F4 RIS GRAERED

AT RS2 (RELARAY) TEGIE %

B. Malignant (Carcinoma)
a. Invasive carcinoma 500 89.0
al. Papillotubular carcinoma 126 22.4
a2. Solid-tubular carcinoma 202 35. 5
ad. Scirrhous carcinoma 172 30.6
b. Special types 62 11.0
bl. Mucinous carcinoma 12 2.
b2. Medullary carcinoma 0 0
b3. Invasive lobular carcinoma 29 5.2
b4. Adenoid cystic carcinoma 0 0
b5. Squamous cell carcinoma 5 0.9
b6. Spindle cell carcinoma 4 0.7
b7. Apocrine carcinoma 5 0.9
b8. Carcinoma with cartilaginous
and/or osseous metaplasia ! 0=
b9. Tubular carcinoma 0 0
b10. Secretory carcinoma 1 0. 2
bll. Invasive micropapillary

. 1 0.2
carcinoma
bl2. Matrix—producing carcinoma 4 0.7
b13. Others 0 0

X 3 iZEMEILEN A (IDC) &R & A fFHIRK

D H

N TR T T 4 THD AN R Zemetaplastic ca

BlCE o T,

rcinomas/NEEMN A DFH M
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*® 6 BEER (N=365)

No. of patients (%)

(N = 369)
Age
<50 146 (40)
>50 223 (60)
Menopause
Premenopausal 152 (41)
Postmenopausal 217 (59)
Invasive tumor size (cm)
<2.0 276 (75)
2.0 to <5.0 89 (24)
>5.0 4 (1)
Histology
Invasive ductal carcinoma
(3 302 (82)
Mucinous carcinoma 26 (7)
Invasive lobular carcinoma |22 (6)
IDC with predominantly
iintraductal component 17 )
Others (medullary, tubular) 2 (1)

Ki-67 (10 %)




No. of patients (%)
(N = 369)

No. of patients (%)
(N = 369)

Positive 221 (60)
Negative 148 (40)
Ki-67 (214 %)

Positive 163 (44)
Negative 206 (56)
Ki-67 (220 %)

Positive 87 (24)
Negative 282 (76)
Histological grade

1 104 (28)
2 175 (47)
3 88 (24)
Unknown 2 (1)
Nuclear grade

1 156 (42)
2 103 (28)
3 109 (30)
Unknown 1 (0)
Lymphovascular invasion

Positive 138 (37)
Negative 230 (62)
Unknown 1 (0)
Adjuvant chemotherapy

Yes 153 (41)
CMF 100 (65)°
UFT 52 (34)°
CEF 1 (1

No 217 (59)

Hormone therapy (tamoxifen)

19

Yes

187 (51)

No

182 (49)

F£6:Ki-67TD3 5Dy hAT LHEBFENT L —FD

R
Ki—-6 Number of tumors (%)
i Histologic Nuclear
labe Tot al grade P grade
ling [ lvalu  pfE
L e
L 1 |2 |3 |e 1 |2 I3
X
Low 61 |73 |14 98 133 17
(<10 1148 |(41 (4 (1 (6 (2 (1 [<0.0001
%) ) 19 10) 6) 12) 12)
SO L0 [V ST, S
10 [
High 43 74 001 58 70 92
221 2
(>10 ] (19 4 (3 (2 (3 |(4
%) ) 3) 6) 12) 2)
7)
10 12
Low 82 21 52 128
206 2 6
(<14 (40 (1 (2 (1 1€0.0001
%) b ) 5 0) 5 5) |4)
<0.
' 0) 0-0 1)
001
High 165 22 173 67 30 51 81
(>14 ] (13 (4 (4 (1 (3 (5
%) ) [5) [1) 8) 1) 0)
[ | [ia
Low 97 40 81 55
282 4 6
(<20 (34 (1 (2 (1 <0.0001
%) b ) i 4) 5 9) 19)
o ] 0.0 2
S S it N
High : 31 48 10 122 |54
(>20 87° ®) CRIG (1 (2 (6
%) 6) |5) 1) 15 2)
Tota 369 17 15 110 10
104 88
1 2 5 6 3 9




FLAS ASCIER A REE T, EMIZIIT HKi-67DIEYE
fbaR LT, 10, 14, 20%D 3 DDA v bF 7 ZFIE
UFRHT LTERER, WTiholy hMERWTH, kT
RIEEME 7 L— R EDFSIZHRVW VAR 2 2 & 72,
HERADFEE B, KX, AKTD U »F&{k (pAKT) ERKD Y
V@ﬁ@ﬂmi HERAND NV TNVRTT 4 THDB A
(INB) IZBWT, W TFHRBIFRFTHLZ LA L
#&&otoPB%%%i%%E%@ET&5®_%@
LT AKTIERZ 1Bl R & DD 0T, 2D &I,
FEEANFEE T U7 AELE Tk, £ER2EBETFEREN
F72 B A[REMEDS R S Tz,

N AT T 4 THANAOER O T, metaplas
tic carcinomaP/PNEN AL TH AR T, EROTIEM
fEER T DRZMEICZ LY, —F, THRZ U Vg

