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(HD) 

, , , 

, , , 

HD

 (HTT) , CAG

 (CAG ) CAG 36 , HTT

 (polyQ) , 

 (Perutz et al., 1994; Scherzinger et al., 1997)

, , 

, 

 (Cummings et al., 1998; Jana et al., 2000; Dunah et al., 2002; Nagaoka et al., 

2004; Doi et al., 2004) ,  

 (Jana et al., 2000; Bence et al., 2001) 

 (Panov et al., 2002) , 

 (Landles and 

Bates, 2004; Di Prospero and Fischbeck, 2005; Dompierre et al., 2007; Orr and 

Zoghbi, 2007; Saudou and Humbert, 2008; Crook and Housman, 2011; Labbadia and 

Morimoto, 2013; An et al., 2012), , HTT

, 

, , 

 (Sanchez et al., 2003) 

 (Tanaka et al., 2004), 



 (Ehrnhoefer et al., 2006)

Dedeoglu et al., 2002 SAHA (suberoylanilide hydroxamic acid) 

, HTT

 (Steffan et al., 2001, Hockly et al., 2003)  

HTT

HTT , 

RNA interference (RNAi) 

, 

 (Elbashir et 

al., 2001)  (ALS) SOD1 (superoxide 

dismutase 1) shRNA SOD1 , 

 (Ralph et al., 2005) 1

Ataxin1 shRNA

,  (Xia et al., 2004) HD

, HD siRNA (short interfering RNA) 

shRNA (short hairpin RNA) , 

,  (Ralph et al., 2005; Wang et al., 2005) 

RNAi , 

RNAi , 

, RNAi , HD

 

HD HTT HTT

, ,



, 

 (Davies et al., 1997; DiFiglia et al., 1997; Ordway et al., 1997; Yang et al., 2002; 

Tanaka et al., 2004) 

, 

 (Saudou et al., 1998; Klement et al., 1998; Nagai et al., 

2007; Chimon et al., 2007; Arrasate et al., 2004) HD

HD , , 

 (Vonsattel and DiFiglia, 1998; 

Thomas, 2006) , 

, 

 (Perutz et al., 

1994; Scherzinger et al., 1997) , 1

, 

 (Chien et al., 2004; Shorter and Lindquist, 2005) 

1-40 , 

, 

 (Petkov et al., 2005) HTT

, HD

, 

 

HD , HD

 (Craufurd and Snowden, 

2002) HD HD HdhQ111 knock-in

’ ’ 1  (cyclic 3’5’-adenosine 



monophosphate; cAMP) , 

 (Cramer et al., 1984; Gines et al., 2003) , cAMP

 (PDE4)  , , 

 (O’Donnell and Zhang, 2004; Millar et al., 

2005; Menniti et al., 2006; Conti and Beavo, 2007; Burgin, et al., 2010; Houslay, 

2010)  PDE4 PDE4 , 

 (Conti and Beavo, 2007; Houslay, 2010) , 

PDE4 , 

Disrupted in schizophrenia 1 (DISC1)  (Harrison and Weinberger, 2005; 

Millar et al., 2005; Murdoch et al., 2007; Kvajo et al., 2011; Niwa et al., 2016) 

DISC1 , , 

DISC1-PDE4

 (Brandon and Sawa, 2011; Johnstone et al., 2011; Narayan et al., 2013) DISC1

dynactin (p150glued) , nuclear receptor corepressor (N-CoR) , pericentriolar 

material-1 protein (PCM1) , Kalirin-7 , huntingtin-

associated protein 1 (HAP1)  HTT  

(Brandon and Sawa, 2011; Johnstone et al., 2011; Narayan et al., 2013) , 

DISC1  (Leliveld et al., 2008; 

Atkin and Kittler, 2012; Hamburg et al., 2016; Trossbach et al., 2016) , DISC1

, HD

HTT DISC1, PDE4 , HTT DISC1

, HD  

HD HTT



 

HD HTT , 

 

HD , in vivo , 

 

HD DISC1-PDE4 HTT DISC1-PDE4

 

HD DISC1 DISC1-PDE4

 

HD

 



AAV shRNA

 

 

 

 

 (HD) ,  

(HTT) CAG

HTT

HD 

, RNA  (RNAi) HTT , , 

HD RNAi

HD , HTT

, 

HTT , 

 (Yamamoto et al., 2000) , RNAi

HTT , , 

HD , 

recombinant adeno associated virus (rAAV) 

shRNA , HD

, 

 

 



 

 

 

1. HD  

 

HD HD190QG HD190QG

190CAG N

HTT EGFP , 

 (Kotliarova et al., 

2005) , 

 

 

2 rAAV  

EGFPmRNA RNA 10 pSilencer A

 (Ambion ®, ThermoFisherScientific, Waltham, MA) 

, shRNA pSilencer EGFP

pEGFP-N1 (Clontech, Kusatsu, Shiga, Japan) Neuro 

blastoma Neuro2a

, GFP  (Roche Diagnostics K.K., Tokyo, Japan) 

RNAi GFP

shRNA (shEGFP)  (shEGFPcontrol) 

, U6 shEGFP PCR

HindIII ,  forward primer: 5 - 

CCCAAGCTTGGGATCTTACCGCTGTTGAGA -3 , reverse primer: 5 - 



CCCAAGCTTGGGCCACACTTCAAGAACTC-3 , 

monomeric Red Fluorescence Protein (mRFP) cDNA  pRSETB (Campbell et al.

2002) mRFP1  pcDNA3 (Invitrogen, Carlsbad, CA) 

CMV mRFP , 

 (Fig. 2-1A) shEGFP AAV2

AAV5 pAAV2-

shEGFP pAAV5-shEGFP rAAV-shEGFP  rAAV-

shEGFPcontrol three-plasmid transfection protocol   

(Okada et al., 2002; 2005) 1  1010 genome copies/μl

 

 

3 In vitro shRNA  

shRNA , pEGFP-N1,  N-terminal 

HTT exon 1  CAG 16,  60, 150 EGFP 

HTT16QG, HTT60QG  HTT150QG  

(Wang et al., 1999) Human Embyonic Kidney cell 293 

(HEK 293 ) , 4 rAAV2-shEGFP 

shEGFPcontrol  1  105 genome copies/cell

 48 RFP EGFP

CellomicsTM Array Scan  VTI System (Beckman Coulter Inc., Fullerton, CA) 

 

 

4  

rAAV2-shEGFP HD 0.5mm



2mm 2 3mm 0.3μl/min 3μl 

, 

8 12 , 24  

 

5  

rAAV2-shEGFP 24

4 , 40μ

 (Bio-Rad Laboratories, Hercules, CA) 

  (Molecular Imager FX; Bio-Rad Laboratories)  , 488nm

530nm  , 532nm 

640nm , GFP RFP

 (Kotliarova et al., 2005)  

 

6  

40μm , rAAV

, anti-RFP  (Clontech) , 

AlexaFluor 568-  (Molecular Probes, Eugene, OR) 

, FV1000-D  (Olympus, Tokyo, Japan) 

