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Figure 1 Transcriptome complexity. Transcriptome complexity is reflected in both the diversity of transcripts (a) and the variety of transcriptional
regulation (b). (a) Diverse transcriptional products in eukaryotes: Pol I mainly transcribes 28S, 18S, 5.8S rRNAs, etc; Pol 1I mainly transcribes mRNAs,
ncRNAs, snoRNAs, miRNAs, etc; Pol III mainly transcribes 5S rRNAs, tRNAs, snRNAs, snoRNAs, etc. (b) Multiple transcriptional regulatory
mechanisms in eukaryotes: alternative transcription initiation, alternative (back) splicing, RNA modifications (m®A modification, m'A modification,
m°C modification, etc), RNA editing (A-to-I editing and C-to-U editing), and alternative polyadenylation, etc
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Figure 2 High-throughput sequencing technologies and analysis methods for transcriptome research. (a) Schematic illustration of different library
preparation and sequencing approaches for transcriptome research. (b) Analytical methods based on detection objectives from different library

sequencing approaches
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Table 1 High-throughput sequencing technologies and analysis methods for transcriptome research
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L ORI VAW O PR 555, D W1y b ot K= ki b )5 2259 Ny 3|
SR () 2% [8) i si 28 AT DA 3004 7 DX sl 2 PR 2R 38 R A
MU AR, FE0TSE A B 28D RESs 1 i a8 B I 2l
RO FERMN Y, 23 1) SE 2 mT DS AT AN [R) i DX g
HFE2ZS, Eamaon., RS2 il 2=
]9340 S HIh M40 7k B A fh, 23 1alfG skl
FRBENSIB LR A H A B R I R ) 25 | 2 2,
BRFHEENE LT S WAL AR ey A
FERIE ST B A OGS S .

BALZH BRI /2 R S A B AR B B S ST N
“HEAABDR MU 1] S RORS WA, AR K gl 1
X E YRGS AR, AR ER . RREd
Mo At . IR OASE | PRl SR B o FR AL T
EERIEs % S

23 KEKMFEAR

g — AR PP B AR R PR R b A AT,
B }50~500 bp, MELLERRAIRE SN AP TR
XIS 708 S DI, A TG 12 30 3 2 Spe A 4 e 47 W
RAFAHSC X I SeA AR GR | S 2R By i s Y
0L, BRI A BT & AR P R, S H
MR F AR, AR K EAR N FE & 5
P RE S I 25 FE AR AN 6] A Bl e A, B B v s
HON0.6~2.1 Kb ANAE, Rt m k4 Mb!!2,

H B A AR BRI 7 F- 5 3 2 A Pacific
Biosciences(PacBio) A Al (1451735 Bl ¥ 4 AR (Sin-
gle-molecule Real-time, SMRT)>*fOxford Nanopore/
] (Oxford Nanopore Technologies, ONT)F)Z44 K FLIM 7
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FHARPYN. PacBioZA Al A SIS - AR P 15510
MARGS ZAREARI, WA R AN [ B 3 1Y)
DA S RANIRFEZAL, 53 SME R R s H AR o
T8 RURE 19 i 42 S T SRR 731 S BRI P (cir-
cular consensus sequencing, CCS), il i X [f]— H #5350 F
[ 22 YT P AT 745 152 %8(<0.1%)"7. Nanopore /A7)
(AR KA LI 3 D0 1) R A 7 R 4373 2o A KL = A 1)
AN HL 3 AR AR P 8 R TR 3 26 78, I HLak mT
DU FH L A 5 0 22 S ARG RN A i 407 45120
T EA 2SR SMRTH A B CCSIN PR IEHLH], H T
WERREAR, ELARHRIEIN ] (Base calling) 335k
S, E RGeS A E199% LA 158,

