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6XEMHFWV�DQG�PHWKRGV��The�gene�encoding�the�Sleeping�Beauty�(SB)�transposase�protein�was�ampli¿ed�
from�the�DNA�template�plasmid�pSB100X�using�PCR.�The�PCR�product�was�then�directly�puri¿ed�using�the�
QIAquick�PCR�Puri¿cation�Kit�(Qiagen).�In�vitro�transcription�of�mRNA�was�performed�using�T7�polymerase�
�1HZ�(QJODQG�%LRODEV��ZLWK�RSWLPL]HG� LQFXEDWLRQ�WLPHV�RI���KRXUV����KRXUV��DQG����KRXUV��DQG�YDU\LQJ�
enzyme�concentrations�of�10�U,�30�U,�and�100�U�to�determine�optimal�conditions.�The�¿nal�mRNA�product�
was�puri¿ed�and�subjected�to�Sanger�sequencing�at�Macrogen�(Seoul,�South�Korea).
5HVXOWV�� In�vitro� transcription� for� 2� hours� produced� a�signi¿cantly� higher� yield� of�mRNA�encoding� the�
SB100X�protein�compared�to�reactions�conducted�for�30�minutes�or�1�hour�(p�<�0.05).�The�resulting�mRNA�
appeared�as�a� distinct,� speci¿c� band� corresponding� to�an� approximate� size�of� 1,200�bp.� The� optimal�
amount�of�T7�polymerase�for�each� transcription�reaction�was�determined�to�be�30�U.�After�puri¿cation,�
WKH�WUDQVFULEHG�P51$�ZDV�VXEMHFWHG�WR�6DQJHU�VHTXHQFLQJ�DW�0DFURJHQ��6HRXO��6RXWK�.RUHD���\LHOGLQJ�D�
speci¿c�band�of�approximately�1,200�bp�with�a�sequence�that�was�completely�accurate.
&RQFOXVLRQ��P51$�HQFRGLQJ�WKH�6%�WUDQVSRVDVH�ZDV�VXFFHVVIXOO\�SURGXFHG�ZLWK�KLJK�SXULW\�DQG�FRUUHFW�
VHTXHQFH��XVLQJ����8�RI�HQ]\PH�DIWHU����KRXUV�RI�LQ�YLWUR�WUDQVFULSWLRQ�
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7KH� XVH� RI� 7� O\PSKRF\WHV� HQJLQHHUHG� WR�
express� chimeric� antigen� receptors� (CARs)� to�
GLUHFW� WKH� LPPXQH� UHVSRQVH�DJDLQVW� FDQFHU� FHOOV��
NQRZQ�DV�&$5�7�FHOO� LPPXQRWKHUDS\��KDV� VKRZQ�
remarkable�eႈcacy�in�patients�with�refractory�B-cell�
PDOLJQDQFLHV�>�@��,Q�WKLV�WKHUDS\��7�FHOOV�DUH�LVRODWHG�
from�the�patient�and�genetically�modi¿ed�to�express�
anti-CD19� CARs,� enabling� targeted� treatment� of�
pediatric� patients� with� acute� B-cell� lymphoblastic�
leukemia�and�B-cell�lymphomas.

5HFHQWO\�� UHJXODWRU\� DJHQFLHV� LQ� WKH� 8QLWHG�
States,� the� European� Union,� and� Japan�
have� approved� and� commercialized� CAR-T�
FHOO� WKHUDSLHV� WDUJHWLQJ� &'���� PDUNLQJ� D�
VLJQLILFDQW� PLOHVWRQH� LQ� WKH� DSSOLFDWLRQ� RI� FHOO�
and� gene� therapies� in� human� healthcare� [2].�
CAR-T� cell�manufacturing�processes�are� being�
GHVLJQHG� WR� PHHW� LQFUHDVLQJ� GHPDQG� ZKLOH�
UHGXFLQJ� SURGXFWLRQ� WLPH� DQG� FRVW�� $PRQJ�

these� approaches,� the� Sleeping� Beauty� (SB)�
WUDQVSRVRQ� V\VWHP� UHSUHVHQWV� D� SURPLVLQJ�
PHWKRG�IRU�JHQHWLF�PRGLILFDWLRQ�RI�7�O\PSKRF\WHV��
In�this�context,�plasmid�DNA�is�commonly�used�
DV�D�VXEVWUDWH�IRU�JHQH�WUDQVIHU�LQWR�FHOOV��HLWKHU�
via� viral� vectors� or� transposon-transposase�
V\VWHPV�>�@�

