
 

 

 

Ï�ƁĆ  

 
 
 

ěƯƭưPZrPóœö*  

ƞƝƧMw[ RNA >���Ɩ�Íńĸ¤ï  
 

ƳGene regulation by long noncoding RNAs  
during glucose starvation in fission yeastƴ 

 

 

 

 

 

 

 

 
 
 

äù 26å 12đ®ÆƳĹÏƴŀƀ 

ė�ÉÏÉÏƣĹÏŖŋŒŎ 

Ļĵ¬ÏÛĄ Ýľ ĒĨ  
 

 

 



 1 

aU  

qK ................................ ................................ .........................  3 

Abstract ................................ ................................ ..................  4 

]t0r ................................ ................................ ...................  6 

Cf ................................ ................................ .........................  7 
�  �.�)*��#�v79D��,#�.Sw  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
�  }�/� RNA �{z}�/� RNA ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
�  cQ\Xmo
�*�/�~���+�Eh  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 
�  8pyV
�*�/�~���+�EhF lncRNA 	��v79D  . . .  10 
�  fbp1 �.��.� RNA ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11 
�  &�*\X���
8pyV  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11 
�  I[&�*Si��$'+/�(.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 
�  x4?���-/�
���$��  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 
�  Nde
Ru  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 

nP ................................ ................................ .......................  17 
g�f  8pyV
�*�/�~���+�Eh
� %-��sO  . . . . . . .  17 
�.� mRNA
v7Eh .................................................................................... 17 
�.� ��+�Ehv7<? Atf15@`�x4?_Z9D .............................. 19 
�.� �*�/�~���+�1�
�,#�.Sw
>; ............................ 19 
�.� ncRNA
v7Eh ................................................................................... 20 
�.� fbp1+ lncRNA
v79D ......................................................................... 20 
�.� mlonRNA= lncRNA
Hl .................................................................... 21 
�.� mlonRNA= lncRNA��.��.� RNA ............................................ 23 
�.� lncRNA
v7
��+�Y^F ............................................................. 23 

g�f  {z}�/� RNA 3��jJ\x4? fbp1+
_Z9DTS  . .  43 
�.� fbp1-as
v7 .......................................................................................... 43 
�.� fbp1-as� sense RNA
b| ................................................................... 44 
�.� �*�/�6W:M
kL� fbp1+ mRNA
2AB; ........................... 45 
�.� Dicer5@`�8s	�� fbp1+ mRNA
ABF9D ............................ 47 
�.� !�,�,#�.}5@`� Dicer5@`� fbp1+ mRNAv7G9 ..... 48 
�.� fbp1+ mRNA
v7+"*
G9 ............................................................ 48 



 2 

[qZ  fbp1+i)6WR-<�DS �#  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  68 
q.o fbp1+ mlonRNA / mRNAf+N>0-< �#�K] .......................... 68 
q.p mlonRNA��� mRNA�f+N>0 35D �# .............................. 70 
q.q fbp1+ mlonRNA / mRNA / asRNA�Y(*V��f+N>0 �# .... 72 
q.r fbp1+ mRNA / asRNA �Y(*V�a@��f+B- �#�K] ..... 74 
q.s f+B-��!$'�"&vRNA2Ak8.�O/ .............................. 74 

IF	GM ................................ ................................ ..............  85 

a9 ................................ ................................ .......................  95 
o  ,bjL�����#�'�mn��$���%'�#
=\�c995 
p  mlonRNA 3 lncRNA �C^  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  96 
q  fbp1-�&��&� RNA WR  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  97 
r  fbp1-�&��&� RNA 	 mRNA WRB-  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  99 
s� T4h=H�i)6WR-<�:��DS �#���Jd  . . . . . . . . . . .  101 
t  lncRNA �f+�UP7X
?`  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  102 
u  l;
i)6WR-<	���	h=  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  103 

_��� ................................ ................................ ...............  106 

eg ................................ ................................ .....................  107 

1aEQ ................................ ................................ ...............  108 
 

 

  



 3 

�� 
 
� ¶»��v¯�Ö4S? RNAßncRNAà	Êe*��(����� 200@1N0;

?-É�)Ò-��)ÒÑ ncRNAßlncRNAà��1OG;Q%D7>QbÛ-X��

Þ�¦s¤Ç�j��Ô,)���¬°~���g¾Ï��2M4S7ÚÝ��³�¦Î
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Abstract 

Recent genome-wide studies have revealed that eukaryotic cells express a variety of 

non-coding RNAs (ncRNA), some of which are rather long (> 200nt) ncRNAs transcribed 

by RNA polymerase II (long ncRNA, lncRNA). It has been postulated that lncRNAs 

plays critical roles in gene regulation through modulation of chromatin and epigenetic 

status, but the precise mechanisms are not fully understood yet. 

I have been studying fission yeast lncRNAs important for gene activation and 

chromatin remodeling of genes activated during glucose starvation. Upon glucose 

starvation, a cascade of lncRNAs transcription starts from the 1.3-0.7 kb upstream 

noncoding segment of fbp1+, which encodes fructose-1,6-bisphophatase, a key regulatory 

enzyme in gluconeogenesis. This gene activation is accompanied with stepwise 

chromatin remodeling in the 5’ noncoding segment (Hirota et al., Nature, 2008). Such 

lncRNAs were referred to as mlonRNAs (metabolic stress-induced long non-coding 

RNA).  

   To search for similar lncRNAs induced in response to shortage of glucose, in this 

study I conducted strand-specific RNA sequencing experiments, together with analyses 

of chromatin landscape by histone H3-based immunoprecipitation sequencing 

(ChIP-seq). The clustering analysis suggested the presence of three distinct classes of 

mRNAs and ncRNAs: early, middle, and later transcripts during response to glucose 

starvation. Substantial portion of them are expressed depending upon a 

CREB/ATF-type transcription factor Atf1 which is essential for fission yeast stress 

response.. To find out “mlonRNA-like lncRNAs”, a new computer program that 

examines dynamic changes in transcripts was developed. Using this program, several 

Atf1-dependent lncRNAs similar to the fbp1+ mlonRNA are newly identified. They are 

confirmed to be associated with local chromatin remodeling.  

   More importantly, overlapping with this lncRNA transcription, antagonistic 

expression of small amount of antisense RNAs (fbp1-as) was observed under 

glucose-rich conditions. Conditional induction of fbp1-as in the plasmid-borne reporter 

resulted in inhibition of sense mlonRNA and mRNA transcription on the same DNA 

molecule, even in glucose starved conditions. Moreover, when glucose-starved cells are 

refed with glucose, sense transcripts are rapidly destabilized, partly dependent on Dcr, 

in the presence of fbp1-as. Finally, I conducted mathematical modeling of 

transcriptional dynamics at the fbp1+ locus during glucose refeeding to estimate the 
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effect of antisense RNA transcription. From these, I propose that an integrated gene 

regulation network of sense and antisense lncRNAs plays pivotal roles in robust 

adaptation to glucose starvation.  
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���� 
asRNA antisense RNA 

ATF activating transcription factor 

ATP adenosine triphosphate 

cAMP cyclic AMP; cyclic adenosine monophosphate 

ChIP Chromatin immunoprecipitation 

ChIP-seq ChIP sequencing 

CREB cAMP response element-binding protein 

EDTA ethylenediaminetetraacetic acid 

fbp1-as antisense RNA of fbp1+ 

FPKM fragments per kilobase of exon per million mapped fragments 

GO Gene ontology 

HDAC Histone Deacetylase 

lncRNA long noncoding RNA 

MAPK Mitogen-activated Protein Kinase 

MDS  Multi dimensional scaling 

mlonRNA metabolic stress inducible long noncoding RNA  

ncRNA noncoding RNA 

RACE Rapid amplification of cDNA ends 

RNA-seq RNA sequencing 

RNAP II RNA polymerase II 

SDS sodium lauryl sulfate 

Tris tris hydroxymethyl aminomethane 

TSS transcription start site 

  

  

  

 

  



 7 

�� 
 

�������	�
�������
���� 
� ¤ !»Ç ��ÌZ�u/'��»c»Ç/\+b��%��ÌZ�u/z|�Z	

,�¤  ÌZ�u! DNA�7R@�-��,�6CI DNAT ÌZzÚs!�mRNA

#�È`�-�²¸_�����¹/��;QE3Æ#�¶Â�-,��%+�6CIT

 ÌZzÚs ¡} DNA vtÍd��;QE3Æ ÁÀp �g/����
+�

mRNA !;QE3Æl� �& Ø`« �g/����� SË ¤n�u �-�Ô

�,��!�9Q?KM@4H��m"-,� 

 
� Î±(�Ê;QE3Æ/!�&�¤n/³��,w� XÅ�!ÌZz�7R@�,;

QE3Æ�ÔU���,�ÌZz ¦£!�²¸ ¢��)���y�e��-�
+�

�¿����¿�Ð��ÌZz�¦£�-,�ÌZz¦£¢��²¸¢�/�}�,�

&�ÌZz¦£ e�!¤n£Å^[����.&�Ï¿��,� 

� ;QE3Æ»[ ¦£Ð!©�§�!�¶Â�¶Â�Ä°�,�!;QE3Æ Ñr�

�, mRNAÐ��q���Ä°�-,�mRNA ¦£Ð����'�È`�È`�Ä°�

�� ���e�8>=G��+�k��w® oz�¾×�285R@(B=?PR

3/����ªYe��l���,��¡��mRNA  È` Ä°�!�È`oz(3O

H<Q�Ê �U�x��·	*-��� 

� ~Õ�6CI DNA/�_�j��,t� �Ê��,3OH<Q�Ê!�i�F8?Q

 a´�ºaÖ������F8?QDL0Q?(�A3N1:RI Íµ��,�!J

<Mh(09<Mh�� h{]Û�),F8?QHR3���)+�²(��e��¼

.-��,��-* e�!(!+�¹� ;QE3Æ�W[����¼.-��,��

S����É!ÌZz¦£Ä°�
���cz RNA(ÓÒÙ7R@ RNA�����g'

�¨�-��,� 

 

 

�����	 RNA������	 RNA 
� É� ?KQ83LG?RI�½ ¦��)���«�¤  ²¸_�!w� RNA�

È`�-��,����*���-����-* RNA ¬¯�)+�Ý�$����

²¸_�!~�w®w��Ù7R@ RNAÞnon-coding RNA; ncRNAß���.��;QE

3Æ/7R@�����È`¥ �È`�-��,X�Ã��-��� ncRNA V�!�

tRNA�rRNA�small RNA(microRNA�siRNA( piRNA) fÜ[������200A3



 8 

W6DH0É�-Õ� ÕÔÚ<[H RNAßlong non-coding RNA; lncRNAà(y%.-�

�
��lncRNA �� ��!���Å����·ºo�h+
 �»0����-
�

+�+
��.����(Djebali et al. 2012)� 

 

� °�§¤ $�1� lncRNA ! mRNA �eÎ��¥�0���k�"��� �x�

mRNA( lncRNA(�RNAOURT[B IIßRNAP IIà�Êp�.�5’¶�8SEN�Ï�

3’¶�! polyAF[V0���?NT3=Y:�� mÞ0v-a(�-�h+�»0�

�������z �- lncRNA(�}!�-�(Struhl 2007)�\���¥� lncRNA

��·º =:IV)Ñd�r�������Û�	��ÒÁ��s0�������z

(��.��-� Ëw�
+³µ�¾/.��-�»� lncRNA  \k���! X �

¼g]¢u�×/- lncRNA�X-inactive specific transcriptßXistà��� ÍÔ
+Ò
À�-*��Êp�.-2YDAY? lncRNAßTsixà���+.-�$`Ý ¬§�Ù�

	���Tsix! X�¼g ]¢�u�_���s0���(Pontier & Gribnau 2011)� 

� Õ�Ñd�ÖÜ�
+Êp�.- lncRNA ! lincRNAßlarge intergenic/intervening 

noncoding RNAà�*".�c¿�( ��RoRßRegulator of Reprogrammingà��

-�RoR!��·º �qu»�×^�- lncRNA��qu0Ã��-(Fatica & Bozzoni 

2014; Loewer et al. 2010; Rinn & Chang 2012)��+��lncRNA!�1�� «¡�	

-ª��(Ú��ÒÁ�f¹���-( ���²+.�«¦�qÓ�	��(t

½ C[;EG���±®�.��-(Rinn & Chang 2012; Scheuermann & Boyer 2013)� 

 

� lncRNA  ×^�-Ñd�r�R7J@Q�×��(�%�%��z���.���-�

�-´ lncRNA !Êp|� ¢�0Ø��-�»0���'”RNA decoy”�{".-�

%��RNA-CYL9È ¯bj¨�*��”scafold”  �s0����,�9XPDYm

Þ|� {#Ì&�\�Ç��”guiding mloecule”���n��,��-�!�C[;EG

RNA  Êp�?NT3=Y:���qÂ�	-r��”controllers”��� �s0��

( (�-(Fatica & Bozzoni 2014; Rinn & Chang 2012)�Xist (Penny et al.1996))