B L CiE, fEROPEMEERIC T Iz 2
LA, FRIZBGFTH-7=, EINILBAICEBWT, K
i-67T DIEHE(L N FIRE Td - 7=72°, INBCIZ BT I

BEEITINETH D,

6) INB DA F~—Hh— (FuARIT 1+7)

INBOHTBI{ L 2 15 DpCR % T3 2 B F-EED
BHR (A 70T LA )

F—= 7T — 21206, TR N7 —Z 60 DE
180fF DRI LB E ORE R 2 Tz, EERiRIC 7 Z
2&2 ) 7T, BRI & v iZsubtype (enrich,
HER2/Luminal B, Luminal A, TNB) 2437315 Z & D FE
BTERZ (KD,

HERZFEMEFLDS A & kP8 & L 7 HIBIfEHT CiX, pCR%Z T
B+ AEEFEEE LT, subtype (Luminal A (2% LTNB
THDHIZ L) W%, STAT, PML, WARS, CHKAZz £ A3[H
EINT (T A T T —7%:[X2) , Gene OntologyfFEHT.
KEGG (Kyoto Encyclopedia of Genes and Genomes) D5
— B R RENEAT -T2, 2D LIZE Y, HER2EEME:
HARAICE L TIL, BEETLBEFONNRTTA 7Y
TEERTHZENFRETHo 7 (K3) , 7T AX Y
VTR OREERIET 512, hL—=vTF—%
(N=120) &7 A b7 —% (N=60) % LH#L7-, HER2
R AACE LTI, hL—= T —F DR
Z— %, TART—ZIC TR CTRECHRSNE
X1 EEREEZANWZZIAZY T
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FL2S A KRR (B T ONSHEE B DOHEIE

iR EIE ORI & KRR L v /oA A
FERE4EBFI & AV T2, 9 B DpCRE 72, BRIRE 3 & D
HrCid, ST VEBEILB BT, BIEILRA &
Ee#E L TpCRME BT WVER L 72 572, NSOOmRNA
HHEENMENZ & EpCRE IR H - 7= (K4)




LIS BT DOFER. NSOmRNARE EAME - & d, R
VT VCRREOFE, HERZREOHFE, BEFHT
L— R B, BEEE N BMNL T D pCRE FHIT 201
~v—H—Th-o7 (FEl) , NS 2ERFEEZ AT
NSDFA A TDOFRBE % SafZ AR KV AE L
7oo NSOSEERMYLEIRIZ L D % /X7 BBIEITHER2
PR A TE < A B, BRI, INBCIZEBWTIZEN
NEZE CH -7z, X, F—% 2 7B 5 NSOmRNA
BBREL R REEEITIHEEALL,

4 NSOmRNAFEH & & pCROAHE

o5

@

Log (GNL3 mRNA)
&
b

v
o

BCR

I

Nea pCR
Pathological response

#1 pCREMEETLIHETF (ZEREMENT)
Variables OR  95%CI P
Log (GNL3) 1 unit gain  0.040.000.98 0.049
HR negative 1

positive 0.120.012.48 0.171
HER2 negative 1

positive 0.380.053.10 0.366
Histological
grade 1 or 2 1

3 1.730.0744. 180. 742
Stage I/1TA/TIB/IIIAL

TTIB/ITIC/TIV 2.170.1432.840.576
Tumor size <6 1

>5 0.190.012.74 0.220

INBIZ 36 1F & B & RA| DOH M2 WEE & i &
REST 20T ~—H—DRE
HER2IEFIFEHLD 72 WELA AT D ATRT L AR IR
B} BCarboplatin/Weekly Paclitaxel —CEF & Weekly
Paclitaxel »CEFD T & LLETIFERE (EEIFE
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188 OBGEEKT Lic, BERIOFION, A F<w—
=B FEERMT RTRERE B IR0 1005 T d B, Preliminary
RRERTH D03, BRCAIOFEHEDE N S A3, CBDCA
D EREDENEVEAICH o 72, BIE, EAE LB
MU CTHREEE R TN D,
D. E£
N TNRHET 4 THRA(INB) X, =R sy
AR, HER2 2RO 7 B2 DR A DIRIET
HO FERICATaRESGERTHDLZ ERTEEINSD,
KRIFFRIED | #Ex B0 MAEFERIZLD, KEL 3
DDIN—TIHESND Z L BNRE S, 128
t%. 1)Basal marker (54 TNB THV, =Xz U A X
(X AR MEIIBER ICEmWIER & e o7, TNB Kt
L CEEE ML T FENERINEE A LR WE
RTIE, ZOBRITEFTELHDTH S, 228,
2)BRCA DHEEENMET L7= TNB T v . PARP FAEHIC
BV A TR LTz, TNB BEERIR (R A F W2 fBHT Tl
TNB Tl BRCALI D A F VAL EHEEIZFELTND Z
EOVMIBAL, 4L b, BRCAMHIRZERLRH D [5R
MRS A ) Cle< &b, PARP BHEHIZ2 & 0 DNA &
EBEREIENS T & LIRS TELZ ENT
HEN/, 3OHIE. 3)BAEMIE, EMT-rich 72 TN
BTHY ., ERBOTMNAK, T MEERS V8
7 EREEA], PARP BREAI: Sl S OO TEBUET
D, T ORIFEICERE T S RN e BN E T
AL TEZZ LIE, AFERORERHEETH D,
T a A L—ZRERENABRICEET D & FRICEH
REOSREMERHICRED D Z EDVRIB STV D, ARFFET
X, ZhETHELA TR ZEAKLE LT
hTERT/NS/BRG1 % [RIE LTz, T DEEEIIN AsHifaD
EEEHERFICEEMNICED D Z e a Tz, AT,
Z DA RN HEER I RE L, MO EE 2T
WWHESGLTWDZ BRI, KRIZ, NSEmFEIRH,
SHETZINBCO N LA AR ET VEERL L, Fid
RSO T v A REMI LTz, &5IZ, hTERTER
D7D DOFHELISAR & L L, AEIEREIZ 351) B hTERT
EAOEERNPARETH D Z LARTEL, 5%I1T.
R PR A % F VO ONS/GNLSL D R BRI & B PR @ o0 4
BEE2BRETAZENEELEXOND, Tz, MiiE %



