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ヒト検体・疾患モデルマウスを用いた in vivo 系による病態解析と
治療法開発 
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ȃŖƌƟŕƯǴĂ����u�Z@El Shh [ƌƟƜƮºǎŕƯ[ǅĺ 

 

àğƋùþƳƍþƇƑƍ� ¿Č� ƙ 

 
4. \JeZ 

� ¥ŌƌƟƗ[ŽŸǠƏ\œ6Y~|��ÇüZiSUÊĜHmU=l5Nmj~|�

�ÇüB4Ųÿ[ƜƮƐ[ŽŸÊĜQEV\YD4œ6YļŃ@i^ƜƮƐVƦkǙI

ŝŹHmU=l¦fÇASUņP5ľZĥ³ƳZ@ElƌƟƜƮ4|�sƜƮVfŽŸ

ZǦǃY~|��ÇüƨBŽŵIƢEU=lFWBĺjAZYSU=l5ĥ³ƳV[~

|��Çü[ŕƯ\4ŽŸǠƏ[ǳ[ƜƮÇǀgƜƮÇÒZǳKlÊĜŕƯW\ŻYk4

ƌƟƜƮg|�sƜƮ[ŸýƣĭgƜƮŕƯ[ŽŵZǭolWŃĚHml5ŅƇƑǋǽ

V\4¥ŌƌƟƗŽŸǠƏVǦǃYƜƮǬƃ§´ŹpÊĜKlêü4���{����

�|(Shh)[ùƳƀǐŽŸǠƏV[ŕƯǅĺ4ŲZƌƟđƜƮ[ƜƮÇǀ@i^ÇÒZ

ǭolŕƯ[ǅĺpƁĮIU=l5 

 
ȋȈƇƑ[ƫĽ 
� ¥ŌƌƟƗ[ŽŸZ@=UƜƮǬƃ§´Ź\ĞǺV<l5ƜƮǬƃ§´Źpī>Ǧǃ

Y���{ǐV<l4Notch, BMP, SHH, FGF Ɠ\ƌƟŽŸǠƏ[ÈŃAjěŃZo

Plœ6YƞƥŒƕZ@=U4NmOm[ŸűþſYųŠȆbiological contextȇZĠJ

PŕƯpŁIU=l5¶?]ƌƟŽŸ[ÈŃȆƬŸȐ3ȑĹȇZ@=U\4Çš���

{ǐ Shh BƱƛ¥ƭƺgƱƛËŉAjÇšHmƌƟŉƜƮ_´ŹI4ŗ¥ƜƮV<l

ĒŉƜƮgøœYƴ¼ƌƟƜƮ[ÇÒpǊĆKl (Marti, 1995; Roelink, 1995; Aoto, 
2009) 5 ĶƭŽŸ[ěŃȆƬŸȊȋĹ¬ǯȇ[ƝƳV\4ñĒŎBŸJlƴ¼Vȃŭ

ē[ Shh ~|��BƌƟđƜƮAjĩÊĢƌƟƜƮ_[ÇÒpǊĆI4ùƳƀǐBŸ

Jlƫ¼V\²ŭē[ Shh BƌƟđƜƮAjƸúĢƌƟƜƮ_[ÇÒp¹ǟKlWW

fZƌƟËȁƜƮY=IđƜƮ[ƜƮÇǀpţĢÒKlȆKomada, 2008; Shikata, 

2011ȇ5KYoR4Shh ~|��\¥ŌƌƟŽŸǠƏ[ļŃWóħZĠJUœ6YĘÍ

pŋPKFWBÇASUCU=l5 
� ùƳƀǐ[ƬŸŃěŃV4Shh ~|��\ǦǃYĘÍpŋPIU=lWƩ?jml5

¡Vǚ`Pǜk4ƬŸȊȋĹƁ¬ǯV\ùƳƀǐV\4²ŭē[ Shh BƸúĢƌƟƜ

Ʈg|�sƜƮ[ƐǿWǨpÊĜKlWƩ?jml5IAIƀǐ¥V[ Shh ŽŵƌƟ

ƜƮ\ĺƉZàÿHmU=Y=5cP´ŹpÛEl¼ZT=UfƌƟđƜƮY[A4ƌ
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ƟËȁƜƮY[ABĺjAVY=5ľZùƳƀǐV\²ŭēV[ Shh ~|��BŕƯ

IU=lWƩ?jmlB4²ŭēV[Shh[´Ź[ÛăŕŒ[Ā³fĺjAV\Y=5

ƬŸŃ[ƴ¼ƌƟƞƥV[ Shh ~|��[®ǡ\ Ptc1/Smo ·ýſYy��y�Y

Shh ~|��®ǡƟǒZ·ýIU=l5 Ķ4ƫ¼V<lùƳƀǐV\ Shh ~|��

By��y�YƟǒpţĢÒIU=Y=FWpƉǉIU=l5ƫ¼V[²ŭē´ŹļV

\ Shh ~|��®ǡƟǒBƴ¼V[ȃŭē´ŹïW\ŻYl[V<n>A5ŅƇƑV

\4ƬŸěŃùƳƀǐZ@El Shh ÇšƜƮ[àÿ4Shh ~|��[ŔſƜƮ[àÿ4

NIUĠƔƜƮZ@El~|��ÛăŕŒ[Ā³pĺƉZKlFWpƁſWKl5 

 
ȌȈƇƑĥŋ 
7Ȋ8ùƳƀǐ �%% ŽŵƜƮ[àÿ��

� �%% ŽŵƜƮpƉǉKlPeZ �%%��-#�������{t��u�W �����"+/ (#�

-#,+-.#- �u�pfR=U4ƀǐŽŸǠƏV[ �%% ŽŵƜƮ[ÇďpǄĄIP5�

�

7ì �8�

� N[Ơŋp¡[ìȊZƊK5=Lm[ìfƬȄȊȎĹ[�u�ƭ[ùƳƀǐ[ĵǸp

ƊIU=l5ÀżōƹZiSU �%%4����4Ø^ƌƟƜƮ[��y�V<l �&'� ƽž

ǐ[ŐÆpƾSP5�%%ƽžǐpŽŵIU=lƜƮ\Àżōƹ�����WǢ®ſŔǍ������

[Ơŋ4&*.#-)#"&�.#�2+*#�����ZýíKl¦BoASP5ƌƟđƜƮgËȁƜƮBý

íKl ������ Z\ �%% ŽŵƜƮ\ǄĄHmYASP5Fmj &*.#-)#"&�.#�2+*# VǄ

ĄHmP �%% ŽŵƜƮ\4ÇÒIPƌƟƜƮ[��y�V<l �/'� pŽŵIU=P5� �

� ľZ &*.#-)#"&�.#�2+*# [��y�V<l �*!�� [ÇďWŜǕIPWFn4�%% Žŵ

ƜƮ\ &*.#-)#"&�.#�2+*# [÷ċZ<lěŃ )/(.&�,+(�-�!#(( V<lÝƯĢBƊçH
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mPȆìȋȇ5cPĩÊĢƌƟƜƮ[��y�V<l ���� pŽŵKlƜƮ\ �%% ŽŵƜ

ƮǵëZãcmU=YASP5¬¡[FWAj4ùƳƀǐV[ �%% ŽŵƜƮ\ÇÒşÿ

ě[ƸúĢƌƟƜƮV<lFWBƊçHmPȆìȋȇ5�

�

7ìȋ8�

� ¡Ǉ[ƠŋpñZ4Ǣ®ſĨŢZil &*.#-)#"&�.#�2+*#�ZýíKl �%% ŽŵƜƮ

[ǰ×pǈdP5�%% ŽŵƜƮŐÆVµŹIP �%%��-#�������{t��u�pfR=

U4��z~�v�·ýſZ �%% ŽŵƜƮ[dZ����sśƚ�������[ŽŵpǊĆ

IƜƮŘpǊĆIP5cLƬȄȊȌ4ȊȍĹZ��z~�v�pĪ¤I4�� g ��� Z

@ElƌƟđƜƮgËȁƜƮ[ƜƮÇǀ�ƜƮÇÒZ¤?lėǹpǅŊIP5N[Ơŋ4

ƜƮÇǀţĢpĭTƜƮpƊK �&����ƜƮW �-"����ƜƮ[ĳZ\ùCYöÒ\Ɖǉ

VCYASPB4ƌƟđƜƮAjŸJlƌƟËȁƜƮ�� -����ƜƮ�[ĳ\ggũćI

U=l¾âBǄĄHmPȆìȌȇ5�
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�

7ì 	8�

� N[ÐŋpƉǉKlPeZ��z~�v�[Ī¤ŃǬpƬȄȊȌĹƁAj[ȋĹA

j4ȊȌĹƁAjȊȏĹƁcV[ȍĹǬZĔǪIÐŋpǅŊIP5F[��z~�v�

Ī¤[ĔǪZiSUƘÓĳ[ �%% ŽŵƜƮBũćKlFWpƉǉIP5ľZ4ƂıſA

ǬıſA\£ĺV<lB4��� Z@El � -����ƜƮ\4ȋĹǬ[Ī¤ZŜ`ľZǾƻ

ZũćI4ATƜƮÇǀţĢpfT � -����ƜƮBũćIP5ľZÇǀƜƮV<l

�&����ƜƮ[ĳBũćIPȆìȍȇ5�

� ¬¡[ƠŋAj4&*.#-)#"&�.#�2+*#�Z<l�%%ŽŵƜƮpũćHMlFWZiSU4

đƜƮBýíKl �� [¡ċZ<l ��� Z±ƧKlƜƮÇǀţĢpĭTƌƟËȁƜƮ[

ǨBũćIU=lFWBoASP5ľZ4NmjƌƟËȁƜƮ[ƜƮÇǀţĢBǾƻZ

²¢IU=lFWfƉǉIP5�-"� [ÚkǖdBŸJPƜƮ[ǄĄƠŋAj\ �� Zý

íKlƌƟđƜƮ[ƜƮÇǀZ\ǾƻYũć\ǄĄHmYASP5Fmj[ƠŋAj4

&*.#-)#"&�.#�2+*# Z<l �%% ŽŵƜƮ[ũćZik4��� ZÇďKlÇǀţĢ[<l

ƌƟËȁƜƮBũćIU=lFWBƊçHmP5ÕR4�%% [´ŹB4�� ZÇďKlƌ

ƟđƜƮAj ��� ZÇďKlƌƟËȁƜƮ_[ÇÒp¹ǟIU=lA4fID\ ��� V

[ƌƟËȁƜƮ[ÇǀpţĢÒKlÝƯĢBƊçHmP5�
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�

7ì 
8�

�

7ĥŋȋ8Shh ~|��[ŔſƜƮ[àÿ�

� ¬¡[ƠŋAj Intermediate zone Z<l Shh ŽŵƜƮAj[´ŹZik4ƌƟđ

ƜƮAjƌƟËȁƜƮ_WÇÒ¹ǟ4cP\ƌƟËȁƜƮ[ƜƮÇǀ[ţĢÒ[ȋT[

ÝƯĢBƊçHmP5ŖZ Shh ƽžǐBƌƟđƜƮgËȁƜƮZƂı´ŹIU=l[

AX>AŐǆpƾYSP5N[Őǆ[PeĸZ in vivo ųŠ¢V Shh Ǣ®üƈõpƀǐ

ŲŻſZƾ>ĀȂBœ6Y conditional KO [ƗpŹ=ĀķHmU=l5IAIńQZ

Shh ZilƂı[´Ź[Ā³B£ĺƄY[\4µŹHmU=l conditional KO [ƗV

[ Shh Ǣ®ü[ƈõ[ļŃWN[ėǹpǄĄIU=lļŃW[ǬǲBǪ=Ȇȍ3ȐĹȇ

FWB T[ùCYÖêV<l5ĻĐēĀķIP Shh ŽŵƜƮŘǊĆĀȂVfĺjA

YÐŋpǄĄKlPeZ\��z~�v�Ī¤ěAjǄĄcV[ŃǬpȍĹcV°]

HYEm]YjYASP5Ǣ®üƈõWN[ƠŋŸJPŵǏW[ǬǲBǪDYlƏ4N

[Ǭ[ǭ¸BƂıY[A4ǬıY[AŷǅIZD=W=>èǽB<l5 
� N[FWpǓc?4in vitro [ƗZ@=UƬŸěŃ[ùƳÓŶpðȀI4Shh ~|�

�ZąKlǮĂÌ4ţĢÒÌpfR=U4ŽŸǠƏ[ƌƟđƜƮgËȁƜƮ_[ėǹp

ƆļǬȆȍȑļǬ¬ÄȇVǌ`P5ƬȄȊȌĹƁ[�u�ƭAjùƳÓŶpÚkÆI4

In vitro[ðȀpƾSP5N[ðȀŃǬ¥Z4Shh~|��ZąKlœ6YţĢÒêü4

ǮĂêüpœ6YŭēVŧÏIP5 ÿŃǬ[ðȀěZƜƮÇǀǼē4ƜƮåŃAj[
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ǶƲŴ4ƜƮÇǀïV<l VZ AjÇÒƜƮÇďïV<l CP _[ƎÑŴƓpŪÿIŜ

ǕŐǆIP5 

  
� � � � � � � 7ìȎ8� � � � � � �      7|��Ȋ8� � 7|��ȋ8 

�  
� cL Shh ~|��®ǡZąKlǮĂÌ}t{����[´Źpǌ`P5}t{��

��\ŏűźņ[s�y�t�V<k4Shh ~|��[ţĢÒZĞǃYƵ���{ǐV

<l Smoothened ZŲŻſZƠßI4Shh ~|��®ǡpǮĂKl5}t{����

[´Ź[Ơŋ4ƜƮåŃAj[ǶƲŴB´ŹŭēZ·ýIUǾƻZôÏIPȆì 5 č4

|��Ȋ¢ȇ5HjZƜƮBôŚïV<l VZ/SVZ Aj CP _WƎÑIU=lFWfǄ

ĄVCP5F[Ơŋ\ǶƲŴ[ôÏZßƷIU=l5Fmj[ƠŋAj4Shh ~|��

ǮĂZiSUđƜƮ<l=\ËȁƜƮV[ƜƮÇǀBǮĂHmU=lÝƯĢBƊçH

mP5ľZ4ÇǀţĢpĭTËȁƜƮV4SVZ ZĈíKl Tbr2 ǱĢƜƮZąKlėǹ

pǌ`P5}t{����[´ŹZiSU4ÇǀţĢpĭT Tbr2 ǱĢƜƮ@i^ Tbr2
ǱĢƜƮƤĳBũćIU=lFWBǄĄVCPȆì 5 Þ4|��ȋȇ5Fmj[Ơŋ\4

Shh ~|��ǮĂZiSUËȁƜƮ[ƜƮÇǀBǮĂHmU=l4<l=\ËȁƜƮA

jƌƟƜƮ_[ÇÒB¹ǟHmU=lFWpƊçIU=l5 
� ŖZ Shh ~|��®ǡZąKlţĢÒÌ�����r��[´Źpǌ`P5���

��r��f}t{����Wàœs�y�t�V<k4Smoothened ZŲŻſZƠß

I4Shh ~|��pţĢÒKl5�����r��[´Ź[Ơŋ4ƜƮåŃAj[ǶƲ

ŴBôÏIPŭēW4öÒ[ůASPŭēB<SPȆìȏ4|��Ȍȇ5ľZ´ŹHM

lŭēZ·ýIUôŚïV<l VZ/SVZ BĬùIU=lFWfǄĄVCPȆìȏ4Ȑȇ5

F[ƠŋAj4Shh ~|��ţĢÒZiSUđƜƮ<l=\ËȁƜƮV[ƜƮÇǀBţ

ĢÒHmU=lÝƯĢBƊçHmlWWfZ4ÇǀïAjÇÒIǶƲKlǠƏ 
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� � � � 7ìȏ8� � � � � 7|��Ȍ8� � � 7ìȐ8� � � � 7|��ȍ8 

 
fàļZţĢÒHmU=lÝƯĢBƊçHmP5ľZ4ÇǀţĢpĭTËȁƜƮV<l

SVZ ZĈíKl Tbr2 ǱĢƜƮZąKlėǹpǌ`P510µM V[�����r��[

´ŹZiSU4ÇǀţĢpĭT Tbr2 ǱĢƜƮ\ôÏIPB Tbr2 ǱĢƜƮƤĳ\ũć

IU=PȆìȐ4|��ȍȇ5ǛZ 0.1µM V[´ŹV\ Tbr2 ǱĢƜƮ[ĳ\ũćML

ÇǀţĢpĭT Tbr2 ǱĢƜƮ[ŜŴ\ôÏIP5Fmj[Ơŋ\4Shh ~|��ţĢ

ÒZiSUËȁƜƮ[ƜƮÇǀBţĢÒKlWÂZ4Shh [´ŹŭēZiSUÐŋBù

CDŻYl¦pƊçIU=l5 
� KVZĦ6BòäIPǜk4ȃŭēV Shh p´ŹHMPWCZ\ùƳƀǐV[ƌƟ

đƜƮAj4Ņņƴ¼AjŽŸKlĩÊĢ[ƌƟËȁƜƮBŻħſZǊĆHmP5cP

²ŭēV[´ŹV\ Tbr2 ǱĢ[ƸúĢ[ƌƟƜƮ[ËȁƜƮBǊĆHmP5HjZ

Tbr2 ǱĢ[ƸúĢ[ƌƟƜƮ[ËȁƜƮBǊĆHmPóß\y��y�[~|��Ɵ

ǒţĢÒ[ĮŔV<l gli1 W pcth1 Ǣ®ü[ǔÅţĢÒBǑFjYASP(Shikata,  

2011)5NFVŖZ In vitro ðȀĀȂV@FYSP~|��ţĢÒ[´ŹB4gli1 W

pcth1 Ǣ®ü[ǔÅţĢÒpĕCǑFIU=l[AX>Ap qRT-PCR pŹ=Uǌ`P5

ìȏ4Ȑ[ĀȂWàœZƬȄȊȌĹƁ[�u�ƭAjùƳÓŶpÚkÆI4In vitro [

ðȀpƾSP5N[ðȀŃǬ¥Z�����r��pœ6YŭēVŧÏI 48 ļǬðȀ

ěZ gli1 W pcth1 Ǣ®ü[ǔÅǨpŜǕIP5 
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7ìȑ8 

� 7ìȑ8ZN[ƠŋpƊIP510µM V\ gli1 W pcth1 Ǣ®ü[ǔÅBţĢÒIU

=l¦4KYoRy��y�ƟǒBţĢÒIU@kŻħſYĩÊĢ[ƌƟËȁƜƮǊĆ

BùƳƀǐ[ƞƥÄVǟƾIU=lFWBƊçHmP5Tck 10µMShh [´ŹZiS

UǄĄHmP Tbr2 ǱĢƜƮ[ũć\4ŻħſYĩÊĢ[ƌƟËȁƜƮ[ǊĆZ¯>f

[V<lFWBƊçHmP5àļZ 0.1µM V[�����r��[´ŹV\ gli1 W

pcth1 Ǣ®ü[ǔÅBţĢÒ\ƉǉVCYASP5KYoRy��y�ƟǒBţĢÒI

U@jL4ƸúĢ[ƌƟËȁƜƮ[ÇǀţĢBţĢÒHmPf[WƩ?jml5 

 
� � � � � � � � 7ìȒ8� � � � � � � � � � � � 7ìȊȉ8 

�  
� ŖZ�����r��Zil Shh ~|��ţĢÒBƌƟđƜƮƶ³[ƜƮÇǀZė

ǹIU=lAX>Apǌ`P5ƬȄȊȌĹƁ[�u�ƭAjùƳÓŶpÚkÆI4ƜƮ

ĤŬťpǌĴI In vitro V[ Ŗ sphere ðȀp ǞǬƾSP5N[ðȀŃǬ¥Z��

���r��pœ6YŭēVŧÏIđƜƮAjĖĥHmP sphere [ĳWùCHpŜǕ

IP5N[Ơŋ40.1;0.5µM [´ŹV\ sphere [ĳ\öÒIY=B 2.5µM V\Ǿƻ

ZũćIPȆìȒȇ5ľZ sphere [ùCH\ 0.1;0.5µM [´ŹV[dƂę 50-100µm
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[ sphere[ĳBôÏIPȆìȊȉȇ50.1;0.5µM[�����r��[´ŹV\ sphere
[ĳ\öÒIY=FWAj40.1;0.5µM [ŭēV[ Shh ~|��ţĢÒBƌƟđƜ

Ʈ[ƶĎǂǁÇǀ[ţĢÒ\ǑFHY=¦4àļZđƜƮAjËȁƜƮ_[Ǝƾ[ţĢ

ÒfǑFHY=FWBƊçHmP52.5µM [�����r��[´ŹV\ sphere [ĳ

\ūũKlWÂZ4N[ŭēV\ gli1 W ptchȊ[Ǣ®üŽŵBţĢÒIU=lÝƯĢ

B<l¦Aj42.5µM [ dosage V[ Shh ~|��ţĢÒV\đƜƮAjĩÊĢ[ƌ

ƟËȁƜƮ_[ÇÒBǊĆHm4N[Ơŋ4ƌƟđƜƮ[ĳ[ũć4KYoR sphere
[ĳ[ũćZTYBSPWƩ?jml5¬¡[ƠŋAj4ùƳƀǐŽŸǠƏV[ÄíĢ

[ Shh [´Źŭē\ 0.1µM ¬¢V<k4y��y�Ɵǒp«HL Tbr2 ǱĢ[ƌƟË

ȁƜƮ[ƜƮÇǀpţĢÒKlFWBƊçHmP5 

 
7ĥŋȌ8ùƳƀǐV[ �%% ĠƔƜƮZ@El~|��ÛăŕŒ[Ā³ǅĺ�

�  

 

Teperino, et al., (2012) 
7ìȊȊ8 

� ªcV[ƠŋAj4ùƳƀǐŽŸǠƏV\y��y�ƟǒZ·ýIY= Shh ~|�

�®ǡZiSUƌƟËȁƜƮ[ƜƮÇǀBţĢÒHmlFWBƊçHmP5y��y�

ƟǒVY=ƟǒV[~|��®ǡƟǒZT=UǅŊpǟeP5ŵícVZy��y�Ɵ

ǒVY= Shh ~|��[®ǡWIU4shh B´ŹIPƜƮ_[y�~u�tx�ŤÁ

p«IPǅƖƗ[ţĢÒB��ưƪƜƮVƅjmU=lȆìȊȉȇ5F[Ƿy��y�

ƟǒV\4Shh [~|��ÁÎZąI Smo BţĢÒKlB4N[ţĢÒBƜƮƵ¡[

y�~u�tx������[ǫĲZTYBk4ƜƮ_[ ǠſYy�~u�tx�Ť
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ÁpĕCǑFK5Shh BƜƮZ´ŹIUAjy�~u�tx�ŤÁZǃKlļǬ\ȎÇ

¬ÄV<k4y��y�ƟǒV gli1 g ptch1 [Ǣ®üŽŵţĢÒZǃKlȏ3ȊȋļǬ

WŜǕKlWőeUƆļǬV[ÙĠV<l5ưƪƜƮV\ Shh [´ŹZiky�~u

�tx�[ŤÁBǑFl¦ZiSU AMPK B CamKK ·ýſZţĢÒHmǗǝZǅƖ

ƗBţĢÒHml (Teperino, et al., 2012)5ùƳƀǐŽŸǠƏV[y�~u�tx�Ť

ÁpǊĆKlǷy��y�Ɵǒ[ýípŐǆKlPe4�u�ƭȊȍĹȄ[ùƳƀǐp

ąǏZƜƮÄy�~u�tx�[öÑpǄĄIP5�u�ƭùƳƀǐV[y�~u�t

x�[ƶŽſƜƮÄŭēöÑ\ĸZǠ×ZòäB<l(Owens & Kriegstein, 1998 )5�
u�ƭȊȍĹȄ[ùƳƀǐ[��t�p´ǁIy�~u�tx�ĮƊƼV<l

Fluo4-AM pÚkǖcMP5NIUÂŰŮǾĝǩpfR=U 20 ÇǬ[ǄĄpƾSP5

Ǡ×[ǄĄX@kƶŽſYƜƮÄy�~u�tx�ŭē[öÑpǄĄVCPȆìȊȋȇ5 

�  

 
7ìȊȋ8 

� ƬȄȊȋĹ4ȊȍĹ[ùƳƀǐAj��t�p´ǁIƜƮÄ[y�~u�tx�ŭē

[öÑpǄĄIP5N[ƠŋNmOmAjţŽYöÑpƊKƜƮBǄĄHmP5ŭēö

ÑpƊKƜƮ\4N[öÑ����AjȌT[ƜƮ[|���ZùÉVCP5ȊTƁ[

|���\ȃ=ƜƮÄy�~u�ŭēpƊKBhSDkWåŃſYôũpƊIYBj

ŀƝſZũćIUƾDƜƮȆìȊȌ4cells marked as magentaȇ4ȋTƁ[|���\

ƜƮÄy�~u�ŭēöÑBǄĄļǬÄVǂĳé[��{pƊKƜƮȆìȊȌ4cells 
marked as blueȇ4ȌTƁ[|���\ǄĄǫûļZ\ȃ=ƜƮÄy�~u�ŭēpƊ

KBġūYũćpƊKƜƮV<lȆìȊȌ4cells marked as yellowȇ5 
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7ìȊȌ8 

 
� Fmj[ƜƮ[>R magenta cell\ VZ/SVZ[¥Vab œZÇďIU=P5 Ķ4

blue cell \ SVZ ZøASP5Yellow cell \ VZ [ƳāǸZ»SUĈíIU=P5Nm

Om[ƜƮ[Ǩ\4magenta W blue cell BNmOmȍȉȅpÔe4řk[ȋȉȅB

yellow cell V<SP5Shh [´ŹBF[ƶŽſYƜƮÄy�~u�tx�ŭēöÑZ

¤?lėǹpǅŊIP5²ŭēWȃŭē[NmOm[´ŹpǄĄKlPe41nM W 1µM

V[ÐŋpǄĄIP5  

 

7ìȊȍ8 
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� N[Ơŋ4ƸæŦ=¦Z²ŭēȆ1nMȇV[ Shh [´Ź[óß[dƜƮÄy�~u

�tx�ŭē[öÑBţŽZYSPȆìȊȍȇ5IAfN[öÑpǣïGWZŪÿKl

W VZ V[ŭēöÑikf SVZ V[öÑ[ĶBūIDYSP5öÑBţĢÒIPƜƮ

[øD\4ǄĄļǬ¥ZȃǼēZŭēįÑKl blue cell V<SPȆìȊȎȇ5²ŭēV

[ Shh [´ŹZiSUţĢÒHmPƜƮÄy�~u�tx�ŭē[öÑ\ Shh [ŧÏ

ƂěAjûcSU@k4CoeUƆļǬV[ĠƔV<SP5ÙąZȃŭēV[ Shh [

´ŹZiSU4ƜƮÄy�~u�ŭē[ƶŽſYöÑ\ĩÊHmP5F[y�~u�į

ÑţĢÒ[²ŭē·ýĢ\4ƌƟËȁƜƮ_[ôŚţĢÒÐŋ[²ŭē·ýĢW ƷI

U=l5 

� F[Ơŋ\ùƳƀǐÄV[ÄíĢ Shh [´ŹZiSU SVZ V[ƜƮÄy�~u�t

x�ŭē[öÑBƣĭHm4NmZiSUƌƟËȁƜƮ[ÇǀţĢBƣĭHmU=lÝ

ƯĢpƊçIU=l5N[ÝƯĢpŐǆKlPe4ƌƟƞƥŲŻſZ Shh Ǣ®üpƈ

õIPöŻ�u�ƗơpfR=UùƳƀǐV[ƜƮÄy�~u�tx�ŭē[öÑ[

ǄĄpƾSP5Ã³ſZ\ƌƟƞƥŲŻſY Sox1 ������·ýſZ cre ƞdĿ?

ǥƚpŽŵKl�u�ƗơW4Shh Ǣ®üƒ wz��¥Z Flox ǻïpİÁIP�u

�Ɨơp¨ǤIP5N[Ơŋ Sox1 ������·ýſZ Shh Ǣ®üƈõBŸJP�u

�ƭp´ǁVCP5 

 
7ìȊȎ8�

� ƸæŦ=¦ZƌƟƞƥŲŻſ �%% öŻ³V\ )�$#*.��!#(( \oLAZôÏIPB4

 (/#�!#((��1#((+0�!#(( WfZũćIPȆìȊȎȇ5ŲZ  (/#�!#(( ZT=U\4ǧŸ
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îƭV\ ��� ¥ZN[aWqXBĈíIU=PB4öŻ³V\ ��� V[öÑƜƮBǾƻ

ZũćIP5F[ƠŋAj4�u�ƭùƳƀǐZ@=UÄíĢ[ �%% [´ŹZik4ƌ

ƟËȁƜƮV[ƜƮÇǀB �%% ZikţĢÒHmlB4N[´ŹB �%% ZilƜƮÄy

�~u�ŤÁ[ģǑp«IU=lÝƯĢBƩ?jml5�

�

4.   ªě[Ċł 

� ŅƇƑV\¥ŌƌƟƗŽŸǠƏVǦǃYƜƮǬƃ§´ŹpÊĜKlêü4���{

�����|(Shh)[ùƳƀǐŽŸǠƏV[ŕƯǅĺ4ŲZƌƟđƜƮ[ƜƮÇǀ@

i^ÇÒZǭolŕƯ[ǅĺpƁĮIP5FmcV[ƇƑZiSU4ƬŸŃ[ùƳƀ

ǐŽŸǠƏZƧ=U4Shh BƌƟÇÒşÿŨd[ƜƮVŽŵIU=l¦pĺjAZI

P5N[ƜƮAjŽŵIP Shh ���{ǐ\ SVZ Z<l Tbr2 ǱĢ[ƌƟËȁƜƮ

[ƜƮÇǀpţĢÒKl¦V4ùƳƀǐÄV[ƌƟƜƮ[Ėĥĳ[ÊĜZǭ¤IU=

l¦BÇASP5HjZùƳƀǐVƌƟËȁƜƮ[ÇǀţĢÒZǭoSU=l Shh
[ŭē\ȊnM ǘ½V<k4ƴ¼[ƌƟÇÒZ´ŹIU=lŭēik²=¦BÇAS

P5NIUN[²ŭēV[ Shh [´Ź\4ŔſƜƮV<lƌƟËȁƜƮÄV[y�

~u�tx�[ŤÁpģǑKlFWV4Nmj[ƜƮÇǀpţĢÒKlFWBƊçH

mP5ªě\²ŭē[ Shh ZiSUģǑHmPy�~u�ŤÁBX[i>ZËȁƜ

ƮV[ƜƮÇǀţĢÒZTYBl[ApǅĺKl5 
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Alzheimer’s disease AD
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２．研究の背景 
アルツハイマー病発症機序とＡβ 
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AD Ab

Jonsson et al., Nature 488 96-99, 2012 APP
Ab Kokawa et al., 

Acta Neuropathol. Commun. 3 66, 2015 doi: 10.1186/s40478-015-0247-6

AD  
Ab AD
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Ab Ab40 Ab42

Ab42 AD

205



 

 
             図１ Aβ産生機序  
 

g-secretase Ab40 Ab42 	 C99

Ab49 Ab48 epsilon 
ε Gu et al., J. Biol. Chem. 276 35235-35238, 2001

e49 Ab40 e48 Ab42

Sato et al., J. Biol. Chem. 278 24294-20301, 2003; 
Funamoto et., Biochemistry 43 13532-13540, 2004 g-secretase

Ab40 Ab42 Takami et al., J. 

Neurosci. 29 13042-13052, 2009; Takami and Funamoto, Int. J. Alzheimers Dis. 
2012 591392, 2012 doi:1155/2012/59/591392; Funamoto et al., Nat. Commun. 

2013;4:2529. doi: 10.1038/ncomms3529; Matsumura et al., J. Biol. Chem. 289 
5109-5121, 2014  

g-secretase

g-secretase C99 Ab
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             図２ Aβ分子種産生経路 
 
３．研究成果 
（１）AD患者のg-secretase の活性変化 

AD MCI Ab42
Ab42

Ab42

g-secretase
C99 Ab  

 

            表１ 脳脊髄液中の Aβ分子種濃度 
AD C99 Kakuda et al., EMBO Mol. 

