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[ Abstract] Objective: To build a sequencing data analysis tool to discover genome integration and rearrangement events that
occur during the construction of transgenic animals, virus infection. Methods: A one-stop R analysis tool, TransgeneR was built,
which uses sequencing data from transgenic animals or virus-infected samples to discover the integrated rearrangement events of ex-
ogenous DNA through two rounds of sequence cleavage, as well as assembly and other analytical processes, incorporating infor-
mation on position, orientation and cleavage site. The accuracy of integrated rearrangement event discovery was assessed in artifi-
cially simulated genomes of MAPT transgenic mice as well as human tau (MAPT, ON4R) transgenic mice. Results: TransgeneR
showed that it successfully discovered all the integration sites and rearrangement sites by using simulated animals, and that the
number of rearrangement sites appeared to be related linearly with the cutting sequences number. TransgeneR discovered a single
transgene integration site on chromosome 4 [ chrd: 129387127 (left side) and chr4: 129387416 (right side) | by using whole genome

sequencing data from real transgenic animals. Conclusion: The systematic evaluation shows that TransgeneR is an effective tool to

(A H ] g R 2 k2 A7 (STAR) T H K H (20230101) 5 1 117 BF 22 I AR 58 %k 3 AR & (23DZ2290600)
[fEH T A | 22353 81, E-mail: lihaohao@pku.org.cn,

[ AR | WA i, L WF 5% 51, E-mail : tanhs@shsmu.edu.cn; 75 B ¢, 18 1, @I 0F 5 5, E-mail : mengg{@gmail.com.

(MR FH 7] 2024-11-17 (&1 A 1] 2025-02-09 RO 4% H R A] - 2025-02-20  17:53:31



ZE 4 TransgeneR:FE T I P 509 4 B3 9 41 3 & AL k9 — 3 X T H 1409

identify and study exogenous DNA integration and rearrangements events.

[Key words ] Whole genome sequencing; Genetic recombination; Transgene integration sites; DNA sequences

S LRI B e ) e B RN BRAE 25 W) AN T
R B EEMERY . (A, 7 B 2 B2 A G
S B ) B A S A TR i R 4 L VA TR B
L s S AL R AR B B R
PREHE E B AR R AT &7 A4 Tl 40 0001
ANERUAR FR (R 2 202248 6 )™, {H H v 4 K £ 5
2% Bl B TR A SR R A 3R 0 G R e R A T
VE 5 77 A B e B TR Bl W o B R TR Y BE AL RS 5 T BB
SRR oA TR R TR S BT 4 B 58 4 TG kil R ) 3 A
(T, 2 5 35 PR 4 5 B 2l 7 it IR IR B0 )

(7] Fof 7 7 S e ol AR o0 1 st A% ) o
G B 1E 3 AR A B AR OBE % R (deoxyribo nucleic
acid, DNA) v, DUTE X fi 3= 400 3 1™ o0 05 2R,
FE I R BSR4l AGEAE A At T an L M R
(hepatitis B virus, HBV )ik # /2 i 98 & A4 1) 32 22
VIR, R — 2 A T 40 98 S8 BB A AE HB YV 8y,
FOJE R AL 48 & F LR G (5878 5 | 1 6 TR 21 AN A
SEME R R 0 T 0 B RO S AR I R AR AR
Kl HBV 8 g F 8 PP Al HBV g % 1 3 R 41
TR 52 WA HL A T Y I PR AR (L

HC &I & 1 2 B 5 5o MO/ 1Y 2 % i 58
BE DR 20 R A 2 SR AL S R 2O I AL 2% 58 e
fii , B & M #% 20 )< W (polymerase chain reaction,
PCR)AE™ ™ BRI, 326 )7 VL AR AT I A B 1 Jy BR %
FEk . F — AR (next-generation sequencing,
NGS) 7 Hr 8 R T2 TP U6 N T 25 R 248 5 B2
P& B, W H AR LR 53 VISPA2!Y [CON-
TRAILS"™ | DeepVISP"™ | Isling™ . VIRUSBreak-
end™ (Exogene'™ . H, H AR A7 TP 1 I 25 A 5L
56 B0 (] 5 83 RN T L AR AT 5 A R DR S A 1 25
G & H A5 T L R 2L I 81 R
FHIE EEE AR S K2 T ERAZ
KLY 91 ) Z2 4 DL B 66 DR e 2K/ 4 R 50 DX B
A e X e 3 B A b o R M TR TR T 8
RN R TR A R R, A a2
A A7 A A5 g A I e T L R A R AR
AR E AR AR 2 T2 ANl B T i NGS $ s ik
8 R BE A B, BRI T T o

A FEFF Kt — A B ) R KA AL -TransgeneR ,
BBt S — A~ ] ol R T T B
R I BE DA Sl Wy 5 e BE A O\ 1A 32 R D A T R
AWRES MEAFM . Z T ERHMWRITH T,

