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 4�細胞外微粒子を追跡する遺伝子制御分子 
 ～非コード RNA を操って生命現象を操る～ 

 長崎大学 大学院医歯薬学総合研究科（薬学系） 山吉  麻子  

 9�金ナノ粒子を用いた分子検出   
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第 45 回 国際核酸化学シンポジウム（ISNAC2018）、日本核酸医薬学会 生物セッシ
ョン 第３回サテライトシンポジウム、KUMP International Symposium 
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ŔĺÞ³²\įÙĪņĪŕĺĤĵšŞō²\ŋŝşSĲō�ĥįºVŊæ\Ť9ĳŕĸŀĤĭ�ĲŊşŋŊ
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1. ǗǆǠǕ  

ėǗ�Ŵ�ļįĭjoǖÊ�ğ#úǖĒĝsǑ×Ĵ�ÏŶǖĒĝǕµǩǦ×�Ǫƌ¦ǅƱǊǖ�Ʊ

	�joǖ2ǳ¨ǖĒĝ¨Ǒȕǿȉǵǖ×�Ǫ�ǋƲú�ƃ�>oĒĝ¨ȣ/�ȤǖSÛ�kº²Ʊ7ŀ

Ĳmŝ�ȣ÷ȡ	�jo º²ȤǖĒĝsƱ	�jo#yïŢ=oĒĝ¨ȣĖ�Ȥǖ��Bº²ȣ÷ȡÌ�

�Òjo º²ȤǖĒĝsǑƸǦƲŎ4�ƀ�ǖȕǿȉǵúáǖ�Ʊ2007�Ʊ�Ŵ�ļįĭjoǖÊ�ğ

#úǖĒĝsǛ8ºǒǅǐ§ǥƱÃ.ǕÂƽǉǐƌƹǋCěƾúR=oĒĝȞȃȢǖƴÛǕǔǎǋŜ»Ƶ

ǑƸǦƲ�ÀƱĽŘǗǡǍǨǫƱ¾ÈŘǖCěǡ&ǐƱȔǿǕËǋƼŕǪGǁǐėƾ\ĢǄǉǐƌǀ×�Ǫ

ƌ¦ǇǦǡǖǑƸǎǋƲǃǖǋǠƱĹ,ĹŤǕČ³ǲȑǬȢƾËǐÂƽǉǐƌǀǃǒĹ�ƾ.ǠǐǑƸǥƱ

jfǕlǅǀ¢éǅǋǃǒǪƔ¿ǕŋƻǐƹǦƲǊǖ�Ʊ2015�Ǖ�ŴjoĈĎȀȠȃȢǛðq*º²ǒ

ǅǐĂ:ǅȣG%ȦøoĒĝĘƱÉ��º²ȤƱǊǅǐ��ǖ3ÄǣǥƱjf�ŮǕǡƱ	�ǖž�joǕĒ

ĝsǪ°Ǐ×�Ǫƌ¦ǅǋƲŔŃŻřǖ�ÄǌǎǋƾƱ�ǡǔƼƱŔŃŻřǖ¾ƳǑƸǦƲdǕǚǏƽǤ

ǔƹ¾ǗëƹƲǁǧǓǡƱǃǧǞǑÕƳǔ,ŸǑ�
ǪǄǉǐƌǁǋǃǒǑƱ,ŸǖdǪţƻǦǋǠǖǱȌ

ȝǴȢǗƱƽǔǥ�ǀǔǎǋÕǕ�ƺƲǃǧǞǑǡƱǊǅǐ�ǖùbǑǡƱǃǍǤƾÈÛǑĒĝǖčśǪǇǧ

ǘƱǓǫǔľLǔ#úǡȣĺPäƹǃǒǕƱ!jǔ#úǝǓȤƱď¶Ǖ�ƻǐǀǌǄǦƲƸǒǗĹ,ØġǌƲ 

ėǗƱŲ�mǖ¡_ǪÏŶǕǣǎǐ1�ǇǦǒƹƺǹȠȀȒȈǕƓǉǤǧƱÏŶ>ĿſćǪŃǎǐƹǦƲ

ũ�ǗȃȠȏǵŢǪǹȢȉǅǔƹ RNA ȣƊǹȢȉRNAȤǖ×ĴǕjfǔàċƾƆǠǤǧǐƼǥƱĢıǡǃ

ǧǪÖĉǒǅǋÏŶ>ĿſćǪċ±ǅǐƹǦƲÈěǑǗƱƊǹȢȉRNAǪòƹ·ǏÏŶ>ĿſćǖĒĝ

ǒƱǊǖDDS¥āǕǏƹǐī�ǇǦƲ 

 

2. 9Îĉǔ  anti-miRÏŶǖőŎ±źǒǗȧ  

ƕ ȐȈŲ�mǖ&ŵ-ǪōŚǅǋȐȈǸȍȘȒȟǾǰǵȈǖ¤ÎǗƱúRĘoǔǤǙǕă Ýąǖ÷`Ǖ

jƿǔiǒå
Ǫ�ƻǋƲǒǥǩǁƱŲ�mǖƶć÷ƷǕƁǇǦ¡_ǗȀȠȈțȝȉǶȖǖfÁǄƻÜǠǦ;

ƹǑƸǦƲȃȠȏǵŢûúǕƁǩǦmRNAǗť)ǄǧǦ&RNAŹǖ 2 %Ǫ�UǥƱǊǖ� 98 %��Ǘȃ

ȠȏǵŢǪǹȢȉǅǔƹNon-coding RNAǑƸǦǃǒǡ¿ǤƽǒǔǎǐƹǦ1Ʋ 

ƕ Non-coding RNAǖ�ǑǡƱǒǥǩǁmicroRNAȣmiRNAȤǒQǘǧǦzǄǔ RNA ǕƒƹƁ�ƾvǉǤ

ǧǐƹǦƲmiRNAǗƱĪĳǖ,=ƱcÚƱ�ŞƱǭȕȈȢǽǿǔǓƱÓǠǐŷňǔúRá:Ǫ1�ǇǦ

non-coding RNAǑƸǦƲǝ�ƏŲ�mǖĨ 60% ��ƾmiRNA ǕǣǦć÷«1ǪGǁǐƹǦǒİƻǤ
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ǧǐƼǥƱmiRNAǖć÷Ă�ƾ

ĆǪǗǆǠǒǅǋÕƳǔă ǖ

CVǖȥǏǑƸǦǃǒƾđǤǧǐ

ƹǦ���Ʋ 

miRNAǗǊǧ@óǑ×Ĵǉ

ǈ Ʊ RISC ȣ RNA-induced 

silencing complexȤǒQǘǧǦȜ

ȔȋǵȞǲȒȟȇǮȠǪ�¤ǅǐ

.ǠǐǊǖ×ĴǪõ�ǇǦȣX

ȥ Ȥ Ʋ � Ļ ĉ ǔ anti-miRÏŶ

ȣmiRNAǕčņĉǕĬIǇǦÏ

ŶȤǗƱRISC�ǖmiRNAǕĬI

ǇǦǃǒǑƱRISCǖÖĉŲ�m

ǛǖĬIǻǮȈǕȑȃǪǅƱRISC

ǖ×ĴǪƄtǇǦǣƺǕ,mő

ŎǇǦǖƾ�âǑƸǥƱ÷ZǑ

ǗÕƳǔ=o Ɛƾ½Ǆǧǋanti-miRÏŶƾſćǄǧǐƹǦ���Ʋ 

ĢıǗƱRISCǖÖĉżŗş×ÔǕƼǁǦňǖ,mǑƸǦmiRNAǪRISCƽǤōƇǄǉǦǃǒǑƱRISC

ǖ×ĴǪp&ǕȍȆǵȄǯȠǇǦ¼ǅƹ×Ĵ�,mǖſćƾ+ËǦǖǑǗǔƹƽǒİƻǋƲRISCǕǗƱ

miRNAǖ5'ÇĠƾĬIǇǦa^�ȕǷȆȈȣPIWI-boxȤƾnZǅƱmiRNAǖ5'ÇĠǒPIWI-boxǒǖč��

üƾƱRISCá�ǕŷňǑƸǦǃǒƾ_OǄǧǐƹǦ8ȣX3ȤƲǊǃǑĢıǗƱǃǖč��üǪƄtǇǦǃǒǑƱ

RISCá�Ǫ1�+ËǦǖǑǗǔƹƽǒİƻǋƲ�ıǖč��üǪƄtǇǦȓȒȅȉȡǭȠȃǺȊǿȈ

ȣRINDA: RISC-inhibitor disturbing active site of RISCȤǪőŎǅƱmiRNAǒčņĉǔŵ-Ǫ°Ǐ2'-OMe

[RNAǖ3'ÇĠǕRINDAǪǹȠǾȚǸȢȈǅǋanti-miRÏŶȣRINDA-OligoȤǪI¤ǅǋȣX2Ʊ3ȤƲ

RINDA-Oligo ǖúĪĳħǕƼǁǦRISC×ĴƄt9ÎǪÑŏǅǋǒǃǨƱŶ�ǖǭȗȍŶÙ^ǪÅǇǦ

RINDA-OligoȣRINDA(EEE)-asȤǪüƹǋ`IǕmiRNA×Ĵ«19ÎƾM�ǇǦǃǒƾ¿Ǥƽǒǔǎǋ

ȣX4ȤƲǞǋƱǳȅǲȠ�ǖǭȗȍŶÙ

^ǪÅǇǦ  RINDA-Oligo ȣRINDA 

(KKK)-asȤǪüƹǋ`IǕǗƱǊǖ9

Îƾè{ǇǦǃǒǡŉƹ+ǄǧǋƲ�

�ǖĬÎǣǥƱŶ�ǖǭȗȍŶÙ^Ǫ

ǲȜǺȋǵȞǲȅȉǕy%ǇǦǃǒǑƱ

RISC×ĴƄt9ÎƾM�ǄǧǦǃǒ

ƾĔǄǧǋƲ 

ǃǖ÷šƾƱRINDA(EEE)-as 7

 �2RISC�!miRNA
\d�$

��47_D�#���5��%

O]�#��7�RINDA-Oligo � 

miRNA \ d A M %  in vitro 

: 1  miRNA �+-&$.#P[�`1<LJYOGE�miRNA
5�F��+-&$.# 6
�@�RISC�9����RNA�(
.*"Z�V73	����GS LJ��� 

microRNA duplex�

AGO�

RISC 
(RNA-induced silencing complex) 

DNA�

�	
�

��

microRNA����

����

�	
�Processing�

mRNA�	�

A(n)�

Ribosome�

m7G�m7G� A(n)�

�
���

microRNA�


����

�	
���

turnover�

turnover�

turnover�

��������
����
(RINDA-Oligo)�

RISC �� 
microRNA 		
��

RISC��������

: RINDA (RISC-inhibitor disturbing the active-site of RISC) �
�

(b)�

(a)�

RISC�

RISC�

microRNA�
RISC�


������� 
(ASO)�

: 2 miRNA RISC)�Xd���A�
 RISCGSa=H 
(a) ǭȠȅȀȠǿÏŶǕǣǦ�Ë[ǖ×ĴƄtß 
(b) RISCƽǤ miRNA ǪōƇǄǉǦ×Ĵ�ÏŶȣRINDA-OligoȤǪüƹǐ
RISCǖ×ĴǪp&ǕƄtǇǦƲ 
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Unloading Assay 7 "^=-�� 

��XM�RINDA(EEE)-as �0

/,.%(3)1'4--2


�
&3,+3*Na4S`-

2miRNA\dAM
10�15 % 

C6�#�4
K!�4����

5J�RINDA(KKK)-as�FB7

��miRNA\dAM�0/,.

%(3)1'4--2
�
&

3,+3*Na "20% ;7-

�����RINDA%H>-2


�
&3,+3*Na%T
�

FB7��RISC�!miRNA
\

d�#�4
[?�$�� :6

�XM "�miRNA�5’LW�

23aE4�PIWI-box8�LysRE4�

U9<T%cG�#�4
�RISCQY%

I@�#6�P�2bZ�	#�4


V�$�9� 

ƕ anti-miRÏŶƾRISC�ǖmiRNAǕĬ

Iǅǋ�ǖŮRǕƁǅǐǗƱÕƳǔŠŜ

ƾǔǄǧǔƾǤǡ¿ōǔōģƾǔƹñ£

ǌǎǋƲĢıǤǗanti-miRÏŶǕǣǎǐ

miRNAƾRISCƽǤōƇǇǦ÷šǪŉ+ǅ

ǋƲǄǤǕƱanti-miRÏŶǖmiRNAōƇ9

ÎǪ�ŭǇǦǃǒǑƱRISC×ĴƄt9Î

ƾM�ǇǦǃǒǡēŗǅǐƼǥ10, 11)ƱǃǧǤ

ǖđŉƽǤƱǃǧǞǑǒǗĂǔǎǋ�ü×

�ǕĞĶǅǋmiRNAƄt3ǖſćǡÆ�

ǄǧǦƲ 

 

3. ǱǵȂȂȢȘǕƅ�ǅǐĿïǪūůǇǦǽǿȇȘǖÔĤ  

�ŐƍċǑanti-miRÏŶǖ,mÔŬǖÃŰ=ǪŃǔǎǋ�ƱǱǵȂȂȢȘǕ(<ǄǧǦmiRNA

ȣexosomal-miRNAȤǖ×ĴƄtǪċ±ǅǋanti-miRÏŶǖDDS¥āſćǕĐ©ǅǋƲ 

ũ�ƱĆĪĳƾ,ÞǇǦǱǵȂȂȢȘǒQǘǧǦzĳƾƱĆǖťęǕƼƹǐŷňǔ�4ǪÎǋǇǃǒƾ

¿Ǥǒǔǎǋ12,13)ƲǱǵȂȂȢȘǗĆĪĳǪNǟǇǜǐǖĪĳƽǤ,ÞǄǧǦČ� 100 nmĚ�ǖzĳǑƸ

ǥƱmiRNAǔǓǖRNAƱDNAƱȃȠȏǵŢƾǊǖ�ǕNǞǧǦƲǒǥǩǁǱǵȂȂȢȘǕNǞǧǦmiRNA

ȣexosomal-miRNAȤǗƱĆǖťęǕǡäǀƁ�ǅǐƼǥƱ¼ǋǔÝąÖĉǒǅǐàċǄǧǐƹǦƲmiRNAǖ

�Ļĉǔ×ĴƄtßǒǅǐǗƱ#ŪǖÕǕanti-miRÏŶǪüƹǋ©ßƾ�âǑƸǦƾƱexosomal-miRNA
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:f� RISC)�� microRNA�Xd5D 
Yč�ǖ ƥơƦƟƕƝƕƛƚƕƪƬƭƫƘƕƧƥơƣƠƞƙƩƯƨƕƝƕƧƞƢƤƨƕƝƕƜƚƕƮƬƭƫƕƖƛƕ
ưƢƗƕ

: 3� RISC�miRNA��XRQBE^XCQDRINDA-Oligo �
E^ 

Fig. PIWI-box � X��

����1) 

PIWI-box � Lys���� 
�����	
���� 

RINDA-Oligo�
5’� 2’-O-methyl ��! ���

����!��

����������������� ��� ����

��

� ���


��	�� ���


��	�����

� ���


Table. microRNA � Argonaute �������	1) 

1)  Patel, et al., Nature, 2005, 434, 666-670 
 

Glu$Glu$Glu%

RINDA�

RISC�

microRNA�

3’�
P�
5’�

RINDA�
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ǗǱǵȂȂȢȘǕ(<ǄǧǐƹǦǋǠƱin vivo Ǖ¬�ǅǋ anti-miRÏŶƾexosomal-miRNA ǕǭǵȀǿ

ǇǦǖǗWƈǑƸǦƲǞǋũ�ƱǱǵȂȂȢȘǗ&ǐǖĪĳǢĸTǕFǥŨǞǧǦǖǑǗǔǀƱǊǖ9öǕ

±M�ƾƸǦǃǒƾŉ+Ǆǧǋ14,15)ƲðǕĆĪĳƽǤ¸+ǄǧǦǱǵȂȂȢȘǗťę#ĸTǕű®ĉǕFǥ

ŨǞǧƱ2ťęȊȆȅ�¤Ǖv�ǅǐƹǦǃǒƾ¿ǤƽǕǄǧǐƹǦ15ƲǃǖǋǠƱĆǪÐÝǇǦǋǠǕǗƱ

ĆĪĳýËǱǵȂȂȢȘƾFǥŨǞǧǦĪĳű®ĉǕĿ3ǪūůǇǦªńƾÜǠǤǧǦƲǅƽǅǔƾǤƱǱ

ǵȂȂȢȘGuĪĳű®ĉǔ DDSªńǗnZǅǔƹƲǊǃǑĢıǗƱǱǵȂȂȢȘŅƋ­CǪŗşǇǦ­

�ȣanti-Exo­�ȤǪĿïŦū¯�ǒǅǐ0üǇǦǃǒǑƱanti-miR ÏŶǖǱǵȂȂȢȘGuĪĳǛǖūů

ǒƱexosomal miRNA ǖ×ĴƄtǪr÷ǇǦ¼Ŋ­�ĬI[anti-miRÏŶȣExomiR-TrackerȤǖſćǪ

ŃǎǋȣX5ȤƲ 

ƕ Ł$Öşǅǋ ExomiR-Tracker Ǫ]ƑĪĳ�çǕæ7ǅ'ìêȞȢǼȢƎ�ŽǕǣǥŌwǅǋǒǃ

ǨƱǱǵȂȂȢȘŅƋȃȠȏǵŢǖƺǍƱƸǦȃȠȏǵŢǪ­CǒǇǦ­�ǪüƹǋExomiR-TrackerƾĪĳ

(Ǖy%ǄǧƱĪĳŢǕ}ZǇǦǃǒƾēŗǄǧǋƲǞǋƱĪĳ(ǕFǥŨǞǧǋÖĉmiRNAǕxǇǦ×

ĴƄt9ÎǪȝǽȑǰțȢȁȞȕȢȃȢǭȆ

ȀǮǕǣǥœ�ǅǋǒǃǨƱĪĳ(Ǖy%Ǆ

ǧǋExomiR-TrackerǗÖĉmiRNAǖ×Ĵ

Ǫŵ-ðĂĉǕƄtǇǦǃǒƾĔǄǧǋƲ

��ǖ9ÎǗ]ƑĪĳħǌǁǑǔǀƱ in 

vivo ǑǡēŗǄǧǋƲðĢǇǜƿǗƱ

ExomiR-Tracker ǖ in vivo ǕƼǁǦ:£

ǑƸǦƲ¯ƾǫȖǯǿǕ  ExomiR-Tracker 

Ǫ|Ɖĵ¬�ǅǋǒǃǨƱķĄǕű®ĉǕ

ƆĜǇǦǃǒƾ¿ǤƽǒǔǎǋƲǄǤǕƱ

ExomiR-Tracker ǗCćķĄǌǁǑǔǀƱť

ęķĄǛǡƆĜǇǦǃǒƾēŗǄǧǋȣX6ȤƲ

��ƱExomiR-TrackerǖĪĳ(y%×Ô

Ǣ�ü×�ǕǏƹǐƱǄǤǕŖĪǕōÍǅ

ǐƹǀ�qǑƸǦƲ 

 

