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A method for analyzing dynamics of post-transcriptional modifications of small
amounts of RNA
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In this study, we developed a method for purification of trace RNAs and a
method for determination of their primary structures including post-transcriptional modifications
(PTMs) regardless of their PTM species with high sensitivity. We also developed a high-throughput
analytical method for quantifying the site-specific variation of PTM stoichiometry in femto-mol
amount of RNAs. Using this method, we discovered novel PTM sites in low-molecular-weight RNAs in
cells, and showed that the modification rates of several of them differ among cell lines.
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1. ARBARNSIOESR

EARATEK RNA [ XFIERT RO, @IV ALZSORMEERE, R4 RELERIEE
(Post Transcriptional Modification, PTM) ZX13T\L\%. PTM (&, E hTIRERRDIEREL

T (Suzuki T, Wiley Interdiscip Rev RNA. 2011) . mRNA OFIRFAGH R FELT
(Dominissini D, Nature. 2016) . #/z. RNA D)L AT(IZDIEIECREANZRFEL TEBEN

THD (Kennedy EM, Cell Host Microbe. 2016) . f81MICEAZRESNTULS,

—%(C RNA @ PTM ARSI S 2N UEIEN RS ENFIFEEINTVWS (Meyer KD, Cell.
2012; Delatte B, Science. 2016) . 230 BRETAN-TYNIEVEDD, TA—ILARAT
1ITNZVENRESNTVD, W0 T, BHIZIFURY—L RNA OLS(CHIRBICEZ E(CEEFN. FRITNE
%72 RNA T&HoTH PTM O 2 E|(FARHTERL (Carlile TM, Nature. 2014) , REDERHER

(PTM X) BEELIREELTHD (Taoka M, Nucleic Acids Res. 2018) . #2350 PTM %[a)
BHCARAT I BYILFRRATE TERV, BIADFIR T, BEFED PTM A RNA ETEARRMEIZEZLT
WBAZENBASINCIRTHED ZDOVOANIISEENEFOTLSDN. MRNA REDTE RNA DYXILF
PTM BAENEIE LR VZHICARFTAEE R0,

BREEERAEIOVN 54— (LC) -BE50 (MS) 2E#EEIBVILF PTM FEATEZRFEUR

(Nakayama H, Anal Chem. 2015; Taoka M, Nucleic Acids Res. 2009) . DI X7
T. RNase MRP PRI/ tAY—LRED RNA-F>\IEIEEHREIEBK TS RNA K3 DEIEP
PTM ZRTEL. S5(C=ER miRNA OREIE%1T7oz (Nakayama H, Anal Chem. 2015; Saito
Y, PLoS One. 2014; Taoka M, PLoS One. 2014; Ishikawa H, Nucleic Acids Res. 2014;
Taoka M, Anal Chem. 2010) . Ffz. ERBMAZFIFAUZURY—L RNA O PTM Z0ORIE
A% (SILNAS %) ZFFL. URY—LA RNA OF PTM ORIELEE%1Tolz (Taoka M,
Nucleic Acids Res. 2016; Taoka M, Nucleic Acids Res. 2015) . X T. AN SHEELR
RNA B3z BB CEETI 22 BE#Z Rt LC-MS X7 LR (IEfmEfEp) ©° MS (CLD
ROV OEATEDRFE (Yamauchi Y, Nucleic Acids Res. 2016) . RNA EIEDZsDIRZR
I>>> Ariadne DORFEELEMHEEIEZITOT. YILF PTM SATEORLARMERFELTVD

(Nakayama H, Anal Chem. 2015; Nakayama H, Mass Spectrom. Rev. 2011;
Nakayama H, Nucleic Acids Res. 2009) . &FSFRHRZITO TEAREROAZERATL T
B R% _EIFeh' snRNA 12 snoRNA. mRNA RBEE RNA OFEMT(SEEUN T,

2. HAROEHN

LC-MS ZE LT RNA TS 2T AORREALE) A 2 —TyMEZITS. EDfes, LC-MS S X
FTLAD 10 B EOERELET -HIBOZERILZBIET . Fe. BEZLORVREIIZ D OFFR
INIEZRFES 2T, HERERIOMIMEZ(FINS. S5(CHE RNA OEIUEDRFEL TEER
OEMRKBINERU. FA8 PTM ZRIEI 3.