HTT EGFP  (Nacalai Tesque 

Inc., Kyoto, Japan) , HTT  (Chemicon International, Inc., Temecula, CA) 

ubiquitin ( )  (Dako, Glostrup, Denmark) ABC Elite kit  

(Vector Laboratories, Inc., Burlingame, CA) , 

, 

, MacSCOPE (Mitani, Tokyo, Japan)  (Tanaka et 



al. 2004)   

 

7  

, , , IMAC buffer (20mM HEPES pH 7.4, 

140mM , 1mM  1mM EGTA, 

; Roche)  (As One, Osaka, Japan) , 

1000rpm 10μg 0.2 

mL  2% SDS , 0.2μm 

 (Advantec Toyo Roshi Kaisha Ltd., Tokyo Japan) , 0.6ml 

 2% SDS GFP  

(Roche)   HTT  (Chemicon) , , 

LAS-1000plus/Image Gauge software (Fujifilm, Tokyo, Japan) , 

 

 

8 In situ  

HD190QG DARPP-32 

(dopamine- and cAMP-regulated phosphoprotein  32 000 ) 

RI  cRNA , 

40μm in situ  (Kotliarova et al., 

2005)  

 

9 RT-PCR 

190QG RNA , TRIZOL Reagent (Invitrogen) 

DNA RQ1 RNase free DNase  (Promega, Madison, WI) , 



2μg  RNA  Superscript III First-Strand Synthesis System (Invitrogen) 

RT-PCR TaqMan PCR TaqMan

 (Kotliarova et al., 2005) GAPDH

,  

 

10  

StatView 5.0 (SAS Institute Inc., Cary, NC) Student  t-

test p<0.05  

 

 

 

1 AAV-shRNA  

EGFP HTT-190Q , HD190QG

 (Kotliarova et al., 2005) EGFP HTT-polyQ

shRNA , in vitro

EGFP shRNA shRNA 10 EGFP

EGFP HTT-polyQ Neuro2a

,  EGFP 5 - 

GCAAGCTGACCCTGAAGTTCAT -3  (shEGFP) , EGFP EGFP HTT-

polyQ 10 3

, 1 shRNA 5 - 

GTTCATCTGCACCACCGGCTT -3   

(shEGFPcontrol) , AAV (Fig. 2-1A), 

rAAV rAAV shEGFP EGFP



HTT-polyQ , EGFP 

 EGFP HTT-polyQ  ( EGFP, HTT16QG,  

HTT60QG HTT150QG) HEK293 rAAV5-

shEGFP rAAV5-shEGFPcontrol , GFP

shEGFP shEGFPcontrol , GFP

 (Fig. 2-1B) , shEGFP HTT-polyQ-EGFP

shEGFP GFP shEGFPcontrol EGFP, 

HTT16QG, HTT60QG  HTT150QG  0.43  0.014, 0.37 

 0.033, 0.50  0.032, 0.58  0.027 (mean  SEM, n = 5)  (Fig. 2-

1C)  

 

2 shRNA  

rAAV5-shEGFP 12 , 

24 , 40μm

RFP

rAAV5-shEGFP rAAV  

(Fig. 2-2A) 190QG , HTT190Q-GFP GFP

 (Fig. 2-2A) rAAV5-

shEGFP RFP (Fig. 2-2A) 

, 

RFP GFP , shEGFP 3

 (Fig. 2-2B) shRNA

GFP  (Fig. 2-2B) 

RFP , , , 



GFP , ,  

 

3 shGFP  

GFP, HTT, GFP

HTT , 

HD190QG HD R6/2  

(Davies et al., 1997; Tanaka et al., 2004; Kotliarova et al., 2005) 

HD  (Sanchez et al., 2003; 

Tanaka et al., 2004; Harper et al., 2005 Wang et al., 2005) HD190QG , 

4 , , , 6

 (Kotliarova et al., 2005) HD RNAi

, 12 HD190QG shRNA

24 , GFP, HTT, 

 (Fig. 2-3A) shEGFP GFP

, shEGFP GFP

19.4%  (Figs. 2-3B 1, 2) shEGFP HTT

17.7%  (Figs. 2-3C 1, 2) , shEGFP

34.1%  (Figs. 2-3D 1, 2)  

, shEGFP , shEGFP

HD190QG 12 shEGFP

24 , rAAV

12 shEGFP GFP

, 12 HD190QG 26.8

 (Figs. 2-3B 2, 3) shEGFP HTT , 12



HD190QG HTT 41.1  (Figs. 2-3C 2, 3) ,  

shEGFP , 12 HD190QG

42.9  (Figs. 2-3D 2, 3) 24

, 24 HD190QG  

(Figs. 2-3B-D 1, 4) , rAAV-shEGFPcontrol 24

, 24 HD190QG

, shRNA

, shEGFP HD190QG

 

shEGFP

HD190QG , 

 (Kotliarova et al., 2005) , 

shEGFP

, 

73% , 

5%  (Fig. 2-3E) HTT  

 

4 shRNA DARPP-32  

DARPP-32 HD

HD190QG  (Kotliarova et al., 2005

Luthi-Carter et al., 2000) HD shEGFP

, RNA in situ hybridization , 

DARPP-32  (Fig. 2-4A) TaqMan 

RT-PCR , DARPP-32 mRNA shEGFP



 (Fig. 2-4B) 

shEGFP

 

 

 

 

, HD DARPP-32

, RNAi

shRNA , 

43.1% shEGFP

RNAi

 

HD HD

 (Chen et al., 2000; Ferrante et al., 2000; 2003; Sanchez et 

al., 2003; Karpuj et al., 2002; Tanaka et al., 2004) , HTT

HTT , 

HD

 (Yamamoto et al., 2000) , toxic gain of function

, RNAi

siRNA 14 , R6/2

,  (Wang et al., 2005) , RNAi

2 5 ,  

(Harper et al., 2005; Rodriguez-Lebron et al., 2005) AAV5



 (Mastakov et al., 2002; Burger et al., 2004; Harper et al., 

2005) , U6 shRNA

 (Harper et al., 2005) RNAi

, , RNAi HD

rAAV shRNA 

HD , , 

2

, 3 shRNA

, 

, HD , 

 (Yamamoto et al., 2000) 

, AAV shRNA , 

HTT HD

mRNA  (Luthi-Carter et al., 2000; Rodriguez-

Lebron et al., 2005; Kotliarova et al., 2005) , DARPP-32

, HD190QG 8 50

(Kotliarova et al., 2005) HTT shRNA 

DARPP-32 , HD190QG shRNA

, 

HD190QG shEGFP , 

, shRNA

 

EGFP shRNA HD190QG , 



shEGFP HTT

, HD

HTT siRNA shRNA  (Harper et al., 2005; 

Wang et al., 2005) , siRNA HTT , HTT

HTT , HTT

, , HTT

 (Van Raamsdonk et al., 2005) , YAC128 HTT

HTT YAC128 , 

(Van Raamsdonk et al., 2005) , HTT

HTT siRNA

, RNAi , 

,  (Ralph et al., 2005; Okada et al., 2005)  

 

 

 