—7y e L7EA (=) 70 %) 29Iz, TNBC
ATRNAEBEEFNVESHANTCAZ V—= 7 51T
STV, EHIZ, INBCEEDMLIFIZI VT, hTERTE
BEAITV, W, [BRDRHE, BRERORHA S U —
=T E~OIEHEBRET,

ARFFENTINT, BRCAL/ 2. PTEN, CLONI B O CLDNZ
BIRF O 2T —F —FEIZ DV T, MSP BIEIZ & 5
DNA A FNAAUIENT AT 72 o 7o T DRER. BRCAI 7' 0
— Z —EIE D A F LD INBC (2 RAGITIFTES D
ZEERWE Uiz, TNBC Tl BRCAI DAFEMMIE RS
ERNEZ L, G & BRERITITREETH L Z
ERFBINTND,
Res., 2011). A EIOBIC LY . BRCAI DFIE(LDJE
RIZo xR T 1 v 7 BN ECEE L TEBY,
T AUE INBC ICRFRRVICHET D Z LB & 2o
Too —EROELNAT, EL~ULRR L TNCER L
TWDAFIAERE DO LD (K 4), ZDAF Ak,
DAKMIBDIZAD—E TR > TWAAFLEE X
HiL, BABEDOME % Kk LT 2 ATREMEIZER .,
%< OWEITRBWT, EMERTE MSPIEE AWV TEWV A
FIALDOBEE % L5 (Veeck, J. Clin. Oncol.,
2010; Stefansson, Fpigenetics, 2011, ; Gacem,
Cancer Epidemiology, 2012), EVPERYMSP #%iX PCR T
OIGIEET A OFETHIET 205, ¥4 7 VEE s
HHZ LWL, T ENTEET D AF AL DNA b
RHHERESEDLZENTEDLLD, ZO LKL
NDAFNACZ TR LT RIRZ M & HIE L T2 ATHE
MERE, —F, RBFFETITR o TV 5 oMSP i1, f#
Bt TNV DA FNALI VTN D DNA DEIG % EkE
EICRETE, BEOWEEZRB® LIz A TF UV LEE %
HET D ENABREE 2D, ZAVET, £ DMXT
BRCAI D A F NAUSRMT D#RE DI STV D, B
DOEEMORBEICI A, TR 7 7 — & —fEiK
TERL, =27 Y U 1HRETH D LMBD TELU,
DNA A FNAIZ K BB TFV A Lo o 7IZid, BBE
BEAE 70> B3I 200bp EIRICIED X 7 VA Y — LIEFFAE
R COAFNALREBRLTNEZ ERHBNTVA,
BT, BEMHENCEED D A FIALEIRIT T 5 72012
3. ZOERICT T A —ERHTHZEDIEFICE
EHCHDH, PIENEETFIZONWTHRETH Y, LA

(Gonzalez—Angulo, Clin. Cancer
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BN TEA T LOBEERE N & 8L s X
NTWDH2, EEMEORBE, RO, fFfrEkoMEIC
L0 ZNEDORE T PIENVEIRFDOY A Lo
B2 A TF WAL ZBIE L TR W ATBRIER E VY,
BRCA 1/ 2 % K& L 7= MfakkDS PARP PHEAC Mz 1%
THDHIEPRIITLR, FLAAlL LT PARP
FRERINER &N T 5, Loy L, INBC Tik, Phase 111
DEEFRRBR CHESMII RS2 -7
(0’ Shaughnessy, J. Clin. Oncol., 2011), Z DR Ex
TIX INBC Z4FICBRIE L TR 63, BRCAI D A F AL
v — N —ICAVWTEAIZRRTAZ LIk, B
PEZTRE D ATREMEDR B 50