4. ƼǩǥǕ  

ÈĢıǤǗƱÓ�ŹǑƒ�ǔ×ĴǪć´ǅƱú�

1 � ħ Ǖ j ƿ ǔ � 4 Ǫ Î ǋ ǅ ǐ ƹ Ǧ

exosomal-miRNAǪÖĉǒǅǋ×Ĵ�,mǖſćǕ

¤6ǅǋƲũ�ƱǱǵȂȂȢȘǪUEǅǋ�ƱÕƳǔ

,mǪ(<ǄǉǦǃǒǑDDSǒǅǐ0üǇǦĒĝƾĊ

ǫǕŃǩǧǐƹǦƾƱĢıǤǖſćǅǋ©ßǗǱǵȂ

ȂȢȘǪ@ƇȡĦŇǇǦ�ňƾǔǀƱ�(ǕČ³¬�

ǑƿǦǒƹƺêǕƼƹǐ�ĮǪĀǇǡǖǑƸǦƲǱǵȂ

ȂȢȘǕǗmiRNA�gǖ  non-codingRNA ǢƱ

mRNA ƱMMPǔǓǖȃȠȏǵŢƾNǞǧǐƼǥƱƾ : 6  ExomiR-Tracker �TKcN5D(�� 
\MTK��cN5D 

���
��

���
�	

�

��

: ���!"''0,b2>4;/AWUI]_$%),�
① ExomiR-Tracker Ǫ¬�Ʊ ②�ã�ȣǃǖXǑǗł�Ȥ
Ǖǐ ExomiR-Tracker ƾǱǵȂȂȢȘǕĬIƱ③ǱǵȂȂȢȘ
Ǖƅ�ǅǐ ExomiR-Tracker ƾGuĪĳǕFǥŨǞǧƱǱǵȂ
ȂȢȘƽǤ¸+Ǆǧǋ miRNA ǖ×ĴǪƄtǇǦ¥āǖÔĤ
Ǫċ±ǅǋƲ 
 

ExomiR-Tracker

����

����

��

��������
	
��
���
miRNA������

anti-miR

miRNA

�

�

miRNA
CD63CD81

CD9

エクソソーム

�

anti-miR�

anti-Exosome 
	��
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ǫ=Ǖv�ǇǦǡǖƾØƳǒ_OǄǧǐƹǦƲĢıǤǖſćǅǋ ExomiR-Tracker ǗƱanti-miRÏŶǑǔ

ǀƱmRNAǪ ÖĉǒǅǋǭȠȅȀȠǿÏŶƱsiRNAƱǭȒȃȖȢƱǄǤǕǗÏŶǌǁǑǔǀ�,m=IïǪ

y%ǇǦǃǒǡHĴǑƸǦƲ��Ʊexosomal-miRNA ǌǁǑǔǀƱǱǵȂȂȢȘǕ(<ǄǧǦÕƳǔ,mǪ

Öĉǒǅǋ¼Ŋ,mÖĉ>Ŀǖ5ŇǛǒć~ǄǉǐƹƿǋƹƲ 

 

5. Şŧ  

ÈěǑī�ǅǋĒĝ¤ÎǗƱ�Ŵ�ļįĭjoZĥÀǕÊ�ĒĝsǕǐƱǞǋƱ�ŴjoĈĎȀȠȃ

ȢZĥÀǕG%ĒĝsǑƸǦøoĒĝĘȡÉ�ĒĝsǕǐr½ǄǉǐƌƹǋǡǖǑǇƲ�ǞǧǋùbǕ

ƼƹǐĹýǕĒĝǪǄǉǐƌǀǃǒǪƼŒǅ�ǄǎǋÊ�ğ#úƱÉ��#úƱhǀǖǭȉȎǮǿǪ�Ǆǎ

ǋĒĝsșȠȎȢǕ�ǣǥ¢Şÿǅ�ǂǞǇƲðǕƱRINDAȓȒȅȉĬI[anti-miRÏŶſćǖĒĝǪî

�ǕŭǠǐǀǧǋÅJĩ�Aeȣ÷ȡþ?jo ð�8ºȤǕäǀ¢ŞƹǋǅǞǇƲǞǋƱÈĒĝǕµǩǎ

ǐ�Ǆǎǋ&ǐǖ'KĒĝıǕ¢Şÿǅ�ǂǞǇƲÃ�ǕƱ11�2ǕúR=oĒĝȞȃȢƴÛǕǔǦŜ»Ƶ

Ǖ\Ģǖ×�Ǫ�ƻǐ�ǄǎǋjƂ�Ğjoǖž�"#úƱǊǅǐ�UƱÈěǖ\Ģ×�Ǫ�ƻǐǀǌ

ǄǎǋíÈjo�oųǖ�C¹A#úǕäǀ�ĕÿǅ�ǂǞǇƲ 
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1. Ɛ ƻƨǃƹ  

Ɛ ¨spƹĔ�ƧƴȒ�ƟĮƲƯƕĂù�v2ŭƵƺv�N��ƔÈěĄpƔÔ
Š�pƔÿCvĖĞ

­ȍÿĖȎƵĖĞǍĿƲƴƠƯƟƔƭƺŵƹĂùùÿvƔĂCvƔ2ÕCvƶÜƖƸ2ŭƺĖĞƹ»ǌǊ

ƯƤƶƻƔĹ2ƺĖĞƺ�Ǎ�ƣǉ'#ƵƙƲƯƶSÊƹƔƤǊǇƺƷǊƟàƢƴǄ�ƺĹ2ƺĖĞǍĿƛ

ƤƶƻƵƠƸƞƲƯƶ©ƨƴƚǉƕ2004�ƞǇ�ťƹǄÿĖƺ:ĄǲǑǔ�vĖĞ{ƹ·ăƧƴƂƠƔƭǊ

ǁƵƺĖĞǍëƞƧƴǤȊǳǘŘƺÛţ�«ǍAƢǉ2tǞȂǺȉȊƺßĸŉÉǅƔǏȇǨǱǑǽȌĊƸ

ƷƺJ[ƶĵƜǇǊƴƚǉǏǾȉǑǬ0źƺĊÿȀǕǮǡǿǍÉǇƞƹƩǉĖĞǍŤǃƴƚƯƕ�ÅƵƔĖ

Ğ{ƵƻůǭǰĦtǍăƚƯØūÚ1ƺĖĞƟďǎƹĿǌǊƴƝǈƔƭǊǇǍÝĐƹņƸƟǇƔƫƲƞơ

:ĄĖƹƚǉƺưƞǇƔ�ƞůǭǰĦtĖĞƹŶǌǊǊƼƶ¤ƲƴƚƯƕƭǎƸƙǉƶƠƔÈěĄpƵǼǠ

ǬǘǍƧƴƚǉƶƠƹvǎư�2tŋðƺĵƜǍ�*ƩǉƤƶƵÄƧƚƤƶƟƵƠǉƺƵƻƶ¤ƚƳƚƯƕ 

 

2.Ɛ ůǭǰĦtǍăƚƯ2Õ  

Ɛ ǭǰȀȌǫȇǝǑǡƺůƺ�ĦtȍůǭǰĦtȎǍăƚ

Ư2ÕçƟéĐǍźǃƴƚǉ1, 2ƕǝǑǡƟđ�ÀǭǰȀ

ȌǫȇȚÀFǭǰȀȌǫȇƺůǭǰĦtƟ2¾ƧƯòì

ƻřļǍėƩƕƤǊƻƔŁƁƹ�`CƧƴƚǉǸȅǡȁ

ȊȍĹąŽtƺź\µBȎƶPŇƄcƺ)Ɵ,ƏƧƴ)

ǍUMƩǉƯǃƵƙǉƕƤƺ¥ŘƹǆǈƔOơƞǇůǭǰ

ĦtƻǖȅǠƺJÂƹîƬǉƸƷƺÅçƵǠǩȊǬǖȅ

ǠƸƷƺ�ļƹăƚǇǊƴƠƯƕƦǇƹš�ƵƻƤƺ¥ŘǍăƚƯÚ1ȋŏÃőĽƶƧƴƔǑǿǰǏǶǐǮǩ

ǐǘȉǽǫǙȅǶǐȌçƸƷƹ£ăƦǊƴƚǉƕ�ÅƔƸǎǇƞƺnĎƸŅ[ƹǆǈůǭǰĦtǍ0źƦƫǉ

ƶƔUMƩǉ)ƺèųƟųèų%ƹǞǶǫƧƴƔåòìƻřļƞǇĪļǄƧơƻžļƹmļƩǉȍ^1Ȏ3ƕƤ

ƺůǭǰĦtƺ2¾ȋ0źƹ�ƛļŔƺmCǍ8ăƧƴƔǤȊǳǘŘǅDNAƸƷƺĂ�2tƔů�ǑǔȊƔ

ÎßCRùƸƷƺÜƖƸ2tǍÚ1ƩǉǢȊǝȌǍÛĤƩǉőǂƟš�ďǎƹĿǌǊƴƚǉƕǤȌǚǧǫ

2tƹŚ[ƩǉòìƺļmCǍň~ƩǉƤƶƵƔĐŇƹǆǈĥ�ƹĐĎ2tǍÚ1ƩǉƤƶƟƵƠǉ8õ

Ɵƙǉƕ 

 

ȒȏƐ DNAŪ4�uĎƸůǭǰĦt0ź  

Ɛ ġĶƟ:ĄĖƹ*ƲƯƃƔw+ƹĒłƸ2ÒűDNAǍ±²ƧƯůǭǰĦtƟiu`�Ƶ0źƩǉƶƚƛ

ƁčƚþŗƟČņƦǊƴƚƯ4, 5ƕůǭǰĦtƹÑĠǦǔȌȇCȐÒűDNAǍǦǔȌȇfƶůŁƁƶƺį

Rƹǆǈ}ƹ_xCƩǉƕ1ÒűDNA_xCůǭǰĦtƻiu`�ƵǄ2¾ƩǉƟƔĒłĎƸŪ4ǍÎ

Ƈ.ēǍƝ

ƉƚƧǁƩƕ 

Au�

Au�Au�

����������

	
��	�

������
��

Au�

Au� Au�

� 1	:fg2��?\_`3��a�+WX
�&	�
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Ʃǉ1ÒűDNAǍ@Ɯ2ÒűǍ�«ƦƫǉƶƔiu`�

ƵǭǰĦt0źǍ�«ƧƯȍ^2Ȏƕ�ÅĺWíƚƤƶƹƔ

n%ÑĠƹǾǠǽǧǦƟĂƨǉǆƛƸ1ÒűDNAǍ@ƜƯ

hRƻĦtƺ0źƻŚƠƸƞƲƯƕƩƸǌƱƔw+Ē

łǍ�«Ʃǉ1ÒűDNAu`�ƵƺǂůǭǰĦtƺƀ

×Þ0źƟĂƨǉƕƤƺįÖƻƔůǭǰĦtòìƺļm

CƹǆǈƔ@ƜǉDNAǍŪ4�uĎƹÚ1ƵƠǉƤƶǍ

ėƧƔŨ�tŏÃƸƷƟPĸƹƸǉƤƶǍėƧƯƕÒĖ

ĞįÖƻƀ�ƹĺWíơƔĖĞ{ƵƻƤƺþŗƺȀǕ

ǮǡǿŉÉǅƔSþŗǍ8ăƧƯåŰÚ1ƸƷƺ£ă

ĖĞƟŤǃǇǊƴƚƯƕ�ÅƔÒþŗƹǆǈ1ÒűDNAǍÚ1ƧǆƛƶƩǉƶƔÀ~ÀFnMƺDNAǍ@Ɯǉ

¡ŅƟƙǈƔÚ1©�ƹZƆƟƙƲƯƕƭƤƵġĶƻǭǰĦt0źǍ�2tŋðƵƠǊƼDNAƺƎ©�

Ú1ƟzþƵƠǉƺƵƻƸƚƞƶĵƜƯƕ 

 

ȓȏƐ �2tŋð  

Ɛ š�ƔǤȊǳǘŘƸƷƺßĸƩǉĂ�2tǍ12tƵňðƵƠǉǆƛƹƸƲƯƤƶƵƔÜƖƸƤƶƟÄƯƹ

ÉǇƞƹƸƲƯƕ�2tŋðƺ8õƻ�ƹȒƳƙǉƕ�Ƴƻ�Óƺo2tƺ�a$ǍŔǀǉÅçƵƻ2

ƞǇƸƚƔ!Ɩƺ2tƺûªƺ�ĈƟÉǇƞƹƵƠǉƤƶƵƙǉƕL£ĩŦĚǍđ¸�2tȈǹȇƵň~

ƩǉƤƶƵƔ�ÓƺĂCvĎ®çƹǆǉo2tħƺzƍƞǇƻ2ƞǇƸƞƲƯL£�ŵ�ƸƷƟÉǇƞƹ

ƸƲƯƕǄƛ�Ƴƻ2tƺÛţmCƸƷƺǥǑǭǾǘǠƟ2ƞǉƤƶƵƙǉƕȁȌǤȌǤȊǳǘŘƵƙǉǗǯ

ǞȊǅǾǔǞȊ2tƟƷƺǆƛƹťBƧƴƚǉƞƺȁǪȇǄ�2tň~ƹǆǈ5ǃƴºÙƦǊƯƕƦǇƹ2

ÕCvĎňõƞǇŊƜƼƔ�2tň~ƹǆǈśƎ©�ðxƟPĸƹƸǉƕƗ�2tƘÚ1ƶƻƩƸǌƱƔ

1.7×10-24 molƺ2tǍÚ1Ƨƴƚǉƶƚƛ§WƵƻJÿĎƹÍǄƎ©�ƸÚ1Ƶƙǉƕ 

Ɛ ƭƤƵ¬ƖƻÍ�ƺ8õƹéĐƧƔůǭǰĦt0źǍ�2tň~ƧƴǅǊƼƔƎ©�ƹÚ1ƩǉƤƶƟ

ƵƠƔƽƚƴƻǤȌǚǧǫ2tƺśƎ©�Ú1ƟPĸƹƸǉƶĵƜƯƕƤƺĐĎƺƯǃƹÌŇŭƈ�ŲǍ

ăƚƯƕÌŇŭƈ�ŲƵƻǛȊǪȊǝȌƵİƲƯ)Ǎ÷�ƧƔǭǰĦtƞǇƺ¾	)ǍǑȀȌǟȊǙƩǉ

ȍ^3aȎ6ƕŇŭ�ƵǭǰĦtƙǉƚƻƭƺ0ź��ƳƽƶƳƺ¾	)��Ǎň~ƩǉƤƶƵƔǭǰĦt0

ź�ƺƎ©�Ú1Ɲǆƾ0źǍƝƤƩǤȌǚǧǫ2tƺƎ©�Ú1ǄPĸƹƸǉƶÐ�ƧƯƕ 

 

ȔȏƐ ůǭǰĦt0źƺ�2tŋðƹǆǉƎ©�DNAÚ1  

Ɛ đ�40 nmƺůǭǰĦtŁƁǍȐÒűDNAƵ ƊƧƔÜƖƸô�ƺĒłűDNAǄƧơƻÑĠmĈű

DNAƶȐÊŵǑȊǗȃǹȌǫƧƯƕƭƺ�6 µLǍǠȅǑǬǖȅǠƹó�ƧƔÌŇŭƈ�ŲǍăƚƴůǭǰĦt

0ź�ƺ�ƳƽƶƳƺ¾	��Ǎň~ƧƯƕǭǰĦtƟȁǰǽȌƞǇǔȆǜǽȌƶ«ųƩǉƹƳǊƔ�Ƴ

ƺňðõƹƝƢǉ)ƺ¾	��Ɵ�ơƸǈƔŞ�Ɵk@ƧƯȍ^3bȎƕŇŭ�Ƶ100!��ƺŞõƺ�Ƴ

ƽƶƳƹƳƚƴŞ�ǍxŮƧƔÝŝƹŞ�Ɣĳŝƹƭƺ!ÀǍǸȉǧǫƧƯƅ�2�ȍǴǠǫǙȅǿȎǍ�Ư

ȍ^3bȎ7ƕƭƺǳǤȌȊƻǤȌǚǧǫ2tƺï@Ů�ƹ£ƨƴ�ƖƹƎŞ�%ƿƶǞǶǫƧƯƕƤƺǳǤȌȊ

ǞǶǫƞǇĦtƺ0źƺĚ�ǍŐ�ƩǉƤƶƟ1ÓǉƕÒ®çƵƻƔůǭǰĦtǍƗ�ĦtƘň~Ƨƴƚǉ

ǌƢƵƻƸơƔǭǰĦtƗ0źƘǍ�2tŋðƧƴƝǈƔƚǌƼƗH�ǘȅǠǤȌƘň~ƧƴƚǉƶŊƜǉƕ 

���


���	
1	�DNA�

����������
����1	�DNA�

	��

�
��	(c.f.	1M	NaCl)�

� FC E %;!":fg2�\����Y.4-n%
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Ɛ ǭǰĦt0źǍƝƤƦƸƚƔÑĠmĈ

DNAűƶǑȊǗȃǹȌǫƧƯhRƔǭǰ

Ħt0źƻň~ƦǊƸƞƲƯȍ^3bȎƕ

�ÅƔ¾	Ş�ƺƅ�2�ǳǤȌȊƻ

@ƜƯĒłűDNAƺô�ƹ£ƨƴ

�ƖƹƎŞ�%ƿƶǞǶǫƧƯƕŞ�

2�ǆǈ0źƧƴƚǉǭǰĦtƺ<R

ǍƭǊƮǊƺDNAô�ƹ�Ƨƴæǃ

ƯƶƤǋƔô��uĎƹǭǰĦt0ź

ƺĚ�ƻk@ƧƯƕDNAǍï@Ƨƴƚ

ƸƚƔǲǧǘǙȅǒȊǬƺ$ƹðxœ�

3"Ǎ@ģƧƯ$(3ƓȅǑȊ)ƶƺ�õǍ

Ú1ŷć(LOD)ƶƩǉ3ƓçƹǆǈLOD

ǍæǃƯƶƤǋ100 fMƵƙƲƯȍ^3cȎ7ƕƤƺ©�ƻƔǭǰĦtòìƺļmCǍăƚƯÅçǆǈǄĨ106"Ǝ

©�ƶƚƜǉƕ 

 

ȕȏƐ ǏǾȉǑǬ0źƺƎ©�Ú1  

Ɛ ůǭǰĦt0źƺ�2tŋðƹǆǈƔDNAƺś

Ǝ©�Ú1ƹ«?ƧƯƕƭƤƵƔƤƺ®çƟ�ƺ

2tÚ1ƹ£ăƵƠǉƞƷƛƞÚŌƩǉƤƶƹƧƯƕ

ƭǊƹƻġĶƟĖĞǍƩƩǃƴƚƯǏǾȉǑǬ0

źƺÚ1Ɵŧ3ưƶĵƜƯƕǏȇǨǱǑǽȌĊǅ

ǳȌǗȊǣȊĊƸƷƺęĮm¥ĉ¦ƹƝƚƴƻƔ

úxƺǤȊǳǘŘƟ�«ƩǉǏǾȉǑǬ0źƟĉ

Ċƺ�ƸJ[ƹƸǉƶĵƜǇǊƴƚǉƕǏǾȉǑǬ

0źƻĹ�źRĎƹ«ųƩǉś2tƵƙǈƔÍ

ĬĎƹƻĲıûƺ�ò¥0ź�(ǶǐǷȆȇ)Ǎ�

«ƩǉƕǶǐǷȆȇƻeƋīķǅBùĭĴƸƷƹ

ï@ƩǉƤƶƵīķãǍ�ƠŚƤƩƕǶǐǷȆȇƹ

ŶƧƴƻƔĝ�ƑǞȌǫƹúĈĎƹįRƩǉƔǦ

ǔǶȅǵȊT(ThT)ǅǛȊǜȈǧǬƸƷƺļĩƟ�ƹ

Ú1ƹăƚǇǊƴƚǉƕƧƞƧƤǊǇƺÅçƹƝ

ƚƴǄƔƒMȈǹȇƺǶǐǷȆȇƟ¡ŅƵƙǈƔ©

�ƹZƆƟƙƲƯƕ°�ǍăƚǉƤƶƵƎ©�Ú

1ƻPĸƵƙǉƟƔöäƺȁǰǽȌƞƔƙǉƚƻ

ä¥ƺƙǉ0ź�ƞƺD7ƻ]żƵƙǉƸƷƺ

ZƆƟƙƲƯƕ 

Ɛ ƭƤƵ¬ƖƻƔ°�Ǎ ƊƧƯůǭǰĦtǍăƚƔǏǾȉǑǬ0źƹįRƧƴĂƨǉůǭǰĦt0źǍĐ

ŇÚ1ƩǉƤƶƹǆǉǶǐǷȆȇƺÚ1ħƺÛĤǍőǂƯȍ^4aȎ8, 9, 10ƕůǭǰĦtŁƁƹ°�ƟUĔƩǉ

� HC:fg2��?]�
�6)\_`bjkce�?&	C
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ƶƚƛ¥ŘǍăƚƔůǭǰĦtƹAβȁǰǽȌǍŒŖƩǉ°Aβ°�ǍUĔƦƫƯƕƤƺ°�±²ůǭǰĦt