AR s T AP Y . B ERE
JPHIRIER A, BINE A TESERA A | HRAR R
FOVRYEE OB . SEIRI A/ ARG M AR A o, SE3L
TR A SR A dE, HES) T IR G R AR SR DGR
R RIS, Fet S Pt s 4viek, =R
FP ot T AR P OB B PR 0 SR B, B3R AR 58
BISEARMG R, WY TI A A . sEREmn
Fe . AR ) B RNAMEHCT, RNAZEHO24
SRR HUR],  SEBLT X S5 AL T RS 40 4 T 1Y) i
B2 FFE N S T = A AR 2R S 7 J PR R S
FIRTNF SEARZE A 2 PR R, g G RKIEK
FER YL H AL 2 WA S5 BOE i b A 2 R TR
RO T AN N B e Bl = AR B R B TR
YL/ 23 [l SR 2RI e, A BT E T A B KT 45
PR S, A BRI S SEERAT SR AR S A 4 T i G ),

SR, XA FE ST H Y, TR AR FE R
RNAE EF B AR P AR, S0 RE
KF. RNABTH: . RNA%%H . RNAMEM . RNAFAE,
RNAZ5HY S5 [R) J2 18 AT

3 BB E R Tk

B XA [F] A e S L DU P 250, R N BLF R T
6] (20 BT R, R 2 S 4 9% 2 3R T 5 B 0 i 4%
(12(b)).  AN[FIZE AL SRR AT A% O X8 2 5 525
(reads) B (1) FL X FILE &, AR 228 5L R 4 A 8 F )
FEEE I H T B IE R L N A0 B, H R E A 14 2 B
By e T H, . BWANY | Bowtie1/2[7-6%1 | To-
pHat2!%! | Hisat2072 STARVI%: A] DIARHE A A %L
o S BRI P AR v Dl L, I TR
53T

3.0 RS A SN B B

Bl S AR 42 B0 P 5 AR A0 EU X J P52 A s T
FEFER(S B, RInlF|HfeatureCounts. DESeq?2.
edgeR % T HL5¢ LA Ay L R 2k 1 B A 22 S 20741,
X FREE TR B SRR B SRAR W5 DA Sk 4 ey
SEAR, FER ) & A i I P B 22 SULL AR, W BT
G A RS . B HNFib-RIP-seq & & snoRNA AT
W7 I %5 5 B i sno-IncRNAFISPA, BT E&H
snoRNA fH B IncRNAS T~ FHsno-IncRNA [ 1 3
¥} snoRNA, i i Fib-RIP-seqil] 5 54 n] LIS 2]
snoRNAZ [H] X35 [ 3235,  MiSPAIS S /&snoRNAH3’
i f&poly(A)E, i#idFib-RIP-seqfilpoly(A)+ RNA-seq
A LARER 2B B AT A JE R R IX Sk A1, A7 22 i
STETG R IX 0], 5 By S5 2 i U S AR ),

Bt S AR A P 3 P B8 48 1T FH T R AR BT 42 1Y) 40 A
E, PR BT cuffdiff2, JunctionSeq.
tMATS . LeafCutter. SUPPA2., MAJIQ%+4Fh T H,
SR S AR AR B A F/ B HE FR B 5

SRR AR B AR B . LAeMATS 777,
I RNA-Seq ¥ 1Y FEXF 45 SIE A ERAS B, A
PRI NN R ES SRS, i E AR
B2 AL. HAACORUEL, rMATSH#E #4347 AN [H
RNA-Seq i 85 By E2 00 S 327 10 LTI 0L, eSS
T RSN 2 5 T 594, IR IC By R R
IRALE. ZEATEREE, IMATSHE— A £ Fh i
PERR, FEAFEIRIN BT NS TR . BEREES
B REME3 BY 2. B R T DUl TR
YRR R REAS o (0 B2 P AR A T o, SR IN P
A3 BN I s A B AR Ak, M 2R R4SE
i T T vl AR B e g 2 R TR A PERE,
JNHETAND B 5 B 1 L M MATIQAItMATSTE £
AT AR AR B KL 780,