Y TIRIFH— 2 ETIREN T, 13—
EMETZWRNITOh, B+ o—T7T v anky
AREERRS IR TR ML AB30BIT BV T TNELAS A D
SR & BRI LR T O TR A B Uiz, INELAS AlE14%
THES D ESCENS MR DR L IZIEFRETH - 72,
INHDBAETFEAR E STV A RS EIORF T, 1
uminal IZFE USRI FRARBE CTH D, 10FEE
FRAEFILT8. 2%, B ARFRAI0FETFRIIBT. 5%
&L BCRIZEEARDR D Bho Tz, SEIOBRTCIE, IN
LA AN BV I AL SRR O~ — 2 — & LT
BErd & EAH L LT, BRCALRSE 7, N T v AR—
Z—oF. LRFEZERATEE . URERBMIAaR A A
B 7. R EEBROBRF Lz, ZNH0FNG, F
Bla~——0NHTL 22 N E/Fans, 7%
BT~ 71, BEMEAE b L TNFLAY A O EuERF Foit
BICESLDEEZEZOND, INLDAIEE—DOFEED M
ATEN G722 D TR BREE O AW F AR ) B
ROl HMNMABEENLTND I EDRBRENTWNS,
AR REZEAOIC . TNELOS AXIB F JEE R RERSE ., ol
BN AR o, TR U iR s
DEIENE L ALEBOLRIIE~10%BEICEEED
3. PDEITORIZIEFICE L 2o T, MR D
WHED 6 55 F LUV TINFLAS AU & 5B E SIS B4 38 T
BBEWVWIT—FBHDN,. ZOFDH B REDHER M
(LRI IR 2 A L0970 d D WO I on SRR
THDFRMENRDH Y | (LA & JRE R R T RE
JRE R IR 2 AR R 2 FTREER H 5,

NYZPARTT 4 TR L TEBREDE Z 5



BEIRBEP 2| FPRARDY T HZAL TS THLHZ L
BHIGN TS, ZHETICE AL, TNELS A RaRE
WX, OB AFEL HEE LT, everolimusiZ &V VRS M
L., FFlZbasal-like¥V 7 & A FIZHBNTEDOLEHE
NEETHDLZ LWt Lz, REEIL, ZOE%E
JEBBAET 7 L CRREE L, 7285 DAKTSF O UG
PEIC K 0 ISR B ATREME R R LT,

HERADFEEL B, 8, AKTD Y (L (pAKT) ERKD Y

VB (PERK) 1Z. BARAND U FVXTT 4 THB A
(INB) (BT, BMNWFREHFEFTHHZ LBHL
& IpoTn, PI3CAZERII35% & EHEE Th D DI ik
LT AKTIZERZ 1l b A DR oTe, ZOZ LT,
BEENEET VT AEETIEL, FERIBRTEEDN
Bip B AREMEDS R STz,

KL ho AT T ¢ 7THFFEIZ L Y Tumor—inf
iltrating lymphocytes (TIL) DIFEIREDS, TNB Tt
T DAL FRIED TR B (pCR) (BT 5 2 L &
R L7,

Fa ALY T 4 THFFEIZ LD . NSOmRNA - & 2%
FHELED INBDOpCRE WD B 5 Z &b oz,
X, w4707 LA BIFICBW TS, HER2FEMELS A
DpCR%E FRIT &L LT, STAT, PML, WARS, CH
KAZp ESFEIE &7z, HER2IEFIFEHLD 72 WHLD AT %t
T AR FHEIEIC BT D Carboplatin/Weekly Pacli
taxel =CEF & Weekly Paclitaxel—CEF®D T & L{LEE
IIHEERER (ERIEEIRER) OBRGEKT Liz, BH19
OBIDIN, /34 F~ — T —HFFEREAT P REAE (711 24 10041
THD, Preliminary2fEECh A3, BRCAIORKEE
DMEVME H A3, CBDCAD S EB B MEMICH > T2,

E. &5

T X L— AWERERSR WTERT) AEFHEE S— b
F—T& BNucleostemin (NS) BIL DX/ m=F U
7V > ZRF THHBRGL & EA KA TR L 23 A
DHESEEMERRICEE D D 2 &L Z OBEAEISME DO TICE
DHZLERLE, £, NSEBEIFREE 72 AL
AT T VE Wz, BN ARIRRZ DT v A
RAEMSL LTz, & 5|2, hIERTDOEED 72D DFAELISA
ZRR% Lo, S%IX. BIRBRIE~DIBRWGH % B8
LT, BRI Z FIVTONS - TWISTORIED L5
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DERRREICB T 2PNARMIEE L HETZ &%
TR LTz, INBCO TR REE NS « TWISTOFH & &
FIET B AREMEN B B, NSIZS AR REMERF & 7
BEOULDTHY N AMMISRERER > TR XM
EERETICHEE L TN Z N, INBCOFHRRE
B & 23 AR M IS REHERT 40 F REDSME I B ZE 0 b
BEZE R LTV D ATREMEN 5, NS/GNLILZ EEIFEH,
SHIANTHRABMIBET VE AW, IR ARIES
DT A REELLIZOT, 5%i1%, 207 vt
AREIZL VMR Z—F v b & LI2EAZ FIC A
V== BT,

MY PRI T 4 TN ATKT L Tlideverolimusd®
B THY ., FiTbasal-likeV 7 & A 1Tk LhEMN
BB, ZhbDeverolimusliZEZ MW 2RIV T 2147
X, BERIFRBEBRIZAKTO Y VEBBERISDFRO b, 2
DER, BZMEICE b > T 5 FTREMENRIE S vz,

HAANDINBCH—DIREE L Z T =¥ E R EFIC
BT 2 BEFRAT OWMEIT D72 <, 51 DTINBD IR
WD ECEBEREMT —F L 70D, PISCAEEX, PI3K
PHEAI, AKTRREHI OFEANEZ MO TFR~—H—& LT
BRICEINTE Y, SEOKBRIL. by TE
FEHOBARTORRICBNT, BERT—F¥ L7225,