 (HD) , 

 (HTT) CAG HTT

, , HD

AAV RNAi HTT , 

HTT , RNAi

, RNAi HD

, RNAi , 

 



 
 
 

 
Fig. 2-1. rAAV-shEGFP reduced GFP expression in vitro. (A) AAV-shEGFP viral vector 
construct. ITR, inverted terminal repeat. CMV and U6 promoters were used for RFP and 
shEGFP. (B) Fluorescence photomicrographs of HEK-293 cells transfected with EGFP, 
HTT16QG, HTT60QG, and HTT150QG expression vectors and transduced with rAAV-
shEGFP or rAAV-shEGFPcontrol, respectively. The photograph was taken after 48 h 
after viral transduction. Scale bar refers to all panels, 100 μm. (C) The relative level of 

 of rAAV-shEGFP transduced cells was compared to that of 

rAAV-shEGFPcontrol transduced cells (black bars); rAAV-shEGFP transduced cells 
(white bars). Values are given as means ± SEM (n = 5). *p < 0.001. 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-2. rAAV-shEGFP transduction in the mouse brain decreases EGFP-positive 
aggregates ( ).  (A)  A montage of rostral-to-
caudal coronal sections illustrates the extent of expression of RFP and EGFP in the brain. 
Three microliters of buffer was injected into striatum; sham, and rAAV-shEGFP was 
simultaneously injected into the contralateral side; shEGFP. Dark areas show 

uorescent signal. Scale bar is 1 mm and refers to all panels. (B) 
the shEGFP-
observed, while RFP was detected by anti-

xation. Scale bar is 20 μm and refers to all panels. 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2-3. shEGFP decreased antibody-positive aggregates and ameliorated aggregation 
pathology. (A) Representative images show GFP-, HTT-, and ubiquitin-positive 
aggregates in the sham-injected or shEGFP-transduced striatum. Scale bar is 20 μm and 
refers to all panels. (B-D) Number of aggregates in the striatum is shown. rAAV-shEGFP 
was injected into the striatum at 12 weeks old and analyzed at 24 weeks old. The bars 
indicate aggregate number in the sham-injected striatum at 24 weeks old (1), shEGFP-
transduced striatum at 24 weeks old (2), non-treated 12 weeks old HD190QG striatum, 
at the time point of shRNA transduction (3), and non-treated 24 weeks old HD190QG, 
as non-treatment control (4). The graphs show the number of GFP-positive aggregates 
(B), HTT-positive aggregates (C), and ubiquitin-positive aggregates (D). Data are shown 
as average ± SEM (Y axis indicates the number of aggregates/mm2. Sham-injected, 
shEGFP-transduced, and 12 weeks old control striatum; n = 3, 24 weeks old control 
striatum; n = 4). *p < 0.0001. (E) 
relative amount of insoluble protein in the treated striatum. 
levels of sham-injected side (black) and shEGFP-transduced side (white) are shown as 
the average ± SEM (n = 4). *p < 0.0001.  



 
 

 
 
Fig. 2-4. shRNA restored DARPP-32 and enkephalin expression. (A) In situ hybridization 
of DARPP-32 at 24 weeks old after rAAV-shEGFP injection into the striatum at 9-week-

respectively, and scale bar is 20 μm. (B) DARPP-32 and enkephalin mRNA expression in 
striatum was determined by TaqMan RT-PCR analysis at 24 weeks after rAAV-shEGFP 
injection into the striatum performed at 12 weeks old. The expression levels of mRNA 
were normalized by that of GAPDH. DARPP-32 showed a si
shEGFP-
The values are given as means ± SEM (n = 3). *p < 0.05. 
  



in vitro in vivo  

 

 

 

CAG

, 

HD , 

, 

HTT , 

, 

HD , 

,  

, 

, 

 (Chien et al., 2004; Shorter and 

Lindquist, 2005) , 

, 

 

(Dobson, 2003; Chien et al., 2004; Eisenberg et al., 2006; Haass and Selkoe, 2007; 

Kodali and Wetzel, 2007) 1-40

, 

, , 1-40



 (Petkov et al., 2005) , 

, HTT

, in vitro in vivo

, HD

 

 

 

 

1 In vitro  

, Q10, Q42, Q62 HTT N , 

-GST pGEX6P2  (GE Healthcare, Buckinghamshire, 

England) , Q10, Q42, Q62

HisGST HTT E.coli. , Ni-NTA agarose (Pro-ChemInc., 

Alpharetta GA) GST resin (GE Healthcare) HTT

540,000 g 30 , 

5μM HisGST-HTT GST

prescission protease (GE Healthcare) , 4, 23, 37

 

 

2 In vitro HTT  

HTT  (10μM) 150mM 5mM

 (pH7.4) (KPi ) , JASCO J-720

 (Far-UV CD spectra) 25

190nm 26nm 10nm/min 0.1nm , 4



HTTQ42/62 (FT-

IR ) , Nicolet 6700 FT-IR Nicolet Continuum  

(Thermo Scientific) , , 

IgorPro 

(WaveMetrics, Lake Oswego, OR) HD R6/2

, 5μM HTTQ42 , 

HTT  (0.5μg) prescission protease 4

, FT-IR  

T , 12.5μM  T 

50mM   (pH 8.0) 5μM HTT  , 

  (ARVO MX, PerkinElmer, Waltham, MA) 442nm, 

483nm , 

4μM   5mM KPi 1.25μM HTT 

, UV-   (UV-2400, Shimadzu, Atsugi, Japan) 

, HTT 5mM KPi

5μM 1mL HTT 20,000 g, 

30 min , 1.0mm 12μm

706mm , , 

HTT Spring-8 BL45XU 0.9Å X

 RIGAKU R-AXIS IV++. 30

HTT  (5μM)  (Perutz et al., 1994; 

Thomas, 2006) , 1.6%SDS 5  (25°C  

95°C ,  10°C ) , 

 (1C2)  (1:2000)  (Chemicon) 



 (Scherzinger et al., 1997)   (Bio-rad) 

, 

 ImageJ (NIH) , HTT

2% HTT

,  (LEO)  (Digital Instruments) 

  (RTESP, Veeco Instruments Inc., Painview, NY) 

 (Bio-rad)  

 (0.2μm, Advantec)  5μM

 HTTQ42 0.5% triton X-100  1% 

SDS  5mM KPi , 1C2  (1:2,000) , 3B5H10

 (Davies et al., 1997)  (1:2,000)  (Sigma, Tokyo, Japan) , -HTT  (1:2,000)  

(Chemicon)  ,  

(CBB)  

  

3 HTTQ42 HTTQ62 in vitro  

HTT , 5μM HTT  12.5μM T 

 50mM  (pH 8.0) , T  (

442nm, 483nm) 96-well  

(Spectra Max M2, Molecular device, Sunnyvale, CA) 

5mM KPi 5μM HTT , 96-well plate 2

3 ,  (turbidity) O.D. 340 nm , 

 (Branson sonifier, 20%, Branson 

Ultrasonics, Danbury, CT) , 

 ( 1 )  



4 In vitro HTTQ42  

5mM KPi 1mL 2.5μM HTTQ42 2mL , 

4 37

, 2% 

 