Med. 4 344-352, 2012 Ab38 Ab42 Ab40
Ab43 Takami et al., J. Neurosci. 29 13042-13052, 
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2009; Ab38 Ab42 Ab40 Ab43 AD
MCI AD MCI

Ab42 Ab38 Ab43 Ab40

Ab42 Ab42 g-secretase
Ab38 AD

Ab42 Ab

EMBO Mol. Med. Kakuda et al., EMBO 
Mol. Med. 4 344-352, 2012  

 

         図３ AD、MCI、健常者脳における Ab分子種産生比 
 

（２）AD脳g-secretase におけるγモヂュレーターの感受性 
AD MCI Ab42 Ab38

Ab42 	

AD g-secretase 	

GSM-1 AD
g-secretase g-secretase GSM-1
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Ab42 Ab38 AD g-secretase Ab42
Ab38 	

AD GSM-1

Ab43 Ab40 AD g-secretase
Neurobiol Aging Kakuda et al., 

Neurobiol Aging 34 1101-1104, 2013  

 

         図４ 健常者、AD脳における GSM-1 の効果 
 
（３）Ab蓄積ステージ別のヒト剖検脳内 Ab 

AD g-secretase Ab42 Ab38 Ab42

Ab
Ab g-secretase Ab42

Ab43 Ab40

Ab38  

 

            図５ AD 脳の Ab免疫染色 
Braak Ab TBS Ab Ab
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Ab38/Ab42 Ab40/Ab43
Ab SP SP

AD

Ab g-secretase Ab
g-secretase

 

 
          図６ ステージ別に蓄積する Ab分子種の比 
 

（４）脳内g-secretase の分布と活性 
Ab g-secretase

Ab g-secretase g-secretase
CHAPSO

g-secretase Aph1A

Aph1B CHAPSO Aph1B Ab42/Ab43
Aph1B g-secretase

Ab AD g-secretase

Ab
g-secretase
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      図７ 非ラフトg-secretase が産生する Ab分子種の比 
 

（５）家族性アルツハイマー病変異のg-secretase 活性 
AD Presenilin APP AD FAD AD

FAD AD

FAD Ab
g-secretase  

FAD Ab Ab38 Ab40

Ab42 Ab43  

� � � � � �

      図８ 家族性 AD患者の脳脊髄液中の Ab分子種 
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FAD g-secretase Ab
Ab38 Ab40 Ab42

Ab43  

� � � � � �

    図９ 家族性 AD患者のラフトg-secretase の産生する Ab分子種 

�

（６）C99 基質の特性 
 本研究全般において、g-secretase C99 C99

GXXXG GXXXG
Russ and 

Engelman. J. Mol. Biol. 296 911-919, 2000 C99

Ab
Munter et al., EMBO J. 26 1702-1722, 2007 C99 Ab

Jung et al., PLOS ONE 9 e111553, 2014

g-secretase GXXXG Ab
 

C99 GXXXG G A 3G, 2G, 1G, 0G

Blue Native Gel
GXXXG G A

C99 GXXXG
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         図１０ GXXXG モチーフ変異 C99 基質 
 

        
   図１１ Blue Native Gel による変異 C99 基質の二量体・三量体形成の検討 
 

C99 Ab
GXXXG G Ab Ab40 Ab42

Ab Ab37 Ab38

GXXXG C99 Ab
J. Neurochem. 140 955-962, 

2017 Higashide et al., J. Neurochem. 140 955-962, 2017  
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        図１２ 変異 C99 基質から産生される Ab分子種 
 
４．今後の展望 

g-secretase g-secretase
Ab

g-secretase Ab

GXXXG Ab
GXXXG

Ab  
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We investigated why the cerebrospinal fluid (CSF) concentrations of Ab42 are

lower in mild cognitive impairment (MCI) and Alzheimer’s disease (AD) patients.

Because Ab38/42 and Ab40/43 are distinct product/precursor pairs, these four

species in the CSF together should faithfully reflect the status of brain g-secretase

activity, and were quantified by specific enzyme-linked immunosorbent assays in

the CSF from controls and MCI/AD patients. Decreases in the levels of the

precursors, Ab42 and 43, in MCI/AD CSF tended to accompany increases in

the levels of the products, Ab38 and 40, respectively. The ratios Ab40/43 versus

Ab38/42 in CSF (each representing cleavage efficiency of Ab43 or Ab42) were

largely proportional to each other but generally higher in MCI/AD patients

compared to control subjects. These data suggest that g-secretase activity in

MCI/AD patients is enhanced at the conversion of Ab43 and 42 to Ab40 and 38,

respectively. Consequently, we measured the in vitro activity of raft-associated

g-secretase isolated from control as well as MCI/AD brains and found the same,

significant alterations in the g-secretase activity in MCI/AD brains.

INTRODUCTION

Senile plaques, the neuropathological hallmark of Alzheimer’s

disease (AD), are composed of amyloid b-protein (Ab). Ab

is derived from b-amyloid precursor protein (APP) through

sequential cleavage by b- and g-secretases. b-Secretase cleaves

at the luminal portion (b-site) of APP to generate a b-carboxyl

terminal fragment of APP (bCTF), an immediate substrate of

g-secretase, to produce different Ab species (for a review see

Selkoe, 2001). The most abundant secreted Ab species is Ab40,
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whereas the species that has two extra residues (Ab42) is a

minor one (<10%); however, the latter is the one that deposits

first and predominates in senile plaques (Iwatsubo et al, 1994).

Presenilin 1/2 make up the catalytic site of g-secretase. The

enzymatic properties of g-secretase that cleave the transmem-

brane domain of bCTF have been an enigma, although recent

studies provided partial elucidation of this mechanism (Qi-

Takahara et al, 2005; Takami et al, 2009). g-Secretase has two

product lines, which successively convert the Ab49 andAb48 that

are generated by e-cleavage, to shorter Abs by releasing tri- or

tetrapeptides in a stepwise fashion. Ab49 is successively cleaved

mostly into Ab40 via Ab46 and Ab43, while Ab48 is similarly

cleaved into Ab38 via Ab45 andAb42 (see Fig 1). Importantly, the

differences between the amounts of released tri- and tetrapeptides

determine the levels of the different Ab species produced (Takami

et al, 2009). Thus, the true activity of g-secretase is defined by the

amounts of tri- and tetrapeptides released, but not by the amounts

of Ab species produced. Of note, the most abundant species Ab40

is derived not from Ab42, but from Ab43. Also Ab38 is derived

mainly from Ab42 (Fig 1). The longer Abs in cerebrospinal fluid

(CSF) including Ab49 and 46 as well as Ab48 and 45 must be

generated at negligible levels, but may neither be secreted to the

interstitial fluid (ISF) nor recruited to CSF. This suggests that the

status of brain, and possibly neuronal, g-secretase could be

accurately assessed bymeasuring all four Ab species generated by

the two product lines of g-secretase.

Using enzyme-linked immunosorbent assays (ELISAs), we

quantified Ab40 and 43 and Ab38 and 42 in CSF samples from

control subjects and mild cognitive impairment (MCI)/AD

patients. The CSF concentrations of Ab43 and Ab42 were found

to be significantly lower in MCI/AD compared with controls.

The ratio of Ab38/42, which represents the ratio of product/

precursor and thus the cleavage efficiency of Ab42, was plotted

against the ratio of Ab40/43, which represents the ratio of

product/precursor in the other product line and thus the

cleavage efficiency of Ab43. The ratio of Ab38/42 was largely

proportional to that of Ab40/43, indicating that the two cleavage

processes are tightly coupled, but both were generally higher in

MCI/AD patients compared to control subjects These results

suggest that the activity of brain g-secretase in MCI/AD is

enhanced at the conversion of Ab43 to Ab40 and Ab42 to Ab38,

which would result in significantly lower CSF concentrations of

Ab42 and 43. In support of this hypothesis, the activities of raft-

associated g-secretase from control and MCI/AD brains were

found to be significantly different: although the total Ab

production was similar, the g-secretase in MCI/AD brains

produced significantly larger ratios of Ab40/43 and Ab38/42

than the enzyme in control brains. This raises the possibility that

lower CSF levels of Ab42 and 43 simply reflect the altered

g-secretase activity in the MCI/AD-affected brains.

RESULTS

The CSF concentrations of Abs were in the following order:

Ab40>Ab38>Ab42"Ab43 in all CSF samples examined

(Table 1 and Supporting Information Fig S2A). The relative

amounts of Abs were constant across the samples: Ab38:40 ratio

in CSF was #1:3, and Ab42:43 ratio was #10:1. The CSF

Research Article
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Table 1. Subject characteristics and CSF concentrations of Abs

Control MCI AD ANOVA $$$p-value

Age (years) 74.9%7.5 72.5%6.6 72.3% 8.2

N (male/female) 21 (10/11) 19 (7/12) 24 (7/17)

MMSE score 28.7%1.9 25.7%2.6 19.6% 3.3

ApoE e4 3 (14.3%) 10 (52.6%) a 14 (58.6%) a

Ab38 (pM) 594.5%286.3 669.4% 247.6 760.57%269.4

Ln(Ab38) 6.28%0.46 6.44%0.38 6.56% 0.41 NS

Ab40 (pM) 1607.9% 712.9 1939.5%698.0 2292.6%799.6

Ln(Ab40) 7.28%0.47 7.51%0.38 7.68% 0.35 0.007

Ab42 (pM) 133.1%53.4 83.2%49.4$$ 90.3% 40.1 a

Ln(Ab42) 4.80%0.47 4.25%0.60 4.40% 0.47 0.004

Ab43 (pM) 11.8%5.7 6.8% 5.6$$ 7.0%4.6$$

Ln(Ab43) 2.32%0.60 1.59%0.86 1.76% 0.62 0.004

a2 MCI subjects were homozygous for e4, while 4 AD subjects were homozygous for the allele.
$$p<0.05; Dunnett’s t-test after log-transformation for comparing between control and MCI or AD.
$$$p-value of analysis of variance after log-transformation.

Figure 1. Generation of Abs through stepwise processing of bCTF. At

the first step, bCTF is cleaved at the membrane-cytoplasmic boundary

(e-cleavage), producing AICD (APP intracellular domain) 50–99 and 49–99.

Counterparts Ab49 and 48 in turn are cleaved in a stepwise fashion, releasing

tri- and tetrapeptides. One product line converts Ab49 mostly to Ab40 via

Ab46 and Ab43. The other product line converts Ab48 to Ab38 via Ab45 and

Ab42. It should be noted that the differences between the amounts of released

tri- or tetrapeptide determine the amounts of Abs produced. Broken lines

indicate corresponding Abs on the two product lines.
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concentrations of Ab40 were significantly increased in AD

compared to control (Table 1; p< 0.05, Dunnett’s t-test).

Additionally, the CSF concentrations of Ab38 tended to be

increased in AD patients compared to controls. In contrast, those

of Ab42 and 43 were significantly decreased in MCI/AD

compared to controls (p< 0.05, Dunnett’s t-test). Interestingly,

as reported previously (Schoonenboom et al, 2005), the CSF

concentrations of Ab40 and Ab38 were proportional to each

other in all subjects [Fig 2A; ln(Ab40)¼ 0.910' ln(Ab38)þ
1.642, R¼ 0.913, where ln(Ab40) is the logarithm of Ab40],

even in MCI/AD cases. This was despite the fact that these

species are derived from and the final products of the two

different product lines of g-secretase activity (Fig 1; Takami et

al, 2009). In other words, the amounts of products in the third

step of cleavage were strictly proportional to each other across

the product lines.

Ab42 and Ab43 are produced by the second cleavage step of

each product line. Like Ab40 and Ab38, the CSF concentrations

of Ab42 and Ab43 are also proportional to each other in controls

and in MCI/AD patients [Fig 2B; ln(Ab43)¼ 1.333'
ln(Ab42)( 4.09, R¼ 0.979]. On the other hand, the levels of

Ab43 and Ab40 (a precursor and its product) were correlated in

control [Fig 3A; ln(Ab43)¼ 0.884' ln(Ab40)( 4.118,

R¼ 0.688] and in MCI/AD subjects (R¼ 0.507/0.736 for MCI/

AD, respectively) but theMCI/AD valueswere located below the

regression line for controls and thus provided lower Ab43

measures compared with controls for a given Ab40 measure

(Fig 3A; p< 0.001, analysis of variance, ANOVA). Conversely,
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Figure 2. Relationships between the levels of Ab40 and 38, and between

those of Ab43 and 42 in CSF from controls and MCI/AD patients.

A. The levels of ln(Ab40) were proportional to those of ln(Ab38)

(ln(Ab40)¼0.910' ln(Ab38)þ 1.642, R¼0.913).

B. The levels of ln(Ab43) were proportional to those of ln(Ab42)

(ln(Ab43)¼1.333' ln(Ab42)( 4.09, R¼ 0.979). It should be noted that

the levels of both ln(Ab42) and ln(Ab43) in MCI [filled triangle (n¼19)]/AD

[filled circle (n¼24)] are lower than those in controls [open circles

(n¼21)].

Figure 3. Relationships between the levels of Ab43 and 40, and between

those of Ab42 and 38 in CSF from controls (open circles) and MCI (closed

triangle)/AD patients (closed circle).

A. The levels of ln(Ab43) correlate with those of ln(Ab40) within controls

(R¼ 0.688), and barely within MCI/AD subjects (R¼ 0.507/0.736). The plots

for MCI/AD were located below the regression line for control (p< 0.001,

ANOVA).

B. The levels of Ab42 correlate with those of Ab38within controls (R¼ 0.723),

and barely within MCI/AD (R¼ 0.500/0.393). The plots for MCI/AD were

situated below the regression line for controls (p< 0.001, ANOVA).
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for a given Ab43 value, the plot provided a higher Ab40measure

in MCI/AD cases. There was a similar situation for the levels of

Ab42 and Ab38. The levels of Ab42 and Ab38 were correlated

each other in control subjects [Fig 3B; ln(Ab42)¼ 0.724'
ln(Ab38)þ 0.251, R¼ 0.723], but barely in MCI/AD (R¼ 0.500

for MCI; 0.393 for AD), and the MCI/AD plots were situated

below the regression line for controls (p< 0.001, ANOVA). For a

given Ab42 value, the plot provided a higher Ab38 measure in

MCI/AD compared with controls.

These lower concentrations of Ab42 appeared to be

compensated with higher concentrations of Ab38 as the levels

of ln(Ab38þAb42) did not vary even in MCI/AD (p¼ 0.293,

ANOVA). Thus, this points to the possibility that more Ab42 and

Ab43 are converted to Ab38 and Ab40, respectively, in MCI/AD

brains. According to numerical simulation based on the

stepwise processing model, as the levels of bCTF decline to

null, the levels of Ab43 and 42 decrease and the ratios of Ab40/

43 and Ab38/42 increase (unpublished observation). However,

this situation can be excluded as the mechanism for lower

concentrations of Ab42 and 43, because the levels of bCTF have

never been reported to be reduced in AD brains nor in plaque-

forming Tg2576 mice that show lower CSF Ab42 concentrations

(Kawarabayashi et al, 2001). Thus, it is reasonable to suspect

that the final cleavage steps from Ab43 mostly to 40 and from

Ab42 to 38 are significantly enhanced in parallel (increases in

released tri- and tetrapeptides) in brains affected by MCI/AD

compared with controls (Fig 1).

This relationship in g-secretase cleavage becomes clearer by

plotting the product/precursor ratio representing cleavage

efficiency at the step from Ab42 to 38 (Ab38/42) against that

representing the cleavage efficiency at the step from Ab43 to 40

(Ab40/43) (Fig 4). The ‘apparent’ cleavage efficiency of Ab43

was approximately 40-fold larger than that of Ab42. The two

ratios in CSF samples from MCI/AD and control subjects

were largely proportional to each other, indicating that the

corresponding cleavage processes in the two lines are tightly

coupled (Fig 4). All plots were situated on a distinct line

[ln(Ab38/42)¼ 0.748' ln(Ab40/43)( 2.244, R¼ 0.936] and its

close surroundings. An increase in the cleavage from Ab43 to 40

(i.e.more Ab43 is converted to Ab40) accompanied an increase in

the cleavage from Ab42 to 38 and vice versa, although the

mechanism underlying this coupling between the two product

lines remains unknown. This reminds us of the ‘NSAID effect’

in the 3-([3-cholamidopropyl]dimetylammonio)-2-hydroxy-1-

propanesulfonate (CHAPSO)-reconstituted g-secretase system

(Takami et al, 2009; Weggen et al, 2001) in which the addition

of sulindac sulfide to the g-secretase reactionmixture, as expected,

significantly suppressed Ab42 production and increased Ab38

production presumably by increasing the amounts of released

tetrapeptide (VVIA) (Takami et al, 2009) and other peptides.

Most importantly, this graph provides a clear distinction

between the control and MCI/AD groups (Fig 4; Ab40/43 for

MCI/AD vs. control, p¼ 0.000; Ab38/42 for MCI/AD vs. control,

p¼ 0.000; ANOVA, followed by Dunnett’s t-test). The control

values plotted close to the origin, whereas those for MCI/AD

patients were distant from the origin along the line [ln(Ab38/

42)¼ 0.748' ln(Ab40/43)( 2.244, R¼ 0.936]. It is also of note

that there was no significant difference between MCI and AD

patients (Fig 4; Ab40/43 for AD vs. MCI, p¼ 1.000; Ab38/42 for

AD vs. MCI, p¼ 1.000; Bonferroni’s t-test). Two control values

were a little farther from the origin, which may suggest that these

subjects already have latent Ab deposition or are in the preclinical

AD stage. Additionally, we examined quite a small number of CSF

samples from presenilin (PS) 1-mutated (symptomatic) familial

AD (FAD) patients (T116N, L173F, G209R, L286V and L381V).

Out of the three FAD cases near the regression line, two (T116N

and L286V) were distant from the origin like sporadic AD cases

and one (L381V) was closer to the origin than controls (both

Ab42/43 levels were lower than control; unpublished data). The

remaining two (G209R and L173F) were extremely displaced

from the line. Thus, a larger number of FAD cases are needed to

give an appropriate explanation for their unusual characteristics

in the plot, and the alteration of CSF Abs shown above seems to

be applicable only for sporadic AD.

Altogether, in MCI/AD, more Ab42 and 43 are processed to

Ab38 and 40, respectively, than in controls. Even in MCI/AD,

strict relationships are maintained between the levels of Ab42

and Ab43, and between those of Ab38 and Ab40 as seen in

controls, which are predicted by the stepwise processing kinetics

(unpublished observation). Thus, our observations suggest that

lower CSF concentrations of Ab42 and 43 and presumably higher

CSF concentrations of Ab38 and 40 are the consequence of altered

g-secretase activity in brain rather than the effect of preferential

deposition of the two longer Ab species (Ab42 and 43) in

senile plaques, which would not have maintained such strict

relationships between the four Ab species in CSF.
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Figure 4. Ln(Ab40/43) versus ln(Ab38/42) plot. The ratios represent the

cleavage efficiency at the final step of each line. Both ratios are largely

proportional to each other (y¼0.748'(2.244, R¼0.936) and plots are

located on the line and its close surroundings. This plot clearly distinguishes

between control subjects and MCI/AD patients (Ab40/43 for MCI vs. control,

p¼ 0.000; Ab38/42 for MCI vs. control, p¼ 0.000; ANOVA, followed by

Dunnett’s t-test). Control plots [open circles (n¼21)] are located close to the

origin and MCI/AD plots [closed triangles (n¼19) and closed circles (n¼ 24),

respectively] are a little distant from the origin.

www.embomolmed.org EMBO Mol Med 4, 344–352 ! 2012 EMBO Molecular Medicine 347
219



To further test our hypothesis, we directly measured g-

secretase activities associated with lipid rafts isolated from AD,

MCI and control cortices (Brodmann areas 9–11). For definite

confirmation of the Ab species, the reaction mixtures were

subjected to quantitative Western blotting using specific

antibodies rather than ELISA. At time 0, deposited Ab42/43

species were detected in rafts from MCI/AD brains but not in

control specimen (Supporting Information Fig S3). The amounts

of ln(Ab38þAb42), which reflect the total capacity of the

Ab38/42-producing line, did not vary between AD, MCI and

controls (Supporting Information Fig S4; p¼ 0.969, ANOVA).

Thus, the gross activities of raft g-secretase were comparable

among the three groups. However, the plotted values for Ab40/

43 versus Ab38/42 are divided into two groups: MCI/AD and

controls (Fig 5; Ab40/43 for control vs. MCI/AD, p< 0.001;

Ab38/42 for control vs. MCI/AD, p¼ 0.001; Welch’s t-test) in

the sameway as those derived from CSF (Fig 4). It is notable that

Figs. 4 and 5 are based on different methods, ELISA andWestern

blotting, respectively, but give similar results. There were no

significant differences betweenMCI and AD specimen, although

MCI patients (91% 4.9-year-old) were older than controls

(77% 6.5-year-old) or AD patients (80% 5.0-year-old) (Ab40/

43 for MCI vs. AD, p¼ 0.342; Ab38/42 for MCI vs. AD,

p¼ 0.911). There were similar significant differences between

control versus AD in the groups of which the ages were not

significantly different (Ab40/43 for control vs. AD, p< 0.001;

Ab38/42 for control vs. AD, p¼ 0.03).

DISCUSSION

Here, we assume that (i) Abs in CSF are produced exclusively by

g-secretase in the brain, possibly in neurons; and (ii) Abs in CSF

are in the steady state. With these assumptions, the combined

measurement of four Ab species in CSF should predict the

activity of g-secretase in the brain. Here, the alterations in the g-

secretase activities do not mean the gross activity, i.e. total Ab

production, but the cleavage efficiency of the intermediates,

Ab42 and Ab43.

In the present study, we quantified in CSF the four Ab species,

Ab38/42 and Ab40/43, but the Western blotting indicated the

presence of additional Ab species, Ab37 and 39, in CSF

(Supporting Information Fig S2). At present, we cannot exclude

the possibility that a certain carboxyl terminus-specific

protease(s) in CSF acts on the pre-existing Ab species and

converts them to Ab37 and 39 (Zou et al, 2007). However,

according to our unpublished data (Takami et al, unpublished

observations), it is plausible that Ab37 is derived from Ab40,

whereas Ab39 is derived from Ab42. Even if so, these pathways

are very minor (#20–100-fold less) compared to the two major

pathways, Ab42 to Ab38, and Ab43 to Ab40, when assessed by

a reconstituted system (Takami et al, 2009). Thus, such strict

relationships between four Abs may have been relatively

independent of Ab37 and 39. The detailed relationship between

all Abs in the CSF awaits further quantification of the additional

two Ab species.

Currently, we do not know why the observation that Ab40 is

higher in MCI/AD CSF has so far not been reported except a

recent paper (Simonsen et al, 2007). In fact, some of us

previously reported no significant differences in CSF Ab40

between AD and control subjects using a different ELISA (Shoji

et al, 1998). It may be notable that we used newly constructed

ELISA for Ab40 based on a different set of monoclonal

antibodies and thus, those discrepancies may come from the

different antibody/epitope combination used for ELISA and/or

different assay methods. In particular, it should be noted that all

ELISAs used here detect Ab1-x only, but not amino-terminally

truncated forms. In this context, the ratio of Ab40/43 appears to

be more informative to discriminate between control and MCI/

AD than the absolute levels of Ab40 alone (Table 1 and Fig 5). It

is possible that even if Ab40 is not different between control and

MCI/AD, the ratio Ab40/43 could discriminate them.

We are the first to measure CSF Ab43 using ELISA. The CSF

concentrations of Ab43 are 10-fold less than those of Ab42.

Nevertheless, the specificity of the newly constructed ELISA

made the quantification of accurate levels of Ab43 possible

(Supporting Information Fig S1). Regarding the Ab43 measures,

we observed that its behaviour is entirely similar to that of Ab42

in MCI/AD. Our preliminary observations using immunocyto-

chemistry and ELISA quantification strongly suggest that Ab43

deposits in aged human brains at the same time as Ab42

(unpublished observations). Furthermore, Saido and colleagues

have only recently reported that a PS1 R278I mutation in mice

(heterozygous) caused an elevation of Ab43 and its early and

pronounced accumulation in the brain (Saito et al, 2011). It is

possible that the cleavage of bCTF by this R278I g-secretase may

Research Article
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Figure 5. Ln(Ab40/43) versus ln(Ab38/42) plot based on direct

quantification of raft-associated g-secretase activity. The raft-associated

g-secretase prepared from control and MCI/AD brain specimens was

incubated with bCTF for 2 h at 378C (see Materials and Methods Section).

Produced Abs were quantified by Western blotting using specific

antibodies. This plot distinguishes between control subjects and MCI/AD

patients (Ab40/43 for control vs. MCI/AD, p< 0.001; Ab38/42 for control

vs. MCI/AD, p¼0.001; Welch’s t-test). MCI/AD plots [closed triangles

(n¼ 10) and closed circles (n¼ 13), respectively] are as a whole a little

distant from the origin, whereas control plots [open circles (n¼ 16)] are

close to the origin.
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be profoundly suppressed in the third cleavage step of the

product line 1 (see Fig 1), which would result in negligible

levels of Ab40 and unusually high levels of Ab43 (Nakaya et al,

2005). These results suggest that the role of Ab43 should be

reconsidered for the initiation of b-amyloid deposition and thus

in AD pathogenesis.

Lower CSF concentrations of Ab42 and 43 are not exclusively

limited to MCI/AD. For example, similar low concentrations

of Ab42 and 43 were found in the CSF from eight patients

with idiopathic normal pressure hydrocephalus (iNPH)

(Ab42, 76.3% 37.3 pM, p¼ 0.012 compared to controls: Ab43,

5.2% 2.9 pM, n¼ 8, p¼ 0.004 compared to controls: Bonferro-

ni’s t-test; Silverberg et al, 2003). Thus, lower CSF concentra-

tions of Ab42 and 43 alone were unable to distinguish between

iNPH and MCI/AD, and further, it is claimed that the former is

often associated with abundant senile plaques, raising the

possibility that Ab deposition is enhanced by iNPH (Silverberg

et al, 2003). However, when their partners Ab38 and 40 were

measured in CSF, both were found not to be significantly

increased in iNPH (Ab38, 459.2% 138.5 pM, p¼ 0.484 com-

pared to controls; Ab40, 1094.4% 375.3 pM, n¼ 8, p¼ 0.103

compared to controls; Table 1) in sharp contrast to MCI/AD

indicating that the cleavage in iNPH at the steps from Ab43 to 40

and from Ab42 to 38 is not enhanced as it is in MCI/AD. Thus, it

may be that the dilution effect elicited by ventricular enlarge-

ment would be the cause of lower CSF Ab42 and 43 found in

iNPH.

Currently, we do not know the mechanism behind the altered

activity of brain g-secretase in MCI/AD (Fig 4). First, it is of note

that rafts prepared from MCI/AD brains but never from control

brains at SP stage 0/A accumulated Ab42 and Ab43 (Supporting

Information Fig S3; Oshima et al, 2001). It is possible that raft-

deposited Ab42/43 could induce a change in the g-secretase

activity, although the extent of the alteration in the activity

appears not to be related to the extent of accumulation

(unpublished observation). In this regard, it is of interest to

note that Tg2576 mice, the best characterized AD animal model,

shows reduced levels of Ab42 in plasma as well as in CSF at the

initial stage of Ab deposition (Kawarabayashi et al, 2001). If

the assumption here is correct, this may suggest that g-secretase

that produces plasma Abs could also be altered. However, thus

far, we have failed to replicate significantly lower Ab42 levels or

Ab42/Ab40 ratios in plasma from AD patients.

Second, there could be heterogenous populations of

g-secretase complexes that have distinct activities due to

subtle differences in their components. g-Secretase is a

complex of four membrane proteins including PS, nicastrin

(NCT), anterior pharynx defective 1 (Aph1) and presenilin

enhancer 2 (Pen 2) (Takasugi et al, 2003). Aph 1 has three

isoforms, and each can assemble active g-secretase together

with other components (Serneels et al, 2009). NCT, a

glycoprotein, is present in immature and mature forms

(Yang et al, 2002). The abundance of these heterogenous

populations of proteins in the brain is probably under strict

control. During MCI/AD, a certain population could replace

other populations of g-secretase and thus may show a distinct

activity as a whole.

The data shown here represent only a cross-sectional study,

but our keen interest is how the CSF levels of the four Ab species

would shift during the longitudinal course in an individual who

is going to develop sporadic AD. Does one have any period

during life when Ab42 and 43 are at higher levels in CSF, and

thus the ratios of Ab38/42 and Ab40/43 are smaller? At this

period when the final cleavage steps of g-secretase would be

suppressed, the ISF concentrations of Ab43 and 42 would

increase, which would start or promote their aggregation in the

brain parenchyma. If so, during life span, the individual’s plot

would move down along the regression line and move up as

senile plaques accumulate, and the individual would eventually

develop sporadic AD. However, thus far the period when there

are increases in CSF Ab42/43 has never been reported for

sporadic AD. Nor has it been reported for asymptomatic FAD

carriers (Ringman et al, 2008), whereas their plasma is known to

contain higher levels (and percent) of Ab42 (Kosaka et al, 1997;

Ringman et al, 2008; Scheuner et al, 1996). It is likely that the

stage of normal cognition and Ab accumulation already

accompanies reduced CSF Ab42. If so, the alterations of g-

secretase should continue on for decades. Most interestingly,

this alteration of CSF Ab regulation seems to be planned to

prevent further accumulation of Ab42 and 43 in the brain.

However, Hong et al (2011) have recently shown, using

in vivomicrodialysis to measure ISF Ab in APP transgenic mice,

that the increasing parenchymal Ab is closely correlated with

decreasing ISF Ab, suggesting that produced Ab42 is preferen-

tially incorporated into existing plaque-Ab. This is a prevailing

way of the interpretation of the data. Another way of the

interpretation of data would be that during aging from 3 to

24 months, g-secretase activity becomes altered and produces

decreasing amounts of Ab but with an increasing ratio of Ab38/

42 (and Ab40/43). It is worth to mention that produced Ab42

(but not Ab40) appears to be selectively bound to rafts (from

CHO cells) after long incubation (>4 h; Wada et al, unpublished

observation). Also of note is that we quantified the total (free

and bound) Ab produced by an in vitro reconstituted system

(Fig 5). What is claimed here is that decreased levels of CSF

Ab42 are largely due to alterations of g-secretase activity rather

than due to selective deposition of Ab42 in preexisting plaques.

What proportions of decreased ISF (CSF) Ab42 levels would be

contributed to by altered g-secretase activity and selective

deposition of Ab42/43 to parenchymal plaques awaits future

studies.

Finally, our observation has therapeutic implication. As

shown elsewhere and here above, if Ab42 is the culprit for MCI/

AD, non-steroidal anti-inflammatory drugs (NSAIDs) would

have been quite a reasonable therapeutic compound, which

enhances cleavage at the third step in the stepwise processing,

leading to lower levels of Ab42 without greatly interfering with

the Ab bulk flow (Weggen et al, 2001). This sharply contrasts

with some of the g-secretase inhibitors currently under

development and in clinical trial, which block the Ab bulk

flow. However, the present study raises the possibility that even

if NSAIDs are administered, the expected beneficial effect could

be minimal in MCI/AD patients, because in these patient brains,

g-secretase is already shifted to an NSAID-like effect.
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MATERIALS AND METHODS

Subjects

Cerebrospinal fluid samples from 24 AD patients (mild to moderate

AD; 50–86 years old), 19 MCI patients (57–82 years old) and 21

control subjects (61–89 years old) were collected (see Table 1) at

Department of Neurology, Hirosaki University Hospital and at

Department of Geriatrics and Gerontology, Tohoku University Hospital,

and at Department of Neurology, Niigata University Hospital. The CSF

samples from (symptomatic) 5 FAD (mPS1) patients (T116N, L173F,

G209R, L286V and L381V) were from Niigata University Hospital.

Probable AD cases met the criteria of the National Institute of

Neurological and Communicative Disorders and Stroke–Alzheimer’s

Disease and Related Disorders (NINCDS-ADRDA) (Kuwano et al, 2006;

McKhann et al, 1984). Additional diagnostic procedures included

magnetic resonance imaging. Dementia severity was evaluated by the

Mini-Mental State Examination (MMSE). Diagnosis of MCI was made

according to the published criteria (Winblad et al, 2004). Diagnosis of

iNPH was made according to the guideline issued by the Japanese

Society of NPH (Ishikawa et al, 2008). Controls who had no sign of

dementia and lived in an unassisted manner in the local community

were recruited. All individuals included in this study were Japanese

and 24 AD patients examined here were judged to have sporadic AD

because of negative family history. This study was approved by the

ethics committee at each hospital or institute.

Human cortical specimens for quantification of raft-associated g-

secretase activity were obtained from those brains that were removed,

processed and placed in (808C within 12 h postmortem [Patients

were placed in a cold (48C) room within 2 h after death] at the Brain

Bank at Tokyo Metropolitan Institute of Gerontology. For all the brains

registered at the bank we obtained written informed consents for their

use for medical research from patient or patient’s family. Each brain

specimen (#0.5 g) were taken from Brodmann areas 9–11 of 13 AD

patients [80%5.0 years of age, Braak NFT stage> IV, SP stage¼C

(retrospective) CDR"1], 10 MCI patients (91%4.9 years of age, Braak

NFT stage< IV, SP stage< C, CDR¼0.5) and 16 controls (77%6.5

years of age, Braak NFT stage< I, SP stage¼0/A, CDR¼0) (Adachi et

al, 2010; Li et al, 1997).

Cerebrospinal fluid analysis

Cerebrospinal fluid (10–15ml) was collected in a polypropylene or

polystyrene tube and gently inverted. After brief centrifugation CSF was

aliquotized to polypropylene tubes (0.25–0.5ml), which were kept at

(808C until use. In our experience, Ab42 (possibly, other Ab species too)

are readily absorbed even to polypropylene tubes (#20% per new

exposure, as shown by Luminex xMAP quantification), and repeated

aliquotization to new tubes may cause profoundly lower measures of

Abs (Tsukie and Kuwano, unpublished data, 2010). This may partly

explain why absolute levels of Abs in CSF greatly vary among

laboratories, whereas their relative ratios (e.g. Ab42/40) seem to be

roughly consistent. The CSF concentrations of Ab38, 40 and 42 were

quantified using commercially available ELISA kits (Cat no. 27717,

27718 and 27712, respectively, IBL, Gunma, Japan). To measure Ab43,

anti-Ab43 polyclonal antibody as a capture antibody was combined

with amino terminus-specific antibody (82E1) (Cat no. 10323, IBL,

Gunma, Japan) as a detector antibody. The detection limit of Ab43

quantified by the ELISA was 0.78pM (data not shown). Thus all ELISAs

used here detect Ab1-x, but not amino-terminally truncated Abs. The

specificities of ELISAs are provided in Supporting Information Fig S1.