BRCA1 7 v1 55— & — IR D A F/LAL1E TNBC (2R A
ZAETE L, & OB 24%72 - 7=, BRCAL D X F /%
ERECRIET D2 13, WBADOHEZMS FCEE
TH D, X, PARPFHERDESZE~— I —L7e0 5 5,

TNB 73, 1) EGFR YA N T F 2 5/6 7o D L%
~— =R IES . 2) BRCAL O BE N H 55,
3) MAMil~— 7 —BE, EMT DB % & DB
SOIREL DEEND I ENREESNZ, ZDOZ &
X, 5% D INB DRIFEAZZRANATI) ETEELRD
TR LD,
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Abstract

Background: DICER is an RNase Ill family endoribonuclease that processes precursor microRNAs (pre-miRNAs) and
long double-stranded RNAs, generating microRNA (miRNA) duplexes and short interfering RNA duplexes with
20~23 nucleotides (nts) in length. The typical form of pre-miRNA processed by the Drosha protein is a hairpin RNA
with 2-nt 3" overhangs. On the other hand, production of mature miRNA from an endogenous hairpin RNA with 5’
overhangs has also been reported, although the mechanism for this process is unknown.

Results: In this study, we show that human recombinant DICER protein (rDICER) processes a hairpin RNA with 5'
overhangs in vitro and generates an intermediate duplex with a 29 nt-5' strand and a 23 nt-3' strand, which was
eventually cleaved into a canonical miRNA duplex via a two-step cleavage. The previously identified endogenous
pre-miRNA with 5" overhangs, pre-mmu-mir-1982 RNA, is also determined to be a substrate of rDICER through the
same two-step cleavage.

Conclusions: The two-step cleavage of a hairpin RNA with 5" overhangs shows that DICER releases double-
stranded RNAs after the first cleavage and binds them again in the inverse direction for a second cleavage. These
findings have implications for how DICER may be able to interact with or process differing precursor structures.

Background miRNA-associated RNA-induced silencing complex
DICER plays a key role in RNA interference pathways (miRISC) core component Argonaute-2 (AGO2) [8-10].
through the biogenesis of microRNA (miRNA) and miRNA duplexes processed by RLC are finally loaded to
small interfering RNA (siRNA) [1-3]. Most miRNA  miRISC as a double stranded-structure [11] and sepa-
genes are transcribed as long primary transcripts (pri- rated into the functional guide strand, which is comple-
miRNAs) where stem-loop structures with mature mentary to the target, and the passenger strand, which
miRNA sequences embedded in the arm of a stem are is subsequently degraded [12,13]. Strand selection of the
cleaved by the Drosha nuclear microprocessor complex  functional guide strand by AGO2 depends on the ther-
releasing a precursor miRNA (pre-miRNA) hairpin  modynamic stabilities of the base pairs at the 5" ends of
[4,5]. The cleavage site is determined mainly by the dis- the two strands [12,14,15]. Duplexes of siRNA or
tance (~11 bp) from the stem-single stranded RNA  miRNA produced by DICER can be loaded in either
junction of pri-miRNA and most pre-miRNAs have 2  direction to Argonaute [16-18]. Indeed, the mature
nt-3’ overhangs [6]. Pre-miRNAs, exported into the miRNA either in the 5 or 3’ strands can be harboured
cytoplasm by Exportin-5 and Ran-GTP [7], are pro-  from pre-miRNA [19-21]. On the other hand, endogen-
cessed by the RISC loading complex (RLC) into ous human AGO2 can bind directly to pre-miRNAs in
20~23 nt duplexes where the RNase III enzyme DICER  DICER-knockout cells [22]. Recently, it was reported
plays a central role together with the double stranded that human DICER is not essential for loading dsRNAs
(ds) RNA-binding proteins TRBP and PACT and the to AGO2 but functions in pre-selection of effective siR-
NAs for handoff to AGO2 [23].

* Correspondence: yosihide@gsc.rikenjp Human DICER is a ~220 kDa protein consisting of
'RIKEN Omics Science Center, 1-7-22 Suehiro-cho, Tsurumi-ku, Yokohama several domains; an N-terminal DExH-box RNA heli-
At ek A case-like domain, a DUF283 domain, a PAZ domain,
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two RNase III domains (RIIIa and RIIIb), and a dsRNA
binding motif domain (DARM) [24]. The two RNase III
domains of DICER form a single dsRNA processing cen-
ter via intramolecular dimerization which together
cleave the opposite strands of the dsRNA, generating
dinucleotide-long 3’ overhangs on both ends [25]. The
crystal structure of Dicer from Giardia intestinalis
showed that the hydrophobic pocket of the PAZ domain
was responsible for the binding of the 3’ dinucleotide
overhangs of the substrate and the connector helix
between the PAZ domain and RNase III domain func-
tioned as a molecular ruler measuring the distance from
the 3’ end of pre-miRNA to the cleavage site [26,27].
However, 3’-dinucleotide dsRNA overhangs are not
essential for binding with DICER [28]. When the 3’
overhang is removed, DICER can still cleave dsRNA
through interaction with the remaining 5 overhang [28].
This is consistent with MacRae et al. who found that
the recombinant Dicer protein of Giardia intestinalis
could cleave the dsRNA with 5’ overhangs [27]. How-
ever, they used perfectly matched dsRNAs with no gap,
which might resemble an endogenous siRNA precursor.
An additional study by Flores-Jasso et al. showed that
human recombinant DICER protein could nick either
strand of a mononucleotide-5’ overhanged pre-miRNA
with some strand preferences [29]. Despite this, the
detailed step mechanism for pre-miRNA cleavage, espe-
cially for the pre-miRNA with 5’ overhangs, is not yet
elucidated.

