledge of genes with redundant functions.

In order to mediate long-term gene silencing effects in zebrafish, a DNA-based
construct that stably synthesizes shRNA from either the RNA polymerase II or III

promoters is required. RNA polymerase III (Pol III) systems naturally promote
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transcription more efficiently than do RNA polymerase II (Pol II) systems (Bertrand et
al., 1997). In addition, Pol III promoters offer several advantages over Pol 11
promoters. For instance, the compact sequence of the Pol III promoter is easier to
manipulate molecularly. Their transcription is initiated and terminated at precise
positions, resulting in addition of very little extra sequence when fused to other genes.
The promoters of Pol III genes (i.e., tRNA, 5S RNA) usually contain an intragenic
control region (Carbon and Krol, 1991). In contrast, U6 small nuclear RNA (U6
snRNA) genes are unique because the cis-elements necessary for transcription are
present in the 5’-flanking regions. U6 snRNA is an abundant nuclear RNA involved
in RNA processing (reviewed in Das et al., 1987). Pol IlI-based shRNA expression
constructs have recently become the method of choice to interfere with a gene of
interest in mammalian cells. Stable expression using this ShARNA approach has the
potential to recapitulate traditional knockout phenotypes (Sui et al., 2002; Kwak et al.,
2003).

Although the zebrafish genomic information has been completed and zebrafish
are widely used for genetic research, U6 snRNA genes have not yet been fully
characterized. So far, characterization of U6 promoters has been conducted in various
vertebrates (Krol et al., 1987; Das et al., 1988; Kunkel and Pederson, 1988; Kudo and
Sutou, 2005; Lambeth et al., 2005). In teleost fish, snRNA-type genes have been
characterized in pufferfish, Fugu rubripes (Myslinski et al., 2004). However, the U6
promoters have been reported to only drive species-specific transcription (Das et al.,
1987). In this study, we report the characterization of the U6 snRNA genes in
zebrafish. Genomic organization and the expression of the U6 snRNA genes are

documented. To provide sustained vector-based GKD approach, usage of putative the
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U6 promoter for sShRNA expression activity was also investigated in zebrafish and

other teleost nuclear extracts.

RESULTS

DNA fragments approximately 550 base pairs (bp) (data not shown) in length
containing the putative U6 promoter and a partial U6 snRNA coding region were
amplified by nested PCR using zebrafish genomic DNA as the template. Sequencing
these fragments revealed three different types of U6 snRNA genes. Three U6 snRNA
genes were classified relying on the different contributions of sequences upstream and
from within the RNA coding region. The three genes were randomly designated U6-1,
U6-2, and U6-3 (Fig. 1). The complete sequences of the three U6 snRNA genes were

also cloned.

Characterization of zebrafish U6 snRNA genes

The U6-1 gene consisted of 112 nucleotides of RNA coding sequence. The
U6-2 and U6-3 genes contained 107 and 106 nucleotides of RNA coding sequences,
respectively. All U6 snRNA genes have conserved sequence motifs homologous to an
intragenic “box A,” which is characteristic of the RNA polymerase III (Pol III) genes
(reviewed in Das et al., 1987) (Fig. 1). The termination signals of the U6-1 gene
consisted of four or five thymidines (Ts). The U6-2 gene contained five Ts, whereas
the U6-3 contained four Ts. The coding sequences of U6-1 showed 85.7% and 86.6%
homology to the coding regions of U6-2 and U6-3, respectively. The coding sequence
of the U6-2 gene was 96.3% homologous to that of U6-3. The three zebrafish U6
snRNA genes had high identity with other known U6 snRNA genes (data not shown).

Using the coding sequences of U6 snRNA as input, phylogenetic analysis indicated
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that the U6-1 gene was closely related to the mammal U6 snRNA genes, while the U6-
2 was more closely related to the Drosophila U6 snRNA gene than the other U6
snRNA genes. In addition, U6-3 has a close genetic relationship with the Xenopus U6
snRNA gene (Fig. 2).

Comparison of the putative promoter regions showed that the nucleotide
sequences diverged significantly (Fig. 1). The nucleotide sequences of the 5’-flanking
regions of all three U6 snRNA genes contained essential upstream elements such as
“CCAAT boxes”, the proximal sequence elements (PSE), and TATA box sequences.
Compared to the location of the CCAAT in the U6-2 and U6-3 (-249 to -245)
promoters, the CCAAT of the U6-1 promoter was located closer to the start site (-244
to -240). The predicted PSE consensus sequences, located from -79 to -48, showed
two highly conserved regional ACCAC (-65 to -61) and AACAT (-52 to -48)
sequences. The position of TATA boxes were conserved among the three U6 snRNA

genes (-31 to -24), although the DNA sequences of the spacer were not.

Genomic organization and expression of U6 SnRNA genes

In order to identify the location of each U6 snRNA gene on zebrafish
chromosomes, a BLASTn analysis was performed against the zebrafish genomic
database. The sequences of each of the U6 snRNA genes, which consisted of the PSE
through the coding region and termination signal, were used as the input. Only perfect
sequence identity between the input sequences and the genome database were
identified. The result showed that the zebrafish genome contained 555 copies of the
U6-1 gene, which were distributed across different loci on various chromosomes
(Table 1). The U6-2 and the U6-3 genes were found to be single copy genes. To

examine whether these three putative snRNA genes express detectable mRNAs, RT-
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PCR was conducted with cDNA preparations from zebrafish organs including eyes,
brain, gill, liver, digestive tract, ovary, and testis. All three U6 snRNA genes were
expressed in all tissues examined (Fig. 3), demonstrating that these three U6 snRNA
genes are constitutively expressed.

Another U6 snRNA gene was found when performing the genomic BLASTn
search which was designated as U6-4. The coding sequence of U6-4 has totally
identity to that of U6-3. However, the sequence of the upstream flanking region was
76 % homology to that of U6-3. The putative promoter region of U6-4 contains the
core regulation elements which were identified in the upstream elements of the
isolated U6 snRNA genes (Fig.1). The U6-4 was located as only one copy in
chromosome 9 (Table 1).

Transcription of sShRNA driven by U6 putaive promoters

We conducted in vitro transcription experiments using zebrafish cell extracts to
confirm the utility of the putative zebrafish U6 promoters for vector-based RNA
interference. Three types of shRNA expression cassettes (pU6-1shRNA, pU6-
2shRNA, and pU6-3shRNA) were constructed. Each expression cassette consisted of
the putative U6 promoter, the ShRNA sequences and the termination sequences (Fig.
4). All three U6 snRNA promoters were able to express the shRNA (Fig. 5) in cell
extracts prepared from zebrafish embryos. Two transcript signals were observed from
each putative promoter expression vector, which may be produced by variable
termination sequences of 4Ts and 5Ts. In addition, in vitro transcription experiments
were performed using cell extracts from other fish species, including catfish (Clarias
garienpinus), common carp (Cyprinus carpio), and Nile tilapia (Oreochromis
niloticus). Fig. 5 shows the expression of the sShRNA driven by all three of the U6

putative promoters in Nile tilapia cell extracts. None of the three putative U6
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promoters were transcribed in cell extracts prepared from catfish or common carp
(data not shown). The transcription experiments were also conducted using cell
extracts from two shrimp species (Penaeus monodon and Litopenaeus vannamai). We
found that the shRNA transcription products from the U6-1 and U6-2 putative
promoters showed weak signals in shrimp cell extracts, whereas the U6-3 putative

promoter transcribed no detectable signal (data not shown).