ƻƔȁǰǽȌȋǶǐǷȆȇƹŶǌǇƪƩǀƴƺûªƺAβǍŒŖƧįRƩǉƕöäƵƙǉAβȁǰǽȌƹįRƧ

ƯhRƻƔůǭǰĦtƻòì�Ƶ2¾ƧƴƚǉƟƔǶǐǷȆȇƺhRƻƔƤǊǇǏǾȉǑǬ0źǍ�ƧƴńÀ

ƺ°�±²ůǭǰĦtƟįRƧƔ×ÞbǭǰĦt0źƟĂ«Ʃǉȍ^4aȎƕƤǊƹǆǈƔä¥ǍÎƩǉǏǾȉ

ǑǬ0źƺu`Ǎĥ�ƹŇŒƩǉƤƶƟPĸƹƸƲƯƕ 

Ɛ áƹƔÌŇŭƈ�ŲƵǏǾȉǑǬ0źƹǆƲƴ�«ƩǉůǭǰĦt0źǍ�2tň~ƩǉƤƶƹǆǉǏǾ

ȉǑǬƺƎ©�Ú1ǍƝƤƸƲƯȍ^4Ȏƕđ�40 nmƺůǭǰĦtŁƁǍ°Aβ°�Ƶ ƊƧƔÜƖƸô�

(0�5 µM)ƺAβǶǐǷȆȇǄƧơƻȁǰǽȌƶȐÊŵǑȊǗȃǹȌǫƧƯƕƭƺ�SÜƹƔÌŇŭƈ�ŲǍă

ƚƴůǭǰĦt0ź�ƺ�ƳƽƶƳƺ¾	��Ǎň~ƧƯƕAβȁǰǽȌƶǑȊǗȃǹȌǫƧƯhRƔǭǰĦ

t0źƻň~ƦǊƸƞƲƯȍ^4bȎƕ¾	Ş�ƺƅ�2�ǳǤȌȊƻï@ǏǾȉǑǬ0źƺô�ƹ£ƨƴ

�ƖƹƎŞ�%ƿƶǞǶǫƧƯƕŞ�2�ǆǈ0źƧƴƚǉǭǰĦtƺ<RǍƭǊƮǊƺAβǶǐǷȆȇô�

ƹ�ƧƴæǃƯƶƤǋƔô��uĎƹǭǰĦt0źƺĚ�ƻk@ƧƯƕ3ƓçƹǆǈLODǍæǃƯƶƤǋ40 

pMƵƙƲƯ8ƕƤƺ©�ƻƔƤǊǁƵƺThTƸƷƺľ)ǸȉȌǷǍăƚƯÅçǆǈǄĨ105"Ǝ©�ƶƚƜǉƕ

š�ƻǶǐǷȆȇƺ:ƌ�ƵƙǉǔȆǜǽȌƺÅƟƎä¥ƵƙǉƤƶƟ2ƞƲƴÓƴƝǈƔþ`ƻǔȆǜǽ

ȌƺƎ©�Ú1ǍƩƩǃƴƚǉƕ 

 

ȖȏƐ ůǭǰĦt0źƺ�2tŋðƹǆǉÚ1©�  

Ɛ ůǭǰĦt0źƺ�2tŋðƹǆǈƔ0ź�«ǍƝƤ

Ʃ2tƺƎ©�Ú1ƟPĸƵƙǉƤƶƟ2ƞƲƯƕƵƻ

ƷƺơǇƚƺƎ©�CƟPĸƵƙǋƛƞșƭǊƹƻǁƪ

ůǭǰĦt0źƺÚ1©�ǍÉǇƞƹƩǉ¡ŅƟƙǉƕ

ƭƺƯǃƹƔ40 nmƺůǭǰĦtòìƹƔ0źƺȁǪȇ

ƶƧƴ80 nmƺůǭǰĦtǍÜƖƸ<RƵîRƦƫƔƷƺ

Ě�ƺ<RǁƵÚ1PĸƞǍÚŌƧƯȍ^5Ȏƕ80 nmƺ

ůǭǰĦtƻ40 nmƺǄƺǆǈǄÉǉƚ¾	)ǍėƩƯǃƔ

0źȁǪȇƶƧƴăƚƯƕ^ƹėƩǆƛƹƔ80 nmƺůǭ

ǰĦtƺ<RƟ0, 1, 10, 100%ƶ�ƟǉƹƳǊƔÌŇŭ&

ƵƺÉǉƚŞõƺ<RƟkƜƴƚǉƺƟǌƞǉƕŞ�Ǵ

ǠǫǙȅǿƞǇÉǉƚŞõƺ<RǍæǃƯƶƤǋƔ1%ƺ80 

nmǭǰĦtƺî`ǍÎ§ƹ67ƵƠǉƤƶƟ2ƞƲƯƕ

ƳǁǈƔƤƺįÖƻ100!ƺHŮ�Ħtƹu`Ʃǉ�Ƴ

ƺ0ź�ƟÚ1PĸƵƙǉƤƶǍėƧƴƚǉƕ 

Ɛ ƵƻƔƷƺơǇƚƺǝǑǡƺ0ź�ǁƵÚ1PĸƵƙǋ

ƛƞșƭƺƯǃƹƻĦtÀǍ9�ƧƯ0ź�Ǎ�«Ʃǉ

¡ŅƟƙǉƕƤƤƵǄ:ĄĖƹƚƯƤƶƟ�ƚƧƯƕƭƺ

ƃĖĞ{ƵƻƔůǭǰĦtƵÛţ�Ǎ�«ƩǉĖĞƟ

ĿǌǊƴƚƯƕ¬ƖƻůǭǰĦtŁƁƹ_xCƩǉ

DNAÒÀǍ9�ƧƔƭƺDNAǍăƚƴǭǰĦtŵǍ×

ÞƩǉƤƶƵƔȑŮ�ȋȒŮ�ůǭǰĦtǍĂ«ƩǉƤƶƹ

� IC 'R[��] LDCQPC:fg2�&	C
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«?ƧƴƚƯȍ^6Ȏ11, 12ƕÿĖƵƻ2ŭǍŜƜƯ,SĖĞƟ¹ŤƦǊƴƝǈƔƤƺĖĞƻĄ�ȀǤǽǩȆǏ

ȇĖĞ{ƶƔÄƧƚ)vú¥ǍÎƩǉǽǩȆǏȇǍ=ŃƩǉĐĎƵĿƲƴƚƯƕƤƺƶƠƹ�«ƧƯȑŮ

�ȋȒŮ�Ɵ�ƜǉƺƵƻƶĵƜƔƤǊǇǍÌŇŭƈ�ŲƵ�2tŋðȋŉÕǍĿƚƔƭǊƮǊƺŞ�Ǎ

æǃƯƕƭƺįÖƔȑŮ�ƶȒŮ�ƺ¾	��ƻHŮ�ƺƭǊƮǊ1.4"Ɣ 1.7"ƵƙƲƯȍ^6Ȏ13ƕƤǊǇ

ƺįÖǆǈƔjć$ǍƛǁơŎxƩǉƤƶƵƔ2Ů���ƺ0ź�«Ǎň~ƵƠǉPĸ¥ƟƙǉƤƶƟ2ƞƲ

Ưƕ 

 

ȗȏ  Ò®çƺ£ăPĸ¥  

Ɛ Ò®çƻƷƺĚ�ǁƵ£ăPĸƵƙǋƛƞș�Ţƺǆ

ƛƹƔůǭǰĦtǍăƚƯ2tÚ1ƟďǎƹĿǌǊƴƚ

ǉƕůǭǰĦtŁƁǍ ƊƩǉƤƶƵƔÜƖƸ2tÚ1Ɵ

PĸƶƸǉƕ�ƶƧƴƔØūǏǸǤǽȌƵ ƊƧƯǭǰĦ

tǍăƚƯ�Ǎ´ƣǉȍ^ȖȎƕȐÒűDNAƹƻůǭǰĦ

tƹUĔƧǅƩƚƶƚƛ¥ŘƟƙǉƕȐÒűDNAƵǄƔú

xƺ2tƶƺúĈĎƸįRĸǍ²ƳDNAǏǸǤǽȌǍ

ăƚǉƤƶƵƔǤȌǚǧǫ2tu`�ƵƝƤǉůǭǰĦt

0źƺļmCƹǆǈ2tÚ1ǍĿƛÅçƟŴČƦǊƴƚ

ǉƕWeiǇƻǫȉȊǵȊǤȊǳǘŘƹįRƩǉDNAǏǸǤǽ

ȌȍǫȉȊǵȊǏǸǤǽȌȎǍUĔƦƫƯůǭǰĦtǍ8ă

ƧƯǫȉȊǵȊÚ1ǍgVƧƯ14ƕǫȉȊǵȊƀu`�ƵƻƔǫȉȊǵȊǏǸǤǽȌƟůǭǰĦtƹUĔƧƴƚ

ǉƯǃiu`�ƵǄ0źƫƪ2¾ƧƴƚǉƟƔǫȉȊǵȊu`�ƵƻůǭǰĦtƹUĔƧƴƚƯǏǸǤǽ
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We performed GUIDE-seq10 to systematically compare the 
genome-wide off-target activity of native and 10 DNA crRNA. 
Three guide sequences were chosen: mouse Pcsk9 (ref. 34), human 
EMX1, and human 293 site 4 (ref. 10). Mouse Hepa1-6 liver cells 
or human HEK293 cells stably expressing SpCas9 were transfected 
with Guide-seq oligos, tracrRNA, and (1) native crRNA or (2) 10 
DNA crRNA. Analysis of the off-target peaks revealed that all three 
10 DNA crRNAs had no detectable off-target sites using the thresh-
old of six or fewer total mismatches between the guide sequence 
and PAM (Fig. 3f,g and Supplementary Data Set 1), although the 
depth of the GUIDE-seq data for the EMX1 target site is suboptimal 
to make definitive conclusions for this sequence. Consistent with 
the VEGFA off-target analysis, these data collected via an alternate 
approach indicate that 10 DNA crRNA substantially reduces off-
target editing.

Structure-guided DNA substitution at the 3` of crRNA
To explore whether the 3` tracrRNA-interacting region of crRNA 
can tolerate DNA replacement, we synthesized a series of chime-
ric crRNAs targeting GFP (Fig. 4a). U2OS-GFP-PEST cells21 sta-
bly expressing Cas9 were transfected with crRNAs and tracrRNA. 
GFP-negative cells caused by Cas9-mediated frameshift NHEJ 
were measured by FACS at day 3 to report genome editing effi-
ciency. As shown in Figure 4b, replacing all 22 RNA nucleotides 
in the 3` region with DNA (22DNA) abolished genome editing. 
These data are consistent with our recent finding that 2`-O-methyl 
(2`OMe) chemical RNA modification of the entire 3` region abol-
ished sgRNA activity34. Within the structure of the Cas9–sgRNA 
complex25,26, six nucleotides in the 3` end of crRNA–sgRNA have 
been shown to interact with the Cas9 protein. We hypothesized that 
avoiding substitution of RNA bases with DNA bases in those six 
nucleotides would help preserve crRNA activity. As expected, this 

16DNA design (16-nucleotide DNA substitution in the 3` region, 
avoiding the Cas9 binding region) efficiently generated GFP− cells, 
comparable to native crRNA or 8DNA crRNA (Fig. 4b). We sub-
sequently tested whether crRNA functionality can be maintained 
with 5` and 3` DNA substitution within one crRNA. crRNA with 
both 8DNA and 16DNA design (8DNA16DNA, 8-nucelotide DNA 
in 5` and 16-nucleotide DNA in 3`) induced efficient genome edit-
ing (Fig. 4b). Of note, the majority of the 8DNA16DNA crRNA is 
comprised of DNA bases (57%) (Supplementary Fig. 6a). Because 
DNA bases are more than ten-fold cheaper than RNA bases in 
oligo synthesis, the cost of synthesizing 8DNA16DNA crRNA is 
~60% less than that for native crRNA (Supplementary Fig. 6b). 
Together, these data present an optimized DNA–RNA chimeric 
crRNA design that enables efficient genome editing in human 
cells and has potential to substantially reduce the cost for certain 
CRISPR–Cas9 applications.

DISCUSSION
In this study, we demonstrate that partially replacing guide RNA 
with DNA can retain on-target genome editing by CRISPR–Cas9. 
Importantly, replacement of RNA with DNA can significantly reduce 
off-target activity. Our study indicates that partial DNA-guided 
genome editing of Cas9 is feasible in mammalian cells, extending 
the toolkit of CRISPR from an RNA-guided nuclease platform to 
a partial DNA-guided nuclease system. Moreover, our study indi-
cates a simple and effective way to decrease off-target effects that 
may be combined with modified Cas9 protein or improved delivery 
technologies to further minimize off-target activity14–20,35.

Our study indicates that partial DNA replacement is feasible 
for crRNA of spCas9 and Cpf1 (Fig. 2d). It is possible that this 
approach has utility for guide sequences of other Cas9 proteins, 
such as Staphylococcus aureus (Sa) Cas9 (ref. 36) or Neisseria  
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We hypothesized that the guide sequence may tolerate partial DNA 
replacement based on the structure of Cas9 and guide RNA25,26. To 
test our hypothesis, we first synthesized unmodified crRNAs (native 
crRNA) on the basis of a previously identified guide sequence target-
ing GFP27. A number of crRNAs with the same guide sequence, but 
varying degrees of DNA substitutions at the 5` end, were synthesized 
(Fig. 1c). When evaluated in HEK293T cells, native crRNA target-
ing GFP generated 27% o 2% GFP-negative cells (Supplementary 
Fig. 1a,b). We found that replacing two, four, six, eight or ten RNA 
nucleotides with DNA nucleotides starting from the 5` end of the 
guide sequences also generated similar levels of GFP-negative cells 
(ranging from 22% to 31%) (Supplementary Fig. 1a,b), indicating 
that partial replacement of up to ten-nucleotide DNA at the 5` end 
of the guide sequence was tolerated. However, replacement with 
12-nucleotide DNA generated significantly fewer GFP-negative 
cells than the native crRNA, and replacement with 14 or more DNA 
nucleotides reduced GFP-negative cells to background levels (~2%) 
(Supplementary Fig. 1a,b). The efficiency of genome editing after 
DNA nucleotide replacement at the guide sequence was confirmed 
by tracking of indels by decomposition (TIDE) analysis28 of the PCR 
amplicons from the GFP genomic locus (Fig. 1d).

To study the effects of DNA nucleotide replacement on an 
endogenous gene, we synthesized crRNAs targeting the human 
gene EMX1 (empty spiracles homeobox 1)29, with various levels of 
DNA replacement at the 5` end. After transfecting a crRNA target-
ing EMX1 and the tracrRNA into HEK293T cells stably expressing 
SpCas9, we found that replacing two, four, six, eight or ten RNA 
nucleotides with DNA nucleotides induced frequencies of indel 
formation comparable to those of the native crRNA (Fig. 2a). In 
contrast, replacing 12 or more RNA nucleotides with DNA signifi-
cantly decreased or abolished the editing activity of EMX1 crRNA 
(Fig. 2a). The efficiency of genome editing at the EMX1 locus was 
further examined by the Surveyor nuclease assay30, indicating that 

replacing two to ten RNA nucleotides with DNA induced indels 
(Supplementary Fig. 2).

To investigate whether partial DNA replacement can be tolerated 
by sgRNA, we synthesized sgRNAs targeting GFP, EMX1 and vas-
cular endothelial growth factor A (VEGFA), with and without DNA 
replacement24. After transfecting the sgRNAs in HEK293T reporter 
cells, we found that the native sgRNAs and sgRNAs with substitu-
tion of eight DNA and ten DNA nucleotides in the 5` end generated 
similar levels of indels in cells for all three guide sequences (Fig. 2b).  
These data show that partial DNA replacement of both crRNA and 
sgRNA retains on-target genome editing.

To investigate whether DNA–RNA chimeric crRNAs or sgRNA 
can be applied in therapeutic delivery, we incubated VEGFA  
10 DNA (replacing ten RNA nucleotides with DNA nucleotides in 
the 5’ end) crRNA and a tracrRNA with Cas9 protein or VEGFA  
10 DNA sgRNA with Cas9 protein to form ribonucleoprotein 
(RNP). We found that they each induced levels of indels similar 
to those of native crRNA or sgRNA after RNP electroporation in 
Jurkat T cells (Fig. 2c).

To test whether DNA replacement works with other Cas enzymes, 
we synthesized Acidaminococcus sp. Cpf1 (AsCpf1) native crRNA 
targeting DNMT1 (ref. 31) or crRNA with an eight-nucleotide DNA 
replacement at the 3` end (as the guide sequence of Cpf1 crRNA is 
at 3` end). HEK293T cells were transfected with a plasmid express-
ing AsCpf1 protein followed by crRNAs after 24 h. The Cpf1 crRNA 
with partial DNA replacement fully maintains its activity in human 
cells (Fig. 2d).

To investigate whether the DNA replacement could be intro-
duced at the 3` end of the guide sequence, four RNA nucleotides 
were replaced with DNA at the 3` end of the guide sequences (Fig. 
2e,f). This modified crRNA did not induce indels of GFP (Fig. 2f), 
indicating that replacement of RNA with DNA nucleotides at the 3` 
end of a guide sequence is not well tolerated.
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Figure 1 | Partial DNA replacement at the guide region of a GFP crRNA induces gene editing in human cells. (a) Diagram of the CRISPR system. PAM, 
protospacer adjacent motif. (b) HEK293T cells stably expressing both elongation factor-1 short (EFs) promoter-SpCas9 and elongation factor 1-A (EF1A) 
promoter-GFP were transfected with a crRNA targeting GFP and the tracrRNA. Cas9-mediated frame-shift NHEJ yields GFP-negative cells. When 
replacement of DNA nucleotides in crRNA is tolerated by Cas9, the percent of GFP-negative cells will be retained. The blue arrowhead indicates the 
cutting site by the Cas9. (c) Illustration of DNA replacement at the guide sequence of GFP crRNAs. The 20-nucleotide (nt) guide region is shown. RNA 
and DNA are shown in black and red, respectively. (d) HEK293T cells described above were incubated with the tracrRNA and a GFP-targeting crRNA 
illustrated. TIDE analysis was performed to calculate the percent of indels at GFP locus at day 3. n = 9 biologically independent samples. Error bars show 
mean o s.d. Purple color indicates mock-transfection-treated samples. Black dots indicate native crRNA transfected samples. Red dots indicate DNA–RNA 
chimeric crRNAs-transfected samples. 
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We hypothesized that the guide sequence may tolerate partial DNA 
replacement based on the structure of Cas9 and guide RNA25,26. To 
test our hypothesis, we first synthesized unmodified crRNAs (native 
crRNA) on the basis of a previously identified guide sequence target-
ing GFP27. A number of crRNAs with the same guide sequence, but 
varying degrees of DNA substitutions at the 5` end, were synthesized 
(Fig. 1c). When evaluated in HEK293T cells, native crRNA target-
ing GFP generated 27% o 2% GFP-negative cells (Supplementary 
Fig. 1a,b). We found that replacing two, four, six, eight or ten RNA 
nucleotides with DNA nucleotides starting from the 5` end of the 
guide sequences also generated similar levels of GFP-negative cells 
(ranging from 22% to 31%) (Supplementary Fig. 1a,b), indicating 
that partial replacement of up to ten-nucleotide DNA at the 5` end 
of the guide sequence was tolerated. However, replacement with 
12-nucleotide DNA generated significantly fewer GFP-negative 
cells than the native crRNA, and replacement with 14 or more DNA 
nucleotides reduced GFP-negative cells to background levels (~2%) 
(Supplementary Fig. 1a,b). The efficiency of genome editing after 
DNA nucleotide replacement at the guide sequence was confirmed 
by tracking of indels by decomposition (TIDE) analysis28 of the PCR 
amplicons from the GFP genomic locus (Fig. 1d).