CSF immunoprecipitation and Western blotting

When required, CSF Abs were immunoprecipitated with protein

G-sepharose conjugated with 82E1 at 48C by keeping a container in

gentle rotation overnight. The mixture was centrifuged at 10,000'g
for 5min, and resultant pellets were then washed twice with

phosphate-buffered saline. The washed beads were suspended with

the Laemmli sample buffer for SDS–polyacrylamide gel electrophoresis

(SDS–PAGE). The immunoprecipitated Abs were separated on Tris/

Tricine/8M urea gels (Kakuda et al, 2006), followed by Western

blotting using 82E1. To immunodetect Ab42 and Ab43, Ab42

monoclonal antibody (44A3, IBL) and Ab43 polyclonal antibody (IBL)

were used (Supporting Information Fig S3).

Numerical simulation based on the stepwise processing

model of g-secretase

The temporal profiles for the ratios of Ab40/43 and Ab38/42 were

simulated based on the stepwise processing model. Parameters

including rate constants were set to fit maximally the temporal

profile of the cleaving activity in the reconstituted g-secretase system

(Takami et al, 2009).

We set the condition that bCTF substrate is supplied steadily from the

external source. When bCTF supply is balanced roughly in the order

with g-secretase processing rate, the stepwise-processing model was

found to have the two successive steady states, with each

accompanying linear changes in [ES] or [S] concentrations. The first

steady state is just after the initial transition period that corresponds

to the acute saturation phase of g-secretase with bCTF. The second

steady state is associated with the constant concentrations of the

enzyme/substrate complex except ES38 and ES40. Because these

steady states kept the ratios of Ab38/Ab40 and Ab42/Ab43 constant,

the simulation was quite consistent with the CSF data.

Quantification of human brain raft-associated

g-secretase activity

Since g-secretase is thought to be concentrated in rafts (Hur et al,

2008; Wada et al, 2003), we measured raft-associated g-secretase

activity rather than CHAPSO-solubilized activity. Rafts were prepared

from human brains which were frozen within 12 h postmortem, as

previously described (Oshima et al, 2001; Wada et al, 2003) with

some modifications. We do not know exactly whether the g-secretase

activity depends upon the sampling site. In our hands, there appear no

large differences in the activity among the sampled sites in a given

prefrontal slice. No significant differences in the activity were noted

between outer and inner layer of the cortex. After carefully removing

leptomeninges and blood vessels, small (<0.5 g) blocks from prefrontal

cortices (Brodmann areas 9–11) were homogenized in #10
volumes of 10% sucrose in MES-buffered saline (25mM MES, pH

6.5, and 150mM NaCl) containing 1% CHAPSO and various protease

inhibitors. The homogenate was adjusted to 40% sucrose by the

addition of an equal volume of 70% sucrose in MES-buffered

saline, placed at the bottom of an ultracentrifuge tube, and overlaid

with 4ml of 35% sucrose and finally with 4ml of 5% sucrose in MES-

buffered saline. The discontinuous gradient was centrifuged at

39,000 rpm for 20 h at 48C on a SW 41 Ti rotor (Beckman, Palo

Research Article
Amyloid b-proteins in CSF

350 ! 2012 EMBO Molecular Medicine EMBO Mol Med 4, 344–352 www.embomolmed.org
222



Alto, CA). An interface of 5%/35% sucrose (fraction 2) was carefully

collected (referred to as raft fraction). Raft fractions were

recentrifuged after dilution with buffer C (20mM PIPES, pH 7.0,

250mM sucrose and 1mM EGTA). The resultant pellet was washed

twice and resuspended with buffer C, which was kept at (808C
until use.

As the method of measuring the raft g-secretase activity was not yet

established, we first determined the assay conditions. The incubation of

raft fraction with bCTF generated exactly the same tri- and tetrapeptides

we previously observed in the detergent-soluble g-secretase assay

system (Takami et al, unpublished observation). This suggests that the

cleavage by raft-associated g-secretase proceeds in the identical manner

as by CHAPSO-reconstituted g-secretase (Takami et al, 2009). In our

hands, preexisting bCTF bound in rafts generated only negligible

amounts of Abs, and their generation was dependent exclusively on

exogenously added bCTF. Thus, we concluded that the addition of bCTF

to raft fraction make possible to measure the raft-associated g-secretase

activity, although we do not know how the exogenously added bCTF is

integrated into raft, gets access to and is degraded by raft-embedded

g-secretase. Using this assay method, the activities of raft-associated

g-secretase in human brains were found to be only a little affected

postmortem, when compared with that prepared from fresh rat brains. A

progressive decline in the activity was barely detectable from 4 to 17h

postmortem. The discrepancy in the postmortem decay between our and

the previous data (Hur et al, 2008) would be ascribed to the assay

method: the latter are based on the activity measured by using

endogenous (raft-bound) substrate that is also susceptible to proteolytic

degradation (Hur et al, 2008).

Each raft fraction, adjusted to 100mg/ml in protein concentration, was

incubated with 200nM C99FLAG for 2h at 378C (Kakuda et al, 2006).

The produced Abs were separated on SDS–PAGE, and subjected to

quantitative Western blotting, using specific antibodies, 3B1 for Ab38,

BA27 for Ab40, 44A3 for Ab42 and anti-Ab43 polyclonal for Ab43.

Statistical analysis

All statistical analyses were performed using SPSS version 14.0. The

results were expressed as means% standard deviations. Because data

transformations were required to achieve normally distributed data,

all analyses including Ab38, Ab40, Ab42 and Ab43 were performed

after a logarithmic transformation. Pearson’s correlation coefficients

were calculated to indicate the strength of the linear relationship

between two variables. An ANOVA was used to test the equality of

mean values of continuous variables among three groups, that is

control, MCI and AD. Multiple comparisons were done by Dunnett’s

t-test, Bonferroni’s t-test and Welch’s t-test between control and MCI/

AD, and among three groups, respectively. A two-tailed p-value of

<0.05 was considered to be statistically significant.
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The paper explained

PROBLEM:

Alzheimer’s disease is a devastating form of progressive

dementia, in which senile plaques composed of Ab form in the

brain. Different species of Ab are derived from APP through

sequential cleavage by b- and g-secretases and can be

detected in the CSF of patients. These can serve as markers for

the disease.

RESULTS:

We investigated why CSF concentrations of Ab42 are lower in

MCI and AD patients. We suggest that this is not because Ab42/

43 is selectively deposited in the brain, but because g-secretase

activity is altered in AD brain: more Ab42 and Ab43 are converted

to Ab40 and Ab38, respectively, resulting in lower Ab42 and

Ab43 in CSF.

IMPACT:

Our results predict that g-secretase modulators would have only

limited efficacy in treatment of AD patients, because Ab42/43

production by g-secretase is already shifted towards reduced

levels in AD brain.

www.embomolmed.org EMBO Mol Med 4, 344–352 ! 2012 EMBO Molecular Medicine 351
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a b s t r a c t

Mild cognitive impairment and Alzheimer’s disease (AD) are associated with changes in g-secretase
activity in the brain, producing an amyloid b-protein-42-lowering g-modulator-like effect. We show here
that this modulation occurs at the stage of amyloid deposition, presumably decades earlier than the
onset of AD. In addition, g-secretase modulator-1, a g-modulator, altered g-secretase activity in the AD
brain but to a lesser extent than in the normal brain. These findings suggest that g-modulators have
limited efficacy against amyloid deposition and AD.

! 2013 Elsevier Inc. All rights reserved.

1. Introduction

Amyloid b-protein (Ab) is cleaved sequentially from amyloid
precursor protein by b- and g-secretases (for a review see Selkoe,
2001). The longer but minor species, Ab42, predominates in
senile plaques (Iwatsubo et al., 1994). g-Secretase, a heterogeneous
complex (Takasugi et al., 2003; Serneels et al., 2009), governs the
intramembrane proteolysis of type I membrane proteins including
amyloid precursor protein (Sisodia and St George-Hyslop, 2002;
Wakabayashi and De Strooper, 2008). We found recently that
g-secretase activity is altered in brains affected by mild cognitive
impairment (MCI) or Alzheimer’s disease (AD). The change
decreases the concentrations of both Ab42 and Ab43 in cerebro-
spinal fluid (CSF) in patients affected with MCI or AD. To compen-
sate for these decreases, the levels of Ab38 and Ab40 are increased
(Kakuda et al., 2012). We assume that Ab42 and Ab43 are enhanced
to be converted by stepwise processing to Ab38 and Ab40,
respectively, by altered g-secretase in the brain affected by MCI or
AD (Kakuda et al., 2012; Takami et al., 2009). Reciprocal changes in
the levels of Ab42 and Ab38 without a change in the total Ab level

are an essential characteristic of g-secretase modulators, drugs
whose development receives intense attention.

2. Materials and methods

2.1. Subjects

Human cortical specimens for quantification of raft-associated
g-secretase activity were obtained from brains that had been
removed, processed, and stored at !80 "C within 12 hours post-
mortem; the bodies had been placed in a cold (4 "C) room within
2 hours after death. The specimens were kept at the Brain Bank at
Tokyo Metropolitan Institute of Gerontology. For all the brains
registered at the bank we obtained written informed consent for
their use for medical research from the patient or the patient’s
family. Each brain specimen (approximately 0.5 g) was taken from
Brodmann areas 9e11 of 13 AD patients (80 # 5.0 years of age;
Braak neurofibrillary tangle [NFT] stage >IV; senile plaque [SP]
stage ¼ C; retrospective clinical dementia rating [CDR] >1), 10 SP
stage B patients (76 # 4.0 years of age; Braak NFT stage >I; retro-
spective CDR ¼ 0), 10 SP stage A patients (76 # 4.7 years of age;
Braak NFT stage >0; retrospective CDR ¼ 0), and 16 controls in SP
stage 0 (77 # 6.5 years of age; Braak NFT stage <I; retrospective
CDR ¼ 0). SP stages were determined by modified methenamine
silver stain: stage A: Ab deposits in the basal portions of the iso-
cortex; stage B: Ab deposits in virtually all isocortical association
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areas except primary centers; stage C (AD): Ab deposits in all areas
of the isocortex including primary motor and sensory centers
(Braak and Braak, 1991).

2.2. Quantification of brain raft-associated g-secretase activity

A previously reported assay method was employed with some
modifications (Kakuda et al., 2012). Briefly, each raft fraction,
adjusted to 100 mg/mL in protein concentration, was incubated with
200 nM of bCTF-FLAG for 1 hour at 37 "C in the presence of 0, or
0.1e0.5 mM g-secretase modulator (GSM)-1 (kindly provided by Dr
M. Okochi, Osaka University). After incubation, all samples were
centrifuged at 265,000g on a TLA110 rotor (Beckman, Palo Alto, CA,
USA) for 20 minutes at 4 "C. The supernatants were separated on
sodium dodecyl sulfate polyacylamide gel electrophoresis (SDS-
PAGE), and subjected to quantitative Western blot analysis, using
specific antibodies, 3B1 for Ab38, BA27 for Ab40, 44A3 for Ab42,
and anti-Ab43 polyclonal for Ab43.

2.3. GSM-1-induced shift of ln(Ab38/42)

Shifts of ln(Ab38/42) with GSM-1 were calculated as GSM-1-
induced ln(Ab38/42) minus the ratio measured in its absence.

2.4. Statistical analysis

All statistical analyses were performed using SPSS version 14.0.
Data transformation was required to achieve normal distributions;
all analyses were performed after logarithmic transformation of the
data for Ab38, Ab40, Ab42, and Ab43. Analysis of variance was used
to test the equality of mean values for continuous variables
between the 4 groups: control, SP stage A, SP stage B, and AD.
Multiple comparisons were made using Bonferroni t test to test the
differences between controls, SP stage A, SP stage B, and AD. The
paired t test was used to examine the effect of GSM-1 treatment.
p values <0.05 were considered significant.

3. Results

We speculated that this modulation in the g-secretase activity
occurs much earlier than the onset of AD because lower Ab42
concentrations in CSF appear to be associated with amyloid depo-
sition itself (Fagan et al., 2006). To confirm this, we measured the
activities of raft-associated g-secretase prepared from autopsied
brains using a previously established method (Kakuda et al., 2012).
Raft fractions were prepared from control and AD brains (Brod-
mann areas 9e11), which were judged histochemically to be in the
Braak SP stage 0, stage A, stage B, or stage C (AD) (Braak and Braak,
1991). Abs produced by g-secretase from each brain specimenwere
analyzed by quantitative Western blot, and the ln(Ab40/43) and
ln(Ab38/42) ratios were obtained. Stage A plots nearly super-
imposed with control plots (Fig. 1; 0 vs. A: p ¼ 1.000 for ln(Ab40/
43), p ¼ 1.000 for ln(Ab38/42)). However, the g-secretase activities
differed between stage B specimens and 0/A specimens (0 vs. B:
p ¼ 0.005 for ln(Ab40/43) and p < 0.001 for ln(Ab38/42); A vs. B:
p ¼ 0.002 for ln(Ab40/43) and p ¼ 0.001 for ln(Ab38/42); Fig. 1). AD
(stage C) plots were shifted the most (0 vs. C: p< 0.001 for ln(Ab40/
43) and p¼ 0.003 for ln(Ab38/42); A vs. C: p< 0.001 for ln(Ab40/43)
and p ¼ 0.007 for ln(Ab38/42)). Most interestingly, although AD
plots were shifted to the same extent as stage B plots for Ab38/42
(B vs. C: p ¼ 1.000 for ln(Ab38/42)), stage B and AD plots differ for
Ab40/43 (B vs. C: p < 0.001 for ln(Ab40/43); Fig. 1).

Although these data were obtained from a cross-sectional study,
one might assume that stage A develops through to stage B and
eventually to stage C over decades (Duyckaerts and Hauw, 1997).

Thus, the Ab42 product line of g-secretase appears to undergo
changes early and the Ab42-lowering activity remains constant
through to development of AD. By contrast, the Ab40 product line
gradually changes with increasing Ab40/43 ratio, as stage 0/A
develops to stage B and finally to AD. Our previous observations
showed that Ab42 levels in CSF parallel the Ab38/42 ratio, and Ab43
levels parallel the Ab40/43 ratio (Kakuda et al., 2012). These find-
ings suggest that a decrease in the Ab42 level would be the first
alteration observable in CSF and that the level does not change
throughout the disease course, whereas the Ab43 level in CSF
would decrease progressively up to AD.

We noted previously that the effects of Ab42-lowering
g-modulators could be minimal in sporadic MCI/AD patients
because modulation of g-secretase has already begun in their
brains. As mentioned above, the modulation of g-secretase is
evident in stage B. Accordingly, we investigated the response of
g-secretase to GSM-1, an Ab42-lowering modulator, in control and
AD brains. We reasoned that a strong response of the altered
g-secretase to GSM-1 would indicate that the drug might still be
effective.

We quantified g-secretase activities in the absence or presence
of GSM-1 in control and AD specimens. This agent is known to
aggressively modulate only conversion from Ab42 to Ab38, but not
that from Ab43 to Ab40 (Crump et al., 2011; Ebke et al., 2011; Ohki
et al., 2011). As expected, GSM-1 treatment significantly lowered
Ab42 and increased Ab38 in control (see Supplementary Fig. 1). By
contrast, in AD specimens, GSM-1 lowered Ab42 and increased
Ab38 but to a lesser extent (Supplementary Fig. 1). The generation
of Ab40 and Ab43, and the total production of Ab were unchanged
by the treatment of GSM-1 in all specimens (Supplementary Fig. 1).

In AD specimens, conversion of Ab43 to Ab40 seems to be
altered compared with control (Kakuda et al., 2012), but this might
be due to high concentrations of GSM-1 (>0.5 mM), which sup-
pressed Ab40 (and Ab43) product line and total Ab production in
both control and AD specimens (data not shown). GSM-1 treatment
significantly elevated the ratio of Ab38/42 in control (Ab38/42 with
dimethyl sulfoxide vs. Ab38/42 with GSM-1; p < 0.000, paired
t test; Fig. 2A). By contrast, the same treatment of AD specimens

Fig. 1. Ln(amyloid-b protein [Ab]40/43) versus ln(Ab38/42) plot of raft-associated
g-secretase prepared from the brains in various (Braak) senile plaque (SP) stages.
The raft-associated g-secretase prepared from Braak SP stages 0, A, B, and C (AD) brain
specimens were incubated with 200 nM of bCTF for 1 hour at 37 "C. After centrifu-
gation of the reaction mixtures, the supernatants were saved for quantitative Western
blot analysis of Abs using specific antibodies.
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caused a much smaller increase in the Ab38/42 ratio (p < 0.001 for
AD paired t test; Fig. 2B). There was no significant difference in the
Ab40/43 ratio between control and AD specimens (Ab40/43 with
dimethyl sulfoxide vs. Ab40/43 with GSM-1; p ¼ 0.814 for control;
p ¼ 0.223 for AD, respectively; paired t test; Fig. 2A and B). The
modulating effect on the Ab38/42 ratio can be interpreted as indi-
cating the extent of GSM-1-induced shift in the Ab38/42 ratio
(Supplementary Table 1). g-Secretase was associated with signifi-
cantly lower ratios in AD specimens than in control specimens
(control vs. AD: p < 0.001), indicating a poor response to GSM-1 in
AD specimens.

4. Discussion

Modulation of g-secretase occurs in AD brains (Kakuda et al.,
2012), and to a significant extent already at the stage of amyloid
deposition, a decade or even decades before the onset of AD
(Duyckaerts and Hauw, 1997). Although g-secretase self-modulates
and produces less Ab42, it is likely that b-amyloid accumulation
slowly progresses and ultimately extends throughout the brain,
finally involving primary cortical centers (Duyckaerts and Hauw,
1997). A gradual decline in the rate of Ab accumulation curve
(Kawarabayashi et al., 2001) might be caused by self-modulation of
g-secretase. Currently, we do not know which comes first, Ab
deposition or g-self-modulation. However, the efficacy of GSM-1
and g-modulators in general would be limited when Ab42 depo-
sition and self-modulation of g-secretase begins in the brain. To
date, the efficacy of g-modulators has been confirmed most often
using younger Tg2576 mice, which do not yet accumulate Ab
(Borgegard et al., 2012; Kounnas et al., 2010). In Tg2576 mice, Ab
deposition starts at 9e12 months, and g-secretase activity changes
together with increasing Ab deposition in the brain starting at
15e16 months of age (Kawarabayashi et al., 2001; data not shown).
Thus, the true effectiveness of g-modulators in Tg2576 mice should
be assessed after 15e16 months of age. It is unclear whether
g-modulators are effective in such amyloid-bearing aged mice.
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Abstract
The amyloid b (Ab) protein is a major component of senile
plaques, one of the neuropathological hallmarks of Alzhei-
mer’s disease. Amyloidogenic processing of amyloid precur-
sor protein (APP) by b- and c-secretases leads to production
of Ab. APP contains tandem triple repeats of the GXXXG motif
in its extracellular juxtamembrane and transmembrane
regions. It is reported that the GXXXG motif is related to
protein–protein interactions, but it remains controversial
whether the GXXXG motif in APP is involved in substrate
dimerization and whether dimerization affects c-secretase-
dependent cleavage. Therefore, the relationship between the
GXXXG motifs, substrate dimerization, and c-secretase-
dependent cleavage sites remains unclear. Here, we applied
blue native poly acrylamide gel electrophoresis to examine the

effect of alanine substitutions within the GXXXG motifs of APP
carboxyl terminal fragment (C99) on its dimerization and Ab
production. Surprisingly, alanine substitutions in the motif
failed to alter C99 dimerization in detergent soluble state. Cell-
based and solubilized c-secretase assays demonstrated that
increasing alanine substitutions in the motif tended to
decrease long Ab species such as Ab42 and Ab43 and to
increase in short Ab species concomitantly. Our data suggest
that the GXXXG motif is crucial for Ab production, but not for
C99 dimerization.
Keywords: Alzheimer disease, amyloid-b, dimerization,
enzyme processing, gamma-secretase, transmembrane
domain.
J. Neurochem. (2017) 140, 955–962.

The amyloid b (Ab) protein is a major component of senile
plaques, one of the neuropathological features of Alzheimer’s
disease (AD) (Masters et al. 1985). It has been proposed that
the accumulation of Ab results in formation of neurofibrillary
tangles, composed of tau protein, that lead to neuronal loss and
dementia (Hardy and Higgins 1992); this is referred to as ‘the
amyloid cascade hypothesis’. The amyloid cascade hypothesis
implies that it is important to understand the mechanism of Ab
production to prevent and cure AD.Amyloid precursor protein
(APP) is a type I transmembrane protein that is cleaved by b-
secretase. The carboxyl terminal fragment of APP (C99)
produced by b-secretase is subsequently cleaved by c-
secretase, which leads to production of Ab and APP intracel-
lular domain (AICD) (Selkoe and Kopan 2003; Steiner et al.
2008; Thinakaran and Koo 2008). c-Secretase is an aspartic
protease composed of the following four membrane proteins:
anterior pharynx defective-1 (Aph-1); nicastrin (Nct); prese-
nilin enhancer-2; and presenilin 1 (PS1), the last representing
the catalytic subunit (Selkoe and Kopan 2003; Spasic and

Annaert 2008; Kaether et al. 2006; Steiner et al. 2004; Lu
et al. 2014). Ab40, comprising 40 amino acids, is the major
Ab species produced by cells, whereas Ab42, comprising 42
amino acids, is a minor species, but nonetheless a major
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component of senile plaques that possesses cell toxicity
(Masters et al. 1985; Younkin 1995; Glenner and Wong
1984a,b). Therefore, it is important to decrease the level of
Ab42 to prevent AD. However, the mechanism of Ab42
production remains unclear. APP contains three repeats of the
GXXXG motif in the extracellular juxtamembrane and
transmembrane regions. The GXXXG motif is known to be
associated with protein–protein interactions (Russ and Engel-
man 2000; Mark and Dieter 2015). It has been reported that
these motifs are involved in dimerization of APP and its
derived substrate (i.e. C99), that alanine substitution in the
GXXXG motifs attenuates the dimerization and causes both a
decrease in the level of Ab42 and an increase the production of
short Ab species (i.e., Ab34, Ab35, Ab37, and Ab38) (Munter
et al. 2007). In contrast, it has also been reported that leucine
substitutions in the motifs promote the dimerization of C99,
and that this substitution results in a decrease in Ab40 and
Ab42 levels (Kienlen-Campard et al. 2008). Another study
reported that substrate dimerization and c-secretase-dependent
cleavage are independent processes (Jung et al. 2014).
Therefore, it remains controversial whether the GXXXG
motifs are involved in substrate dimerization and whether
dimerization affects c-secretase-dependent cleavage.
In this study, we applied blue native poly acrylamide gel

electrophoresis (BN-PAGE) to examine the effects of alanine
substitutions in the GXXXG motifs on C99 dimerization. BN-
PAGE is an ideal approach to examine the state of protein–
protein interactions because it allows the separation of protein
complexes without interfering with intra- and extra-protein
interactions (Sch€agger and von Jagow 1991; Sch€agger 2001;
Sch€agger et al. 1994; Wittig et al. 2006). We also investigated
the relationship between alanine substitutions in the GXXXG
motif and c-cleavage sites by using 3-[(3-cholamidopropyl)
dimethylammonio]-2-hydroxy-1-propanesulfonate (CHAPSO)-
solubilized c-secretase assay because it allows the pure reaction
between enzyme and substratewithout intracellular location, and
living cell system.

Materials and methods

Antibodies

The following antibodies were used in this study: anti-human Ab
antibody 82E1 (IBL, Gunma, Japan); anti-human Ab antibody 4G8
(Covance, Princeton, New Jersey, USA); ANTI-FLAG! M2 antibody
(Sigma-Aldrich (St. Louis, Missouri, USA)), anti-nicastrin antibody
N1660 (Sigma-Aldrich); anti-PS1-carboxyl-terminal fragment (CTF)
antiserum (a gift fromDrs T. Tomita andT. Iwatsubo, The University of
Tokyo); anti-presenilin enhancer-2 antibody (a gift from Dr. A.
Takashima, The University of Gakushuin); and anti-Aph-1a loop
antibody O2F1 (Covance).

Cell culture and transfection

Chinese hamster ovary (CHO) cells were cultured in Dulbecco’s
modified Eagle’s medium (WAKO, Osaka, Japan) supplemented
with 10% fetal bovine serum (Invitrogen, Waltham, Massachusetts,

USA) and penicillin/streptomycin (Invitrogen). CHO cells were
cultured in 12-well plates and transfected with pcDNA3.1 carrying
wild type (WT), 3G, 2G, 1G, and 0G (Fig. 1). 48 h later, cells and
conditioned media were collected and subjected to western blotting
to visualize and quantify the production of C99 and Ab by 82E1
antibody. For BN-PAGE analysis, cells were homogenized with
NativePAGETM Sample Buffer (49) (Invitrogen) and 1/10 volume of
10% N-dodecyl-b-D-maltoside (Invitrogen) in phosphate-buffered
saline. The suspension was ultracentrifuged at 100 000 g 4°C for
15 min. The supernatant were collected and then mixed with
NativePAGETM Sample Buffer (49) (Invitrogen) and 1/5 volume of
NativePAGETM 5% G-250 Sample Additive (Invitrogen).

Preparation of C99-FLAG Substrates—C99-FLAG substrates
were prepared in this laboratory according to a published protocol
(Kakuda et al. 2006). After preparation, they were validated for
purity and quantified by Coomassie brilliant blue staining after gel
electrophoresis.

Blue native PAGE and 2D PAGE

A 1/10 volume of 10% N-dodecyl-b-D-maltoside (Invitrogen) was
added to each C99-FLAG substrate solution, and then mixed with
NativePAGETM Sample Buffer (49) (Invitrogen) and 1/5 volume of
NativePAGETM 5% G-250 Sample Additive (Invitrogen). The samples
were separated on 10% Tris-Tricine gel without sodium dodecyl
sulfate (SDS). For electrophoresis, anode and cathode buffer were
prepared fromNativePAGETM Running Buffer (209) (Invitrogen). The
cathode buffer (19) contained 0.19 NativePAGETM Cathode Buffer
Additive (209) (Invitrogen). Gels were run at 150V constantly at 4°C.
For two-dimensional (2D) gels, the 1D gel strip was equilibrated with
NuPAGE! LDS Sample Buffer (Invitrogen) according to the
manufacturer’s instructions. Briefly, the gel strip was incubated in
reducing solution (19 NuPAGE! LDS Sample Buffer containing 1/
10 volume of 109 NuPAGE! Sample Reducing Agent (Invitrogen),
alkylating solution (19 NuPAGE! LDS Sample Buffer containing
50 mM N,N-dimethylacrylamide (Sigma-Aldrich), and quenching
solution (19 NuPAGE! LDS Sample Buffer containing 19

NuPAGE! Sample Reducing Agent and 20% ethanol) at 23"C for
30 min. The equilibrated gel strip was applied to a 12% Tris-Tricine
gel containing SDS, and SDS-PAGE was performed. The 1- and 2D
gels were transferred onto polyvinylidene difluoride membranes
(0.2 lm pore size) (Pall Life Sciences, Port Washington, New York,
USA). All blots were boiled in phosphate-buffered saline (90 mM
NaCl, 3 mMKCl, 8 mMNa2SO4, and 1.5 mMKH2SO4) for 4 min to
facilitate immunodetection, and were then blocked in 5–10% skim
milk for 30 min. 82E1 antibody was used to detect monomers, dimers,
trimers, and high-molecular-weight (HMW) smears of each substrate.

Ab and AICD detection by CHAPSO-solubilized c-secretase assay
system

Preparation of CHAPSO-solubilized c-secretase and its assay
system were as described previously (Kakuda et al. 2006). Before
starting the reaction, the residual Nonidet-P 40 in the substrate must
be evaluated carefully. Its final concentration in all reactions must be
less than 0.05% because higher concentrations in the reaction
mixture ablate c-secretase activity. In this study, we maintained the
final Nonidet-P 40 concentration at 0.045%. The reaction mixture
was incubated at 37°C for 4 h. The samples were separated on 12%
Tris-Tricine SDS-containing gels by SDS-PAGE. Gels were

© 2016 International Society for Neurochemistry, J. Neurochem. (2017) 140, 955--962

956 H. Higashide et al.

230



transferred onto a nitrocellulose membrane (0.2 lm pore size) (GE
Healthcare, Chicago, Illinois, USA). The subsequent procedure was
as described above. 82E1 antibody was utilized to detect Ab and
anti-M2 FLAG antibody was used to detect AICD.

MALDI-TOF-MS

After incubating the samples in the CHAPSO-solubilized c-
secretase assay system with C99-FLAG as described above, 1/10
volume of 10% Nonidet-P 40 was added to stop the reaction
between the substrate and c-secretase. The mixture was agitated
with 25 lL of Protein G Sepharose beads (GE Healthcare) and 3 lL
of ANTI-FLAG! M2 antibody (Sigma-Aldrich) at 4°C overnight to
remove AICD. The suspension was centrifuged at 7,900 9 g at
4°C for 1 min. The supernatants were agitated with 25 lL of
Protein G Sepharose beads (GE Healthcare) with 3 lL of 4G8
antibody at 4°C overnight. The suspension was centrifuged at
7,900 9 g at 4°C for 1 min. After removing the supernatants, the
beads were washed five times with 1 mL of tris-buffered saline
(50 mM Tris-HCl, 150 mM NaCl, pH 7.6) then three times with
1 mL of deionized water. After sufficient washing, the beads were
dried at 30°C in a SpeedVac and eluted with a matrix composed of a
mixture of 2.5% trifluoroacetate and 50% acetonitrile containing a-
cyano-4-hydroxycinnamic acid incubated at 37°C for 30 min. The
masses of the peptides were defined by matrix-assisted laser
desorption/ ionization time of flight mass spectrometer (MALDI-
TOF-MS), using a 4800 Plus MALDI-TOF-TOFTM Analyzer AB
Sciex (Framingham, Massachusetts, USA).

Coimmunoprecipitation of C99-FLAG substrates

Coimmunoprecipitation of C99-FLAG substrates was conducted as
described previously (Funamoto et al. 2013). C99-FLAG sub-
strates were immobilized on ANTI-FLAG! M2 Magnetic Beads
(Sigma-Aldrich) by incubating them together at 4°C for 2 h. The
beads were incubated with CHAPSO-solubilized c-secretase at
4°C overnight. After sufficient washing of the coimmunoprecip-
itates, samples were subjected to western blotting to detect
PS1-CTF.

Kinetics analysis

The CHAPSO-solubilized fraction was incubated with varying
amounts of C99-FLAG, and the production of Ab was quantified.
The amount of Ab produced after 4 h was plotted against C99-
FLAG concentrations. Preparation of CHAPSO-solubilized c-
secretase was as described previously (Kakuda et al. 2006).

Statistical analysis

Band intensity was quantified using a LAS-4000 luminescent image
analyzer (Fujifilm, Tokyo, Japan). Scheffe’s post hoc test was used
for comparison of mutants with WT. All data are shown as
means ! SD, and statistical significance was assessed at p < 0.05.

Results

No effect on C99 dimerization of alanine substitution in
GXXXG motifs
To investigate whether the GXXXG motif is involved in the
dimerization of the full-length substrate, alanine residues
were substituted at position(s) G37, G33/37, G29/33/37, and
G25/29/33/37 in the motif of C99-FLAG (referred to as 3G,
2G, 1G, and 0G, respectively) (Fig. 1). We expressed these
mutants in Sf9 cells using recombinant baculovirus accord-
ing to the manufacturer’s instructions. The infected cells
were harvested, and substrates were prepared as described
previously (Kakuda et al. 2006). After quantification, equal
amounts of each mutant were subjected to BN-PAGE
followed by immunochemical detection (Fig. 2a). Surpris-
ingly, no significant differences were observed between any
mutant and WT in the ratios of monomer, dimer, trimer, and
high-molecular-weight (HMW) smears (Fig. 2b). It is impor-
tant to note the lack of significant changes in the percentages
of dimers and trimers, even in the case of 0G, the C99-FLAG
in which all the glycines of the GXXXG motifs were
substituted with alanine residues. One possible interpretation
for this no significant change in multimeric formation of C99
is structural or size similarity between glycine and alanine
residues. To test this possibility, we performed leucine or
phenylalanine substitution at positions G25/29/33/37 in the
motif of C99-FLAG (referred to as 0G(L) and 0G(F),
respectively) (Figure S1a). We found no effect of these
substitutions on C99 dimerization (Figure S1b and c). These
data indicate that the GXXXG motif is not crucial for
formation of C99 dimers and trimers, although the HMW
smear bands for 0G tended to decrease in intensity. These
dimer, trimer, and HMW smear dissociated into monomers in
SDS-PAGE, implying that formation of C99 oligomers
depends on hydrophobic interactions rather than on the

1G(G29/33/37A)
0G(G25/29/33/37A)

G S N K G A I I G L M V G
G S N K G A I I G L M V A
G S N K G A I I A L M V A
G S N K A A I I A L M V A
A S N K A A I I A L M V A

WT

2G(G33/37A)
3G(G37A)

Transmembrane domain

40 42
48 49

25 29 33 37

Fig. 1 Schematic representation of alanine substitutions in C99-FLAG
substrate. C99 contains three GXXXG motifs in its extracellular
juxtamembrane and transmembrane regions. Arrowheads and arrows

represent the c-cleavage site and e-cleavage site, respectively. A red A
indicates each alanine substitution in the GXXXG motifs.
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GXXXG motif (Figure S2). Next, we expressed these
mutants in CHO cells to examine the effect of substitutions
in living cells. Lysates of transfected cells were subjected to
BN-PAGE followed by immunochemical detection (Fig-
ure S3). We failed to detect discrete multimeric and
monomeric bands of C99 substrate in cells probably because
of residual components such as interacting lipids and
proteins, regardless our enthusiastic efforts.