DISCUSSION

Three different U6 snRNA genes (U6-1, U6-2, and U6-3) were isolated and
characterized from zebrafish, including some of the sequences of the putative
promoters and the RNA coding regions. The DNA sequences corresponding to the 5°-
flanking regions of all of the U6 snRNA genes were divergent, except for a few highly
conserved upstream sequences. The core promoter elements that regulated the U6
snRNA genes were identified according to previous reports (Krol et al., 1987; Das et
al., 1988; Kunkel and Pederson, 1988; Kudo and Sutou, 2005; Lambeth et al., 2005).
Based on their conserved position in all U6 genes, TATA boxes and the PSE were
characterized. A distal sequence element (DSE), which is an octamer motif
(ATTTGCAT), has been found in U6 snRNA genes of human, mouse, cattle, chicken
and Xenopus (Krol et al., 1987; Das et al., 1988; Kunkel and Pederson, 1988; Kudo
and Sutou, 2005; Lambeth et al., 2005). However, this octamer motif was not present
in the Drosophila U6 snRNA gene (Das et al., 1987). In zebrafish, instead of the
octamer motif, all three types of putative promoters have upstream sequences
homologous to the “CCAAT box” motif, which acts as a functional enhancer in
several gene promoters (Ach and Weiner, 1991; Park and Levine, 2000). The position

of the “CCAAT box” (= -240) was conserved compared to the location of the octamer
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motif that is generally positioned around -250 nucleotides relative to the transcription
start site. Thus, the “CCAAT box” might be identified as the DSE in the zebrafish U6
snRNA genes. In summary, the 5’-flanking sequences of the U6 snRNA genes among
zebrafish, Xenopus, chicken, mouse, human, and Drosophila are not significantly
conserved, although the nucleotide sequences corresponding to the U6 snRNA coding
region reveals a high degree of sequence conservation.

In general, the U6 gene sequences, including the upstream PSE and TATA
boxes and the 3’ end T-rich terminator, were used to successfully synthesize U6
snRNA coding sequence (Das et al., 1988; Goomer and Kunkel, 1992). Therefore, we
used each of the 5’-flanking regions up to -79, together with the complete U6 snRNA
coding region, as the input for the BLASTn analysis of the zebrafish genomic database.
Whereas the U6-2 and U6-3 genes were each present as a single copy gene, multiple
copies of the U6-1 gene were located at various loci distributed throughout the
zebrafish genome. Similar findings of multigene families of the U6 snRNAs have
been previously reported by Hiyashi (1981) and Domitrovich and Kunkel (2003).

Our sequencing data revealed that there are no additional types of U6 snRNA
genes found in the products of nested PCR. However, the genomic BLASTn analysis
showed another type of U6-4. The DNA sequences of U6-4 were taken from database.
Comparison of the putative promoter regions showed that the 5’-flanking region of
U6-4 contained essential upstream elements such as “CCAAT box”, PSE and TATA
box sequences. In addition, the coding region of U6-4 has totally identity to that of
U6-3. Taken together, these data suggest that there are four U6 snRNA genes in the
zebrafish genome.

In order to determine whether these three types of U6 snRNA genes were real

genes or pseudogenes, we performed RT-PCR analysis with cDNA isolated from



63

various zebrafish tissues. The results showed that all three U6 snRNA coding
sequences were expressed at detectable levels. Furthermore, these three genes were
expressed in all tissues, suggesting these genes can be labeled as “house-keeping
genes”.

Previously, it was shown that U6 promoters that included the DSE could
enhance transcription (Das et al., 1988). In humans, the DSE of the U6 snRNA gene
contributes to the formation of preinitiation complexes (PIC) (Kunkel and Hixson,
1998). In this study, therefore, each shRNA expression cassette (pU6-1shRNA, pU6-
2shRNA, or pU6-3shRNA) was generated to contain a “CCAAT box” in the 5°-
flanking sequences. All three putative U6 promoters initiated expression of the cloned
shRNA in cell extracts prepared from zebrafish. As demonstrated in Fig. 5, in vitro
transcription reactions produced two transcripts, which most likely are the products
that comprise 4 Ts or 5 Ts, revealing that both 4Ts and 5Ts are effective termination
signals. Similar efficient termination of a T cluster is demonstrated in other known U6
snRNA genes (Krol et al., 1987; Das et al., 1988; Kunkel and Pederson, 1988; Kudo
and Sutou, 2005; Lambeth et al., 2005).

We next sought to extend this finding to other fish species and shrimp cell
extracts. The transcription efficiency from these putative U6 promoters in Nile tilapia
cell extracts was similar to that from zebrafish cell extracts. However, these putative
U6 promoters did not promote transcription in cell extracts prepared from catfish and
common carp. The putative U6 promoters of the U6-1 and U6-2 genes promote very
weak shRNA expression in shrimp cell extracts. Previous findings demonstrated
variable transcription of the U6 snRNA genes across species. Das and colleagues
(1987) reported that the Drosophila U6 snRNA genes could only be transcribed in

Drosophila cell extracts and not in mammalian cell extracts, suggesting that the U6
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snRNA genes promoted only species-specific transcription. Interestingly, the mouse
U6 snRNA gene could be expressed in frog oocytes (Das et al., 1988). Moreover,
commercially available human U6 promoter efficiently transcribed shRNA in chicken
cell lines (Kudo and Sutou, 2005). The octamer motif was identified as the DSE in the
U6 snRNA genes of Xenopus, chicken, mouse, and human, while this octamer motif
was not found in the Drosophila U6 snRNA genes. Transcription efficiency across
species may partially be explained by the fact that the core elements of the of the U6
snRNA genes promoters are homologous or nearly homologous across species.

In conclusion, our findings demonstrate that there are four different types of
U6 snRNA genes. They are ubiquitously expressed throughout a variety of zebrafish
tissues. One of the zebrafish U6 snRNA genes is present in multiple copies dispersed
throughout the zebrafish genome. These U6 promoters could promote shRNA
expression, suggesting that they have potential to be used for vector-based RNAI in
zebrafish. A putative U6 promoter would provide a powerful tool for long-term GKD
in zebrafish. Furthermore, these vector-based RNAi technologies might be applicable

for some aquaculture-related species.

METHODS

Cloning of zebrafish U6 sSnRNA genes

The zebrafish U6 snRNA genes were cloned by nested PCR. Table 2 shows the
sequence of the oligonucleotides used in this study. The putative promoter and partial
U6 snRNA gene fragments were amplified using a zebrafish genomic DNA library as
the template with Afix-F as the forward primer and reverse primers U6-r1 and U6-12 as

the primary and nested primers, respectively. The first PCR was carried out in a total
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volume of 10 pl, consisting of 200 uM of each deoxynucleotide, 1 pmol of each
primer (Afix-F and U6-r1), 1X EX Taq buffer and 0.25 U EX Taq (Takara Shuzo,
Shiga, Japan). The PCR reaction was performed at 94°C for 3 min, then 35 reaction
cycles were run, each consisting of 30 s at 94°C, 30 s at 58°C and 1 min at 72°C. The
final elongation step was conducted at 72°C for 5 min. The resulting PCR product was
used as the template in a second PCR reaction with Afix-F and U6-r2 as the primers.
Another partial U6 snRNA gene fragment, including the termination signal, was
amplified with U6-f1 and U6-f2 as the primary and nested forward primers and with
the reverse primer Afix-R. DNA fragments were isolated using the Gelpure DNA
Purification Kit (GeneMate, Kaysville, UT, USA). The PCR-amplified DNA
fragments were cloned into pPGEM T-Easy plasmid (Promega, Madison, WI, USA).
DNA purification was performed using the FlexiPrep Kit (Amersham Pharmacia
Biotech Ltd, Buckinghamshire, UK). All clones were sequenced using ALF express
DNA Sequencer System with a Thermo Sequenase fluorescent labeled-primer cycle-
sequencing kit and 7-deaza-dGTP (Amersham Pharmacia Biotech Ltd). A
phylogenetic tree of the U6 snRNA coding region was generated using the neighbor-
joining method (Saito and Nei, 1987). To locate the U6snRNA genes on the zebrafish
chromosomes, the zebrafish genome resources (http:www.ncbi.nlm.nih.gov/genome)

were used to perform a BLASTn search.