EE XTI T reads VI #I IF 247 425, LATRIN 66 P9 3% & A
A F . Y 4 54 P (whole genome se-
quencing, WGS)EHi 1 Jy 4 A S, TransgeneR AJ LA
T A5 P58 DNA JF 0 78 1 5 5L 4 1 B Oy o 40 1
A I i B T B Al R AR 0 o A R T AR AL 5 R TR
/NEURS, TransgeneR 2 1000 T FT A5 %4 A 0 .4 A
FE A H Rk g TR R (E S R R I A
H 3 W19 WGS 245 , TransgeneR #E By Fit il 1 ¥% 3
AR B, i HG 2 2 I TR 900 1 4 Kl A B8 DL
1 MR5R®
1.1 SRS

BT 5% 7 %8 2 sh W BRI B A 25 01 4 (TA-
CUC)®H A i it , AUP 45 0084, FT A sh ¥ ¥ 1E
B 23R SN AR 4 ULAS Bl W R ] & 2
48 7 & SEAT IR SR R AL BE . Bh ) AR 3R TR R
FIE BE AT 5 0 B B i P, 12 hoB R /12 h SIS 47 36
(7:00/19:00) , ¥ B F1 % BE R 22 245 0 . 78 /D B
5 /5 I8 28 A M AR T 1T o (CaME N o) I 3l
WK K BT — g AR F R (P301L) i ON4R
tau 5 H 1R B9 N2 cDNA & #0752 C57BL/6T iR
JiG i IR AARZE S AR N . i S 5 4 hTau cD-
NA I3 2 ot 8 12 55 K e 5 DA AR 4% 38 45 I AR 0 )
UG 38 L B R B A/ G E AL Ak 2 I S
EESLD Y 3k, IFR O 1 R A9 i &R (TauD35)1E N —
MHEIARGERE
1.2 LR 47

A S IO 2 A e B TR /N R 2 R 24 DNA
R 5 41 1 75 B89 18 B 45 (THlumina Hiseq 2500 1 X10)
Az CSCEE AT I ) o

AT % Tau B gh 1 X 8k IE w5 Y
“GGCCTCCCTGTCCATAGA” Fl 3% Tau i )
T X B 6 R 5 “AAGTTCCTCGCCGT-
CATC” P 1% 4 cDNA. K H Qiagen it 7] &
(Catl#51304) #EHUNER B AR AL I 4 DNA L 7E 95 °CA2
P£30s, 58 ‘CiB k 30 s,72 ‘CHEffI 30 s Al £ 14 F HEAT
30N EFR I PCR Y™ . 9739 19 DNA I 1% BithEHl
BERE AT 1 kb DNA F Bt (Invitrogen Catl#10787018)43
2, 4tk DNA % Illumina X10 F & #4700 %
1.3 Wy £ o bt

Bic XF I )3 (paired-end ) £ 48 i FH Fastqe #f 47 G
i 43 A, JF & 835 AR T & read. fd A Short-
Reads ™' 1 52 304 7 1 20 € 5 42 read . 78 Jry 35 HE X
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B, il bowtie2 81X 2 read 5 /)y B A 41
(mm10) FAME DNA JF7 51 5 5 217 HexF o SRy L
X A58 5 A R 2 AR VF I read 43 bl X £ 3 A
AUMSNE DNA JF 51, BEEC3T U] (soft clips) o Herpix
S B B P AL N Ry 2 R A B 2H R T A 6 A
AH XTI IR 2L BB 18 5E 4= L KT Y read , BT AS B2 {0
SME B AR — 2 F R

R TR LRGSR 8 L X T Y
B 8y U ER 4y R 5 AL AL RN AR DNA 81 EE X .
TE 55 — %8 read Lu X, 8 8 B > V) 5 read #F A ME—
Y WS o B WS e BORE Bl R A DA DA e S
7 B v B G A 8 0 — S0 HA SR -

SERL S 5 HL X 2 J5 , TransgeneR X H %) 4%
WA B W2 read B 53 F1 I 43 501 L X 21 3 A
ZHAAMNE DNA 751, W read ¥ 4% 00 R 4 A 00 3IE 3
XGRS B, TR G EA F ]
SEPETIE . HJR R — > read A BRG5>S B
1% read 14 i 2 8 43 (] ] e S5 381 66 PR 20 Fn AR DNA
790 o, IS 2 A A e St A5 43 | e St — PR 0 [E] U
B, % read W4 # ME — 73 I 3 2 A 41 540 5 DNA
JPoH
1.4 [FUEE 55 B