7UDQVSRVRQV� DUH� GXDO� JHQHWLF� HOHPHQWV�
FRQVLVWLQJ� RI� RQH� SODVPLG� FDUU\LQJ� WKH� JHQH�
RI� LQWHUHVW� DQG� DQRWKHU� SODVPLG� HQFRGLQJ� WKH�
WUDQVSRVDVH� HQ]\PH�� +RZHYHU�� WKH� SHUVLVWHQFH�
of� the� plasmid� expressing� transposase� in�
WUDQVIHFWHG�FHOOV�FDQ�OHDG�WR�XQGHVLUHG�KRPRORJRXV�
UHFRPELQDWLRQ� HYHQWV�� SRWHQWLDOO\� UHVXOWLQJ� LQ�
SK\VLRORJLFDO�DOWHUDWLRQV�RI�WKH�FHOOV�>�@��7R�PLWLJDWH�
WKLV� LVVXH�� P51$� HQFRGLQJ� WKH� WUDQVSRVDVH� FDQ�
EH�XVHG� LQ� WUDQVIHFWLRQ�SURFHGXUHV�� ,Q�DGGLWLRQ� WR�
eliminating�the�need�for�transcription-thus�enabling�
rapid� protein� expression� following� transfection-
P51$�GRHV�QRW�HQWHU�WKH�FHOO�QXFOHXV��0RQMH]L�DQG�
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colleagues�(2017)�were�pioneers�in�applying�mRNA�
and� minicircle� DNA� for� the� generation� of� CAR-T�
FHOOV�>�@�

%DVHG� RQ� WKH� DERYH� UDWLRQDOH�� ZH� FRQGXFWHG�
WKLV� VWXG\� ZLWK� WKH� REMHFWLYH� RI� SURGXFLQJ� P51$�
encoding� SB� transposase� as� an� alternative� to�
SODVPLG�'1$�VXEVWUDWHV�LQ�WUDQVIHFWLRQ�SURFHGXUHV�
for�CAR-T�cell�generation.
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-� Subjects:� the� pSB100X� vector;� primer� pairs�
synthesized�by�Macrogen�(South�Korea),�including�
primers� for� gene� ampli¿cation,� clone� screening,�
and�sequencing�(Table�1).

7DEOH����6HTXHQFHV�RI�SULPHU�SDLUV�XVHG�LQ�WKH�VWXG\

EŽ͘ 3ULPHU�1DPH 6HTXHQFH���¶��¶� 3XUSRVH

�
T7Pro-SB100-�
V40pAN-F &**$$77$$7$&*$&7&$&7$7$** Ampli¿cation�of�SB100�gene

2 T7Pro-SB100-�
V40pAN-R 7*77*77$$&77*777$77*&$*&

Ampli¿cation�and�
sequencing�of�SB100�gene

� SB100-seq-F ***$&7$*7$&&$7***$$$ Sequencing�of�SB100�gene
� ybbW-401-F 7*$77**&$$$$7&7**&&* Ampli¿cation�of�(��FROL�ybbW�

JHQH� ybbW-611-R *$$$7&*&&&$$$7&*&&$7

-� Equipment:� thermal� cycler� for� 96� samples�
(Eppendorf,� Germany);� gel� imaging� system�
(Gensnap,� USA);� horizontal� mini-DNA�
electrophoresis� apparatus� (CBS�Scienti¿c,�USA);�
NanoDrop� 2000� spectrophotometer� (Thermo�
Fisher,� USA);� thermoshaker� (Eppendorf,� USA);�
centrifuge� (Eppendorf,� Germany);� vortex� mixer�
(Rotolab,� OSI);� various� micropipettes� (Gilson,�
France;�Biohit,�Finland).