Kcnq1ot1 (Pandey et al. 2008)� HOTAIR (Tsai et al. 2010)���� HOTTIP (Fatica & 

Bozzoni 2014; Wang et al. 2011)�c¿�.-�� lncRNA!�¼g0C[;EG��

-9XPDYZ5M>4KDE9mÞ×ÐCYL9ÈÀxg0U9V[G�-�k�"�

9XPDYmÞÀxg PRC2(Rinn et al. 2007; Tsai et al . 2010; Zhao et al. 2008; Zhao et 

al. 2010) ) LSD1 (lysine specific demethylase 1)-CoRest (a neuronal gene repressor) À

xg (Tsai et al . 2010) �¯bj¨�- lncRNA �}�²+.��-�(��(�PRC2

Àxg� lncRNA ����¥©�¸x���-
!�l£ÆÄ i~��-
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(Cifuentes-Rojas et al. 2014; Davidovich et al. 2013; Kaneko et al. 2013)� 

 

� P���s�� lncRNA �7N>/²'0O;�$ºZt�¶½�"´`�%��$�

��&��W�½�ª[����7N>/²'0O;���$^� DNA½'4N3½�v

¥���
��7N>/²'0O;�����^� DNA½Ã*N84N3½Ä^���´

`�%$�	�$���$��!��*N84N3½�"�´`��Ã*N84N3

RNAÅasRNAÄ����z�����?:������´`��� 30%'�g�$�¯&

%��$(Ozsolak et al. 2010)� 

� %���§	�"���%��$*N84N3RNA�S���Xist�Tsix�!���

4N3½´`���x����}e'�����v�%��$��	�$(Pontier & 

Gribnau 2011)��"���*N84N3 RNA�4N3½� lncRNA�h��,@2+=

89/]À¾¹kt� X\��$���v�ºZt��'c��$���um�$

(Pelechano & Steinmetz 2013) �d¢©	(����Â���$�	¡"%$

ANRIL/CDKN2B-AS1 (antisense lncRNA in INK4 locus) ��?3:N H3K27�F8J

f'{���°y���¨�1BK91OºZt CDKN2B-CDKN2A �´`'�c�$

(Yap et al. 2010; Yu et al. 2008)�b»���*N84N3 RNA�´`�_}��H3K4

 H3K36 �F8Jf]À��'|
³���!���HDAC 'I/JO:��4N

3½^�ºZt��'�c�~$(Houseley et al. 2008; Kim et al. 2012; Pinskaya et al. 

2009)� 

 

lncRNA�S���stress activated protein kinase (SAPK)-dependent CDC28 lncRNA�

!���q3:K3��£��´`KCJ	rf�$��	�$(Nadal-Ribelles et al. 
2014)�b»����A-3A)7O5:HN3DO7O'0O;�$ PHO84�*N8
4N3 RNA 	�chronological aging stress ����°y�%$V	pi�%��$

(Camblong et al. 2007)� 

a«»��¤¦'4IN	±w��YR�oÁ�$��SER3ºZt�Q�¿n�" SRG1 

lncRNA	´`�%$(Martens et al. 2004)�SRG1�´`�BLGO7Ojµ�</K.

6OE�¸�!# SER3�´`'�c�(Hainer et al. 2011)�4IN��U���� SRG1
�´`	�c�%$��!#�SER3	��f�%$(Martens et al. 2005)� 

b»�����·l3:K3�£�� lncRNA SPNCRNA.1164 	3:K3�£���

$T®�´`kt Atf1�c�'¬��(Leong et al. 2014)��!���3:K3�£�

�´`c������lncRNA=9:MO/����¼®�}e'���� 

 



 10 

 

����������	�������
��� 
� µ�á�!`�+�7IW9[¯íî&!á�"¶|�¶�$0�* ¡+åÓ�>

EX>�Á!\���0��/3��;W<[>"'�5�!¶² ���aÓ7IW

9[¯��0�ÅÌ�;W<[>¨b!s§ °����c 7IW9[¯ïÍËä�6

RJä�MWLZä�;V@Y[W��ð�. ATP4�0�*�Â�¶!ÆÚïKanehisa 

et al. 2014; ~ 1ð�¬�r�10��!ÆÚ"ÎÛ!ØÏ4®Ê��/��y -��"

�Û4p0�-���¹��0�*�;W<[>�×��µ�^�Â�¶ÆÚ�j�#)

�2�7IW9[q³4���0!��;W<[>��^�"Ä���o�1��0�É

	.10�,	 �Â�¶ÆÚ!�o"èßâe�º´!ëi�h©=>CS�����

0�É	.10� 

� ¢¾¿�UDW���¸��nÑã«�"�ÅÌ�>EX> ¼ê��� �MAPK

=;GWeàÃ�¬�r�10���½.10(Shieh et al. 1998; Nguyen et al. 2000)�(

��nÑã«�";W<[>(�"ÀÄ¯!íî� cAMP XPW4�^��cAMP =;

GVZ;ÆÚ -���¤l&�;W<[>!íî���e��1Â�¶!âe�È�¬

�r�10T8H?Sï~ 2ð��.� �1��0�(Hoffman et al. 2005; Ogihara et al. 
2004; Welton et al. 2000; Landry et al. 2000; Zaragoza et al. 2001)� 

 

 

 ������	�������
���� lncRNA������� 
� ���0¾¿�!kÐ¾¿ -���nÑã«ÅÌ��;W<[>íî>EX>£d^

 
��Üm�Ö��10 mRNA�! lncRNA�Ô���1��Â�¶ÆÚ 
��_w

Ýu�4x0ãÄ Fbp1ïfructose-1-6-bisphosphataseð4<[F�0âe� fbp1+!mRNA

"�;W<[>�×��£d^�"Üm��o�1��0��;W<[>íî>EX>4

v�0��lncRNA g�»�Üm�¬�r�10��! lncRNA " fbp1+! ORF �.

0.7~1.3kb]!OYU[A[l Ò�!Ümç�±4+��fbp1+ ORFì�4+z)-�

�æ�Üm·²��0������! lncRNA �.!AZK:Ù!º´"'�5�Õ��

1���;W<[>íî>EX>4v���! lncRNA!Ümç�±"^&�=NE��

�1 f��OYU[A[ì�!:YQBZ¥Þ!�rt$�OYU[A[ì�&!Üm

}�!Çy�ªé» 
�0����^! fbp1+ mRNA!ë��Üm¬�r�Ö��1

0��!¦� lncRNA4 mlonRNAïmetabolic stress induced long ncRNAsð�{%��

 �0ïHirota et al. 2008; ~ 3)� 
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�� fbp1������ RNA 
� BOT;6PIBULØ¥�(*��� fbp1+ì{��0T@=T; RNAófbp1-asô&

ßh,��+��	-���óRhind et al. 2011, Maugureat et al. 2012ô��� asRNA
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,���	�(*ò���©i�Ò�(*���y.j�¶³�º��ñ�(*Ù¡�+

����m��� 
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lncRNA����k�	Û"),��asRNA�mlonRNA� mRNA�¯",�Y����
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alipon et al. 2013, 5PJT£¹ÓAU?ô��ê� mlonRNA��o�¨g36>>UL
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W.q%+ë9UC DNAì{�)� lncRNA' asRNA	ßh,+���òÂ¼¨¶³

�í`�ßh¬«.���¼¨¶³�8FL¾Á�����NAQ¶³��+� 

� ��&�jÔæ®��pÈÍ��*�±a|ï	tÎ��+�%�|z�É�.Û��

+����îð�°àx�çn;BR;��µ~�Ã;BR;�¾Á	tÎ��*��Ã

& ���é|ï	tÎ��+�%�DNA�RNA'?TG6Ý����éÅÕ	tÎ��

*�ñ¤��ä���+�)���»u DNA���(��Äp�8FL�É���¸a

.b��+��	tÎ��+�%�j�M4E<L�¾Á�ë��¢·��+�Vea�

&]ea�&��º�Ì�	tÎ��j�¶³�å_��¾Á	â/��*��ñ¤��
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��¥o�.��s���-�'�6DJçh)æ^��|�¸°Ó£��!är!½

¿�¤�>V:HV8o�.�	,�!k��|0Ü&��X��½¿0��'-��

�vÊ��c.��ð³¯��-��.+!i
+�¢½¿�"�gÏèª0L>P³

¯������� 

 

�����	����������� 
� ÆÉd!g�j�K3B9J"ñ%�Ðî��-��
���!Ðî�C<?SV4

 	��ë��-{�0�f���!;2AI480�±L>Po�-����ÆÉ!j

�78=J!Z�-K3B9J0»�¹ /
,)�Î°�-�����-� 

ÆÉ!j�78=J!pÄo"��!*� ³¯�ÖÔ�.��-
����!*��K

3B9J�j��Í/.-!
����¢Û¹�z� Á�-! �À���+ ��!

�±L>P0a��7IMQV7NT�-�����ð¹��«�ï��FOKV:V!

��0Í�[�vÊ��,��ð���"�Ø�ï��[Ú����(§Ø�-[0vÊ

��-� 

� ÆÉ��o�-�¶!²~ å��-�� Ò�-RE8?��Á"�âo!ä¾� 

åo�.���78=J!W���-��!*��8?Q8�Á0L>Po�Ó£�.#�

³¯!�ã¹�³��·!Ó� ���-� 

 

�������
��������� 
� ³¯°Ú!�±L>Po"��!°Ú 	��¢Û¹�ÑÅ0�f�-! �À�� 

W�!ÆÉ0t�Ã�Ò���ÆÉd�	�-©��³_¯Û!x�UgÓ)�èÅt�

��!®l�¹�È�0m�-����Ðî�C<?SV4!w{�!ê)¼\`µ�t

�!�ì���j��.-©�!n¹�§Ø0�-���vÊ��-��!����Wá

!385V@ 	���ë0�-{�)t�0���-�����-� 

 
� æ^�!¸°j�;2AI48 ���"u*,�j�¨à�7TGP�q¦³¯�

�-�ËÌ0L>P���½¿�º1 Í/.����Y�(�]Ùíáæ^�!¸°j

�!½¿�"�J. Monod + *-�ËÌ! lacZ !ÝeL>P�¡y��-òJacob & 

Monod 1961ó� 

� æ^�!¸°;2AI48!½¿�"�mRNA !Ýe):TF4Û!Ç× �����

.�.!{�!¬�)t��ì!�«b0$&��X��ÆÉd!g�¬�!;2AI4

8��Á�ì0ÔÂ�-�RNA):TF4Û!´³ß��gÓß��ÆÉ�gÏ�-}x

 "�éß���0È���w¯Û!¬��o0�g�¾��ÕÞ�-��+ �²~{
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v���u¢�'�83DQ%�Ëesv��R1ORW<W����Ð_v+��i|

�)-2>IW<W�È�i|�)PHR?7W���Á³	¹��*�Ð_vrÊ�c

fj	Ãy�*)(Alon, 2006)���&����NAQ+¡��Ð_v�¥�=/DK29

�Å��&(�´ºd��Ð_vi|M0E:L�k�%�É¦���~��+Â¨��

�	f�)� 

 

�������� 
� 3Q6W9�´º� w����ÒÁ��Ù���)�#���ØÚ9BR9�´º	

���}²�)�+aª¦�Äz�)���� q� w�£+«)Y�ÒÁ��)�±

Û°����\]8W4U7W+¡��5GLT/C�Ð_vn GU6WA.U3 RNA

�¥�}²+¶·¦�Äz�)���&(�3Q6W9ØÚ9BR9¨{���)Ëe�

��}²�l¦�Äz+½���"��p���ØÚ9BR9�^Z��2SJ>U�Î

�tm+Ç!�¯Ô¦�Ëei|$¹z��� 

 
� ±Ü°�� fbp1+Ð_v���) lncRNA�&)Ëei|gvM0E:L�gv �x¦

��Æ+½���fbp1+Ìb����Ëe�*��)l��¤�) 2×� lncRNA�;U

9Ó�'� fbp1+ mlonRNA�-U>;U9Ó�'� fbp1-as�����
� fbp1-as�©

§������»�Å�+§���� 

 
� ±Ý°��±Ü°�Í!� fbp1+Ð_v�GU6WA.U3 RNA`w¦�Ëei|M0

E:L+NAQm�)����XÏ�9BR9}²+Ëe89@L���X¼m����

��¬®���g¿Ñ�´º	3Q6W9ØÚ9BR9�}²�)
h��Â�)�;

U9ÓV-U>;U9Ó�o�	µ,�ÀÖ�Ð_v¥�l�+��NAQm�)����

GU6WA.U3 RNA�&)Ð_v¥�i|��¸+�Æ��������&(�GU6

WA.U3 RNA	Õ[�)Ð_v¥�F?BTW2�l¦�i|+�X��NAQ89@

L����¨�¦��Å�%�
¾��)��+���)� 
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( 1� 3+06: 

���!��9*�,%"��834��
�-2� ATP�10������;<�� 

��'��3+0�6:�&��������!�$)�/5.�#7����!.