Alanine substitutions in GXXXG motifs resulted in decreased
levels of long Ab species and a concomitant increase in
levels of short Ab
To ascertain whether alanine substitutions in the GXXXG
motifs affect Ab production, we expressed mutants in CHO
cells and quantified the levels of released Ab. Ab production
from 1G was significantly increased compared with WT
(Fig. 3).
To examine the effects of alanine substitutions in the

GXXXG motif on production of Ab species, the total Ab in
conditioned media of mutants was analyzed using MALDI-
TOF-MS. The percentages of Ab40 and Ab42 decreased for
all mutants and the rate of Ab38 production increased for all
mutants (Fig. 4a and b). In addition, production of short Ab
species (e.g., Ab34) was elevated for 2G, 1G, and 0G
(Fig. 4a and b). The ratios of Ab37/Ab40 and Ab38/Ab42
can be considered as product/precursor ratio (Takami et al.
2009; Takami and Funamoto 2012; Kakuda et al. 2012,
2013; Ch"avez-Guti"errez et al. 2012; Matsumura et al. 2014).
Increasing the number of substitutions tended to increase the
product/precursor ratio (Fig. 4c and d). We failed to detect
Ab43 in these conditioned media and were unable to
calculate the Ab40/Ab43 ratio (Fig. 4a). Our data demon-
strate that the c-cleavage site shifts toward the amino
terminus by alanine substitution at GXXXG motifs (Fig. 4c
and d).
To gain insights on enzymatic features of substituted

substrates, we performed CHAPSO-solubilized c-secretase
assay, which allows free collision between enzyme and
substrate in soluble state (Kakuda et al. 2006). Surprisingly
Ab production from 1G and 0G in the c-secretase assay was
significantly reduced compared with WT in contrast to cell-
based assay, suggesting that 1G and 0G mutants are
inefficient substrates of c-secretase (Figure S4; see also
Fig. 3). Levels of AICD, a counterpart of Ab, also
decreased in those mutants (Figure S5). To examine
whether c-secretase fails to recognize these mutants or to
cleave them in the c-secretase assay system, we coim-
munoprecipitated all the C99-FLAG substrates with
CHAPSO-solubilized c-secretase (Funamoto et al. 2013).
Importantly, 1G and 0G showed distinct interactions with
the PS1-CTF (Figure S6a and c). Interestingly, 0G(L) and
0G(F) mutant substrates also exhibited comparable interac-
tion with PS1-CTF to that of WT (Figure S6b and c). These
data suggest that substitutions at GXXXG motifs affect

cleavage efficiency by c-secretase rather than interaction
with this enzyme.
To examine the effects of alanine substitutions in the

GXXXG motif on production of Ab species in the c-
secretase assay, the total Ab produced from mutants was
analyzed as in cell-based assay. MALDI-TOF-MS analyses
demonstrated that the percentages of Ab42 and Ab43
decreased for all mutants, and although it was not statistically
significant, a trend toward a concomitant increase in Ab38
and Ab40 production for 1G and 0G was observed
(Figure S7a and b). In addition, production of short Ab
species (e.g., Ab34) was elevated for 3G and 2G (Figure S7a
and b). We analyzed the ratios of Ab38/Ab42 and Ab40/
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Fig. 2 Analysis of substrate dimerization by blue-native polyacry-
lamide gel electrophoresis (BN-PAGE). (a) C99-FLAG substrates were
separated by BN-PAGE. Monomer, dimer, trimer, and high-molecular
weight (HMW) smears of the C99-FLAG substrates were visualized
using 82E1. In the presence of sodium dodecyl sulfate (SDS), C99-
FLAG appeared at approximately 15 kDa, as seen in SDS-PAGE,
indicating the monomeric C99-FLAG band. (b) The intensity of each
monomeric, dimeric, trimeric band, and HMW smear was measured
using a LAS 4000 luminescent image analyzer. The percentage of
each band was calculated as the sum of all with the peak intensity set
at 100%. No significant differences were detected between these
bands. Data are expressed as means ! SD (n = 3, ANOVA with
Scheffe’s post hoc test compared with wild type, WT).
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Ab43, and showed that the ratios of Ab38/Ab42 and Ab40/
Ab43 had a tendency to increase for all mutants (Figure S7c
and d).
The kinetics of Ab production form mutant C99 substrates

apparently fit the Michaelis–Menten curve (Figure S8a). The
apparent Km values for WT, 3G, 2G, and 1G were
80.00 ! 13.23, 90.00 ! 17.32, 91.67 ! 35.47, and
23.33 ! 5.77, respectively (Figure S8b). The apparent
Vmax/Km values (catalytic efficiency by c-secretase) for
WT, 3G, 2G, and 1G were 0.3730 ! 0.0598,
0.2854 ! 0.0366, 0.3935 ! 0.2039, and 0.5139 ! 0.1049,
respectively (Figure S8b). These suggest that alanine substi-
tutions lead to increasing affinity to c-secretase despite
reduced cleavage by this enzyme.

Discussion

We examined whether the GXXXG motif was involved in
dimerization of full-length C99 substrate and whether alanine
substitutions in the GXXXG motif affected c-secretase-
dependent cleavage of C99. We found that alanine substi-
tutions in the GXXXG motifs did not significantly alter C99
dimerization in cell-based and c-secretase assays. In cell-
based assay, Ab productions from CHO cells expressing
mutant C99 were comparable overall, although 1G cells
secreted more Ab (Fig. 3). However, our data from c-
secretase assay indicate that alanine substitution in the motifs
affected the cleavage efficiency by c-secretase. It is reason-
able to consider that substitutions may alter subcellular
localization of mutant C99 to enhance cleavage (Kokawa
et al. 2015).

Jung and colleagues, using a mutation involving the
GXXXG motif (G29K/A30K), reported that c-secretase
preferentially cleaved monomeric C99 rather than its dimer
(Jung et al. 2014). In contrast, our data indicated that,
although the ratios of monomer to dimer for the mutants
showed a similar trend to that observed by Jung et al., the
cleavage efficiency of c-secretase was different. These data
suggest that the cleavage efficiency might not always
correlate with the tendency to form monomeric C99.
Although the stoichiometry of the binding between c-
secretase and substrate remains unknown, it is reasonable
to propose a one-to-one relationship between c-secretase and
substrate during the reaction.
Interestingly, we found that the ratio of Ab37/Ab40 and

Ab38/Ab42 tended to increase for all mutants in cell-based
assay (Fig. 4c and d) and the ratio of Ab38/Ab42 and Ab40/
Ab43 had a tendency to increase for all mutants in
CHAPSO-solubilized c-secretase assay (Figure S7c and d),
and in particular, production of Ab34 increased for 2G, 1G,
and 0G from conditioned media (Fig. 4b) and for 3G and 2G
in CHAPSO-solubilized c-secretase assay (Figure S7b).
These data indicate that the c-cleavage sites tended to shift
toward the amino terminus.
Our data indicated that 1G and 0G mutants showed no

significant alteration from WT in their interaction with PS1-
CTF, the potential catalytic subunit of c-secretase (Figure S6a
and c). Alanine in the transmembrane domain is known to
have a strong helix-forming propensity, whereas glycine in
the domain is a helix breaker (Pace and Scholtz 1998). To
our knowledge, alanine is a rare residue in the extracellular
juxtamembrane domain of c-secretase substrates (Beel and

0

50

100

150

200

250

300

WT 3G 2G 1G 0G

**

mock WT 3G 2G 1G 0G mock WT 3G 2G 1G 0G

Cell lysate Conditioned media

25

20
15

10

5

kDa

C99

A

WB: 82E1

%
 o

f W
T 

(A
/C

99
)

(a)

(b)

Fig. 3 Effects of alanine substitution on Ab

production in the conditioned media from
each mutant. (a) Conditioned media and cell
lysate from each mutant were subjected to
western blotting with 82E1 to detect Ab. (b)
The band intensity of Ab and C99 were
measured using a LAS-4000 luminescent
image analyzer. The ratio of Ab/C99 was
calculated. Band intensity of Ab/C99 in wild
type (WT) was set at 100%. Ab production
from 1G was significantly increased
compared with WT. Data are expressed as
means ! SD (n = 3; **p < 0.01, ANOVA with
Scheffe’s post hoc test compared with WT).
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Sanders 2008). Our data imply that membrane proteins
containing multiple alanine residues in their extracellular
juxtamembrane domain are ineffective substrates of c-
secretase despite showing no alteration in their interaction
with this enzyme. 0G(L) and 0G(F) showed no significant
alteration from WT in their interaction with PS1-CTF
(Figure S6b and c) and Ab production from 0G(F) would
be increased compared with 0G(A) (Figure S9). As described
above, alanine in the transmembrane domain is known to
have a strong helix promoter, and leucine has a similar
propensity. However, phenylalanine has neither helix-form-
ing propensity nor helix-breaking property (Pace and Scholtz
1998). From these, substitutions in the GXXXG motifs did
not affect the interaction of C99 with PS1-CTF and c-
secretase-dependent cleavage would be affected by strength
of helix-forming of C99 (Figure S6).

Although western blotting analysis demonstrated that
production of Ab was reduced for 1G and 0G in
CHAPSO-solubilized c-secretase assay (Figure S4), these
mutants interacted with PS1-CTF (Figure S6a and b). Kleiger
and colleagues reported that AXXXA motifs facilitate
interaction of transmembrane a-helices (Kleiger et al.
2002). Taking this into consideration, although 1G and 0G
have two AXXXA motifs within their transmembrane
domain, the binding properties of the substrates would be
preserved.
The production of Ab from 1G in the c-secretase assay

was significantly decreased compared with WT in contrast
to cell-based assay (Figure S4; see also Fig. 3). The
kinetics analysis indicated that the value of apparent Km

and Vmax from 1G tended to be low compared with WT,
although the value of Vmax/Km for 1G was similar to WT
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Fig. 4 Production of Ab species modulated
by alanine substitution in conditioned media
from each mutant. (a) Production of Ab

species modulated by alanine substitution.
Total Ab produced from conditioned media
from each mutant was immunoprecipitated
with 4G8 and subjected to matrix-assisted
laser desorption/ionization time of flight
mass spectrometry (MALDI-TOF-MS). (b)
Percentage of Ab species from each C99-
FLAG substrate was calculated by MS using
peak intensity. The sum of all peak
intensities was set as 100%, and the
percentage of each Ab species was
calculated. Percentages of Ab40 and Ab42
decreased in all mutants, and the ratio of
Ab38 increased in all mutants. In addition,
production of short Ab species (e.g. Ab34)
was elevated for 2G, 1G and 0G. Data are
expressed as means ! SD (n = 3,
*p < 0.05; **p < 0.01, ANOVA with
Scheffe’s post hoc test compared with wild
type, WT). (c)(d) Ratio of Ab37/Ab40 and
Ab38/Ab42, which indicates the ratio of
product/precursor, respectively. After the
percentage of each Ab species calculated
in (b) was averaged, we calculated the ratio
of Ab37/Ab40 and Ab38/Ab42. The ratio of
Ab37/Ab40 and Ab38/Ab42 tended to
increase for all mutants.
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(Figure S8b). From these, one possible interpretation for
increased Ab from 1G in cell-based assay would be
because of the high affinity between enzyme and substrate,
although 1G showed no significant alternation from WT in
the ratio of Vmax/Km.
MALDI-TOF-MS analysis showed that level of Ab34

increased for 2G, 1G, and 0G from conditioned media
(Fig. 4b), and for 3G and 2G in CHAPSO-solubilized c-
secretase assay (Figure S7b). We have previously proposed
two different pathways for Ab40 and Ab42 production by
successive processing of C99 with release of tri- and
tetrapeptides (Takami et al. 2009; Matsumura et al. 2014;
Takami and Funamoto 2012; Yagishita et al. 2008). From
this, it is reasonable to consider that Ab34 is produced from
the Ab40 production pathway (Ab40 > Ab37 > Ab34).
In conclusion, our data indicate that the GXXXG motif is

crucial for Ab production, but not for C99 dimerization, and
that in the mutants, the c-cleavage site tended to shift toward
the amino terminus.
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Nuclear transcription factor-Y (NF-Y), a key regulator of cell-cycle progression, often loses its

activity during differentiation into nonproliferative cells. In contrast, NF-Y is still active in

mature, differentiated neurons, although its neuronal significance remains obscure. Here we

show that conditional deletion of the subunit NF-YA in postmitotic mouse neurons induces

progressive neurodegeneration with distinctive ubiquitin/p62 pathology; these proteins are

not incorporated into filamentous inclusion but co-accumulated with insoluble membrane

proteins broadly on endoplasmic reticulum (ER). The degeneration also accompanies drastic

ER disorganization, that is, an aberrant increase in ribosome-free ER in the perinuclear region,

without inducing ER stress response. We further perform chromatin immunoprecipitation

and identify several NF-Y physiological targets including Grp94 potentially involved in ER

disorganization. We propose that NF-Y is involved in a unique regulation mechanism of

ER organization in mature neurons and its disruption causes previously undescribed novel

neuropathology accompanying abnormal ubiquitin/p62 accumulation.
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Nuclear transcription factor-Y (NF-Y), also known as the
CCAAT binding factor, is an evolutionarily conserved
transcription factor composed of three subunits; NF-YA,

NF-YB and NF-YC. It binds to CCAAT motif in the proximal
promoter region to induce gene expression1. NF-Y has been
shown to regulate an increasing number of genes because of its
general binding consensus and its ubiquitous expression. This
suggests multiple roles of NF-Y in various contexts.

Previously, Bhattacharya et al.2 have shown that NF-YA
knockout in mice leads to early embryonic lethality, and
its knockout in embryonic fibroblasts suppresses cell-cycle
progression and then induces apoptosis. The involvement of
NF-Y in cell-cycle regulation and apoptosis has also been
reported in several tumour cell lines3–5. Furthermore, recent
observations highlight the role of NF-Y in stem cell progression
and maintenance. For example, in skeletal muscle cells, NF-Y is
active for proliferation in myoblasts, and then becomes inactive
during differentiation due to downregulation of NF-YA6–8.
A similar pattern of NF-Y involvement has been reported in
hematopoietic stem cells9,10, and in this case its in vivo
significance has been confirmed in NF-YA knockout mice11.
Finally, NF-Y appears to be required for embryonic stem cell
proliferation, whereas expressions of some of NF-Y subunits are
downregulated during differentiation12. Thus, one of the essential
functions of NF-Y is the cell-cycle regulation in proliferating cells,
which is important for cell proliferation and maintenance, and
possibly also for tumour progression and embryogenesis.

Although NF-Y activity is often declined during differentiation
as described above, we have recently found that NF-Y is expressed
and still active in mature neurons of adult mouse brain13.
In addition, NF-Y is suppressed by mutant huntingtin containing
expanded polyglutamine during disease progression in
Huntington’s disease (HD) model13. NF-Y suppression has also
been reported in other neurodegenerative diseases caused by
polyglutamine expansion, such as spinal and bulbar muscular
atrophy and spinocellebular ataxia 17 (refs 14,15). Thus, at least
in neurons, NF-Y is active even after differentiation and its
suppression may be involved in some aspects of neuro-
degeneration. However, the actual neuronal function of NF-Y
remains to be clarified.

In this study, we find that conditional deletion of NF-YA in
mouse brain postmitotic neurons induces progressive neuro-
degeneration. Notably, the degeneration accompanies distinctive
ubiquitin (Ub)/p62 pathology, that is, Ub and p62 are not
incorporated into filamentous inclusion but co-accumulated with
insoluble membrane proteins broadly on endoplasmic reticulum
(ER). The NF-YA deletion also induces an aberrant increase in
smooth ER (SER) in the perinuclear region without causing an
unfolded protein response (UPR), a major adaptive response to
ER stress. We further perform chromatin immunoprecipitation–
DNA microarray (ChIP–chip) and identify several NF-Y target
genes possibly involved in ER disorganization. These data
indicate that NF-Y is involved in a novel regulation mechanism
of ER organization independently of UPR in mature neurons
and its disruption results in neuronal loss with atypical
neurodegenerative features including abnormal Ub/p62 accumu-
lation and drastic SER increase.

Results
Neuronal NF-YA deletion causes progressive neurodegeneration.
To inactivate NF-Y in differentiated neurons, we used NF-YA flox
mice in which exons 3–8 out of 9 total coding exons are flanked
by loxP sequences (Fig. 1a)2. For conditional deletion, we
used camk2a-cre transgenic mice that express cre specifically
in forebrain differentiated neurons16. By using RNZ reporter

mice that express LacZ in nuclei through cre-mediated
recombination17,18, we confirmed specific recombination by the
camk2a-cre transgene in the forebrain region, especially in the
cortex and hippocampus (Fig. 1d)19. Through several rounds of
crossing, we obtained two NF-YA conditional deletion mice:
NF-YA flox/flox; cre and flox/! ; cre mice (see Methods for
detail).

We then examined brain structure by staining sections with
Hematoxylin. We found that the cortex and hippocampus of
NF-YA deletion mice were structurally unaffected at 4 weeks but
then became degenerated during ageing (Fig. 1b,c). Analysis of
mice at later stage with different genotypes confirmed that
the degeneration is specific to the NF-YA deletion mice
(Supplementary Fig. 1). Progressive reduction of LacZ staining
in RNZ mice indicated loss of NF-YA deletion neurons during
ageing (Fig. 1d,e, Supplementary Table 1). Indeed, the cells
positive for the neuronal marker NeuN were reduced compared
with the control (Fig. 1f). In contrast, GFAP-positive astrocytes
and Iba1-positive microglia were increased (Fig. 1g). Finally, the
mice showed progressive reduction in brain weight (Fig. 1h,
Supplementary Fig. 2a). These data clearly indicate that con-
ditional deletion of NF-YA induces progressive neurodegenera-
tion accompanying gliosis. The NF-YA deletion mice also showed
progressive reduction of body weight and shortened life spans
(Fig. 1i,j, Supplementary Fig. 2b–d). Thus, the neurodegeneration
results in body weight loss.

Neuronal NF-Y inactivation induces Ub and p62 accumulation.
Accumulation of Ub and a scaffold protein p62/Sqstm1 with
fibrillar protein aggregates is a well-known neuropathology
often observed in various neurodegenerative diseases20,21.
We examined its involvement in the NF-YA deletion-induced
degeneration and found that Ub and p62 were progressively
accumulated in the cortex and hippocampus of NF-YA deletion
mice (Fig. 2a,b). Confocal analysis showed cytoplasmic accu-
mulations of these proteins, and in the case of p62, punctate
stainings were also observed (Fig. 2c, Supplementary Fig. 3).
Ub was found in NeuN-positive neurons but not in GFAP- or
Iba1-positive glia (Fig. 2d). However, the cells positive for NeuN
staining gradually decreased in the Ub-accumulating cells from 4
weeks (92.3%, n¼ 52), 8 weeks (54.7%, n¼ 150) to 16 weeks
(14.0%, n¼ 164) (n means number of analysed cells) (Fig. 2d).
Thus, NF-YA deletion induces cytoplasmic accumulations of
Ub and p62 in neurons, followed by neuronal loss.

To examine that the observed effects by NF-YA deletion are
really caused by suppression of NF-Y, we checked the reduction
of NF-YA expression by performing quantitative reverse trans-
cription (RT)–PCR using brain tissue from 5-week-old NF-YA
deletion mice in which no significant reduction of brain weight
was observed (Supplementary Fig. 2a). Using a primer set for
exons 7–8 (Supplementary Fig. 4a), we found a B40% reduction
in NF-YA mRNA in NF-YA deletion mouse brain (Fig. 2e). The
reduction of NF-YA protein was confirmed by western blot and
immunofluorescence analysis (Supplementary Fig. 5). We also
found slight increase in NF-YC (Fig. 2e, Supplementary Fig .5a,b),
possibly due to its compensatory induction by NF-Y suppres-
sion13. These data support the notion of NF-YA reduction and
NF-Y suppression by NF-YA gene deletion. Unexpectedly,
RT–PCR using different primer sets suggested that mutant
NF-YA mRNA lacking exons 3–8 region was produced from its
deleted allele at high levels (Supplementary Fig. 4a,b). To rule out
the possibility that this mutant NF-YA itself had some effects,
we examined NF-YA heterozygous deletion mice (NF-YAþ /! ).
Although induction of mutant NF-YA mRNA and partial
reduction of full-length mRNA were observed in the brain
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(Supplementary Fig. 4c), these mice showed no reductions in
body or brain weights and no inductions of Ub accumulation or
gliosis, even in aged mice (Supplementary Fig. 4d,e). This suggests
that mutant NF-YA mRNA transcribed from its deleted allele has
no effect on neurodegeneration. Finally, we found that adeno-
associated virus (AAV) vector-mediated knockdown of both NF-
YA and NF-YC induced cytoplasmic accumulations of Ub and
p62 in hippocampal CA1 cells (Fig. 2f,g). Taken together, we
conclude that suppression of NF-Y either by gene deletion or by

gene knockdown results in Ub and p62 accumulations in brain
neurons.

Accumulation of membrane proteins with Ub and p62 around
ER. To examine the mechanism of Ub and p62 accumulations, we
performed fractionation analysis using cortical lysates. As shown
in Fig. 3a, Ub and p62 were highly detected in the detergent-
insoluble fraction from NF-YA deletion mice. In contrast, no clear
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Figure 1 | Conditional deletion of NF-YA in neurons induces progressive neurodegeneration and shortens lifespan. (a) Gene structure of NF-YA
flox and deleted allele. Two inserted flox sequences are indicated as triangles. Exons 3–8 are deleted by cre-mediated gene recombination.
(b) Hematoxylin staining of coronal sections of NF-YA flox/! ; cre and flox/þ mice at indicated weeks of age. (c) Hematoxylin-stained hippocampal
CA1 region of 16-week-old mice. (d) Anti-LacZ staining of coronal sections of RNZ reporter mice harbouring NF-YA flox/! ; cre or þ/þ ; cre at
indicated weeks of age. (e) Anti-LacZ-stained CA1 regions of 8-week-old mice. (f) CA1 regions of anti-NeuN-stained coronal sections of 8-week-old mice.
(g) Anti-GFAP and Iba1 staining of coronal sections of 8-week-old mice. (h) Brain weights of mice of indicated weeks of age. Values are means±s.d.
of at least three mice (*Po0.05, ***Po0.001, t-test). (i) Body weights of mice harbouring indicated genotypes (n means number of analysed mice).
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accumulation was observed for known disease-associated aggre-
gate-prone proteins such as Tau, a-synuclein, FUS/TLS and TDP-
43 (Supplementary Fig. 6a), suggesting that insolubilization of Ub
and p62 is not simply due to aggregation of these proteins. To
identify the proteins co-accumulating with Ub and p62, the
insoluble fractions were subjected to SDS-PAGE (Supplementary
Fig. 6b), and then analysed by mass spectrometry. We further
checked mRNA levels of the identified proteins to exclude the
nonspecifically incorporated proteins such as glial GFAP due
to induced gene expression (Supplementary Fig. 6c). Finally,
around 100 proteins including Ub and p62 were identified to be
specifically insolubilized in the cortex of NF-YA deletion mice
(Supplementary Table 2). Notably, known aggregate-prone pro-
teins were not identified here, again supporting the idea of no

involvement of previously described protein aggregation in the
Ub/p62 insolubilization.

We then performed gene ontology (GO) analysis by
GO:TermFinder22 and revealed a significant enrichment of
proteins located in membranous cellular compartments in-
cluding the plasma membrane (45/106, P¼ 3.80E–09), Golgi
(29/106, P¼ 7.67E–14), ER (24/106, P¼ 3.53E–08) and
cytoplasmic vesicle (20/106, P¼ 9.49E–08). Western blot
analysis confirmed the preferential insolubilization of an ER-
resident membrane protein, Calnexin, as well as the plasma
membrane proteins carboxypeptidase E (CPE) and amyloid beta
precursor protein (APP) (Fig. 3a). In contrast, an ER luminal
protein, calreticulin, and certain cytoplasmic proteins including
Rabs (Rab3, 6 and 11), enolase 1 and Arf1, all of which were also
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found by mass spectrometry (Supplementary Table 2), were not
obvious in the insoluble fractions (Fig. 3a, Supplementary
Fig. 6d). These data suggest the preferential insolubilization of
integral membrane proteins together with Ub and p62 in the
brains of NF-YA deletion mice. Categorization based on the
ontologies suggested insolubilization of membrane proteins with
wide cellular distributions from ER to plasma membrane
(Table 1).

We next examined the cellular distribution of these insolubi-
lized membrane proteins and found that, similar to Ub and p62,
they accumulated in the cytoplasm of cortical neurons in NF-YA
deletion mice (Fig. 3b). Confocal analysis revealed clear co-
distribution of Ub with Calnexin in the cytoplasm (Fig. 3c,d),
suggesting their accumulation around ER. Indeed, Ub, p62, APP
and Calnexin showed clear co-distribution with the ER luminal
marker, KDEL (or Grp78) (Fig. 3e). However, the cells positive
for KDEL staining gradually decreased in the Ub-accumulating
cells from 4 weeks (84.5%, n¼ 84), 8 weeks (62.4%, n¼ 101) to
16 weeks (21.0%, n¼ 281) (n is the number of analysed cells)
(Fig. 3e), which is almost compatible with the decrease in NeuN
staining described above. Taken together, these data indicate
that NF-YA deletion induces abnormal accumulation of several
membrane proteins, including ER-resident and plasma mem-
brane proteins, around the ER together with Ub and p62, after

which ER luminal proteins disappear possibly due to cell
degeneration. We also co-stained Ub with the following organelle
markers: HSP60, a mitochondrial marker that did not show clear
co-distribution with Ub, and GM130, a Golgi marker that was
detected in Ub-negative cells but lost in its positive cells
(Supplementary Fig. 7a,b). Collectively, these data indicate that
ER is the organelle that accumulates insolubilized proteins, which
may accompany Golgi disassembly.

Aberrant increase in SER at perinuclear region. We next
examined ER morphological alteration by electron microscopy
(EM). Analysis of the hippocampal CA1 regions in the NF-YA
deletion mice identified cells occupied with reticularly arranged
cisternal structures in the large portions of perikarya, in addition
to dying cells showing cell shrinkage with an increased electron
density (Fig. 4a,b, Supplementary Fig. 8). Nuclear indentations
were also observed in these cells (Fig. 4b). Detailed analysis clearly
showed that these structures resemble ribosome-free SER where
the luminal spaces were smaller in width and denser in the
electron density than those of control mice (Fig. 4c,d). These
morphological features, including drastic increase in SER as well
as nuclear indentations were also observed in cortical layer II–III
neurons of NF-YA deletion mice (Fig. 4e–g, Supplementary
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Fig. 8). In addition, cytoplasmic components such as free ribo-
somes (mostly detected as polysomes) were unevenly distributed,
that is, abundant in the perinuclear region but sparse in the
cell periphery (Fig. 4f, Supplementary Fig. 8e), possibly due to
suppression of their diffusion in the cytoplasm by increased SER.
We further performed immuno-EM and found that Ub and p62
were clearly localized on the membrane of reticularly arranged
SER-like structures (Fig. 4h,i). Taken together, these data indicate
that neuronal deletion of NF-YA induces abnormal increases
in SER in the perinuclear region where insolubilized proteins
accumulate.

Identification of NF-Y-binding gene promoters by ChIP–chip.
To identify molecular mechanism involved in NF-YA deletion-
induced ER pathologies, we tried to identify physiological targets
of NF-Y in brain by performing ChIP from wild-type cortex.
Three different NF-Y antibodies were used for ChIP of NF-Y, and
rabbit IgG and two antibodies for USF1, an E-box interacting
transcription factor, were used for control ChIPs. ChIP–PCR
confirmed binding of NF-Y and USF1 to known binding pro-
moters, Hspa1a/Dnajb1 and FMR1, respectively (Fig. 5a). The
NF-Y and rabbit IgG ChIP samples were then subjected to mouse
promoter array (chip) and the obtained data were analysed using
CisGenome software23 to identify genomic regions significantly
enriched in NF-Y ChIP–chip (the NF-Y ChIP–chip regions)
compared with that of rabbit IgG. Analysis of the identified
regions showed enrichment of a motif containing the
NF-Y-binding consensus, CCAAT (Fig. 5b), which is detected
in ChIP–chip regions of three NF-Y antibodies (Fig. 5c). Gene
annotation of these ChIP–chip regions revealed significant
overlap among the genes of three NF-Y ChIP samples (Fig. 5d).

We then picked up the top 400 gene-annotated regions identified
in at least two of the NF-Y ChIP–chip data sets (Supplementary
Data 1). Detailed analysis revealed an abundance of NF-Y-
binding regions around transcription start site (TSS) especially at
! 500 to 0 bp (Fig. 5e). GO analysis by GO:TermFinder22 showed
that, in addition to genes related to transcription (91/423 (21.5%),
P¼ 5.98E–09) and cell cycle (40/423 (9.5%), P¼ 2.38E–02), genes
involved in stress response (37/423 (8.7%), P¼ 2.41E–03), protein
folding (13/423 (3.1%), P¼ 4.20E–03) and protein transport (39/
423 (9.2%), P¼ 4.51E–03) were significantly enriched in the 423
identified genes. Among them, we picked up two major ER
chaperones, Grp94 and Grp78, because NF-Y binding to their
promoters has been reported in different contexts24,25, and
confirmed that NF-Y-binding regions were highly compatible
with the positions of the NF-Y-binding consensus (Fig. 5f,g).
Thus, all of the data indicated that the ChIP–chip worked well
and that the obtained genes may be direct targets of NF-Y in the
brain. We rechecked the GO of these identified genes, and
focused on genes involved in ER function, cytoplasmic protein
folding (chaperone) and ubiquitin proteasome system, or vesicle
transport. ChIP–PCR confirmed the preferential binding of NF-Y
to their promoters (Fig. 5h, Supplementary Fig. 9), which were
often higher than those of Hspa1a and Dnajb1, which were not
identified by NF-Y–ChIP–chip. Thus, NF-Y could be involved in
the regulation of these identified genes, possibly more efficiently
than the cytoplasmic chaperones.

Specific downregulation of Grp94 without modulating UPR.
To examine the effect of NF-Y suppression on its target gene
expressions, we first performed gene expression array using
brains from 5-week-old NF-YA deletion mice in which reduction

Table 1 | List of the insolubilized integral membrane proteins and their intracellular locations.

Fraction* Locationsw Gene Description

ER–Golgi E Atp2a2 ATPase, Caþþ transporting, slow twitch 2
E Canx Calnexin
E Pld3 Phospholipase D family, member 3
E Rtn1 Reticulon 1
E G Atl1 Atlastin GTPase 1
E G Sacm1l SAC1-like
E P Erlin2 ER lipid raft associated 2
E G P Cdipt CDP-DG-inositol 3-phosphatidyltransferase

G Psap Prosaposin
Plasma membrane E G P Clstn1 Calsyntenin 1
-Vesicle E G P Prnp Prion protein

G P Aplp1 Amyloid beta (A4) precursor-like protein 1
G V P App Amyloid beta (A4) precursor protein
G V P Cpe Carboxypeptidase E

E V P Gria2 glutamate receptor, AMPA2
E P Gria1 Glutamate receptor, AMPA1

V P Vamp2 Vesicle-associated membrane protein 2
V P Bsg Basigin
V P Tfrc Transferrin receptor

P Gria4 Glutamate receptor, AMPA4
E P Atp2b2 ATPase, Caþþ transporting, 2

P Atp2b1 ATPase, Caþþ transporting, 1
P Atp2b4 ATPase, Caþþ transporting, 4
P Atp6ap2 ATPase, Hþ transporting, 2
P Cadm3 Cell adhesion molecule 3
P Nptxr Neuronal pentraxin receptor
P Slc12a5 Solute carrier family 12, member 5
P Slc2a1 Solute carrier family 2, member 1
P Slc6a17 Solute carrier family 6, member 17

V Nsg2 Neuron-specific gene family member 2

*Rough intracellular fractions.
wIntracellular locations based on the gene ontologies. ER (E), Golgi (G), vesicle (V) or plasma membrane (P).
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of full-length NF-YA mRNA was observed (Fig. 2e). However,
not many downregulated genes were obtained (o50 genes
showing FC less than ! 1.2, Po0.05), possibly due to progressive
neurodegeneration and high gliosis induction, which makes it
difficult to identify altered gene expression in intact neurons.
Indeed, expressions of Grp94 and Grp78 were observed in acti-
vated microglia (Supplementary Fig. 7c). Thus, we used cultured

neuro2a cells in which both NF-YA and NF-YC were knocked
down (Supplementary Fig. 10a,b). Gene expression array revealed
reduced expression of some of the genes identified by ChIP–chip
in these cells (Supplementary Fig. 10c). After validation by
quantitative RT–PCR, the following genes were found to be sig-
nificantly reduced: Grp94, Kdelc1 Rab5b and Tpcn1, whereas
moderate reductions were found for Cnpy3, Sdf2l1, Hrd1, Yif1a
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and Dnajb5 (Fig. 6a, Supplementary Fig. 10d–f). Interestingly,
no reduced expression was observed for Grp78 and other
ER chaperones such as Calnexin and Erdj3, suggesting that
NF-Y dependency is different among these ER chaperons in
neuro2a cells.