-� Reagents� and� chemicals:� PCR� product�
puri¿cation� kits:� QIAquick� PCR� Puri¿cation� Kit�
(Qiagen);� RNA� puri¿cation� kit:� RNeasy� Mini� Kit�
�4LDJHQ��� (OHFWURSKRUHVLV� UHDJHQWV�� DJDURVH��
Tris-base,� acetic� acid,� EDTA,� High� Ranger� 1kb�
DNA� Ladder� (Norgen).� Enzymes:� GoTaq®� DNA�
Polymerase,�SuperScript� III�RT/Platinum�Taq�Mix,�
7��51$�3RO\PHUDVH��51DVH�,QKLELWRU�

�����0HWKRGV

-� Method� for� amplifying� the� gene� encoding�
SB100� protein:� the� gene� encoding� the� SB100�
protein� was� ampli¿ed� from� the� DNA� template�
plasmid� pSB100X,� following� the� PCR� reagent�
FRPSRVLWLRQ� DQG� SURWRFRO� UHFRPPHQGHG� E\� WKH�
manufacturer.� The� pSB100X� vector� and� primer�
pairs�were�provided�by�Macrogen�(South�Korea),�
including� primers� for� gene� ampli¿cation,� clone�
screening,�and�sequencing.

-�Direct�puri¿cation�of�PCR�products:�The�PCR�
product� was� directly� puri¿ed� using� the� QIAquick�
PCR� Puri¿cation� Kit� (Qiagen)� according� to� the�
manufacturer’s�protocol.�The�puri¿ed� product�was�
subsequently� used� as� the� template� for� in� vitro�
WUDQVFULSWLRQ�

-� In� vitro� transcription� method� for� mRNA�
V\QWKHVLV�

,Q� YLWUR� WUDQVFULSWLRQ� RI� P51$� ZDV� FDUULHG� RXW�
XVLQJ�7��SRO\PHUDVH�DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU¶V�
LQVWUXFWLRQV� �1HZ� (QJODQG� %LRODEV��� 7KH� UHDFWLRQ�
time�was�optimized�at�2�hours,�6�hours,�and�15�hours.�
$GGLWLRQDOO\��WKH�DPRXQW�RI�7��SRO\PHUDVH�XVHG�ZDV�
RSWLPL]HG�DW����8�����8��DQG�����8��7KH�LQFXEDWLRQ�
GXUDWLRQV� DQG� HQ]\PH� FRQFHQWUDWLRQV� IRU� HDFK�
WUDQVFULSWLRQ�UHDFWLRQ�ZHUH�HYDOXDWHG�DQG�RSWLPL]HG�
using� RT-PCR,� with� reaction� components� listed� in�
Table�2,�following�the�manufacturer’s�protocol.
7DEOH����57�3&5�UHDFWLRQ�FRPSRQHQWV

&RPSRQHQW 9ROXPH

2X�Reaction�Mix 25�µl

Forward�primer�SB100-seq-F�10�µM� 1�µl

Reverse�primer�T7Pro-SB100-
SV40pAN-R�10�µM 1�µl

SuperScript�III�RT/Platinum�Taq�Mix 1�µl

51$ 5�µl

Water Up�to�25�µl

-� Data� analysis:� statistical� analyses� were�
performed� using� SPSS� version� 26.0.� Variables�
DUH� SUHVHQWHG� DV� PHDQ� DQG� VWDQGDUG� GHYLDWLRQ�
(SD).�The� Kruskal–Wallis� test� and�Mann–Whitney�
U� test� were� used� to� assess� diႇerences� between�
two�or�more� independent� groups�with� non-normal�
distributions.�p�<� 0.05�was�considered�statistically�
signi¿cant.
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7DEOH� ��� 3&5� SULPHU� UHDFWLRQ� PL[� IRU�
H[SHULPHQWDO�XVH