To study the effects of DNA nucleotide replacement on an 
endogenous gene, we synthesized crRNAs targeting the human 
gene EMX1 (empty spiracles homeobox 1)29, with various levels of 
DNA replacement at the 5` end. After transfecting a crRNA target-
ing EMX1 and the tracrRNA into HEK293T cells stably expressing 
SpCas9, we found that replacing two, four, six, eight or ten RNA 
nucleotides with DNA nucleotides induced frequencies of indel 
formation comparable to those of the native crRNA (Fig. 2a). In 
contrast, replacing 12 or more RNA nucleotides with DNA signifi-
cantly decreased or abolished the editing activity of EMX1 crRNA 
(Fig. 2a). The efficiency of genome editing at the EMX1 locus was 
further examined by the Surveyor nuclease assay30, indicating that 

replacing two to ten RNA nucleotides with DNA induced indels 
(Supplementary Fig. 2).

To investigate whether partial DNA replacement can be tolerated 
by sgRNA, we synthesized sgRNAs targeting GFP, EMX1 and vas-
cular endothelial growth factor A (VEGFA), with and without DNA 
replacement24. After transfecting the sgRNAs in HEK293T reporter 
cells, we found that the native sgRNAs and sgRNAs with substitu-
tion of eight DNA and ten DNA nucleotides in the 5` end generated 
similar levels of indels in cells for all three guide sequences (Fig. 2b).  
These data show that partial DNA replacement of both crRNA and 
sgRNA retains on-target genome editing.

To investigate whether DNA–RNA chimeric crRNAs or sgRNA 
can be applied in therapeutic delivery, we incubated VEGFA  
10 DNA (replacing ten RNA nucleotides with DNA nucleotides in 
the 5’ end) crRNA and a tracrRNA with Cas9 protein or VEGFA  
10 DNA sgRNA with Cas9 protein to form ribonucleoprotein 
(RNP). We found that they each induced levels of indels similar 
to those of native crRNA or sgRNA after RNP electroporation in 
Jurkat T cells (Fig. 2c).

To test whether DNA replacement works with other Cas enzymes, 
we synthesized Acidaminococcus sp. Cpf1 (AsCpf1) native crRNA 
targeting DNMT1 (ref. 31) or crRNA with an eight-nucleotide DNA 
replacement at the 3` end (as the guide sequence of Cpf1 crRNA is 
at 3` end). HEK293T cells were transfected with a plasmid express-
ing AsCpf1 protein followed by crRNAs after 24 h. The Cpf1 crRNA 
with partial DNA replacement fully maintains its activity in human 
cells (Fig. 2d).

To investigate whether the DNA replacement could be intro-
duced at the 3` end of the guide sequence, four RNA nucleotides 
were replaced with DNA at the 3` end of the guide sequences (Fig. 
2e,f). This modified crRNA did not induce indels of GFP (Fig. 2f), 
indicating that replacement of RNA with DNA nucleotides at the 3` 
end of a guide sequence is not well tolerated.
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Figure 1 | Partial DNA replacement at the guide region of a GFP crRNA induces gene editing in human cells. (a) Diagram of the CRISPR system. PAM, 
protospacer adjacent motif. (b) HEK293T cells stably expressing both elongation factor-1 short (EFs) promoter-SpCas9 and elongation factor 1-A (EF1A) 
promoter-GFP were transfected with a crRNA targeting GFP and the tracrRNA. Cas9-mediated frame-shift NHEJ yields GFP-negative cells. When 
replacement of DNA nucleotides in crRNA is tolerated by Cas9, the percent of GFP-negative cells will be retained. The blue arrowhead indicates the 
cutting site by the Cas9. (c) Illustration of DNA replacement at the guide sequence of GFP crRNAs. The 20-nucleotide (nt) guide region is shown. RNA 
and DNA are shown in black and red, respectively. (d) HEK293T cells described above were incubated with the tracrRNA and a GFP-targeting crRNA 
illustrated. TIDE analysis was performed to calculate the percent of indels at GFP locus at day 3. n = 9 biologically independent samples. Error bars show 
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chimeric crRNAs-transfected samples. 
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sgRNA ends may increase their cellular stability without altering
their binding affinity with DNA.6 A previous report suggested
better discrimination of off-target sites by a sgRNA upon addition
of two guanines at its 50 end (GGX20) which was attributed to the
alteration of its stability.7 Another recent study had shown that
stable sgRNAs are enriched for guanine and might form potential
G-quadruplex motifs.8 These G-quartet motifs have a basic struc-
ture comprising four guanines held together by Hoogsteen bonds
to form a square and planar arrangement called a quartet. Two or
more quartets stack upon each other to form the three dimen-
sional G-quadruplex structure.9 To keep the length of sgRNAs
small, we selected two G-quadruplex motifs, G2UG2UG2UG2 and
G3U3G3U3G3U3G3 for appending at both ends (50 and 30) of
sgRNAs since these form quadruplexes of the same stability
(Tm = 60 1C at 100 mM KCl) as seen in previous reports from our
lab.10 To functionally validate the modifications, we chose an
sgRNA that targets the eGFP gene (Fig. 1).

Although chemical modifications of bases do not alter
sgRNA:Cas9 association or subsequent localization to DNA,
modifying the sgRNA structure might potentially hinder either
of these steps. In order to test the efficacy of G-quadruplex
containing sgRNAs and Cas9 protein complex activity on a given
DNA target, we purified the Cas9 protein, in vitro synthesized
guide RNAs having different G-quadruplex motifs at 50 and 30

ends and performed an in vitro cleavage reaction. We observed
that while both 30 G-quadruplex motif-containing sgRNAs (G2U1
and G3U3) cleaved the target DNA as efficiently as unmodified
sgRNAs, the addition of a 50 G-quadruplex motif completely
abolished its cleavage efficiency (Fig. 2A). We also observed
similar results with 30 G-quadruplex motifs targeting endogenous
loci, Tert and c-myc (Fig. S1, ESI†), while the 50 G-quadruplex
containing sgRNAs showed minimal cleavage.

We reasoned that this could be either due to the failure in
the formation of the active Cas9–sgRNA complex or the inability
of the complex to bind and cleave a target DNA substrate. To
investigate whether 50 modification to sgRNAs impacted the

formation of Cas9:sgRNA ribonucleoprotein (RNP) complex,
we performed an electrophoretic mobility shift assay (EMSA)
with the eGFP DNA substrate containing the PAM sequence, a
catalytically inactive form of Cas9 called dead Cas9 (dCas9) and
sgRNAs containing G2U1 and G3U3 quadruplexes at the 50 end.
Surprisingly, we found that 50 modified sgRNAs could make a
complex with the DNA substrate and the dCas9 protein albeit to a
lower extent than unmodified sgRNAs (Fig. 2B). Taken together,
this suggested that 50 modifications of sgRNAs do not hamper the
loading of the Cas9–RNP complex to its target, although it severely
hinders its cleavage activity.

A recent report had suggested that chemically modified sgRNAs
might perform better than unmodified sgRNAs due to their higher
intrinsic stability and resistance to cellular exonucleases.4b To
analyze if the secondary structural modifications in the sgRNAs
improve their resistance to cellular exonucleases, we performed
a serum stability assay with the 30 modified sgRNAs (Fig. 3 and
Fig. S2, ESI†). We observed that the addition of G-quadruplex
motifs increased the half-life of sgRNAs by 5-fold compared to
unmodified sgRNAs. The unmodified sgRNA was degraded by
more than B63% in 15 min, whereas the G-quadruplex appended
sgRNAs showed 43% stability (G2U1) and B56% stability (G3U3)
until 60 min.

Next, we proceeded to test the efficacy of G-quadruplex
modified sgRNAs under in vivo conditions. For this, we micro-
injected Cas9 and sgRNA carrying G-quadruplex motifs sepa-
rately into single cell zebrafish (Danio rerio) embryos containing

Fig. 1 Representation of various Cas9–sgRNA complexes. sgRNAs are
appended with either 30 or 50 G-quadruplex motifs.

Fig. 2 (A) In vitro assay to assess cleavage activities of different sgRNAs.
A 700 bp PCR amplicon of the eGFP target was incubated with the Cas9
protein and various sgRNAs. 30 G2U1 and 30 G3U3 containing sgRNAs
performed activity similar to unmodified sgRNA. Both quadruplexes at the
50 end of sgRNA hinders cleavage by Cas9. The cleavage products were
resolved on 2% agarose gel. Scr = scrambled sgRNA and Unmd = unmodified
sgRNA. (B) Representative electrophoretic mobility shift assay of binding
reactions of the recombinant dCas9 protein (100 nM to 400 nM) with different
sgRNAs and the target eGFP PCR amplicon as the substrate.
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We performed GUIDE-seq10 to systematically compare the 
genome-wide off-target activity of native and 10 DNA crRNA. 
Three guide sequences were chosen: mouse Pcsk9 (ref. 34), human 
EMX1, and human 293 site 4 (ref. 10). Mouse Hepa1-6 liver cells 
or human HEK293 cells stably expressing SpCas9 were transfected 
with Guide-seq oligos, tracrRNA, and (1) native crRNA or (2) 10 
DNA crRNA. Analysis of the off-target peaks revealed that all three 
10 DNA crRNAs had no detectable off-target sites using the thresh-
old of six or fewer total mismatches between the guide sequence 
and PAM (Fig. 3f,g and Supplementary Data Set 1), although the 
depth of the GUIDE-seq data for the EMX1 target site is suboptimal 
to make definitive conclusions for this sequence. Consistent with 
the VEGFA off-target analysis, these data collected via an alternate 
approach indicate that 10 DNA crRNA substantially reduces off-
target editing.

Structure-guided DNA substitution at the 3` of crRNA
To explore whether the 3` tracrRNA-interacting region of crRNA 
can tolerate DNA replacement, we synthesized a series of chime-
ric crRNAs targeting GFP (Fig. 4a). U2OS-GFP-PEST cells21 sta-
bly expressing Cas9 were transfected with crRNAs and tracrRNA. 
GFP-negative cells caused by Cas9-mediated frameshift NHEJ 
were measured by FACS at day 3 to report genome editing effi-
ciency. As shown in Figure 4b, replacing all 22 RNA nucleotides 
in the 3` region with DNA (22DNA) abolished genome editing. 
These data are consistent with our recent finding that 2`-O-methyl 
(2`OMe) chemical RNA modification of the entire 3` region abol-
ished sgRNA activity34. Within the structure of the Cas9–sgRNA 
complex25,26, six nucleotides in the 3` end of crRNA–sgRNA have 
been shown to interact with the Cas9 protein. We hypothesized that 
avoiding substitution of RNA bases with DNA bases in those six 
nucleotides would help preserve crRNA activity. As expected, this 

16DNA design (16-nucleotide DNA substitution in the 3` region, 
avoiding the Cas9 binding region) efficiently generated GFP− cells, 
comparable to native crRNA or 8DNA crRNA (Fig. 4b). We sub-
sequently tested whether crRNA functionality can be maintained 
with 5` and 3` DNA substitution within one crRNA. crRNA with 
both 8DNA and 16DNA design (8DNA16DNA, 8-nucelotide DNA 
in 5` and 16-nucleotide DNA in 3`) induced efficient genome edit-
ing (Fig. 4b). Of note, the majority of the 8DNA16DNA crRNA is 
comprised of DNA bases (57%) (Supplementary Fig. 6a). Because 
DNA bases are more than ten-fold cheaper than RNA bases in 
oligo synthesis, the cost of synthesizing 8DNA16DNA crRNA is 
~60% less than that for native crRNA (Supplementary Fig. 6b). 
Together, these data present an optimized DNA–RNA chimeric 
crRNA design that enables efficient genome editing in human 
cells and has potential to substantially reduce the cost for certain 
CRISPR–Cas9 applications.

DISCUSSION
In this study, we demonstrate that partially replacing guide RNA 
with DNA can retain on-target genome editing by CRISPR–Cas9. 
Importantly, replacement of RNA with DNA can significantly reduce 
off-target activity. Our study indicates that partial DNA-guided 
genome editing of Cas9 is feasible in mammalian cells, extending 
the toolkit of CRISPR from an RNA-guided nuclease platform to 
a partial DNA-guided nuclease system. Moreover, our study indi-
cates a simple and effective way to decrease off-target effects that 
may be combined with modified Cas9 protein or improved delivery 
technologies to further minimize off-target activity14–20,35.

Our study indicates that partial DNA replacement is feasible 
for crRNA of spCas9 and Cpf1 (Fig. 2d). It is possible that this 
approach has utility for guide sequences of other Cas9 proteins, 
such as Staphylococcus aureus (Sa) Cas9 (ref. 36) or Neisseria  
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for each type of crRNA. Six total mismatches are allowed in the guide and PAM. (g) Number of GUIDE-seq reads of 293 site 4. Target is the crRNA target 
site. OT1–OT6 are top off-target sites in the native crRNA data set. Error bars represent mean o s.d.
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We hypothesized that the guide sequence may tolerate partial DNA 
replacement based on the structure of Cas9 and guide RNA25,26. To 
test our hypothesis, we first synthesized unmodified crRNAs (native 
crRNA) on the basis of a previously identified guide sequence target-
ing GFP27. A number of crRNAs with the same guide sequence, but 
varying degrees of DNA substitutions at the 5` end, were synthesized 
(Fig. 1c). When evaluated in HEK293T cells, native crRNA target-
ing GFP generated 27% o 2% GFP-negative cells (Supplementary 
Fig. 1a,b). We found that replacing two, four, six, eight or ten RNA 
nucleotides with DNA nucleotides starting from the 5` end of the 
guide sequences also generated similar levels of GFP-negative cells 
(ranging from 22% to 31%) (Supplementary Fig. 1a,b), indicating 
that partial replacement of up to ten-nucleotide DNA at the 5` end 
of the guide sequence was tolerated. However, replacement with 
12-nucleotide DNA generated significantly fewer GFP-negative 
cells than the native crRNA, and replacement with 14 or more DNA 
nucleotides reduced GFP-negative cells to background levels (~2%) 
(Supplementary Fig. 1a,b). The efficiency of genome editing after 
DNA nucleotide replacement at the guide sequence was confirmed 
by tracking of indels by decomposition (TIDE) analysis28 of the PCR 
amplicons from the GFP genomic locus (Fig. 1d).

To study the effects of DNA nucleotide replacement on an 
endogenous gene, we synthesized crRNAs targeting the human 
gene EMX1 (empty spiracles homeobox 1)29, with various levels of 
DNA replacement at the 5` end. After transfecting a crRNA target-
ing EMX1 and the tracrRNA into HEK293T cells stably expressing 
SpCas9, we found that replacing two, four, six, eight or ten RNA 
nucleotides with DNA nucleotides induced frequencies of indel 
formation comparable to those of the native crRNA (Fig. 2a). In 
contrast, replacing 12 or more RNA nucleotides with DNA signifi-
cantly decreased or abolished the editing activity of EMX1 crRNA 
(Fig. 2a). The efficiency of genome editing at the EMX1 locus was 
further examined by the Surveyor nuclease assay30, indicating that 

replacing two to ten RNA nucleotides with DNA induced indels 
(Supplementary Fig. 2).

To investigate whether partial DNA replacement can be tolerated 
by sgRNA, we synthesized sgRNAs targeting GFP, EMX1 and vas-
cular endothelial growth factor A (VEGFA), with and without DNA 
replacement24. After transfecting the sgRNAs in HEK293T reporter 
cells, we found that the native sgRNAs and sgRNAs with substitu-
tion of eight DNA and ten DNA nucleotides in the 5` end generated 
similar levels of indels in cells for all three guide sequences (Fig. 2b).  
These data show that partial DNA replacement of both crRNA and 
sgRNA retains on-target genome editing.

To investigate whether DNA–RNA chimeric crRNAs or sgRNA 
can be applied in therapeutic delivery, we incubated VEGFA  
10 DNA (replacing ten RNA nucleotides with DNA nucleotides in 
the 5’ end) crRNA and a tracrRNA with Cas9 protein or VEGFA  
10 DNA sgRNA with Cas9 protein to form ribonucleoprotein 
(RNP). We found that they each induced levels of indels similar 
to those of native crRNA or sgRNA after RNP electroporation in 
Jurkat T cells (Fig. 2c).

To test whether DNA replacement works with other Cas enzymes, 
we synthesized Acidaminococcus sp. Cpf1 (AsCpf1) native crRNA 
targeting DNMT1 (ref. 31) or crRNA with an eight-nucleotide DNA 
replacement at the 3` end (as the guide sequence of Cpf1 crRNA is 
at 3` end). HEK293T cells were transfected with a plasmid express-
ing AsCpf1 protein followed by crRNAs after 24 h. The Cpf1 crRNA 
with partial DNA replacement fully maintains its activity in human 
cells (Fig. 2d).

To investigate whether the DNA replacement could be intro-
duced at the 3` end of the guide sequence, four RNA nucleotides 
were replaced with DNA at the 3` end of the guide sequences (Fig. 
2e,f). This modified crRNA did not induce indels of GFP (Fig. 2f), 
indicating that replacement of RNA with DNA nucleotides at the 3` 
end of a guide sequence is not well tolerated.

EF1a

Cas9

GFP

Transfect: GFP-crRNA
+ TracrRNA

a

G G G  C  G  A  G  G  A  G  C  U  G  U  U  C   A  C  C  G5�

G  G  G  C G  A  G  G  A  G  C  U  G  U  U  C  A  C  C  G5�

G  G  G  C  G  A G G A G C U G U U C A C C G5�

G G G C G A G G A G C U G U U C A C C G5�

G G G C G A G G  A G5� C U G U U C A C C G

G G G C G  A G G A G C  T5� G U U C A C C G

G G G C G  A G G A G  C  T  G T5� U C A C C G

G G G C  G A G G A G C T  G  T  T  C5� A C C G

G G G C G A  G G A G C T  G  T  T  C A C5� C G

G G G  C  G A G G A G C T  G  T  T  C A C C  G5�

2 DNA

4 DNA

6 DNA

8 DNA

10 DNA

12 DNA

14 DNA

16 DNA

18 DNA

20 DNA

G  G  G  C  G  A  G  G  A  G  C  U  G  U  U  C  A  C  C  G5�
20111 Native crRNA

b

c

293T-GFP reporter cells

EFs

Tolerated crRNA with
DNA replacement

DNA replacement at 5’ of GFP crRNA

%
 o

f i
nd

el
s a

t G
FP

 lo
cu

s

G G G C G A G G A G C U G U  U C A C C G G U

G

5�

GC GC C ACC

GU U A C UU A UG

U

A

UGU U UG

C
G

GG G G C G A G G A G C C A C CG

GC AAC AC CT T T

TT T5�

5�

3�
42

GFP crRNA

Genomic target DNA

Cas9

CC

....
C

....

C C

PAM

AA A A A U AC G U

G
U

A
A...

.

G
ACAC A

C

AA

...
.