We then focused on the differential regulation of Grp78 and
Grp94 expressions by NF-Y, and examined their in vivo
expressions by using the RNZ mice, which expressed LacZ by
cre-mediated gene recombination as described above. We found
preferential loss of Grp94 but not Grp78 in LacZ-positive cortical
cells of NF-YA deletion mice (Fig. 6b), which were gradually
increased during ageing (Fig. 6c). The preferential reduction of
Grp94 was further confirmed by AAV-mediated knockdown of
NF-YA and NF-YC in hippocampal CA1 neurons (Fig. 2f).
Quantitative analysis using plasmid DNAs showed no drastic
difference in the endogenous expression levels of Grp94 and
Grp78 mRNAs in mouse brain as well as neuro2a cells (Fig. 6d).
These data support the specific reduction of Grp94 but not Grp78
by NF-Y suppression in brain neurons despite their similar
expression in these tissues/cells. We further found specific
accumulations of Ub, p62, APP or Calnexin in the cells with

loss of Grp94 expression in NF-YA deletion mice, whereas KDEL
was present in these cells (Fig. 6e). Quantitative analysis showed a
gradual increase of Grp94-negative cells in which Ub and p62
exclusively accumulated (Fig. 6f). Thus, the loss of Grp94
expression induced by NF-Y suppression precedes accumulation
of Ub and other proteins.

Accumulation of misfolded proteins in ER is known to induce
UPR, a major adaptive response to ER stress by activating several
signalling cascades such as expressions of ER chaperons,
CHOP and XBP1 (refs 26–28). No induction of ER chaperons
by NF-Y suppression described above suggests the possibility that
UPR is not induced despite abnormal accumulations of insoluble
membrane proteins in ER of NF-YA deletion neurons. To confirm
this, we checked UPR-related gene expressions and found no
induction of CHOP/XBP1 expression or XBP1 splicing in NF-YA
deletion mouse brain (Fig. 7a,b). Similarly, these are not induced
in NF-YA/YC knockdown neuro2a cells (Fig. 7c,d). Finally,
NF-YA/YC knockdown did not modulate ER stress-induced
expressions of Grp78 and CHOP in neuro2a cells, whereas it
suppressed basal and induced expressions of Grp94 (Fig. 7e).
Taken together, these data suggest that NF-Y suppression does

FC

MA

ATTGG
CCAAT

PCR

Gene
Grp94

Grp78

BC030307

2 1

Conservation

FC 2

34626500 34627000 34627500 3462850034628000

2

0

0

4

2

2

0

0

4

2
0

0

5

4
2
0

0

5

4

MA

ATTGG
CCAAT

PCR

Gene

Conservation

12

(bp)

100
50

100
50

50
100

2

1

0

1

0

YA-2-3

YC-6-3

YA-sc

R
at

io
 to

 c
on

tr
ol

R
at

io
 to

 in
pu

t

10

8

6

2

4

0 1

10
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

1,
00

0

20
0

2

2 4 6 8 10 12

Input

1/
30

1/
30

0
1/

30
00

T
E

U
S

F
1-

sc
U

S
F

1-
C

-2
R

b 
Ig

G
YA

-s
c

Y
C

-6
-3

YA
-2

-3

Dnajb1

Hspa1a

FMR1

Rank

Fr
eq

ue
nc

y

3,
00

0
2,

00
0

–1
,0

00

1,
00

0

–2
,0

00
–3

,0
00

–4
,0

00
–5

,0
00

–6
,0

00 0

200

150

100

50

0

YA-2-3
YC-6-3
YA-sc
RbIgG
USF1-C-2
USF1-sc

1 2 21
Grp94 Grp78

0

0.1

0.2

0.3

Position from TSS

YA-2-3

YC-6-3

85
65

10140
29

46

121

YA-sc

86168000 86168400 86168800 8616920086167600

Figure 5 | Searching NF-Y-binding promoters in mouse brain cortex by ChIP–chip. Cortical lysates from 8-week-old wild-type mice were subjected
to ChIP using anti-NF-YA (2-3 or SantaCruz (sc)), anti-NF-YC (6-3), anti-USF1 (C-2 or sc) or control rabbit IgG. The NF-Y and rabbit IgG ChIP
samples were subjected to mouse promoter array analysis and NF-Y ChIP–chip regions were obtained. (a) ChIP–PCR for known target gene promoters.
Full-size gels can be found in Supplementary Fig. 14. (b) Prediction of NF-Y-binding motif by analysing YA-2-3 ChIP–chip regions. (c) The NF-Y ChIP–chip
regions were ranked based on the fold changes, and the frequencies of the NF-Y-binding motif shown in (b) in each 100 regions were analysed. Ratios
to matched control genomic regions were plotted. (d) The ChIP–chip regions were gene-annotated and overlapping of top 300 genes was examined
among the samples indicated. (e) Top 400 gene promoter regions identified in at least two NF-Y ChIP–chip data sets were picked up, and distances of
each ChIP–chip region from a 50 TSS was analysed. (f,g) The YA-2-3 ChIP–chip regions found in the promoters of Grp94 (f) and Grp78 (g). Fold changes
(FC) and moving averages (MA) of neighbouring±five-FCs are shown. Positions of potential NF-Y-binding sites, CCAAT and ATTGG, as well as gene
location and conservation are also described. (h) Quantitative ChIP–PCR using two primer sets targeting indicated regions described in (f) and (g).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4354

8 NATURE COMMUNICATIONS | 5:3354 | DOI: 10.1038/ncomms4354 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.
258

http://www.nature.com/naturecommunications


not induce or modulate UPR in neuronal cells but specifically
affects Grp94 expression through direct regulation.

Grp94 knockdown affects ER protein location in neuro2a cell.
The specific reduction of Grp94 without inducing UPR led us to
hypothesize that NF-Y regulates ER organization through uni-
dentified molecular mechanism. To examine this idea, we
checked the effects of Grp94 knockdown on ER. We first con-
firmed specific downregulation of Grp94 by expressing our
knockdown constructs, Grp94-1 and -5 (Fig. 8e, Supplementary
Fig. 11). Interestingly, Grp94 knockdown induced abnormal
accumulation of ER luminal markers KDEL and PDI to the
perinucler region in neuro2a cells (Fig. 8a,b). Significant local
accumulations of these proteins were confirmed by quantitative
analysis (Fig. 8c). In addition, the ER membrane protein Derlin1
also showed perinucler accumulation (Fig. 8d). In contrast, Grp78

knockdown (Grp78-2 and -10) did not change the localizations of
KDEL or PDI, although it slightly reduced KDEL staining
(Fig. 8a,c,e). Western blot analysis revealed no increase of KDEL
or PDI by Grp94 knockdown (Fig. 8e), suggesting that the effect
is not simply due to their induced expression. Importantly, Grp94
knockdown did not induce expression of CHOP or XBP1, which
makes a clear contrast to the effect of Grp78 knockdown (Fig. 8e).
Taken together, these data suggest that Grp94 knockdown
induces abnormal local accumulation of ER without inducing
UPR in neuro2a cells. No involvement of typical UPR pathways
was confirmed by knocking down of ER stress-sensor proteins,
that is, siRNA-mediated knockdown of Atf6, Perk or Ire1, which
partly suppressed ER stress-induced UPR (Supplementary
Fig. 12), did not affect the local accumulation of KDEL and
PDI induced by Grp94 knockdown (Fig. 8f,g). Using the neuro2a
cellular system, we also found that knockdown of some of the
other NF-Y target genes such as Hrd1 slightly induced local
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first picked up and then categorized into three groups based on the staining of Grp94 or Grp78; no signal (! ), background level (±) or similar to
control level (þ ). Ratios to total LacZ-positive cells are shown (n means number of analysed cells). (d) Comparison of endogenous Grp78 mRNA
levels with those of Grp94 in mouse brain (8-week-old flox/þ female cortex (Cor) and hippocampus (Hpc)) and neuro2a cells by quantitative
RT–PCR using plasmid DNAs containing their cDNAs as standards. Values are means±s.d. of three experiments. (e,f) Coronal sections of NF-YA flox/! ;
cre mice were stained with Grp94 (green) together with antibody for Ub, p62, APP, Calnexin or KDEL (red). Nuclei were stained with TOTO-3.
(e) Confocal images for cortical region of 8-week-old mice co-stained with antibodies as indicated. Grp94-negative cells are indicated by arrowheads.
(f) Cells in cortical region were first categorized into two groups; cells positive (þ ) or negative (! ) for Grp94, and then, staining of Ub in each
group of cells was analyzed (n means number of analysed cells). Scale bars are 20mm (b) and 10mm (e).
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KDEL/PDI accumulation without significant induction of UPR
(Supplementary Fig. S13). Taken together, these data suggest that
NF-Y may modulate ER organization through differential reg-
ulation of ER-related genes including Grp94 in neuronal cells.

Discussion
Using gene deletion or knockdown strategies, we here showed
that suppression of NF-Y in brain differentiated neurons resulted
in progressive neurodegeneration accompanying insolubilization
of Ub and p62 and their accumulation on ER. It also induced
accumulation of insoluble integral membrane proteins on ER and
drastic increase in SER in degenerating neurons. We further
identified several NF-Y target genes including Grp94 by ChIP–
chip, and found that knockdown of some of them induced
abnormal perinuclear accumulation of ER markers in neuro2a
cells. These data indicate that NF-Y is involved in the regulation
of ER organization in neuronal cells and its disruption results in
cell loss with atypical neurodegenerative features including Ub/
p62 accumulation on ER and abnormal SER increase.

Ub, an essential mediator of protein degradation through
proteasomes, is known to be accumulated in inclusions contain-
ing fibrillar protein aggregates in various neurodegenerative
diseases20. p62, a key regulator for selective degradation of
ubiquitinated proteins through autophagy, is also often found in
the inclusions21. Although Ub and p62 were insolubilized in NF-
YA deletion mice brains, they were broadly located on the ER

(Figs 3 and 4). In addition, western blot and mass spectrometry
analyses indicated no insolubilization of known aggregation-
prone proteins in these mice brains (Supplementary Fig. 6,
Supplementary Table 2). Furthermore, EM and immuno-EM
analyses revealed no obvious filamentous structures around the
ER in degenerating neurons (Fig. 4). These data suggest that Ub
and p62 are not contained in the inclusion with fibrillar protein
aggregates, but entirely localized to ER together with insolubilized
membrane proteins. Thus, the Ub/p62 pathology observed here is
very specific to the NF-YA deletion neurons and different from
the general pathologies observed in many neurodegenerative
diseases.

Although target proteins of Ub and p62 for degradation have
not been identified in this study, co-accumulation of integral
membrane proteins implies that some of them are the potential
substrates. Thus, one simple explanation of Ub/p62 accumula-
tions would be overload of insoluble membrane proteins, which
affects their efficient degradation through the proteasome
and autophagy systems. Alternatively, potential cytoplasmic
compartmentalization induced by increased SER could lead to
local deficiency in cytoplasmic components involved in these
degradation systems. Indeed, we found that accumulated p62
was phosphorylated at its S403 residue and colocalized with
LC3 (Supplementary Fig. 3a,b), a potential intermediates of
p62-mediated autophagy29. In addition, western blot analysis
showed the accumulation of LC3-II in addition to phosphorylated
p62 (Supplementary Fig. 5a,b). These data imply impairment of
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autophagy flux in NF-YA deletion neurons. As p62 accumulation
was specifically observed around the abnormal ER (Figs 3e
and 4h), whereas distinct accumulation of autophagosomes was
not observed by our EM analysis, it is possible that ER-specific
autophagy such as reticulophagy is impaired at the very early
stage of the flux. In addition, a subtle reduction of proteasome
activity was observed in cortical lysates of NF-YA deletion
mice (Supplementary Fig. 3c,d). Although further analysis is
necessary for full understanding of atypical accumulation of
Ub and p62, perturbation of the degradation systems around
ER could be involved in some aspects of neurodegeneration in
NF-YA deletion mice.

Despite the abnormal accumulations of insoluble proteins on
ER, the degeneration did not accompany an ER stress response
(UPR) (Fig. 7), but a drastic increase in SER (Fig. 4) in NF-YA

deletion mice brains. Although the mechanism of SER increase
without UPR remains obscure, several in vitro studies have shown
that ectopic expression of a single ER-resident membrane protein,
such as cytochrome b(5) and calnexin, induces SER prolifera-
tion30–34. In addition, this phenomenon does not involve typical
UPR nor requires the ER stress sensors, and thus is suggested to
be another adaptive response of ER for overload of membrane
proteins31,35,36. As insolubilization was so far selective for
membrane proteins in NF-YA deletion mice brains (Fig. 3), it is
possible that this selective insolubilization may mediate the SER
proliferation without causing UPR in NF-YA deletion neurons.
Notably, the accumulation in ER and associated SER proliferation
is also observed in cultured cells by ectopic expression of mutant
VAMP-associated protein B (VAPB), a causative protein of
amyotrophic lateral sclerosis-8 (refs 37,38). Thus, it would be
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worthwhile to analyse human patient tissue with the disease
mutation, which may lead to establish a novel, ER stress-
independent human neuropathology as observed in our
mutant mice.

So, how does NF-Y suppression mediate ER disorganization?
We here found that NF-Y suppression selectively downregulated
Grp94 but not Grp78 in vitro and in vivo (Fig. 6). In addition,
knockdown of Grp94 but not Grp78 induced distinct perinuclear
accumulation of several ER markers in neuro2a cells indepen-
dently of ER stress sensors (Fig. 8). Finally, Grp94 knockdown did
not involve UPR, whereas Grp78 knockdown induced it (Fig. 8).
These observations suggest that selective downregulation of
Grp94 seems to be a key event of ER disorganization without
inducing UPR. The differential regulation of Grp94 and Grp78 by
NF-Y may not be due to the difference in the basal expression
level because their expression level is relatively similar in mouse
brain and neuro2a cells (Fig. 6d). In contrast to the cells analysed
here, NF-Y suppression is shown to induce Grp78 down-
regulation in some cultured cell lines25,39, and NF-YA deletion
in mouse hepatocytes is reported to induce Grp78 expression and
UPR followed by cell degeneration40. Thus, the molecular basis of
dysregulation of ER chaperones and ER pathologies by NF-Y
suppression is different among cell types, and neuron-specific
dysregulation would be the cause of unique degenerative features
observed in NF-YA deletion mice.

Although the mechanism of ER mislocalization by Grp94
knockdown is unclear, no effect by Grp78 knockdown supports
the idea that it may not be due to global impairment of protein
folding in ER, rather due to the suppression of Grp94-specific
function. This could include folding of Grp94-specific client
proteins, whose disruption results in their misfolding and
accumulation in ER, leading to ER morphological alteration.
Alternatively, Grp94 itself could have a direct role in ER
organization. Despite the local accumulation of ER luminal and
membrane proteins, their protein levels were not increased by
Grp94 knockdown in neuro2a cells (Fig. 8), implying that Grp94
knockdown just alters ER location/organization but does not
induce drastic ER disorganization such as ER proliferation/
expansion as observed in NF-YA deletion mice neurons. Notably,
we found that AAV-mediated knockdown of Grp94 in mouse
brain did not induce obvious neuronal loss or Ub accumulation
(Supplementary Fig. 11a). These data support the notion of
insufficiency of only Grp94 downregulation for neurodegenera-
tion and suggest requirement of co-suppression of other NF-Y
targets to reproduce the pathologies caused by NF-Y inactivation
in vivo. We also noticed that Grp78 was significantly increased in
Grp94 knockdown cells (Supplementary Fig. 11b–d), implying
potential compensation of the loss of Grp94 by increased Grp78
in the presence of NF-Y in brain neurons. Further analysis
is necessary for full understanding of the pathomechanism of
neurodegeneration induced by NF-Y inactivation.

Previously, we found that NF-YA is incorporated into nuclear
inclusion in HD model mice brains, leading to suppression of
NF-Y mediated gene expression13. Although atypical Ub/p62
accumulation as observed in NF-YA deletion mice is not observed
in HD, ER abnormalities such as ER cisternal extension and
ribosomal depletion are observed in HD patient brain neurons41.
In addition, nuclear indentation is reported in brain neurons of
HD model mice42. Thus, some of the mechanisms identified here
might also be involved in some aspects of HD pathogenesis.

In summary, we found that NF-Y suppression in differentiated
mouse brain neurons induced novel neuropathology with
distinctive Ub/p62 accumulation, which was completely different
from the pathology induced by ER stress. We propose that NF-Y
modulates ER organization possibly through neuron-specific
mechanism involving selective regulation of ER chaperones.

Further analysis may provide novel aspects of neuropathology
involving Ub/p62 accumulation.

Methods
Mice. The mouse experiments were approved by the animal experiment
committee at RIKEN Brain Science Institute. Mice were maintained and bred in
accordance with RIKEN guidelines. NF-YA flox mice (Fig. 1a)2 were maintained on
a C57BL6 (B6) background by mating with female B6 mice. The camk2a-cre
transgenic mice harbouring a transgene containing cre recombinase under the
camk2a promoter16 were obtained from the Jackson Laboratory (Bar Harbor, ME).
CAG-cre transgenic mice43 and RNZ (ROSA26-loxP-STOP-loxP-nlsLacZ) mice18

were generously provided by Dr Miyazaki (Osaka University) and Dr Itohara
(RIKEN BSI), respectively. All mice were maintained on a B6 background. The
cre;RNZ mice were generated by crossing camk2a-cre mice with RNZ mice. For
generation of RNZ mice harbouring NF-YA flox/! ; cre, NF-YA þ /! cre; RNZ
mice were first generated and crossed with NF-YA flox/flox mice. The NF-YA
heterozygous mice (þ /! ) were generated by crossing NF-YA flox/þ mice with
CAG-cre transgenic mice. The sequences of primers used for genotyping are
described in Supplementary Table 3. We mainly used male mice for most of the
analyses except of indication of usage of female mice for analysis. Age of the mice
used for analyses are described in the figures or figure legends.

Generation of NF-YA conditional deletion mice. We first tried the usual strategy
to generate neuron-specific NF-YA conditional deletion mice by crossing NF-YA
flox/þ ; cre mice with NF-YA flox/flox mice (Supplementary Table 4). However,
mice harbouring NF-YA flox/flox; cre were hardly obtained, probably due to a
strong linkage between NF-YA wild-type (þ ) locus and cre locus and thus very low
frequency of homologous recombination between these loci. Accidentally, we did
obtain one mouse harbouring NF-YA flox/þ ; cre showing strong linkage between
NF-YA flox locus and cre locus, that is, when crossed with flox/flox mouse, most of
the resultant pups harboured flox/þ or flox/flox; cre (Supplementary Table 5).
Unexpectedly, some flox/! ; cre mice were also obtained possibly because of
instability of one of NF-YA flox alleles in the presence of camk2a-cre transgene in
germ line. We also obtained an NF-YA þ /! ; cre mouse in which the deleted allele
(! ) and cre loci were strongly linked. As expected, when crossed with flox/flox
mice, most pups harboured flox/! ; cre or flox/þ at a nearly 1:1 ratio
(Supplementary Table 6).

Antibodies. Polyclonal antibodies for NF-YA (YA-2-3, 1:500 dilution), NF-YC
(YC6-3, 1:200), TLS (TLS-M, 1:1,000) and a-synuclein (S1, 1:500) were generated
in rabbit13,44,45, and a monoclonal antibody for phospho-S403 of p62 (4F6, 1:500)
was generated in rat29. Antibody for USF1 (C-2, 1:300) was generated in rabbit
against the C-terminal 15 a.a. of mouse USF1 and purified by antigen peptide
conjugated to SulfoLink Coupling Gel (PIERCE). Antibodies for CPE (610758,
1:1,000), GM130 (610822, 1:500), Grp78 (610978, 1:2,000), Rab3 (610379, 1:500),
Tau (T57120, 1:500) and Rab11 (R56320, 1:500) were from BD (Transduction);
GFAP (Z0334, 1:2,000) and Ub (Z0458, 1:500) from DAKO; CHOP (ALX-804-551,
1:2,000), Calnexin (SPA-860, 1:500), Grp94 (SPA-850, 1:2,000), PDI (SPA-891,
1:2,000) and ubiquitin (FK2, BML-PW8810, 1:1,000) from Enzo; GFP (598,
1:1,000), KDEL (PM059, 1:2,000), p62 (PM045, 1:1,000) and LC3 (PM045, 1:500)
from MBL; APP (MAB348, 1:1,000), Calnexin (AB1769, 1:500), NeuN (MAB377,
1:200) and Ub (MAB1510, 1:20,000) from MILLIPORE (Chemicon), HSP 60
(K-19) (sc-1722, 1:500), NF-YA (sc-10779, 1:100), USF1 (sc-229, 1:200), Enolase
(sc-7455, 1:500), Rab6 (sc-310, 1:500) and XBP1 (sc-7160, 1:300) from Santa Cruz;
b-actin (A5441, 1:1,000) from Sigma-Aldrich. The following antibodies were also
used: Calreticulin (2891, Cell Signalling, 1:200), p62 (GP62-C, PROGEN, 1:2,000),
TDP-43 (10782-2-AP, Proteintech, 1:1,000), GFP (1814460, Roche, 1:1,000), LacZ
(200-4136, Rockland, 1:1,000), ARF (MA3-060, ABR, 1:500) and Iba1 (019-19741,
WAKO, 1:500).

Plasmids. miRNA expression vectors for NF-YA (YA-8), NF-YC (YC-1, YC-2),
Grp94 (Grp94-1, -5), Grp78 (Grp78-2, -10), other NF-Y target genes (Calnexin,
Cnpy3, Dnajb5, Hrd1, Kdelc1, Rab5b, Sdf2l1, Sec61g, Tpcn1, Usp5 and Yif1a) and
control non-targeting miRNA (NT-2) were generated using the pcDNA6.2-GW/
EmGFP-miR vector (Invitrogen). In this system, miRNA expression could be
monitored by EmGFP expression. The oligonucleotide sequences used for con-
struction are listed in Supplementary Table 7. Tandem miRNAs expression vector
containing two miRNAs (YA-8/YC-2 or Grp94-1/-5) were generated by insertion
of one of miRNA into another according to the manufacturer’s protocol. Mouse
cDNAs for Grp94 and Grp78 were kindly provided as FANTOM46 and subcloned
into pcDNA3.1 vector, which were used to compare the respective endogenous
levels of these two genes by quantitative PCR.

Histological analysis. Mice were perfused with 4% paraformaldehyde (PFA)/
phosphate-buffered saline (PBS). Isolated brains were further fixed overnight with
4% PFA/PBS, cryoprotected with 20% sucrose/PBS, frozen in tissue mount and
processed for cryosectioning (10 mm). Hematoxylin staining was performed using
Mayer’s Hematoxylin. For immunohistochemistry and immunofluorescence
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analysis47, cryosections were autoclaved in 10 mM citrate buffer (pH 6.0) at 120 !C
for 5 min, treated with 0.01% H2O2/methanol at room temperature for 30 min and
blocked with 5% skim milk/TBST (20 mM Tris–HCl, pH 8.0, 150 mM NaCl, 0.05%
Tween20) for 1 h. The sections were then incubated with a primary antibody
diluted with TBST containing 0.1% bovine serum albumin (BSA) for overnight at
4 !C. For immunohistochemistry, they were then incubated with a secondary
antibody conjugated with horseradish peroxidase (Vector), and then with ABC
regent (Vector), followed by detection with diaminobenzidine (DAB). For
immunofluorescence, the sections were incubated with a secondary antibody
conjugated with Alexa Fluor dyes (Molecular Probes). Images were obtained
on a CCD camera-equipped Olympus microscope (AX80), Keyence microscope
(BZ-9000) or Leica confocal system (TCS SP2).

RT–PCR and gene expression microarray. For brain tissues, total RNA was
prepared using Trizol (Invitrogen) and RNeasy kit (Qiagen) according to the
manufacturers’ protocols. For neuro2a cells, total RNA was directly prepared using
RNeasy kit. These RNAs were subjected reverse transcription using ThermoScript
RT–PCR Systems (Invitrogen) to synthesize cDNA according the manufacturer’s
protocol. Primers and TaqMan probes for quantitative PCR listed in
Supplementary Table 8 were designed based on Primer Express software
(Applied Biosystems). Quantitative PCR was performed by TaqMan or SYBR green
according to the manufacturer’s protocol (Applied Biosystems or Roche). All values
obtained were normalized with respect to levels of GAPDH mRNA. XBP1 splicing
was detected by PCR amplification of its splicing site from cDNAs using the
following primers, 50-AAACAGAGTAGCAGCGCAGACTGC-30 and
50-TCCTTCTGGGTAGACCTCTGGGAG-30 (ref. 48). Full-size images of gel
electrophoresis are presented in Supplementary Fig. 14. For gene expression
microarray, labelled cDNA probes were prepared from total RNA by Ambion
WT Expression Kit and Affymetrix WT Terminal Labeling Kit according to the
manufacturer’s protocol. The probes were hybridized to Affymetrix Mouse Gene
ST array and the obtained data were analysed using Agilent GeneSpring GX 10
software.

Stereotaxic injection of AAV vectors for miRNAs. The AAV vectors expressing
EmGFP with tandem miRNA (YA-8/YC-2 or Grp94-1/5) or control miRNA
(NT-2) under CAG promoter were prepared by GeneDetect. To inject AAV into
brain hippocampus, 6-week-old wild-type male B6 mice were first anaesthetized by
peritoneal injection of pentobarbital and placed in a stereotaxic apparatus. A total
of 3$ 109 genomic particles of AAVs were injected through burr holes in the skull.
Injection was placed at 2.5 mm posterior to the bregma, 2 mm lateral to the sagittal
suture and 1–1.5 mm below the skull surface.

Brain fractionation and western blot. Isolated brain cortexes were suspended
in RIPA buffer containing 20 mM Hepes at pH 7.2, 150 mM NaCl, 1 mM EDTA,
1$ Complete, 1% triton X-100, 0.5% deoxycholate and 0.1% SDS with teflon
homogenizer on ice. After sonication and quantification of protein concentration,
150ml homogenates containing 1 mg protein were subjected to ultracentrifugation
at 50,000 r.p.m. for 30 min at 4 !C with TLA-55 rotor (Beckman). The supernatants
(S1) were removed and pellets were briefly sonicated in 150 ml of 1% sarcosyl in
RIPA buffer and centrifuged as above. After removal of the supernatants (S2), the
pellets were further solubilized with 4% sarcosyl in RIPA buffer (S3) as above.
Remaining pellets (P) were then solubilized with 100 ml of formic acid at 37 !C for
1 h and dried by vacuum centrifugation. After boiling in SDS sample buffer, these
fractions (S1–S3 and P) were subjected to SDS-PAGE and blotted on PVDF
membrane. After blocking with 5% skim milk/TBST, the membrane was incubated
with a primary antibody diluted in TBST containing 5% goat serum and then with
a secondary antibody conjugated with horseradish peroxydase in same buffer49.
Chemiluminescent signals were obtained and quantified using ImageQuant
LAS-4000 (GE). Full-size images of western blot are presented in Supplementary
Fig. 15.

Mass spectrometry. For identification of insoluble proteins, the 4% sarcosyl-
insoluble (P) fractions from 14-week-old NF-YA flox/! ; cre and flox/þ female
mice cortexes were separated by SDS-PAGE, stained briefly with SymplyBlue
SafeStain (Invitrogen), and cut into 10 pieces (Supplementary Fig. 6b). The gels
were then treated with 10 mM dithiothreitol/100 mM NH4HCO3 at 50 !C for
15 min, and with 10 mM iodoacetamide/100 mM NH4HCO3 at room temperature
for 15 min, followed by incubation with 10 mg ml! 1 trypsin at 37 !C for overnight.
After extraction with 1% trifluoroacetic acid/50% CH3CN, obtained peptides were
first separated by a Paradigm MS2 HPLC system (Michrom BioResources), ionized
with a Nanoflow-LC ESI, and then analysed using an LTQ linear ion trap mass
spectrometer (Thermo Fisher Scientific) to obtain MS/MS spectrum data of the
peptides. Based on this peptide information, proteins were identified using Mascot
software (Matrix Science).

Proteasome activity assay. Isolated brain cortexes were suspended in lysis buffer
containing 50 mM Tris–HCl at pH 7.5, 250 mM sucrose, 25 mM KCl, 10 mM NaCl,
1 mM MgCl2, 1 mM ATP and 10% glycerol with teflon homogenizer on ice.

After sonication and centrifugation at 20,000 g for 30 min at 4 !C, protein con-
centration was measured by Bradford method. The lysates containing 25 mg protein
were mixed with 100 mM Suc-LLVY-AMC (Enzo) in assay buffer containing
50 mM Tris–HCl at pH 7.5, 25 mM KCl, 10 mM NaCl, 1 mM MgCl2 and 1 mM
ATP, and chymotryptic-like activity was examined by measuring free AMC
fluorescence using a Perkinelmer EnVision plate reader.

EM and immuno-EM. For conventional EM, mice were perfused with 0.1 M
phosphate buffer (PB) (pH 7.4) containing 2% PFA and 2.5% glutaraldehyde.
Brains were sectioned at 500 mm, osmicated with 1% OsO4 in phosphate buffer,
dehydrated through a gradient series of ethanol and then embedded in epoxy resin
(Epon 812, TAAB). Ultrathin sections (80 nm thick) were made with an ultra-
microtome (Ultracut UCT or UC6, Leica) and collected on 200-mesh uncoated
copper grids. After counterstaining with uranyl acetate and lead citrate, the sections
were examined with FEI Tecnai 12 or Hitachi HT7700 electron microscopy.
For immuno-EM using ultrathin cryosections50,51, mice were perfused with 4%
PFA/PBS and isolated brains were immersed in the same buffer for 3 h. The
hippocampal CA1 region was cut into small pieces, washed thoroughly with 7.5%
sucrose/PB, embedded in 12% gelatin and rotated in 2.3 M sucrose/PB overnight at
4 !C. Ultrathin cryosections B60 nm thick were prepared with Leica UC7/FC7.
The sections were rinsed with PBS containing 0.02 M glycine, treated with 1% BSA
in PBS and incubated overnight at 4̊C with rabbit anti-p62 (PM045) (1:10) and
mouse anti-ubiquitin (FK2) (1:10). The sections were then incubated with anti-
rabbit and anti-mouse IgG conjugated with 10 nm and 5 nm colloidal gold particles
(1:40) (British Biocell International), respectively, for 1 h at room temperature, and
examined with a Hitachi H-7100 electron microscope.

Chromatin immunoprecipitation. Frozen isolated brain cortexes were broken into
small pieces using mortar and pestle and fixed with 10 v/w of 1% formalin/PBS at
37 !C for 10 min to crosslink the transcription factor (TF)-–DNA complex. After
adding 0.1 v/v of 1 M glycine/PBS and brief centrifugation, the pellets were
homogenized in 5 v/w of SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris, pH
8.0, 1$ Complete) with teflon homogenizer for 30 strokes. The homogenates were
sonicated for 20 s 5 times and centrifuged at 20,000 g for 10 min. The supernatants
were diluted 10-fold with ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100,
1.2 mM EDTA, 16.7 mM Tris–HCl, pH 8.0, 167 mM NaCl, 1$ Complete) and
1 ml aliquots (Inputs) were stored at ! 80 !C. ChIP was performed using the
inputs according the ChIP Assay Kit protocol (Millipore). Note that salmon sperm
DNA was excluded in case of ChIP–chip because it increases non-specific signals in
the array. The ChIP samples were analysed by PCR or real-time PCR using primers
listed in Supplementary Table 9. Full-size data of gel electrophoresis are presented
in Supplementary Fig. 14.

ChIP–chip. For promoter array analysis (ChIP–chip), the ChIP DNAs were linear-
amplified with sequenase, amplified with rTaq polymerase and then labelled with
biotin according to the Affymetrix ChIP Assay Protocol. The labelled DNAs were
hybridized to a Affymetrix GeneChip Mouse Promoter 1.0R Array, a single array
comprising 44.6 million probes tiled to over 28,000 mouse promoter regions
where approximately ! 6 kb to þ 2.5 kb of 50 TSSs are covered. The obtained data
were analysed using CisGenome software23 to identify TF binding regions with
significant fold changes by comparison of each of ChIP–chip data with that of
control IgG. By using the software, we also annotated TF binding regions with their
neighbour genes (±10,000 bp from TSSs). As only one gene could be identified by
this procedure, we rechecked TF-binding regions manually to search for other
genes located adjacent to the ones identified in the top 400 annotated regions
detected by ChIP. We further identified the TF-binding consensus sequence and
analysed its enrichments or positions from TSSs using this software.

Cell culture and transfection. Neuro2a mouse neuroblastome cells, a gift from
Dr Iwatsubo (Tokyo University)52, were maintained in DMEM supplemented with
10% FBS and penicillin–streptomycin in an atmosphere containing 5% CO2.
Transfection was performed by Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol. To establish a neuro2a cell line stably expressing
Derlin1-RFP, neuro2a cells were transfected with pmRFP-N1 vector containing
mouse Derlin1 by Lipofectamine 2000 and incubated with culture media
containing 300 mg ml! 1 G418. For knockdown of ER stress-sensor proteins,
siRNAs (ON-TARGETplus SMARTpool) for Atf6, Perk and Ire1 were purchased
from Dharmacon, and introduced into cells using RNAiMAX (Invitrogen)
according to the manufacturer’s protocol. For immunofluorescence analysis53, cells
were fixed with 4% PFA/PBS, permeabilized with 0.1% triton X-100/TBST and
blocked with 5% goat serum/TBST. The cells were then incubated with primary
antibody diluted with 0.1% BSA/TBST and then with secondary antibody
conjugated with Alexa Fluor dyes. Images were obtained by Leica confocal system
(TCS SP2).