	�� 
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: 2� 4SZD�/RJ�#%,#AMPV]MAPK'#���� cAMP" &*- P

V 

OQ;���6G��MAPK PV���" &+0X���C2��#%,#AMY0<

�W3EB7�?�U
��CREB(�)*.$-'�T��� Atf1��KCIH�>�

1=��W39<���� +!.#��LNF[\#%,#�8	���cAMP "

 &*- PV�EB7���C2#%,#AMY0<�W3�5@��� 

  

酸化 � 浸透圧 � ヒートショックなど

������

�����

����

������!�

��!�

��

	"�� �� �
������


�""�

�"����"��

������"#�

�� �

��!�

�#����#��

����

グルコース / 窒素源

��	��
����

��
��
���� �
��

�����

	��
�# �

����

�	��

��!�

��	������

�!"�

���

�"���

様々な環境ストレス
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= 3�  mlonRNA��� fbp1+Y5A�V7KD9+�'#* 

 -!1"�TB�G43�� mRNA �V7�E8
�����2L]>��Z�

mlonRNA�����V7
����^_"&."�:����mlonRNA�V7[@M

�J\N�3L��OR��(/,1$1��/)%0HX�Q���6��V7<A�

;�W���FPN���3L� mRNA�?SI�V7KD9�C�U	
��� 
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�� 

 

���� ��������������������	
���� 
��µ#�Ã�6P8V:Þà$©¥"���¿q®!:BQ:��/�Ò_z¨#y

Ä�!xk�©�0������10�����6P8V:Þà�#f�Ð´��8VC

ÝvãÒ_zÝväUÛ8VCÝv#Îdª¥#¨� #-
"xj��	�#7FK

S3C!=3DJ5:2�Ö¦¬®! RNA-Seq#Æ�"-/É(��¨xj�y�	Ò

_z"Ø��$�5N:<OT6Æ�, Gene OntologyÆ�2|���:BQ:�·X�

#»¾#§�Ñ³2�È����."�:BQ:�·"ÔÃ!�i2���\�±.1�

	0Îdsz Atf1#��x¬�2«	�o�# RNA-seq#|á2À	�Atf1�Ò_zl

% ncRNA #:BQ:�·�Îdg�"l)��Ü2É(��*��RNA #Îd�5RI

>T�Ï����0�Ü2É(0�+"��G:BT H3 �`2«	� ChIP-seq 2À	�

Þà:BQ:f��·"��05RI>T}�xk2Å���� 

 

 

�.��mRNA����� 

� *��6P8V:�Ì~!�^Xã6â6P8V:; glucose richä�wß��eÁÓ¡#

»¾26P8V:#[�	wuã0.1%6P8V:�3%6O;RVPä'�³�����

#�¢!6P8V:£�xk9M?52Y�0��2�6P8V:Þà:BQ:(glucose 

poor)��p&��"�0�6P8V:Þà:BQ:2Y�0hã0 eä�Þà:BQ:2

Y����15, 60, 120e# RNA2rm��polyA+¹Â����illumina GAIIx2«	�

Ö¦¬®! RNA-seq2À��� 

� �#AV<2«	��Ò_z#Ú�®5N:<OT6Æ�2|����n�×¤#Ò_

z�0	$ ncRNA#n¨LE?B#¨Õxk2{Õ®"ËÊ�0�+�¨Æ�«#

4VHT@VP�TopHat2� Cufflinks (Kim et al. 2013; Roberts et al. 2011) 2«	��

�fragments per kilobase of exon per million mapped fragmentsãFPKMä�c2Ç¸���

�# FPKMc2«	� R"-/Ú�®5N:<OT6Æ�2À��� 

� 5,153#Ò_z#
��*�ÎdÕ#�!	ãFPKM sum <10äº 400a# mRNA"�

	�$5N:<OT6�Í.�Ù�� /#
��6P8V:Þà�"åb]W# FPKM

c#xj2²�� 638a#Ò_z"°¯��Ú�®5N:<OT6Æ�2À��ãt 4Aä�

�#¼��¶ 15N:<æ¨��g�10Ò_z½ãrepressed; 245Ò_zä�¶ 25N

:<æf�ã15e�ä"¨W��0Ò_z½ãearly; 79Ò_zä�¶ 35N:<æZ�

ã60eä"¨W��0Ò_z½ãmiddle; 147aä�¶ 45N:<æ��ãlater; 120eä
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�³¯R��,ÜY}Äê114_ë�º 56J:=ð� Vêothers; 53_ë� 5� 6J

:=�eç�,�����êv 4Bë� 

 

 

� §��n6J:=�q%-,ÜY} ®�0Ô$,�&��gene ontologyêGOëÐ¡0

����êÊìë�Generic Gene Ontology Term Finder (Boyle et al. 2004;Wood et al. 

2012) 0±���n6J:=������2A>P9IO0�À��� 

� ºì7LPD ��gx6J:=��!�ÅÑáÚ�RNAXÕáÚ ÜY}�k#n¸

XÕ¾ÜY}�z�q%-����`É¶¹�!�eËßª�7L8P:èé )��:

?M:0l��ã����~w����EK<PF�Q�Ðä��Q�´�ÅÑ�g0Â

���b�ÅÑ�t��,���·�-��,(Galipon et al . 2013)�ÅÑá] ÜY}�

�g�-, !
�*��:?M:�»��{Ï¤�ÙcDNC13L Ù���²��

ÅÑ�°�,��0tÝ�,9:>F��,�Æ	*-,� 

� RNA XÕÜY} �g!�RNA eÐ¾(rÖ^Ò¾�� f+�	�ã��Ùc�g

 mÈ���,�� ¬�á�,��,£Ò �&�”RNA metabolic process” 2A>P

9IO0WT�-�ÜY}Ä0�d���-* ³¯yi0'�� k-means«0±��å

â�x6J:=KO7êHartigan & Wong 1979ë0É����.�QÞ ÜY}�7L8

P:èéh��a-�	�°���,��0·s�,Ã¢0��êv 5ë�%��QÄ 7

L8P:\~� ”RNA metabolic process” ÜY}³¯��g�-��,���/�,� 

� ºí6J:=!�%+®�´� GO!Ó&*-����RNAEKGJP; IIDNHP=

P ¨ Ô¼u} ��, C2H2 Zn finger =OB6Ö08P@�, rsv2+(�CREB/ATF

xÙcu}��, pcr1+�ÁÇÖ5=JP; ctt1+�� :?M:ÜY}�Îd�-,�%

�QÄ ”unannotated gene”'z�q%-��,��-* ¥È!S���,�� p�

 :?M:�»ÜY}�q%-��, �'µ-��� 

� ºî6J:=�!�”catabolic and metabolic process”ÜY}�
)#”non-glycolytic 

fermentation genes”�q%-,�½�° �æÜY} fbp1+(64Oào�ß¿ cit1+!�

-�q%-,��-!XÕÂØ  f+�	�×��,���*Æ	�|���,�%��

Pcr1�ÌoZ0[,:?M:�»� CREB/ATFÙcu} Atf1 ÜY}'� 6J:=�

q%-,� 

� ºï6J:=����!�jÁÇ°�®�´�”catabolic process gene”�z�q%-,�

��	"�gal1+ (galactokinase)�gal10+ (UDP-glucose 4-epimerase/aldose 1-epimerase)�

���q%-,�� ©â��,���´�7L8P:¦U�Û��,�&��Í�XÕ

¾ÜY}���´�³¯�,)���,�Æ	*-,� 
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&.'��	��� !��� Atf1����#������ 

� Atf1 %>T@YBÓÔ�´"Ï64]º!BHUB�´Äfq{$Z���4�Atf1

%>T@YBÓÔ���!��²�$BHUB�´"�¼��3��$¡�%n²$BH

UB"��4�m�7°������>T@YBÓÔ�" Atf1Äf"l+��Ñ7Ã)

4�/" atf1¡��7«	��[¿p $ RNA Seq¾�7¹����$·��5,153Ê_

{$
� 313Ê_{Ö6.1%×�Ìªt"¤Å����"¬©Í($�Ñ7°�� Öatf1�
��Ìª�$ FPKM $ log2 ¤�sd13 2� ^[$0$"�	� Atf1 b|��4�

}¸��×��5%��.# 3.3cÖ¬©�h�4Ê_{$wo×0��% 1/3.3Ö¬©[�

�4Ê_{$wo×$ÄfÍ$xi�7°��Ör 6A, B×� 

� n=RBC$
��³ 1=RBC% Atf1"��4b|�%��!��11%±�$Ê_{

$-�Ñ7m�4�³ 2�³ 3�³Ú=RBC�%*+k�$Ê_{ Atf1 ¡���Äf

[�½25!�!4�̂ [�2�>T@YBÓÔ�¦�j7m�4Ê_{$ykÖµ 50%×

 Atf1 "1��h��5��3�Z��h�54Ê_{$*�8  Atf1 Ðb|��

4���2�"!��Ör 6C, D×� 

!��Ìª�l' atf1¡��"�	��25� RNA-seq$GYC$Á¶!=<SF:�v

%�����¥�$º 6",�/�� 

 

 

&.(������$%�	������
���"��� 

� ®�ª¨"�	�Ê_{¬©h�%��&�&=VNDX�É$xj7È��¹654�

����>T@YBÓÔ�$g»Ë¢Ö0Ø15, 60g×"�	��?JPW;I"=VND

X�� $1
"xi�4��KBHX HÙ"��4�a7«	� ChIP Seq~Õ7¹�

��À��� 

� =RBC£"ÄfÎz§ÖTSS×Æe$KBHX H3 $�s��$xj7¾���Ör

7A×�TSS%GYCMYB PomBaseÖWood et al. 2012×$Ê_{9JFYAQX70�

"�mRNA$ÄfÎz§7}¸����$·��15g� 60g�¬©[��4³ 2=RB

C�³ 3 =RBC��Ê_{¦�j$C;OX>�ÄfÎz§$�sKBHX��$`\

Â/25��³ 1=RBC�%�,3y�!xj%½25!����r 7B"%�³ 1

�³Ù=RBC$]º!Ê_{$¬©xjl'�KBHX��xj$KYHNEL7�

��Ö³ 1 =RBCÛadh4+�³ 2 =RBCÛctt1+�³ 3 =RBCÛght1+×��52$Ê

_{Òu�0�[Ç$=VNDX�Éxj¯Â�5�� 
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� 916Dv~�p��o^�³$'&ÁNr���¼YÄqÂP¾U�-C<3DX¬

����&����ÁNr��^�»�&b¯��¡i�'&�uÉ��'$�.AE:

�{�& fbp1+���¼YÄq�¾U�z���-C<3D�¿o^�»�%��Ä��-

C<3D�¿����&���mg�'��&(Hirota et al. 2008)�¥ 1-?12��.A

/E1ÍÎ��	�&Ë°����\�¹!$'&��ÁNrWQ����}kT)³

�nd����\À¢�¼YÄq�¾U�-C<3Do^�¹!$'�
��� 

�	�ChIP-seq�5E2�«��¸ª�-,@4+�m���������² 8� �!

�� 

 

 

�.	�ncRNA����� 

� F·�/E7Êl�Æ�&µ��J�������ÁNr�e���ncRNA�Æ��.

A/E1ÍÎ����o^�Æ�&µ�)±���5E2;E1�*8E4E0>D�L

H�'� 1,818� ncRNA�����FPKMT)¶§� mRNA�e����o^�p��

303� ncRNA����È|�-?12@D.µ�)±�����«��ÁNrÊl�e�

� ncRNA" 5��-?12�ZÌ�'�Ïj 8�¥ 1-?12Ñ����\�'& ncRNA

Ï136SÐ�¥ 2-?12Ñ[�Ï15Z�Ð���F��& ncRNAÏ69SÐ�¥ 3-

?12ÑI�Ï60ZÐ���F��& ncRNAÏ34SÐ�¥ 4-?12Ñ��Ï120ZÐ

���F��& ncRNAÏ48SÐ�¥ 5-?12Ñ��KÏ16SÐÐ� 

� ncRNA���� mRNA���)-?12_P�³������ncRNA�¥ 1�¥ 2-

?12�WQ�y��`!&]d� mRNA�¥ 1�¥ 2-?12�`!&]d#%"p�

�.A/E1ÍÎ16B1�y�& ncRNA �©���¦��O�&� ��mRNA �

e�ncRNA����"e�ÇT�Atf1Rs�)t®����(�16B1�¦�&Atf1

Rs�� ncRNA�c-?12� 29-49%)`!������
$�ncRNA" � mRNA

�¼Y�e���16B1Rs��£���¼Y\�)a���&b¯��¡i�'�� 

 

 

�.
�fbp1+ lncRNA����� 

� j 9��¥ 3-?12�f '&ÁNr fbp1+h½�����.A/E1ÍÎ16B1G

���¼Y����Åo^)¡���V± ¤#%��Êl��.A/E1ÍÎ16B1

�¦�� fbp1+ lncRNAÏmlonRNAÐ�¼Y�'��&���mg�'��&(Hirota et al . 
2008)���Êl��.A/E1�ºw��MG�" fbp1+�:C=E2EÊl� TSS)�

�Ã�¨ 3,000 nt� mlonRNAÏtranscript-aÐ�´x�'&��.A/E1ÍÎ16B1
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.k*��mlonRNA� TSS U�"� ª�Átranscript-b�transcript-cÂ��¦��

¿À<BO<.k�	( 60 d��(�� mRNA �²b
½����h�*��
�(

	��+��*� 

� RNA-seq �AS>	( 0R?=R< RNA &²b�+��*�
�°������0

R?=R< RNA���� ����¯��µ#*��(��r 9� RNA-seq�AS>

�g��F<BR}�wh.�� ChIP-seq�AS>&U�Z®�����AS>	(�6

N9S<¿À<BO<.�*��fbp1+�HPLS>SX´�5PI?R
¨/��*�


�°��*� 

 