&RPSRQHQW 9ROXPH

5X�Colorless�GoTaq�Reaction�Buႇer 5�µl
MgCl2�25�mM 2�µl
G173V����P0 0.5�µl
GoTaq�5�U/µl 0.125�µl
Forward� primer� T7Pro-SB100-
SV40pAN-F�10�µM� 0.5�µl

Reverse� primer� T7Pro-SB100-
SV40pAN-R�10�µM 0.5�µl

'1$ 5�µl
Water Up�to�25�µl

���5(68/76

-�PCR�ampli¿cation�results�of�the�gene�encoding�
SB100�protein:

The� gene� region� encoding� the� SB100�
SURWHLQ� ZDV� DPSOLILHG� E\� 3&5� DV� GHVFULEHG�
LQ� WKH� 0HWKRGV� VHFWLRQ�� 7KH� UHVXOWV� VKRZHG�
a� clear,� distinct� band� of� approximately� 1,200�
ES�� FRQVLVWHQW� ZLWK� WKH� WKHRUHWLFDO� VL]H�� 1R�
nonspecific�products�were�observed� (Figure�1).�
7KLV�LQGLFDWHV�WKDW�WKH�3&5�SURGXFW�ZDV�RI�KLJK�
purity�and�suitable�for�direct�use�in�subsequent�
LQ�YLWUR�WUDQVFULSWLRQ�UHDFWLRQV�

Figure�1.�A:�PCR�ampli¿cation�result�of�the�gene�
HQFRGLQJ�6%����SURWHLQ�����3&5�SURGXFW�RI�WKH�
6%����FRGLQJ�JHQH�����+LJK5DQJHU���NE�'1$�

/DGGHU�±�1RUJHQ���%��6L]H�UHIHUHQFH�VFDOH�RI�WKH�
+LJK5DQJHU���NE�'1$�/DGGHU��1RUJHQ��

-�,Q�YLWUR�transcription�results�of�SB100�mRNA:
P51$� ZDV� V\QWKHVL]HG� WKURXJK� DQ� LQ� YLWUR�

WUDQVFULSWLRQ�UHDFWLRQ�XVLQJ�7��SRO\PHUDVH��7KH�51$�
HOHFWURSKRUHVLV� UHVXOWV� DIWHU� WKH� UHDFWLRQ� VKRZHG�
that,� following� 2� hours� of� LQ� YLWUR� WUDQVFULSWLRQ�� D�
speci¿c�product�band�was�observed,�corresponding�
to�the�theoretical�size�of�approximately�1,200�bp.�

)LJXUH����$��,Q�YLWUR�WUDQVFULSWLRQ�UHVXOW�
RI�6%����P51$�DIWHU����KRXUV�����,Q�YLWUR�

WUDQVFULEHG�6%����P51$�����+LJK5DQJHU���NE�
'1$�/DGGHU���1RUJHQ���%��6L]H�UHIHUHQFH�VFDOH�RI�

WKH�+LJK5DQJHU���NE�'1$�/DGGHU��1RUJHQ��

7DEOH� ��� 2SWLPL]DWLRQ� UHVXOWV� RI� LQ� YLWUR�
WUDQVFULSWLRQ� GXUDWLRQ� IRU� P51$� H[SUHVVLQJ�
6%���;�SURWHLQ

51$�'1$�

<LHOG���J��J�
7LPH

����KRXU��� ��KRXU��� ��KRXU���

7ULDO�� ���� 22.0 31.2
Trial�2 ���� 22.9 ����

7ULDO�� ���� 21.3 30.6

�±�SD
�����

������
22.07�
������

������

��0.32
S S1-3�<�0.05;�p2-3�<�0.05

7KH�UHVXOWV�RI�WKH�WUDQVFULSWLRQ�WLPH�RSWLPL]DWLRQ�
experiment� showed� that� the� 2-hour� in� vitro�
transcription�produced�a�signi¿cantly�higher�yield�
compared� to� the� 30-minute�and�1-hour� reactions�
(p�<�0.05).