RT-PCR with zebrafish organs
To examine the expression of each U6-snRNA in various organs of the zebrafish, total
RNA was isolated from tissue samples (brain, eyes, gill, liver, digestive tract, ovary

and testis) using TRIZOL Reagent (Gibco BRL, Rockville, MD, USA) according to
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the manufacturer’s protocol and was treated with DNase I during RNA purification.
First-strand cDNA was synthesized from 2 pg of total RNA using the First-Strand
cDNA Synthesis Kit (Amersham Pharmacia Biotech Ltd) with random
hexadeoxynucleotides. PCR was conducted using ExTaq® (Takara) in 10 pl of the
reaction solution. The conditions for PCR cycles were as follows: initial denaturation
of 3 min at 94°C, followed by 35 cycles of 15 s at 94°C, 15 s at 58°C and 15 s at 72°C.
The final elongation step was conducted at 72°C for 5 min. Three pairs of primers
were designed to amplify the coding DNA of U6-1 (cU6-1f and cU6-11), U6-2 (cU6-
2f and cU6-2r) and U6-3 (cU6-3f and cU6-3r) (Table 2). The amplified products were

separated by electrophoresis on a 15% nondenaturing polyacrylamide gel.

SshRNA expression cassette construction

All U6 promoter-driven short-hairpin RNA (shRNA) vectors (pU6-shRNA) were
constructed as follows. Plasmids containing the different types of the U6 putative
promoters were cloned by nested PCR from zebrafish genomic DNA. Genomic DNA
was extracted from the dorsal fin of zebrafish using Wizard® Genomic DNA
Purification Kit (Promega) according to the manufacturer’s protocol. PCR was
performed using ExTaq® (Takara) at 94°C for 5 min, then 35 reaction cycles of were
run each consisting of 45 s at 94°C, 45 s at 60°C and 45 s at 72°C. The final
elongation step was conducted at 72°C for 5 min. For the first PCR reaction, three
pairs of primers were designed to clone the putative promoters of U6-1 (pU6-1f and
U6-13), U6-2 (pU6-2f and U6-r3) and U6-3 (pU6-3f and U6-r3). The resulting PCR
products of the putative promoter of U6-1, U6-2 and U6-3 were used as the template

in the second PCR reaction with the specific primers (pU6-1f and pU6-1r), (pU6-2f
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and pU6-2r) and (pU6-3f and pU6-3r), respectively. Because BamH I and Xba I
restriction sites were used in all expression cassettes to insert the DNA fragment
encoding the test transcript, each nested reverse primer (pU6-1r, pU6-2r or pU6-3r)
(Table 2) in the second PCR reaction was designed to add the restriction enzyme
BamH I and Xba I sequences downstream of the U6 putative promoter. Each PCR
product was cloned into pGEM T-Easy plasmid (Promega) and verified by DNA
sequencing. The plasmid containing the putative promoter of U6-1, U6-2 or U6-3 was
designated as pU6-1, pU6-2 or pU6-3, respectively. Each plasmid was digested with
Bam HI and Xba I, so two complementary oligonucleotides could be inserted.
Because we want to target the zebrafish golden phenotype (Lamason et al.,
2005) in future studies, slc24a5-1 (GenBank accessions no. AY 538713) (nucleotide
385-405) was used to generate two oligonucleotides (ONs): slc-plus and slc-minus
(Table 2). The two ONs were 5’-phosphorylated and hybridized in annealing buffer as
described previously (Boonanuntanasarn et al., 2005). After annealing, the double-
stranded DNA (dsDNA) fragment consisted of the 5’-BamH I sticky end, the short
hairpin RNA (shRNA) sense sequence, the 9-mer loop sequence, the shRNA antisense
sequence, and the 5 attached thymidines at the 3’end, and the Xba I sticky end. The
dsDNA was ligated into each of the Bam HI/Xba I digested pU6-1, pU6-2 and pU6-3
vectors to generate ShRNA expression cassettes: pU6-1shRNA, pU6-2shRNA and
pU6-3shRNA, respectively. All plasmid constructs were sequence-verified. The
templates for in vitro transcription containing the shRNA driven by each U6 promoter
(Fig. 4) were PCR-amplified with primers (pGEM-f and pGEM-r). Using pU6-
IshRNA, pU6-2shRNA or pU6-3shRNA as a template, PCR was conducted using

ExTaq” (Takara) at 94°C for 3 min, then 40 reaction cycles of were run each

consisting of 45 s at 94°C, 45 s at 60°C and 45 s at 72°C. The final elongation step
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was conducted at 72°C for 5 min. The amplified products were isolated using the QIA

quick® Gel Extraction Kit (Qiagen, Hilden, Germany).

Preparation of fish cell extracts

In order to investigate the expression of the putative U6 snRNA promoter, fish cell
extracts were prepared from zebrafish. We also tested the transcription activities of all
of the zebrafish U6 putative promoters across species in cell extracts prepared from
common carp (Cyprinus carpio), Nile tilapia (Oreochromis niloticus) and catfish
(Clarias garienpinus) obtained from the Fisheries Farm, Suranaree University of
Technology Farm (Nakhon Ratchasima, Thailand) and marine shrimps. In fish, cell
extracts were prepared from fry during swim-up stages. Marine shrimp in post-larvae
stages 10-15 were also used to prepare cell extract samples. First, fish or shrimp were
anesthetized in 300 ppm of phenoxy ethanol. All cell extracts, which contained the
enzyme RNA Pol III, were prepared following a modification of the procedure
described by Weil and colleagues (1979). Briefly, the samples were cut into 5 mm-
pieces in ice-cold PBS. After washing three times in PBS, the samples were incubated
in twice the volume of ice-cold hypotonic solution (10 mM HEPES-KOH, pH 7.9, 10
mM KCl, 1.5 mM MgCl,, 0.5 mM dithiothreitol) for 10 min and homogenized for 5
strokes. One-tenth volume of hypotonic stop solution (0.3 M HEPES-KOH, pH 7.9,
1.4 M KCl, and 0.03 M MgCl,) was added. The homogenate was centrifuged at
100,000 x g at 4°C for 1 h. The supernatant was used for protein determination using
a Total Protein Kit, Micro Lowry (Sigma, MO, USA). Extracts with a protein
concentration of 5 mg/ml were stored at -80°C until they were needed for in vitro

transcription.
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in vitro transcription and northern blot analysis