� ���RNA-seq�AS>	( mlonRNA�¸.«¢&*�%��fbp1+� 5’]�¼9SC

DNA¾u�I@H�+�;S7R<>6.43RB����,�fbp1+ ORF¾u�I@H

�+*>6� 1/10¡�������+ �`ª�£ (Hirota et al. 2008) �vo�+�D

:RGP@B¬��AS>Ár 10Â��m���*�\��*�$���&¹� mlonRNA

��* transcript-a� TSS´^� Atf1 �°±·e UAS1Áupstream activation site1Â


{s��mlonRNA�4<7SC²b�j!�mRNA�²b ²bqz Atf1�[{��

�*��
vo�+��*(Hirota et al. 2008)� 

 

 

�.��mlonRNA� lncRNA��� 

� `ª�£� >2MR60O2�') mlonRNA ���6N9S<¿À<BO<�¤�

lncRNA��¥
ª-+�(Hirota et al. 2008)��	��
(�lncRNA�²b¸ �³�

~��&�
x��>2MR60O2�¬_�& lncRNA ��¥.ª�� id��	�

������Wp� RNA-seq�AS>	(�fbp1+ mlonRNA �n��¶Yz�HPLS

>S¾u	(²b�+�6N9S<¿À<BO<�²b
��h�+* lncRNA �8DJ

Q2C��¥.ª��� 

� mlonRNAt�²b��.���%�MATLAB.����l¶Yzj!��T�¼9S

C¾u��*¿À<BO<� 0 d	( 120 d���wh.§��¬������¬�

� �¶YzT�¾u�²bºy�.�� lncRNA ����*�%�¶YzT��DR9

SA1R6¾u. 50bp���=6KRB�df��a¶Yz�=6KRB���²b�E

>SR. fbp1+��+��³�*V��fbp1+�´������E>SR.��¶Yz.�

c��Ár 11AÂ� 

�  �%��¶Yz j��» tÁt=0, 15, 60, 120Â��*¶Yz9SA1R6¾u�MS

C�>6�. a0,j(t)�|©������¶Yz j�T� 2kb�-�*DR9SA1R6¾u
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2 50nt�� 40 ?8NVE�n���u?8NVEà} @8�265VE� codingà

}
,��� i ¶¹ ?8NVE 65VE2 ai,j(t)�����,���p t �	�.Òb

� j ai,j(t)� fbp1+ ai,fbp1(t) ºÙg�2ª(������ºÙg� p-value ß�Ò

b�2[$����fbp1+�Ð�¬�H@WV2¼�°2�m���� �«�+-�43 

fbp1+ mlonRNA¦ lncRNA�w��/�� 

� �/, Ïl H@WV��Ú� fbp1+�ád ¬�2¼�
��
2»Ê�.�(��

�¨j��«æmultidimensional scaling; MDSç�+-�å¨j½Ø\ º�ÎÛ »Ê

2Â����0��Ú� fbp1+2x'�/, hÅÒb�Á!^��Ð���7Q>@2�

��.���1
���z 11B �!�è¨j����LUBE2¼��hÅÒb�Á2Ü

�¼���MDS «2µ��)�/, 43 hÅà}!7Q>@2����	-�½Ø¸�

Ð�ÎÛ�i{���.���»Ê�����,���/, à} ���rn�Ïl´

°Ö Æ,/.à}�G<VKUBE2Â��æz 11Cç� 
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�.��mlonRNA� lncRNA��	��	� RNA 

»���� RNA-seq 
*�5J6O9�°u��WQ�� fbp1+� mRNA 	) 

mlonRNA�[m�/�+�2M=;M9 RNA�f}�-��,�����-����

2M=;M9 RNA�rl�Z¨���'�h�-���ÃRhind et al. 2011; Maugureat 

et al. 2012Ä�RNA-seq�¤�
*��� fbp1+2M=;M9 RNA�5J6O9�°u�

�WQ��'n�5J6O9ÁÂ9?K90d�,���x�,���/
���t¾

�B7MEL>?0¨�� fbp1+2M=;M9 RNA�5J6O9ÁÂ9?K90d�,��

����º��x�,S�^
��Ãj 13Ä� 

� �*� RNA-seq�¤�
*�`³� 9��¿m�"���g��2M=;M9 RNA�

²]�%*-,��0��������� 5 3~��ÁÂ9?K9�{ ������

��x�,)��2M=;M9 RNA�²]�-���Ã© 2Nj 12Ä� 

� fbp1+¿m��T�À� lncRNA�;M9» mlonRNA�2M=;M9 RNA�b mRNA

�ÁÂ9?K9�{ ��²]�-�	+�;M9» RNA�2M=;M9 RNA���º

�±��½0����VP
*�fbp1+¿m�	�,;M9» RNA�2M=;M9» RNA
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�� 2�¼���{ 0«v����.��
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mRNA�²]�|a��§*�
���$��Diploid�£¦���^ª®w0	���

��mRNA�²]��|a������{ �¾�����|a�·��� mlonRNA�



 24 

�T�$����7��ro�U�)3*6+��+.4+&����
 "�����

�M 14�� 

 

� B~�j����+.4+@Rs��A�$# lncRNA�?��� SPNCRNA.1164	
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- 7� � �$�HI��!�%����#35�0* 

KAL+C&2� TSS ,AK-2,500~2,500bpL����# H3 �350*�4.����

�����HI���6E�B���"���
�J�F�7?�>�G��� �$�

HI��!������� 0)�15)�60)����#354.�<	� 

KB-DL+����'/;�:9��$#�<	C&2KB - = 1����Madh4+�C - 

= 2����Mctt1+�D - = 3����Mght1+L�@(D18�:9��$#KRNA-seqL

����#350*KChIP-seqL� 
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2 8� �(�)��(� RNA�?>D< 

IAJ?>3.�4���� 303��&�)�GH��'�9B: ncRNA����E7

@�$��%(��C�� )�#�"�A
�� 

IBJmRNA�ncRNA��$��	��-0�,�$!+�;5�=F18���-0I%J� 

ICJ/�$������ Atf1*6:� ncRNA�-0� 

  

0 20 40 60 80 1000 20 40 60 80 100
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45.8%

40/136 

34/ 69 

11/ 34 

22/ 48 

29.4%

(A)

(B)       (C)         

��

�	�


��

����

時間

������������� � � ���������������������������������

38.4 25.1

12.4
23.0

������������
�����������	分 )
�����������
�分 )
�������������分 )
	��������

����� � ������
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   15.8

11.2

      22.8
(%)

���� � ����

����数
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������������

�����������	分 )

�����������
�分 )

�������������分 )

(%)
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5 9�  fbp1+ �L/=:1L/O7?�F0 

�(�+�QR�#)�<-,�� fbp1+ 4N� RNA-seq�&!%*�"+��E�
�

S�>H�C�D2�P� fbp1+ mRNA�mlonRNA��* �*� RNA�L/O7?�

I	�"+�� IGVTThorvaldsdóttir et al .  2012; Robinson et al .  2011U�B�

�3K1�
�ChIP-seq�"+���'+�*��
$�#* H3�89����mRNA

��� mlonRNA��* �*� RNA�.G�D2�E�
�J�	�����* �*

�L/A@� yM��+(���*�������;6����� 

  

tfg2SPNCRNA.1326 mlonRNA
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chr2          202k        200k                 198kwt
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' 10�  fbp1+� �������;Hirota et al. 2008��< 

fbp1+ DNA ORF�����2����������70-� atf1�.*(3-���	
�����9:����,#!;0~180 %<
6$1/(&�4)��������

9:�����"�	��+8���� �5��� 

  

A 0 10 20 30 60 120 180 (min)

fbp1 ORF

cam1

a
b
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d

C UAS1 UAS2 TATA fbp1

a
b
c
d

Probe

(Hirota et al. 2008より 編集)
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K 11� mlonRNAM lncRNA�Tc 

xAymlonRNAM� lncRNA%Tc�#W_�*9,<.vwR�Ih\Up]�����

5’b�s,<3uNx2kb>Cy% 50bp�� 40�/*6;2�EG�IuN�-<+

;.�0*%LV�`^o��)(;2����$�$�`^o�m?P,<1';

*uN�`^o�YgH�I/*6;2�`^o% fbp1+�`^o�Zj�#����

fbp1+�k� ncRNAiD40<;%a�m?PuN%l&��43�uN	 mlonRNAM�

lncRNA�@fuN��l�$�������=[5:7<0<uN	 2kb>C�F�

m?P%J �kBm?P�n����#�����iDo	Q��
#x<108<3y

�!ArS��#�e�"$#@fuN%qO�� xXt�d�y  

i) RNA-seq  （illumina GAIIx）
    (0, 15, 60, 120 分、 3.2~3.5x10

6
 リード / サンプル、 

    coverage 193~211 リード )

ii) 各遺伝子の上流非コード領域 2kb を 50bp ずつ 40 のセグメントに分割。
 

iii) 各遺伝子、各時間点において、セグメントごとの
非コード領域及び遺伝子領域のリード数を数えた。
(t=0, 15, 60, 120 分 )

      ai,j(t):  遺伝子 j 、時刻 t における上流セグメント i のカウント。 

      a0,j(t): 遺伝子 j 、時刻 t における遺伝子領域のカウント。

iv) 各遺伝子 j について , 次の式によって a(t) を標準化した。

mlonRNA 探索の概要

“coding”“noncoding”

50bp

2kb

上流非コード領域 遺伝子領域

� �
� �

��

� ����
���	��

�
�� ����

� �
������� ����

v) 各遺伝子の b(t) と fbp1+
 の b(t) との空間距離が小さくなるような

遺伝子を選ぶことで fbp1 と似た転写パターンが観察された遺伝子領域を
mlonRNA 型 lncRNA 候補領域として抽出

vi) 第一段階 候補領域 : 43 lncRNA 領域

vii) 十分なリード数と十分な長さ（>2kb）の上流非コード DNA 領域の
条件による更なる絞り込み ; 9 lncRNA 候補領域
　→　特徴的な mlonRNA 候補遺領域のノザンブロット解析
   

� �� �
� �

�

�
�

��

� ����
���	��

�
�

�
�

	����

	����
��

� �
��

��
��

��

��
��

(A)
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aBbMDSRD� 3D B>8�fbp1+�KH&!.-�S�4P��� 42�]:�\�

��0�X3<�EO�(,"$��S�\�F��) !�?@�����NZL�

W�T[�59����� 

aCb�*�. ^_ $+ C2/(0~1207)�� SPBC1685.05� ght4+�ORF�DNA

(,.'�J�%�-',"$�����4P]:�� mRNA1;�Y��U6IG�

Q=���EO�M	�� mRNA�`O�M	�� lncRNA4P�A
�,.#�-�

�-$,.*��� 18S rRNA�V�� 
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7 12 1JE� mlonRNA8 lncRNA4KQ2<�(+'��* 

WAX1JE� mlonRNA8 lncRNA4KQ2<�6PWfbp1+ 6PX� RNA-seq5�&

�$, H3>3�C�� ChIP-seq#- � .�RB@� RNA-seq#- �0;�Q2<

�%"-�),� ChIP-seq#- �/� atf1�@� RNA-seq#- ����RNA-seq�

#- ��T�N�TH�NFI�C��V��RB@�,�S�RB@�,!�,�

S�atf1�9D@�,�S�atf1�9D@�,!�,�S�#- ��������,�S�
�,!�,�S� y O��-*�L��	������,!�,�S�?�:�	M=


���WAU�G	X  

tfg2SPNCRNA.1326 mlonRNA

fbp1-as(SPNCRNA.1324)

fbp1

chr2          202k        200k                 198kwt

RNA-seq

sense

antisense

ChIP-seq
��
���
���

��

���

���

����

��

���

���

����

600

    0
600
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600
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(A)
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atf1�

RNA-seq
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8 12 2KF� mlonRNA9 lncRNA5LR3=�),(��+ 

XBY2KF� mlonRNA9 lncRNA5LR3=�7QXSPBC1685.057QY� RNA-seq

6�'�%- H3?4�D� ChIP-seq$.!� /�SCA� RNA-seq$.!�1<�

R3=�&#.�*-�ChIP-seq$.!�0�atf1�A�RNA-seq$.!����RNA-seq
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V 2� 43� lncRNA:WaG6� 9�� mlonRNAF lncRNA:WaG 

43� lncRNA:WaG����5Q/214,4aG 2kb7>�@�[8I%E �Y

=[8I�\���
#�����X?]K���#�!<_L�	#�T�"$#:

W%�$�$��� ���B���9�� mlonRNAF lncRNA:WaG�^�����

�PU��&3-+3* RNA�X?�(20-3OZ�HA�Atf1SD)'.�Atf19

JL�NR%C;�B����y���n��`���N#���R
���%M�� 

 

 

Systematic ID P-value 遺
伝

子
間

距
離

 (b
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as
RNA の

有
無

セ
ン

ス
/ア

ン
チ

　
　

　
セ

ン
ス

相
関

Atf結
合

サ
イ

ト

    
(C

REB) の
有

無

Atf1
 依

存
性

Gene ontology annotation
1 SPBC1198.14c (fbp1+) 0 3122 y y y y fructose-1,6-bisphosphatase Fbp1
2 SPBC1685.05 3.42E-170 2073 y y n y serine protease (predicted)
3 SPAP7G5.06 (per1+) 1.19E-145 4866 y y y y plasma membrane amino acid permease PER1
4 4.67E-140 2254 y y y y hexose transporter Ght4
5 SPAPJ691.02 7.59E-139 2463 y n y n yippee-like protein
6 SPCC132.04c (gdh2+) 1.67E-119 2647 y n n y NAD-dependent glutamate dehydrogenase Gdh2
7 SPBC1271.05c 3.82E-111 3099 y n y y zf-AN1 type zinc finger protein
8 SPAC4H3.03c 9.32E-104 2481 y y y y glucan 1,4-alpha-glucosidase (predicted)
9 SPCC191.11 (inv1+) 3.45E-103 2029 y n y y beta-fructofuranosidase