An alternative nuclear pathway of pre-miRNA biogen-
esis was described where a short intron with a hairpin
can be spliced and debranched into pre-miRNA hairpin
mimics (mirtrons) [30-32]. This processing pathway
uses intron splicing machinery instead of the Drosha
endonuclease; miRNA precursors generated from intro-
nic sequences (debranched mirtrons) are believed to be
incorporated into the canonical miRNA pathway as a
substrate of DICER. Interestingly, mouse pre-mir-1982
is a mirtron with an 11 nt tail at the 5’ end [33],
although most mammalian mirtron are hairpin struc-
tures with single nucleotide overhangs at both ends
[32-34]. Mature mouse miR-1982* miRNA emerges
without 11 nt-5" overhangs from deep sequencing data
of murine cells [33,35] while the elimination mechanism
of this 11 nt-5’ tail is still unknown.

In this paper, we investigated the detailed processing
pattern of hairpin RNAs containing 5 overhangs by
human recombinant DICER. We show here that human
recombinant DICER is able to process hairpin RNA
with 5’ overhangs and two-step cleavage by DICER
forms the mature miRNA duplex from the hairpin
RNAs. Additionally, pre-mmu-mir-1982 RNA, which is
a natural hairpin RNA with 5 overhangs, is also
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processed by a two-step cleavage mediated by human
recombinant DICER protein in vitro.

Results and Discussion

Processing of the pre-miRNA by recombinant DICER
protein

We prepared purified recombinant DICER1 (rDICER)
protein containing a FLAG-tag at the N-terminus (see
Figures 1A and 1B). This rDICER does not contain
known DICER-binding partners, AGO2 and TRBP (see
Figure 1C). In order to confirm activity, we attempted
to cleave pre-miRNA hairpin RNA using the rDICER.
Forty-five pmol of pre-mir-21 RNA (see Figure 2A) was
incubated with 2 pmol of the purified rDICER at the
indicated times followed by purification. The reacted
RNA substrates were subjected to Northern blotting
using probe-1, corresponding to the antisense sequence
of bases 2-22 of pre-mir-21 (see Figure 2A). A single
band, 23 nucleotides in length, appeared after 20 min
incubation and gradually increased. Thus, the purified
rDICER possessed reasonable pre-miRNA processing
activity to produce ~23 nt mature miRNA in vitro (see
Figure 2B).

Processing of the hairpin RNA with 5’ overhangs, RNA-I,
by recombinant DICER protein

Using this rDICER, we performed a cleavage assay on a
designed pre-miRNA mimic of hairpin RNA with tri-
nucleotide-5" overhangs (RNA-I, see Figure 3A) to ana-
lyze whether DICER could process a hairpin RNA with
5" overhangs. The cleavage products were detected by
Northern blotting using three different probes, probe-
1, probe-2 and probe-3, corresponding to antisense

™M rDICER

250 250

Anti-DICER

150 150}

100 100

Anti-FLAG

75 751

Anti-AGO2

50 50

37

37 Anti-TRBP

25 25

Figure 1 Characterization of recombinant DICER protein.
Purified rDICER (3 pg) was loaded onto a NUPAGE 4-12% Bis-Tris
gel. Proteins were analyzed by Coomassie Brilliant Blue (CBB)
staining (A) and Western blotting with anti-DICER antibody (B).

(C) Western blotting with anti-DICER, anti-FLAG, anti-AGO2 and
anti-TRBP antibodies. 30 pg of 293T cell lysate (lane 1) and 3 pg of
rDICER (lane 2) were loaded.
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A pre-mir-21 RNA
’ A A
5'GAGCUUAUC GACUG UGUUG CUGUUGA,
[ [lool [ 1LILI III1] ool U
3 UBUCGGGUAG CUGACGACAAC GGUACYC
B

0 10 20 30 40 50 60 75 90 105 120 (min)

Figure 2 Processing of the precursor miRNA by recombinant
DICER protein. (A) Precursor miRNA (pre-mir-21 RNA) and probe
used in this study. The 5" end nucleotide of pre-mir-21 RNA was
modified (U to G) from human pre-hsa-mir-21 RNA sequence
registered in miRBase 14.0 [46-48] in order to facilitate the in vitro
transcription reaction. The secondary structure was predicted using
the CentroidFold program [49]. The solid line shows the position of
probe-1. (B) Detection of the rDICER-processed products by
Northern blotting. Pre-mir-21 RNAs were incubated with rDICER

in vitro for the indicated time points (0, 10, 20, 30, 40, 50, 60, 75, 90,
105 and 120 min). The RNAs processed by rDICER were detected
using probe-1 by Northern blotting. The gray arrow shows the band
of pre-mir-21 RNA and the black arrow shows the band of miRNA
processed from the 5 strand of pre-mir-21 RNA. The asterisk shows
the nicked product (~37 nt) similar to a previous report [29].