TracrRNA
3�

2 DNA
4 DNA

6 DNA
8 DNA

10
 DNA

12 DNA

14
 DNA

16 DNA

18 DNA

20 DNA
Mock

tra
nsfe

cti
on

DNA replacement

GG G

10

20

30

40

50

0

Nativ
e cr

RNA

Tail Seed 3� TracrRNA interacting region

d

Figure 1 | Partial DNA replacement at the guide region of a GFP crRNA induces gene editing in human cells. (a) Diagram of the CRISPR system. PAM, 
protospacer adjacent motif. (b) HEK293T cells stably expressing both elongation factor-1 short (EFs) promoter-SpCas9 and elongation factor 1-A (EF1A) 
promoter-GFP were transfected with a crRNA targeting GFP and the tracrRNA. Cas9-mediated frame-shift NHEJ yields GFP-negative cells. When 
replacement of DNA nucleotides in crRNA is tolerated by Cas9, the percent of GFP-negative cells will be retained. The blue arrowhead indicates the 
cutting site by the Cas9. (c) Illustration of DNA replacement at the guide sequence of GFP crRNAs. The 20-nucleotide (nt) guide region is shown. RNA 
and DNA are shown in black and red, respectively. (d) HEK293T cells described above were incubated with the tracrRNA and a GFP-targeting crRNA 
illustrated. TIDE analysis was performed to calculate the percent of indels at GFP locus at day 3. n = 9 biologically independent samples. Error bars show 
mean o s.d. Purple color indicates mock-transfection-treated samples. Black dots indicate native crRNA transfected samples. Red dots indicate DNA–RNA 
chimeric crRNAs-transfected samples. 
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We hypothesized that the guide sequence may tolerate partial DNA 
replacement based on the structure of Cas9 and guide RNA25,26. To 
test our hypothesis, we first synthesized unmodified crRNAs (native 
crRNA) on the basis of a previously identified guide sequence target-
ing GFP27. A number of crRNAs with the same guide sequence, but 
varying degrees of DNA substitutions at the 5` end, were synthesized 
(Fig. 1c). When evaluated in HEK293T cells, native crRNA target-
ing GFP generated 27% o 2% GFP-negative cells (Supplementary 
Fig. 1a,b). We found that replacing two, four, six, eight or ten RNA 
nucleotides with DNA nucleotides starting from the 5` end of the 
guide sequences also generated similar levels of GFP-negative cells 
(ranging from 22% to 31%) (Supplementary Fig. 1a,b), indicating 
that partial replacement of up to ten-nucleotide DNA at the 5` end 
of the guide sequence was tolerated. However, replacement with 
12-nucleotide DNA generated significantly fewer GFP-negative 
cells than the native crRNA, and replacement with 14 or more DNA 
nucleotides reduced GFP-negative cells to background levels (~2%) 
(Supplementary Fig. 1a,b). The efficiency of genome editing after 
DNA nucleotide replacement at the guide sequence was confirmed 
by tracking of indels by decomposition (TIDE) analysis28 of the PCR 
amplicons from the GFP genomic locus (Fig. 1d).

To study the effects of DNA nucleotide replacement on an 
endogenous gene, we synthesized crRNAs targeting the human 
gene EMX1 (empty spiracles homeobox 1)29, with various levels of 
DNA replacement at the 5` end. After transfecting a crRNA target-
ing EMX1 and the tracrRNA into HEK293T cells stably expressing 
SpCas9, we found that replacing two, four, six, eight or ten RNA 
nucleotides with DNA nucleotides induced frequencies of indel 
formation comparable to those of the native crRNA (Fig. 2a). In 
contrast, replacing 12 or more RNA nucleotides with DNA signifi-
cantly decreased or abolished the editing activity of EMX1 crRNA 
(Fig. 2a). The efficiency of genome editing at the EMX1 locus was 
further examined by the Surveyor nuclease assay30, indicating that 

replacing two to ten RNA nucleotides with DNA induced indels 
(Supplementary Fig. 2).

To investigate whether partial DNA replacement can be tolerated 
by sgRNA, we synthesized sgRNAs targeting GFP, EMX1 and vas-
cular endothelial growth factor A (VEGFA), with and without DNA 
replacement24. After transfecting the sgRNAs in HEK293T reporter 
cells, we found that the native sgRNAs and sgRNAs with substitu-
tion of eight DNA and ten DNA nucleotides in the 5` end generated 
similar levels of indels in cells for all three guide sequences (Fig. 2b).  
These data show that partial DNA replacement of both crRNA and 
sgRNA retains on-target genome editing.

To investigate whether DNA–RNA chimeric crRNAs or sgRNA 
can be applied in therapeutic delivery, we incubated VEGFA  
10 DNA (replacing ten RNA nucleotides with DNA nucleotides in 
the 5’ end) crRNA and a tracrRNA with Cas9 protein or VEGFA  
10 DNA sgRNA with Cas9 protein to form ribonucleoprotein 
(RNP). We found that they each induced levels of indels similar 
to those of native crRNA or sgRNA after RNP electroporation in 
Jurkat T cells (Fig. 2c).

To test whether DNA replacement works with other Cas enzymes, 
we synthesized Acidaminococcus sp. Cpf1 (AsCpf1) native crRNA 
targeting DNMT1 (ref. 31) or crRNA with an eight-nucleotide DNA 
replacement at the 3` end (as the guide sequence of Cpf1 crRNA is 
at 3` end). HEK293T cells were transfected with a plasmid express-
ing AsCpf1 protein followed by crRNAs after 24 h. The Cpf1 crRNA 
with partial DNA replacement fully maintains its activity in human 
cells (Fig. 2d).

To investigate whether the DNA replacement could be intro-
duced at the 3` end of the guide sequence, four RNA nucleotides 
were replaced with DNA at the 3` end of the guide sequences (Fig. 
2e,f). This modified crRNA did not induce indels of GFP (Fig. 2f), 
indicating that replacement of RNA with DNA nucleotides at the 3` 
end of a guide sequence is not well tolerated.
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Figure 1 | Partial DNA replacement at the guide region of a GFP crRNA induces gene editing in human cells. (a) Diagram of the CRISPR system. PAM, 
protospacer adjacent motif. (b) HEK293T cells stably expressing both elongation factor-1 short (EFs) promoter-SpCas9 and elongation factor 1-A (EF1A) 
promoter-GFP were transfected with a crRNA targeting GFP and the tracrRNA. Cas9-mediated frame-shift NHEJ yields GFP-negative cells. When 
replacement of DNA nucleotides in crRNA is tolerated by Cas9, the percent of GFP-negative cells will be retained. The blue arrowhead indicates the 
cutting site by the Cas9. (c) Illustration of DNA replacement at the guide sequence of GFP crRNAs. The 20-nucleotide (nt) guide region is shown. RNA 
and DNA are shown in black and red, respectively. (d) HEK293T cells described above were incubated with the tracrRNA and a GFP-targeting crRNA 
illustrated. TIDE analysis was performed to calculate the percent of indels at GFP locus at day 3. n = 9 biologically independent samples. Error bars show 
mean o s.d. Purple color indicates mock-transfection-treated samples. Black dots indicate native crRNA transfected samples. Red dots indicate DNA–RNA 
chimeric crRNAs-transfected samples. 
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sgRNA ends may increase their cellular stability without altering
their binding affinity with DNA.6 A previous report suggested
better discrimination of off-target sites by a sgRNA upon addition
of two guanines at its 50 end (GGX20) which was attributed to the
alteration of its stability.7 Another recent study had shown that
stable sgRNAs are enriched for guanine and might form potential
G-quadruplex motifs.8 These G-quartet motifs have a basic struc-
ture comprising four guanines held together by Hoogsteen bonds
to form a square and planar arrangement called a quartet. Two or
more quartets stack upon each other to form the three dimen-
sional G-quadruplex structure.9 To keep the length of sgRNAs
small, we selected two G-quadruplex motifs, G2UG2UG2UG2 and
G3U3G3U3G3U3G3 for appending at both ends (50 and 30) of
sgRNAs since these form quadruplexes of the same stability
(Tm = 60 1C at 100 mM KCl) as seen in previous reports from our
lab.10 To functionally validate the modifications, we chose an
sgRNA that targets the eGFP gene (Fig. 1).

Although chemical modifications of bases do not alter
sgRNA:Cas9 association or subsequent localization to DNA,
modifying the sgRNA structure might potentially hinder either
of these steps. In order to test the efficacy of G-quadruplex
containing sgRNAs and Cas9 protein complex activity on a given
DNA target, we purified the Cas9 protein, in vitro synthesized
guide RNAs having different G-quadruplex motifs at 50 and 30

ends and performed an in vitro cleavage reaction. We observed
that while both 30 G-quadruplex motif-containing sgRNAs (G2U1
and G3U3) cleaved the target DNA as efficiently as unmodified
sgRNAs, the addition of a 50 G-quadruplex motif completely
abolished its cleavage efficiency (Fig. 2A). We also observed
similar results with 30 G-quadruplex motifs targeting endogenous
loci, Tert and c-myc (Fig. S1, ESI†), while the 50 G-quadruplex
containing sgRNAs showed minimal cleavage.

We reasoned that this could be either due to the failure in
the formation of the active Cas9–sgRNA complex or the inability
of the complex to bind and cleave a target DNA substrate. To
investigate whether 50 modification to sgRNAs impacted the

formation of Cas9:sgRNA ribonucleoprotein (RNP) complex,
we performed an electrophoretic mobility shift assay (EMSA)
with the eGFP DNA substrate containing the PAM sequence, a
catalytically inactive form of Cas9 called dead Cas9 (dCas9) and
sgRNAs containing G2U1 and G3U3 quadruplexes at the 50 end.
Surprisingly, we found that 50 modified sgRNAs could make a
complex with the DNA substrate and the dCas9 protein albeit to a
lower extent than unmodified sgRNAs (Fig. 2B). Taken together,
this suggested that 50 modifications of sgRNAs do not hamper the
loading of the Cas9–RNP complex to its target, although it severely
hinders its cleavage activity.

A recent report had suggested that chemically modified sgRNAs
might perform better than unmodified sgRNAs due to their higher
intrinsic stability and resistance to cellular exonucleases.4b To
analyze if the secondary structural modifications in the sgRNAs
improve their resistance to cellular exonucleases, we performed
a serum stability assay with the 30 modified sgRNAs (Fig. 3 and
Fig. S2, ESI†). We observed that the addition of G-quadruplex
motifs increased the half-life of sgRNAs by 5-fold compared to
unmodified sgRNAs. The unmodified sgRNA was degraded by
more than B63% in 15 min, whereas the G-quadruplex appended
sgRNAs showed 43% stability (G2U1) and B56% stability (G3U3)
until 60 min.

Next, we proceeded to test the efficacy of G-quadruplex
modified sgRNAs under in vivo conditions. For this, we micro-
injected Cas9 and sgRNA carrying G-quadruplex motifs sepa-
rately into single cell zebrafish (Danio rerio) embryos containing

Fig. 1 Representation of various Cas9–sgRNA complexes. sgRNAs are
appended with either 30 or 50 G-quadruplex motifs.

Fig. 2 (A) In vitro assay to assess cleavage activities of different sgRNAs.
A 700 bp PCR amplicon of the eGFP target was incubated with the Cas9
protein and various sgRNAs. 30 G2U1 and 30 G3U3 containing sgRNAs
performed activity similar to unmodified sgRNA. Both quadruplexes at the
50 end of sgRNA hinders cleavage by Cas9. The cleavage products were
resolved on 2% agarose gel. Scr = scrambled sgRNA and Unmd = unmodified
sgRNA. (B) Representative electrophoretic mobility shift assay of binding
reactions of the recombinant dCas9 protein (100 nM to 400 nM) with different
sgRNAs and the target eGFP PCR amplicon as the substrate.
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We performed GUIDE-seq10 to systematically compare the 
genome-wide off-target activity of native and 10 DNA crRNA. 
Three guide sequences were chosen: mouse Pcsk9 (ref. 34), human 
EMX1, and human 293 site 4 (ref. 10). Mouse Hepa1-6 liver cells 
or human HEK293 cells stably expressing SpCas9 were transfected 
with Guide-seq oligos, tracrRNA, and (1) native crRNA or (2) 10 
DNA crRNA. Analysis of the off-target peaks revealed that all three 
10 DNA crRNAs had no detectable off-target sites using the thresh-
old of six or fewer total mismatches between the guide sequence 
and PAM (Fig. 3f,g and Supplementary Data Set 1), although the 
depth of the GUIDE-seq data for the EMX1 target site is suboptimal 
to make definitive conclusions for this sequence. Consistent with 
the VEGFA off-target analysis, these data collected via an alternate 
approach indicate that 10 DNA crRNA substantially reduces off-
target editing.

Structure-guided DNA substitution at the 3` of crRNA
To explore whether the 3` tracrRNA-interacting region of crRNA 
can tolerate DNA replacement, we synthesized a series of chime-
ric crRNAs targeting GFP (Fig. 4a). U2OS-GFP-PEST cells21 sta-
bly expressing Cas9 were transfected with crRNAs and tracrRNA. 
GFP-negative cells caused by Cas9-mediated frameshift NHEJ 
were measured by FACS at day 3 to report genome editing effi-
ciency. As shown in Figure 4b, replacing all 22 RNA nucleotides 
in the 3` region with DNA (22DNA) abolished genome editing. 
These data are consistent with our recent finding that 2`-O-methyl 
(2`OMe) chemical RNA modification of the entire 3` region abol-
ished sgRNA activity34. Within the structure of the Cas9–sgRNA 
complex25,26, six nucleotides in the 3` end of crRNA–sgRNA have 
been shown to interact with the Cas9 protein. We hypothesized that 
avoiding substitution of RNA bases with DNA bases in those six 
nucleotides would help preserve crRNA activity. As expected, this 

16DNA design (16-nucleotide DNA substitution in the 3` region, 
avoiding the Cas9 binding region) efficiently generated GFP− cells, 
comparable to native crRNA or 8DNA crRNA (Fig. 4b). We sub-
sequently tested whether crRNA functionality can be maintained 
with 5` and 3` DNA substitution within one crRNA. crRNA with 
both 8DNA and 16DNA design (8DNA16DNA, 8-nucelotide DNA 
in 5` and 16-nucleotide DNA in 3`) induced efficient genome edit-
ing (Fig. 4b). Of note, the majority of the 8DNA16DNA crRNA is 
comprised of DNA bases (57%) (Supplementary Fig. 6a). Because 
DNA bases are more than ten-fold cheaper than RNA bases in 
oligo synthesis, the cost of synthesizing 8DNA16DNA crRNA is 
~60% less than that for native crRNA (Supplementary Fig. 6b). 
Together, these data present an optimized DNA–RNA chimeric 
crRNA design that enables efficient genome editing in human 
cells and has potential to substantially reduce the cost for certain 
CRISPR–Cas9 applications.

DISCUSSION
In this study, we demonstrate that partially replacing guide RNA 
with DNA can retain on-target genome editing by CRISPR–Cas9. 
Importantly, replacement of RNA with DNA can significantly reduce 
off-target activity. Our study indicates that partial DNA-guided 
genome editing of Cas9 is feasible in mammalian cells, extending 
the toolkit of CRISPR from an RNA-guided nuclease platform to 
a partial DNA-guided nuclease system. Moreover, our study indi-
cates a simple and effective way to decrease off-target effects that 
may be combined with modified Cas9 protein or improved delivery 
technologies to further minimize off-target activity14–20,35.

Our study indicates that partial DNA replacement is feasible 
for crRNA of spCas9 and Cpf1 (Fig. 2d). It is possible that this 
approach has utility for guide sequences of other Cas9 proteins, 
such as Staphylococcus aureus (Sa) Cas9 (ref. 36) or Neisseria  
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biologically independent samples. *P < 0.01 by one-way ANOVA with Tukey post hoc test. (d,e) Partial DNA replacement in GFP crRNA reduces off-target 
activity. (d) Illustration of mismatch mutations of GFP2 sequences. Arrows denote point mutations. (e) TIDE analysis was performed to determine percent 
of indels. n = 3–5 biologically independent samples, as indicated. *P < 0.05 by unpaired, two-tailed Student’s t-tests. (f) GUIDE-seq genome-wide off-
target analysis of native and 10 DNA crRNAs from three endogenous genes. The chart indicates the number of off-target peaks detected by GUIDE-seq  
for each type of crRNA. Six total mismatches are allowed in the guide and PAM. (g) Number of GUIDE-seq reads of 293 site 4. Target is the crRNA target 
site. OT1–OT6 are top off-target sites in the native crRNA data set. Error bars represent mean o s.d.
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We hypothesized that the guide sequence may tolerate partial DNA 
replacement based on the structure of Cas9 and guide RNA25,26. To 
test our hypothesis, we first synthesized unmodified crRNAs (native 
crRNA) on the basis of a previously identified guide sequence target-
ing GFP27. A number of crRNAs with the same guide sequence, but 
varying degrees of DNA substitutions at the 5` end, were synthesized 
(Fig. 1c). When evaluated in HEK293T cells, native crRNA target-
ing GFP generated 27% o 2% GFP-negative cells (Supplementary 
Fig. 1a,b). We found that replacing two, four, six, eight or ten RNA 
nucleotides with DNA nucleotides starting from the 5` end of the 
guide sequences also generated similar levels of GFP-negative cells 
(ranging from 22% to 31%) (Supplementary Fig. 1a,b), indicating 
that partial replacement of up to ten-nucleotide DNA at the 5` end 
of the guide sequence was tolerated. However, replacement with 
12-nucleotide DNA generated significantly fewer GFP-negative 
cells than the native crRNA, and replacement with 14 or more DNA 
nucleotides reduced GFP-negative cells to background levels (~2%) 
(Supplementary Fig. 1a,b). The efficiency of genome editing after 
DNA nucleotide replacement at the guide sequence was confirmed 
by tracking of indels by decomposition (TIDE) analysis28 of the PCR 
amplicons from the GFP genomic locus (Fig. 1d).

To study the effects of DNA nucleotide replacement on an 
endogenous gene, we synthesized crRNAs targeting the human 
gene EMX1 (empty spiracles homeobox 1)29, with various levels of 
DNA replacement at the 5` end. After transfecting a crRNA target-
ing EMX1 and the tracrRNA into HEK293T cells stably expressing 
SpCas9, we found that replacing two, four, six, eight or ten RNA 
nucleotides with DNA nucleotides induced frequencies of indel 
formation comparable to those of the native crRNA (Fig. 2a). In 
contrast, replacing 12 or more RNA nucleotides with DNA signifi-
cantly decreased or abolished the editing activity of EMX1 crRNA 
(Fig. 2a). The efficiency of genome editing at the EMX1 locus was 
further examined by the Surveyor nuclease assay30, indicating that 

replacing two to ten RNA nucleotides with DNA induced indels 
(Supplementary Fig. 2).

To investigate whether partial DNA replacement can be tolerated 
by sgRNA, we synthesized sgRNAs targeting GFP, EMX1 and vas-
cular endothelial growth factor A (VEGFA), with and without DNA 
replacement24. After transfecting the sgRNAs in HEK293T reporter 
cells, we found that the native sgRNAs and sgRNAs with substitu-
tion of eight DNA and ten DNA nucleotides in the 5` end generated 
similar levels of indels in cells for all three guide sequences (Fig. 2b).  
These data show that partial DNA replacement of both crRNA and 
sgRNA retains on-target genome editing.

To investigate whether DNA–RNA chimeric crRNAs or sgRNA 
can be applied in therapeutic delivery, we incubated VEGFA  
10 DNA (replacing ten RNA nucleotides with DNA nucleotides in 
the 5’ end) crRNA and a tracrRNA with Cas9 protein or VEGFA  
10 DNA sgRNA with Cas9 protein to form ribonucleoprotein 
(RNP). We found that they each induced levels of indels similar 
to those of native crRNA or sgRNA after RNP electroporation in 
Jurkat T cells (Fig. 2c).

To test whether DNA replacement works with other Cas enzymes, 
we synthesized Acidaminococcus sp. Cpf1 (AsCpf1) native crRNA 
targeting DNMT1 (ref. 31) or crRNA with an eight-nucleotide DNA 
replacement at the 3` end (as the guide sequence of Cpf1 crRNA is 
at 3` end). HEK293T cells were transfected with a plasmid express-
ing AsCpf1 protein followed by crRNAs after 24 h. The Cpf1 crRNA 
with partial DNA replacement fully maintains its activity in human 
cells (Fig. 2d).