7KH� DPRXQW� RI� 7�� SRO\PHUDVH� XVHG� SHU�
UHDFWLRQ�ZDV�RSWLPL]HG��7KH� UHVXOWV� LQGLFDWHG� WKDW�
transcription� eႈciency� reached� saturation� at� an�
HQ]\PH�FRQFHQWUDWLRQ�RI����8�SHU�UHDFWLRQ�
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7DEOH����2SWLPL]DWLRQ�UHVXOWV�RI�7��SRO\PHUDVH�

HQ]\PH�DPRXQW�XVHG�IRU���LQ�YLWUR�WUDQVFULSWLRQ�
UHDFWLRQ

51$�'1$�
<LHOG���J��J�

7��3RO\PHUDVH�DPRXQW���J��J�

��8 ��8 ���8

7ULDO�� 22.4 31.2 31.2
Trial�2 24.1 32.5 ����

7ULDO�� 23.1 ���� 32.5

�±�SD
23.20�
������

������

��0.66
����

������
-�RT-PCR�analysis�results�of�LQ�YLWUR�WUDQVFULEHG�

SB100�mRNA:

After�puri¿cation,�the�in�vitro�transcribed�product�
was� used� as� a� template� for� RT-PCR� using� the�
speci¿c� primer� pair� SB100-seq-F� and� T7Pro-
SB100-SV40pAN-R.�The� result�showed�a�distinct,�
speci¿c�band�of�approximately�1,200�bp.

)LJXUH����57�3&5�DQDO\VLV�RI�LQ�YLWUR�WUDQVFULEHG�

6%����P51$������57�3&5�SURGXFW�RI�LQ�YLWUR�

WUDQVFULEHG�6%����P51$�����1HJDWLYH�57�3&5�

FRQWURO�����+LJK5DQJHU���NE�'1$�/DGGHU��1RUJHQ��

-�Sequencing�results�of�the�SB100�RT-PCR�product:
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)LJXUH����6HTXHQFLQJ�UHVXOWV�RI�WKH�6%����57�3&5�SURGXFW�

After� direct� puri¿cation,� the� PCR� product� was�
sequenced�at�Macrogen�(Seoul,�South�Korea).�The�
sequencing� results� con¿rmed� that� the� obtained�
mRNA� had� a� completely� accurate� sequence�
(Figure�4).

���',6&866,216

The�transposition�process�in�the�Sleeping�Beauty�
(SB)�system�involves�a�cut-and-paste�mechanism,�
LQ� ZKLFK� WKH� WUDQVSRVRQ� HOHPHQW� PRYHV� IURP�
RQH� '1$� PROHFXOH� WR� DQRWKHU�� ,QWHJUDWLRQ� RI� WKH�
WUDQVSRVRQ� LQWR� WKH� KRVW� FKURPRVRPH� IRUPV� WKH�
EDVLV� IRU� WKH� VWDEOH� PDLQWHQDQFH� RI� WUDQVJHQHV�
in� genetically� modi¿ed� cells� and� organisms.� In�
2009,�Mátés� et� al.� described� an�mRNA� encoding�
a� hyperactive� variant� of� the� SB� transposase� [6].�
In�2011,�Jin�Z�et�al.�referenced�SB100�mRNA�in�a�

VWXG\��VXJJHVWLQJ�WKDW�LW�LV�UHVSRQVLEOH�IRU�HQFRGLQJ�
the�SB�transposase�[7].