sequences of bases 11-32, bases 49-69 and bases 33-48
of RNA-I, respectively (see Figure 3A). Using probe-1,
band 1 (~30nt) appeared after 20 min incubation and
gradually increased through a 50 min-incubation. This
processing pattern was similar to that of the around
23-nt product generated from native pre-miRNA by
rDICER (see Figures 2B and 3B). After 40 min incuba-
tion, band 2 (~23nt) was detected and the abundance
of band 2 increased in a time-dependent manner (see
Figure 3B). Additionally, using probe-2, band 3 (~23nt)
was detected from the 30-min incubation sample (see
Figure 3C). Using probe-3, band 4 (~22nt) was
detected from the 20-min incubation sample (see
Figure 3D). The processing activity on the hairpin
RNA with 5’ overhangs is comparable to that for nat-
ural pre-miRNA. This means that hairpin RNA with 5’
overhangs could also be a substrate for rDICER
processing.
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To analyze band 1 at a longer incubation time, the
RNA-I was incubated with the purified rDICER and the
cleavage reactions were performed for 30 min and
16 hours. Surprisingly, band 1 was detected at 30 min
incubation but disappeared after 16-hours incubation.
On the other hand, band 2 continued to accumulate (see
Figure 3E). These results showed that band 1, which
seems to be a product of first processing by rDICER, dis-
appeared following an extended incubation time.

Next, to verify the size of the cleavage products of
RNA-I, we cloned the 23-nt products after 16-hour rDI-
CER incubation and sequenced them (see Table 1). Sev-
eral clones were obtained from 5’-strand, 3’ strand and
loop region of RNA-I corresponding to bands 2-4 in
Figure 3, respectively. The miRNA length heterogeneity
generated by rDICER is consistent with the finding in
the previous report [36]. Clones from the 5 strand lack-
ing 6 or 7 nt the initial of the 5’ end of RNA-I and
clones from 3’ strand lack the terminal 1 or 2 nt of the
3" end of RNA-L

To analyze how band 1 is further processed, we
labelled the 5" end of the RNA-I and incubated the sam-
ples with rDICER (see Figure 4A). Time course experi-
ments and cloning results indicated that rDICER could
process the 5'-labelled RNA-I at the 29-nt position from
its 5’ end (band 1) after 20 min incubation and subse-
quently cleave the 29-nt short RNA at the 6-nt position
from its 5" end to 23-nt RNA (band 2) after 40 min
incubation (see Figure 4A, 4B, and Table 1). This sug-
gests dsRNAs with a 29 nt-5" strand and a 23 nt-3’
strand are processed by rDICER from RNA-I at the first
cleavage and released once from the enzyme. After this,
rDICER binds the dsRNA again and, measuring from
the 3’ end of the 29-nt strand, generates 23-22 nt RNA
duplexes via a second cleavage reaction (see Figure 5).

In this research, we found that hairpin RNA with tri-
nucleotide-5" overhangs was cleaved into a 23-22 nt
RNA duplex through two-step processing by rDICER.
This could not be detected if we used only end-labelled
RNA or label-incorporated RNA as a substrate for rDI-
CER as reported previously [27,29]. In the first step,
rDICER processes the hairpin RNA with 5 overhangs to
dsRNA with 29 nt and 23 nt. Our results indicate the
first processed dsRNA binds again in the inverse direc-
tion with the same or a different rDICER molecule and
is again effective cleaved. The results are consistent with
the previous report that human DICER protein binds
either 3’ ends of dsRNA strand on the PAZ domain and
cleaves dsRNA at the ~23 nt position from the binding
end [25]. In the sequential process described here,
dsRNAs with 29 nt and 23 nt gradually increased and
then stabilized at a steady level, followed by rapid
increase of 23-22 nt duplexes (see Figure 3B and 3C).
This indicates that dsRNAs with 29 nt and 23 nt are
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A hairpin RNA with 5’ overhangs (RNA-I)

Probe-1
A

’ A A
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= 75nt
(nt)
30 30
20|~ 27

Figure 3 Processing of the hairpin RNA with 5’ overhangs by recombinant DICER protein. (A) Hairpin RNA with 5" overhangs (RNA-I) and
probes used in this study. RNA-l was a hairpin RNA with 5" overhangs based on the “pre-mir-21 RNA" sequence. The secondary structure was
predicted using the CentroidFold program {49]. The solid line shows the position of probe-1, the dashed line shows the position of probe-2 and
the dotted line shows the position of probe-3. (B-D) Time-course analysis of the processing of RNA-I by the rDICER protein. RNA-I RNAs were
incubated with rDICER in vitro for the indicated time points (0, 10, 20, 30, 40, 50, 60, 75, 90, 105 and 120 min). The RNAs processed by rDICER
were detected using probe-1, probe-2 and probe-3 (B-D, respectively) by Northern blotting. The gray arrow shows the band of unprocessed
RNA-I and the black arrow shows the bands of small RNA processed from the 5 strand, 3’ strand and loop region of RNA-| respectively. M:
decade marker. (E) The processing of RNA-l by the rDICER protein at a longer incubation time. RNA-l RNAs were incubated with rDICER for