3. HRDOAE

Q-Orbitrap ED MS ZF|AL. &5(C LC OMuIMEeA>A—TJIA ADRRZEHENE T, ERVE
{EZRRETUL, Fo. T—IFTZERIE I 3/29H(C Ariadne ZEIRBUTINETFEETITOTER
PTM ZDsHAICKT IS Uz,

BOUZ D OREIEICIIME RNA ROIUSUEXFILT LC-MS TEI SO0 EZE RV, T



BD5. 5 UNEKE (D) TEREHINLOIZZ2FRAL T, BOUS IR BIRERBENZ I Tz,
COFTETREEIVS AL OIHE . D MERRFO HTESHENT, HOVSOOEENELD
BEKFREDIZ>2LD 1Da BRBesh. MS TRHETES. IBRIEDEKFTNDIIZUCLDINIUE
NEREERARIET BIHCE MARENARTERCHE O TV IUS S ERl#EES% CRISPR EZ{E>THIEL
Iz

ERARD RNA ZHERTBIoHDFFELL TR AVTAILAF REIOKEEESR R ZFIRUILEE

(Miyauchi K, Nucleic Acids Res. 2007; Yokogawa T, Nucleic Acids Res. 2010) %#Z&
Z(CLT~5000 IBEIZE D RNA THRETUR. CDFEESHE LC ZHAENESET snRNA
SnoRNA. mRNA ZAFRUTz. SHICERRREALULS AT ATEZD RNA O PTM EPO0ZOHRMKTE
NRERZAEL,

4. HHEAR

BREEESIE. F9' LC-MS OEREILE) \ 1R —TyMEZ Tz, LC [LOWTIE, REFREDNE LS
UH%k C30 FABFEIERIZEIEAR. RNA EAASRTZR A UIBRICOBERENR VW NIXFIL P> %1%
EARLU TRERL. s34 RNA JEEH%Z 100 nL/min U TOMIRERTHBEISETR
WEU. F2o MS ADBADTHD RNA DA AALZLZTEIL. SIEILT DD EZA >
—J1—-REUTHFEL. LC & Q-Orbitrap /\(JUyRELS4EE MS ZiEfEI L TRREILUR,
—73. FENLARINULNSY ) LE#ERZFIRL TGRA RNA OIERACY P ERIEEOREZIE
&, R(CATCEBRRID DY Ariadne (CEMIASHE RNA DIRZRVDENSEZEE T DIHDT
WIVZLEHBIHAAT) A ZI—=TY M DFEEHI R RNA BT DI DEE NS AT LRI,

EREEEDIE. LDMED RNA OEEVUSIALEATEICERTI 2B T, KIEEZ T ERAMAINILL
TS > %A 2755% (Popova AM, J Am Chem Soc. 2014) ([CZEBU. chzRI3
CETENERET RNA 3 FHROEDS %585 I 258755282 UIL, £ NERERIO RNA OY
SUKBEEEMET D FEEIUS S THREIGNIIV I BeICE 7 BEZIRERIEUIEDUS >0 de novo
BRZEILET2ENDD. €CT. Eh TK6 HMIREODUS I EEERKEER (UMPS) 0% 1T
JY>% CRIPR/Cas9 A& Ty LILEBICHIRU IRt 2 VERR LTz, 2D TK6AUMPS %ZFI
9BIET, JILNEINZE DTME RNA ODUS N REITERIREE ATz, e, FEOUSONEREL TL
BECHITHIEMECEIVS D ZRITE T BIENTEDLICRD, ZOFFERELTEIRTBZES rRNA
SNRNA. snoRNA [CIFIET R IARTOEIVS >ZEBELZ. COFREGEEFRD MS3 &

(Yamauchi Y, Nucleic Acids Res. 2015) &£hH#9 10 fSERWE T RNA DEDUS > ZIFZI(C
BIETERFRZEDIIENS, S(E RNA OESRIBIZHKFAEL RNA TOEIUS)IUERIEDE
| ZzRREAN I LHDOEBRELMEBRDEEZBNT,

HEARAD RNA ZHEER 21D 755EEL T 30 IBEZE DS DNA (CHH#R RNA Z/KR= &GS
FER(C S TR I 275757 1RET LI, RNA JREWZEAR 20%D7EZ =ML Z2ECEIERED
EBERTT 70°CT. BIE(CESULE K DNA EKFREEHREE T, HERUIDBIC 85°CHKT
BD RNA maHUN. Fle. fE385EEL T Hauenschild 50753% (Hauenschild R, Nucleic
Acids Res. 2015) ZEB53MICERZL T RNA DFERZITOIZ. WINDF5ES RNA OFEE(S 10-
50%DENEZRUIZ,