Cell image analysis. For quantitative analysis of fluorescence of neuro2a cells
seeded on culture plate, we used the ArrayScan VTI HCS Reader (Cellomics,
Thermo Fisher Scientific). Protocols were designed according to the instruction
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manual. Cell images were not obtained randomly, but those in same area of each
well were automatically obtained using equipped fluorescence microscopy to
equate the analyses among the wells. Then, intensities of KDEL or PDI regions in
GFP-positive transfected cells were analysed. For quantitative analysis of fluores-
cence of mouse brain cortex, at least four fields containing almost same cortical
area among different samples were obtained and analysed manually. For analysis of
LacZ-positive cells in CA1 region, a field of each hemisphere was obtained and
CA1 cell number in 100 mm in width was counted manually.

GO analysis. GO term enrichment analysis was performed by GO:TermFinder
software22 on the AmiGO website (http://amigo.geneontology.org/cgi-bin/amigo/
go.cgi). Statistical significance was calculated by this software and Po0.05 was
considered significant.

Statistical analysis. Sample sizes were chosen on the basis of pilot experiments
and previous experience with similar types of experiments. For comparison
between two sample groups, data were first analysed by F-test. For Po0.05, the
data were analysed by unpaired Student’s t-test (two-tailed); otherwise, data were
analysed by Welch’s t-test (two-tailed). For survival rate we plotted the survival
distribution curve with the Kaplan–Meier method followed by log-rank testing
(JMP Statistical Discovery software). We considered the difference between com-
parisons to be significant when P o0.05 for all statistical analyses. No data points
were excluded in the analysis. All of the experiments were successfully repeated at
least two times.

References
1. Maity, S. N. & de Crombrugghe, B. Role of the CCAAT-binding protein

CBF/NF-Y in transcription. Trends Biochem. Sci. 23, 174–178 (1998).
2. Bhattacharya, A. et al. The B subunit of the CCAAT box binding transcription

factor complex (CBF/NF-Y) is essential for early mouse development and cell
proliferation. Cancer Res. 63, 8167–8172 (2003).

3. Benatti, P. et al. Specific inhibition of NF-Y subunits triggers different cell
proliferation defects. Nucleic Acids Res. 39, 5356–5368 (2011).

4. Di Agostino, S. et al. Gain of function of mutant p53: the mutant p53/NF-Y
protein complex reveals an aberrant transcriptional mechanism of cell cycle
regulation. Cancer Cell 10, 191–202 (2006).

5. Imbriano, C., Gnesutta, N. & Mantovani, R. The NF-Y/p53 liaison: Well
beyond repression. Biochim. Biophys. Acta 1825, 131–139 (2012).

6. Farina, A. et al. Down-regulation of cyclin B1 gene transcription in terminally
differentiated skeletal muscle cells is associated with loss of functional
CCAAT-binding NF-Y complex. Oncogene 18, 2818–2827 (1999).

7. Gurtner, A. et al. NF-Y dependent epigenetic modifications discriminate
between proliferating and postmitotic tissue. PLoS One 3, e2047 (2008).

8. Gurtner, A. et al. Requirement for down-regulation of the CCAAT-binding
activity of the NF-Y transcription factor during skeletal muscle differentiation.
Mol. Biol. Cell 14, 2706–2715 (2003).

9. Zhu, J., Giannola, D. M., Zhang, Y., Rivera, A. J. & Emerson, S. G. NF-Y
cooperates with USF1/2 to induce the hematopoietic expression of HOXB4.
Blood 102, 2420–2427 (2003).

10. Zhu, J., Zhang, Y., Joe, G. J., Pompetti, R. & Emerson, S. G. NF-Ya activates
multiple hematopoietic stem cell (HSC) regulatory genes and promotes HSC
self-renewal. Proc. Natl Acad. Sci. USA 102, 11728–11733 (2005).

11. Bungartz, G., Land, H., Scadden, D. T. & Emerson, S. G. NF-Y is necessary for
hematopoietic stem cell proliferation and survival. Blood 119, 1380–1389
(2012).

12. Grskovic, M., Chaivorapol, C., Gaspar-Maia, A., Li, H. & Ramalho-Santos, M.
Systematic identification of cis-regulatory sequences active in mouse and
human embryonic stem cells. PLoS Genet. 3, e145 (2007).

13. Yamanaka, T. et al. Mutant Huntingtin reduces HSP70 expression through the
sequestration of NF-Y transcription factor. EMBO J. 27, 827–839 (2008).

14. Huang, S., Ling, J. J., Yang, S., Li, X. J. & Li, S. Neuronal expression of TATA
box-binding protein containing expanded polyglutamine in knock-in mice
reduces chaperone protein response by impairing the function of nuclear
factor-Y transcription factor. Brain 134, 1943–1958 (2011).

15. Katsuno, M. et al. Disrupted transforming growth factor-beta signaling in
spinal and bulbar muscular atrophy. J. Neurosci. 30, 5702–5712 (2010).

16. Tsien, J. Z. et al. Subregion- and cell type-restricted gene knockout in mouse
brain. Cell 87, 1317–1326 (1996).

17. Soriano, P. Generalized lacZ expression with the ROSA26 Cre reporter strain.
Nat. Genet. 21, 70–71 (1999).

18. Kobayashi, Y. et al. Genetic dissection of medial habenula-interpeduncular
nucleus pathway function in mice. Front. Behav. Neurosci. 7, 17 (2013).

19. Yamanaka, T. et al. Loss of aPKClambda in differentiated neurons disrupts the
polarity complex but does not induce obvious neuronal loss or disorientation in
mouse brains. PLoS One 8, e84036 (2013).

20. Gao, X. & Hu, H. Quality control of the proteins associated with
neurodegenerative diseases. Acta Biochim. Biophys. Sin. (Shanghai) 40,
612–618 (2008).

21. Zatloukal, K. et al. p62 Is a common component of cytoplasmic inclusions in
protein aggregation diseases. Am. J. Pathol. 160, 255–263 (2002).

22. Boyle, E. I. et al. GO::TermFinder—open source software for accessing
Gene Ontology information and finding significantly enriched Gene
Ontology terms associated with a list of genes. Bioinformatics 20, 3710–3715
(2004).

23. Ji, H. et al. An integrated software system for analyzing ChIP-chip and
ChIP-seq data. Nat. Biotechnol. 26, 1293–1300 (2008).

24. Donati, G., Imbriano, C. & Mantovani, R. Dynamic recruitment of
transcription factors and epigenetic changes on the ER stress response gene
promoters. Nucleic Acids Res. 34, 3116–3127 (2006).

25. Luo, R., Lu, J. F., Hu, Q. & Maity, S. N. CBF/NF-Y controls endoplasmic
reticulum stress induced transcription through recruitment of both ATF6(N)
and TBP. J. Cell Biochem. 104, 1708–1723 (2008).

26. Doyle, K. M. et al. Unfolded proteins and endoplasmic reticulum stress in
neurodegenerative disorders. J. Cell Mol. Med. 15, 2025–2039 (2011).

27. Hetz, C. The unfolded protein response: controlling cell fate decisions under
ER stress and beyond. Nat. Rev. Mol. Cell Biol. 13, 89–102 (2012).

28. Walter, P. & Ron, D. The unfolded protein response: from stress pathway to
homeostatic regulation. Science 334, 1081–1086 (2011).

29. Matsumoto, G., Wada, K., Okuno, M., Kurosawa, M. & Nukina, N. Serine 403
phosphorylation of p62/SQSTM1 regulates selective autophagic clearance of
ubiquitinated proteins. Mol. Cell 44, 279–289 (2011).

30. Borgese, N., Francolini, M. & Snapp, E. Endoplasmic reticulum architecture:
structures in flux. Curr. Opin. Cell Biol. 18, 358–364 (2006).

31. Federovitch, C. M., Ron, D. & Hampton, R. Y. The dynamic ER:
experimental approaches and current questions. Curr. Opin. Cell Biol. 17,
409–414 (2005).

32. Profant, D. A., Roberts, C. J., Koning, A. J. & Wright, R. L. The role of the
3-hydroxy 3-methylglutaryl coenzyme A reductase cytosolic domain in
karmellae biogenesis. Mol. Biol. Cell 10, 3409–3423 (1999).

33. Snapp, E. L. et al. Formation of stacked ER cisternae by low affinity protein
interactions. J. Cell Biol. 163, 257–269 (2003).

34. Korkhov, V. M. & Zuber, B. Direct observation of molecular arrays in the
organized smooth endoplasmic reticulum. BMC Cell Biol. 10, 59 (2009).

35. Maiuolo, J., Bulotta, S., Verderio, C., Benfante, R. & Borgese, N. Selective
activation of the transcription factor ATF6 mediates endoplasmic reticulum
proliferation triggered by a membrane protein. Proc. Natl Acad. Sci. USA 108,
7832–7837 (2011).

36. Varadarajan, S. et al. A novel cellular stress response characterised by a rapid
reorganisation of membranes of the endoplasmic reticulum. Cell Death Differ.
19, 1896–1907 (2012).

37. Papiani, G. et al. Restructured endoplasmic reticulum generated by mutant
amyotrophic lateral sclerosis-linked VAPB is cleared by the proteasome.
J. Cell Sci. 125, 3601–3611 (2012).

38. Teuling, E. et al. Motor neuron disease-associated mutant vesicle-associated
membrane protein-associated protein (VAP) B recruits wild-type VAPs into
endoplasmic reticulum-derived tubular aggregates. J. Neurosci. 27, 9801–9815
(2007).

39. Lee, L. C. et al. Role of the CCAAT-binding protein NFY in SCA17
pathogenesis. PLoS One 7, e35302 (2012).

40. Luo, R., Klumpp, S. A., Finegold, M. J. & Maity, S. N. Inactivation of CBF/NF-Y
in postnatal liver causes hepatocellular degeneration, lipid deposition, and
endoplasmic reticulum stress. Sci. Rep. 1, 136 (2011).

41. Roizin, L., Stellar, S. & Liu, J. C. Neuronal nuclear-cytoplasmic change in
Huntington’s chorea: electron microscope investigation. Adv. Neurol. 23,
95–122 (1979).

42. Davies, S. W. et al. Formation of neuronal intranuclear inclusions underlies
the neurological dysfunction in mice transgenic for the HD mutation. Cell
90, 537–548 (1997).

43. Sakai, K. & Miyazaki, J. A transgenic mouse line that retains Cre recombinase
activity in mature oocytes irrespective of the cre transgene transmission.
Biochem. Biophys. Res. Commun. 237, 318–324 (1997).

44. Iwata, A., Miura, S., Kanazawa, I., Sawada, M. & Nukina, N. alpha-Synuclein
forms a complex with transcription factor Elk-1. J. Neurochem. 77, 239–252
(2001).

45. Doi, H. et al. RNA-binding protein TLS is a major nuclear aggregate-interacting
protein in huntingtin exon 1 with expanded polyglutamine-expressing cells.
J. Biol. Chem. 283, 6489–6500 (2008).

46. Carninci, P. et al. The transcriptional landscape of the mammalian genome
(The FANTOM Consortium). Science 309, 1559–1563 (2005).

47. Yamanaka, T. et al. Mutant huntingtin fragment selectively suppresses Brn-2
POU domain transcription factor to mediate hypothalamic cell dysfunction.
Hum. Mol. Genet. 19, 2099–2112 (2010).

48. Calfon, M. et al. IRE1 couples endoplasmic reticulum load to secretory capacity
by processing the XBP-1 mRNA. Nature 415, 92–96 (2002).

49. Yamanaka, T. et al. Mammalian Lgl forms a protein complex with PAR-6 and
aPKC independently of PAR-3 to regulate epithelial cell polarity. Curr. Biol. 13,
734–743 (2003).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4354

14 NATURE COMMUNICATIONS | 5:3354 | DOI: 10.1038/ncomms4354 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.
264

http://amigo.geneontology.org/cgi-bin/amigo/go.cgi
http://amigo.geneontology.org/cgi-bin/amigo/go.cgi
http://www.nature.com/naturecommunications


50. Koike, M. et al. Cathepsin D deficiency induces lysosomal storage with ceroid
lipofuscin in mouse CNS neurons. J. Neurosci. 20, 6898–6906 (2000).

51. Mori, Y. et al. Human herpesvirus-6 induces MVB formation, and virus egress
occurs by an exosomal release pathway. Traffic 9, 1728–1742 (2008).

52. Wang, G. H. et al. Caspase activation during apoptotic cell death induced by
expanded polyglutamine in N2a cells. Neuroreport 10, 2435–2438 (1999).

53. Yamanaka, T. et al. Lgl mediates apical domain disassembly by suppressing the
PAR-3-aPKC-PAR-6 complex to orient apical membrane polarity. J. Cell Sci.
119, 2107–2118 (2006).

Acknowledgements
We thank Dr Shigeyoshi Itohara (RIKEN BSI) for RNZ mice and Dr Jun-ichi Miyazaki
(Osaka University) for CAG-cre mice, Dr Tomonori Hirose (Yokohama City University)
for mice technical information, Dr Koji Yamanaka for critical suggestion for manuscript
preparation, the staff at the RRC (RIKEN BSI) for technical support, the FANTOM
consortium for FANTOM clones, and lab members of RIKEN BSI for technical help.
This work was supported by a Grant-in-Aid from Ministry of Education, Culture, Sports,
Science and Technology (MEXT) of Japan for T.Y. (24111553 for Scientific Research
on Innovative Areas ‘Brain Environment’, 23700430, Comprehensive Brain Science
Network) and N.N. (22110004 for Scientific Research on Innovated Areas ‘Foundation
of Synapse and Neurocircuit Pathology’, 22240037, 24659436, 25253066), by CREST

from JST for N.N. and by Grant-in-Aid for the Research on Measures for Ataxic Diseases
from the Ministry of Health, Welfare and Labor for N.N.

Author contributions
T.Y. and A.T. mainly performed the experiments; M.K. conducted some of the mouse
work; G.M. generated Derlin1-RFP cells; M.K and Y.U. conducted EM; S.N.M. generated
NF-YA flox mice; T.Y., N.H., T.S. and N.N. analysed the data, and T.Y. and N.N.
designed the experiments and wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Yamanaka, T. et al. NF-Y inactivation causes atypical
neurodegeneration characterized by ubiquitin and p62 accumulation and endoplasmic
reticulum disorganization. Nat. Commun. 5:3354 doi: 10.1038/ncomms4354 (2014).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4354 ARTICLE

NATURE COMMUNICATIONS | 5:3354 | DOI: 10.1038/ncomms4354 | www.nature.com/naturecommunications 15

& 2014 Macmillan Publishers Limited. All rights reserved.
265

http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications


Depletion of p62 reduces nuclear inclusions and
paradoxically ameliorates disease phenotypes in
Huntington’s model mice
Masaru Kurosawa3,4,5,8, Gen Matsumoto1,4,5,8, Yoshihiro Kino1,4,5,8, Misako Okuno4,

Mizuki Kurosawa-Yamada4, Chika Washizu4, Harumi Taniguchi1,4,5, Kazuhiro Nakaso6,

Toru Yanagawa7, Eiji Warabi7, Tomomi Shimogori5, Takashi Sakurai3, Nobutaka Hattori2

and Nobuyuki Nukina1,4,5,8,∗

1Department of Neuroscience for Neurodegenerative Disorders, 2Department of Neurology, 3Department of Cellular and
Molecular Pharmacology, Juntendo University Graduate School of Medicine, Tokyo 113-8421, Japan, 4Laboratory for
Structural Neuropathology, 5Laboratory for Molecular Mechanisms of Thalamus Development, RIKEN Brain Science
Institute, Saitama 351-0198, Japan, 6Department of Neurology, Institute of Neurological Sciences, Faculty of Medicine,
Tottori University, Tottori 683-8504, Japan, 7Faculty of Medicine, University of Tsukuba, 1-1-1 Tennoudai, Tsukuba 305-
8575, Japan and 8CREST (Core Research for Evolutionary Science and Technology), JST, Tokyo 102-0076, Japan

Received September 9, 2014; Revised and Accepted October 7, 2014

Huntington’s disease (HD) is a dominantly inherited genetic disease caused by mutant huntingtin (htt) protein
with expanded polyglutamine (polyQ) tracts. A neuropathological hallmark of HD is the presence of neuronal
inclusions ofmutanthtt.p62 isan important regulatoryprotein inselectiveautophagy,aprocessbywhichaggre-
gated proteins are degraded, and it is associated with several neurodegenerative disorders including HD. Here,
we investigated theeffectof p62depletion in threeHDmodelmice: R6/2,HD190QG and HD120QG mice. Wefound
that loss of p62 in these models led to longer life spans and reduced nuclear inclusions, although cytoplasmic
inclusions increased with polyQ length. In mouse embryonic fibroblasts (MEFs) with or without p62, mutant htt
with a nuclear localization signal (NLS) showed no difference in nuclear inclusion between the two MEF types. In
the case of mutant htt without NLS, however, p62 depletion increased cytoplasmic inclusions. Furthermore, to
examine the effect of impaired autophagy in HD model mice, we crossed R6/2 mice with Atg5 conditional knock-
out mice. These mice also showed decreased nuclear inclusions and increased cytoplasmic inclusions, similar
to HD mice lacking p62. These data suggest that the genetic ablation of p62 in HD model mice enhances cytoplas-
mic inclusion formation by interrupting autophagic clearance of polyQ inclusions. This reduces polyQ nuclear
influx and paradoxically ameliorates disease phenotypes by decreasing toxic nuclear inclusions.

INTRODUCTION

Intracellular protein aggregation is a main feature of many neu-
rodegenerative disorders such as tauopathies, synucleinopaties,
TDP-43 proteinopathies and polyglutamine (polyQ) diseases
(1). In these pathological conditions, misfolded proteins, which
are ubiquitinated, accumulate as cytoplasmic or nuclear inclu-
sions. PolyQ diseases, one of the most common inherited types
of neurodegenerative disorders, are based on CAG-repeat
expansions and their gene products, expanded polyQ proteins.

Expanded polyQ proteins are misfolded, and when deposited
in the nucleus, they may sequester transcription factors and
other molecules that induce further pathological processes and
neuronal degeneration (2).

The misfolded proteins are degraded through two main routes
for eukaryotic intracellular protein clearance, the ubiquitin–
proteasome system (UPS) and the autophagy–lysosome
pathway. The UPS is essential in regulating many cellular
processes, including cell division, signal transduction and gene
expression. Proteasomes degrade substrates that are covalently
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linked with ubiquitin by an ubiquitin-conjugating system com-
posed of E1 (ubiquitin-activating enzyme), E2 (ubiquitin-
conjugating enzyme) and E3 (ubiquitin ligase). This system also
ubiquitinates misfolded proteins, but misfolded proteins have a
strong tendency to form inclusions that cannot be degraded by a
proteasome. Macroautophagy is another degradation mechanism
responsible for degradation of long-lived proteins and entire
organelles. In this system, organelles and protein inclusions
are surrounded by double-membraned autophagosomes, which
fuse with a lysosome to degrade their contents by a rather non-
selective, bulk degradation. However, another type of autophagic
degradation called selective autophagy involves ubiquitin and
ubiquitin-binding proteins such as p62 (3).

We previously reported that p62 is a protein that interacts with
polyQ aggregates and is induced by expanded polyQ expression,
suggesting that p62 is a stress-responsive protein induced by
polyQ expression and proteasomal inhibition (4). p62 is also a
common component of neuronal protein inclusions in neurode-
generative diseases in humans and model mice (4–8). p62 is
well known as an adaptor protein that has multiple roles in the
activation of the transcription factor NF-kappa B, tumorigenesis
and osteoclastogenesis. p62 was recently reported to play an
important role in the selective autophagy of ubiquitinated pro-
teins. Autophagy-deficient ATG5 or 7 knockout mice showed
ubiquitin-positive inclusions (9,10) that disappeared after p62
was knocked out, suggesting that p62 could play a role in control-
ling intracellular inclusion body formation (11).

It was reported that autophagy inhibition increases the level of
soluble UPS client proteins by slowing their clearance. This was
closely associated with the accumulation of p62 (12). Further-
more, p62 knockdown in autophagy-deficient cells normalizes
levels of UPS clients. From these results, p62 was suggested to
be a key protein in regulating protein aggregate formation, espe-
cially in autophagy-deficient conditions. However, it remains
unclear whether the decrease in p62 is beneficial or detrimental,
particularly in vivo. A previous report shows that genetic inacti-
vation of p62 in mice leads to accumulation of hyperphosphory-
lated tau and neurodegeneration (13). In polyQ diseases, the
inclusions are mainly observed in the nuclei, where autophagy
cannot work. Little is known, however, about the effect of p62
knockout for polyQ diseases in vivo. In this report, we observed
the cytoplasmic accumulation of polyQ inclusions and the
decrease of nuclear inclusions in polyQ model mice with the
loss of p62. The detailed mechanism was investigated, in com-
parison with the effects of Atg5 knockout.

RESULTS

Paradoxical decrease of nuclear inclusion formation in
polyQ model mice lacking p62

We first investigated pathological changes in R6/2 mice with or
without p62. Anti-huntingtin (htt) antibody (EM48) revealed
fewer and smaller nuclear inclusions in the brains of R6/
2;p622/2 compared with those of R6/2;p622/+ or R6/2;p62+/+

mice starting at 4 weeks of age (Fig. 1A and Supplementary
Material, Fig. S1). Immunofluorescent staining of hippocampal
CA1 revealed that the proportion of nuclei with inclusions in R6/2;
p622/2 mice was significantly lower than that in R6/2;p62+/+ or
R6/2;p622/+ mice at each age (Fig. 1B). The average size of

these nuclear inclusions became larger with age, and the inclusions
in R6/2;p622/2 mice grew at a slower rate than those in R6/2;p62+/+

or R6/2;p622/+ mice (Fig. 1C and Supplementary Material, Fig. S2).
Toclearlydistinguishnuclearfromcytoplasmic inclusions,westained
nuclear membranes with anti-Lamin B antibody (Fig. 1D).

Next, we investigated the distribution of inclusions in the stri-
atum, which is the most affected region in HD, in R6/2;p62 and
HD190QG;p62 mice (Fig. 2). In R6/2;p62 mice, anti-htt anti-
body (EM48) revealed significantly fewer nuclear inclusions
and significantly more cytoplasmic inclusions in R6/2;p622/2

versus R6/2;p62+/+ mice starting at 4 weeks of age (Fig. 2A,
C and D). In HD190QG;p62 mice, anti-htt antibody (EM48)
revealed significantly fewer nuclear inclusions in HD190QG;
p622/2 versus HD190QG;p62+/+ mice starting at 8 weeks of
age (Fig. 2E, G and H); there were significantly more cytoplas-
mic inclusions in HD190QG;p622/2 versus HD190QG;
p62+/+ mice from 8 to 16 weeks of age (Fig. 2E and H). At 24
weeks, although there was no significant difference in the
number of the cytoplasmic inclusions, the size of cytoplasmic
inclusions was greater in HD190QG;p622/2 versus HD190QG;
p62+/+ mice (Fig. 2I). To clearly distinguish nuclear from cyto-
plasmic inclusions, we stained nuclear membranes with anti-
Lamin B antibody (Fig. 2B and F). The expression level of
mutant htt mRNA was similar in R6/2;p62+/+ and R6/2;p622/2

mice,andp62expressionwasnotaffectedbythehtt transgene(Sup-
plementary Material, Fig. S3).

When we examined the distribution of inclusions in the hippo-
campus, we could clearly see an increase in cytoplasmic or
neuropil inclusions, especially in stratum radiatum (arrowheads)
of the hippocampus of R6/2;p622/2 mice (Fig. 3A). Double im-
munofluorescence staining with anti-htt (N-18) and anti-MAP2
antibodies (dendritic marker) showed that part of those inclu-
sions was localized in dendrites in the stratum radiatum of R6/
2;p622/2 mice (Fig. 3B, lower panel). On the other hand, in
the stratum radiatum of R6/2;p62+/+ mice, inclusions were
seen in the nuclei but not in dendrites (Fig. 3B, upper panel). We
further analyzed HD190QG mice, in which GFP-positive cyto-
plasmic inclusions are clearly observed. In HD190QG;p622/2

mice, we observed a greater number of neuropil inclusions in
the molecular layer of the dentate gyrus (MolDG; arrows) as
well as striatum radiatum (Rad; arrowheads) compared with
HD190QG;p62+/+ mice (Fig. 3C). The inclusions in the lacuno-
summolecular layer (LMol)of HD190QG;p62+/+ mice increased
with age, but this was not observed in HD190QG;p622/2 mice.
There were fewer inclusions in the hilus of dentate gyrus in
HD190QG;p622/2 compared with HD190QG;p62+/+ mice at
each age. Those inclusions are in the dendrites (data not
shown); however, we could not reveal why this change occurred.
Further investigation is necessary. Double immunofluorescence
staining with anti-GFP and anti-MAP2 antibodies showed that
part of those inclusions was localized in dendrites (Fig. 3D).
The dendrites of CA1 pyramidal neurons are distributed
throughout Rad and LMol, and the dendrites of dentate granule
cells are distributed throughout MolDG, suggesting that the
dendritic inclusions increased in both neurons and shifted to
proximal dendrites in the case of pyramidal neurons.

We then examined whether or not the insoluble htt fragment
increased by using immunoblotting to confirm the immunohisto-
chemistry results. We used the HD190QG line because it is dif-
ficult to consistently find the htt exon 1 fragment without a tag in
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SDS–PAGE, as when R6/2 brain homogenates were examined,
p62 was absent in HD190QG;p622/2 mice (Fig. 4A). In the total
fraction, the soluble htt-enhanced green fluorescent protein (EGFP)
band showed no obvious difference between HD190QG;p62+/+

and HD190QG;p622/2 mice. Diffuse stainings and gel top stain-
ings with anti-ubiquitin antibody also showed no obvious differ-
ence between HD190QG;p622/2 and HD190QG;p62+/+ mice.

Using the agarose gel electrophoresis for resolving aggregates
(AGERA) method (14), which shows htt protein complexes
with high molecular weight, we did not observe a definite differ-
ence between the htt protein complexes in the total fraction from
HD190QG;p622/2 versus HD190QG;p62+/+ mice (Fig. 4B).
When the nuclear fraction was separated, however,
HD190QG;p622/2 mice showed a decrease in htt protein

Figure 1. p62 knockout reduced both the size and the number of the nuclear inclusions in R6/2 mice. (A) The hippocampal CA1 of R6/2 mice with and without p62 was
stained with anti-htt antibody (EM48) (2/2: knockout; 2/+: hetero; +/+: wild littermates). (B) The percentage of nuclei with inclusions, analyzed by fluorescent
immunostaining of the hippocampal CA1 with EM48. (C) The average size of nuclear inclusion in the hippocampal CA1. This size in R6/2;p622/2 was significantly
smaller than in R6/2;p62+/+ and R6/2;p622/+ at 12 weeks of age. (D) The hippocampal CA1 of R6/2;p62+/+ and R6/2;p622/2 was stained with EM48 and a nuclear
membrane marker, Lamin B, to clearly show the nuclear inclusions. Values are means+SEM. (∗P , 0.05, ∗∗P , 0.01, ∗∗∗P , 0.001), (B and C). n ¼ 3 for each
genotype (B and C). Images were captured with BZ-9000 (A) and TCS SP5 (D). Nuclei were stained with DAPI (A and D). Scale bar ¼ 30 mm (A) and 10 mm (D).
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Figure 2. p62 knockout reduced nuclear inclusions and increased extranuclear inclusions in the striatum in two different HD model mice. (A) The striatum of R6/
2;p62+/+ and R6/2;p622/2 mice was stained with anti-htt antibody (EM48). (B) The striatum of R6/2;p62+/+ and R6/2;p622/2 mice was stained with EM48 and
a nuclear membrane marker, Lamin B, to clearly show the nuclear inclusions. (C and D) The percentage of nuclei with inclusions (C) and the number of extranuclear
inclusions (D) in the striatum of R6/2;p62+/+ and R6/2;p622/2 mice, analyzedby fluorescent immunostaining with EM48. (E) The striatumof HD190QG;p62+/+ and
HD190QG;p622/2 mice was stained with EM48. (F) The striatum of HD190QG;p62+/+ and HD190QG;p622/2 mice was stained with EM48 and a nuclear mem-
brane marker, Lamin B, to clearly show the nuclear inclusions. (G and H) The percentage of nuclei with inclusions (G) and the number of the extranuclear inclusions
(H) in the striatum of HD190QG;p62+/+ and HD190QG;p622/2 mice, analyzedby fluorescent immunostaining with EM48. (I) Distribution of the size of extranuclear
inclusions stained with anti-GFP antibody at 24 weeks of age. Values are means+SEM. (∗P , 0.05, ∗∗P , 0.01, ∗∗∗P , 0.001), (C, D, G and H). n ¼ 3 for each
genotype (C, D, G, H and I). Images were captured with BZ-9000 (A and E) and TCS SP5 (B and F). Nuclei were stained with DAPI. Scale bar ¼ 20 mm (A and
E) and 10 mm (B and F).
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Figure 3. p62 knockout increased extranuclear inclusions in two different HD model mice. (A) The hippocampus of R6/2 mice with and without p62 was stained with
anti-htt antibody (EM48). Extranuclear inclusions appear in the stratum radiatum of R6/2;p622/2 (arrowheads), but not in R6/2;p62+/+. Hippocampal layers are
indicated: Py, stratum pyramidale; Rad, stratum radiatum; LMol, lacunosum molecular layer; MolDG, molecular layer of the dentate gyrus; GrDG, granular layer
dentate gyrus; PoDG, polymorgh layer of dentate gyrus. (B) Stratum radiatum of R6/2 mice with and without p62 was stained with anti-htt (N-18) antibody
(Alexa 488), anti-MAP2 antibody (Alexa 546) and DAPI. Nuclear inclusions (arrows) were observed in R6/2;p62+/+. Extranuclear inclusions existed in dendrites
of R6/2;p622/2 mice (arrowhead), but not in those of R6/2;p62+/+. (C) The hippocampus of HD190QG mice with and without p62 at 24 weeks of age was stained with
anti-GFP antibody(Alexa 488) and DAPI. In HD190QG;p622/2, extranuclear inclusions appeared in the stratum radiatum (arrowheads) and the molecular layerof the
dentate gyrus (arrows). On the other hand, in HD190QG;p62+/+, extranuclear inclusions appeared in the LMol. (D) Stratum radiatum of HD190QG mice with and
without p62 was stained with anti-GFP antibody (Alexa 488), anti-MAP2 antibody (Alexa 546) and DAPI. Extranuclear inclusions existed in dendrites (arrowhead).
Scale bar ¼ 50 mm (A and C) and 10 mm (B and D).
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complex after 12 weeks of age (Fig. 4C), corresponding to the
observed histological shift of inclusions from the nucleus to
the cytoplasm.

p62 depletion extends the life span of HD model mice

We next examined whether p62 knockout affects the life spans of
R6/2, HD190QG and HD120QG mice. The life span of R6/

2;p622/2 mice significantly increased with a mean survival
time of 155+ 4 days compared with 117+ 3 days for R6/2;
p622/+ mice and 123+4 days for R6/2;p62+/+ mice (Fig. 5A).
The life span of HD190QG;p622/2 mice significantly increased
with a mean survival time of 265+11 days compared with 184
+ 7 days for both HD190QG;p622/+ and HD190QG;p62+/+

mice (Fig. 5B). The life span of HD120QG;p622/2 mice signifi-
cantly increased with a mean survival time of 415+10 days

Figure 4. Immunoblot analysis of soluble and aggregated htt in total and nuclear fraction from HD190QG mice with and without p62. Brain samples were subjected to
subcellular fractionation as described in Materials and Methods. (A) Total fractions were analyzed by western blot for soluble htt. There is no change in the amount of
soluble htt (arrowheads) detected by anti-GFP or 1C2 antibody from HD190QG with and without p62 at 4, 12 and 24 weeks of age. HD190QG mice have mutant htt
transgenes with two different lengths of polyQ stretches. The sizes of these two bands were slightly different among HD190QG mice, because these mice show
CAG-repeat length instability. The sizes of polyQ lengths of HD model mice used in this figure are described in Supplementary Material, Table S2. Knockout of
p62 was confirmed with anti-p62 antibody. (B) Total fractions were analyzed by AGERA. There was no difference between the htt protein complexes in the total
fraction from HD190QG;p622/2 mice and that from HD190QG;p62+/+. (C) Nuclear fractions were analyzed by AGERA. In nuclear fractions, the amount of aggre-
gated htt from HD190QG;p622/2 mice was reduced at 12 and 24 weeks of age compared with that from HD190QG;p62+/+. b-Tubulin was used as a marker for
control protein (A–C) and Lamin B was used as a marker for nuclear membrane protein (B and C).
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Figure 5. p62 knockout increased life span in three different HD model mice and body weight in R6/2 and HD190QG mice, but not in HD120QG mice. (A) Mean
survival time of R6/2;p622/2 was extended by 26% compared with that of R6/2;p62+/+. (B) Mean survival time of HD190QG;p622/2 was extended by 44% com-
pared with that of HD190QG;p62+/+. (C) Mean survival time of HD120QG;p622/2 was extended by 27% compared with that of HD120QG;p62+/+. (D) There was
no difference in mean survival time among p62+/+, p622/+ and p622/2 mice. These survival data were analyzed by the Kaplan–Meier method followed by a log-rank
test with Bonferroni correction (significance level 0.05/3 ¼ 0.0167). Mean ages+SEM are provided. (∗∗P ¼ 0.0098, ∗∗∗P , 0.001). (E) The body weight of R6/
2;p622/2 mice was significantly greater than that of R6/2;p62+/+ mice after 11 weeks of age. (F) The body weight of HD190QG;p622/2 mice was significantly
greater than that of HD190QG;p62+/+ mice after 18 weeks of age. (G) The body weight of HD120QG;p622/2 mice did not change significantly at each age compared
with that of HD120QG;p62+/+ mice. (H) The body weight of p622/2 mice was greater than that of p622/+ and p62+/+ mice after 20 weeks of age. Means+SEM are
provided. (∗P,0.05, ∗∗P,0.01, ∗∗∗P,0.001), (E, F and H).
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compared with 294+13 days for HD120QG;p622/+ mice and
326+25 days for HD120QG;p62+/+ mice (Fig. 5C). There was
no significant difference in life span among p62+/+, p622/+ and
p622/2 mice (Fig. 5D). p62 knockout significantly extended the
life spans of HD model mice, especially in HD190QG, which has
longer polyQ proteins than HD120QG and R6/2. These data
suggest that p62 knockout may extend life span in a polyQ length-
dependent manner, and that the extended life span is not due to the
effect of p62 knockout itself.