TECL.37 B 43 W F A0 Lo o B v, 4 4 BLF
A7) [si) P HE T 1) B D20 AR IR DNA B 20, e
S HMIR DNA FI K 20 A (6] PP g e o Sy 1 i o
() B30, AR AF 5% R AR R DNA N7 1 5 3 K 41 [R] U5
TEREAR o AN DNA FF 518 A 43 F1 1 200 bp, 72
VR > E &2 50 bpo fli FH bowtie2 ¥ BT A1 A BL 5 i
F2 BL DK 2H AT H X, O 6 Ah I DNA F 81 B9 A BLEE
e B B 43, 4 2 1 B R AN DNA Y 51 f [] 355 45 o
[R5 B, A 46 76 i 32 356 DR A1 A B K O ) ARk i o
TR, LIS 2255 Mt o
1.5 FU P4

I read 7 x50 WA XF FE AT 9 0 DL TR 467 13
e & MEHEFE . X T —DU# read ¢, 1R
AT EAL A A A 0 FR 3 08 L X 4543, 43 31 Sy SRR
S;, WZ ) H read 7EIZAL A 045 53 A LU AR R

S, =JSIxsi

AP DNA 3% 45 85 8 41 A o5 19 75 43 J2 AR 45 3 2ot

Y EI S B T AT reads FOSF (R R4S H

S= 25,-/71
i=1

1.6 SMNE DNA K B H 1% 5 8
AMIE DNA 50 76 48 A B 5 I 4H /e, 7T fE & 4k
WA, SRR A RS, 20y $E 01, R g

AT . T KSR DNA R B v 76 48 12
TransgeneR A 4 I 77 % B X R B At I 00 20k 47
B, FER R, TransgeneR FI H LX) 21 B A~ L (1
A B B read i S5 UM TR B, SR T 4 ¢ 3 14 A
I8 DNA JF 91 (4 I P 3 3 1 — A6 b ¥ 1L (C) o R
W CAE R A SN DNA H Bl S0

KT F#FHAMNE DNA R B, TransgeneR & i
WA — AN DNA R B X= 2, 2o, ..., 2} 3%
Hz AU DNA B 45 0 F 41 00 19 & 45 (S) R 2
(E). TransgeneR & H nnls #4540 o (4 9E 671 42 VA5
R A C 1A

f(2)=In(C~x,+x,+ .. +x,)

iE—2 FIAME DNA F B iy #5048 0L, Trans-
geneR 23 ¥ £ RAAE 1 247 s H AL R H(E 19 A B,
IR HAE R AM IR DNA 7 Be i 91 46 48 L 9K 5 45 fn 5
I I HG At e B, DA ARG Ay S A5 T DL i R BB DL (Y)
507 R BE (C) B A G AE o, b m i B E Fr Be i
.

r=3
i=1

EE S
2.1 TransgeneR it

TransgeneR = % i it 4 2K 5 V) H 457 5 5 ) )
read R IHGAME DNA B S FIEHF . X THME
DNA #E 7 A] §8 76 1 32 358 K 4] 48 47 [R) R )% 91, A
FHEHF A, TransgeneR 2 3 F )7 51 A L) X [] P
DR AT B, 2 AT A e S 3] 5 e DX I [
5 AT T 28 read 19K IR

B 1CA)Hfiid T 4N DNA T H (1 B s 2 E
i F 2 %5 15% B A0 [5] 19 bowtie2 H4 1 X K it read Bt 5
FqE R HMANE DNA P50 Lo b T3R50 0%
read, ] 3 3 5 5 b X 55 (local alignment ) & 31 4%
57 Y) (soft clips) o 44 it 4> J D 28 I s 5408 A o i
A, KA ST read #B K A HE R 2H 5 41, Rt , 5 ik [
ZHA B LI 1) read FE B U8, AN PR E— 2D H R

i — 2 transgeneR X it 4 2| F& K 44 A1 4b IR
DNA J7 41 i) read #1745 — 4 read XF 1L o 02 —A>
read B 43 1 WS 21 35 DX 20 R SRR DNA JF 51 o, 491 4n
2420 40 e S8 380 FE DR AT, 5 2 350 40 B 5 21 AR DNA
750, W% read ¥ 900 Ry 8 5 B GEHRE | PRI 23 76 0%
SEM 1A E . W — > read A9 B 55 3 H
T, BIiZ read B AT P F 43 [F) s e 5 21 5 PR 2 A o D5
DNA J7 51 o, R 2 A3 405 e 5 45 43 L e 555 — S0k A fa]
PR B L 1% read 4 M — 43 TiC ) DA A 5 A R
DNA ¥4I, B FAME DNA BEHLE & 5 1 £ 3L
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2 v ) P R DR A7 a5 A ABE SRR L DL B AT DL 2
ANTE BRI T R U 5 30 R (] Y e S A 4, i S 3 [
T8 X R read H4 400 56 3 E 31 2% 5 7 45