To investigate whether the DNA replacement could be intro-
duced at the 3` end of the guide sequence, four RNA nucleotides 
were replaced with DNA at the 3` end of the guide sequences (Fig. 
2e,f). This modified crRNA did not induce indels of GFP (Fig. 2f), 
indicating that replacement of RNA with DNA nucleotides at the 3` 
end of a guide sequence is not well tolerated.
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Figure 1 | Partial DNA replacement at the guide region of a GFP crRNA induces gene editing in human cells. (a) Diagram of the CRISPR system. PAM, 
protospacer adjacent motif. (b) HEK293T cells stably expressing both elongation factor-1 short (EFs) promoter-SpCas9 and elongation factor 1-A (EF1A) 
promoter-GFP were transfected with a crRNA targeting GFP and the tracrRNA. Cas9-mediated frame-shift NHEJ yields GFP-negative cells. When 
replacement of DNA nucleotides in crRNA is tolerated by Cas9, the percent of GFP-negative cells will be retained. The blue arrowhead indicates the 
cutting site by the Cas9. (c) Illustration of DNA replacement at the guide sequence of GFP crRNAs. The 20-nucleotide (nt) guide region is shown. RNA 
and DNA are shown in black and red, respectively. (d) HEK293T cells described above were incubated with the tracrRNA and a GFP-targeting crRNA 
illustrated. TIDE analysis was performed to calculate the percent of indels at GFP locus at day 3. n = 9 biologically independent samples. Error bars show 
mean o s.d. Purple color indicates mock-transfection-treated samples. Black dots indicate native crRNA transfected samples. Red dots indicate DNA–RNA 
chimeric crRNAs-transfected samples. 
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We hypothesized that the guide sequence may tolerate partial DNA 
replacement based on the structure of Cas9 and guide RNA25,26. To 
test our hypothesis, we first synthesized unmodified crRNAs (native 
crRNA) on the basis of a previously identified guide sequence target-
ing GFP27. A number of crRNAs with the same guide sequence, but 
varying degrees of DNA substitutions at the 5` end, were synthesized 
(Fig. 1c). When evaluated in HEK293T cells, native crRNA target-
ing GFP generated 27% o 2% GFP-negative cells (Supplementary 
Fig. 1a,b). We found that replacing two, four, six, eight or ten RNA 
nucleotides with DNA nucleotides starting from the 5` end of the 
guide sequences also generated similar levels of GFP-negative cells 
(ranging from 22% to 31%) (Supplementary Fig. 1a,b), indicating 
that partial replacement of up to ten-nucleotide DNA at the 5` end 
of the guide sequence was tolerated. However, replacement with 
12-nucleotide DNA generated significantly fewer GFP-negative 
cells than the native crRNA, and replacement with 14 or more DNA 
nucleotides reduced GFP-negative cells to background levels (~2%) 
(Supplementary Fig. 1a,b). The efficiency of genome editing after 
DNA nucleotide replacement at the guide sequence was confirmed 
by tracking of indels by decomposition (TIDE) analysis28 of the PCR 
amplicons from the GFP genomic locus (Fig. 1d).

To study the effects of DNA nucleotide replacement on an 
endogenous gene, we synthesized crRNAs targeting the human 
gene EMX1 (empty spiracles homeobox 1)29, with various levels of 
DNA replacement at the 5` end. After transfecting a crRNA target-
ing EMX1 and the tracrRNA into HEK293T cells stably expressing 
SpCas9, we found that replacing two, four, six, eight or ten RNA 
nucleotides with DNA nucleotides induced frequencies of indel 
formation comparable to those of the native crRNA (Fig. 2a). In 
contrast, replacing 12 or more RNA nucleotides with DNA signifi-
cantly decreased or abolished the editing activity of EMX1 crRNA 
(Fig. 2a). The efficiency of genome editing at the EMX1 locus was 
further examined by the Surveyor nuclease assay30, indicating that 

replacing two to ten RNA nucleotides with DNA induced indels 
(Supplementary Fig. 2).

To investigate whether partial DNA replacement can be tolerated 
by sgRNA, we synthesized sgRNAs targeting GFP, EMX1 and vas-
cular endothelial growth factor A (VEGFA), with and without DNA 
replacement24. After transfecting the sgRNAs in HEK293T reporter 
cells, we found that the native sgRNAs and sgRNAs with substitu-
tion of eight DNA and ten DNA nucleotides in the 5` end generated 
similar levels of indels in cells for all three guide sequences (Fig. 2b).  
These data show that partial DNA replacement of both crRNA and 
sgRNA retains on-target genome editing.

To investigate whether DNA–RNA chimeric crRNAs or sgRNA 
can be applied in therapeutic delivery, we incubated VEGFA  
10 DNA (replacing ten RNA nucleotides with DNA nucleotides in 
the 5’ end) crRNA and a tracrRNA with Cas9 protein or VEGFA  
10 DNA sgRNA with Cas9 protein to form ribonucleoprotein 
(RNP). We found that they each induced levels of indels similar 
to those of native crRNA or sgRNA after RNP electroporation in 
Jurkat T cells (Fig. 2c).

To test whether DNA replacement works with other Cas enzymes, 
we synthesized Acidaminococcus sp. Cpf1 (AsCpf1) native crRNA 
targeting DNMT1 (ref. 31) or crRNA with an eight-nucleotide DNA 
replacement at the 3` end (as the guide sequence of Cpf1 crRNA is 
at 3` end). HEK293T cells were transfected with a plasmid express-
ing AsCpf1 protein followed by crRNAs after 24 h. The Cpf1 crRNA 
with partial DNA replacement fully maintains its activity in human 
cells (Fig. 2d).

To investigate whether the DNA replacement could be intro-
duced at the 3` end of the guide sequence, four RNA nucleotides 
were replaced with DNA at the 3` end of the guide sequences (Fig. 
2e,f). This modified crRNA did not induce indels of GFP (Fig. 2f), 
indicating that replacement of RNA with DNA nucleotides at the 3` 
end of a guide sequence is not well tolerated.
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Figure 1 | Partial DNA replacement at the guide region of a GFP crRNA induces gene editing in human cells. (a) Diagram of the CRISPR system. PAM, 
protospacer adjacent motif. (b) HEK293T cells stably expressing both elongation factor-1 short (EFs) promoter-SpCas9 and elongation factor 1-A (EF1A) 
promoter-GFP were transfected with a crRNA targeting GFP and the tracrRNA. Cas9-mediated frame-shift NHEJ yields GFP-negative cells. When 
replacement of DNA nucleotides in crRNA is tolerated by Cas9, the percent of GFP-negative cells will be retained. The blue arrowhead indicates the 
cutting site by the Cas9. (c) Illustration of DNA replacement at the guide sequence of GFP crRNAs. The 20-nucleotide (nt) guide region is shown. RNA 
and DNA are shown in black and red, respectively. (d) HEK293T cells described above were incubated with the tracrRNA and a GFP-targeting crRNA 
illustrated. TIDE analysis was performed to calculate the percent of indels at GFP locus at day 3. n = 9 biologically independent samples. Error bars show 
mean o s.d. Purple color indicates mock-transfection-treated samples. Black dots indicate native crRNA transfected samples. Red dots indicate DNA–RNA 
chimeric crRNAs-transfected samples. 
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sgRNA ends may increase their cellular stability without altering
their binding affinity with DNA.6 A previous report suggested
better discrimination of off-target sites by a sgRNA upon addition
of two guanines at its 50 end (GGX20) which was attributed to the
alteration of its stability.7 Another recent study had shown that
stable sgRNAs are enriched for guanine and might form potential
G-quadruplex motifs.8 These G-quartet motifs have a basic struc-
ture comprising four guanines held together by Hoogsteen bonds
to form a square and planar arrangement called a quartet. Two or
more quartets stack upon each other to form the three dimen-
sional G-quadruplex structure.9 To keep the length of sgRNAs
small, we selected two G-quadruplex motifs, G2UG2UG2UG2 and
G3U3G3U3G3U3G3 for appending at both ends (50 and 30) of
sgRNAs since these form quadruplexes of the same stability
(Tm = 60 1C at 100 mM KCl) as seen in previous reports from our
lab.10 To functionally validate the modifications, we chose an
sgRNA that targets the eGFP gene (Fig. 1).

Although chemical modifications of bases do not alter
sgRNA:Cas9 association or subsequent localization to DNA,
modifying the sgRNA structure might potentially hinder either
of these steps. In order to test the efficacy of G-quadruplex
containing sgRNAs and Cas9 protein complex activity on a given
DNA target, we purified the Cas9 protein, in vitro synthesized
guide RNAs having different G-quadruplex motifs at 50 and 30

ends and performed an in vitro cleavage reaction. We observed
that while both 30 G-quadruplex motif-containing sgRNAs (G2U1
and G3U3) cleaved the target DNA as efficiently as unmodified
sgRNAs, the addition of a 50 G-quadruplex motif completely
abolished its cleavage efficiency (Fig. 2A). We also observed
similar results with 30 G-quadruplex motifs targeting endogenous
loci, Tert and c-myc (Fig. S1, ESI†), while the 50 G-quadruplex
containing sgRNAs showed minimal cleavage.

We reasoned that this could be either due to the failure in
the formation of the active Cas9–sgRNA complex or the inability
of the complex to bind and cleave a target DNA substrate. To
investigate whether 50 modification to sgRNAs impacted the

formation of Cas9:sgRNA ribonucleoprotein (RNP) complex,
we performed an electrophoretic mobility shift assay (EMSA)
with the eGFP DNA substrate containing the PAM sequence, a
catalytically inactive form of Cas9 called dead Cas9 (dCas9) and
sgRNAs containing G2U1 and G3U3 quadruplexes at the 50 end.
Surprisingly, we found that 50 modified sgRNAs could make a
complex with the DNA substrate and the dCas9 protein albeit to a
lower extent than unmodified sgRNAs (Fig. 2B). Taken together,
this suggested that 50 modifications of sgRNAs do not hamper the
loading of the Cas9–RNP complex to its target, although it severely
hinders its cleavage activity.

A recent report had suggested that chemically modified sgRNAs
might perform better than unmodified sgRNAs due to their higher
intrinsic stability and resistance to cellular exonucleases.4b To
analyze if the secondary structural modifications in the sgRNAs
improve their resistance to cellular exonucleases, we performed
a serum stability assay with the 30 modified sgRNAs (Fig. 3 and
Fig. S2, ESI†). We observed that the addition of G-quadruplex
motifs increased the half-life of sgRNAs by 5-fold compared to
unmodified sgRNAs. The unmodified sgRNA was degraded by
more than B63% in 15 min, whereas the G-quadruplex appended
sgRNAs showed 43% stability (G2U1) and B56% stability (G3U3)
until 60 min.

Next, we proceeded to test the efficacy of G-quadruplex
modified sgRNAs under in vivo conditions. For this, we micro-
injected Cas9 and sgRNA carrying G-quadruplex motifs sepa-
rately into single cell zebrafish (Danio rerio) embryos containing

Fig. 1 Representation of various Cas9–sgRNA complexes. sgRNAs are
appended with either 30 or 50 G-quadruplex motifs.

Fig. 2 (A) In vitro assay to assess cleavage activities of different sgRNAs.
A 700 bp PCR amplicon of the eGFP target was incubated with the Cas9
protein and various sgRNAs. 30 G2U1 and 30 G3U3 containing sgRNAs
performed activity similar to unmodified sgRNA. Both quadruplexes at the
50 end of sgRNA hinders cleavage by Cas9. The cleavage products were
resolved on 2% agarose gel. Scr = scrambled sgRNA and Unmd = unmodified
sgRNA. (B) Representative electrophoretic mobility shift assay of binding
reactions of the recombinant dCas9 protein (100 nM to 400 nM) with different
sgRNAs and the target eGFP PCR amplicon as the substrate.
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Cas9 and guide RNAs,4,5,7 as well as delivery of guide RNA and
Cas9 in the form of protein9 or mRNA,10−12 respectively
facilitated by cationic peptides or nanoparticles. Successful
delivery of preassembled RNP has also been accomplished
using nanoparticle encapsulation13−15 or via direct injection.16
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use presents risks of insertional mutagenesis, liver toxicity, and
immunogenicity.18−20 Potential for off-target editing due to
prolonged Cas9 and guide RNA expression is also a
concern.8,21 Direct or nanoparticle-based delivery of Cas9-
guide RNA RNP complexes can substantially decrease off-target
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Cas9 RNPs have also been delivered to mammalian cell lines by
electroporation,23 chemical transfection,15 or using DNA
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gene editing. With these possibilities in mind, we chose to
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harboring ASGPr ligands (Cas9-ASGPrL RNP) one could
promote, via a receptor-mediated endocytosis mechanism, the
selective uptake of this cargo into cells expressing ASGPr on
their surface (Figure 1A). An analogous strategy has been
employed for transferrin-mediated delivery of zinc finger
nucleases engineered for genome editing.31 In our strategy,
acidification in the early endosome would trigger the release of
the ASGPr ligand from the receptor accompanied by recycling
of the receptor at the cell surface. Critical to the success of this
approach would be the ability to not only internalize a large
cargo like a Cas9-ASGPrL RNP (∼170 kDa) but also promote
its endosomal escape to avoid subsequent lysosomal degrada-
tion. Indeed, endosomal escape is currently a major hurdle to
the delivery of any therapeutic macromolecule via receptor

Figure 1. (A) Receptor-facilitated, cell-selective gene editing. Schematic representation of Cas9-ASGPrL RNP and its transit from the extracellular
medium to the nucleus. (B) Pyridyl disulfide ASGPr ligand and/or fluorophore precursors 1−3 and competing ligand 4 used in this study. (C)
Legend of constructs used in this study, with corresponding ASGPr-binding affinities for various RNPs measured using SPR; reported values are
from three replicates (standard error is reported); n.b.: no binding (top concentration tested = 10 nM). RNP made using sgRNA targeting EMX1.
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labeled construct, AFg-Cas9-2lig-1NLS RNP, via monitoring
internalized green AF532 (AFg) fluorescence also confirmed
drastically increased accumulation in HEPG2 compared to
SKHEP cells (Figure S12). AFg-Cas9-2lig-1NLS RNP con-
struct was derived from Cas9-2lig-1NLS by covalent linkage of
two AF532 to the protein via amide bond formation to solvent-
exposed lysines (average degree of ligation as determined by
mass spectrometry: 2.3.) All these results demonstrate that the
uptake of Cas9-2lig-1NLS RNP in HEPG2 cells is ASGPr-
mediated and follows an endocytotic/lysosomal pathway. Live
cell imaging using a doubly labeled AF532/AF647 RNP, AFg-
Cas9-2lig-AFr-1NLS, derived from Cas9-2lig-AFr-1NLS con-

firmed that the entire cargo (linker+protein) is internalized and
colocalized in endocytotic vesicles (Figure S13). AF532 was
covalently linked to solvent-exposed lysines via amide bond
formation (average degree of ligation as determined by mass
spectrometry: 1.7.)
While the above studies confirmed the ASGPr-mediated

uptake of Cas9-2lig-1NLS RNP in HEPG2 cells, upon
incubation for 48 h only nominal functional activity was
detected by T7E1 assay or deep sequencing (Table S1). After
ruling out that early endosomal pH levels might abrogate RNP
function (Figure S14), we hypothesized that the RNP is
endocytosed but unable to escape the endosome and may be
degraded via the lysosomal pathway. We therefore screened
candidate endosomolytic agents with an emphasis on
identifying a compound with a pI between 7 and 8 and close
to neutrally charged at physiological pH to avoid agents that
would be generally cell penetrating and thereby jeopardizing
selectivity.32,43−45 These efforts led to the identification of
peptide ppTG2146 (GLFHALLHLLHSLWHLLLHA-OH; Fig-
ure S15) as a promising endosomolytic agent (pI 7.7, charge
+1.3 @ pH 7.4). Indeed, while only nominal editing was
observed upon Cas9-2lig-1NLS RNP incubation in either
HEPG2 or SKHEP cells, gene editing was observed upon
coincubation of the RNP in the presence of 30 molar equiv of

Figure 3. Internalization in HEPG2 cells (ASGPr+) of Cas9-2lig-AFr-
1NLS (A) and Cas9-AFr-1NLS (B) RNPs observed by live cell
imaging at 1.5, 4, and 20 h; 20 h images contrast was adjusted down
for clarity. Blue: Hoechst stain of cell nuclei. Green: Endolysosomal
compartment stained using dextran488. Red: Intracellular Cas9
visualized via AF647 fluorescence. (C) Quantification of intracellular
RNP accumulation in HEPG2 cells over 20 h. (D) Quantification of
intracellular RNP accumulation in SKHEP cells over 20 h.
Fluorescence intensity was quantified using the sum of spots per cell
(mean per well), reported as kA.U (103 absorbance units). Each data
point (C, D) represents three technical replicate wells, with a
minimum of 10000 cells quantified per well. For (C) and (D),
arithmetic means and standard deviations of the mean were calculated
and plotted using GraphPad Prism version 7.02. Corresponding RNPs
made from sgRNA targeting EMX1.

Figure 4. Receptor-mediated uptake and genome editing. (A) Ligand
competition experiment in HEPG2 cells (ASGPr+) with Cas9-2lig-
AFr-1NLS RNP or Cas9-AFr-1NLS RNP using competing ASGPr
ligand 4 (see the Supporting Information for more details).
Fluorescence intensity was quantified using the sum of spots per cell
(mean per well), reported as kA.U (103 absorbance units). Each data
point represents three technical replicate wells, with a minimum of
10000 cells quantified per well. Arithmetic means and standard
deviations of the mean were calculated and plotted using GraphPad
Prism version 7.02. Corresponding RNPs made from sgRNA targeting
EMX1. (B) Receptor-facilitated gene editing with Cas9-2lig-1NLS vs
Cas9-1NLS RNP. Percentage indel rates derived from deep
sequencing (n = 7−10 replicates; see also Table S1). Blue points
represent samples treated with Cas9-2lig-1NLS, red points represent
samples treated with Cas9−1NLS and green represents untreated
controls. Diamonds represent assays done at Pfizer (Groton, CT) and
circles represent assays done at UC Berkeley. The midpoint bars
depict the geometric mean and the error bars depict the geometric
standard deviation. The image was generated using Graphpad Prism©
version 7.02. The corresponding RNPs were made from sgRNA
targeting EMX1.
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Selective targeting of engineered T cells using orthogonal IL-2 cytokine-receptor complexes 

J. T. Sockolosky et al., Science 359, 1037-1042 (2018)  
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Table 1 IL-2^ò�ƙŕ0ƕØ� (in vitro) 

AA# 29 30 33 34 36 37 41
WT
EC50
(pM)

Ortho
EC50
(pM)

Ratio
(WT/ortho

EC50)
WT E Q M D Q E R 3 3 1
1G12 N V L T H K 300 10 30
3A10 D N V L K A ∞ 1000 ortho
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Antigen recognition-triggered drug delivery mediated by nanocapsule-functionalized cytotoxic T-cells 

R. B. Jones et al., Biomaterials 117, 44-53 (2017)  

ų Ĩ6¢.ƙ­ĈŞ3�Ƭú�ƉŶÈùĔĘ

ç°ƙ4ß  (pH, ŖđƗƖ ) Ƥ_Ŕ4ß 

('ǩãǩĀ[ƗƖ) Ƙ�ƊƓĨ6Ƭ¢.Ƌƨǉ

ǢǅƹƷǟǣƮƁŝ÷ƈƩƓƂƏŷƆƩƦƙ�ñ

Ƙ;žƓŶĒĝöÖƕDDSƕƬĪKƈƍƨ�

ñƚŶĒĝƙ°ƋƨÍÿƗĔĘĄĬĞ:Ƭ

2îƔƂƨáƔa^°±ƔŻƨŷħĜƦƚŎ

DƘŶğłǖǪǀƙǊǍĎcƬĒĝťh�T

ĒĝǬCTLǭĮŨ�ƙĢǃǨǏƸłƕ+°ĖKƋƨƆƕƔŶCTLƘĨ6->ĎcƬō�ƈƍƓƂƏ (Nat. 