B T2 nT AR B B, R A R ) B
JE L TERNATT LI 7Epoly(A)— RNA-seqE{Ribo—/
RNase R RNA-seqH VRl 2124, ok i i 5 FE 08
WHIFMERNA(CirecRNA), T @7 TAFM )2 i
FECIRCexplorer 225171 1275 3 75 10 b 1] F TopHat-
fusioniR IR & LR BIRE 1, 45ATE 4 RS B A
TR I B2 1) BY 2 SAS RS, RUN I 5080 v 2 e
] B S, AR R IR 1 A0 o
i MERNATG BT R, HIERNAM &R
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FEAAT CIRI2EH | DCC HIMapSplice ™45, HEE T4
LAY S S PR ERNA R 2500 5 g . WFSE AN i
SR T HAMIF T RGE R HEFEIE, AJERNA
(A T T H A 5 2480,

RNAZi#E (A-to-1 editing) {3/ i (1) 45 22 [RIAE AT AFE R
WU A RNA-seqbEAR RSB N, n]—UMEsesE 12
FIAFZEAIRNARAS (EZEA-to-1 Zwf) ABi Rl HiA
SHTTRFERADAR (RNA-editing analysis-pipeline to
decode all-twelve-types of RNA-editing)®®, [a]ififaf
PHE A o 2080t G 10 8 e i TP A TE I RN A ZK P i B A%
L. ST R R BRI Y RS A DL AC, T 2
AFE 2/ FE G (mismatch) Y B2 F, - O A £l 22 HE
FRSNPA AR, MRIEAT 6 A . iR 055 M (H LR 5 Tk,
B AT {5 RN A G 857 55

3.2 B SRAS h BEW Bl o Br

F B B A D 5 T AR o R 22 R o R
DX [ADKS BE FIEA RS B, Xl A8 . RNABM . 5
BEHFTEAE . RNAZHEERT AR Bis, 16
XPE S BTN LU IS, ARIEAS R 43 b B A A
BRI AT N AT.

FHT % E RN AN AL S I Poly(A)-ClickSeq!® 4
A, IR e S AL LAY R AT A
X, B 1) PR 21 B — o7 B A S Y AR e (e s 1l T
W)V R R A . A HEBR JE PR 21 v A s 4 DXl it g
AR PR, BEPRHe s 0 1) 1 Ui 7 A i B2 AR s B 5
B, SRJE R I DX ] P A 25 SRR T AR TR A n 2
7 15

FIAPUAR E ERNABMA S . HHIRNAS & H R
AR X IR CLIP-seq > 14543 A 24 3k I 5 352 15 He ot
B () X 8] 45 AR DB AR 4 A 1 DX 0] 352 1 3 B
TiE— k. fhnPiranhal® &4 X CLIP-seq i d 2
SERIHT T, AR O AR P SRR A 3 O
PR BA B — X B R LY. S AR 2 i —
514347 (zero-truncated negative binomial)fl-& 52751
T, RSO, XAE SRAEE G AL
AL BT RS PR A 1 E VR S HiCLIP-seq”
eCLIP-seq™ %idh, HF5E A B3I B Eh /R ] AR U ST
I3 Mr 7 Pure CLIPY™, %75 :IA AiCLIP-seq/eCLIP-
seq B HORH SRAIEEAE 26 BE AR B ST A0 A, GRS AT AR
PURPESRCIRAS: (1) EEHEHESCER, (2) dEE HE+5CHK,
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(3) BEEEHIESCHR, (4) B AE+3CHK. PureCLIPIH L7 41
A 0 RN SE G A0 A e 3 DR 21 A 78 26 5O e,
FERIHZS 0 FRHERR B BH M, ] Bt 3 2o S B A 6 A el
TEFPHNHEBR AR ST 51, A4S AT SERIRNAZR
AL

X TR B Bt s A5 L6 B FF T RN A 4544 -
SHAPEM™ 4k, i 4 1l 1k 391 FE XU B 2 s 1
LA, JRGT R L 5, AR AT SRR
SHAPEAL G WIFRICHREE. icSHAPE-pipe!™ i 15t %
PRIRNASE m R A9 A HFRRNA, SRJ5 XT3 3 R 41
e, XA T EEHEA TSR, AR ISR R
AT AR ICHR I TARE AL B, SCER N N 2 5%
SELLI) SR AT