Transcription reactions were carried out essentially according to Fan et al. (2005) with
slight modifications. The 300-ul reaction mixture contained 900 ug protein of each
fish embryo extract, 20 mM HEPES-KOH, pH 7.9, 80 mM KCI, 5 mM MgCl,, | mM
EDTA, 1 mM dithiothreitol, 10% glycerol and 1.5 mg of each template DNA. In order
to allow for preinitiation complex formation (PIC), the transcription mixtures were
incubated at 28°C for 30 min. Transcription reactions were initiated by adding 250
1M of INTP and allowed to proceed for 1.5 h at 28°C. The reactions were stopped by
adding one-tenth volume of stop solution (5 % SDS, 100 mM EDTA, 1 M sodium
acetate, pH 4.8). Subsequent to the transcription reaction, the mixtures were treated
with DNasel (RNase-free), extracted with phenol/chloroform and precipitated with
ethanol. The precipitates were resuspended in loading buffer (95% formamide, 18
mM EDTA, 0.025% bromophenol blue, 0.025% xylene cyanol, 0.025% SDS), heat-
denatured and loaded on a 15% denaturing polyacrylamide gel with 8 M urea.
Following electrophoresis, the gels were electroblotted onto Hybond™-N" membranes
(Amersham). After baking at 80°C for 2 h, the membranes were hybridized overnight
with the 3’dioxigenin (DIG)-labelled synthetic oligodeoxynucleotde (Sigma- Proligo,
Singapore) complementary to the antisense shRNA strand. The membranes were then
washed and incubated with anti-digoxigenin-AP antibodies (Roche, Mannheim,
Germany). The signals were detected with NBT/BCIP kit (Roche) according to the

manufacturer’s protocol.
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Table 1 Chromosomal locations of U6 snRNA loci

U6 Number of
Locus Chromosome  Number of loci copics strand
U6-1 1 1 2 Minus
3 2 56 Plus
4 2 121 Plus and
5 2 60 Minus
12 1 6 Plus and
14 11 260 Minus
18 1 3 Minus
20 1 1 Plus and
23 1 15 Minus
Not placed 3 31 Plus and
Minus
Plus
Plus
Plus and
Minus
U6-2 21 1 1 Minus
Ue6-3 11 1 1 Plus
U6-4 9 1 1 Minus

The four U6 loci are numbered randomly. “Number of Loci” refers to the

number of U6 snRNA locations on each chromosome. “Number of copies” refers to

the total copies of each U6 snRNA gene on each chromosome.
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Table 2 Primers and oligonucleotides used in this study

Primer Sequence

AFix-F 5’-GAGCTCTAATACGACTCACTATAGG-3’

AFix-R 5’-GAGCTCAATTAACCCTCACTAAAG-3’

U6-rl 5’-TATGGAACGCTTCACGAAT-3’

U6-12 5’-TGCGTGTCATCCTTGCGCAG-3’

U6-r3 5’-TGCGCAGGGGCCATGCT-3’

U6-f1 5’-GTGCTTGCTTCGGCAGCACA-3’

U6-f2 5’-TGGAACGATACAGAGAAGAT-3’

cU6-1f 5’-GTGCTCGCTACGGTGGCACA-3’

cU6-2f 5’-GTGCTTGCTTCGGCAGCACG-3’

cU6-3f 5’-GTGCTTGCTTCGGCAGCACA-3’

cU6-1r 5’-AAAACAGCAATATGGAGCGC-3’

cU6-2r 5’-AAAATGAGGAACGCTTCACG-3’

cU6-3r 5’-AAAAGATGGAACGCTTCACG-3’

pU6-1f 5’-TCCATATTGCTGTTTTAGTGCGTGG-3’

pU6-2f 5’-TGGCTTCAAGTCTCTCAGCG-3’

pU6-3f 5’-TCCGAGAGTCTGTGAATGTT-3’

pU6-1r 5’-TCTAGACTCGAGGGATCCGTGGACAGGCTCAGGGC-3’

pU6-2r 5’-TCTAGACTCGAGGGATCCAGAGCTGGAGGGAGAGC-3’

pU6-3r 5’-TCTAGACTCGAGGGATCCGGAGCCTGGAGGACTGC-3’

sle-plus 5’-GATCCGGGCGACATCGGCGTCAGCTTCAAGAGAGCTGACGCCGA
TGTCGCCCTTTTTT-3’

sle-minus  9-CTAGAAAAAAGGGCGACATCGGCGTCAGCTCTCTTGAAGCTGACG
CCGATGTCGCCCG-¥

pGEM-f  5-TAATACGACTCACTATAGGGC-3’

pGEM-r

5’-GGAAACAGCTATGACCATGA-3’




76

FIGURE LEGENDS

FIG. 1. Sequences of four zebrafish U6 snRNA genes.

The four U6 snRNA genes were numbered randomly. Note that the sequence of the
U6-4 was taken from zebrafish genomic database (NW001514080.1). CCAAT boxes
are indicated by a black box. The white and the gray boxes highlight the predicted
PSE and TATA box elements, respectively. The start site of transcription, G, is shown
as position +1. A dashed box indicates an intragenic control region “box A”.

Termination signals are underlined.

FIG. 2. Phylogenetic tree of the U6 snRNA coding sequences.

The tree was constructed based on the neighbor-joining method (Saito and Nei, 1987)
using the DNA sequences listed below. GenBank accession numbers for the U6
snRNA genes included in the analysis are human (X07425), mouse' (X06980), mouse”
(M10329), Xenopus (M31687) and Drosophila (AH004871). Note that the coding

sequence of U6-4 is 100 % homologous to that of U6-3.

FIG. 3. RT-PCR of the three U6 snRNA transcripts in various zebrafish tissues.
cDNAs were synthesized from total RNA extracted from various tissues including
liver (1), ovary (2), eyes (3), brain (4), gill (5), digestive tracts (6) and testis (7).
Distilled water was used as the template in the negative control (N). Note that all three

of the U6 snRNAs are expressed in all tissues examined.
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FIG. 4. Schematic illustrations of the putative zebrafish promoter-driven plasmid
vector for shRNA. See Fig. 1 for the PSE sequences. The shRNA fragment consisted
of shRNA sense,

a 9-mer loop, shRNA antisense and termination sequences. These cassettes were

PCR-amplified and used as the template for in vitro transcription.

FIG. 5. Northern blot analysis of each of the putative zebrafish promoter-driven
shRNAs in cell extracts prepared from zebrafish and Nile tilapia. The structures of the
shRNA expression cassettes are shown in Fig 4. U6-1, U6-2 and U6-3 denote the
transcripts produced from the templates, which were PCR-amplified from pU6-
IshRNA, pU6-2shRNA and pU6-3shRNA, respectively. Note that two bands were
observed in each transcription assay, showing that the transcripts consisted of both 4

Tsand 5 Ts.
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Abstract

So far, there are a number of fish genome projects, including experimental and economically
important fish that provide available DNA sequence information. However, the function of a gene
cannot be deduced only by its DNA sequence. Therefore, a technique with which to investigate the
function of the fish gene is needed. Gene knockdown (GKD), or antisense technology, is now being used
as a powerful technique to study gene functions in living organisms. GKD effects result from the
introduction of an antisense molecule into living cells. The antisense agents bind to target messenger
RNA, thus inactivating the target gene expression. The appropriately spatial inhibitory effects on
protein production from corresponding gene resulted in the phenotypic change. Therefore, the
function of the gene can be understood. To date, there are a number of antisense molecules that can
affect efficient GKD in fish. These include antisense oligonucleotides, small interfering RNA, and
ribozyme. These antisense molecules cause specific gene inhibitor effects with different mechanisms.
The various antisense mechanism types facilitate a number of GKD applications with various
approaches in animals. In this review, we demonstrate the characteristics of each antisense molecule,

its mechanism, and its application, especially for gene functional analy

Recently, fish genome projects have been
undertaken in experimental fish species, such
as zebrafish, Danio rerio; medaka, Oryzias lat-
ipes; pufferfish, Fugu rubripes and Tetraodon
nugroviridis; and stickleback, Gasterosteus acu-
leatus. In addition, aquaculture-related genome
projects have been available for economically
important species (http://www.animalgenome.
org/aquaculture). Moreover, expression sequence
tags (ESTs) databases have been providing com-
prehensive gene information from small pieces of
complementary DNA (cDNA) sequences. ESTs
have been studied in a number of fish and shrimp,
which are useful for gene identification, expres-
sion, and full-length ¢cDNA isolation. However,
the functions of many of these genes cannot be
deduced from their DNA sequences. These iso-
lated genes cannot be used for any application
if their functions are unclear. To complete our
knowledge of genes, the development of effici-
ent methods to investigate the role of genes is
needed. Gene sequences information together

! Corresponding author.

in fish.

with gene function studies would lead to a rapid
advancement in biotechnological approaches for
fish production.