SR G, W A U o b 5 read /RN B B, JF
B 4] A AR IR DNA 80 e Xt dEATEE g
read 73 it , ABA OR B v BOA ME— A BRGS0 8 . B
A B 7 BEHE O Dy DA D B e S 6 B B B G
OB 1 — ) EIL s R . 7RI — 25, T Y g
(A R N il D5 1| I S 7 R 1 I8 e I VA - e T
2 b Be e G % 2 3L 3 5 o Rk, v LA
B EH T (1) FME DNA G, i 7 e
5F read 7 T AR b HARAL TAME DNA JF 41 |
(2) B DA 4 20, b 9 3 43 read #5 B it S5 30 G £,
& b5 (3) MR DNA F 4L, P4 5B 43 read 55 B 55 3]
SRR DNA P 1o fea, 6F B A AR [R5 A7 Y
read FEATIC G, LA B AR DNA 3 4 FTE 4107 45 .
TE X A3 B2, U read B9 B0 B b 0 B Y AR
. HAYFIr read BB Z A A S HEAT
AR FM . TransgeneR 8 45 2% & H A K & |, Wi
DU ASE 53 JE] FEL B 55 read 8 °F- 7 53 A7 \read i U0 B |
oI s PR 2 A7 B %) O 2 MR R I O . TR A A
i, TransgeneR 23 413 &5 554> 2 & 5 H 21 (v S 1 2
AME R AHE (D) YT AR Y)F R 58 X read 1Y £
(2) 2 T7 ), Q0 A ) -1 [ (£F) (0 1] -z 1] (fr) LS e
TE g Cef) A0S 1) 52 1] (rr) 5 (3) J B E] Bt 5 (d) e X i)
i 32 R4 3 A 7 57 B . TransgeneR i #8842 %
A A5 1Y ] AL read FE X R R B (I 3A) .

TE AT FH 0 i 22 D0 e 5 4 s (L 2 4 5 B 2
J¥ ), TransgeneR A LLFUIN 4 A (9 71 I DNA F Bt )
HHE UL (K 1B) o B A F0 5 AL 85 B e AR I L 7e 1
T2 5 DAL b (g 2 807 ) o A3 TRE R R A (S) B &
F(E) . Frfa nl e AMIE DNA R Be i 238 i 1% 42 S
MUME sS4 B . TransgeneR % H — 548 41 U3
DNA F B FHA Gk it BoE 55 52 5 WP %
FEEA B TEX — P8, Y # read A1E
YI#) read 09 Lo A1 AT LU R AL 55 S 50 R E S50 £ FH A5
B DT B E B AR TR S A sk E BT AR W B 4
A¢8
2.2 I AL 35 D] L IR 20 1 AT DA

5 7 PPl TransgeneR Ay BE , L Tg(Camk2a-
MAPT*P301L)D35 Jy %% HE K 41 DNA FF 51, #
TANTHEIER/NRIER A, FE BRI LR, ff
HAT 34 B 4 F 4 (chrl (chr6 #l chrl7) , 7E/]N
AR AP I 12 RN EA B, 61 A 1L
RUC1-6) A1 134N S5 HEAL A8 (ak) (] 2A) , Horpr 41

fraiCa) (o) Ce) B 7 IR . BEHLEY WGS £l
ART ™ Al , % BN - (1) 50 5 2 BUR JE , (2)
HiSeq 2500 il ¥ 5, (3) 150 bp A Xt A 4 read o

TransgeneR 73 17 & 7~ , B2l & 3L T A7 1) 26 & of
A Cak) FVEE A7 25 (1-6) , UL 2C . VD] read (145
R R S R E AN S EFE . A
BRSSP R 31 48, B AR A o 17 48, X
5175 e R A M i i L RS R (2) A G T
A NTHEERA A, (a) () Fl(e) A P F AL,
W% 5] 1) D) F read B I PIAE . BR T HIER
B % A A, TransgeneR A # &5 1 HoAl
B BHPEAL 51 o AN i, S HFH ) read 3 H IR £,
B an AT 34~ U1 read , 3 78 /0 T LS A AT A R AR
B, B2, TransgeneR ] LA I 21 1 1F /%) 4% 3 A
HEA A N A S, T HLE A S s S5 U
read B AL 2 A G . BLAR, TransgeneR i VK
AN O BT e B R B Jr ), DL IR 2B L C o

TransgeneR F| 1] WGS BHa i 55 5% 5L 1 7 B ik
JIE L R P A b B DB, R AL AR AR
WGS HiE 155 0 8 8 ol A e BRIl B i R
A R A B i R G B 2 A R IR S A
WILR A 1 o A ASE 4003 PR A o T 0 e BB S L4 D
AN AS 2 Y 1000 A 55 % 5 R ST 56 R MY L R b
A r=0.995. [ 2D Won T 53K F B Ay i
g0, SRRl S B A S A B L,
TransgeneR YK & 1 90 %0 19 %% 3 A v B A 10026 1Y
SEREE LA P .