A3 KT TR BIRNA-RN A BAE FH 550 04 I 775k
P LA T FUVF R 1 (gap) S IE LUXT,  DASERf & TAE
RNA AN E.  Fan A T HrPARISP i 2 A1
Fext T ELSTARSEER T & A B4 7 51 B0 1y 55 05 1) L
XF, ) Hex B 4 57 P8 2 5 22 B R AE R B 1
FEAE BN, At = I A T DL R
ANFIRNAST [ AH B A X, 55 F08 0 5 55cdk L
XFRIRNAZSZ P H1)3A ] DL 7R [ —RNA N A BLAE
FAIX R, FH T HTRNA 254

3.3 AT S LA SRS EE S Be B it
srhr

U HHE rh 5 AR 007 1 e SR (9 75 7 R RN A G
BT R RO T A 5 IR 2 11
SIS T30, INRNAB A 5 AT AR PR 57
ST A D PP R ) B LU SR T A e . i,
FIHW G AR SR ClU, (HAREE & Em’ CIEIC.
H TSR 2R, FECRERHBIURNENR,
Xt e 8] HE X (R R P R . A T 3RAS T SR m°C
B 7 05, BIFFE N B3R ST B X B 40 BT 3 AR ATmeR -
anTKP' B 5t 19 CHEAE M T(U)YSR JE K L X 31 C
AR RNT(U)MEE A S5 )75, R EE A LIS S —
B 0 o7 B 2 A T — 2B 40, W R AR B
m’Ci7 S S ATF .

EFXFPAR-CLIPEUHE, 55 4 #2371 PARalyzer i
T PR R AT B T>CRE A A R RN A S
FIESEOLE. 1 el F 3y AT R V/F A I Y
Foxd, ARG 7 5 i 1 T gt T>CHR Al BUs ie it
TRIT, Wi SIS 10 T O 7 6 1T T 5 PR R4 T HE



ISk

X, B HA ME— X B I T4 A A S 5
5, JFEAT NS

WSO, RNA G5 [RAEn] LA 5 | A%
AR A TAATT, (S5 RNAZRHEFIRN A A7) o5
GARANIA], 3 A S S | AR S L AR I v
PISRAR IO AR, EASEELR AT | Bk A
DA R IR A I O RS  B S B A i A
ShapeMapper2“F] FIBowtie2 H i JR1 & b X A = H 5]
D152 sk S 47 28 A BE 28 AR5 O, (B T3 3 TP A
AR R AR e O BRI A R 2. [RIEE i
PEm BARRNABAR I P B 55 2, AT DL —E FEpE
AR AR IO S R Y. Sl S R AR
FEE P RN AN GE T, 1T DAAS B A0 IR 1 i 5848
B GEA S N IR 27 BT LIARAR B RS B i AR
BRI, JHTRNA e Hh g,

3.4 BRSNS Rl R B R B

PN AR 0 BT BR TR LT B FE R 2 OE
WO E, BT EARPEAI M SIE S (Cell Barcode)lX 733
FERTRAAIAE, IFRIEUMILBRPCRY 22, Fe&A:
TR M- L K FETA%E . 10x Genomics/A 1) & AT By Cell-
Ranger /& F T B2 B 7 B0 4 25 LT 43 B i) 329 T
H, AT DA SE i L 00 58 280 4 i - 35 R R
(A3 HT. 78 A2 A G AT LA P Seurat! &l Scanpy!*)
AT U, RS (1) B XA s ik T
A R, TR T R T oA i A, A EE b AR JE
APt UMD . RN S5 T8 15, (2) ik
AR S RBOE R Gk T T A ANRS, X
FRFEREIE TR AL, WA 2 AL S B B A T L
XA B BEHEA THE OO A I, AR5 I 38 e AR 57 &R
BRI T2 0, (3) FedE. 2. AR
TEARAS 2748 7 R B A 5 X AT R BT (PCA)
FFHRI 245 5 04T 40 M SR AT mT WAk Je /s 4 B o3 A5
B, SRS AR AN 7] 4 BEAT e S 2 8 1 PR M e A A
. HERA — R A 3R M 2R 9 T2 A Sin-
gleRP" | singleCelINet™ | CellTypist!®”4%, Xf AS[FAY
T HAEAT H A BT R AS [ 4H 8 B 7 v X AR [
SRR BB R 7] () 4 2 e pfg 45 S 00 T
FEE VAR LS .