(Labquake, Barnstead Thermolyne, Dubuque, IA) 8rpm 3

, , 

 

 

5 R6/2 HTT  

R6/2 , PBS

, , , , , 

 ( 3 12 6 1 , , 

) In vivo HTT , 0.35g RIPA  

(100mM , 150mM , 0.5% triton X-100, 

 (Roche)  ,  1mM PMSF) , 1000rpm

, 30  (Branson sonifier, 20%) 2%SDS

30 540,000 g , 2%SDS , 30

 (Branson sonifier, 50%) 3 , 5

, , in vivo

in vivo , BSA Bradford

,  (Bio-

rad) turbidity  ( 280  700nm ) 

 



 

6 In vitro HTT neuro2a  

HTTQ42/62 (5μM) 4 37 , 

20,000 g 30 , 5mM KPi

50μM 30  (Branson sonifier, 20%) 

 (Digital Instruments) , 

Lipofectamine LTX Plus  

(Invitrogen) , 2.5μM

50μl DMEM , 30 , 250μl DMEM

HD  (HTT16Q-EGFP, HTT60Q-EGFP, HTT150Q-EGFP neuro2a 

Wang et al.,1999) 3 , 1μM PonasteroneA 

(Invitrogen) HTTGFP , 5mM dibutyrylcyclic AMP (Nacalai 

tesque)  

 

7 PC12  

HTTQ42 PC12  (a pheochromocytoma of the rat adrenal 

medulla)

, pEGFPN1-HTTQ60  (1μg) 1.25μM

Lipofectamine LTX and Plus reagents  (Invitrogen) 50μl DMEM

, 30 , 10% DMEM

250μl PC12 nerve growth factor (100ng/mL)  

(Sigma) HTTQ60-GFP  (HTTQ60 ) 

15  

 



8  

HTT 15 , 

, HTT GFP  ( 200) 15

MTT  

(Nacalai Tesque) HTT 4 FV1000-

D  (Olympus, Tokyo, Japan)  (n 3) 

Statview5.0 (SAS)  

 

9 AlexaFluor555  

GST C HTTQ42

Q62 E.coli , 10mM  2-

, HTTQ42 Q62  (Pierce, Thermo 

Fisher Scientific, Waltham, Massachusetts) , HTT

10 Alexa Fluor 555C2  (Molecular Probes) 37 1

, HTT

37 HTTQ150-GFP neuro2a

, HTTQ150-GFP  2 , 4 PFA

, HTTQ42 HTTQ150-

GFP FV1000-D  (Olympus) 

 

 

 

 

 



 

 

1 in vitro HTT  

10 , 42 , 62 N , GST

HTT  (HTTQ10, HTTQ42, HTTQ62) 

, HTTQ10 HTTQ42 HTTQ62

, T  (Fig. 3-

1) , T

S  (Fig. 3-1)  

 (Chien et al., 2004) , 

HTT

, in vitro HTT 4 37

, HTT X

,  (Fig. 3-2A) 

, 4 37

 (Fig. 3-2B) , , 

 4

T 37  

(Fig.3-3) CD , 4 , 37

, 218

225  (Fig.3-4A) 

, FT-IR FT-IR 4

/  (1655~1680 ) , 37



 (1615 )  (Ismail and Mantsch, 1992; 

Seshadri et al., 1999) , 

 (1640 )  (Fig. 3-4B) 

, 

HTTQ42 HTTQ42

, HTTQ42 

, 4 37

 (Fig. 3-5A, B, C) , 

HTTQ42 4 37

 (Fig. 3-6A) , 4 37

 (Fig. 3-6B) , 4

4

/ , 37

 

, 1C2

1C2

 (Trottier et al., 1995; Tanaka et al., 2003) 

4 1C2

, 37 1C2

 (Fig. 3-6C) HTT CBB

, 1C2  

4 37

, 4 1C2

, 37



, 

, 4

3HB510

 (Fig. 3-6C) CBB

, 4 37 SDS

 (Fig. 3-6C)

, 4 37 4 37

 (Fig. 3-7) HTT

 

 

2 In vitro HTT  

, 

in vitro , 

, ponasterone

Q16, Q60,  Q150 HTT GFP neuro2a

 (Wang et al., 1999) , 

, HTT neuro2a

in vitro HTTQ42 HTTQ150-GFP , 

HTT150Q-GFP  (Wang et al., 1999) HTT

15 HTT150Q -GFP , in vitro HTT

, HTT-GFP

 ( ) , HTT-GFP

, HTTQ42 HTTQ150-GFP 



 (Fig. 3-8A) HTTQ150-GFP GFP

, GFP 80 , 

GFP 15 20 , HTTQ150-GFP

 (Fig. 3-9A) HTT

BSA HTTQ150-GFP , 

HTT  (Fig. 3-9A) in vitro HTTQ42

HTT-GFP , PC12

, in vitro HTT-GFP

,  (Fig. 3-9B) , 

, , in vitro 

HTT HTTQ150-GFP  (Fig. 3-8B) , in 

vitro HTT , “ ”

 

HTT-GFP , in 

vitro  in vitro HTT42Q-4

 HTTQ42-37 HTTQ60-GFP neuro2a , 

SDS , 

neuro2a HTTQ60-GFP

, in vitro HTTQ42  (Figs. 3-10A, 

B) HTTQ42-4 HTT60Q-GFP

, HTTQ42-37 , in vitro HTTQ42-

4 HTTQ42-37 , 

, HTT

In vitro HTTQ42



HTTQ60-GFP in vitro

, HTTQ60-GFP

HTTQ60-GFP GFP

 

 

3 In vitro HTT  

HTT , 

, 

in vitro HTT

4 37 , 

HTT-GFP  

(Fig. 3-10C) , HTTQ60 HTT150Q-GFP neuro2a , 4 37

HTTQ60-GFP HTT150Q-GFP

 ( 80 ) , HTTQ16-GFP

 (Fig. 3-10C)  