R T VAl transgeneR ) AR g M R I T TR BE A
S50M5EREARE] 5 A% #4717 00 — 8Pl . KI2ER/R T
H A FE A7 5 & B HERAPE . BT, Trans-
geneR 5 B8 & B ELIF 1Y 8 & P 2047 i o AR, Bifi
M P R B B B AIG , TransgeneR P 1) 48 12 3 15 B BE
JIA AR FEAR . AR T T B A
2E W 1 fdt R R0 Y e B DR R B Al T 00 D R R
55 EL S0 R BE 2 TA] (A DG {H X R W BE A 7 B
et R % 0 00 A A X 30 e YR R R A R

X s gk BRI, TransgeneR AN BE i A 7 i 4
BE DRI 5 S HE AL A5, 34 B 1B 000 5 L K R B
it I 0, 0 HR 58 4 A Be
2.3 I e HE 9 2 4 4 5 TR 20 D0 e 25080 DAl

elbE T & A CaMk |l o J7 311 9K 8h 59 P301L 22
TR A2 MAPT (ON4R) cDNA , I K¢ H i 53 81 ik
G, DL A N6 tau Bl B R /N B R e 3 PR RR
SRR A S RV PCRVEAL A 46 i R B FE 2, DA
2 B AR AL 38 2 7 B, Ol i qPCR ) % & X
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Genome
Reference

o e

3 o estremmmsese
i Genome Genome + transgene
: ]
i
>
- Do yes
split? I Homologous
l)’es no
Clipped part H E split?
s
< yes

.
.......................

..................

Trangene
Reference

0
..................................

.

<::] ' First-round
. alignment

.........................

;;;;

N
7 Transgene
% e

.....

split?

yes
........................

Clipped part : <:I :

.........................

.......................

genome transgene

genome transgene

( Rearrangemem sites ﬁ I Rearrangemem sntes\> :
— in genome megranon snes/ m transgene <:l :

.........................

‘ Calculate the confidence and to estimate the copy number

. Abundance
<j H estimation

.........................

Transgene fragment

r 1 E> £
- )
c 3 =] Sequencing depth
Sequencing integration
a_nd rearrangement g All possible fragment
sites discovery £ derived from
':> ED integration or
rearrangement sites
c_c. r b I . ¢
>
1 2 3 El E2 E3
S S| S 1
r=0.98
g
g Predicted fragment
g
=
Transgene

AL S

0T 2 7 R A B G R 5 B TR AR DR e B A T 8 O i

1 TransgeneR ¥ TAERTE
Fig1 Workflow of TransgeneR

(ARG 2 kKo o — AL C57B16/T 1 5 1Y
ih R (TE ML #E Ay 4 4 TauD35,/E 24 & FAAE ), 8
1 HiSeq XlOiEﬁTé%éﬂ‘iﬂ'Jf?ﬁj\ffﬁo

TE X H 5 read HE AT BT A 45 ) A0 U8 S L 0
TransgeneRXﬁE‘%?&Aﬂéﬂﬁéﬂﬂ:ﬁﬁ’*ﬁo S bR
0 P R B2 3 2o 3 AT 15 G 0 A B Y 1 24 UR
49545 %Jﬁ@]%%/ﬁﬁ%%%?,%ﬂ:%%
R U YD read AN 2540 . 5 AN LAY
WGS ¥4 A A, S50 45 19 WGS B 19 73 4 T
I — & A Pk A, U R AR H A X, Rt AN AT BB
H LI E] read (Y £t VF S 358 8 5 58 DF 8 5 037 1Y

ME—4RvfE . HIL, TransgeneR it % & T Y1 %l read 1
U e B AL bR S5 A A A, B EAE — ) e S
AU R B S AL RN S e S HOE S L
oo PP TR K BL, 25 1 2 e S5 ik PR 2 DX s i)
DNA 790 52 e, 32— Fofaod B 5% B0 10 5 2800
1. TransgeneR il i & A W i read 19 ME — 1 K 0
fiti B DR 0 5 2 P o I S B ] — R R AT i X,
LINE 9 V) # read 2 # 1 98 O 5 & ol 5 40 7w A
o A X ST R A B TR O Y R S R
XF I BCHE B oy AT R4S g e iR B — A
{1 %% 6 P88 45437 2 [ chrd £ 129387127 (Z2 ) il chrd :
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A
Chrl17:84566151 42 10217 21 10217 6228 21 21 4328