Several efficient methods for the addition or
inhibition of gene expression have been devel-
oped for studying gene functions. Production
of transgenic fish offers a valuable means to
study gene function because it permits the
detection of phenotypes that have been altered
by the addition of a function. The microinjected
fish is typically mosaic and a so-called founder
fish. Founder fish are bred individually to gener-
ate stable, independent lines of transgenic ani-
mals that generally exhibit variable expression
characteristics. Thus, the transgenic approach
is limited in that it is a rather time-consuming
process to establish stable transgenics. Gene
knockout is a technique for replacing wild-type
alleles with mutant ones to produce heterozy-
gous embryos with one to two mutant copies
of a specific gene. Therefore, deleting gene
products facilitates the comparison of pheno-
types that have been changed by loss of func-
tion (Moreadith and Radford 1997; Lobe and
Nagy 1998). However, creating generations of

© Copyright by the World Aquaculture Society 2008
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knockout animals that are necessary to study the
role of such a gene in vivo is time-consuming,
expensive, and labor intensive (reviewed in
Stone and Vulchanova 2003). Gene knockdown
(GKD) is an alternative technique that is now
used for examining the function of a gene whose
sequence is known. GKD or antisense technol-
ogy is a technique to introduce an antisense
agent that contains a complementary nucleotide
(nt) sequence to target messenger RNA (mRNA)
in living cells to inhibit target gene expression.
Sequence alignment through nt base pairing of
target mRNA antisense molecules leads to the
specificity of inhibitory effects on gene expres-
sion. Consequently, the role of such a gene can
be determined by phenotypic comparison.
Therefore, GKD could mimic the loss of func-
tion method and be used to examine the function
of a gene whose sequence is known. Although
GKD may have some limitations, it seems to
be the most suitable technique for fish because
it requires no specialized facilities and tem-
porary effects can be determined within a gen-
eration. The purpose of this review was to
demonstrate GKD technology by using various
antisense molecules, such as antisense oligo-
nucleotides (AS-ONs), small interfering RNA
(siRNA), and ribozyme. Recent studies using
antisense agents are revealing, especially for
fish. While various GKD approaches were re-
ported to be efficient in mammalian cells, some
limited use in fish has also been revealed. We
propose to demonstrate that GKD can be a
powerful technique to study gene function in
fish and other applications, that is, to alter
genetic traits of fish (Xie et al. 1997; Nasevicius
and Ekker 2000) and to prevent viral diseases
(Xie et al. 2005).

Antisense Oligonucleotides

The concept of AS-ONs was first demon-
strated by simply using single-stranded DNA
to arrest translation in vivo (Paterson et al.
1977). Because then, the GKD technology using
AS-ONs has been rapidly developed as a power-
ful research tool with great potential for the
study of gene functions. AS-ONs typically con-
sist of 15-25 nts, which are designed in a
complementary (antisense) orientation to their

BOONANUNTANASARN

target (sense) mRNA (reviewed in Stone and
Vulchanova 2003). Two major mechanisms con-
tribute to their antisense effects when AS-ONs
and target mRNA are hybridized in a strictly
base pair (bp) specific. First, AS-ONs bind to
the target mRNA and then are recognized by
ribonuclease H (RNase H), thereby earning the
name RNase-H-dependent antisense mecha-
nism (Fig. 1 A) (Galderisi et al. 1999a). RNase
H is an enzyme that cleaves the RNA strand of
a DNA-RNA duplex (Minshull and Hunt 1986).
Second, AS-ONs that do not activate RNase
H cleavage, but mediate gene silencing by only
steric blockage of RNA (Fig. 1A) (Galderisi
et al. 1999a; Summerton 1999). The mRNA—
AS-ONs duplexes are thought to interfere with
numerous RNA-processing steps. These are in-
hibition of 5'-capping, modulation of splicing,
inhibition of 3'-polyadenylation, translational
arrest, and disruption of critical RNA structure
(Nasevicius and Ekker 2000; Karras et al. 2001:
Vickersetal. 2001; Stone and Vulchanova 2003).

Native oligophosphodiester linkages have
short half-lives in living cells because of the fact
that cells contains a variety of exo- and endo-
nuclease that can degrade native ONs (Wagner
1994). In zebrafish, the dechorinated eggs were
incubated in native AS-ON with various con-
centrations from midblastula until 24-h postfer-
tilization. Although these AS-ON treatments
were dose-dependent, gene-interfering effects
were limited before segmentation (Barabino
et al. 1997). To date, many types of chemically
modified AS-ONs have been produced to stabi-
lize ONs against cellular nuclease, increase
cellular uptake, enhance their target affinity to
target mRNA, improve specific binding to target
mRNA, and lower toxicity. In this review, we
present only AS-ONs that have been widely
reported for gene function analysis, especially
in fish.

Phosphorothioate oligonucleotides (PS-ONs)
are the main representatives of the first genera-
tion of AS-ONs that are best known and most
widely used to date. The modification of ONs
in which one of the nonbridging oxygen atoms
in the phosphorodiester bond is replaced by
sulphur to phosphorothioate bonds (Fig. 1B).
This modification leads to an increased PS-ONs
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Two mechanisms contributing gene knockdown effects by antisense oligonucleotide (AS-ON) (A). AS-ON binds

to target messenger RNA (mRNA) and induces the degradation of target mRNA by ribonuclease H (RNase H). This
mechanism is called RNAse-H-dependent mechanism. AS-ON hybridizes to the target mRNA and blocks the binding of
ribosome to translate protein product. Because target mRNA is not degraded, this effect is called RNase-H-independent
mechanism. Native oligonucleotide and various modified oligonucleotides that have been used in fish (B).
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resistance to cellular nuclease while preserving
RNase-H-dependent properties (Galderisi et al.
1999a; Kurreck 2003:; Stone and WVulchanova
2003). The main advantage of using PS-ONs
for GKD studies is that the confirmation of
GKD effects can be performed by evaluation
of the amount of mRNA (Muller et al. 1998;
Galderisi et al. 1999b). Theoretically, antisense
RNase H cleavage would be effective against
target sequences elsewhere in the target RNA
transcript. Therefore, any gene segment that
can be accessed by AS-ONs would have the
potential to be an antisense site. The choice
of target sequences should be determined with
the intention of avoiding the secondary struc-
ture of target mRNA, which is identified in
advance by a computer-based model of the
structure (Zuker and Stiegler 1981). Neverthe-
less, many target sequences of PS-ONs, if not
most, were designed near a translational start
site (Galderisi et al. 1999b; Whitehead et al.
2003). PS-ONs also have several disadvan-
tages. For instance, the cellular toxicity of
using PS-ONs was caused by that PS-ONs
bind to cellular proteins (unrelated target
gene) (Brown et al. 1994) and growth factors
(Guvakova et al. 1995). Another weakness in
using PS-ONs is that the modification of the
backbone of PS-ONs results in the reduction
of the binding affinity between PS-ONs and tar-
get RNA, in comparison to their corresponding
phosphodiester ONs (Stein et al. 1997). PS-ON
(18-mers) was used to demonstrate memory
function in gold fish, Carassius auratus. PS-
ON-injected gold fish showed antisense effects
on ependymin gene expression (Schmidt et al.
1995). In zebrafish, PS-ONs were also used to
demonstrate gene function analysis for two
hedgehog (hh) genes, sonic hedgehog (shh), and
tiggy-winkle hedgehog (rwhh). Three regions
on two target mRNAs were chosen, such as re-
gions near the N-terminus, the autoproteolytic
site, and the C-terminus of each hh proteins.
PS-ONs (20-mers) were designed to contain
55-80% guanosine and cytosine residues (GC)
and verified to not have significant homology
with any other known gene sequence. The cock-
tail of six PS-ONs was coinjected with lipofect-
amine into the embryo’s head to obtain maximal
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GKD effects (Stenkamp et al. 2000). PS-ONs
could be used for GKD research in fish if com-
bined with an awareness of cellular toxicity
and the need to carefully examine phenotype
interpretation of gene function.