MTT HTT

HTTQ60/Q150-GFP 4 37

(Fig. 3-10C) HTTQ60-GFP

HTTQ150-GFP neuro2a , 4 37

, 

 (Fig. 10D) , 4

, 37

 (Fig. 3-10E) , HTT BSA
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FFig. 3-1. Amyloid formation of in vitro HTTQ10, Q42, Q62 proteins.  Amyloid formation 
was monitored by (A) thioflavine T fluorescence and (B) absorbance (turbidity) at 340 
nm at room temperature. Black, red and blue lines show aggregation of 2.5 M HTTQ10, 
HTTQ42, and HTTQ62 proteins, respectively. Note, both assays show a very similar lag 
time for the aggregation of HTTQ42 and HTTQ62 proteins.   
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FFig. 3-2. X-ray fiber diffraction and EM images of HTTQ42 and HTTQ62 amyloids. (A)
X-ray diffraction patterns from HTTQ42-4°C, HTTQ42-37°C, HTTQ62-4°C, HTTQ62-
37°C fibrils are shown. The white and black arrows show the spacing at 4.8Å and ~10Å, 
respectively. (B) EM images of HTTQ42-4°C and HTTQ42-37°C amyloids. Scale bar 
shows 100nm. 
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Fig. 3-3. HTTQ42-4°C and HTTQ42-37°C amyloids show different affinities for 
thioflavine T and Congo red.  (A)  Relative thioflavine T fluorescent intensities of 
HTTQ42-4°C, HTTQ42-37°C, HTTQ62-4°C and HTTQ62-37°C amyloids. Values are 
mean + S.D. (B) UV-visible absorption spectra of Congo red bound to HTTQ42-4°C (blue) 
or HTTQ42-37°C (red) amyloid. A black line shows a spectrum of Congo red without 
amyloid.  
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Fig. 3-4. HTT protein with expanded polyglutamines misfolds into distinct amyloid 
conformations in vitro. (A) CD spectra of HTTQ42-4°C (thin, blue), HTTQ42-37°C (thin, 
red), HTTQ62-4°C (bold, blue) and HTTQ62-37°C (bold, red) amyloids.  (B)  FT-IR spectra 
of HTTQ42-4°C (thin, blue), HTTQ42-37°C (thin, red), HTTQ62-4°C (bold, blue) and 
HTTQ62-37°C (bold, red) amyloids. 
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FFig. 3-5. HTT protein with expanded polyglutamines misfolds into distinct amyloid 
conformations in vitro. (A) Thermal stability of HTTQ42-4°C, HTTQ42-37°C, HTTQ62-
4°C and HTTQ62-37°C amyloids. The bands indicate monomeric HTTQ42/62 solubilized 
from HTTQ42/62 amyloids by the heat treatment. (B) The band intensity in (A) was 
plotted against temperature for HTTQ42-4°C (thin, blue), HTTQ42-37°C (thin, red), 
HTTQ62-4°C (thick, blue) and HTTQ62-37°C (thick, red) amyloids. (C) Sypro Ruby dot 
stainingof HTT amyloid samples showed protein loading (1.00±0.11) between each 
sample. 
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FFig. 3-6. HTT42Q-4°C amyloid conformation is more fragile than HTT42Q-37°C 
conformation. (A) EM images of (left) HTT42Q-4°C and (right) HTT42Q-37°C amyloids 
(top) before and (bottom) after agitation of the amyloid solutions. Scale bar shows 
100nm.  (B) Dependence of sonication time on lag time of HTTQ42 fibirillization. 
Amyloid formation of 5 M HTTQ42 in the presence of 10% (mol/mol) unsonicated or 
sonicated seeds was monitored by absorbance (turbidity) at room temperature. Lag 
time of HTTQ42 fibrillization was plotted against sonication time of HTTQ42-4°C 
(circle) and HTTQ42-37°C (square) amyloids used as seeds. The decrease in lag time 
indicates that a large number of seeds by sonication accelerated the amyloid formation. 
Values are mean ± S.D.  (C)  Reactivity of HTTQ42-4°C and HTTQ42-37°C amyloids 
with various antibodies. A filter trap assay was performed in the presence of 0.5% 
triton X-100 (left) or 1% SDS (right) and processed for immunoblotting against a 1C2, 
3B5H10 or anti-htt antibody. Coomassie brilliant blue (CBB) staining is also shown 
below. Values show intensities of the spots. 
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FFig. 3-7. Different growth rates of HTTQ42-4°C and HTTQ42-37°C amyloids suggest 
distinct conformations. Fiber growth rates were calculated from initial linear slopes  
(generally within 1 hour) of the seeding reactions of HTTQ42 in turbidity assay at (A) 
4°C or (B) 37°C. 5, 10 or 20% (mol/mol) of sonicated HTTQ42-4°C or HTTQ42-37°C 
amyloids were used as seeds. Values are mean + S.D. The difference in relative fiber 
growth rates of the 4°C and 37°C amyloids between the seeding reactions at 4°C and 
37°C suggests that the two amyloid conformations are different.  
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FFig. 3-8. High magnification images of HTTQ150-GFP neuro2a cells in which HTTQ42 
amyloid was introduced and colocalization of HTTQ150-GFP foci with in vitro HTTQ42 
amyloids. (A) Fluorescent and DIC images of the HTTQ150-GFP neuro2a cells after 15 
hours of HTTQ150-GFP expression and cell differentiation. (B) Fluorescent and DIC 
images of HTTQ150-GFP aggregates (green) and in vitro HTTQ42 amyloids labeled by 
Alexa Fluor 555 (red) in HTTQ150-GFP neuro2a cells. Nuclei are stained by Hoechst 
(blue). Note, the colocalization was not observed in all GFP foci, probably because a 
very small size of labeled HTTQ42 seeds introduced into cells could not be easily 
visualized due to the coverage of the seeds by large HTTQ150-GFP aggregates. Scale 
bar shows 20 μm.  
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Fig. 3-9. Significant accerelation of HTTQ150-GFP aggregation by introduction of in 
vitro HTT amyloids. (A) Buffer alone, GSTHTTQ42 monomer, HTTQ42 amyloids, 
GSTHTTQ62 monomer, HTTQ62 amyloids or BSA aggregates were introduced into 
stable HTTQ150-GFP neuro2a cells. The number of cells with HTTQ150-GFP foci was 
counted after 15 hours of the HTTQ150-GFP expression and cell differentiation. Values 
are mean + S.D. (B) In vitro HTTQ42-4°C or HTTQ42-37°C amyloids together with 
HTTQ60-GFP plasmids were introduced into PC12 cells. The number of cells with 
HTTQ60-GFP foci was counted after 15 hours of theamyloid transduction. Values are 
mean + SD.   
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FFig. 3-10. Different conformations of HTT amyloids show distinct cytotoxicity in neuro2a  
cells. (A) Thermal stability of the HTTQ60-GFP amyloids formed in the presence of in 
vitro HTTQ42-4°C (HTTQ60-GFP[HTTQ42-4°C]) or HTTQ42-37°C amyloid “seeds” 
(HTTQ60-GFP[HTTQ42-37°C]).  (B) The band intensity of HTTQ60-GFP[HTTQ42-
4°C] (blue) or HTTQ60-GFP[HTTQ42-37°C] (red) amyloids in (A) was plotted against 
temperature. (C,  D) Buffer alone, in vitro HTTQ42-4°C amyloids, HTTQ42-37°C 
amyloids, GSTHTTQ42 monomer or BSA aggregates were introduced into HTTQ16-, 
Q60-, or Q150-GFP neuro2a cells under a regulatable promoter. HTT expression and cell 
differentiation started after 3 hours of the in vitro amyloid transduction. The number of 
cells with HTT-GFP foci was counted after 15 hours (C) and cell viability was examined 
by MTT assay after 4 days of the HTT expression and cell differentiation (D). Asterisk 
denotes P<0.01. Values are mean + S.D. (E) Cell viability is dependent on concentration 
of in vitro HTT amyloids introduced into neuro2a cells. Buffer alone, in vitro HTTQ42-
4°C or HTTQ42-37°C amyloids were introduced into stable HTTQ150-GFP neuro2a cells. 
Cell viability was examined by MTT assay after 4 days of HTTQ150-GFP expression and 
cell differentiation. Values are mean + S.D.   