10217 0 27 7664 10 10010

10217 10010 Chrl7:84566155

|:{>——_ —_—_—r:>

Sitel © (2]
Chrl1:20674154 10109 0 27 9010 10217 1950 9976 20 10217 42 Chrl:20674155 B B
= N ¥ ;K K _ N 3
Site2 & o o © @ ) )
s @G
Chr6:24496589 4 10217 3691 20 20 3691 20 3691 Chr6:24496590 — _ fr
EEsme—) ) (EEEEN ) ) e
Site3 @ ) ) ) @ G )
¢ D
No. | chr.from | pos.from chr.to posto |direction| splits | sites g
1 insert 2 insert 28 f 66 (e) j;
2 insert 21 insert 10217 o 66 (a) E
3 insert 21 insert 21 of 60 | (o) 4000 6000 000 10000
4 insert 6229 insert 10217 fr 39 (b) e
5 insert 9011 insert 10217 fr 38 (h) B
6 insert 21 insert 3692 bed 35 (k) éﬂ
7 chr6 24196590 insert 4 ff 33 3) :
8 chr6 24196592 insert 3694 jed 32 (6)
9 chrl7 | 84566152 insert 43 ff 31 1) 7 = o 5 3 5
10 chrl 20674155 insert 43 f 28 “) g
10 insert 1951 insert 9977 e 26 (i) 28
12 insert 3692 insert 10217 fr: 25 @) 38
13 chrl 20674155 insert 10110 fr 25 3) g
14 insert 10 insert 7667 jrd 25 (63 4 o s0io 10600
15 insert 10012 insert 10217 fr 21 (2) Transgenc Location
16 insert 4329 insert 10217 fr 21 (d) E —— y —_
17 | chrl7 | 84566152 | insert | 10011 of 17 | @) ‘gzj: —_— ‘Ug
18 chrl 188794143 chrl |188794509 ff 3 Noise 80% ——— os
19 chrl 122345741 | chrl7 | 28980923 fr 2 Noise ;:., e :;
20 | chrl 132320588 | chr3 | 28117426 | r 2 [Noise A = = = g o = g

A B/ B R TR R 4, 4295 chrl 7 chrl FT chr6 | i 3 46 2L [H 4% 4

3B (0T 4 A4S XU BE A1 S SO IR PR R 91 2 405 10 5 C - T30 2 3 R

A FVEE 457 5, A 95 JE IR 4 /%5 JE R 37 8 (chr.from , pos. from , chr. from Fl pos.to) . 77 [] (direction ) 1 37 4% 152 Bt % (splits) 3 D« 7900 1) %5 35 ] 1 Bt

o L

2 (ERAEBWGS BRIt EIEM

Fig 2 Computational evaluation using simulated WGS data

129387416 (A1) 1, WL 1T 3A . 72 M R A ) 43 ) A7
1944 %) read F1 18 NI Hl read 45, A, B8 H 8
A read G BE A A o

Ak, transgeneR i 76 3 K 41 p % 38 T K £ 20
AN Bl i A A A7 i, T R O T 58 R L SR A
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Fig 3 Application of TransgeneR to the WGS data analysis
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Tab 1 Predicted integration and rearrangement sites using WGS and PCR-based sequencing data

PCR-amplification WGS
chr.from pos.from chr.to pos.to dir reads chr.from pos.from chr.to pos.to dir reads
transgene 2 transgene 10 217 T 1739 transgene 3 transgene 10 217 T 1556
transgene 4 transgene 4328 rf 1726 transgene 4 transgene 4325 rf 153
transgene 2 transgene 7 664 T 1483 transgene 3 transgene 7 666 T 147
transgene 2 transgene 9010 T 1403 transgene 3 transgene 9010 T 149
transgene 4 transgene 6228 rf 1124 transgene 4 transgene 6228 rf 159
transgene 4 transgene 2223 rf 1070
transgene 4 transgene 1950 rf 633 transgene 4 transgene 1950 rf 154
transgene 4 transgene 93 rf 304 transgene 4 transgene 74 rf 149
transgene 52 transgene 10 106 rf 170
transgene 6402  transgene 7075 ff 118 transgene 6402 transgene 7075 ff 149
transgene 4 transgene 70 rf 97 transgene 4 transgene 74 rf 149
transgene 152 transgene 8 896 rf 87
transgene 4 transgene 128 rf 86
transgene 152 transgene 8912 rf 81
transgene 4 transgene 10 rf 77
chrd 129 387 127  transgene 10 217 fr 19
%2 AEHHS TransgeneR Bt BEXT EE
Tab 2 Comparison of different software performance with TransgeneR
FLSLAL AL BB e i 5 i e
TransgeneR 17 2 RINT A EBEE AL AR AL AT o R A Ji fd, github R it 22 3%
Exogene 9 18 T AT R % A B O g B
A — M
VISPA2 11 19 T B RS SR 22 AR A R TR Dy RIS TR 2 2 S F 5 48, github python JRAT % 3
CONTRAILS / / WA 2 HER R A IRAL, R PEAl B T ok TR BRI AR
DeepVISP 0 0 Eﬂﬁﬁ%%%ﬂﬂ”%“@fﬁiﬂﬁﬂ,Kiﬁ)ﬂ?ﬁzﬁ%ﬂiﬁ%%% BT
EH RN
Isling 15 7 EEEEER G SR IR T AU A S 78, github python 5% 4 4%
. ~ - Qi
VIRUC‘Z:““ 16 10 ETH AR A IR, % TR0 4L ﬁiz{;mm%{w*’