Med 16, 1035-1041 (2010), Sci. Transl. Med 7, 291ra94 (2015))ŷƎƙŤŶCTLƙ�-=�ƤÈùĒĝƙÐ

%Ğ:Ƙ��ũƁƗżƆƕƬÿƀƢƓżƨŷ;žƓħĜƦƚŶĎcƙ�ŔƁ(óƾǊǔǀƘsW?Ƌƨǃ

ǨǏƸł (CD45, LFA-1, Thy1) Ƙ ůƈƩƨƆƕƣāƉƓżƨ (Biomaterials 33, 5776-5787 (2012))ŷ��

ƬŅƟžµľ¥ƔƚŶ�CĻĿƘ�ŽǏǪǒƳǣǨƙ¢.ƬǈǣƶǪƕƉƓŶCTLĮŨƘ ůƉƏĎcƀƦ

ƙĨ6¢.ƁIĞƔŻƨƆƕƁāƈƩƏ (Fig.5)ŷ 

ų ƟƌħĜƦƚŶ
/cĢŞ¼Ê`ŘĢǖƾƸǤƬĨ6ƷǟǣƮƘő�ƉƏ (Nat. Mater 10, 243-251 

(2011))ŷƆƙǊǍƵǔǁǤ (NC) ƚŶǣǙǂǪǜƥƧŲżǃǨǏƸł->ç�Ƭ$žƨŷğłƔÆ�ƈƩƨƆ

ƙNCƘAlexa647ÈĿƉƏƴǘƮǤǓǛǨ (Alexa647-OVA) Ƭ->ƉŶ1nMƙǏǪǒƳǣǨdW�ƔƯǨƷ

ǠǖǪǈƋƨƕŶ70ǫ��ƙ¢.ƁÿĻƈƩƏŷǏǪǒƳǣǨŧdW�ƔƚOVAƙ¢.ƚƞƕƭƖŃƆƦƗ

żƆƕŶ¢.ƚ1²ƙ10/�-ƘŉƤƀƘŋĬƋƨƆƕƣÿƀƢƦƩƏŷ 

ų ÌƘħĜƦƚŶAlexa647-OVA->NCƕŶǐǈ(ó�*ưƯǤǀ (HIV) GagǃǨǏƸłçòùCTLƬƻǨ

ƿǠƺǪǈƉƏƣƙƬî�ƉƏ (NC-CTL)ŷ	5ƘGagǃǨǏƸï¸ǗǔǄǉƔǏǤǀƉƏCD4+TĒĝƕ

NC-CTLƬ+YŰƋƨƕŶNC-CTLƚAlexa647-OVAï¸ƙĩ'~}ƬÜrƈƍƨƕ+ƘŶCD107aƬĒĝ

Ģ�ƘĮ.ƈƍƏŷƆƙĖ»Ƙ;žŶǗǔǄǉŧǏǤǀCD4+TĒĝƕƙ+YŰƔƚLÇƙëŀƁĳƦƩ

ƗƀƑƏƆƕŶǏǪǒƳǣǨ�d�Ēĝ%hĕńƙŠh6Ƭ;žƨƕŶĨ6¢.Ɓ�3ƈƩƏƆƕƣKƫƍŶ

CTLĮŨƔƙĨ6¢.ƚ�CĻĿƕŶƎƩƘ�ŽǏǪǒƳǣǨƙ¢.ƬǈǣƶǪƘƉƓżƨƕāƈƩƏŷ 

ų ¯�ƘħĜƦƚŶHIVǞǇǤǚưǀƬîżƓÕö�îƙIĞ�ƬāƉƏŷHIVÁÕöÖƙ"įƕƉƓ�

CçòùCTLƙĄ)ƁÃķƈƩƓżƨƁŶŴCTLƬ®ƘØ�?ƋƨĨ6ŶŵÞ��½�ƙĒĝƘHIV�

CƬ÷ëƈƍƨĨ6ƙ�îƁ�ĲƕěžƦƩƓżƨŷħĜƦƙŎDƙZNƚŶIL-15ǀǪǏǪƮƼǋǀǈ 

(IL-15Sa; IL-15ƕIL-15RαƙıK�)ƁƆƙ2·�ƬÝƏƋƕāRƉƓżƨ (Nat. Med 16, 1035-1041 (2010), 

PLos Pathog 12, e1005545 (2016))ŷIL-15SaƬ Ň

ƉƏNC-CTLƬHIV�½ǚưǀƘĄ)ƋƨƕŶǣǨ

ǏČƘſƄƨHIV�½CD4+TĒĝƙ8KƁÜrƉ

Ə (Fig.6x)ŷƟƏŶ�½ǚưǀƙǣǨǏČƔƙƠŶ

���ƙIL-15Saƙà}ƁŲƟƑƓżƏ (Fig.6J)ŷ

��ƥƧŶµƻǨǁǔǈƬîżŶIn vivoƘſżƓƣ�

CĻĿƬǈǣƶǪƕƉƏĨ6¢.ƁŃƆƍƨƆƕŶµ

ÖƁô�ÕöƘ°îƗIĞ�ƁāƈƩƏŷ 

Fig.5 ų CTLƘƥƨ�CĻĿƬǈǣƶǪƕƉƏĨ6¢.�ñ 

Fig.6 In vivoƘſƄƨ HIV�½ĒĝƙţD (x) ǣǨ
ǏČƔƙ IL-15Sa¢. (J) 
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��ã C}Ôã Łëìþã þêøĕëł 

1¸CKSKÕ��Y�0K ¤	$×įěĝķīĻĚļ�¢Nã jrK¼a¶��'�¢<ŁPDł 

dai88nba@gmail.com 

 
ã ôćUĈä�; K�¢ĽĨŀç�ĆąÿýÇgèĉć>¥ć|�ėêýþðċ÷āä
3d2��ėĈ

øčăùē°ÛG<ć��iĆ�ñX��÷�óċùå�Ĉä2018T 3oĆh�CKµ� K�¢ Ăä

�º+"ebć`Qć�ä2AŁÎKłćK�ė4W÷ä8T 4 oĐĒ1¸CKSKÕĂäw×EÍ "

ebć�äjrK¼a¶��'�¢<ŁPDłă÷ā.-÷āíĒċùåPØ$×Ĉ��p|0KĂéĒä

K�l�ĈçBacillus R«·�sh¿īļĴĮěĭ�7]­ÌćÀtă(�èăêëīŀķĂ2AÇgė

ċăčäīļĴĿć�ĂĎ�÷êÕßĆ�ēĎćŁ�©f35ď25łć�7]ĆĀêāć�¢ė»ÿāðċ÷

ýåûć�ĂäĥĠĚĽĿĎ÷ñĈĝğĤĭĥĠĚĽĿï�q£îđ�0ùēĝĮħľěĭĆ��÷ċ÷ýåĝĮ

ħľěĭĈĤĩx�äâ¦x�ä,�îđ�¾öĔāíĒäD��ĂĈ�÷êH¹��¦{æą���Z

ė_ÿāêċùåûćn%ć�¾ĈĤĩx�îđ 1955TĆöĔāêċ÷ýŁD. H. R. Barton, K. H. Overton, 

J. Chem. Soc., 2639-2652, 1955.łå÷î÷ąïđäûćÄ«ą�7]­ÌĈÈĆ/ċĔýċċĂ÷ýå�Ĉä

Bacillus R«·ĆĝĮħľěĭć��ė�ÅùēăăĎĆ�7]ėÆĊāíĒä��Ă%čāäĝĮħľěĭ

7]Ö©(BmeTC)ė�¾÷@9÷ċ÷ýŁFig. 1, D. Ueda, T. Hoshino, T. Sato, J. Am. Chem. Soc., 135, 

18335-18338, 2013łå«·ĂĈ 1ĀćÖ©ïĝĮħľěĭė�7]÷āêēôăï&k÷äċýä2��Ù�

ė­ēôăï$îĒċ÷ýŁFig. 1łå 

�iĂäx�Ć�sùēĝĮħľěĭ7]Ö©ĈûćVĎmñ¾ĀîĒċúĘĂ÷ýåû÷āõñnÏä

ĀêĆx��sćĝĮħľěĭ7]­ÌïkđîĆąĒFčýćĂäõ¬
÷ċùå 

 

 
Onocerin biosynthesis requires two highly dedicated triterpene cyclases in a Fern Lycopodium 
clavatum 

T. Araki, Y. Saga, M. Marugami, J. Otaka, H. Araya, K. Saito, M. Yamazaki, H. Suzuki, T. Kushiro, 
ChemBioChem., 17, 288-290, 2016. 

ĝĮħľěĭć�¡Ăéēα-onocerin(2)Ĉ 2, 3, 22, 23-dioxidosqualene(1)ć�7]ĈäO. spinosaćħļ

ıĻŀMà¦îđä�q£îđ�0÷ýĎćĂéēôăï�đĔāêýïäûć�7]ćÄ«Ĉ�kĂéÿ

ýŁFig. 2 , M. G. Rowan, P. D. G. Dean, T. W. Goodwin, FEBS Lett. 12, 229–232, 1971; M. G. Rowan, P. D. 

G. Dean, Phyto-chemistry 11, 3111–3118, 1972.łå,�ģĽĥīľŀļ7]ć�¢�5ćBöîđîäĜĶ

 

Fig. 1.  «·�sĝĮħľěĭăĝĮħľěĭ7]Ö© 
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ğ Ĥ � ï � � ÷ î ą ê

oxidosqualene �0Ö©ŁOSCł

ć�¢Ĉ�ïBñä8LöĔā

êēÓ�IĎBêå¥²đĈ

OSC ÚÑÖ©Ó�Ićcªė

»ÿýåOSC Ćâñ�JöĔā

êēĹĪŀıĆO÷{æąĳĺ

ěķŀė�\÷äİĞĢĮĞĦĺ

ŁL. clacatumłîđLCA, LCB, LCCć3ĀćÓ�Iė

�½ă÷ýåLCA, LCBĈOSCăâê�8Zė�÷ý

�iäLCC Ĉ�ê�8ZĂéÿýåĐÿāä¥²đĈ

ôĔïOSCĂĈąñä�āÞąēĎćĂéēĝĮħĻĿ

7]Ö©ć6³Zė±ìýåÖ~ ��¨Ćā�

]�ė�Å÷ýŁFig. 3 Ëłå®u 1 ï��ćČ�0

÷ý pre-α-onocerinŁ3łĂéÿýå3Ĉ 2ć�Ù�Ăé

ēă�[öĔýýčäL. clacatum îđĆĈĎë�£ė

�0ùēÖ©ïéēă�[÷ý¥²đĈäcDNA ĺě

ĲĺĻŀć�îđäOSC ĵĹľġė!yª÷ýăôĕ

LCD ïhýą�½ă÷ā¾#öĔýåLCD Ĉ 1 ė?

Êă÷āÅÉ÷ąêŁFig. 3¯łïäLCC ă���öú

ēôăĆĐÿā 2 ė�]÷ýŁFig. 3ÝłåĐÿā LCCï%čāć 1 �0Ö©ĂéĒäLCDïx�Ăć%č

āćĝĮħľěĭ7]Ö©Ăéēôăï&k÷ýŁFig. 4łå«·Ĉ 1ĀćÖ©ĂĝĮħľěĭė�7]ùē�

iäx��ĂĈ 2ĀćÖ©ĆĐÿāĝĮħľěĭė7]ùēôăïk�ĆMÃöĔýå 

 

Fig. 4.  �=kđîĆöĔýα-onocerin�7]|z 

 

Identification of Serratane Synthase Gene from the Fern Lycopodium clavatum 
Y. Saga, T. Araki, H. Araya, K. Saito, M. Yamazaki, H. Suzuki, T. Kushiro, Org. Lett., 19, 496-499, 2017. 

ã ¥²đĈ�Âć�¢®uîđ8x�ć OSC ıęĸĻŀÖ©ïĝĮħľěĭ�7]ĆÚĖēă±ìäöđą

ēÓ�I�½cªė»ÿýå)=ăĈ�ąē OSC Ć���ąĹĪŀıėðÿîòĆ LCE ė�½ă÷ýå

LCC ăć���¨Ćíêāä)=ă�ąēhýą�]�ï�ÅöĔýŁFig. 5łåûĔüĔ 5 �ZħĺĨĿ

ávė_Ā Tohogenol(4)ă SerratanediolŁ5łĂéÿýåħĺĨĿávĝĮħľěĭ7]Ö©Ĉ%čāć�¾

Ăéÿýå�) 5ć�7]Ĉ 2îđ�7]öĔēă�[öĔāêýŁFig. 6Błå÷î÷ä�= LCEć|³À

tĆĐĒä3îđ 5�ZĞĪĝĿ�Ù�ėÐøā�ï�*ùēôăĆĐÿā 4ïä15�ćĳľĬĿï´Üùē

 
Fig. 3.  Ö~ ��Ó�Iă HPLCĆĐē�]�À
t®uŁ�ÕÇgĐĒ^§ł 

 
Fig. 2.  Dioxidosqualeć�0 
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ôăĆĐÿā 5 ï�7]öĔēôăïkđîĆöĔý

ŁFig. 6AłåôĔĈŃ�)�ÁöĔāêý�7]­Ì

ŁFig. 6BłăĈkđîĆ�ąēå 

ã ��äx�ĂĈ 2 Ö©ĆĐĒĝĮħľěĭ7]ï»

ĖĔāêēă@9öĔāêýå÷î÷änÏx�ĂĎ

«·ă8{Ć 1 Ö©ĂĝĮħľěĭė7]ùēÖ©Ď

@9öĔāêēŁA. Almeida, L. Dong, B. Khakimov, 

J. Bassard, T. Moses, F. Lota, A. Goossens, G. 

Appendino, S. Baka., Plant Physiol., 176, 1469-1484, 

2018.łå1Ö©ĝĮħľěĭ�7]¨ă 2Ö©ĝĮħľ

ěĭ�7]¨ïäĄćĐëąÒêĆĐÿāùČ$òđ

Ĕāêēćî¶:�êå 

 

Fig. 6.  ħĺĨĿávĝĮħľěĭ7]|zŁAń�=kđîĆöĔý­Ì Bń�)�[öĔāêý­Ìł 

 

 

 
Fig. 5. Ö~ ��Ó�Iă HPLC ĆĐē�]�À
t®uŁ�ÕÇgĐĒ^§ł 
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ǉƶǒǆ  

Ɲ ěǉĀkƟ��y}y}ƈǆPr ÓŚĞǈ3�ăǃƵǁ²�ƵǁƨǘǏƷƠĖĠ�ǈ²�ǉ�}�

ǈL}ǭǯǸȋ�}�¾Ɵ�ñĖĠ�ǂƷƠL�ŽƂǂƷƪƟĺŨǈĖĠ7�ǉƢă�ßĸªƛ=|ǈ

Y±ƨǖǋƺǈßĸŕ%ƣǂƤǘ¦ĄL}Čǅ-Əƪ�ƥǂƷƠěǉ)r1�ÉǖǘÂŽĜ}đƪŵń

ƷǙPrŚĞȒȘǹǠȖǩȆȕǩȑȋǆTEƵǁƨǘƟų�ǈĖĠ�ăðǃ�ńƵǁĜ}´Ņǃę�ǈĮ

ǋǀƫǕȃǮǾǯȉǡȖǻǅǄǝ}ǞǂƫǏƵƼƠƱǈȆȕǩȑȋǂǉPr�ÕƪNÚ ƟǟǥǹȊǶǨȗ�

ÚǝbǜƸę�ǆŢÿǂƫǙ�Õǆ±ƁǂƫǙƼǒǈǥȒǧȏȑȋƪĄ­ƳǚǁƨǘƟ�eǈĉ}�ƚǓ

ƺǈ�ĂǂƵƼƠƺǚƻǚǈȒȘǹǠȖǩ}ăǉPrŚĞ1�ÉǆOŨǂÏƁ9ƩÐƄǈòvĉ}ǆńƭ

ƱǃƪǂƫƟčÝơǅp²ǂĖĠĵǃƵǁǉǓƾǛǞǈƱǃƺǚ�vǈĭƚǓ]ǒǁ�ƄČǆ±ƁǂƫƼǃ

¨ƿǁƨǘǏƷƠƱǈ�ƚœǝřǏǚƼÄǆ�ƵǂǓĉ}ǆĻ_ǝ·ƿǁƥƼƽƯǚǊ�ƥǂƷƠ 

 

ĉ}2ǈż�  (ǥǼǴȗǟȓȁȘǳy}ƟNarainĖĠ�ƟóļÓƄș  2016/06/01~2017/02/26) 

Ɲ �ŰǈųǘƟěǉPrŚĞȒȘǹǠȖǩȆȕǩȑȋǈ�Ăǂĉ}ƳƹǁƥƼƽƫǏƵƼƠƺǈƉǈóļ2

ǈż�ǉ}ăǈ¸�Àaǆ��ƳǚǁƨǘƟèūČĺąǆńƭ2ǝìǒǙƱǃƪǂƫǏƵƼƠ¸�Àaǂ

ƤǙ�ñ#|2ăǃĐŜƵƼĮ×Ɵ2ăǈƨĔǘYƥǂƤǙProf. NarainǈǓǃǆńƭƱǃǆƵǏƵƼƠProf. 

NarainǉǥǼǴǈǟȓȁȘǳy}ǆȑȈǝǓƿǁƨǘƟĖĠǓĺŨǈǓǈǃůƥĨƀƛ=|ƅ&ǈǓǈ

ƽƿƼǈǂƺƱǆìǒǏƵƼƠ9ƩÐǃƥƦƇǗǚƼÓƄǂǉƤǘǏƵƼƪƟƹƿƩƭÆÔǂŴǒǁƥǙĖĠ

ǝâǒǁĉ}ǆńƭǈǂƤǚǊ\ƱƦǂǈ±×ǝŝÂǃƥƦ�ǆƵƼƥǃ¨ƿǁƨǘƟƺƦƥƿƼ­_ǂǓ

Prof. NarainǈĖĠǉƜDČǂƵƼƠǏƼǥǼǴǉï�ǓǖƭƟProf. NarainǉĿƭǁ0Ƶƥ�ƽǃƥƦƱǃǂ

ĉ}ƪ?ǒǁǈĺ=ǆǉ�¤ǂƫǙŽ=ǓyƫƩƿƼǂƷƠ 

 

ĀlǆǀƥǁƩǗÏ?ǈ�ƩÐƄ  

Ɲ �ǉƖńßǂƖǋĢǀCÆǏǂǅƩǅƩĺ=ƪĉ}ǆńƭ�®ǉîƥǁƨǗƸƟƢÔ�ǆĺ=ǉÈÆ

ƩǗǥǼǴǆńƭǈƽǛƦƩƣǅǄǃĴƧǁƥǏƵƼƠƖńßƪ@ēƷǙǣǻȍȖǺȖhƉġõǆƟŐ>ǅ

Prof. NarainƪũǂǜƴǜƴŮƧǆÖǁƭǚǁƥǏƵƼƠƺƱƩǗy}ǈůƭǏǂńƭũǈǅƩƩǗ�yǆ�

ƪǙǥǼǴǈƕÌǝōƼǃƫƟĺ=ƪƱǚǏǂǃǉ4ƭŻƦp²ǆĢƿǁƥǙƱǃǝ�®ƵǏƵƼƠǄƱǏǂǓ

įƭİǈÌľǝōǅƪǗƟƢƱǚƩǗĺ=ǉǄǚƽƯƑ�ǚǙƽǛƦƣǃ¨ƿƼƱǃǝŏƧǁƥǏƷƠ 
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Ɲ ŁŘǆƅƵǁĉ}�CǉřǑƱǃǉ¡­ǂƵƼƪƟŗƷȗĶƭǃƥƦƱǃǆƅƵǁǉŀ³ǂƵƼƠÏ?ǆȑ