10 SPAC186.02c 4.30E-121 4238
11 SPAC11D3.19 2.30E-119 2590
12 SPCC1235.18 1.66E-132 3204
13 SPAPB1A11.03 4.13E-130 3197
14 SPCC794.16 9.91E-115 2278
15 SPAC6C3.04 3.61E-112 2041
16 SPCC1739.08c 2.32E-110 2345
17 SPCC1235.14 1.29E-107 5443
18 SPAC22H10.13 3.35E-197 89 †
19 SPAC869.08 8.52E-178 817 †
20 SPBPB21E7.06 5.42E-175 1130 †
21 SPAC1F7.06 6.53E-167 861 †
22 SPBC3H7.08c 3.74E-165 1803 †
23 SPAC869.06c 4.88E-146 1483 †
24 SPBC1683.08 5.36E-139 1778 †
25 SPBC8E4.05c 4.95E-138 1571 †
26 SPAC3C7.13c 1.97E-134 1168 †
27 SPAC3A11.10c 3.02E-134 852 †
28 SPCC338.12 2.07E-133 653 †
29 SPAP8A3.04c 1.67E-128 1922 †
30 SPBC215.11c 9.12E-125 1222 †
31 SPCC285.04 5.28E-119 1138 †
32 SPBC1198.01 7.30E-119 834 †
33 SPCC1393.12 9.28E-117 1442 †
34 SPAC4G9.12 3.37E-116 950 †
35 SPAC19G12.09 8.53E-116 1963 †
36 SPCC338.18 5.34E-107 1470 †
37 SPBC25H2.09 5.68E-106 853 †
38 SPBC216.03 1.33E-105 961 †
39 SPBC32F12.03c 5.14E-105 1923 †
40 SPAC15E1.02c 8.40E-104 693 †
41 SPCC70.02c 2.16E-103 1091 †
42 SPBC21B10.14 1.07E-102 168 †
43 SPAC1610.04 3.34E-101 1328 †

† ���
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 �²��0D2H5ßà�QJ� 120 aÚÑ����aÂÕ�¸½-�^�0D2H5
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����/§f3�=Y>]B$n±vãglucose refeedingä� �&�  �/� 

� 21#L@\O[GHÊ¨$Å©3À��fbp1+ mRNA%=Y>]B$n±v- 30p
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� �2��� 
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«��Ä.a$�bª�
�*ÈJohnston. 1994É� 

� %��>1<E:DBE.]��	��mc�����3C4F6X�]�� fbp1+ 

mRNA�`��.�t����, 7.6Z����Èi 24A-B�® 3É���U.3C4F6

ÆÇ�� mRNA�`��£ 130Z(Galipon et al. 2013)��¹�*��fbp1+ mRNA
�

3C4F6X�]���¼	�Å�Jst^���*��
-	��� 

� 3C4F6�X�].����� fbp1-as�#�/�±v�+���������3C4

F6X�]�d��>1<E:DBE.�]�*���')�fbp1-as
#�/����Q

I�� fbp1+ mRNA �`��.�t�����¦��>1<E:DBEd��]� fbp1+ 
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#�/����Q�&3C4F

6X�]�')¬{�Jst^
¶�*��
-	����	��
(�')À°���

����>1<E:DBE.]��	��w��`�����º"�») 7.6Z��)��

+��¹�*� 8.6 T¢|& mRNA 
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� PH�¦�	(�3C4F6�X�]�� fbp1+ mRNA ��fbp1-as Sr��Jst^
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ÈGrewal et al. 2010É�Z¯¿��Dcr1�È¤©µ�&rj�*���le��*&��É
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��.�2�TU�$/��5��

���CR�/21�3�N
�ura4+�02#�1��1$02.�
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pREP-fbp1-asRNA� ���� fbp1+�A:6�1)	�@-=9��������"�

%�CD��#�4(&��*03� fbp1+?+;8�'��2B�>���*03� RNA

�� ���<5�?+;8�.
!��$%��7,����� 

 

  

mRNA

-
 sense

(分 ) 0  15  30  60 120  0  15  30  60 120 

+ -

antisense

  0  15  30  60 120  0  15  30  60 120 

+

fbp1-asb
c

ura4+

発現誘導



 53 
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�@���OE2� fbp1+ 3’UTR0L� ura4+N19�

<4	�@��� 

TBUOE1�OE2@��)�-�RS�"*�:G� fbp1+ ORF�(&%+-$���#

�,$+ "���K����)�-�RS�"*��/�����>P�*-,�.�

J	��18S rRNA�+-!�,��,"+-)�	�� TBQ�I�U 

0
50

0
10

00
15

00
(%

)

wt
OE1
OE2

mRNA mlonRNA b mlonRNA c asRNA

+1057        +1483

fbp1 ++1
asRNA

5� UTR 3� UTR
wt

OE1

OE2

ura4+

+810     +1630

 

0 15 30 60      0 15 30 60      0 15 30 60

18S rRNA

wt                    OE1 OE2
0 15 30 60      0 15 30 60      0 15 30 60

wt                    OE1                 OE2

 b
 c

mRNA

fbp1-as a

sense                    antisense                    

(A)

(B)

(C)

( 分 )

0              30             60            0              30             60 0              30             60            0              30             60( 分 )

強
度

0 
    

    
    

    
    

    
    

    
    

 1
00

(%
)

0 
    

    
    

    
    

    
    

    
   1

00
(%

)

0 
    

    
    

    
    

    
    

    
    

 1
00

(%
)

時間



 54 

5C6B������������%$� 3�������y0��2*����
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 60 
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Strain name Genotype      

K131  h- ade6-M26 leu1-32 

K176  h- ade6-M26 ura4-D18 leu1-32 

AR6  h- ade6-M26 ura4-D18 leu1-32 fbp1-3’� 
  4emb|CU329671.1 chromosome II, 197659-198083� �5 

AR1  h- ade6-M26 ura4-D18 leu1-32 fbp1_3'::ura4+ 

  4emb|CU329671.1 chromosome II,197513-198331::ura45 

AR19  h- ade6-M26 ura4-D18 leu1-32 fbp1� 

  4emb|CU329671.1 chromosome II,197561-200480� �5 

JK556  h- ade6-M26 leu1-32 fbp1-3HA<<KanMX6 

JY450  h90 ade6-M216 leu1-32 

JG4  h90 ade6-M216 leu1-32 dcr1::hphMX6 Galipon et al. 2013 

JG3  h90 ade6-M216 leu1-32 upf1::KAN 

JG10  h90 ade6-M216 leu1-32 rrp6::HPH 

JG25  h90 ade6-M216 leu1-32 exo2::HPH 

JG22  h90 ade6-M216 leu1-32 fbp1-UAS2� 
  �emb|CU329671.1 chromosome II, 200247-200345���� 

JG23  h90 ade6-M216 leu1-32 fbp1-UAS1� 
  �emb|CU329671.1 chromosome II, 199619-199691���� 

PKH64  h- ade6-M26 ura4-D18 his3-D1 atf1::ura4+  

PKH108  h- ade6-M26 leu1-32 rst2::KAN 

TY16  h- ade6-M26 ura4-D18 leu1-32 �atf1-D15::ura4 

TY452  h+ ade6-M216 ura4-D18 his5-303 leu1-32  

TY384  h- ade6-M210 ura4-D18 his5-303 leu1-32  

 

* 4 �%��.!��') 
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(;)?,kWSK,2<,"B��Hw{eru� 30��QP YES�@aIQ��

Y�b�QP��� YER� 16~22`}Q�rukW" 1.5-2.2 x 107 cells/mL���

��ru�(;)?,~�,2<,"B����� YED�n�Q���(;)?,�

FhJ"v�RM��YED� 2`}Q��Y��F� YER�\�� 

 

fzO,2<,�|L,2<,�4?2*80'�oqj~�,2<,�xV�� K131

c"m������i_HwxV�� TY452� TY384"]
M!��CEDc"m���

fzO,2<,�xV��Iy�d� YES�IQ��Hw{eru"�.;52?;�s

kW 1M�"N� YES�n�Q������|L,2<,�xV���Iy�d� YES

�IQ��Hw{eru" H2O2�skW 0.5mM�"N� YES�n�Q���4?

2*80'� 30�� YES�IQ��Hw{eru" 39�� YES�n�Q���o

qj~�,2<,"B��ru�Iy���� YES�@aIQ��Y�MM-N�n�

Q��� 

i_Hw"xV������TY452� TY384"]
M!��CEDc"Z��]
M!�

� SPA6<?2*A�^M���25��p 16`}	��uUX[xV��Z� �CT

D"SD-ade6<?2�n*>(;)=3?L�30��SD-adegDQP�IQ���

����MM-N-adeQP�n�i_Hw"xV�� 

ru�7<02�`}l���gDoq�Gt�� 

 

*SD-ade6<?2��#&=?,"skW 2%�SPA6<?2��skW 3%������

J��� 

 

 YES YER YED 

Bacto yeast extract 5% 5% 5% 

(;)?, 3% 6% 0.1% 

(:-=?; � � 3% 

#13> 200mg/ml 200mg/ml 200mg/ml 

=$*> 200mg/ml 200mg/ml 200mg/ml 

%9*; 100mg/ml 100mg/ml 100mg/ml 

4,/+> 200mg/ml 200mg/ml 200mg/ml 
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 SD-ade mm+N-ade mm-N-ade mm-N SPA 

!7"<% 2% 2% 2% 2% 1% 

KH2PO4 � � - � 0.1% 

DYB w/o a.a. 0.67% � � � � 

NH4Cl � 93.5mM - - - 

Na2HPO4 � 15.5mM 15.5mM 15.5mM - 

1'7aNU�6�4 � 14.7mM 14.7mM 14.7mM - 

50x Salt stock *1 � 20ml/L 20ml/L 20ml/L - 

1000x vitamins *2 � 1ml/L 1ml/L 1ml/L 1ml/L 

10000x minerals *3 � 100µl/L 100µl/L 100µl/L 100µl/L 

1000x trace elements *4 � 1ml/L 1ml/L 1ml/L - 

�+-: - - - 200mg/L 100mg/L 

9�#: 200mg/L 200mg/L 200mg/L 200mg/L 100mg/L 

�5#7 100mg/L 100mg/L 100mg/L 100mg/L 100mg/L 

/%($: 200mg/L 200mg/L 200mg/L 200mg/L 100mg/L 

*1 50x Salt stocke2.62M MgCl2, 34.3mM CaCl2, 6.7M KCl, 141mM Na2SO4f 

*2 1000x vitaminse1g/L calcium D-pantothenate, 1g/L nicotinic acid, 10g/L myo-inositolf 

*3 10000x mineralse10mg/L D-biotin, 1g/L citric acidf 

*4 1000x trace elementse1g/L H3BO3, 1.06g/L MnSO4;4H2O, 0.8g/L ZnSO4;7H2O, 

0.4g/L FeCl3;6H2O, 2g/L (NH4)6Mo7O24;H2O, 0.2g/L KI, 80mg/L CuSO4;5H2Of 

 

^ 5 FMED�XL  

 

 

RNA���

AZ
�V]28),� 65��>S
�0<&.)1�<e75mM NH4OAc; 10mM 

EDTA, pH8.0f�@KQ
 0.8?b� acid-washed glass beads (Sigma) � SDSeWRH

1 %f� 1.2?b� acid phenol chloroformeAmbionf�C���1B��� 65���d\

��	����1Bc��37*) %�KQ����� 3H[�_
�	�� 10Bc 65�

�CS
�I�	�� 1Bc�@KQ�Y��GP� 15Bc�16,000 x g�`J
��=

O�Tb� Phenol:Chloroform:Isoamyl Alcohol (25:24:1, v/v) (Invitrogen)) �C��37

*) %
�I�4�� 15Bc�16,000 x g�`J
��	����=O� 7.5M NH4OAc
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Ã£�t 0.51MÄ� 2W¸� 100%&29NJ!b��4�� 30\º�16,000 x g�´v

����! 70%&29NJ�IM0�¿R
��RNase-free ��������RNA ��

}��-80��Vk��� 

 

 