A Ryt L 3 PT RE R AR R M s 1Rl . P
AT RLBE B 4 S ARG fastq SO R B SCPF X kR
AT 9 70% 22 A7 AR At 25 )
3 itit

TransgeneR J&—# H T & B AME DNA # 4 {i
SRR 2H S 00 3R P A T L (2 L 0 SRy
https: //github.com/menggf/transgeneR/) . & f T
AT J5 3 A B A 0 e 500, BRI 4 5 DR 0 O A R T
PG T mH HA A% — REEUE RO
SR i 3 A R B TR EE 4K S 4, TransgeneR 57
R0 B A G R AR o3 BEAT o3 B L B B — 20 1 B A R
iy th Ay RIS SR R W] DL H Bl ) A 2D TR
G50 I WP 2D IR O 2 AT .

PPAR 25 S B, TransgeneR 78 % 42 #5481 5 K 41
J¥ 5 RS 645 0 S LA 8 of i BT AR DNA
5 RS AR AL S T T ES A AR GF A R B . Transgen-
eR E &l Ak, vT AR 4 — 72 50 A o i Joe 2 &5
X 86 R e L 45 V) E] read (B TN A A FEL G
read 43 A LA B B0 X 48 19 DNA & 241k . SR T, A8
DNA 54 1 52 2% 15 000 1T R 2 5 308 52 10 T . 8
I 5 4% X I read 20 A 77 76 I 25, 5 8O A7 7
Ml — £ 3 > 1 22 B2 OE 1AM DNA 5 0 i o 76
V20T T8N TITEAE A GBS 2] ol SE 19 2538 .
fE B X FF, TransgeneR iy th #& fik 7 — 2L A B [
B AL HEIZ T AT 00 R B A B read 1 5L
42T Ak



1416 B Rl K2244% Vol. 31 No. 18 Sept. 2025

XA R A AL e W) 2 o %5 5 AR DNA 2 47 1 5
DA A B 3 o BRI, 3K — SR I 3 F Ho At
5 DNA B S AH A RIS o Horh—A> i) 5 2 700000 i
J2 B R A v R o R A . X T DA B ek —
e SRR SEEL, DL JE 2 bowtie2 X 7 2k B 4H P 45
[T 7 S oV ¢ O = N (1 31 S SN o 1 |
TransgeneR 1] UL f T HBV % & M & 4 F 7 19
R

SR TransgeneR T H Y T4 /1, JF H HAE B ™
A2 B TauD35 /) B (9 37 38 i WGS FiIE T PCR
(7 W80 5E T Chrd *F A9 hMAPT i A7 85, {0 877
FE— 5 1 Ja BR A - (1) T0I0 79 437 5 3% A 3l 2ok At
AT LB IR, AN Y A0 R S v B b A
HE PRV A A AL A 5 R D) F read , SR 8 NGS R
B DA RIS 7 4 AL a5 (2) R X 3 5 4 DNA Y 1
T2 3 PR A 6 3k 7K P B H 4 3 TR 4 3R Y R i) ok
17 L8 531 5 (3) TransgeneR Xf F & 4 A 56 K 4 &
52X I AR A SR T R R ST AL  W
Pt 45 3 0 A R L R R I T 98 4 A D 3

L ] 25

VR TR E Ui ] .

2R U T U R R O RS OB S o T < R
e A S LT A e S, SR PR 2 9%

BT e AR TE R 25 i R K&

5% 3Lk

1 Dunn DA, Pinkert CA, Kooyman DL. Foundation re-
view: Transgenic animals and their impact on the drug
discovery industry [J]. Drug Discov Today, 2005, 10:
757-767.

2 Shakweer WME, Krivoruchko AY, Dessouki SM, et
al. A review of transgenic animal techniques and their ap-
plications[J]. J Genet Eng Biotechnol, 2023, 21: 55.

3 Yoshiki A, Ballard G, Perez AV. Genetic quality: A
complex issue for experimental study reproducibility [J].
Transgenic Res, 2022, 31: 413-430.

4  Eppig JT, Motenko H, Richardson JE, et al. The inter-
national mouse strain resource (IMSR) : Cataloging
worldwide mouse and ES cell line resources[J]. Mamm
Genome, 2015, 26 448-455.

5  Yoshithara M, Sato T, Saito D, et al. A deletion in the
intergenic region upstream of Ednrb causes head spot in
the rat strain KFRS4/Kyo [J]. BMC Genet, 2017,
18:29.