ȈǆńƫȌȖȁȘǆǖǛƵƭǃ¹¶ƵƼ Ɵ�ǗǈƌŜǆǉƤǏǘǀƥǁńƯƸùƿƼƱǃǝŏƧǁƥǏƷƠ

ƵƩƵ� �ƚǈǕǘǃǘǝǉƶǒǃƵǁȑȈǈȌȖȁȘǃƅǜƿǁƥƭƼǒƟǅǙǍƭ8öǅǬȊȏǽǪȘǭȐ

ȖƪǂƫǙǖƦǆǅǙǍƫƽǃ¨ƥǏƵƼƠƺƱƩǗǉçÊ�ǂŁ�ŗǈIĈǝōǅƪǗÆ�ǂ$ƧƺƦǅȄ

ȔȘǰǝH�ƷǙƟǏƼ�Ǘƪ$ƿǁƥǙŇĀǝĒ�Ƶǁ$ƦǖƦǆƷǙƟǃƥƿƼƱǃǝ¤ƪƯǏƵƼƠ1Ʃ

ÐƭǗƥǂŗƵǁƥǙ7�ƪǯȋȘǰǆǜƩǙǖƦǆǅǘƟ3ƩÐĭǀƐǆǉĺ=ǈŒƥƼƥƱǃƪÜǇ�

ƧǗǚǙǖƦǆǅƿǁƥǏƵƼƠǏƼǥǼǴǉĝéǈwƥhǂƤǘƟÝơǅhƩǗ}ăƪÖǁƥǏƵƼƠ

NarainĖǈȌȖȁȘǓwƭƪ�hǕǳǡƟǬȕȖȃǟǅǄƩǗÖǁƨǘƟProf. Narainǝ]ǒǾǡǸǠȅǂǉǅ

ƩƿƼƼǒ�ǗǈŁŘƪĶƫVǘǕƷƩƿƼǈǓFƩǘǏƵƼƠ 

 

ǥǼǴǆƨƯǙăðǆǀƥǁ  

Ɲ ÷kƵǁƥƼǈǉǟȓȁȘǳ�ǈǅƩ

ǈǣǻȍȖǺȖǃƥƦž�ǂƤǘƟȁȖǨ

ȘȁȘǆèǍǙǃĺúƪǖǘwƥǡȌȘ

ǮǂƵƼƠtǉ20ƞĞ�ǂŸƲƵǕƷ

ƥǂƷƪƟĒ:ǉÏƛêôǂǓ–20ƞǃ

ǡȌȘǮųǘ�ƥp²ǂƵƼƠĒ:ǂǓ

ȁǯų}ƵǁƥǏƵƼƪƟ;ƧƺƦǆǅǘ

ǅƪǗȁǯǝ�ƿǁƥƼǈǉǖƥ¨ƥ<

ǂƷƠůƭǆǉȕǶǧȘ�Ĺǈ�ŽǂÑ

[ǅȁȖȄhĢ5iƪƤǘƟtǆȑȈǈ

ȌȖȁȘǃ�ıǆńƫǏƵƼƠ�ơǈƄ

ǝũǂǻȑǡȅƵƄůǂIüǝōǙƱǃ

ƪǂƫǏƵƼƠ:ǆǉ��ǂǣǻȍȖǺȖǖǘƳǗǆM�ƵƟǡǣȕȘǼǡȄǃƥƦćǂ§ƔƽƿƼǤȘȕȑǝ

ōǙƱǃƪǂƫǏƵƼƠ 

Ɲ Ëæņǂ�Ʀ�ơǓǐǅŐ>ǂƟƼǄƼǄƵƥŁŘǂŗƷĺ=ǆ�ƵǁǓ0ƵƭºƵǁƭǚǏƵƼƠǣǻȍ

ȖǺȖǉ56�ųßƅƪċźƵǁƨǘƟ	ǆȁǯǂĝIƵǁƥǏƵƼƪȁǯƩǗƆǘǙƉǆwƭǈ�ƪŷŪ

³ǆƢThank youƣǃŒƿǁƥƼǈƪQšČǂƵƼƠǏƼǥǼǴǂ/ƥǁƥǙ�ơǉȌȒȀȒǈGƥƼăðǝ

ƵǁƨǘƟ�ƵȆȑǡȇȘǺǆèſǝĲƥǁƥǙǖƦǆ®ƶǏƵƼƠìǒǗǚƼKJÉƄ=ǈ��ǝƫƿƾǘ

ƱǅƷǃƥƦƎfêǂƟ�Æǈ!Íǉ�ÅǐǞǅǂÛƵǑǃƥƦ��ƪwƭōWƯǗǚǏƵƼƠ 

 

ȑȈǂǈĖĠăðǆǀƥǁ  

Ɲ ȑȈǆǀƥǁƷƮƟProf. NarainƩǗ�ǀǈȆȕǮǢǨǺǝóƳǚǏƵƼƠ�ǀĎǉ�;ǳȖȂǨŦǝÞ,Ƶ

ƼĨƀƛ=|ǈY±Ɵ�ǀĎǉRNAǹȒȁȒȘǈƼǒǈƛ=|Y±Ɵ�ǀĎǉĪķnƙǈƼǒǈô�

¦ĦªüāǫȓǈY±ǂƵƼƠNarainĖǈĖĠǉƛ=|ǆǖǙǻȑǶǩǹȒȁȒȘǝǉƶǒǃƷǙă�¦Ą

ÕÃǈƃċƪ�¤ǂƟƛ=|ǈY±ǃƥƦÕÃƃċǓƫƾǞǃńƿǁƥǙǃƱǛƪ�ǐƽǃ¨ƥǏƷƠĺ=

ǉƺǚǏǂ��ǆŋÁǈȆȕǮǢǨǺǝZÉǆŴǒƼĭƚƪǅƩƿƼƼǒƟÏ?ǉ�ƚǈ
�ǝĢǁǙǈ

ƪysǂƵƼƪƟǕƿǁƥƭƦƾǆ¯ǚǁƥƫǏƵƼƠȉȓǵǳǯǨǆ¯ǚǙƼǒǈĽƥĭƚƽƿƼǃ¨ƥǏ

ƷƠǏƼŲ�ǂ}ŽăǈƏ*ǝ�eǎǄ�ƳǚƟµƥŁŘǂ�ă°`ĺ=ǈĔƿǁƥǙƱǃǝÀƧǁƤư

tǃ:ǈǟȓȁȘǳ  

ȁȖȄhĢ5iǈƕÌ  (Xǉëíǈ�Ž ) 
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ǏƵƼƠĜ}ǈŗǆƅƵǁǉŝā

ǈĥŹǝĢǁǁŗƷǖƦ�zƵƟ

ǅǞǃƩ¨ƿǁƥǙƱǃǝ�ƧǗǚ

ǏƵƼƠ 

Ɲ ËæǈĖĠǈŴǒÄǉ�4ǆ

}ăǆ�ƳǚǁƥǁƟýǆǬǟǳ

ǡȋǓŔ�ƳǚǁƥǏƹǞǂƵƼƠ

Çƥ�ǉuÄǈ4ÉƲǛǆǉǓƦ

�~ƵƟxŶƭǏǂåǙ�ǉy}

ǈǧȎȖȂǯ7ǆǓǎǃǞǄƥǏ

ƹǞǂƵƼƠĺ=ĺŨǓÒǉ8É

ŸƬƩǗx6ÉƲǛǏǂǃƥƦăðǝŎBãƵƭűƿǁƥǏƵƼƪƟ9ƩÐƄǃƥƦAƇǈƤǙ�ǂǂƫǚǊ

ŝÂǝÎƥǁ�ǘƼƥǃƥƦê·ƾƪƤƿƼǈǂǅǙǍƭjÆǓy}ǆńƫ�ƚƵǁƥǏƵƼƠǏƼy}4

�ǃƵǁ�ƚǆƨƯǙ�4ǌǈ­şǉÆÔǖǘǓƛƥǃ®ƶƟƺƱǉōĳƦǍƫƽǃ¨ƥǏƵƼƠ 
Ɲ ěĺŨǈĖĠ7�ǃƵǁǉ�ţƵǁĨƀƛ=|ǈY±ǝńƿǁƥǏƵƼƠȌǡȖǉǦȑǨǺȘǯǝÑƷǙ

ȍǿȉȘǝĄƥƟǓǈǆǖƿǁǉ�ǡǤȖªǂƤǙMPCȍǿȉȘǝĬǐYǜƹǁſYƵǏƵƼƠãďǅǃƱ

Ǜƛ=|ǈY±ǆƅƵǁǉÆÔǂƤǙĞ�}ǞǂƨǘƟĀlǈ}ăǆ�ƚǈǬǷǕĪƩƥǃƱǛǝÀƧǙ

pƏǓwƩƿƼǂƷƠƱǚǏǂ$ƿǁƥƼŖŃƪøƥƟǃƥƿƼƱǃǝǉƶǒǃƵƼÝơǅĖĠĂqǈŻƥ

ǝ®ƶǏƵƼƪƟÂÿśØǆǖǘ³1ǈŖŃǂǄƱǏǂŉƧǙƩǝĴƧǂƫǙƽƯ�ƚǝŵńƷǙǖƦ�z

ƵǏƵƼƠƱǈĭƚǝųƶƟ�zàģǂĂqǕŔ.ǈŻƥǝ
ǘŧƧǁĖĠƷǙƱǃƪǂƫǙǈƽǃ}ǋǏ

ƵƼƠǏƼ�ŰǈǖƦǆƛ=|Y±ǉƷǂǆĭƚƵǁƥǏƵƼƪƟUƏƺǈÕÃǝ$ƿƼĪķ�ƚǅǄǉ

4ƭǈĩ�ǂƤǘȁǡǤƪ¡­ǅ}ăƩǗÀƧǁǓǗƥǏƵƼƠ 

 

ysƽƿƼȗŬƩƿƼǃƱǛ  

Ɲ ŁŘǆǖǙǬȊȏǽǪȘǭȐȖǆ¯ǚǁƥƼǃǉƥƧƟ£{ǅǽȏǟȖǯǕĖĠǆ�ƷǙĴƧÄǝ�ƧǙǈ

ǉǕǉǘƍƵƩƿƼǂƷƠǏƼĺ=ǃZƶ­ōǈ�ǃǹǠǯǥǶǭȐȖƷǙǈǉǂƫǏƷƪƟĊǅǙ­ōȗĴ

ƧÄǈ�ǆ�Ƶĺ=ǈ­ōǝŰǍƺǈã�ªǝ	�ƷǙǈǉǏƽǏƽȀȘǻȓƪƛƥǖƦǆ®ƶǏƵƼƠ

�zƵǅƪǗ�ƚƵǁƥǏƵƼƪƟǅƩǅƩþƥųǘǈĮ×ǝĪķ�ƚǂ<ƷƱǃǉǂƫƸ�?¨ƿǁƥ

ƼŚƓǉőìǂƫƸƶǏƥǆīǜƿƼǃƱǛǓŬƥǃƱǛǂǉƤǘǏƵƼƠňĲƪ©ǆ¿ƊƵƟƵǊǗƭ$Ƨ

ǅƩƿƼƱǃǅǄǓƤǘĺ=ǈDǈøƳǆädǐƷǙƱǃǓwƭƟȍǵȇȘǭȐȖǝ'ƾįƯǙǈǓysǂƵ

ƼƠ 

 

ĽƩƿƼǃƱǛ  

Ɲ çÆǈăðǈ�ǂȑȈǈ�Ƅƪĺ=ǝƾǔǞǃWƯ3ǚǁƭǚƟǏƼƒǘǆƵǁƭǚǁƥƼƱǃǉħĚČ

ǆyƫǅ¼ƧǆǅǘǏƵƼƠȑȈǈŷcǃƵǁƱƦƥƦȓȘȓǉƫƾǞǃ"ƿƼÄƪƥƥƟǃƥƦĺ=ǆ»Ù

ǆ�ƵǁǐǞǅťZƵǁƭǚƼǘƟěƪ ƩÀƧǁáƵƥǃƫǉƫƾǞǃÀƧǁƭǚƼǘƵǏƵƼƠǏƼǲȊƪ

īǜƿƼ ǆǐǞǅǂǖƭÊ¢ƘǝƗǍǆńƿƼǈǓÛƵƩƿƼǂƷƠĖĠƪŴǏǅƥƱǃǆ�ƵǁǥȒǥ

ȒƷǙǈǂǉǅƭƟçÆǂƫǙƱǃǝǕƿǁƥƭǃƥƦC\ƫǅê·ƾǆȒǱǶǺǂƫǁƥǏƵƼƠ 

Y±ƵƼĨƀƛ=|"ŊǈǯǧȘȋ  
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Ǐǃǒ  

Ɲ Ʊǈĉ}ǂǉÝơǅƱǃǝ}ǋǏƵƼƠ�Ǐǂǉ^fǆÆÔ�ƪwƥĂqǂĖĠðIǝńƥƟ�ƚǆƅ

ƵǁǓ�ĺąǝ®ƶǙǃƱǛǉƤǘǏƹǞǂƵƼƪƟĊǅǙĂqǆŨǝĲƭƱǃǂƱǚǏǂĺ=ǈƥƼǃƱǛƪ

ƥƩǆ«ǏǚǁƥǙƩǃƥƦƱǃǝ�®ƵǏƵƼƠƨ�ƥƪZƶŒłǝŗƵƺǈ­gƷǙǃƱǛǝ100%�Ƨ

YƧǙƱǃƪ�ƼǘCǂǉǅƥƱǃǓ}ǍǏƵƼƠÆÔƩǗvǆ<ǚǊƱǞǅǆǓwƭǈ�ơƪƥǁƟ�Ǘǃ

ŗƷǆǉŁŘǕƺǈǎƩǈŒŘǝƫƾǞǃ$ƥƱǅƷ¥ŌƪƤǙǃ®ƶǏƵƼƠÆÔ�ZrǂŗƵYƿǁ

ƥǙƽƯǂǉǅƭƟǓƿǃwƭǈ�ơǆ\ƯǁŠŝǝƷǙǍƫƽǃ¨ƥǏƵƼƠ 

Ɲ ĉ}2ǂńƿƼĖĠǆǀƥǁǉ�?ǈ¬�ǃǉĊǅǘǏƵƼƪƟ�ǈ}ăǈFƯǓƤƿǁǅǞǃƩŝÂ

ǝ�omĤƷǙƱǃƪǂƫǏƵƼƠ9ƩÐǃƥƦĕƥÉƄǂƵƼƪƟ^fǈDǝ+ǘǙƱǃǂƤǙĞ�ǈ±×

ǝ<ƷƱǃƪǂƫǙǃƥƦĺ(ǆǀǅƪǘǏƵƼƠěǝWƯ3ǚǁƭǚƼProf. NarainƟƺƵǁȑȈǈȌȖȁȘ

ǆ®ŞƵƼƥǃ¨ƥǏƷƠ 

(�) tǆȑȈȌȖȁȘǈ�ǂƋǏƿǁȁȘȇǧȏȘƵ
Ƽǃƫǈ9ĒƟ(X) ǡǣȕȘǼǡȄǆńƿǁǤȘȕȑ
ǝōƼǃƫǈ9ĒƠ 

 

Şŭ  

Ɲ ƱǈǖƦǅŤſǅĉ}ǈß�ǝ�ƧǁƭƽƳƿƼPrŚĞȒȘǹǠȖǩȆȕǩȑȋǈǐǅƳǏǆRƭ®ŞĆ

Ƶ�ưƼƥǃ¨ƥǏƷƠǏƼĉ}ǆāőǝėƵǁƭƽƳƿƼ¸�ÀaǂƤǙ�ñ2ăƟWƯ3ǚǁƭƽƳƿ

ƼProf. NarainƟĀlǈȑȈȌȖȁȘǆǓƨĘĆƵ�ưǏƷƠÏ ǆÔğmĤǈß�ǝ�ƧǁƭƽƳƿƼû

Ôy}ǈ�S2ăǆ½ǒǁ¢ĘĆƵ�ưƼƥǃ¨ƥǏƷƠ 

ǲȊƪī�ƵƼƤǃƺǈǏǏǐǞǅǂ·ƾ�ƿƼÃāǝƗǍƼǃƫǈ9Ē  
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第 45 回国際核酸化学シンポジウム（ISNAC 2018） 
日本核酸化学会第 2回年会 

http://web.apollon.nta.co.jp/isnac2018 
 

�� �ŃËÓ×İ{�jŁJSNACł 


� �ŃËÓ{�j� )� 

�� (ŃÏÜ�¾{��j� )� 

�� �Ń11Î 7ËŁâł	� 11Î 9ËŁıł 


� �Ńfį��� Ìĝ�Ğºŀ� õ�®ĞºO]XŁfį¬«f}�îÓñł 

	���#*")$�Ń 10Î 8ËŁÎł 

��'Ń etôĲŃ^č 30,000q*1, �ì 10,000q*1, �ì(ÅĐ) 9,000q*2. ³ËôĲŃ^č
35,000q*1, �ì 15,000q*1, �ì(ÅĐ) 14,000q*2.   
[*1ËÓ×İ{�j®jĢŁÞj� 5,000q,�ìj� 1,000qł�,. *2Ã¤Ç�Łojd�ł$

ÅĐ6����ì$®jĢ%éÉ.] 

")� Ń ®j HP (URL: http://web.apollon.nta.co.jp/isnac2018)02
ð�Ĩ+`�
	 

���Ń ISNAC 2018/ËÓ×İ{�jÿ 2 �®jey¦� fį����ķë�øüûÔ¨²ø
ü pŁTel: 075-753-4002, E-mail: isnac@chemb.kuchem.kyoto-u.ac.jpł  

 
 

� �
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日本核酸医薬学会 
生物セッション第 3回サテライトシンポジウム 
―免疫系と核酸医薬－毒性と免疫賦活化― 

http://www.pharm.kyoto-u.ac.jp/research/facilities/med-pharm-collaboration-bldg/fujita-memorial-hall/ 

 

�� �ë 11R 10Qé'ê12:55-16:15 

�� �ë��,/���"x|[½�+�@Üèâ 

�� �ëQSY���/� 


� �ëQSY��/� 

	�������ë 

��,/�/x|{��/��ª �� k NJ 

QSY���/�ljÓÖÐáæ9�ª ��L8 

�&��ëQSY���/�ljÓÖÐáæ9� 

��'ëgP 

")�ë�r,/m\k5/�ª ��ª L8 mfujii@fuk.kindai.ac.jp 

é=Q��Â]�µ¿¶²«�OGK½¸Á¼º³Ä¹´��¼qµ�ÀÅ±¥¯µ¿¶¬ê 

!� %ë 

T�,/�{/x|DBV�	/��ª �0 
� NJ 

­Y�¼2¶Ä�h�s?�Å�>¶Ä�.)v® 

&}x|�u_���)vç
;çW§x|D,¡,/�s/Ûäæ×ÇÆx|ÓæÔèw� 
 NJ 

­Y�ÆÑàÚæÙ½�st_¾½?n»1�Ax|® 

�b�,/,/¢�/x|¢åÌÕæ�s/��ª f� ! NJ 

­ÎÈÙËÈæ^AÅH°¸ TLR3ÆÑàÚæÙ½ØÏÈæ® 

��,/�/x|{��/��ª �� k NJ 

­mRNA��¼ÃÄ�s��»·½�>® 

FZ�%5\X<�y x|�uÓæÔè 3S �! �* 

­ÆæÕÓæÒ��½�h�s`A�½��¼ ¶Äx|® 

&}��%¦%�lx|D �� �£ �* 

­Gapmer(ÆæÕÓæÒ½�^A
d¼ ¶Äx|® 

  

 

 
Nucleic	Acids	Therapeutics	

Society	of	Japan
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KUMP International Symposium 
http://wps.itc.kansai-u.ac.jp/kumpis/ 

�

� ĵė���%�úý��øüLV[G9[?eØ��g#§��ĵ�TG9=XPWQ]#0

3ÒÕ~ò$ur�MZA<>H$�ĸ@[PA;S6`Ğ$ĩ2Ĵl
��*�	̂ čóĔ%

��i��
2*�7��MZA<>HT[K]øüóĔ#w��p��1ď�"nìÊ6
�

'���ÂµĠè��
���*�$����w
���4&¯
��	 
 
 

�� �Ń2019® 1Î 24-25Ë 

�� �Ńĵė�� 100�®Ğºjŀ 

��'ŃéÉŁĘetôĲł 

WebsiteŃhttp://wps.itc.kansai-u.ac.jp/kumpis/ 

���Ń 
ĵė�� KU-SMART PROJECT ey¦Łnþû�ÀēÅĬÜÙpł 
�564-8680 �Ķ°�î¬¨¿ñ3-3-35 
TEL: 06-63 68-1178 
E-mail : kump-intsymp@cm.kansai-u.ac.jp 
Project Site : WWW.kansai-u.ac.jp/ku-smart/ 
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