B T VAL B E BT AD IR, A 2R AT T
] W] N FH T B A B A i — 20508, a0 A A i
Bl PR A 1Y 25 S5 BT AN () 240 it A AR i A P 3

FEAARAY; R 23 B T 4 D0 1 200 e mlg 4 2 400 it
MBS FEIOY, RNAB T (RNA  Velocity) AT 5251
U 200 0 e S0 AR 2 A A 020, 4 i 3 TR0 B T B
CellPhoneDB!" )i i 4t i ] 40 g 24 A4 v 52 {4 F i
PR BT BB, SHEWTAS [R] 40 A = 18] (4 AH B AR .
[Fi] B B 240 3 T A5 A B A A RN AN ¥ (bulk RNA-
seq) B s ol A A AR A TR A AT, AR EEE R
HH.

75 [A) G SR AL B B LU 5 g e ), HS A %S
[ 2 TERS (A58 o] USRI PR i 2 (Rl (O B e &R, W]
PIXF EAS [R)ASE ) Al B 2 R RN B R ik 22 57, X A yed
KA MR RE RS T A
HEE S TR B R A IR AOR R, =
() 2 i 21 0 5B 7 5 B AR EL B spot i LAk 3|
PAYNMERG BE, BT B ) — R PR AR L A A A
spotBy Rk, HETE Lk T 2R FdE548
Irspots Z [A]AAE XI5 Yy, ¥ 1E2S (R BHE -1 om 5 s 70
P UO10T] - ARl SRR ) 2 TR ki, Al LARE T
ZERINAIE T . A B IR E N, hEE
SEL I IE S AL L 2/ 28 B A 25 (R4 B2 0 L.

3.5 R AU KRINE Bk 5

AN T AP E R B e v, A A
FEAEZ RN PR RO, AR . A L 8R4, &
B I A FX 7 AN A T P 4
P B A FRU 8 L 2 — ey T L TR K
FEHAR L, fiminimap2! R TR B AR5 | S
KB R B HXF AT 42 Fe 6, GraphMap2!! 5T 1
X} (graph-based) i il kb B HE & XS AR 2940 S 7= A
MR, AR AR F AR KR, BEsH TRD
B e IFIE 2 4R BE N SE AN R oAy B A, 46
FLH L4125 (Hiflasm, Flye, Canu®5)!', 54544
[ % %€ (Cupcake . TAMA, TALON. FLAIR%), 5
FEF A5 BT (SUPPA), #5543 & (Salmon . FLAIR
TALON%F), Hsf A 225753 Hr(DRIMSeq), RNAEHf
SR (m6Anet, EpiNano, Tombo%), 25475 5255
(Sniffles2 . MAJIQ)ZE2 i A BFFE %K 24 I 4
P THIAT 2045, & TRk, ik, 43
TEREE I/ T HIF I Flong-read-tools.org! 2. K
BRI PP B A AR S oA T LB I KA AE AT &,
Wit 78 2RI Y iR A AL AR ke, s
FARNG SAFRNE ) 3z N .
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4 N IERERARTE IR st Bniz i

N TR BB AT 50 38 20 7 B i b A R
B, HAE A2 EA g oh B N 25 AR B 7E
AR K EOIQ0104F/Tf5), W d FEIETLalds
252 R TSR (1) JEME 2% 2T J5 ik Alk-means
B F M (PCA)FIE G R M4 4 i (NMF) 5 9k
J iz R TR R FAREHG) (2) M E S Rk tE
DR . BEHLARAR . S HF I B LS VM) FTK T 4B
(KNNYFIESELEREAR A 2 W0 R I 3 (3) Pl
RGN B YN RS2 A A p A A B8 e T A SR
PERR R R BE. BEE M2 R IR B S PR I, TR
22 S BRI R I I £ 5