7KH�VWXG\� UHVXOWV�VKRZHG� WKDW� WKH�JHQH�UHJLRQ�
encoding� the� SB100� protein,� ampli¿ed� by� PCR,�
produced�a�clear�and�distinct�band�of�approximately�
1,200�bp,�consistent�with� the� theoretical�size,�with�
no� nonspeci¿c� products� observed.� This� indicates�
WKDW�WKH�3&5�SURGXFW�ZDV�RI�KLJK�SXULW\�DQG�VXLWDEOH�
IRU� GLUHFW� XVH� LQ� LQ� YLWUR� WUDQVFULSWLRQ� UHDFWLRQV��
P51$�ZDV�V\QWKHVL]HG�WKURXJK�LQ�YLWUR�WUDQVFULSWLRQ�
XVLQJ�7��SRO\PHUDVH��51$�HOHFWURSKRUHVLV� UHVXOWV�
revealed� a� speci¿c� product� band� consistent� with�
the� theoretical� size� (approximately� 1,200� bp).�
Optimization� of� transcription� duration� showed�
that� the� 2-hour� reaction� produced� a� signi¿cantly�
higher�yield�compared�to�the�30-minute�and�1-hour�
reactions�(p�<�0.05).�Furthermore,�the�amount�of�T7�
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SRO\PHUDVH�XVHG�SHU�UHDFWLRQ�ZDV�DOVR�RSWLPL]HG��
The� results� indicated� that� transcription� eႈciency�
SODWHDXHG�DW�DQ�HQ]\PH�FRQFHQWUDWLRQ�RI����8�SHU�
reaction.�However,�the�in�vitro�transcription�eႈciency�
REVHUYHG� LQ� WKLV� VWXG\� GLG� QRW� UHDFK� WKH� OHYHO�
UHSRUWHG�E\�WKH�PDQXIDFWXUHU��1HZ�(QJODQG�%LRODEV��
E2040S).� This� discrepancy� may� be� due� to� the�
nature�of�the�DNA�template,�which�can�signi¿cantly�
aႇect�the�reverse�transcription�eႈciency�of�T7�RNA�
polymerase�[8,�9].�After�direct�puri¿cation,�the�PCR�
product�was�sequenced�at�Macrogen�(Seoul,�South�
Korea),�and�the�sequencing�results�con¿rmed�that�
WKH� REWDLQHG� P51$� KDG� D� FRPSOHWHO\� DFFXUDWH�
sequence.

0XOWLSOH�VWXGLHV�KDYH�GHPRQVWUDWHG� WKDW�P51$�
can�serve�as� an�eႇective�alternative� to�DNA�as�a�
source�of�SB�transposase�targeting�cells�and�tissues�
LQ� WKH� ERG\��$OWKRXJK� 51$�PD\� XQGHUJR� UHYHUVH�
WUDQVFULSWLRQ� IROORZHG� E\� F'1$� LQWHJUDWLRQ�� WKLV�
RFFXUUHQFH�LV�UDUH��PDNLQJ�51$�D�VDIHU�DOWHUQDWLYH�
WR�'1$�DV�D�WUDQVSRVDVH�VRXUFH�IRU�JHQH� WKHUDS\�
applications.�These�¿ndings�are�consistent�with�the�
study�by�Wilber�A�et�al.�(2006),�which�proposed�the�
ODERUDWRU\�SURGXFWLRQ�RI�P51$�DV�D�SRWHQWLDO�IXWXUH�
VRXUFH�RI�WUDQVSRVDVH�>��@�

���&21&/86,216

7KH� VWXG\� VXFFHVVIXOO\� SURGXFHG� P51$�
encoding�SB� transposase�using�30�U�of� enzyme�
after� 15� hours� of� in� vitro� transcription.� The� ¿nal�
P51$� SUHSDUDWLRQ� ZDV� IUHH� RI� FRQWDPLQDWLQJ�
DNA� and� was� veri¿ed� by� RT-PCR� and� Sanger�
sequencing,� con¿rming� that� the� sequence� was�
DFFXUDWH�DQG�FRQVLVWHQW�ZLWK�WKH�RULJLQDO�GHVLJQ�
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