The second generation of AS-ONs has an
alkyl modification at the 2" position of the ribose
sugar. The 2'-O-methyl and 2’-O-methoxy-
ethyl RNAs are the most common. The major
improvement was to reduce cellular toxicity.
Additionally, these AS-ONs were developed
to increase stability and nuclease resistance
(Kurreck 2003). There are not many instances
of the use of these AS-ONs in fish.

The third generation of AS-ONs has been
developed to improve antisense properties (i.e.,
target affinity, nuclease resistance, and low tox-
icity to living cells). These DNA or RNA ana-
logues are modified with phosphate linkages or
riboses, as well as nts with a completely differ-
ent chemical moiety replacing the furanose ring
(Kurreck 2003). One group, morpholino phos-
phoroamidate oligonucleotides (MO-ONs), is
widely used for GKD in fish. Additionally, there
have been few reports that have shown the GKD
effects in fish using peptide nucleic acids (PNA).

MO-ON has the riboside moiety of each sub-
unit converted to a morpholine ring (morpho-
line = C4HoNO). It uses a phosphorodiamidate
intersubunit linkage instead of phosphodiester
linkages (Fig. 1B). MO-ONs have shown high
stability in living cells, excellent solubility in
any transfection or microinjection solution,
low cellular toxicity, and even resistance to re-
peated freezing and thawing. However, MO-ONs
are an antisense type that acts only by a steric
block mechanism or RNase-H-independent
property (Summerton 1999). In other words,
MO-ONs only block the translation process.
They are presumed to act by preventing binding
of ribosomes. Therefore, for the study of gene
functions, MO-ONs should be designed to be
closely complementary to the start codon (5’
sequences at about the first 25 bases past the
AUG translation start codon of an mRNA)
(Summerton 1999). Gene-interfering effects
using MO-ONs were first reported in zebrafish
(Nasevicius and Ekker 2000). Because then,
MO-ONs have been widely used for gene
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function analysis in zebrafish in up to 300
publications. Significant GKD effects of MO-
ONs were demonstrated during embryogenesis
in transgenic rainbow trout, Oncorhynchus
mykiss (Boonanuntanasarn et al. 2002). MO-
ONs were also used to determine the function
of two isozymes of tyrosinase in rainbow trout
embryos (Boonanuntanasarn et al. 2004). In
addition, a few studies on gene function were
undertaken in medaka using MO-ONs (Candal
et al. 2004; Yasutake et al. 2004; Yamamoto
and Suzuki 2005). Further, the potential of
MO-ONs for use as chemotherapeutic agents
to inhibit the infectious hematopoietic necrosis
virus in fish cell lines has been demonstrated.
The MO-ON was conjugated with a membrane-
penetrating peptide to deliver MO-ON across
cellular membranes. This peptide-conjugated
MO-ON was shown to inhibit virus replication
(Alonso et al. 2005). In summary, MO-ONs of-
fer potential use as antisense agents not only in
experimental vertebrate but also in aquaculture-
related fish species.

The limitation of MO-ONs for gene function
studies has also been discussed. Because MO-ON
elicits its effects solely by blocking translation,
it reduces expression of the target protein with-
out affecting mRNA levels (Boonanuntanasarn
et al. 2002). Therefore, its antisense action
needs to be confirmed at the protein level, using
such methods as Western blotting or immunos-
taining. The limitation of these protein assays is
that antibody is not always available. A strategy
that was proposed to overcome this limitation is
to block pre-mRNA splicing with MO-ON.
Binding of an antisense MO-ON to one poten-
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tial intron/exon junction could remove the pre-
mRNA splicing step (Fig. 2). Consequently, the
splice blocking reduced the amount of func-
tional mRNA. GKD effects would be confirmed
by evaluation of the amount of functional
mRNA (Draper et al. 2001).

PNA is also attractive for gene function study
in fish. The phosphodiester linkage of PNA is
replaced with a polyamide or peptide (Hyrup
and Nielsen 1996) (Fig. 1B). The mechanisms
in which PNA acts as GKD agents are similar
to that by which MO-ON does. PNA reveals
excellent mismatch discrimination, nuclease
resistance, and protease resistance but low water
solubility. The negatively charged PNA, which
is composed of trans-4-hydroxyl-L-proline
nucleic acid monomers and phosphono PNA, ex-
hibits higher water solubility. The antisense effects
of negatively charged PNA were shown to be better
than those of MO-ON in zebrafish. This negatively
charged PNA (18-mers) exhibited a potency com-
parable to MO-ON (25-mers). In addition, the
negatively charged PNA showed a stronger hy-
bridization and a greater specificity to target
mRNAs than did MO-ONs (Urtishak et al. 2003;
Wickstrom et al. 2004; Duffy et al. 2005).

Small Interfering RNA

RNA interference (RNAI) describes a mecha-
nism initiated by double-stranded RNA (dsRNA)
that mediates the degradation of homologous
mRNA. It is first observed in the nematode,
Caenorhabditis elegans, that dsSRNA was more
effective at producing interference than individ-
ual antisense RNA strands (Fire et al. 1998).
Later, dsRNA-mediated gene silencing was

DI P I Pre-mRNA

* ‘ Incorrect splicing ‘
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Binding of antisense oligonucleotide at the splicing site leads to an incorrect splicing process and results in an
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intensively studied for its gene-interfering unwound in an ATP-dependent process and

mechanism in many organisms and zebrafish
(Wargelius et al. 1999). Functional genomic
studies by long dsRNA can be undertaken in in-
vertebrates. However, long dsRNA has been re-
ported to cause nonspecific inhibition of gene
expression in mammalian cells (Caplen et al.
2000). The mechanism of nonspecific inhibi-
tory effects was explained as part of an antiviral
response as many viruses generate dsRNA in-
termediates during their replication. These non-
specific effects have been attributed to the
activation of dsRNA-dependent protein kinase
R (PKR) and 2'-5" oligoadenylate synthetase
by dsRNAs longer than 30 bp (Fig. 3). Acti-
vated PKR inhibits general translation by phos-
phorylation of the translation factor eukaryotic
initiation factor 2« (IF2a), leading to a general-
ized suppression of protein synthesis. Another
dsRNA-response pathway involves the pro-
cess in which 2'-5"-oligoadenylate synthetase
causes a nonspecific reduction of mRNA (Minks
et al. 1980; Clemens and Elia 1997; Tian and
Mathews 2001). As a result, the activation of
cither, or both, of these pathways results in a
nonspecific downregulation in gene expression.
Recently, identification and characterization of
PKR-like eukaryotic IF2a and 1F2o have been
investigated in their immunity responses to
virus from zebrafish and rainbow trout, de-
monstrating that the immunity role of fish is
conserved between vertebrates (Garner et al.
2003; Rothenburg et al. 2005). Thus, long dsRNA
would not be able to cause specific GKD in
fish. Indeed, the nonspecific inhibition of gene
expression by long dsRNA in zebrafish was also
reported (Oates et al. 2000; Zhao et al. 2001).
It has been revealed that the RNAiI mecha-
nism in vertebrates is related to the mobilization
of transposon and a general defense against
virus infection (Tijsterman et al. 2002). The
dsRNA-mediated specific gene degradation is
explained in two main steps (Fig. 3). First, long
dsRNAs are recognized by an adenosine tri-
phosphate (ATP)-dependent ribonuclease from
the RNase III family, Dicer. Dicer cleaves the
dsRNA into siRNAs of 19-25 nt containing
5'-phosphate and 3'-hydroxyl termini and 3’
overhangs of 2-3 nt. Second. these siRNAs are