AR, BRI SRR H T AE IS i 24~
A5, AN FHCNN L RNNAS R i3 DNA 7371 T 5k
[K %k (DeepBind!' HIDeepSEA*); T Transfor-
mera LSTM A5 AU T RN A BT 42457 5 (Splice AT ));
TSR 20 22 FPRNA S 2 454 1 L (PrismNet! ' *));
T 2 25 F RN AZE# UL I B AR (AlphaFold3
), HAN BB AN S R B T L (scANVI); FEF 45
)& B RN A B R (RFAA . RfamGen!!''®)).
REE 24 S HOR O Zile AR W58 i 25 Aok, sk
T AT IRRAILEI A BT R

U PR B 2% ST BUAT Z2 R ARG N TSR A AR
Yy, A I 2R e N T e A M i
0 SR P N /BT el ) o 22 N e s ORI e e o3
P AR 2 ) IR AL T 5 (N s, (A T4
YIEHE I 2k, U288 e BR AT L2 25 5 75 SR
PIRE . AR, R, S AR 9 datid 7 =X
BRI N T8 AR NG Sy 2H B A B A A Ak 3

4.1 VIZRBdaitigss

DI ZRE e B9 PERE R R A RO B SR, &
T A YIRS v] LR AR R S G b~ > Rl AL,
3 AR ALRE ). 1 T OB i MERR T
S SRR R AR B H AT AR R R
R SR AR T IR BEE R N ZREE, ML geA:
15 70 H7 75 15 AT YA 0 A7 8 5 2 I VAl P ) R
TEWNZRER R AL, 05 el T R BRI TR s |
T IEBA R 22 AN PR AIF- (5 22 50, FHEAThsifiEfl
SETIALEE. (AR AR, BRI R R A A
AR R LA SRR i i I R, (B2 R
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BOEAE A E B (positive  data), FEVNZRid AL LKk
B AT, ATUARI G RAE . RORAE SR S s B0
R PR RN AP ), % 25 ) FH A s e )
2% (GANSs)A LA BB . 7 0 6 AH N 7 ] (negative
data) i LR kG 5 | AR I A T 4513 A M R 1Y
TR, X PR KRR E AR ST A B AR A 4
Bl G ER g, 5 AR AR W B 2 2D IR il i
TR IE 151, 1 5 T ) A s

I s AR B I i A S i A B (9 25 52, il
GRBAR VAT 24 B A B AT AR AR R A R 1. g,
FHF 2556 3'-tag PR 4 i 2% S A8 HH PAS T T ELSCAP-
TUREH N & AU TR 2 2] BB DeepPASS (1513 (2))**Th]
DL AR e A B R S S A RS, AT
SEERNT 3 -tag BN LA S AL A TR PA S s R R,
T3 -tag RN IS S A BB S A RRAE,  BEHROINZREL
T X PAS A A5 R S A T4 A IEAS A0 A5 B R AL
KAE, b fiDeepPASSHERY{ AT I T 1741 )4
(PASHE AT AR TIN50 A A T B SR A (1 A A
DeepPAS-fixed, DeepPASSHAY 4R JI w2 BH I $2
T, SEEL T LA M 2 S B P PA S s R
FE. X — T UL T 24 A I 2R A R R R
FRREI, 8 ) FH e Sy 2 5000 A S A R ) 75 2 LA [
B A RRE, 7800 F AR 1915 2.

4.2 Kdamgnnd i

FEVRBES: >, G 2o A 5t Gl 2 B Y,
W SCA BN R ) e 4 A i 2 1) i 2R i A2 AR
A N TR BeR A AT S5 B A, A MR8
A 2E 5, s AU TR 2R i A8 =i 5
HWR: JPHI IR &

FIH T H15 A 1 2 S 2 AR (T HHRNA Y
AT At AR O R SR B A T2 ), LR
HUFN R EN . DR BTG, 7875 D) e fl
PRSI ST SRR, e R 2 AR S (one-hot
encoding), %7 RN —A- R, RNA
¥ 5 AUCG U FAZMERZ R 4 Ak, HZRoRs i Xy e
A ENTE S, AlRessmiA AR, R T 7R%R
TGRS A X — BB, ST DL DB RNAY 51 53
R BE NI RSN (FR Nk-mer), SR JE X B k-merit
11915, FRAk-merdmfd(k-mer encoding), AHHE T
e T A R B T SRR, — R R
MR AL AR5 .
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(a) DeepPASS