HD model mice normally show a progressive decrease in
body weight. We next examined whether p62 knockout affects
the body weight of R6/2, HD190QG and HD120QG mice. A
delay in body weight loss was observed in p62 knockout of
R6/2 and HD190QG, but not in HD120QG, mice (Fig. 5E–G).
The body weight of R6/2;p622/2 mice was significantly
greater at 11 weeks of age compared with that of R6/2;p62+/+

mice (∗∗∗P , 0.001) (Fig. 5E). The body weight of HD190QG;
p622/2 mice was significantly greater at 18 weeks of age compared
with that of HD190QG;p62+/+ mice (∗P , 0.05) (Fig. 5F).
p622/2 mice were reported to develop mature onset obesity
(15,16). At 20 weeks, the average body weight of p622/2 mice
without htt transgene became significantly greater than that of
p62+/+ and p622/+ mice (Fig. 5H).

Nuclear inclusions decrease and extranuclear inclusions
increase in autophagy-deficient HD model mice

As stated above, we showed that nuclear inclusions in HD model
mice decreased and life spans increased after depletion of p62, a
protein that has an important role in selective autophagy. To
examine whether these phenotypes result from deficiency of
selective autophagy, we generated R6/2 mice with conditional
knockout of Atg5, an essential gene for autophagosome forma-
tion. A transgenic mouse expressing Cre recombinase under the
control of the synapsin I promoter (SynCre), which is expressed
in neuronal cells as early as E12.5 (17), was used to generate
Atg5f/2;SynCre;R6/2 mice. Transgene expression in male
SynCre mice occurs in germline recombination in progeny
(18). The hippocampal CA3 region, in which Cre recombinase
is expressed in almost all neuronal cells (19), was stained with
EM48 (Fig. 6A), and the proportion of nuclei with inclusions
was examined. There were significantly fewer nuclear inclusions
in Atg5f/2;SynCre;R6/2 compared with R6/2 mice (Fig. 6B).
Next, we used magnified immunofluorescence images with
EM48, the anti-ubiquitin antibody, and p62-C antibody to charac-
terize these inclusions. In contrast to EM48-positive nuclear
inclusions in R6/2 mice (Fig. 6D—n), nuclear inclusions
decreased and extranuclear inclusions increased in the number
of Atg5f/2;SynCre;R6/2 (Fig. 6D—d and e). These extranuclear
inclusions were subdivided into EM48-positive, ubiquitin-
positive, and p62c-positive inclusions (Fig. 6D—e, arrows) and
EM48-negative, ubiquitin-positive, and p62c-positive inclusions
(Fig. 6D—e, arrowheads). The former inclusions could result
from nucleation of mutant htt proteins followed by ubiquitination,
and the latter inclusions could result fromthe accumulation of ubi-
quitinated proteins into the sequestosome that is a targeting unit
for autophagosome entry. The change of inclusion formation in
autophagy-deficientR6/2mice wassimilar to that inp62knockout
R6/2 mice. We previously reported that selective autophagy of the
ubiquitinated proteins is enhanced by S403-phosphorylation of

p62 (20). Therefore, we used immunohistochemistry in R6/2,
Atg5f/2;SynCre and Atg5f/2;SynCre;R6/2 mice to determine
whether p62 that colocalizes with ubiquitinated inclusions is
S403-phosphorylated. Both types of extranuclear inclusions colo-
calized with S403-phos-p62 (Supplementary Material,
Fig. S4A—c), but nuclear inclusions in R6/2 mice did not
(Supplementary Material, Fig. S4A—i). We further examined
the life spans of these mice. Despite fewer nuclear inclusions
in Atg5f/2;SynCre;R6/2 mice, the life span of Atg5f/2;SynCre;
R6/2 mice was significantly shorter, with a mean survival time
of 86+ 2 compared with 108+ 4 days for Atg5f/+;SynCre;
R6/2 and 119+10 days for Atg5+/+;SynCre;R6/2 mice (Fig. 6C).

p62 knockout impairs protein degradation in cytoplasm but
not in nucleus

To assess whether the depletion of p62 affects protein degrad-
ation in the cytoplasm and nucleus, we prepared mouse embry-
onic fibroblast (MEF) p62+/+, MEF p622/2 or MEF p622/2

expressing GFP-fused human wild-type p62 (G-p62) transfected
with HD106Q-red fluorescent protein (RFP) or HD106Q-
NLS-RFP. In cells transfected with HD106Q-RFP, inclusions
mainly existed in the cytoplasm due to the nuclear export
signal in the exon 1 of htt (21). The ratio of cells with inclusions
to tranfected cells was greater in MEF p622/2 than in MEF
p62+/+; however, the proportion of cells with inclusions in
MEF p622/2+G-p62 did not reach to that in MEF p62+/+

(Fig. 7A and B). This was due to the fact that the expression
level of endogenous p62 in MEF p62+/+ is higher than that of
transfected G-p62 (Supplementary Material, Fig. S6). On the
other hand, in the cells transfected with HD106Q-NLS-RFP,
inclusions appeared in the nucleus and there was no significant
difference in the proportion of cells with nuclear inclusions
among MEF p622/2, MEF p62+/+ and MEF p622/2+G-p62.
These data suggest that p62 knockout impairs protein degrad-
ation in the cytoplasm but not in the nucleus.

DISCUSSION

In this study, we report that genetic ablation of p62 in three kinds
of HD model mice paradoxically ameliorates the disease pheno-
types. The life span of HD model mice lacking p62 was extended
by 26, 44 and 27%, compared with those with p62 (Fig. 5A–C).
These extended life spans are not due to the effect of p62 knock-
out itself, because there was no significant difference in life span
among p62+/+, p622/+ and p622/2 mice. Regarding the body
weight of these mice, significant delays in body weight loss
were observed in p62 knockout in R6/2 after 11 weeks of age
and HD190QG mice after 18 weeks of age (Fig. 5E and F). On
the other hand, the weight of p622/2 mice after 20 weeks of
age was significantly greater than that of p62+/+ mice (Fig. 5H).
Therefore, the delays in body weight loss in R6/2;p622/2 and
HD190QG;p622/2 mice were not due to the increased body
weight after p62 knockout; the significant increase in body
weight in p622/2 mice was observed after those in R6/2;p622/2

and HD190QG;p622/2 mice. Immunohistochemical analysis
revealed significantly fewer nuclear inclusions in HD model mice
without p62, compared with HD model mice with p62 (Fig. 1).
This was also confirmed biochemically in HD190QG using the
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AGERA method (Fig. 4). It has been proposed that nuclear mutant
htt may be toxic (22,23); therefore, the extended life span may be
explained by a decrease in toxic nuclear mutant htt.

We also performed microarray analysis to examine whether
transcriptional abnormalities in R6/2 changed by p62 depletion.
When comparing R6/2;p62+/+ with R6/2;p622/2, we only

Figure 6. R6/2 mice with conditional knockout of Atg5 by SynCre (Atg5f/2;SynCre;R6/2) showed decreased nuclear inclusions and a shorter life span compared with
R6/2. (A) The hippocampal CA3 of Atg5f/2;SynCre;R6/2, Atg5f/2;SynCre and R6/2 mice was stained with EM48 and counterstained with hematoxylin. (B) The per-
centage of the nuclei with inclusions, analyzing the immunostaining of the hippocampal CA3 with EM48. n ¼ 3 for each genotype. (C) Mean survival time of Atg5f/2;
SynCre;R6/2 mice was decreased by 28% compared with that of R6/2 mice. These survival data were analyzed by a log-rank test with Bonferroni correction (signifi-
cance level 0.05/3 ¼ 0.0167). Mean ages+SEM are provided (∗∗∗P , 0.001). (D) The hippocampal CA3 of Atg5f/2;SynCre;R6/2 mice, Atg5f/2;SynCre mice and
R6/2 mice was stained with EM48 (EM48, Alexa488), anti-ubiquitin antibody (Ub, Alexa546), anti-p62-C antibody (p62c, Alexa647) and DAPI to confirm the lo-
calization of inclusions. Nuclear inclusions were detected in R6/2 mice (m), whereas these inclusions were hardly detected in Atg5f/2;SynCre;R6/2 mice (d). Arrows
and arrowheads in (d) show EM48-positive and ubiquitin-positive inclusions and EM48-negative and ubiquitin-positive inclusions, respectively. Extranuclear inclu-
sions increased in Atg5f/2;SynCre;R6/2 mice (d and e) compared with R6/2 mice (m and n). These inclusions can be subdivided into EM48-positive, ubiquitin-positive
and p62c-positive inclusions (e, arrows) and EM48-negative, ubiquitin-positive and p62c-positive inclusions (e, arrowheads). Values are means+SEM (∗∗∗P ,
0.001). Scale bar ¼ 20 mm (A) and 10 mm (D).
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found 12 genes with differential expression (five up-regulated
and seven down-regulated; Supplementary Material, Fig. S5C
and E). Moreover, we performed quantitative PCR of genes
with previously known alteration in HD mice (Supplementary
Material, Fig. S5A and B) (24–26), and we only found one
gene, Agxt2l1, the expression level of which recovered by p62
depletion in R6/2;p622/2. Despite the decrease in nuclear inclu-
sions, specific transcriptional changes were not observed in our
experiment. In a previous study of environmental enrichment in
R6/1 mice, no specific transcriptional changes were found,
despite a decrease in nuclear inclusions (27). The effect of invis-
ible aggregates on the transcriptional abnormality of early
affected genes should be investigated further.

Autophagic degradation machinery works in the cytoplasm.
Thus, we assumed that the decrease in nuclear inclusions corre-
lated with an increase in cytoplasmic inclusions, which increased
due to reduced protein clearance by loss of p62-dependent select-
ive autophagy in the cytoplasm. To confirm this, we also exam-
ined R6/2 mice with Atg5 depletion, which impairs autophagy in
general. Similar to HD model mice without p62, nuclear inclu-
sions almost disappeared in neurons in the region where Atg5
was deficient (Fig. 6A and B), but the life span of R6/2 mice
with Atg5 depletion was shorter than that of R6/2 mice without
Atg5 depletion (Fig. 6C). Both p62 and Atg5 depletion induced

decreases in nuclear inclusions.p62 controls selective autophagy
and Atg5 controls more general autophagy including selective
autophagy. Ubiquitinated substrates are degraded through
selective autophagy, and p62 depletion results in accumulation
of those selected substrates. However, Atg5 depletion might
induce accumulation of more substrates in general, resulting in
more toxic effects that could overcome the positive effect of
decreased nuclear inclusions.

Cytoplasmic degradation of mutant htt was affected by p62
depletion, but its nuclear degradation was not (Fig. 7). Therefore,
an increased accumulation of cytoplasmic mutant htt and a de-
crease in nuclear inclusions in vivo might be due to accelerated
inclusion formation in the cytoplasm and a decrease of htt trans-
location into the nucleus after p62 depletion.

Similar findings to our study were observed in R6/2 mice with
super-long CAG-repeat expansions (28). These mice also
showed decreased nuclear inclusions, increased extranuclear
inclusions and extended survival. It is thought that R6/2 mice
have an upper threshold for forming nuclear inclusions, and
when polyQ length is beyond the threshold, nuclear entry of
mutant htt is blocked, resulting in decreased toxic nuclear inclu-
sions and extended survival (28). This suggests that the
decreased clearance of mutant htt due to the deficiency of p62
or Atg5 leads to increased cytoplasmic mutant htt and its

Figure 7. p62 knockout impairs protein degradation in the cytoplasm, but not in the nucleus. (A) MEF p62+/+, MEF p622/2 or MEF p622/2+GFP-fused human
wild-type p62(G-p62) were transfected with HD106Q-RFP or HD106Q-NLS-RFPplasmids.The percentageof the cells with cytoplasmic inclusions after transfection
of HD106Q-RFP increased in MEF p622/2 compared with MEF p62+/+ and MEF p622/2+G-p62 (∗∗∗P , 0.001). When HD106Q-NLS-RFP was transfected, the
cells with nuclear inclusions were not different among those cells. Values are means+SEM (∗∗P , 0.01, ∗∗∗P , 0.001). (B) Fluorescence images of the above ex-
periment. RFP fluorescence shows nuclear (arrows) and cytoplasmic inclusions in the cells transfected with HD106Q-RFP or HD106Q-NLS-RFP (upper panels).
Nuclei were counterstained with Hoechst 33342 (lower panels). Values are means+SEM. Scale bar ¼ 50 mm.
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inclusions, even for the usual expanded polyQ length, resulting
in decreased nuclear inclusions and extended survival as
observed in R6/2 mice with super-long CAG-repeat expansions.

It has recently been reported that, in a transgenic mouse model
of spinal and bulbar muscular atrophy (SBMA), another polyQ
disease in which a mutant androgen receptor (AR) with an
expanded polyQ repeat is toxic, p62 depletion exacerbated
motor phenotypes and the neuropathological outcome; overex-
pression of p62 protected the mice against mutant AR toxicity
(29). p62 depletion led to increased diffuse nuclear staining,
whereas overexpressed p62 led to a decrease in diffuse staining
and increased nuclear inclusions, suggesting a protective role of
p62 and nuclear inclusions. These results were opposite to our
results. This discrepancy may be due to the different tendencies
for nuclear localization between mutant AR and mutant htt. AR
easily translocates into the nucleus in the presence of androgen,
but htt is basically a cytoplasmic protein. As shown in our study
(Fig. 7), mutant htt with nuclear localization signal (NLS)
showed no difference in nuclear inclusion formation with or
without p62. For mutant htt without NLS, p62 depletion
increased the cytoplasmic inclusions. In the case of mutant
AR, it is stable with client proteins in the cytoplasm, but with an-
drogen signal, mutant AR is freed from client proteins and moves
into the nucleus as rapidly as mutant htt with NLS. Thus, there is
no effect of p62 on cytoplasmic inclusion formation in SBMA
model mice. Regarding the effect of p62 in the nucleus, we
could not find the oligomers of mutant htt by immunohistochem-
istry as observed in SBMA mice and could not identify the shift
from oligomers to nuclear inclusions. Using AGERA analysis
in HD190QG without p62 (Fig. 4C), we found fewer high-
molecular-weight polyQ complexes in nuclear fraction, which
may include oligomers. This could be explained, however, by
the decrease of mutant htt in the nucleus due to cytoplasmic
deposit. So, in conclusion, it is difficult to confirm that nuclear
inclusion formation is protective. Rather it seems to be toxic,
though we could not exclude the possible existence of an invis-
ible oligomer in the nucleus.

In summary, we observed that p62 depletion paradoxically
ameliorates the phenotypes of HD model mice due to an increase
in cytoplasmic inclusions and a decrease in nuclear inclusions.
This result suggests that mutant htt is degraded through autop-
hagy in the cytoplasm, and loss of this quality control system
increases cytoplasmic inclusions and decreases nuclear inclu-
sions. The regulation for this system has been considered a pos-
sible therapeutic target, although this paradoxical effect requires
further investigation.

MATERIALS AND METHODS

Mice

Three HD model mice (R6/2, HD190QG and HD120QG), p62
knockout mice and Atg5 conditional knockout mice were used
in this study. Heterozygous HTT exon 1 transgenic mice of the
R6/2 strain (121–133 CAG-repeats) were used for our in vivo
study (30). The HD190QG mice harbor two mutant truncated
N-terminal htt containing around 120 and 190 CAG repeats
fused with EGFP in its genome (31). HD120QG mice were
generated by selecting mice with shorter CAG repeats from
the HD190QG line. HD120QG mice show a milder phenotype

compared with HD190QG mice. The polyQ lengths were slightly
different among HD190QG and HD120QG mice, because these
mice show CAG repeat length instability. Precise sizes of polyQ
lengths of HD model mice used in each experiment are described
in Supplementary Material, Table S2. p62 knockout mice used
in this study were described previously (11). Atg5 conditional
knockout mice were kindly provided by Professor Noboru
Mizushima (9). R6/2 and Synapsin I-Cre (SynCre) transgenic
mice [B6.Cg-Tg(Syn1-cre)671Jxm/J] were obtained from the
Jackson Laboratory (Bar Harbor, ME, USA) (17). All mouse
experiments were approved by the Animal Experiment Commit-
tee of the RIKEN Brain Science Institute.

Generation of htt transgenic/p62 knockout mice and
genotyping

The ovaries of R6/2 mice were transplanted into B6CBAF1
female mice and the ovaries of HD190QG or HD120QG
mice were transplanted into BDF1 female mice. Those female
mice were mated with homozygous p62 knockout male mice
of the B6 strain. The female offspring (R6/2;p622/+, HD190
QG;p622/+ or HD120QG;p622/+) were mated with heterozy-
gous p62 knockout male mice to produce all the genotype combi-
nations. Genotyping PCR and determination of CAG-repeat
number ofHD model mice wereperformed as described previous-
ly (31). Genotyping PCR of p62 knockout mice was performed
with two primer pairs: 5′-CTGCATGTCTTCTCCCATGAC-3′/
5′-TAGATACCTAGGTGAGCTCTG-3′ and 5′-CTTACGGGT
CCTTTTCCCAAC-3′/5′-TCCTCCTTGCCCAGAAGATAG-3′.

Generation of htt transgenic/Atg5 conditional knockout mice
and genotyping

The ovaries of R6/2 were transplanted into B6CBAF1 female
mice. Those female mice were mated with Atg5f/f male mice.
Female offspring (R6/2;Atg5f/+) were mated with Atg5f/

+;SynCre to produce all the genotype combinations. Genotyping
PCR of Atg5flox alleles and the Cre-recombinase transgene was
performed as described previously (9).

Antibodies

The following antibodies were used: mouse anti-htt; EM48
(MAB5374, Chemicon, Temecula, CA, USA), anti-htt; N-18
(sc-8767, Santa Cruz Biotechnologies, Dallas, TX, USA),
mouse anti-polyQ; 1C2 (MAB1574, Chemicon), guinea pig
anti-p62 (p62-C, GP62-C, Progen, Heidelberg, Germany),
rabbit anti-p62 (PM045, MBL, Nagoya, Japan), rat anti-S403-
phosphorylated p62 (S403-phos-p62, D343-3, MBL), chicken
anti-GFP (ab13970, Abcam, Cambridge, UK), rabbit anti-GFP
(A6455, Molecular Probe, Eugene, OR, USA), rabbit anti-
ubiquitin (Z0452, DAKO, Copenhagen, Denmark), mouse
anti-MAP2 (M9942, Sigma-Aldrich, Saint Louis, MO, USA),
goat anti-Lamin B (M-20, Santa Cruz Biotechnologies),
anti-b-tubulin (T4026, Sigma-Aldrich) and Alexa-conjugated
secondary antibodies (Invitrogen, Carlsbad, CA, USA).

Immunohistochemistry and immunofluorescence staining

Mice were anesthetized and immediately fixed by perfusion
through the left ventricle with 4% paraformaldehyde in PBS.

1102 Human Molecular Genetics, 2015, Vol. 24, No. 4

 at Juntendo U
niversity on February 16, 2015

http://hm
g.oxfordjournals.org/

D
ow

nloaded from
 

276

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu522/-/DC1
http://hmg.oxfordjournals.org/


A brain was collected, postfixed with the same fixative overnight
and processed for embedding. Paraffin-embedded brain sections
(5 mm thickness) were deparaffinized, autoclaved in 10 mM

citrate buffer (pH 6.0) at 1208C for 5 min and immunostainings
were performed as described in our previous study (32–34). The
primary antibodies were diluted as follows: 1 : 500 for anti-htt
(EM48), anti-GFP, anti-ubiquitin and anti-S403-phos-p62, 1 :
1000 for anti-p62-C and 1 : 300 for anti-MAP2 and anti-htt
(N-18). Alexa-conjugated secondary antibodies were diluted at
1 : 300.

Imaging and counting inclusions

Images were obtained with a BZ9000 digital microscopic system
(KEYENCE, Osaka, Japan) and a TCS SP5 confocal system
(Leica, Heidelberg, Germany). Inclusions were stained with
anti-htt antibody (EM48) and anti-GFP antibody. Nuclei were
stained with DAPI. The percentages of nuclei with inclusions
were calculated and averaged from three mice of each genotype.

Preparation of total and nuclear fraction

Homogenization and fractionation of mice cerebrum were per-
formed as described previously (31). Mouse brains were homo-
genized in nine volumes (v/w) of 0.25 M sucrose/buffer A
(50 mM Tris–HCl, pH 7.4, 5 mM MgCl2, 2 mM dithiothreitol
and 1 mM phenylmethylsulfonyl), supplemented with complete
EDTA-free protease inhibitor cocktail tablets (Roche Diagnos-
tics, Mannheim, Germany) in a digital homogenizer (As One,
Osaka, Japan) using eight strokes at 1000 rpm. A portion of
the homogenate was briefly sonicated and used as the total
lysate, and the rest of the homogenate was centrifuged at
1000 g for 10 min at 48C. The pellets were resuspended and
homogenized in 5 ml of 2.1 M sucrose/buffer A by five strokes
at 1000 rpm with a digital homogenizer. Nuclei were sedimented
by centrifugation at 8000 g for 80 min at 48C. The pellet contain-
ing the nuclei was resuspended in 0.5 ml of 10 mM Tris–HCl (pH
7.4) and 2 mM MgCl2 with the protease inhibitors.

Immunoblotting

The lysates or fractions were boiled in SDS sample buffer and
subjected to western blot analysis as described previously (34).

Agarose gel electrophoresis for resolving aggregates

Agarose was dissolved in gel buffer (100 mM Tris and 100 mM

glycine) by boiling, and then the 1% agarose solution was
cooled to a moderate temperature and poured into the gel
plates of PAGEL (ATTO, Tokyo, Japan), of which the sides
and the bottom had been tightly sealed with a plastic tape. Imme-
diately, a plastic comb was inserted at the top. After cooling to
room temperature, the gel was used immediately or stored at
48C. Before setting the gel into the apparatus for electrophoresis,
the plastic tape was removed. Electrophoresis was performed
using an apparatus for PAGEL (AE-6530P, ATTO) at 50 V for
1 h at room temperature with running buffer (100 mM Tris,
100 mM glycine and 0.1% SDS). When necessary, HiMark pre-
stained protein standard (Life Technologies, Carlsbad, CA,
USA) was loaded as a size marker. For western analysis, proteins

were transferred onto a polyvinylidene fluoride membrane for
90 min at 40 V, 48C or 150 mA at room temperature. Immuno-
detection was performed as in conventional western analysis.

DNA transfection into MEF p622/2 cells and counting
inclusions

MEF p622/2 and p62+/+ cells were generated from p622/2 and
p62+/+ mice, and immortalized with SV40T antigen (kind gift
from Dr Yusuke Yanagi, Kyushu University). G-p62 (20) was
cloned into a pJTI vector (Jump-in system; Invitrogen).
pJTI-G-p62 was then stably transfected into the subcloned
immortalized MEF p622/2 cells. G-p62 expression in the
single colony of MEF p622/2+G-p62 cells was confirmed by
western blotting using p62 antibody. The htt exon 1 with 106
CAG repeats (HD106Q) was cloned into the N-terminal of
monomeric RFP (HD106Q-RFP), and three repeats of NLS
sequence (GGATCCACCAAAAAAGAAGAGAAAGGTAG
ATCT) were introduced at a BamHI site between HD106Q and
RFP (HD106Q-NLS-RFP). CAG-repeat numbers and entire
htt exon 1 sequences were confirmed. HD106Q-RFP or
HD106Q-NLS-RFP plasmids were transfected into MEF
p622/2, MEF p622/2+G-p62 or MEF p62+/+ cells with lipo-
fectamine 2000 (Invitrogen). Cells were fixed with formalde-
hyde 3 days after transfection and RFP were visualized by
fluorescent microscopy using Keyence BZ-9000 equipped
with a 20× dry objective lens. RFP-transfected cells and inclu-
sions in five different microscopic fields were separately counted
using the Keyence software.

Statistical analysis

We used unpaired Student’s t-test for comparison between two
sample groups. One-way ANOVA followed by the Tukey test
was used for multiple comparisons. For survival rate, we
plotted the survival distribution curve with the Kaplan–Meier
method followed by a log-rank test and with Bonferroni correc-
tion. We generated these data with Prism5 (GraphPad Software,
La Jolla, CA, USA). We considered the difference between com-
parisons to be significant when P , 0.05 for all the statistical
analyses except for the survival analysis.
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Differential roles of NF-Y 
transcription factor in ER 
chaperone expression and neuronal 
maintenance in the CNS
Tomoyuki Yamanaka1,2,3,4, Asako Tosaki2, Haruko Miyazaki1,2,3,4, Masaru Kurosawa2,3, 
Masato Koike5, Yasuo Uchiyama6, Sankar N. Maity7, Hidemi Misawa8, Ryosuke Takahashi9, 
Tomomi Shimogori4, Nobutaka Hattori10 & Nobuyuki Nukina1,2,3,4

The mammalian central nervous system (CNS) contains various types of neurons with different 
neuronal functions. In contrast to established roles of cell type-specific transcription factors on neuronal 
specification and maintenance, whether ubiquitous transcription factors have conserved or differential 
neuronal function remains uncertain. Here, we revealed that inactivation of a ubiquitous factor NF-Y 
in different sets of neurons resulted in cell type-specific neuropathologies and gene downregulation 
in mouse CNS. In striatal and cerebellar neurons, NF-Y inactivation led to ubiquitin/p62 pathologies 
with downregulation of an endoplasmic reticulum (ER) chaperone Grp94, as we previously observed by 
NF-Y deletion in cortical neurons. In contrast, NF-Y inactivation in motor neurons induced neuronal loss 
without obvious protein deposition. Detailed analysis clarified downregulation of another ER chaperone 
Grp78 in addition to Grp94 in motor neurons, and knockdown of both ER chaperones in motor neurons 
recapitulated the pathology observed after NF-Y inactivation. Finally, additional downregulation of 
Grp78 in striatal neurons suppressed ubiquitin accumulation induced by NF-Y inactivation, implying 
that selective ER chaperone downregulation mediates different neuropathologies. Our data suggest 
distinct roles of NF-Y in protein homeostasis and neuronal maintenance in the CNS by differential 
regulation of ER chaperone expression.

The mammalian central nervous system (CNS) contains various types of neurons with differential distributions. 
They differ in morphology, size, neuronal connections and cellular contents, enabling them to exert specific neu-
ronal functions. Neuronal type-specific transcription factors, called master factors, have been shown to play criti-
cal roles in generation and maintenance of the neurons by transcribing specific sets of genes1. On the other hands, 
recent observations identified significance of ubiquitous transcription factors in neuronal differentiation and 
maintenance2–10. However, it is still uncertain whether the ubiquitous factors have conserved or differential roles 
in multiple types of CNS neurons.

Nuclear factor-Y (NF-Y), also known as the CCAAT binding factor, is a ubiquitous transcription factor com-
posed of three subunits: NF-YA, NF-YB and NF-YC11,12. NF-Y has been shown to be a key regulator of cell-cycle 
progression in various types of proliferating cells including fibroblasts, embryonic stem (ES) cells, hematopoietic 
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stem cells, myoblasts and tumor cells13–18. In contrast, the role of NF-Y in non-proliferative cells remained to be 
clarified because the activity is often lost after differentiation15,16. However, we previously found that NF-Y is 
still active in mature neurons and furthermore is suppressed during neurodegeneration in brain of Huntington’s 
disease model mouse through sequestration of NF-YA by expanded polyglutamine protein19. The NF-YA seques-
tration has also been reported in other neurodegenerative diseases caused by polyglutamine expansion, such as 
spinal and bulbar muscular atrophy and spinocerebellar ataxia 1720,21. Because different brain regions are selec-
tively affected in these polyglutamine diseases22,23, these observations suggest a potential role of NF-Y in mainte-
nance/degeneration of multiple types of CNS neurons.

We recently reported that conditional deletion of NF-YA by a camk2a-cre transgene induces degeneration of 
cerebral pyramidal neurons in mouse brain2. Interestingly, the degeneration accompanies accumulation of insol-
uble membrane proteins on disorganized endoplasmic reticulum (ER) together with ubiquitin (Ub) and p62, as 
well as downregulation of several ER-related genes such as an ER chaperone Grp94. These data clearly indicate 
the neuron-specific function of NF-Y for cell maintenance possibly by regulating protein homeostasis in ER. In 
addition to the cell maintenance, an in vitro study using ES cells suggested a role of NF-Y in neural specification 
during differentiation6. Although these observations indicate the significance of NF-Y in neuronal maintenance 
and differentiation, it is unclear whether its neuronal functions are preserved in multiple types of neurons in 
different CNS regions.

In this study, we inactivated NF-Y in different sets of CNS neurons including striatal medium spiny neurons 
(MSNs), cerebellar Purkinje cells and spinal/brainstem motor neurons by gene knockdown and knockout tech-
niques. Although all three neuronal types were degenerated after NF-Y inactivation, the pathological phenotypes 
were different. Whereas the MSNs and Purkinje cells developed Ub/p62 pathologies similar to those observed in 
the NF-YA knockout pyramidal neurons, the motor neurons did not. Further analysis revealed that, in contrast 
to the former two neurons showing only Grp94 downregulation, the motor neurons lost expression of another 
major ER chaperone, Grp78. We observed that knockdown of both Grp78 and Grp94 in motor neurons was suffi-
cient to recapitulate the pathology observed by NF-YA knockout. Finally, additional downregulation of Grp78 in 
striatal MSNs suppressed Ub accumulation after NF-Y inactivation. These data indicate that NF-Y is differentially 
involved in protein homeostasis and neuronal maintenance in the CNS by expressing different sets of ER chaper-
ones. We thus propose that, not only the neuronal type-specific transcription factors1, the ubiquitous factor NF-Y 
also has neuronal type-specific roles in the CNS.

Results
NF-YA deletion in motor neurons induces progressive neurodegeneration. To explore the role of 
NF-Y in multiple CNS neurons, we first focused on motor neurons because there is a well-established transgenic 
line, VAChT-cre (VA-cre), which expresses cre recombinase specifically in motor neurons of spinal cord and 
brainstem after birth24. By crossing the VA-cre mice with NF-YA flox mice, we generated motor-neuron-spe-
cific NF-YA deletion (NF-YA flox/flox; VA-cre) mice (hereafter referred to as NF-YA v-cko mice). The appar-
ent phenotypes of the v-cko mice were abnormal posture (Supplementary Fig. 1a) and progressive weight loss 
(Supplementary Fig. 1b). In addition, the v-cko mice showed tremor-like movement that became more prominent 
with aging (Supplementary Fig. 1c,d).

Histological analysis identified reduction of choline acetyltransferase (ChAT)-positive motor neurons in cer-
vical anterior horns of v-cko mice at 35 weeks of age but not those at 6 weeks of age (Fig. 1a,b). Quantitative 
analysis of mice of different ages revealed progressive reduction of the motor neurons (Fig. 1c), finally reach-
ing half of the control number, probably due to the restricted cre expression to around 50% of motor neu-
rons24. We further observed astrocytosis in anterior horns of v-cko mice, which became more severe with aging 
(Fig. 1d,e). Microgliosis was also observed in the anterior horns of the v-cko mice at earlier stages of degeneration  
(4–8 weeks of age; Fig. 1f,g) but it was hardly detected at later, fully degenerated stages (24–35 weeks of age; data 
not shown). Astrocytosis and microgliosis were also observed in facial motor nuclei of brainstem in NF-YA v-cko 
mice (Supplementary Fig. 2). Taken together, these data indicate that NF-Y is indispensable for motor neuron 
maintenance and its inactivation through NF-YA deletion induces progressive neurodegeneration accompanying 
gliosis (Fig. 1h).

No accumulation of Ub or p62 in motor neurons by NF-YA deletion. We have previously shown that 
NF-YA deletion in cerebral pyramidal neurons induces accumulation of insoluble Ub, p62 and several membrane 
proteins such as amyloid precursor protein (APP) and carboxypeptidase E (CPE) during neurodegeneration2. 
To test whether motor neuron degeneration also accompanied the abnormal protein accumulation, we analyzed 
v-cko mice harboring an RNZ reporter that expresses nuclear LacZ by cre-mediated recombination25. Staining of 
the spinal cord sections revealed no accumulation of Ub or p62 in LacZ-positive neurons of v-cko mice (Fig. 2a). 
Neither APP nor CPE accumulated in the LacZ-positive neurons, whereas they lost Grp94, a downstream target 
of NF-Y (Fig. 2b). We then sequentially fractionated v-cko mice spinal cords with different detergent buffers and 
found no accumulation of Ub or p62 in any fractions (Fig. 2c). Taken together, these data indicate that Ub, p62 or 
membrane proteins are not accumulated or insolubilized in motor neurons of NF-YA v-cko mice.