CNBOFEZEHRELT Ul-6 BN F=8 (sn) BLUBIMA (sno) RNA B&LU 7SL RNA (C



F1E93 PTM 2L (R 1. MERBRTETEEH) 2-10x10° D F/H#i2) . £9. #IUS I
DT, ERD snRNA (LB RINETOIAFLT(E. U1 snRNA (C 2 &, U2 snRNA (C 14 1B, U4
SsnNRNA (C 3 1&. U5 snRNA (C 4 f&. U6 snRNA (C 4 BlD&ET 27 EDEED)S > HHEEREN T
%(Yamauchi Y, Nucleic Acids Res. 2016). D 5> iE# VS EIOSEMNT TIE. CNET
DIRETRTESNTULE sSNRNA OIRTOBIIZ > ZRIELR, Fo. EDIEFEERE £ 1%0'5
100%DEEFE TRESNTZ, U4 snRNA O 59 {ilcHhd 4 DBOEIVZVICHAT, EhD U3
snoRNA Tl 8. 12, 36. 49 {ilc 4 DDEEIUT > U8 snoRNA Tl 21, 108 £I(C 2 DY)
2>, 7SLRNATIF 211 fiZ(C 1 DDV > =R UL, BREEEDDRIBRD. £ U3 snoRNA.
U8 snoRNA. 7SL RNA OEDUSIALEMIZEC UKD TOIERE THD. U4 snRNA TlE 4 D
BV IUEEBMITHD. EIUS>DAICINSDIED F= RNA (L& 36 OXFIUEBBIN RS
ENTWd(Yamauchi Y, Nucleic Acids Res. 2016; Reddy R, Nucleic Acids Res. 1988),
EREEESNBIFEULCDFACIOTENSD PTM FIRTHERENN, 20— A THMAICEREN
TEXFIUBIERR DT,

F 1. ENTK6 #AEZD small RNA OERE &S50

Chain Copies/cell

RNA 5'end Internal modifications® 3'end Length  (in thousands)®
U1snRNA  m3Gppp Am1, Um2, ¥5(100), ¥6(100), Am70 OH 164 1000
Am1, Um2, Y6(100), W7(100), Gm11,

(
Gm12, W15(84), Gm19, Gm25,
m®Am30°, W34(96), W37(100), ¥

U2 snRNA  m3Gppp OH 188 500
39(100), Cm40, W41(100), W43(100), ¥
44(100), Um47, W54(100), ¥58(100), ¥
60(68), Cm61, W89(100), W91(72)
Am1, Gm2, W4(>89), Cm8, ¥59(3),
U4 snRNA  m3Gppp Am65, W72(100), W79(100) OH 144 200
U5 SnRNA  m3Gppp Am1, Um2, W11(23), Gm37, Um41, OH 117 200

W43(100), Cm45, W46(100), W53(91)
Wo(34), W31(100), W40(80), m®A43®,
U6 snRNA mppp  Am47, Am53, Gm54, Cm60, Cm62, >p 107 200
Cm63, Am70, m*G72°, Cm77, W86(100)
Am1, Am2, ¥8(93), W12(96), W36(<1), ¥

U3 snoRNA  m3Gppp 49(4) OH 217 200
U8 snoRNA  m3Gppp Am1, Um2, W21(16), ¥108(15) OH 136 25
7SL RNA ppp  W211(9) OH 299 500
MRP RNA - - - 277

a. Pseudouridine newly identified by this study is underlined. The stoichiometry of pseudouridylation (%)
is given in parentheses.

b. The residues were determined according to the method previously described® (data not shown)

c. According to the reference’®.

Bk TK6 #FETOD U3 snoRNA O 8 {i1. 12 il. 36 fiI. 49 AIDHEVIS>DILF E5flE. TEN
94%. 98%. 1%. 4% T&Holc. CNEDEMLDSSE. 36 fizE 49 DIV IbDILFEEm(L. £
FAURE MERZEROFEFEC LD TERSH. 8 £k 12 RIOBEFIUDILIE. FRRUIEIARTOMRZERT
85% U EDEEIUSIMEN RSN (R S12) . COIRHRZBASHTERV, BIUS> 36 &
49 (&, ZD#ED 18S rRNA OTOTS I DzIC pre-rRNA LABBEER T 3EPINEL(CAIEL T
WacE (Kent T, RNA. 2009) Hhhvolc. cnNS0EEIUSIAEE 18SrRNA OOt >4 5
BRLTVSZENERFTED,
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