Positive V  Negative V

A | [ T S [ L

v PASS}_ Sequences shifting Sequences of
around PASs non-PASs

Positive dataset Negative dataset
¥

#001107117} 1 1

One-hot 4
encoding| £9289889808: 219000001

(b) DeepDDR

Ref G c G G C T G c c G T
8, =G AC.AGGCTANGA ACATC.TGCA AT.
23 G C G G CT G G e c G T
T O G € o G G CT G G ¢ (o G P
= G € = B € & €& T G [od € G T
25,0 -24,0 -23,0 50 -40 -30 -20 -1,0 1,0 20 30 40 50 23,0 24,0 250

AA 0 50 0 ..50 0 0 0 O 0 50 0 50 0 0 50 0
AC 0 00 .. 00 O0OTPO 0 0 0 0O 0 0 o

AG 050 0 .50 0 0 0 O 0 50 0 50 O 0 50 0
AT 0 0 O 0 0 0 0O 0 0 0 0O 0 0 o

TA 0 0 O 0 0 0 0 50 0 0 0 0O 0 0 50

TC 0 0 O 0 0 0 0O 0 0 0 0O 0 0 o

TG 0 0 O 0 0 0 0 50 0 0 0 0O 0 0 50

TT 0 0 O 0 0 0 0 O 0 0 0 0O 0 0 o
Co-occurrence frequencies of each mutation site with its context bases (CMC)

(c) Geneformer

Cell1 Cell 2 Cell3 | ... Celln
" 1 GeneH | GeneK | GeneB | GeneZ | Gene C
ﬁ 2 GeneA | GeneL | GeneE | GeneQ | Gene H
3 GeneM | GeneB | GeneL | GeneE | Gene C
i 4 GeneK | GeneU | GeneN | GeneH | Gene O

Bl 3 s N A el b AR i it S AT 5. (a) SRR R AL S IR SCAPTURE R IS i 1 Jr k. SCAPTURERE FIAU 22
BB AL T T H1(200 nt)yVE S TE B, LD E] X BEHLFT 200 noFFFIAE R S 6], TEB] b iR 07 S B bR e P81 st 3315 1 245 A it
ke, HOHATG A B A /AR AL, RTMRBIPERE. (b) e sRaH 7R L S RE L Deep DDR il HIFE AR AE M4 (CMC) i 8 28 oL .
K BTSN CMCLAGAR AL ik s, el e e vh 2 A2 s 5 B R lE425 nt AR [RIBRAE X (165 i BR SR, 41> 222 (L 1 1716%50
CMCHE R SR i A B (o) 4l e TR I 2545 ) Geneformer I 25855 4% 77 2. Geneformer( FHRAMAD, BNILPR 76 A R 40ME h 3k /K19
HERF, MARSEPRFGAME, 1E A%t )=

Figure 3 Training dataset construction and encoding ways for Al model of transcriptome. (a) Training sets construction for DeepPASS. Positive
training set were 200-nt sequences extracted surrounding known PASs, which shifted around these PASs with a normal distribution. These shifting
sequences accorded with single-cell sequencing reads distribution on gene loci. Negative sequences were constructed with 200 bp sequences randomly
extracted in intergenic regions without overlapping with any of the annotated PASs. (b) Training data of DeepDDR were encoded by co-occurrence
frequencies of each mutation site with its context bases (CMC). The CMC was determined by 51-nucleotide sequences of aligned RNA sequencing
reads containing the mutation site in the middle. As shown in the figure, all sites excluding the mutation site were calculated frequencies of 16
dinucleotides (paired with mutation site) by aligned reads from RNA-seq data. The 16x50 CMC matrix of all mutation sites was input training sets for
DeepDDR model. (¢) Rank value encoding is used in Geneformer model. This method represents genes by rank of their expression
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b 17X 5 B dmhs, 0] DL % A (embed-
ding)Rr S 4ERY . BSHLAXT G (AT 51155 ) e s 2R 4E 1Y)
A ). X AT A T 12 B AR
YR — 57, o 2 M2 W 452 2 e S A AR LAY
XRAE 2 [ SRS . i Word2 Vec /& — it
TR L IR A DT, Bl a2 2 R SR i
IR Z R IOC R, BTl o — AR GE Y
PR Ry, EYIZk, Word2VecHE Mg i $ie 21 17)15 Y
WSUFE, AR RN SRRl E ) 225 (8] iR s i
3% KV By Transformer! " RDE 4 A {7 B (input em-
bedding) A3 & 2t (positional encoding)fi&5 4, —I[H
AP 52403k H1EE /) (Multi-Head Self-Attention)Z
b, S IIE SO E R OC R, MBIARAT LA (AR
P A TCER MR SCRIFAE S, 488 TiE5 8k,
AP AT S5 1 58 USCR.