Downregulation of multiple ER chaperones in NF-YA v-cko motor neurons. NF-Y binds to the 
promoters of Grp78 and Grp942,26,27. Whereas NF-Y inactivation induces selective downregulation of Grp94 but 
not Grp78 in cerebral pyramidal neurons2, Grp78 downregulation after NF-Y suppression has been reported in 
other types of cells27,28, suggesting context-dependent regulation of Grp78 expression. Notably, staining of spinal 
cords of NF-YA v-cko mice showed coordinated loss of both Grp78 and Grp94 in LacZ-positive motor neurons 
(Fig. 2d). Quantification revealed that around 60% of LacZ-positive neurons showed severe reduction of both ER 
chaperones (Fig. 2f). In contrast, the Grp94-negative neurons were still positive for ChAT (Fig. 2e), suggesting 
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that loss of ER chaperones is not simply due to loss of neuronal property. The downregulation of Grp78/94 was 
also observed in motor neurons of facial nuclei (Fig. 2g). Taken together, these data indicate that in contrast to the 
pyramidal neurons, the motor neurons lost expression of both ER chaperones upon inactivation of NF-Y.

We also found reduced staining of anti-KDEL, which recognizes proteins with a C-terminal KDEL motif such 
as Grp78 and Grp94 (Supplementary Fig. 3a). Protein disulfide isomerase (PDI), which functions as an enzyme 
and chaperone in ER lumen, was also absent in LacZ-positive v-cko neurons (Supplementary Fig. 3b). In con-
trast, the ER membrane protein Sec61β  remained (Supplementary Fig. 3c), suggesting that the observed loss of 
luminal proteins was not due to the disappearance of ER itself. Considering the NF-Y binding to promoters of 
several ER chaperones including PDI26, NF-Y inactivation may induce global downregulation of ER chaperones 
in motor neurons. As for cytoplasmic chaperones, only Hsp70, a well-known NF-Y target19, was downregulated 
(Supplementary Fig. 3d). Other chaperones located in cytoplasm (Hsp90, Hsp40s (Hdj1/2)) and in mitochondria 
(Hsp60) remained to be expressed in LacZ-positive motor neurons without Grp94 expression (Supplementary 
Fig. 3e–h). Taken together, these data indicate that expression of ER chaperones is preferentially affected by NF-Y 
inactivation in motor neurons.

Figure 1. Progressive motor neuron loss and glyosis induction in anterior horn of NF-YA v-cko mice. 
Immunohistochemistry of cervical spinal cord of NF-YA v-cko mice (flox/flox; VA-cre) and control mice 
(flox/+  or flox/flox or flox/+ ; VA-cre) at indicated weeks of age. (a) Anti-ChAT staining. (b) Enlarged images of 
boxed regions in (a). Note the reduction of ChAT-positive motor neurons in anterior horn of NF-YA v-cko mice 
at 35 weeks but not at 6 weeks of age. (c) Quantification of ChAT-positive cells in cervical cord sections of mice 
with indicated genotypes. Mean of cell numbers in eight sections are shown. A statistical analysis was performed 
on data from v-cko (flox/flox; VA-cre) and control mice (flox/+ ; VA-cre) at 35 weeks of age (***P <  0.001, 
t-test). Note the progressive reduction of ChAT-positive neurons in NF-YA v-cko mice. (d) Anti-GFAP staining. 
(e) Enlarged images of anterior horns indicated in (d). (f) Anti-Iba1 staining. (g) Enlarged images of anterior 
horns indicated in (f). Note the induction of astrocytosis and microgliosis in anterior horns of NF-YA v-cko 
mice. (h) Summary of the age-dependent phenotypes of NF-YA v-cko mice. Scale bars are 500 µ m (a,d,f),  
200 µ m (b,e,g).
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Figure 2. No accumulation of Ub/p62 and loss of ER chaperones in NF-YA v-cko motor neurons.  
(a,b) Cervical cord sections of 6-week-old NF-YA v-cko mice (flox/flox; VA-cre; RNZ) were stained with LacZ 
together with indicated antibodies. Nuclei were stained with Toto-3 for (a). LacZ-positive cells are indicated by 
arrowheads. Note no accumulation of Ub, p62, APP or CPE in NF-YA v-cko motor neurons. (c) Isolated spinal 
cords from 14-week-old NF-YA v-cko mice (flox/flox; VA-cre) and control mice (flox/+ ) were homogenized 
(T), and then sequentially solubilized with buffer containing 1% TritonX-100 (S1), DNaseI/RNaseA (S2), 1% 
Sarkosyl (S3) or 4% Sarkosyl (S4), or with formic acid (P), and then analyzed by western blotting. Note no 
accumulation of insoluble Ub or p62 in NF-YA v-cko spinal cords. (d,e) Cervical cord sections of 6-week-old 
NF-YA v-cko (flox/flox; VA-cre; RNZ) or control (flox/+ ; VA-cre, RNZ) mice were stained with LacZ together 
with indicated antibodies. LacZ-positive cells are indicated by arrowheads. (d) Loss of both Grp94 and Grp78 in 
NF-YA v-cko neurons. (e) Remaining ChAT expression in the NF-YA v-cko neurons without Grp94 expression. 
(f) The LacZ-positive cells were categorized into three groups based on the staining of Grp94 or Grp78; no 
signal (− ), background level (+ /− ) or similar to the control level (+ ). Ratios to total counted cells are shown. 
Values are means +  s.d. of four mice data (**P <  0.01, ***P <  0.001, t-test). (g) Facial nuclei of the mice used 
in a were stained with LacZ together with Grp94 or Grp78. Nuclei were stained with Toto-3. Loss of these ER 
chaperones in NF-YA v-cko facial motor neurons. Scale bars are 20 µ m.
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Abnormal nuclear morphology in motor neurons by NF-YA deletion and Grp78/94 downregu-
lation. Although motor neurons did not show Ub/p62 pathology, staining of the nuclear lamin suggested that 
in NF-YA v-cko mice spinal and facial motor neurons positive for LacZ contained nuclei with abnormal mor-
phologies when compared with LacZ-negative control cells (Fig. 3a,b). EM analysis of the spinal motor neurons 
revealed that in contrast to the control motor neurons with round-shaped nuclei, the nuclei of v-cko motor neu-
rons were relatively elongated with multiple indentations (Fig. 3c). EM analysis also identified other abnormalities 
including cytosolic particles containing densely stained material, resembling lipid droplets, and aggregated ER 
membranes (Fig. 3c, data not shown).

Figure 3. Abnormal nuclear morphology in NF-YA v-cko motor neurons. (a,b) Sections of cervical cord  
(a) or brain stem (b) of 6-week-old NF-YA cko mice (flox/flox; VA-cre; RNZ) were stained with LacZ, lamin 
A/C and Grp94, and analyzed by confocal microscopy. Note the abnormal nuclear morphology of LacZ-
positive cells without Grp94 staining. (c) Electron micrographs of spinal cord motor neurons in 5-week-old 
NF-YA v-cko (flox/flox, VA-cre) or Cont (flox/+ ) mice. Lower panels are enlarged images of upper ones. Note 
the abnormal nuclear morphology of motor neurons of NF-YA v-cko mice, compared to normal and rounded 
nuclei in those of control mice. Scale bars are 20 µ m (a,b) and 10 µ m (c).
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We focused on the altered nuclear morphology because it could be clearly detected by lamin staining. We 
examined the involvement of Grp78/94 downregulation in this altered morphology by injecting adeno-associated 
virus (AAV) vector encoding EmGFP fused with miR RNAi for Grp78 and Grp94 (EmGFP-miR-Gpr78/94) in 
brain stem to knock down both Grp78 and Grp94. The AAV for non-targeting miR RNAi sequence (NT-2) was 
used as a control. EmGFP expression was observed in trigeminal motor neurons labeled with anti-ChAT (Fig. 4a). 
We then confirmed effective downregulation of Grp78/94 using AAV miR vector in these neurons (Fig. 4b). 
Interestingly, lamin staining revealed that in contrast to the NT-2 expressing neurons containing round-shaped 
nuclei, the Grp78/94-knockdown neurons contained nuclei that were relatively small and elongated (Fig. 4c). 
Image analysis of lamin stain by CellInsight revealed that the nuclei of Grp78/94-knockdown neurons were 
smaller and more elongated than those of NT-2-expressing neurons at two weeks after injection, and these dif-
ferences became more significant at four weeks (Fig. 4d,e). Taken together, these data indicate that knockdown 
of Grp78/94 induced abnormal nuclear morphology in motor neurons, and they support the involvement of 
Grp78/94 downregulation in motor neuron degeneration caused by NF-Y inactivation.

Ub/p62 accumulation in striatal and cerebellar neurons upon NF-Y inactivation. The lack of Ub/p62  
accumulation and the loss of both ER chaperones in motor neurons suggest that NF-Y inactivation leads to 
neuronal type–dependent pathologies in CNS neurons. To confirm this, we further inactivated NF-Y in other 
types of neurons including striatal MSNs and cerebellar Purkinje cells. For this purpose, we used AAV vec-
tor encoding EmGFP fused with miR RNAi for NF-YA and NF-YC (EmGFP-miR-YA/YC)2 and injected 
it into striatum. The AAV for EmGFP-miR-NT-2 was used as a control. The infected cells were detected 
by GFP fluorescence in the striatum (Supplementary Fig. 4a). We confirmed reduced anti-NF-YA stain-
ing by AAV for miR-YA/YC but not by that for NT-2 in striatal MSNs (Fig. 5a), supporting gene knock-
down by AAV vector. Notably, Ub accumulated diffusely whereas p62 accumulated as puncta in NF-YA/YC  
knockdown cells (Fig. 5b and Supplementary Fig. 4b). Confocal analysis suggested that Ub co-localized with 
KDEL rather than with p62 (Fig. 5c,d). Cytoplasmic accumulation of membrane proteins such as APP and 
CPE was also observed (Supplementary Fig. 4c,d). In addition, the NF-YA/YC knockdown cells showed pref-
erential reduction of Grp94 (Fig. 5e). Quantification revealed ~90% of knockdown cells lost Grp94 expression, 
whereas around 30% of cells lost both Grp94 and Grp78 expressions (Fig. 5f). Thus, NF-YA/YC knockdown in 
MSNs induced Ub/p62 accumulation and selective reduction of Grp94, which closely resembles the phenomena 
observed in NF-YA-deletion pyramidal neurons2.

To obtain further insight, we next injected the AAV vectors in cerebellum. Relatively high EmGFP expres-
sion was observed in Purkinje cells (Supplementary Fig. 5a) and NF-YA signal was lost in the cells expressing 
EmGFP-miR-YA/YC (Fig. 6a). We again observed accumulation of Ub and p62 (Fig. 6b and Supplementary 
Fig. 5b), although the Ub staining was not diffuse as in striatal neurons; the Ub puncta clearly co-localized with 
p62 rather than with KDEL (Fig. 6c,d). APP and CPE also accumulated in these Purkinje cells (Supplementary 
Fig. 5c,d). We then observed preferential downregulation of Grp94 in NF-YA/YC knockdown Purkinje cells 
(Fig. 6e,f). Collectively, these observations indicate that, as seen in cerebral pyramidal neurons, NF-Y inactivation 
induces Ub/p62 pathology with selective Grp94 downregulation in MSNs and Purkinje cells.

Additional downregulation of Grp78 suppressed Ub accumulation induced by NF-Y inactivation 
in striatal neurons. Induction of Ub/p62 accumulation but slight downregulation of Grp78 in MSNs and 
Purkinje cells after NF-YA/YC knockdown led us hypothesize that difference in Grp78 expression determines 
the pathological phenotype caused by NF-Y inactivation. If so, additional downregulation of Grp78 in these 
neurons after NF-Y inactivation could suppress Ub/p62 pathology. To clarify this, AAV vector for miR-Grp78 or 
-NT-2 was co-injected with the vector for miR-YA/YC in striata of wild type mice. Compared with the miR-NT-
2-co-injected controls that induced distinct Ub accumulation, co-injection of miR-Grp78 suppressed Ub accu-
mulation in striatal neurons (Fig. 7a,b). Quantification revealed clear reduction of Ub-positive cells by additional 
Grp78 knockdown compared with the controls (Fig. 7c). These data indicate that Grp78 downregulation sup-
pressed Ub pathology caused by NF-Y inactivation in striatal neurons, and imply that Grp78 is one of the critical 
factor mediating differential pathologies in CNS neurons after NF-Y inactivation (Fig. 7d).

Discussion
Although previous studies clarified significance of NF-Y in neuronal maintenance, degeneration and differen-
tiation2,6,19–21, whether the ubiquitous NF-Y has a conserved role in multiple CNS neurons remains unclear. By 
region-specific inactivation of NF-Y in adult mice CNS, we here observed neuronal type-specific neuropatholo-
gies in different CNS neurons (Fig. 7d); the NF-Y inactivation in striatal MSNs and cerebellar Purkinje cells led to 
cytoplasmic accumulation of Ub and p62, but not in somatomotor neurons. Subsequent analysis focusing on ER 
chaperones revealed that MSNs and Purkinje cells lost only Grp94 whereas motor neurons lost both Grp78 and 
Grp94. We further showed that knockdown of both Grp78 and Grp94 in motor neurons recapitulated the nuclear 
pathology observed by NF-YA knockout, suggesting involvement of their downregulation in the motor neu-
ron degeneration. Importantly, in striatal MSNs additional downregulation of Grp78 suppressed Ub pathology 
induced by NF-Y inactivation, implying a critical role of Grp78 in mediating different neuropathologies in the 
CNS. These data indicate that NF-Y has cell type-specific roles in protein homeostasis and neuronal maintenance 
by regulating different sets of ER chaperones in the CNS (Fig. 7d).

So why did motor neurons show distinct neuropathologies compared with other types of neurons? 
Considering the central roles of Grp78 in ER function and the stress response29–31, we speculate that additional 
loss of Grp78 in motor neurons would be deleterious for cells and may induce a kind of acute neurodegeneration 
without abnormal protein accumulation. Regarding the selective regulation of Grp78 expression, a difference in 
NF-Y binding may not be the reason because NF-Y binding to the Grp78 promoter was broadly observed, even 
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Figure 4. Knockdown of both Grp78 and Grp94 induces nuclear morphological alteration in trigeminal 
motor neurons. Mixed AAVs for EmGFP-miR-Grp78 and -Grp94 or AAV for EmGFP-miR-NT-2 (non targeting 
control) was injected into trigeminal nuclei of brain stem in wild type B6 mice. Mice were fixed at 2 weeks after 
injection and coronal sections were stained with indicated antibodies. (a) Co-staining of the sections of AAV-
EmGFP-miR-NT-2-injected brain with GFP and ChAT. A portion of the ChAT-positive trigeminal motor 
neurons was expressing EmGFP. (b) Loss of both Grp78 and Grp94 in EmGFP-positive, miR-Grp78/Grp94-
expressing trigeminal motor neurons. (c) Altered nuclear morphology by expression of miR-Grp78/Grp94 but 
not by that of NT-2. (d,e) Quantification of nuclear area (d) and elongation (ratio of long to short axis) (e) in the 
EmGFP-positive motor neurons of trigeminal nuclei at two or four weeks after AAV injection (n means number 
of analyzed cells). As for nuclear area, ratios to control (NT-2-expressing cells) are shown. The data are plotted in 
a box (25–75th percentile) and whisker chart. For statistical analysis we used ANOVA and t-test for data from two 
and four weeks, respectively (*P <  0.05, **P <  0.01, ***P <  0.001). Scale bars are 200 µ m (a) and 40 µ m (b,c).
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in the mouse cortex2 where NF-Y inactivation did not induce distinct Grp78 downregulation. Interestingly, by 
checking in situ hybridization data of Allen Brain Atlas (http://www.brain-map.org/)32, we noticed relative high 
expression of mRNAs for Grp78 (Hspa5: 69735138) and Grp94 (Hsp90b1: 79393537) in motor neurons of facial 
and trigeminal nuclei in brain stem. In addition, our immunohistochemical analysis indicates relatively high 

Figure 5. Knockdown of NF-YA and NF-YC in striatal medium spiny neurons induces Ub accumulation. 
AAV encoding EmGFP fused with miR-YA/YC (tandem miR RNAs against NF-YA and NF-YC) or NT-2 (non-
targeting control) was injected into striatum of wild type B6 mice. Mice were fixed at 3 weeks (a,e) or 6 weeks 
(b–d) after injection and coronal sections were stained with antibodies as indicated. (a) Co-stain of the sections 
with NF-YA and GFP. Nuclear NF-YA signals were reduced in GFP-positive, NF-YA/NF-YC-knockdown MSNs. 
(b) Accumulation of Ub and p62 in MSNs by knockdown of NF-YA/NF-YC. (c,d) Co-staining of the sections of 
EmGFP-miR-YA/YC-injected brain with Ub and p62 or KDEL. Note the co-localization of Ub with KDEL but 
not with p62 in MSNs. (e) Co-staining of the sections with GFP, Grp94 and Grp78. Grp94 but not Grp78 was 
preferentially reduced in GFP-positive, NF-YA/NF-YC-knockdown cells. (f) Quantification of cells negative 
for Grp94 and/or Grp78 staining among the GFP-positive cells. Values are means of two (NT-2) or four (YA-
YC) experiments. Note that Grp94 was lost around 90% of the NF-YA/NF-YC-knockdown cells despite loss of 
Grp78 in 30% of the cells. Scale bars are 50 µ m (a), 20 µ m (b,e) and 10 µ m (c,d).
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levels of Grp78/94 proteins in brain stem motor neurons compared with the neurons in cortex, striatum and 
cerebellum (data not shown). These data suggest that motor neurons show higher expression of Grp78/94 among 
the CNS neurons we examined. Thus, the underlying mechanism for expression of these ER chaperones may be 
different in motor neurons and NF-Y might be actively involved in this, which may lead to differential downreg-
ulation of these proteins after NF-Y inactivation in the CNS.

Figure 6. Knockdown of NF-YA and NF-YC in cerebellar Purkinje cells induces Ub accumulation. AAV 
encoding EmGFP fused with miR-YA/YC (tandem miR RNAs against NF-YA and NF-YC) or NT-2 (non-
targeting control) was injected into cerebellum of wild type B6 mice. Mice were fixed at 2 weeks after injection 
and coronal sections were stained with antibodies as indicated. (a) Co-stain of the sections with NF-YA and 
GFP. Nuclear NF-YA signals were reduced in GFP-positive, NF-YA/NF-YC-knockdown Purkinje cells.  
(b) Accumulation of Ub and p62 in Purkinje cells by knockdown of NF-YA/NF-YC. (c,d) The sections of 
EmGFP-miR-YA/YC-injected brain were co-stained with Ub and p62 (c) or KDEL (d). Note the co-localization 
of Ub with p62 rather than with KDLE in Purkinje cells. (e) Co-staining of the sections with GFP, Grp94 and 
Grp78. Grp94 but not Grp78 was preferentially reduced in GFP-positive, NF-YA/NF-YC-knockdown cells. 
(f) Quantification of the cells negative for Grp94 and/or Grp78 staining among the GFP-positive cells. Values 
are means of two experiments. Note that Grp94 was lost around 90% of the NF-YA/NF-YC-knockdown cells 
despite loss of Grp78 in 30% of the cells. The Purkinje cells are indicated by arrowheads. Scale bars are 50 µ m 
(a), 20 µ m (b,e) and 10 µ m (c,d).
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Notably, Grp78 downregulation upon NF-Y inactivation is also reported in several cultured cell lines27,28, sug-
gesting dependency of Grp78 expression on NF-Y is different among the cell types and other transcription factors 
may contribute Grp78 expression in the neurons other than motor neurons. Indeed, HSF1, a critical regulator 
for stress-induced expression of cytoplasmic chaperones such as HSP70 has been reported to be differentially 
expressed in CNS neurons33. Precise analysis focusing on other transcription factors may lead to identification 
of the mechanism underlying differential regulation of Grp78 expression. We further found that NF-YA knock-
out in motor neurons induced loss of PDI, an enzyme catalyzing disulfide bonds to mediate protein folding in 
ER, implying that PDI expression is also regulated by NF-Y in motor neurons. This notion is supported by the 
observations in other contexts that NF-Y binds to the PDI promoter in cultured cell line26 and NF-YA knockout 

Figure 7. Suppression of Ub accumulation by additional knockdown of Grp78 in NF-YA/NF-YC 
knockdown striatal neurons. (a) AAV-EmGFP-miR-YA/YC was mixed with AAV-EmGFP-miR-NT-2 or 
-Grp78 at the ratio of 1:1 and was bilaterally injected into striata of wild type B6 mice. Mice were fixed at  
3 weeks after injection and processed for cryosectioning in the coronal plane. Sequential sections were used for 
staining with anti-GFP and Ub antibodies. (b) Enlarged images of boxed regions in (a). Note the suppression 
of Ub accumulation induced by NF-YA/NF-YC knockdown by additional knockdown Grp78. (c) Number of 
cells positive for GFP or Ub on the sections were counted and ratios of Ub-positive cells to GFP-positive cells 
were calculated. More than 1900 of GFP-positive cells were counted for each mouse. Values are means +  s.d. of 
three mice data (*P <  0.05, t-test). (d) Summary of the pathological responses upon NF-Y inactivation in CNS 
neurons. Our previous data of NF-YA deletion in pyramidal neurons of cortex (Cor) and hippocampus (Hpc) 
were included2. Similar to the pyramidal neurons, MSNs in striatum (Str) and Purkinje cells in cerebellum (Cbl) 
showed selective downregulation of Grp94 and accumulation of Ub, p62 and membrane proteins including APP 
and CPE. A slight difference was observed for the Ub accumulation pattern among these neurons. In contrast, 
the motor neurons in spinal cord (SC) and brain stem (BS) showed downregulation of both Grp78/94 ER 
chaperones and no accumulation of Ub, p62 or membrane proteins. The Ub accumulation in MSNs induced by 
NF-Y inactivation was suppressed by additional downregulation of Grp78.
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downregulates PDI in mouse liver34. In contrast, the unaffected expression of the ER membrane protein Sec61β  
suggests no global impairment of ER protein expression due to NF-YA deletion. Collectively, these observations 
suggest that NF-Y is a crucial regulator for expression of multiple ER chaperones in motor neurons and its dys-
function may result in severe disruption of ER homeostasis, leading to neurodegeneration.

Although the differential downregulation of Grp78/94 could be a potential determinant of different neu-
ropathologies in CNS neurons, how loss of Grp78/94 mediates motor neuronal pathologies such as abnormal 
nuclear morphology remains unclear. In addition, it is still uncertain how NF-Y inactivation induces Ub/p62 
accumulation on ER in the neurons with intact Grp78 expression, because downregulation of Grp94 is insuf-
ficient to induce their accumulation in cerebral pyramidal neurons2. Interestingly, the Ub pathology is variable 
among the Grp78-remaining neurons; diffuse distribution in pyramidal and MSNs but punctate distribution in 
Purkinje cells. Further studies focusing on NF-Y-downstream targets will be necessary to clarify the differential 
pathologies of CNS neurons after NF-Y inactivation.

In summary, targeted disruption of NF-Y in mouse CNS neurons clarify the differential regulation of ER chap-
erone expression and neuronal maintenance by NF-Y. To our knowledge, this is the first report describing the cell 
type-specific role of ubiquitous transcription factor in the CNS. Because neuronal significance has been reported 
for other ubiquitous factors3–10, further studies focusing on these factors may provide additional mechanisms 
underlying generation/maintenance of various types of neurons in the CNS. This could also lead to identification 
of novel mechanisms underlying cell/tissue-specific degeneration often observed in many neurodegenerative 
diseases and novel therapeutic targets for these diseases.

Methods
Mice. The mouse experiments were approved by the animal experiment committees at RIKEN Brain Science 
Institute and Doshisha University. Mice were maintained and bred in accordance with guidelines of RIKEN and 
Doshisha University. All methods were performed in accordance with the guidelines and regulations of RIKEN 
and Doshisha University. The NF-YA flox mice13 were maintained on a C57BL6 (B6) background by mating with 
female B6 mice. The motor neuron–specific VAChT-cre transgenic mice (VA-cre; Fast line) harboring a transgene 
containing cre recombinase under the VAChT promoter24 were developed by Dr Misawa (Keio University) and Dr 
Takahashi (Kyoto University) and provided by Dr Yamanaka (Nagoya University). RNZ (ROSA26-loxP-STOP-
loxP-nlsLacZ) mice25 were provided by Dr Itohara (RIKEN BSI). All mice were maintained on a B6 background. 
For generation of motor neuron–specific NF-YA knockout mice, NF-YA flox/+ ; VA-cre; RNZ mice were first 
generated and crossed with NF-YA flox/flox mice. The sequences of primers used for genotyping were described 
previously2. The NF-YA knockout pups were obtained mostly at the expected Mendelian ratios. We used only 
male mice for the experiments. The age of the mice used for analyses is described in the figure legends. For the 
tremor test, the mice were placed in a suspended plastic box with an accelerometer (MVP-RF8-HC, MicroStone) 
at the bottom. The motion of the mice was recorded for 3 min at a sampling rate of 1 kHz, and the recorded data 
were transformed to amplitude at frequencies (0–100 Hz) by fast Fourier transform, as previously described35,36.

Antibodies. Primary antibodies for Grp78 (610978) and CPE (610758) were from BD (Transduction); GFAP 
(Z0334) and Ub (Z0458) from DAKO; Grp94 (SPA-850), PDI (SPA-891) and Hsp40 (Hdj1) (SPA-400) from 
Enzo; KDEL (PM059) and p62 (PM045) from MBL; APP (MAB348), ChAT (AB144P), Sec61β  (07-205) and 
Ub (MAB1510) from MILLIPORE; HSP 60 (K-19) (sc-1722), NF-YA (sc-10779), Hsp90α  (sc-8262) and Hsp70 
(W27) (sc-24) from Santa Cruz; GFP (ab13970) and LacZ (ab9361) from abcam; Iba1 (019-19741) from WAKO; 
LacZ (200-4136) from Rockland; p62 (GP62-C) from PROGEN; Hsp40 (Hdj2) (MS-255-P) form Neomarkers; 
Lamin A/C (2032) from Cell Signaling.

Histological analysis. Mice were deeply anesthetized by peritoneal injection of tribromoethanol (Avertin), 
and then perfused with 4% paraformaldehyde (PFA)/phosphate-buffered saline (PBS). Isolated spines and 
brains were further fixed overnight with 4% PFA/PBS. The spinal cord was taken out at this point. After cry-
oprotection with 20% sucrose/PBS and freezing in tissue mount, the tissues were processed for cryosection-
ing (10–20 µ m). For hematoxylin staining, the tissues were stained with Mayer’s Hematoxylin for 30–60 sec. 
Immunohistochemistry and immunofluorescence analysis were performed as described previously8,37. Briefly, the 
sections were autoclaved in 10 mM citrate buffer (pH 6.0) at 120 °C for 5 min, treated with 0.01% H2O2/methanol 
at room temperature for 30 min and blocked with 5% skim milk/TBST (20 mM Tris–HCl, pH 8.0, 150 mM NaCl, 
0.05% Tween20) for 1 hr. The sections were then incubated with a primary antibody diluted with TBST containing 
0.1% bovine serum albumin (BSA) overnight at 4 °C. For immunohistochemistry, they were then incubated with 
a secondary antibody conjugated with horseradish peroxidase (Vector), and then with ABC reagent (Vector), 
followed by detection with diaminobenzidine (DAB). For immunofluorescence, the sections were incubated 
with a secondary antibody conjugated with Alexa Fluor dyes (Molecular Probes). Images were obtained on a 
CCD camera-equipped Olympus microscope (AX80), Keyence microscope (BZ-9000 and BZ-X710), Olympus 
(FV1000) and Leica confocal system (TCS SP2 and SP5).

AAV vectors and stereotaxic injection. Tandem miR RNA expression vectors for YA/YC (NF-YA and 
NF-YC), Grp94 (Grp94-1 and -5), Grp78 (Grp78-2 and -10) and a non-targeting control (NT-2) were gener-
ated using the pcDNA6.2-GW/EmGFP-miR vector (Invitrogen). In this system, miR RNA expression could 
be monitored by EmGFP expression. The oligonucleotide sequences used for construction were described 
previously2. The DNA regions encoding EmGFP-miR RNA were inserted into adeno-associated virus vector 
(AAV1/2-CAG-WPRE-BGH-polyA) by GeneDetect. To inject AAVs into mouse brain38, 6-week-old wild-type 
male B6 mice were first anesthetized by peritoneal injection of pentobarbital and placed in a stereotaxic apparatus 
(Narishige). A total of 2.7–3.0 ×  109 genomic particles of AAVs were injected through burr holes in the skull using 
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a motorized microinjector equipped on the apparatus at the speed of 0.5 µ l/min. For injection into striatum, the 
syringe needle was placed at 0.3 mm anterior to the bregma, 2 mm lateral to the sagittal suture and 2.5 mm below 
the skull surface. For injection into cerebellum, the needle was placed at 1.2–1.5 mm posterior to the lambda, 
2 mm lateral to the sagittal suture and 1 mm below the skull surface. For injection into brain stem, the needle was 
placed at 1.1 mm posterior to the lambda, 1 mm lateral to the sagittal suture and 4 mm below the skull surface.

Brain fractionation and Western Blot. Isolated spinal cords were suspended in RIPA buffer containing 
20 mM Hepes at pH 7.2, 150 mM NaCl, 1 mM EDTA, 1x Complete, 1% triton X-100, 0.5% deoxycholate and 
0.1% SDS with teflon homogenizer on ice. After sonication and quantification of protein concentration, the total 
homogenates containing 1 mg protein (T) were subjected to ultracentrifugation at 50 krpm for 30 min at 4 °C with 
TLA-55 rotor (Beckman). The supernatants (S1) were removed and pellets were suspended with buffer contain-
ing 500 U/ml DNaseI, 20 µ g/ml RNaseA, 20 mM Tris HCl, pH 7.5, 5 mM MgCl2 and 1 mM CaCl2 and incubated 
at 37 °C for 30 min. After centrifugation as above and removal of supernatants (S2), the pellets were sonicated 
in 150 µ l of 1% sarcosyl in RIPA buffer and centrifuged as above. After removal of the supernatants (S3), the 
pellets were further solubilized with 4% sarcosyl in RIPA buffer (S4) as above. Remaining pellets (P) were then 
solubilized with 100 µ l of formic acid at 37 °C for 1 hr and dried by vacuum centrifugation. After boiling in SDS 
sample buffer, these fractions (T, S1-S4 and P) were subjected to SDS-PAGE and Western blotting as described 
previously39. Chemiluminescent signals were obtained and quantified using ImageQuant LAS-4000 (GE).

Electron microscopy (EM). For EM40, mice were perfused with 0.1 M phosphate buffer (pH 7.4) containing 
2% PFA and 2.5% glutaraldehyde. Spinal cords were sectioned at 500 µ m, osmicated with 1% OsO4 in phosphate 
buffer, dehydrated through a gradient series of ethanol, and then embedded in epoxy resin (Epon 812, TAAB). 
Semi-thin sections (500 nm thick) were first prepared and stained with toluidine blue. They were then processed 
for ultra-thin sectioning (80 nm thick) with an ultramicrotome (Ultracut UCT or UC6, Leica), and collected on 
200-mesh uncoated copper grids. After counterstaining with uranyl acetate and lead citrate, the sections were 
examined with Hitachi HT7700 electron microscopy.

Cell image analysis. For quantitative analysis of ChAT-positive cells in cervical spinal cords, eight cryo-
sections (20 µ m thick) were stained with anti-ChAT and the number of stained cells per section was quantified. 
For quantitative analysis of ER chaperone expression in motor neurons of cervical cords, cryosections from four 
age-matched mice were co-stained with LacZ, Grp78 and Grp94. After obtaining confocal images, we picked up 
all of the LacZ-positive cells and categorized them into three groups based on the staining of Grp94 or Grp78: no 
signal (− ), background level (+ /− ) or similar to control level (+ ). Ratios to total counted cells were shown. For 
quantitative analysis of nuclear morphology in Grp78/94-knockdown trigeminal motor neurons, cryosections 
containing trigeminal nuclei were stained with antibodies for GFP, lamin A/C and ChAT, and fluorescence images 
were obtained by confocal microscopy. The images were then analyzed by Thermo Scientific CellInsight NXT to 
quantify nuclear area and elongation (ratio of long to short axis) in the GFP-positive trigeminal motor neurons. 
For quantitative analysis of GFP- or Ub-positive cells, the cells were first selected and quantified using ImageJ 
software41.

Statistical analysis. For comparison between two sample groups, data were first analyzed by F-test. For 
P <  0.05, the data were analyzed by unpaired Student’s t-test (two-tailed); otherwise data were analyzed by Welch’s 
t-test (two-tailed). For multiple comparisons, the data were analyzed by one-way analysis of variance (ANOVA) 
using Prism software. Tukey’s test was performed for post-hoc tests. We considered the difference between com-
parisons to be significant when P <  0.05 for all statistical analyses. No data points were excluded in the analysis. 
All of the experiments were successfully repeated at least two times.
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