��
�	���RNA�������

10-20 µg � RNA !AJD#J5<7+JÃ3% AJD#J5<7� 1.2-1.5% #'LN

0Ä�½��d��Hybond-XL membrane (Amersham)�°Z��� 

fbp1+ ORF�9.M>L46��RNA¹�����[�����IB?LN>!���©

�����S�9.M>L46� DNA?LN>!���� 

IB?LN>� fbp1+ ORF¾j�µ]! �32P-CTP�{r¤�®���?LN>��

RiboprobeÃPromegaÄ(46!���gy���IB?LN>!:$>I;4="NÃ50% 

AJD#C7�100mM Tris-HCl�600mM NaCl�1mM EDTA�1.5% 0(DCJ)�1% 

SDSÄ�b��65��EM>KM!O~:$>I3$1N/GM���EM>KM��n

�� 10\º 0.2xSSC, 0.2% SDS� 2t����u�65�� 30\º 0.1xSSC, 0.1% SDS

� 2t��� BAS-2500ÃFujiÄ��[�ImageQuant TL toolbox!���l¸��� 

ura4+,M6LNJ�mlonRNAz¡����DNA?LN>� �32P-dCTP�{r¤�®�

��:$>I3$1N/GM�� Church BufferÃ0.5M Na2PO4 (pH 7.3), 7% SDS, 1mM 

EDTA, 1% BSAÄ!���62��O~$M(F@N6��u�62�� 40mM NaPO4, 

1%SDS, 1mM EDTA� 15\º� 4t����� 

e����l��°Z»o`���=%8M6LIMÃ1,10-phenanthroline 

monohydrateÅSigma-AldrichÄ!£�t 0.25 µg/mL�����RNA�ki¸!« �

��=%8M6LIM!b��_� RNA¸!}º 0���}� RNA�¸�ag!?L4

6���e���« ���=%8M6LIM�c�	� ����}º!§x���=

%8M6LIM�bu�10\uT¼�X!���« ���mÂ�Y�w!�¬����

� � 3tTP¥�±���mÂ¦�e��	q�¦�e�����s	���!��

���� t�l!©��� 

 

 

RNA-seq 

RNA-seq�-M?J���*J,N0	¯p��UQÃ}^ t=0\Ä��*J,N0ÀÁ

06K0�UQÃ}^ t=15, 60, 120\Ä�« 4������·��� atf1���\ª¶�
¢¨� RNA!_²�³�hf������RNA�H$>HI|� illumina��
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�directional mRNA-seq Sample preparation method� (illumina property Part # 

15018460 Rev.A)�t��cDNAN/GNO� mRNA-Seq Sample Prep Kit (illumina) +

�������illumina GAIIx �$&8R4P0RB� 76bp�8S5R8R4+����

RNA-seq�@S<� DDBJ (accession number: DRA002273)��]xf���'� 

RNA-seq@S<����31O?.wl�� 6�"�#�� 

 

� }�

¦a§ 

OSB�

¦bp§ 

F.P<SE:

��OSB| 

I>H

�¦%§ 

2DQ>9 �Xn��&O

SB|�Um[ 

wt 0 76 3.49x107 92.3 211.1 5,210 

wt 15 76 3.42 x107 90.8 207.1 4,421 

wt 60 76 3.41 x107 91.3 206.4 5,251 

wt 120 76 3.21 x107 91.4 193.9 4,875 

atf1� 0 76 3.30 x107 90.7 199.7 4,554 

atf1� 15 76 3.10 x107 84.2 187.2 4,914 

atf1� 60 76 2.40 x107 91.2 145.1 3,734 

atf1� 120 76 3.18 x107 91.5 192.1 4,669 

� 6  8S5R8R4�k~31O?.wl 

���e! atf1�{��	��u%(� RNA-seq@S<�31O?.wl� 

 

mlonRNA� lncRNA������

RNA-seq�$&u%(�<4+a����OF,QR:6CK¦PomBase$&]x§�q

��ELAND¦illumina§�J:I>=+�p���I>H��� 

��i�0a�120a� RNA-seq�@S<�����a�����Xn-C?S8MRw

l¦PomBase�Schizosaccharomyces group database at the Broad Institute§+d����

I>H��<4+��Xn¤j���£7SB¤j��*���%���XnT�� 2kbp

�*�'£7SB¤j+ 50bp�� 40�;4LRA�ab���Xn¤j�T�£7SB

;4LRA��(�(�¤j�	'<4|+o�����sr���� 

g}���g�Xn�;4LRA���fbp1+��(�����fbp1+����_E<SR+

���Xn+y`����)�fbp1++h# 43��Xn¤j� fbp1+ mlonRNA��

lncRNA+z�Z�¤j���� (���(%�Z�
%�\¡v+ ��#�T� 2kbp

W^�V��¢�Xn-C?S8MR+h"��Y¥v��'ca����+z�¦�10

<4§�Xn¤j�� (�� 
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�����	��� Atf1
���

Â¤u� RNA-seq�AY=-%��§¢yo-» *3S;=TX4-·���PomBase


(h���6EPÀm��¿`{q� ncRNA�/E@Y9RX�x-%���

TopHat2/Cufflinks (Kim et al. 2013; Roberts et al. 2011) -¥��¿`{"�� ncRNA

��� FPKMfÎFragments Per Kilobase of exon per Million mapped fragmentsÏ-º

®���5,153�¿`{Év� 1,818� ncRNA����FPKM� 10_\�!�.�§¢

�#(+�
��¿`{-Æz��4U7Y;ÊÍ;BV; 0~120l�����+
�=

0OX4� 4e_[�§¢yo����¿`{�ª©��3S;=TX4-·���3S

;=TX4� RÎhttp://cran.r-project.org/Ï�G?5Y:�stats�]�Ä� dist�NXF

?=X��½È-�$�Ä� hclust-¥��Ç�¨3S;=TX4-·���HYBN?

J��R�G?5Y:�gplots�� heatmap.2Ä�-¥��� 

 

 

ChIP-qPCR �  ChIP-seq 

H;BX��&3WN>XdË-» *�$��3WN>Xg¦�ÅÎChromatin 

immunoprecipitation; ChIPÏ-·��(Hirota et al. 2007; Miyoshi et al. 2012)�50ml�

wÌ�]�l¸Á�°´��MUP/OCÎ±�� 1%Ïn	���� 15lÃs~��4

T9XÎ±�� 125mMÏ�3W;TX3-�$����°´LV?B- TBS�Ñr��

����a¯�i²��¥�"�-80��c|�������°´� 400µl� LysisBuffer 

IÎ50mM HEPES/KOH, 140mM NaCl, 1mM EDTA, 1% Triton X-100, 0.1% 

Na-deoxycholateÏ+1x complete protease inhibitor (Roche)��¹��NU>IY<9R

?1YÎ}^��Ï�:U7D/IY<�°´¬«-·���°´�¹¡- Handy Sonic

ÎUR-20P; Tomy SeikoÏ�
*���')��¶a-�t 500bp_\�� p����

(��°´�¹¡- 4��20,400xg� 5l�15l� 2�¾��°´�k�-���g¦�

Å���Dynabeads Protein AÎLife TechnologiesÏq��� H3�aÎab1791, AbcamÏ

"���� H3K9me2�aÎab1220, AbcamÏ�� Flag�aÎWakoÏ-b¥���°´�

k�-IY<�s~���a��%� 4�� 3�Ã0X2QKYB��Lysis Buffer I � 2

��Lysis 500 BufferÎ0.1% Na-deoxycholate, 1mM EDTA, 50mM HEPES/KOH, 500mM 

NaCl, 1% (v/v) Triton X-100Ï� 1��Wash BufferÎ0.5% Na-deoxycholate, 1mM EDTA, 

250mM LiCl, 0.5% (v/v) NP-40, 10mM TrisÏ� 2����� TE� 1������ 

g¦�Å=XG3¼� 50µl elution bufferÎ20mM Tris, 100mM NaCl, 20mM EDTA, 

0.1%(v/v) SDSÏ��65�� 15lÃ�Ð��,�)�k��75��Z�³�µ��j£-

·�������DNA8XJU� 1ul� proteinase KÎ20mg/ml, InvitrogenÏ-n	 55�
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� 3f�t��\�FastGene Gel/PCR Extraction Kit�NIPPON Genetics��in9B

2(@� DNAqy�v���ChIP-qPCR�� KAPA SYBR FAST ABI Prism Kit�Kapa 

Biosystems�� fast real-time PCR system 7300�Applied Biosystems��p���

H3K9me2� IPNo�6,2D H3A:@�xj���PCR�p��9>!;E�w 7�

c
�� 

 

9>!;ES �L      � � �   

cen-dg_F  AATTGTGGTGGTGTGGTAATAC  (Tashiro et al. 2013) 

cen-dg_R  GGGTTCATCGTTTCCATTCAG  (Tashiro et al. 2013) 

fbp1-UAS1_F CTCCTCCTACTAACTACTCCATCC 

fbp1-UAS1_R TGATGAGTACTAATGCTTTGTGACG 

fbp1-ORF_F AGCAGAGTTGGTAAATCTCATTGG 

fbp1-ORF_R GTTCATCGCCAGTGGAATTGAC 

fbp1-UAS2_F AATTGCAGTATGTCATTTGTTTAGCAG 

fbp1-UAS2_R ACTACAGGGCAATGCTGTTTCA 

fbp1_3ORF_F  GCAGGAGGTATTGCGGTAAAC 

fbp1_3ORF_R GTTTTGGGTACCAAATCCAGAATG 

prp3_F   GCACAGTCGTTGTACAAATTCGTATTCCC (Yamada et al. 2013) 

prp3_R   ACGATTCTAAACGCCTCTTGTTACGATCC (Yamada et al. 2013) 

 
w 7� ChIP-qPCR�9>!;E 

 
ChIP-seq���%@(E,�}Y�gG�t=0��%@(E,��,2A,F�t=15, 60�

��	� input DNA�b H3bH��� H3 ChIP DNA�p`���M~�em����

elute��DNA� illumina�9B2(@(GAIIx-v5, TruSeq)�]� cDNA>!8>?O�

PCRUZ��GAIIx�p�� 36bp�*D%@"D3�*E&D*D%�v���^��

� 36bp�-%� bowtie2����k'5=�<,;/.�{W��;/7D%��� 

sh�w������ChIP-seq�zI[�6,2DsR)!2�lV����PK�zI

[�^���������R� Kernel Regression smoother�p���*%4@� window 

size 50bp�,=E+D%��'5=C!3�6,2DX[�dV�v���ChIP-seq�

1E-��DDBJ�JaQu����accession number: DRA002273�� 

RNA-seq1E-�|r�$#?0 _T�w 8������ 
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gP k� 

�U� 

HM:� 

�bp� 

?'I4M>2��

HM:j 

B6@v

(%) 

*=J61 

�-H3 0 36 4.13 x107 86.0 102.0 

�-H3 15 36 4.05 x107 85.2 98.8 

�-H3 60 36 3.86 x107 91.2 100.8 

input 0 36 3.57 x107 84.0 85.8 

input 15 36 3.65 x107 87.8 91.8 

input 60 36 3.54 x107 87.6 88.8 

� 8�  ChIP-seq8M4�,)H7'e_ 

 

 

asRNA 5’-RACE 

RACEb���SMARTer RACE cDNA Amplification Kit (Clontech) %y����+69

�@K9/I�#�nO�~���YER^\
"[Y�� total RNA% random primer

�!#��S� fbp1+� 5’m}%pT�$!� PCR%~���y��@G(BM�V� 

GTACAACACTATACCAAAGCAGCAC 

��$� 

 

RNA�������  

fbp1+�l ��3L2���Sxt mlonRNA transcript-a��S�`s
"�&L53

L2RNA��S�`s�R]%Z�.<D�]%�q�{wA,4MpREP�,KM;L

-���pREP@G2C:�5&CLrcuz|�{w%/L9KMI��$ nmt1@KE
M4M%h��^\�5&CL%X	���@KEM4MQa|� mlonRNA transcript-a

����fbp1-as%dW{wTo�4 µM5&CL%X	$�{w%��fW��$�@G

2C:�U��q� ura4%h���3J,0FL��� SD-ura���mm^\%y���

y��^\%N�� 9�i$� 

 

 SD-ura mmR-th mmD-th mmR+th mmD+th 

-I/M2 2% 6% 0.1% 6% 0.1% 

-H3KMI � � 3% � 3% 

5&CL � � � 4 µM 4 µM 
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DYB w/o a.a. 0.67% � � � � 

NH4Cl � 93.5mM 93.5mM 93.5mM 93.5mM 

Na2HPO4 � 15.5mM 15.5mM 15.5mM 15.5mM 

:/F�x�$E"@ � 14.7mM 14.7mM 14.7mM 14.7mM 

50x Salt stock *1 � 20ml/L 20ml/L 20ml/L 20ml/L 

1000x vitamins *2 � 1ml/L 1ml/L 1ml/L 1ml/L 

10000x minerals *3 � 100µl/L 100µl/L 100µl/L 100µl/L 

1000x trace elements *4 � 1ml/L 1ml/L 1ml/L 1ml/L 

 25I 200mg/L 200mg/L 200mg/L 200mg/L 200mg/L 

H!+I 200mg/L 200mg/L 200mg/L 200mg/L 200mg/L 

8-0,I 200mg/L 200mg/L 200mg/L 200mg/L 200mg/L 

 

� 9 �V��e��`_��l 

 

fbp1��c�s���s�<D-?4�3DI-:#JAJ+CI��SD-ura }P`_�

U`���mlonRNA transcript-a� fbp1-as��V��e�� mmR-th�Kr`��

<D-?4Qo�w� mmD-th ����0 ?I�d^L�'F)J-��-3G-��

g���V�������f�e�� mmR+th �[u�`���w� mmD+th ��

��0 ?Id^L���-3G-��g�� 

 