TESL BRI fR v, BR8N Db S gty
AOABERIRAL T Z(E R, DA s AR () 1 .
BIADEMINING ' Y DN A/RN A 58 48 {37 p57, 43 JE 5 AU
DeepDDR(513(b)), QUHT A 2R AL AL B TR IFAA
WP 7 sy, Ay T 0 AR 1 SC e ]
HG5E % (matrix of the co-occurrence frequencies of each
mutation site with its context bases, CMC), fEN
DeepDDRALTY (Y dfh i A %2t 7 A ks 28
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Bioinformatics in transcriptome: from sequencing strategies to
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The completion of the Human Genome Project (HGP) and the advent of affordable high-throughput sequencing
technologies in the past decade have enabled researchers to explore the complex transcriptomes and their dynamics
comprehensively. In addition, technological advancements in the last decades have significantly enhanced the speed and
accuracy of transcriptomic data analyses, achieving in-depth comparative studies of gene expression patterns across
various physiological states, varying developmental stages, and distinct pathological conditions.

Here, we provide an overview of different strategies for transcriptomic analyses, from library preparation to
bioinformatic pipelines. In brief, transcriptomic profiling technologies can be classified into two main categories based on
sequencing platforms: next-generation short-read sequencing or third-generation long-read sequencing. Based on data
enrichment/analysis objectives, the next-generation sequencing can be further divided into three categories: (1) whole
transcript enrichment, (2) transcript target fragment enrichment, and (3) artificial-mutagenesis transcript fragment
enrichment. Alternatively, based on starting materials, sequencing methods can be categorized as bulk RNA-seq and
single-cell/spatial transcriptome sequencing. Of note, recent transcriptomic analyses have been extended from bulk cell
profiling to single-cell/spatial levels.

Each sequencing method employs specialized enrichment strategies and computational frameworks tailored to specific
research goals. Whole-transcript enrichment data contain expression information of full-length transcripts, which supports
comprehensive analyses including differential gene expression quantification, alternative (back-) splicing event
identification, or de novo transcript discovery after alignment. Specific fragment enrichment data are ideal for
exploring features of RNA modification, RNA-protein interaction, RNA-RNA interaction, or RNA secondary structure.
Artificial mutagenesis strategies combined with advanced alignment algorithms allow precise identification of RNA
modification sites and structural features at single-nucleotide resolution. Advances in alignment tools enable researchers to
accurately and rapidly identify mutation sites embedded in transcriptomes.

Moreover, single-cell RNA-seq datasets based on droplet microfluidics/multi-well microplates provide unprecedented
resolution for studying intricate biological processes such as embryogenesis, immune cell differentiation, and tumor
microenvironment dynamics. In addition, long-read sequencing allows the recovery of full-length transcripts without
assembly steps, improving the understanding of transcript isoforms, splicing, RNA modification, and RNA structure.

We further discuss recent trends in transcriptomic analyses with artificial intelligence, including machine learning and
deep learning. Using published models as examples, we demonstrate how training data selection and sequence encoding
methods can critically influence model development and performance. Finally, we propose future directions for Al-
powered transcriptomic data mining, emphasizing its potential to unlock novel biological insights and to guide potential
applications.
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