10

11

12

13

14

15

16

17

18

19

Goodwin LO, Splinter E, Davis TL, et al. Large-scale
discovery of mouse transgenic integration sites reveals
frequent structural variation and insertional mutagenesis
[J]. Genome Res, 2019, 29:494-505.

Desfarges S, Ciuffi A. Viral Integration and consequenc-
es on host gene expression [M]. Viruses: Essential
Agents of Life, 2012, 25:147-175.

Wu P, Ma D, Wu P. Oncogenic virus integration: Mov-
ing toward clinical applications [J]. Med, 2023, 4:
347-352.

Pollicino T, Caminiti G. HBV-integration studies in the
clinic: Role in the natural history of infection[J]. Virus-
es, 2021,13: 368.

Levrero M, Zucman-Rossi J. Mechanisms of HBV -in-
duced hepatocellular carcinoma [J]. J Hepatol, 2016,
64: S84-S101.

Jiang Y, Han QJ, Zhao HJ, et al. The mechanisms of
HBV-induced hepatocellular carcinoma[J]. J Hepatocell
Carcinoma, 2021, 8: 435-450.

Abdelhamed W, El-Kassas M. Hepatitis B virus as a
risk factor for hepatocellular carcinoma: There is still
much work to do[ J]. Liver Res, 2024, 8: 83-90.
Schwarzacher T. Fluorescent in situ hybridization to de-
tect transgene integration into plant genomes[J]. Meth-
ods Mol Biol, 2009, 478: 227-246.

Chen S, Evans GA. Use of polymerase chain reaction
for screening transgenic mice [J]. Methods Mol Biol,
1993, 15: 75-80.

Hernandez M, Pla M, Esteve T, et al. A specific
real-time quantitative PCR detection system for event
MONS10 in maize YieldGard based on the 3'-transgene
integration sequence [J]. Transgenic Res, 2003, 12:
179-189.

Cain-Hom C, Splinter E, Min MV, et al. Efficient map-
ping of transgene integration sites and local structural
changes in Cre transgenic mice using targeted locus am-
plification[ J]. Nucleic Acids Res, 2017, 45: e62.
Calabria A, Leo S, Benedicenti F, et al. VISPA: A
computational pipeline for the identification and analysis
of genomic vector integration sites [J]. Genome Med,
2014, 6: 67.

Spinozzi G, Calabria A, Brasca S, et al. VISPA2: A
scalable pipeline for high-throughput identification and an-
notation of vector integration sites[ J]. BMC Bioinformat-
ics, 2017,18: 520.

Lambirth KC, Whaley AM, Schlueter JA, et al. Con-

trails: A tool for rapid identification of transgene integra-



ZE WG4 TransgeneR:FE T I P50 A& BB N 413 & A Ry — o X T H 1417

20

21

22

23

24

tion sites in complex, repetitive genomes using
low-coverage paired-end sequencing [J]. Genom Data,
2015, 6: 175-181.

Xu HD, Jia PL, Zhao ZM. DeepVISP: Deep learning
for virus site integration prediction and motif discovery
[J]. Adv Sci (Weinh), 2021, 8: 2004958.

Scott S, Hallwirth CV, Hartkopf F, et al. Isling: A tool
for detecting integration of wild-type viruses and clinical
vectors[J]. J Mol Biol, 2022, 434:167408.

Cameron DL, Jacobs N, Roepman P, et al. VIRUS-
Breakend :
breakends|[ J]. Bioinformatics, 2021, 37: 3115-3119.

Stephens Z, O'Brien D, Dehankar M, et al. Exogene:

Viral integration recognition using single

A performant workflow for detecting viral integrations
from paired-end next-generation sequencing data [J].
PLoS One,2021,16: e0250915.

Meng GF, Xu H, Lu D, et al. Three-dimensional chro-

matin architecture datasets for aging and Alzheimer's dis-

25

26

27

28

29

ease[ J]. Sci Data 2023, 10: 51.
Hayut SF, Bessudo CM, Levy AA. Targeted recombi-
nation between homologous chromosomes for precise
breeding in tomato[ J]. Nat Commun, 2017, 8: 15605.
Morgan M, Anders S, Lawrence M, et al. ShortRead:
A bioconductor package for input, quality assessment
and exploration of high-throughput sequence data [J].
Bioinformatics, 2009, 25: 2607-2608.
Langmead B, Salzberg SL. Fast gapped-read alignment
with Bowtie 2[ J]. Nat Methods, 2012: 9: 357-359.
Huang WC, Li LP, Myers JR, et al. ART: A
next-generation sequencing read simulator [J]. Bioinfor-
matics, 2012, 28: 593-594.
Meng GF, Tan Y, Fan Y, etal. TSD: A computation-
al tool to study the complex structural variants using
pacbio targeted sequencing data [J]. G3 (Bethesda) ,
2019, 9: 1371-1376.
[AxHig] &

REHE KaeH