incorporated into a multicomponent nuclease
complex, identified in Drosophila as the RNA-
induced silencing complex (RISC). The siRNAs
then guide RISC in the sequence-specific degra-
dation of mRNA in the middle of the target
region. The cleaved target RNA may be further
degraded by a cellular exonuclease activity.
Consequently, translation of the target gene is
prevented. Thus, siRNA-mediated gene silenc-
ing is so-called posttranscriptional gene silenc-
ing (Yang et al. 2000; Zamore et al. 2000).
This siRNA-RISC-mediated cleavage of target
mRNA is sequence specific. Therefore, it is
interesting to investigate the potential uses of
siRNA in various strategies. Chemically synthe-
sized duplexes of 21-23 siRNAs were used to
examine their specific gene-interfering effects
in Drosophila, Cae. elegans, and mammalian
cell lines (Elbashir et al. 2001). siRNAs could
bypass the nonspecific effects induced by long
dsRNAs and enter the second steps of the RNAI1
mechanism. In agricultural biotechnology, the
use of siRNA for GKD studies in chicken, pig,
and cattle has been demonstrated (Karlas et al.
2004 Dai et al. 2005; Paradis et al. 2005).

In fish, the siRNA-mediated gene-inactivating
technique was first demonstrated in rainbow
trout embryos. Using transgenic fish carrying
the green fluorescent protein (GFP) reporter gene,
sIRNA was able to interfere with transient and
stable transgene expression during trout embryo-
nic development. siRNA could also inhibit the
expression of maternally inherited mRNA. In
addition to transgenic fish, the silencing effect
of siRNA was observed in endogenous tyrosinase
gene expression (Boonanuntanasarn et al. 2003).
In zebrafish, siRNA was shown to target the dys-
trophin gene, indicating that siRNA had the
potential to assist in the investigation of the roles
of multiple protein products expressed by a single
gene. The results of siRNA-injected zebrafish
embryos were similar to the use of MO-ON-
targeting pre-mRNA (Dodd et al. 2004). siRNA
was shown to have a potent antiviral purpose in
a fish cell line, fathead minnow (FHM) cells
(muscle cells of FHM). siRNA effectively in-
hibited the replication of an iridovirus (tiger frog
virus) that causes severe disease in fish (Xie et al.
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of small pieces of RNA, called small interfering RNA (siRNA). RISC denotes RNA-induced silencing complexes. siRNA is
recognized and unwound by RISC. Thereafier, siRNA guides RISC in the sequence-specific degradation of the target
mRNA. Long dsRNA causes nonspecific inhibition of gene expression by activation of the two pathways. dsRNA activates
protein kinase R (PKR) and 2'-5'-oligoadenylate synthease. A general suppression of protein synthesis is caused by
PKR-inhibited phosphorylation of the translation initiation factor 2a (IF2a). Nonspecific mRNA degradation resulted
Jrom activation of RNase L by 2'-5'-oligoadenylate synthetase.

2005). The efficient GKD effects of using chem-
ically synthesized siRNAs were reported in fish
up to 30 publications. The effects in fish of
GKD from siRNA prepared by other sources
have also been examined. siRNAs were recently
prepared by in vitro digestion of long dsRNA
using Escherichia coli RNase II1, which is called
esiRNA. esiRNA was able to efficiently inter-
fere with gene expression in mouse embryos
(Calegari et al. 2002). However, this approach

was not found in zebrafish. esiRNA alleviated
nonspecific defects and toxicity to zebrafish
embryos. The explanation for these nonspecific
effects was that these esiRNAs contained siRNA
sequences that might be homologous with other
gene expression (Liu et al. 2005). In addition,
in vitro transcription of two strands of RNA by
commercial RNA polymerase enzymes have
been investigated to determine whether this can
be an efficient technique. siRNA synthesized by
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in vitro transcription with SP6 RNA polymerase
was able to produce specific siRNA interference
effects in zebrafish (Liu et al. 2005) and in fish
cell lines (Xie et al. 2005).

Although it was demonstrated that MO-ON is
an excellent GKD agent in many fish species,
a siRNA-mediated GKD technique may have
some advantages. First, GKD effects can be
achieved by using siRNA against a wide range
of target mRNA strands, whereas MO-ONs
should empirically target the region around the
initiation codon. The use of MO-ONs is there-
fore limited to instances in which the location
of the initiation codon of a gene has still not
been determined. Recently, a number of genes
from aquaculture-related species have been
explored by ESTs analysis. ESTs provide infor-
mation of the DNA sequence of small pieces of
¢DNA (usually 200-500 nt) that are expressed
in target tissue under induced conditions. In
cases in which there are many potential genes
that are probably involved in any particular role,
siRNA would be useful for preliminary screen-
ing of gene functions if the characterization of
those ¢cDNA is not yet complete. Second, the
confirmation of MO-ONs-mediated GKD re-
quires the protein level to be analyzed. This is
complicated in some cases depending on the
method to measure the protein. In contrast,
siRNA-mediated gene inactivation causes a re-
duction of the level of target mRNA. The confir-
mation of the GKD effects by siRNA can be
evaluated by measuring the target mRNA level,
which is simpler.

In Cae. elegans, RNAi-mediated effects are
stable and passed on to the progenies because
the nematode contains RNA-dependent RNA
polymerases that amplify siRNAs (Fire et al.
1998). In contrast, siRNA-mediated gene-inac-
tivating effects in mammalian cells are transient.
The effects of siRNA in mammalian embryos
(including those of fish) are dependent on the
amount of siRNAs delivered. These become
progressively diluted as cells divide and are
digested by cellular nuclease. As aresult, a trans-
gene vector for stable expression of siRNAs
in vertebrate embryos would be applied for
a long-term GKD technology in aquaculture-
related species in combination with a transgene-

sis technique. In zebrafish, the transgene vec-
tor that contain express small hairpin RNAs
(shRNAs) driven by the mouse U6 promoter
was also observed to cause silencing effects in
fish cell lines. However, the effects were less
effective than those from the use of chemically
synthesized siRNAs (Xie et al. 2005). There-
fore, to improve stable GKD in fish, an expres-
sion vector that contains promoter, which can
express the large amount of shRNA for fish cell,
1s needed.