30 min and 16 hours. The RNAs processed from the 5’ strand of RNA-l were detected using probe-1 by Northern blotting.
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Table 1 Cloning of products from RNA-I processed by recombinant DICER protein

Count
...... CGGGUAGCUUAUCAGACUGAUGU . .« . vttt it e et et et ettt et e et e e e it i e 23
....... GGGUAGCUUAUCAGACUGAUGU. . .t ittt ettt e ettt et et e e e e e e e e 19
...... CGGGUAGCUUAUCAGACUGAUG . - -« v ittt et it ettt e e e et e e et et e e e eeeea 9
..... UCGGGUAGCUUAUCAGACUGAUGU . .« & ittt e et e e et e e et et e ettt et e eeee e et 1
..... UCGGGUAGCUUAUCAGACUGAUG . « -t e ettt e e ettt e et e e e e e e e e et ettt eae e 1
....... GGGUAGCUUAUCAGACUGAUGUU . .« &« ittt ettt e et e e ettt e et et et e et et e 1
...... CGGGUAGCUUAUCAGACUGA . & & i vttt it et et e et e ettt et e et e e 1
............................. UGACUGUUGAAUCUCAUGGCRA . « ¢ v vttt et e eeee e e e 4
............................. UGACUGUUGAAUCUCAUGGCAACA . . . . i e e i i et 2
............................ UUGACUGUUGAAUCUCAUGGCAAC . « o v vt et e e e e e e 1
.................................................... ACCAGUCGAUGGGCUGUCUGAC . 2
..................................................... CCAGUCGAUGGGCUGUCUGA. . 2
................................................... ACCAGUCGAUGGGCUGUCUGA. . 1
GGGUGUCGGGUAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGGCAACACCAGUCGAUGGGCUGUCUGACA
PO O O O O O O O G O O O O O O O O G O O O P O O (X R 1IN (-34.60)

processed at a constant rate and 23-22 nt duplexes are
belatedly processed at a similar rate. This suggests that
the binding and processing of miRNA duplexes and
releasing of the duplex from rDICER occur at the same
rate. The bidirectional binding of processed dsRNA by
DICER could result in directional presentation of
dsRNA to Argonaute [16-18].

The effect of 5 overhangs in substrate cleavage by
recombinant DICER protein

We generated three different hairpin RNAs based on
pre-hsa-mir-21 RNA: pre-mir-21 RNA, RNA-I and
RNA-II (see Figure 2A, 3A and Additional file 1: Figure
S1A, respectively). RNA-II is the same as pre-mir-21
RNA except for 5" addition. Using probe-1 to detect the
cleavage product from the 5’ strand for Northern blot-
ting, both bands of mature miRNA in Figure 2B and
band 1 (first cleavage product) in Figure 3B emerged
after 20-min incubation and increased gradually. On the
other hand, band 8 (probable first cleavage product) in
Figure S1B was detected faintly after 30-min incubation
but increased quite slowly (see Additional file 1:
Figures S1B and S1D). Band 9 in Figure S1C was also
detected in a similar manner as band 8 (see Additional
file 1: Figure S1C). Our results indicated that longer 5’
overhangs with stable stem structures could reduce the
efficiency or rate of substrate cleavage.

Processing of an endogenous hairpin RNA with 5
overhangs, pre-mmu-mir-1982 RNA, by recombinant
DICER protein

To demonstrate the processing ability of DICER protein
with not only designed pre-miRNA with 5" overhangs
but natural pre-miRNA with 5" overhangs, we performed
the processing experiment using pre-mmu-mir-1982
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RNA with rDICER. The cleavage products were detected
by Northern blotting using two different probes, probe-4
and probe-5, corresponding to antisense sequences of
bases 12-31 and bases 52-74 of pre-mmu-mir-1982
RNA, respectively (see Figure 6A). Using probe-4, band
5 (~35 nt) appeared after 10 min incubation and gradu-
ally increased. After 40 min incubation, band 6 (~23 nt)
was detected and the abundance of band 6 increased in
a time-dependent manner (see Figure 6B). Additionally,
using probe-5, band 7 (~23 nt) was detected from the
10-min incubation sample (see Figure 6C). Pre-mmu-
mir-1982 RNA can also be processed by in vitro rDICER
activity.

To analyze that band 5 could be further processed to
band 6, we labelled the 5" end of the pre-mmu-mir-1982
RNA and incubated the samples with rDICER for 0, 2
and 16 hours (see Figure 7A). The signal intensity of
35-nt band decreased in a time-dependent manner,
while on the other hand, the 12-nt band increased (see
Figures 7B and 7C). These results showed that band
5 was a 35-nt product of initial rDICER processing and
12 nt from the 5’end were eliminated by a second, rDI-
CER-catalyzed cleavage reaction generating a 23-nt
product. Our results indicated that mature miR-1982
and miR-1982* RNA could be generated in vitro from
pre-mmu-mir-1982 RNA by the two-step DICER pro-
cessing reaction described above.

In addition to miRNA maturation, mammalian
DICER also processes other kinds of small RNAs
including endo-siRNAs [33,37-39]. It has been reported
that mammalian endo-siRNAs are processed from var-
ious precursors including long hairpin RNAs and natu-
rally formed dsRNAs resulting from bidirectional
transcripts or antisense transcripts from pseudogenes.
Although the complete structure of these precursor