  



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 3-11. HTT amyloids in different brain regions from R6/2 mice show distinct 
conformations. (A, B) Aggregation profile of in vitro HTTQ42 in the presence of HTT 
amyloids from R6/2 mice (A) or corresponding insoluble fractions from wild-type mice (B). 
Black, red, blue, yellow and green lines show in vitro HTTQ42 fibrillization in the 
presence of in vivo aggregates from cerebral cortex, striatum, hippocampus and 
cerebellum, respectively. (C) Thermal stability of in vitro HTTQ42 amyloids formed in 
the absence or presence of HTT amyloids from different brain regions of R6/2 mice. (D)  
The band intensity of HTT amyloids in different brain regions of R6/2 mice in (C) was 
plotted against temperature. (E, F) Structural analysis of HTT amyloids in different 
brain regions of R6/2 mice. (E) FT-IR spectra of in vitro HTTQ42 amyloids formed in the 
absence or presence of HTT amyloids from different brain regions of R6/2 mice. (F)  
Difference FT-IR spectra by subtraction of a spectrum of spontaneously formed HTTQ42 
(without seeds) from those of HTT amyloids in different brain regions of R6/2 mice. 
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FFig. 3-12. Distinct conformations of HTT amyloids in different brain regions of R6/2 mice 
show distinct cytotoxicity in neuro2a cells. (A,  B) Buffer alone or in vitro HTTQ42 
amyloids formed in the presence of HTT amyloids from different brain regions of R6/2 
or WT mice were introduced into stable HTTQ150-GFP neuro2a cells. The number of 
cells with HTTQ150-GFP foci was counted after 15 hours of HTTQ150-GFP expression 
and cell differentiation (A) and cell viability was examined after 4 days by MTT assay  
(B). Tg, WT, CTX, ST, HP and CBL denote R6/2 mice, wild-type mice, cerebral cortex, 
striatum, hippocampus and cerebellum, respectively. Asterisk denotes P<0.05. Values 
are mean + S.D. (C) A proposed mechanism of conformation-dependent cytotoxicity of 
HTT amyloid.  
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2015) , HA , myc , GFP 
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Fig. 4-1. PDE4 activity could be regulated by the newly identified HTT-DISC1-PDE4 
ternary protein complex.  (A)  PDE4 activities of the homogenates of cerebral cortex 
(left) and striatum (right) in R6/2 mice were increased compared with those in WT at 8 
and 12 weeks (w) of age. Data represent mean + SEM. *P < 0.05, **P < 0.01, ***P < 
0.001; unpaired 2-tailed t test. Cortex: 4 weeks, n = 4 per group; 8 weeks, n = 5 per 
group; 12 weeks, n = 9 (WT), 6 (R6/2). Striatum: 4, 8, and 12 weeks, n = 4 per group.  
(B)  PDE4 activity was augmented in a cell model of HTT with expanded 
polyglutamine (polyQ) PDE4 activity of neuro2a cells overexpressing HTT67Q150-
EGFP (Q150) was higher than that of the cells overexpressing HTT67Q16-EGFP (Q16) 
at 5 days after the expression of HTT67polyQ-EGFP. Data represent mean + SEM (4 
independent sample sets). **P<0.01; Unpaired two tailed t-test. 
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Fig. 4-2. Validation of mouse or human DISC1 antibodies used in this study. (A)  
Monoclonal or polyclonal anti-mouse DISC1 antibodies were validated by western 
blotting in wild-type (WT) and Disc1 Locus Impairment (LI) mouse cerebral cortex 
(Shahani et al., 2015; Seshadri et al., 2015) (B) A rabbbit polyclonal anti-human DISC1 
antibody was used for western blotting in human cerebral cortex.  (C)  Left: Co-
immuno-precipitation with mouse brains by a mouse DISC1 m317C antibody, followed 
by immuno-blotting with a mouse DISC1 M49 antibody. Right: Co-immuno-
precipitation with mouse brains by a mouse DISC1 mEx3 antibody (Ishizuka et al., 
2007; Shahani et al., 2015; Seshadri et al., 2015), followed by immunoblotting with a 
mouse DISC1 2B3 antibody (Shahani et al., 2015). (D) Co-immunoprecipitation with 
human brains by a human DISC1 h316C antibody, followed by immunoblotting with a 
human DISC1 14F2 antibody (Ottis et al., 2011). Arrowheads indicate full length 
DISC1.Representative immunoblots are shown from 2-3 independet sample sets. (E) 
Protein complex of HTT-DISC1-PDE4B in cerebral cortex of WT mice. Brain 
homogenates were immunoprecipitated by an anti-PDE4B (pan-PDE4B) or anti-DISC1  
(mEx3) antibody or IgG control, followed by immune-blotting with an anti-HTT  
(MAB2144) , anti-DISC1 (m317C), or anti-PDE4B (pan-PDE4B) antibody. 
Representative immunoblots are shown from 3 independent sample sets. (F) DISC1 
binding to HTT and PDE4B was observed in distinct brain regions, and both DISC1 
and HTT bind to PDE4B isoforms.  Immunoprecipitation with an anti-DISC1 antibody 
(m317C) showed that the binding of DISC1 (M49) to HTT (MAB2166) and PDE4B (pan 
PDE4B) was observed in distinct brain regions such as striatum, cerebral cortex and 
cerebellum. Each interaction was more significant in striatum and cerebral cortex than 
cerebellum. *P<0.05. 
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Fig.4-3 Formation of HTT-DISC1-PDE4B tertiary protein complex in cerebral cortex of 
WT mice. (A) Formation of HTT-DISC1-PDE4B tertiary protein complex was detected 
with sequential coimmunoprecipitation. Brain homogenates were immuno-precipitated 
by PDE4B antibody (pan-PDE4B) (1st IP), then the immunoprecipitates were 
immunoprecipitated by an anti-DISC1 (mEx3)  antibody (2nd IP), followed by 
immunoblotting with an anti-HTT (MAB2166), anti-DISC1 (m317C), or anti-PDE4B 
(pan-PDE4B) antibody. Negative control was immunoprecipitated by IgG. 
Representative immunoblots are shown from 3 independent sample sets. (B) Binding of 
DISC1 to PDE4B isoforms in HEK293T cells by co-immunoprecipitation. (C) Binding of 
HTT to PDE4B isoforms in HEK293T cells by co-immunoprecipitation. Data represent 
mean + SEM (3 independent sample sets). P-values were determined by one-way 
ANOVA followed by Bonferroni post-hoc corrections. (D) Increased binding of HTT513 
and DISC1 with expansion of polyQ (Q18 or Q82) in HEK293T cells by 
coimmunoprecipitation. Data represent mean + SEM (5 independent sample sets). *P < 
0.05; 1-way ANOVA followed by Bonferroni post hoc corrections. (E)  Increased 
binding of HTT67 and DISC1 with expansion of polyQ (Q18 or Q82) in HEK293T cells 
by coimmunoprecipitation. Data represent mean + SEM (3 independent sample sets). 
***P < 0.001; 1-way ANOVA followed by Bonferroni post hoc corrections. 
 