������	
�������������

e��� HA/'O�� Fbp1/I7&����	� Fbp1-3HAc�s���s�N��

����
�U��py��]Z�T��w��� Lysis Buffer I�~���,F)5

 9J.X�>F09J.+C1$J�����a�b��/I7&��nS����

j�SDS-PAGE����/I7&�*I<F� Lysis Buffer IM��w/I7&�� SDS

cl��12% &EF ?4(F� 1GJIi� 200 µgzW��������(F�

Immobilon-P transfer membrane�Millipore Corporations ��R��3%-%@?F&

�\� 1xTNT61:�J�20mM Tris, 140mM NaCl, 0.05%(w/v), Tween20 �;H1%

I'����j�KvmP� 30�� 1q�!I%B=J3��1xTNT� 3h{|��

����30�� 30T�NvmP�Yk���[u� 3h{|��tS� ECL (GE 

Healthcare)� LAS4000�GE Healthcare ������� 
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Fbp1-3HA�P>
�9QN;��N HAN;h�-HA clone 12CA5; Roche�1/5000Fei

���7%684��N TubulinN;h�-Tubulin, T6074; Sigma�1/5000Fei�:QN

;�N,�� HRPN;h�-mouse HRP�1/5000Fei�W��� 

!7(�`?^cH�SD���!7(�`CMgE@������6*��-&h]T

H 100µg/mli�<W	�� 

 

 

��������	����	
�����

/$4����B RNA��� RNA�a=
�)6/8!8�UL�RNA+3.28 �

��f�dZ�GJ?O[I�_b	���	B/$4� 4Q�47��#!R��-

058�17	������^� gnuplothWilliams & Kelley 2011i�)6#%
���

���%5�K\�AY� RNAXV"�'-����-058�17	�� 
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�� 
 
� ¹{"��»¸�!�s È
�Á� ¹��$/�)!¥��Û�=?DR2��

/��!?EY?�Å=?DR!��"�q± ���Ûn�Á��Üc��Å2�Î

��/�'��¹{ ���ax§�u�����6IX8]\¶ÔbÓ�/��»

!�¦¶+´¦¶2v.×(�ËÕ�ys���.�6IX8]°���oº��.�

/�����â��ª2���	����*�:X<]?"��!¹{f ����à

Î�6IX8]°��/� 

� Ø�!;JRÑ¡�-�ëÄ¿£¹¶�"@[K9Ô2<]F�/æ~"ä�½��

/���-� ������
#�LE;JR ���"@[K9Ô2<]F�/Ý

m"1�� 1.5%Â���/�©.!å<]F DNAæ~"� �>T[9 DNA��z

#0��0&�àÎ�¦Ê2�������Ç
-0������������!

ENCODE ��!ÀÃ�¢�-��0-å<]F DNA æ~�-*¬¼ RNA Öl

�0��/���-� �������0-!å<]F RNA"�Üc�¼·!p�

 *àÎ��r2¢����� �mRNA�¤Úçe�� 200H9Y7BF,.*

â� lncRNAìâáå<]F RNAí"�9ZPB[¤Ú+6M;JRhé!p�|�

���àÎ�j�2���/��¨� �-� �0��/� 

� �ÀÃ�"�:X<]?²��s��	¸�?EY?�Å%!Û� ��/�mÍÞ«

ÆÉ!Üc�!¼·p�¦¤ ã���lncRNA+9ZPB[¤Ú�s��	Ð³�-ÀÃ

2Ì��� 

 

� ���������	�
��
��
������������ 
 

� mÍÞ«"tÆÉ¿£¹¶��.�£A5GQ9?+ÆÉ=:GW[:��!ÀÃ 

à��0����mÍÞ«2º��¸�?EY?�Å!ÀÃ*¾3��.��0'� 

*¯�mÍ�®Ù}�µ=UC9�ßs?EY?�DNA �i��!EV[?9WOE

]RÀÃ��0���ìLackner et al. 2007; Leong et al. 2014; Marguerat et al. 
2012; Wilhelm et al. 2008í�����-:X<]?èê?EY?!���Å ã�

/ÒÆ�EV[?9WOE]R!ÀÃ"�'.��0�������̂ ����ÀÃ�

!kÌÀÃ��:X<]?èê?EY? �Å���fbp1+Üc�_�-Öl�0/

lncRNAÏ���0�ìHirota et al. 2008í��! lncRNA"mÍÞ«èê?EY

?2w�/�Öl�0�OZS]@]æ~!9ZPB[¤Ú�s2d��-�

ATF1/CREB N4QW]!Öl|� Atf1 g�½ `! mRNA !Öl¬�s��
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·��/.�� +
� lncRNA 1Y��¾]z�� j���!�@RH9¶ �

�1������¹º�>DP>�½��.��1p°��.�(�Z >DP>�§

�¾]z��	�)¿²��k1�����}�/.� 

 

� � ®�1$&��¦Æ¥�!�:O<T>ÂÃ>DP>�� «¯d mRNAn

# ncRNA ¾]z����	��RNA-seq³�1±	�lncRNA�+��j�1o�

.¾]z �ª1±	�\V �1�,���� 

� ¦U��:O<T>ÂÃ>DP>% �§������¾]z �����l�.	

!�j�/��-��/,!�§8GC29>�+- 5� 9M>@�yi�/.��

�0���>DP>���l�.¾]z��	�! 3� 9M>@�gÁ�/�:O

<T>ÂÃ>DP>1o�� 15g\d�¸f���l�.9M>Äh�Å�15-60g�

����y��.9M>ÄX�Å�60-120g�����y��.9M>Ä��Å {u

�¢�/�Ät 4Å�h��¸f�©����l�.¾]z�!�«¯d=:ENR:

À¼sz�x�r&/�	�����"�git5+ (a heteromeric G protein � subunit)*

cgs1+ (cAMP-dependent protein kinase regulatory subunit)!c��cAMP/PKA=:

ENR:H>453 sz��-ÄHoffman et al. 2005; t 2Å� msy1+ * msy2+ !

36RALGO@RH9¶���b�(Nakayama et al. 2012)�mRNA���!���

fbp1+ mlonRNA1r'x� ncRNA)�>DP>�§h����´~1o��	�

Ät 8Å��/, ncRNA x�!�°� ��.��>DP>h��§=:ENR:

*¾]z��j����ÀW��	.����|�/.� 

� U���X�����¸f���l�.¾]z X�!�fbp1+1r([µÀ¼¾

]z�x�r&/�	��«¯!� ���!>DP>�mg�½����«¯d [

µ¨����=>CJ�£±���z�_�.��/, ¾]z ��´~�!x� 

vq9QIAR�»wl�^���-�̧ f ��l�9QIARe¬��¿²��k

1��	.���0.Ät 7Å�&���/, >DP>�§� ¾]zSncRNA�

�j� ����.���/, x��>DP>�§¸fsz ATF1% a{�1¢�

�	�Ät 6Å�� ��,�¾]z������ncRNA)>DP>�§¸fj� 

¿²�@T;BD����	.������/.� 

 

 

� mlonRNA� lncRNA��� 

 

� �¡¤ �� U�!�fbp1+ mlonRNA�Á` ¾]z��j�K7F?J�Z 
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\¼Ó�ÑTx�'yo�-	0�Á�-����-��ª®�! MATLAB 0DL9

���>LH�*,�6H7L9ÜÝ�*,Ä{�.- mlonRNA p AK7L?3K6

RNA 0�[�-����`���� >LH0¥���RNA-seq  ¦¤B;LK	+

mlonRNAp lncRNA
ÉZ�.��-e¸�
ß�Úq0��[��zÙ� �� ~

�	 Úq���� lncRNA 
ÜÝ9@I9Xy§�ÉZ�.��-��0zÞ§�«Ã

��àm 11á�� >LH�*��Ð"[�.� 9 � Úq������ ¢�0�+�

Â²�«Ã����/�� $�1������}�§�5JE<K�Îtb(ØU�-

2K<:K9 RNAÉZ yo
«Ã�.���	'��.+ Úq O�ÑTx v�!�

fbp1+ mlonRNA�g���Atf1Xy§�¦¤���*���Ò�.����SN	+�

�.+ �¿ lncRNA !�6H7L9ÜÝ9@I9�±� mlonRNA �g�;4C

 lncRNA��-�´Å��à» 2á� 

� �.+ Y½ lncRNA O�ÑTx �¸�©¨�-��ght4+ (hexose transporter 4) 

( SPBC1685.05 (protease involved in cellular protein catabolic process)���RÆ9@

I9×Ïlx
v��)���mlonRNA
×Ï��ÉZ^�!�M¶ RÆ9@I9�±

d�����Ô¾��_0����-e¸�
¬k�.�� 

� ÛV lncRNA riW���!��Ë [¹Ó�ª®��+	��.� RNA´f;K

B5È Nrd1 �Xy��ÑTxN� ncRNA ¶
��+.-(Schulz et al. 2013)�� 

ncRNA¶!c�h� CJFL;L����ÑTxN�%�!O��¦¤�-2K<:K

9 RNA ��Nrd1 �Xy��Ð�§�ÉZ
³´�.-���*���O� mRNA  

ÉZ0^��-��
�+	��.��-� 

� �ª®�!�¢�6H7L9ÜÝ9@I9# �±� �0µ��À�0º���] 

�!�Q 9@I9à�Ín(¡8G=5��á����' lncRNA 
jÊÑTx ¦

¤^��×P�-��
ri�.��-���
���mlonRNAp lncRNA�*-ÑTx

¦¤^�!�6H7L9ÜÝSu 9@I9����'Ô¾�Ç£0����·�+.-� 

 

 

� fbp1-������ RNA�� 
 

� RNA-seq  ´�	+�fbp1+ÑTx ÌÖ	+2K<:K9 lncRNA 
ÉZ�.��

-��
«	&+.��	'��.+!6H7L9ÜÝ��¦¤Õ
�|�-��
�

+	����àm 20á�°â¯�!� fbp1-as ¦¤a�0Â²�À���� 

� fbp1-as!�:K9ÖRNA ÉZ
�¦����¦¤Õ
|���Ì�:K9ÖRNA

 ÉZ
�^�.��-���sw���� ��	+�fbp1+�����:K9�2
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F:8F7 Ì[!M��g¬�_��.��-h¼�
°m�.�� 
� ¦³�%�������mlonRNA p lncRNA  XÁÝq t���1F:8F7
RNA  Ì[
¯Ç�.���
��+.-�� �� e]OI��8F7Õ RNA
�1F:8F7 RNA «§Ó�g¬�ØW
Ç'+.��� ��!�1F:8F
7 RNA
7;D7�´ÏQw_�������Í¬�T+	 �a0����-��
0°m�-�� «§b�	+�¢�."�� ± Hº 1F:8F7 RNA 

mRNA 0Ê�_��-*���¼0��h¼�(»�+.-�Y¿®²����(�
]ÀÒ� 7;D7�´� 1F:8F7 RNA�Ø���1F:8F7 RNA «§
Ó
t�Ýq�!�8F7Õ RNA  «§Ó
�_�.
���-���rk
�-
áLeong et al., 2014â��.+ ¸�(�ÏQw «§_�0��1F:8F7 RNA
 xo0R/�-�&��\¾Ò�����(�7;D7�´� ÏQwÝq��-

1F:8F7 RNA
Ã�rk�.��-áNi et al. 2010; Xu et al. 2011; Bitton et al. 
2011; Chen et al. 2012â� 
 
� 1F:8F7 RNA0N��«§_� h¼�0zà¬��Æ�-�'��®²�!
mlonRNA�f#�fbp1-as  Î`«§¶0�µ���3C5G7£�ÚVx¬�«§
È}
��- nmt1?EAG9G J¡��8F7f#1F:8F7 fbp1+ �(Ö

�Ì[¨¥Zq0Ñ¹��]ÀÒ�©?B7@<0UÂ��án 17â�� ?B7@<
0©���3C5G7
É{��PJ� mlonRNA0Î`«§���si�mlonRNA
 274G<Ì[) mRNA  uÅ� �c0È}�-��!\��	����.!�
mlonRNAÌ[ J¡ g�
È}�.-�'�!�mlonRNA transcript-a Ì[�
�!Kd]��,�3C5G7Þß���7;D763=C �´¶
�Ü��-�

�0�l�-��.+ ¸�!�3C5G7Þß��Ä+.- mlonRNA Ì[×v¤
 J¡$ 6>;
�Atf1 �� 7;D7�´·Ë�*��_��.��-h¼�0
°m�-� 
� H���fbp1-asÎ`«§!�3C5G7Þß7;D7J����(�?B7@<ª
� 8F7Õ RNA «§0u~��'-��
/	����	��
+�?B7@<
ª� fbp1-as Î`«§!��½SI fbp1+Ýq	+ 8F7Õ RNA i��!Ð]
¬��Û�	L�����
�+	����án 18â���
���fbp1-as!jH DNA
0Ôp���8F7Õ RNAi��|�67��_0����
�^ DNA0Ôp�
�-8F7ÕRNAi��|�-;BF7 i��_U©!�'�Ùy¬��-��

°m�.�� 
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� fbp1-as �Öb©�j�¥¤ ���N���)�fbp1+� 3’ëuUØ�É��
fbp1-as Öbä{-£c��
(���UØ�¡ÇXëu� fbp1-as �BHEJ7J
���¥Å���)mÅ��ï�������'��*"��Î�� ���ëu�¦

zyµX���*%� fbp1-as -n��)����'������)�������
¯��àe� fbp1-as�Öb-©�j���)�� ���Y'��¡ÇX¤Ú"� 
1HD8I¤Ú�Öb©�j�æO�)�� ����Â	��)�[	!�2G3J