Ribozymes

Naturally existing ribozyme has been found
in plants, bacteria, and vertebrates (reviewed
in Tanner 1999). Ribozyme (R,) or catalytic
RNA is an RNA molecule that specifically pos-
sesses catalytic RNA cleavage activity (McKee
and McKee 1999). Catalytic RNAs are catego-
rized into two types according to their size and
reaction mechanisms. First, there are three types
of large R, consisting of RNase P and group
I and group II introns. These molecules range
in size from a few hundred nts to around
3000 nts. The catalytic reactions generate prod-
ucts with 3'-hydroxyls and 5'-phosphate groups.
To date, the RNase P gene has been identi-
fied and has proved to be actively transcribed
in zebrafish embryos (Eder et al. 1996). Never-
theless, there is no evidence in studies to de-
monstrate gene-targeting study by RNase P.
Second, the small R, s include the hammerhead,
the hairpin, hepatitis delta, and Varkud Satellite
(VS) RNA. These R,s range in size from about
35 nts to around 155 nts. The cleavage reactions
posses 5'-hydroxyls and a 2'.3'-cyclic phos-
phate groups (Forster and Symons 1987; Tanner
1999). Among them, the hammerhead R, is
the most extensively used for GKD in fish,
although it has not been found to be naturally
existing in fish.

The hammerhead R, is the smallest of the nat-
urally occurring R,s that have been identified
to date. Hammerhead R, consists of at least
three components of RNA helices. A model of
the minimum structural requirements for R,-
catalyzed RNA cleavage is shown in Fig. 4.
The cleavage reactions presumably result from
hybridization of two substrate recognition
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arms (catalytic arms) to target RNA substrate
governed by complementary bases. This brings
the reactive group (the conserved secondary
structure maintained in R, forms between two
catalytic arms) close to the substrate RNA and
then mediates specific cleavage of the target
RNA at a conserved GUC target. In general,
cleavage occurs after an NUH triplet, where N
is any nt, and H is A, U, or C. The rate of cleav-
age is highest if the triplet is GUC, but other
triplets will work nearly as well. Normally, the
hybridizing arms of 6-8 bps are considered
optimal (Haseloff and Gerlach 1988). There-
fore, R, is theoretically able to target any RNA
molecule by altering the sequences of the hy-
bridizing arms and retaining the conserved reac-
tive sequences.

Although the principle of R,s-mediated gene
inactivating is simple, actual inactivation in vivo
can be more complex. Because animal cells con-
tain a variety of proteins, as well as intracellular
mRNA, which usually form secondary struc-
tures, R, might not be able to access it to cleave
the target mRNA. The identification of potential
cleavage sites on the target RNA is a key step
toward achieving the most effective GKD. Sev-
eral attempts have been made to achieve the
gene silencing by R,. For instance, R,-acces-

P
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FIGURE 4. Model of minimal structure of hammerhead
ribozyme (R.). Three structures of R, consist of conserved
GUC sequence in the RNA substrate, conserved sequen-
ces maintained in the R. (grey box), and substrate
recognition arms or catalytic arms (grey characters).
The site of cleavage occurs immediately adjacent to the
GUC-conserved sequences.
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sible site selection is traditionally based on the
prediction of the secondary structure of the
target mRNA generated by a computer model
(Zuker and Stiegler 1981). Nevertheless, the
predicted structure of target mRNA is often
inaccurate because of the interaction of mRNA
with other cellular proteins. Xie et al. (1997)
achieved three potential target sites on the target
no tail (ntly gene from zebrafish by computer
software analysis. The three R,s were designed
to target against regions surrounding the GUC.
However, only one R, could show effective
GKD in zebrafish embryos. Recently, a consti-
tutive transport element (CTE), which is a re-
troviral nt, has been reported to facilitate the
nucleocytoplasmic transport of mRNA. In addi-
tion, the CTE was capable of binding to RNA
helicase A (Tang et al. 1997). The interaction
of RNA helicase with CTE is attributed to the
unwinding of the secondary structure of target
mRNA (Warashina et al. 2001). The chimeric
R, comprising the hammerhead R, and CTE
was demonstrated to enhance the efficiency of
GKD in trout embryos (Boonanuntanasarn
et al. 2005). However, similar levels of GKD
activity by hairpin R,, with or without CTE,
were demonstrated in the inhibition effects on
Chronic Hepatitis C virus replicon RNA expres-
sion in human hepatoma cell line (Jarczak et al.
2005).

The efficacy of R,-mediated gene silencing
also depends on the amount of stable R, pre-
sent in the same subcellular compartment. The
R, structure was incapable of export between
the nucleus and the cytoplasm (Eckner et al.
1991). Maximum GKD effects will be achieved
if R, presents in both nucleus and cytoplasm. In
addition, the cytoplasmic compartmentalization
of R, and target RNA was shown to be signifi-
cant for R, activity for viral therapy (Bertrand
et al. 1997). To develop long-term GKD for
R,, it is necessary to have an expression vector
that includes elements that express at high level
of stable structure of small RNA molecules and
that contributes to (“facilitates’”) the transporta-
tion of R, between nucleus and cytoplasm.
In general, the transcript resulting from RNA
polymerase II promoter is capped and contains
polyadenylated RNAs at the 3’ end. These
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RNA polymerase I1 promoted transcripts are
able to transport R, into the cytoplasm. How-
ever, it expresses at low levels. In contrast,
the RNA polymerase 11l system (i.e., transfer
RNA [tRNA], U6 RNA, and adenovirus) natu-
rally directs small RNA molecules at high level
of expression. Thus, the RNA polymerase 111
system is more attractive to direct high-level
expression of R, in animal models. However,
these promoter transcripts are limited mostly
to the nucleus (Bertrand et al. 1997). In zebra-
fish, the GKD effects were carried out to target
nt{ mRNA in both the nucleus and the cytoplasm
by using a dual promoter system to control R,
expression. This dual promoter system contains
a strong T7 promoter that drives the cytoplasmic
R, expression and a human adenovirus type 2-
associated VA; (VA) gene promoter, which is
an RNA polymerase III promoter that drives
the nuclear R, expression. This T7 cytoplasmic
expression relies on the codelivery of vector
DNA containing T7 RNA polymerase gene
driven by the T7 promoter (pT7T7) and T7
RNA polymerase enzyme (Chen et al. 1994).
This dual promoter system showed pronounced
gene-silencing  effects. However, no inter-
fering effect was observed when fish were
coinjected without the pT7T7 and T7 RNA
polymerase, although there was expression of
VA gene promoter. This suggests that most R,-
mediated gene-silencing effects occur in the
cytoplasm (Xie et al. 1997). In an attempt to
develop a suitable RNA pol III system, human
tRNAVal, which is an internal promoter and
express small RNA molecules at a constitutive
levels, were used. The human tRNAV2l was
fused at the 5’ end of chimeric R, that contains
hammerhead R, and CTE. The chimeric R,—
CTE construct driven by human tRNAVal pro-
moter showed GKD efficiency in trout embryos
(Boonanuntanasarn et al. 2005). The tRNAVal
promoter will transcribe the chimeric R, at con-
stitutive levels. The CTE facilitates the shuttles
of chimeric R, between the nucleus and the
cytoplasm and probably attributed the accessi-
bility of R, to target mRNA in cytoplasm. This
chimeric R, expression strategy seemed to fulfill
all criteria that are necessary for R,-mediated
GKD.

Conclusions

As a result of the discovery of antisense effects
using diverse antisense agents, many applications
of GKD have been rapidly developed in a variety
of fish cell lines, experimental fish, and aquacul-
ture-related fish. For obvious purpose, GKD has
potential for studying gene function of many
known genes. Further, GKD technology consti-
tutes an important application to the biotechno-
logical tools available for fish production. For
example, sterile fish may be produced by interfer-
ing with a key gene for germ cell development.
GKD of myostatin gene expression could be
applicable for generation of increased muscle
mass of fish. Viral GKD provides effective ther-
apy tor a number of viral diseases not only in
commercially valuable fish but also in shrimp.
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