 

  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4-4. DISC1 binding to HTT513 was increased, compared to that to HTT67, and 
polyQ expansion in HTT had no effects on its binding to PDE4B isoforms. (A) Increased 
binding of DISC1 with HTT513, compared to that with HTT67, in HEK293T cells by 
co-immunoprecipitation. *P<0.05. (B) No change in binding of HTT513 with PDE4B 
isoforms by polyQ expansion in HTT in HEK293T cells by co-immunoprecipitation. 
Data represent mean + SEM (3 independent sample sets). P-values were determined by 
one-way ANOVA followed by Bonferroni post-hoc corrections. 
  

Q18      Q18
HTT67  HTT513

D
IS

C
1/

H
TT

 b
in

di
ng

A.
U

.

HTT513-GFP:
PDE4B1-HA:

HTT513

HTT513-GFP:
PDE4B2-HA:

HTT513

B



 

 

  

C

A

B

HTT

HTT

HTT

HTT



Fig. 4-5. DISC1, but not PDE4B, is sequestered into insoluble HTT aggregates in HD. 
(A)   Filter trap assay with homogenates of cerebral cortex or striatum from 12-week-
old R6/2 mice showed significantly increased levels of HTT (EM48) (top) and DISC1 
(m317C) (middle) but not PDE4B (pan-PDE4B) (bottom) in the SDS- resistant fraction, 
compared with those from WT mice. A negative control with rabbit secondary antibody 
alone is also shown (middle). Data represent mean + SEM. *P < 0.05, **P < 0.01; 
unpaired 2-tailed t test. n = 3 per group. (B) Filter trap assay with homogenates of 
cerebral cortex or striatum showed significantly increased levels of HTT (EM48) (top) 
and DISC1 (h316C) (middle) but not PDE4B (pan-PDE4B) (bottom) in the SDS-
resistant fraction from HD patients (HD), compared with those from controls (Con). A 
negative control with rabbit secondary antibody alone is also shown (middle). Data 
represent mean + SEM. *P < 0.05, **P < 0.01; unpaired 2-tailed t test. n = 3 per group. 
(C) Immunoreactivities of DISC1 (m317C) and HTT (EM48), but not that of PDE4B 
(pan PDE4B), in total homogenates (in 2% SDS) from cerebral cortex (upper) or 
striatum (lower) in R6/2 mice were observed on the top of the gel. No immunoreactivity 
of DISC1, HTT, or PDE4B was detected in wild- -actin is a loading 
control. Data represent mean + SEM. **P<0.01; Unpaired two tailed t-test. n=3 per 
group. A negative control with rabbit secondary antibody alone was also shown. 
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Fig. 4-6. DISC1, but not PDE4B, is sequestered into insoluble HTT aggregates in HD. 
(A) Immunostaining of frozen sections of cerebral cortex (left) or striatum (right) 
demonstrated that DISC1 was colocalized with intranuclear inclusions of mutant HTT in 
12-week-old R6/2 mice. Green, HTT (EM48); red, DISC1 (m317C); blue, DAPI (the nucleus). 

 (B)   
Immunostaining of paraffin sections of cerebral cortex (left half) or striatum (right half) in 
HD patients (HD) and human controls (Con) was performed with anti-HTT (EM48) (green, 
left) and anti-DISC1 (h316C) (red) antibodies. Nucleus was stained by DAPI (blue). Merged 
images are 
n = 3 (Con), 6 (HD). (C) Immunostaining of frozen sections of cerebral cortex (left) or 
striatum (right) demonstrated that PDE4B was not colocalized with intranuclear inclusions 
of mutant HTT in 12-week-old R6/2 mice. Green, HTT (EM48); red, PDE4B (pan PDE4B); 
blue, DAPI (the nucleus). Arrowheads show intranuclear inclusions. Scale bar, 10 μm. n=3 
per group. (D) Negative controls for immunohistochemistry with no primary antibodies: 
upper, corresponding to Fig. 4-6A (n=3 per group); middle, corresponding to Fig. 4-6B [n=3 
(Con), 6 (HD)]; bottom, corresponding to Fig. 4-6C (n=3 per group). 
 
 
  



 
Fig. 4-7. Aggregation of intrinsically aggregation-prone DISC1 is accelerated by cross-
seeding with polyQ-expanded mutant HTT. (A) Thioflavin T (ThT) fluorescent intensities of 
spontaneous DISC1 and HTT67Q42 aggregates were significantly higher than those of BSA 
aggregates. Data represent mean + SEM (4 independent sample sets). ***P < 0.001; 1-way 
ANOVA followed by Bonferroni post hoc corrections. (B) Fibrillar morphology of typical 
DISC1 aggregates shown by transmission electron microscopy. Scale bar: 100 nm. A 
representative image is shown from 3 independent samples. (C) A Far-UV CD spectrum of 

-sheet-
rich structures. Representative data is shown from 2 independent samples. 
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Fig. 4-8. Characterization of in vitro DISC1 aggregates. (A) MALDI-TOF mass 
spectrum of DISC1 aggregates digested by proteinase K identified a major mass peak 
at 2,012.9 m/z corresponding to residues 209-227 in DISC1 as the core of DISC1 
aggregates. Representative data are shown from 3 independent samples. (B) 
Aggregation of DISC1, which was monitored by the absorbance (turbidity) at 405 nm, 
was significantly accelerated by the HTT67Q42 aggregate seeds but not by BSA 
aggregates. No aggregation of PDE4B2 was observed in the presence of HTT67Q42 
aggregate seeds. Representative data are shown from 3 independent sample sets. (C) 
Aggregation of trigger factor (TF) in the absence or presence of Htt67Q42 aggregate 
seeds was monitored by the absorbance (turbidity) at 405 nm. No acceleration of TF 
aggregation was observed. Representative data is shown from 2 independent sample 
sets. (D) Co-aggregation of HTT67Q42 seeds and DISC1 monomer. DISC1 or BSA 
monomer was incubated in the presence or absence of HTTQ42-HA seeds (10% 
mol/mol). The resulting aggregates were immunoprecipitated with anti-HA beads and 
immunoblotted by an anti-DISC1 h316C polyclonal antibody. Representative 
immunoblots are shown from 3 independent sample sets. (E) FT-IR spectra revealed 
that the DISC1 aggregates formed in the presence of HTT67Q42 aggregate seeds (gray) 

-sheet structures (arrowheads) than did spontaneously 
formed DISC1 aggregates (black). Representative data are shown from 4 independent 
sample sets. (F) The DISC1 aggregates formed in the presence of HTT67Q42 aggregate 
seeds showed higher resistance to 2% SDS than spontaneously formed DISC1 
aggregates in the filter trap assay with Sypro Ruby staining. The asterisk indicates 
that 10% of the signal intensity of HTT67Q42 amyloid is subtracted from that of 
DISC1-HTTQ42 coaggregates for correction of the signal intensity. Data represent 
mean + SEM (4 independent sample sets). One-way ANOVA was used for statistical 
analysis. 