5Ó��� fbp1+� 3’ëu� 5’^��ÞW}GJB��&��ï§¤Ú-l�����
2G3J5ìí����GJB� fbp1+� 5’^�²�)&��Ö���6I5ã�.I
86I5ã�Öb�TS�©�j�)���E;G%���)� 

 

 
� fbp1-������ RNA� mRNA
	�� 
 
� �º½�À �'�fbp1-as�×Ù� mRNA¶±�f� mRNA�dÎf��æO�
)���»q�*��2G3J5ìíQ��)¿Ä��2G3J5-aªi�)�î�

 �mRNA �¶±��Ù��f�*)��%��fbp1-as ¶±â�r���ðs 21ñ�
"��2G3J5aªi�� fbp1+ mRNA ��Ù�dÎ�)���*� fbp1-as �
Dicer�ßd·� �)�æO�)���,���ðs 25ñ� 
� fbp1-as� Dicer ¸S�æÛ���)���+���RNAÖbç�g��)@0>
I<HFI-2G3J5aªi�o��i	�wn�fbp1-as�~tâ ê�����
°��Á��*)���&���VM� �fbp1+ mRNA�����h·�pL��ðs
24ñ�K��2G3J5aªi��!'��� fbp1-as �~tâ�x	����@0>
I<HFI-ªi�)��LÐ�&��h·���j Ë'*��ßd·���j�#

�Í��*��2G3J5aªi��!'��)� mRNA� fbp1-as�`~�)&�
��)�����¨è��)�PÃ�R�ã RNA-����dÎ�]Ü�*)%��
�«�*)�"��Dicer�&)dÎ³®ÆÕ��'�dÎ-Ï|�)����dÎ�
C4:/A@/J=?91���)mÅ�%�)��é����� mRNAdÎ ßd
·� �)%�� Dicer\~·��)�� LÐ�Â	-���)� 
� �����'����îÀ ��� �fbp1-as � mRNA �dÎ-f����)�
��Ñ�� Nkd��)�fbp1-as-n����&��yµX-ZÈ��Î��)
��áÊ��)���*"�¤¾�� fbp1-asÖbä{�¦z¢_���¬t·��
ÌÖbä{�c±���$���&��¢-´��Î���±������"��

R�ã RNA-vÔ��� DicerdÎ�Qå³®����¹� RNAd}�Ý¼-Ò#
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�
�20~30F6U4AD!p�"x������Ö! 70-100F6U4AD!p��

	£o���	���_�"�q!�¨� fbp1-as¦�¢0¤¸��,�*,à��!

bp� RNA£o¨0®��É¡0Ä�\���-� 

� %��Û �7T9Y>m©s� �@W>X2WA@W> RNA
»¿l�k�~

���-	��	(µ�-Ë�
ZÏ���-�oÂÕ§! PHO84Ôa�!2WA@
W> RNA  Ù�-iÄ´·�"�»¿�� @W>X2WA@W>��+	! RNA

0�`² Ðn���-����z
�-áCastelnuovo et al. 2013â� ´·!É¡"�

G;WJVBC�� *,¼c���@W>X2WA@W>!Ðnª0È����-

 ¯%-�'�1»¿ULT�@W>X2WA@W> RNA
k±¬���-	 ��

�"�à��3PY=W7�Å!�j)^ × RNA£o¨��!�j *,��+�

-É¡
�Ç��-� 

� 2WA@W> RNA
Ðn0�r�-P5E?O Ù��"����	!iÄ´·


u½ �-� ´·����¬Î Ò�]e���"�7ROÚ�»Ã! RNaseIII 

*-@W>X2WA@W> RNA^ ×!pÉ¹
�+.-áLasa et al. 2011â���

��fbp1+!]e�"�2WA@W> RNA !±¬Ö"@W>×!Ðnª*,(³���

�!��[¾
t�[Í² HRW>��������
���7ROÚ�»Ã!8Y>

�"°�,�2WA@W> RNA
�1+	!Ê�²�d® *���@W>×!pÉ0r

����-vÀ�
�-� 

 

� q!vÀ�����2WA@W> RNA *-Ðn�r�!6VNAWgÞáI>C

WNY6â!�j���¥¤
½�+.-�pÆÕ§ ���"�Ü��-y	�w/

�!Ôa�!Ø!Ý��"�@W>×X2WA@W>× RNA
4YHYRBK�-Ý

� ��²�I>CW H3K9 !CS%�"=PATt
Ì��.-áGullerova et al. 
2008; Gullerova et al. 2012â��	��
+� ´· ���&+.- fbp1-asÐnÝ

�{Ñ�"�I>CW H3K9me2!NY6"$�1�£o�.�	��á} 26â� 

� %��2WA@W> RNA!Ðn
I>CWÁ2@ATtÕº��!I>CWgÞÕ

º0S6TYC����r²�6VNAW«�0Ì��-e(�z�.��-

áHouseley et al. 2008; Pinskaya et al. 2009; Kim et al. 2012; Camblong et al. 2007; 

Takayama et al. 2013; Berretta et al. 2008â�oÂÕ§�"�Set1f�²� H3K4PA

Tt0Ó�� antisense Xrn1-sensitive unstable transriptsáXUTsâ *-Ðn!:

3UW<W7!P5E?O
�+	 �.��-ávan Dijk et al. 2011â�pÆÕ§ �

�� Exo2" Xrn1!MQV7��,�\h²��ß�" fbp1-as�*# fbp1+ mRNA

!pÉ" Exo2  f�²��-��
¶|�.��-�fbp1-as "oÂÕ§��z�.
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��, Xrn1ìÃu lncRNA��,oÈ�
�,� 
� 4I5N70a¤j� Ï+-, mRNA!�Ý�cÐ"�âc² Dicer[}�0
·��ïs 24ð�Dicer [}�
âc²��,«¯���"�Dicer !ÁÇ`!�t

O�!oÈ����Æ�+-,�Dicer"��!zâc
�rÃâ �t�,�Ñ/-
��,ïEmmerth et al. 2010ð�O��]Ëµ»�"�mlonRNA�fbp1+ mRNA�fbp1-as
"_ �ÁÇÖ$�ÚÜ�-�CH9ND ^,��
¶Ô�-��,ïGalipon et al., 
2013; Galipon, �±Ìð���
����`� Dicer *��cÐ�-,gp"âc²
 °&,�Æ�+-,�ÁÇÖ ¸Ë�� RNA ���"�ÅÒ�_��,V!cÐ
ÂØ
çR���,oÈ�
�,� 
� 1L<8L7 RNA [}²�cÐe�!d§"Y�!��.�	�mRNA !Ùb!
�e!'�"��-&� Ùb�-Êº��mRNA0�Ý {/�,��"�����
cÍã¡! fbp1+ mRNA "4I5N7íî� "zä Ùb�-�����)4I5
N7íî� "���Ùb®©��,�4I5N70a¤j�,��Ùb!�e
À�

�×����,�Æ�+-,
��!&&�"� p��-� mRNA"�	�	£{
�����
S��-,��!�(�4I5N7
a¤j�-��� mRNA!��
�
h² XQ�,��"�« 	���n���,�Æ�+-,��	)�4I5N

7¦�
����é ÛÝ mRNA!±ªJBI0Q�,�( "����cÐ¿:
L@3Ö!p�0����,�æ²ZÎ"����!�(�q�áW|ëv�p��-

,1L<8L7 RNA0U��cÐ0\Þ�-#��Ý��¾
oÈ ����,�&
��1L<8L7 RNA Ùb
 mRNA cÐ�����8L7å RNA !p�0�e
�,�È)����-#�yê² áW|!�Ý6G=?;2L
oÈ �,�!*�

�AK87"�É��¬wxk �+�-,mÁÇ© ����}tPz��EH=

?
�,!	)�-��� 
 
 
�� �������
������������	����� 
 

� ½ñ¼�"�8L7M1L<8L7 lncRNA !´T[}²�±ªe� ç�,à¹0�

«F>Il�,����lncRNA
çR�,áW|±ª!©~²��Ä0�Ó���&��

mRNA !Ùb¢�l è!F>I ���"�¬w7?J7f¥!^i³� 8L7

lncRNA
 mRNA!±ª0ß���,�È0���	�¬w7?J7f¥	+O�!�æ

Âà� ¶� zä! mRNA!±ª0¨±² Õ��,à¹
aª�-��&���!�

� ���"��ä!1L<8L7 RNA!Ùb" mRNA!Ùb¢�l "�%�z��
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�ò0W�����(Â�-�÷v 33ø� 

� S���mRNA!âd�f©í!I?M ���"�mRNA� asRNAn$�!Ös]

! 3 ]!<2BF59���I?Ml0Ô����!I?M�"�¸y9@N9g°!b

i¾� ��#)� mRNA!¼¶
�f�-�� ���ä-� asRNA!¼¶
t��

,¥|
c¶���÷v 34ø�e|¹´~!�¬0º��(��õ½ "�ï�½��ë²

 ��,r RNA!±�!�x`0¯��,���	�����'�eÙ RNAé!L1M

;2GÛ¯"£'�uð��,������õ½ ¯�pÑ� RNA!m®�) RNA!±

�zl!�¯` �·ß *,8FJNR8KP0�/�,����eÙ¦¤!ÞÉ�¢

Ü ñ� �j�àß
pÑ �,� 

 

 

� lncRNA�
��������	 
 
� § �TÝ!¥� lncRNA !f�C>@OR5!�Î0Ï��,�fbp1+!7RA�,

Fbp1÷fructose 1,6-bisphoshataseø"Æ�¹Êá�Vpão�0q,ê��,çÈ��,�

S��6M7R9
}w�,¸yU ��,Æ�¹Êá!�l"�ÉÐ ���&�.

3CM4R½��{0���6M7R9±�"Ò³»�"zk�,�Ï�+-,
�S�

�ë6M7R9±�
ËÌ��\U���� óôµ� ������æ[|0�l�

,��
«'+-�c$6M7R9±�
T��-#���% fbp1+ mRNA0¼¶a¨

�,�×
�,�TÝ!*��Á��HLDL!�,�Å0�,�' "��I?M!*

�� lncRNA0X��C>@OR5æ[|f�
å���,��/-,��  

 
� �ÀÃ�"eÕçª!I?MÇ0º���6M7R9óô���9@N9�Å î��

:P9Q1P=:P9 lncRNA 	+�,æ[|f�C>@OR5
è×��h0����

�0"�'�Â���E@!ÉÐ "�15,000ZT(! lncRNA
}w���!��!
3,000ZT"1P=:P9 RNA��,�Ú/-��,÷Derrien et al. 2012ø�E@)
öÄ¿¡¹´ ���(�̂ �#X Ó]!Vl ì/,Xist) Tsix��!*� �
:P9Q1P=:P9 lncRNA "è×��h0�����,��
Â�-���,�
eÕçª�Ø���-�9@N9�Å�!:P9Q1P=:P9 lncRNA C>@OR5

0X��æ[|¼¶f�Ç"�Y!¿¡¹´ ���(Í�	�Á��æ[|¼¶f��

��_}�-��,pÑ�
ö�� 
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� �	������
������� 
 
� É�&��ÊÈ�%�x$Ú
�Î�$É�£(2�,%¼�#ë¨ABJT4·�

2��%��&uÁ$��2ø¤#íh�ËÆt¥4§Þ"�2� 
� D^B_5^HD^B lncRNAOIL]`=4f�� mRNA%ËÆt¥&�µÎ#
on/off%r1°
4~Ü"�2B7IH^>t¥4-�0���%B7IH^>t¥&�
È��x$¨� mRNA4Î�$���r3�/�t¥�2�"$�� �2� 
� *��¦î% lncRNA4f��ËÆt¥&��çýª¢þultrasensitivityÿG7MS
=B�"�'32t¥Ö4~Ü"�2"Ù
032�çýª¢G7MS=B!&�¦î

#t¥��%w«�¡�3��àÌ#�x�ß½$�ò�32�fbp1+ mRNA%è
o%¿©xU:NCT$�� ��ü!& mRNA %�îËÆ$kÒ���î%

mlonRNA%ËÆá��3���%êÐ$�� %³ÇVKZ!&�P\V`F`ó
!RNARYUX`E4Ô�Ì$}1�	Ö$/1��%çýª¢#t¥Ö4nÆ���
*��fbp1+ mRNAËÆt$�� &�mRNA_fbp1-ase¸ñ4�¬�2�"
çýª¢#G7MS=B4É+p�Þ�"#� �2�õ���F`?IL$��ì

®Ì��¤�#Ø�4�����Öli$�%õ�%vº4�¡���Øº"� ï²

#F`?ILíh�¿©t¥G7MS=B4�Æ�2�"¯��3 �2

(McCarrey & Riggs 1986)��%/	#{¨;OJ6=B&�9OZ<`|±Ì$»ú
ä�¶$bs#>Z@`Bùû¨Õíh�%AWILG8^$&÷ $ë� �2-

%"Ù
032� 
 
� za%×Û$"� �çýª¢#íh�ËÆ%r1°
t¥ABJT4·�2�"&�

déyÓ#íh�ËÆÄ«4}2�"4ô�þ� 35 Aÿ�fbp1+%/	$9OZ<`v

Å4���2/	#gãÖ%r1°
%ð"#2íh�%ËÆt¥&�BL[B$²ª

${¨� �on/off%r1°
p¹2ABJTvÅÌ!�2"Ù
032� 
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