 
 
  



Fig. 4-9. The amount of DISC1-PDE4 complex was reduced by decreased soluble DISC1 
levels in R6/2 mice. (A) Soluble DISC1 but not soluble PDE4B evels in supernatant 
fractions (Sup) were reduced in cerebral cortex (top) and striatum (bottom) from 12-
week-old R6/2 mice, compared with those from WT mice. Total DISC1 and PDE4B 

-
Actin is a loading control. An m317C anti-DISC1 antibody was used to detect DISC1, 
and a negative control with rabbit secondary antibody alone is also shown. Data 
represent mean + SEM. **P < 0.01, ***P < 0.001; unpaired 2-tailed t test. n = 3 per 
group. (B) The amount of DISC1-PDE4B complex in 12-week-old R6/2 mouse brains 
was decreased compared with that in WT brains. Immunoprecipitation was performed 
by an anti-pan-PDE4B antibody, followed by immunoblotting with anti-DISC1 
antibody (D27). GAPDH is a loading control and used for normalization of the IP data. 
Data represent mean + SEM. **P < 0.01; unpaired 2-tailed t test. n = 5 per group. (C) 
Exogenous addition of HTT513Q82, but not HTT513Q18, significantly reduced DISC1-
PDE4B interactions in HEK293T cells. Lysates of the cells overexpressing GFP alone 
(–), HTT513Q18-GFP (Q18), or HTT513Q82-GFP (Q82) were added to lysates of the 
cells overexpressing DISC1-Myc and PDE4B1-HA. Mixtures were processed for 
immunoprecipitation with an anti-c-Myc antibody, followed by immunoblotting. Data 
represent mean + SEM (3 independent sample sets). *P < 0.05, **P < 0.01; unpaired 2-
tailed t test. 
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Fig. 4-10. Aberrantly enhanced PDE4 activity was normalized by exogenous DISC1 
expression, and deletion mutant DISC1 lacking residues 201-228 showed significantly 
reduced binding with HTT513Q18 but maintained interactions with PDE4B. (A) 
Aberrant augmentation of PDE4 activity in neuro2a cells at 5 days after the induction 
of HTT67Q150 -EGFP was ameliorated with a transient co-expression of wild-type (Wt) 

-228-DISC1) . Data 
represent mean + SEM (5 independent sample sets).  *P<0.05, **P<0.01; One-way 
ANOVA followed by Bonferroni post-hoc corrections. (B) The 25-mer peptides #40-#42 
(residues 194-228 for mouse DISC1 [left], residues 196-230 for human DISC1 [right]) in 
DISC1 showed binding to maltose-binding protein (MBP) -HTT513Q18 (bottom) but 
not MBP alone (top) on peptide array. A black line corresponds to the core region of 
aggregates, which was identified by limited proteolysis and mass spectrometry (see 
Fig. 4-8A). Representative data are shown from 3 and 2 independent samples for 
mouse and human DISC1, respectively. (C) Deletion mutant DISC1 lacking residues 
201-228 showed a decrease in binding with HTT513Q18, but still maintained 
interactions with PDE4B isoforms, PDE4B1 (left) and PDE4B2 (right), in HEK293T 
cells. Data represent mean + SEM (3 independent sample sets). *P<0.05, **P<0.01; 
Unpaired two tailed t-test. (D) Aberrant augmentation of PDE4 activity in striatum of 

-228-DISC1. Data represent mean + SEM. 
*P < 0.05, **P < 0.01; 1-way ANOVA followed by Bonferroni post hoc corrections. n = 6, 
3, 3, and 3 for WT, R6/2 + Control, R6/2 + WT- -228-DISC1 
mice, respectively. (E) N-terminal domain (amino acid residues 1-316) of mouse DISC1 
lacking the binding region for HTT -228-nDISC1) maintained interactions with 
PDE4B. Co- -228-nDISC1 
maintained interactions with PDE4B isoforms, PDE4B1 (upper) and PDE4B2 (lower), 
in HEK293T cells. Data represent mean + SEM (3 independent sample sets). 
Statistical analyses were conducted by one-way ANOVA. (F) The number of cells with 
EM48- -228-nDISC1 in 
striatum of mice at 12 weeks. Data represent mean + SEM. Unpaired 2-tailed t test 
was used for statistical analysis. n = 3 per group. (G) The number of NeuN-positive 

-228-nDISC1 in striatum of mice at 12 
weeks. Data represent mean + SEM. *P < 0.05, ***P < 0.001; 1-way ANOVA followed 
by Bonferroni post hoc corrections. n = 4, 4, -228-

-228-nDISC1 mice, respectively.  
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Fig. 4-11. Aberrantly enhanced PDE4 activity and reduced sucrose preference in R6/2 
mice are recovered by exogenous DISC1 expression. (A) The impairment of motor 

-228-nDISC1. The latency 
to fall off the rotarod was examined in mice at 9 weeks. Data represent mean ± SEM. 
***P < 0.001; 1-way ANOVA followed by Bonferroni post hoc corrections. n = 17, 16, 8, 

-228- -228 
nDISC1 mice, respectively. (B) The locomotor activity of R6/2 mice was not affected by 

-228-nDISC1. Total distance moved in the open field test was 
-228-nDISC1, 

-228-nDISC1 mice, respectively. **P<0.01, ***P<0.001. (C) 
Reduced sucrose pr -228-
nDISC1. The sucrose intake was measured in mice at 9 weeks. Data represent mean + 
SEM. ***P < 0.001; 1-way ANOVA followed by Bonferroni post hoc corrections. n = 17, 
16, 17, and 20 mice for WT + E -228-nDISC1, R6/2 + EGFP, and R6/2 + 

-228-nDISC1 mice, respectively. (D) Marble burying defects in R6/2 mice were not 
-228-nDISC1expression. The marble burying test was performed in 

mice at 8 weeks. n=15, 16, 16, 22 for WT+ -228-nDISC1, R6/2+EGFP, 
-228-nDISC1 mice, respectively. ***P<0.001. (E) Deficits of nest building 

-228-nDISC1 expression. The nesting 
behavior was examined in mice at 8 weeks. n=19, 17, 18 -
228- -228-nDISC1 mice, respectively. ***P<0.001. (F) 

-228-nDISC1. The 
time spent in a center region in the open field test was measured in mice at 8 weeks. 

-228- -228-
nDISC1 mice, respectively. *P<0.05. (G) The anxiety levels in R6/2 mice were examined 
by the dark/light transition test. The time spent in the light box was measured in mice 

-228-nDISC1, R6/2+EGFP, 
-228-nDISC1 mice, respectively. Data represent mean + SEM. P-values were 

determined by one-way ANOVA followed by Bonferroni post-hoc corrections. 
 
 

  



 
Fig. 4-13. Model for the ternary protein complex consisting of HTT, DISC1 and PDE4. 
The ternary protein complex of HTT, DISC1 and PDE4 is impaired by co-aggregation of 
DISC1 into polyQ-expanded mutant HTT misfolded protein fractions/aggregates, 
releasing functional PDE4, which increases PDE4 activity and possibly affects non-
motor functions. 
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