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Endo plas mic retic u lum stress (ER) is a com mon phe nom e non in a 

num ber of neu ro de gen er a tive dis eases includ ing Par kin son’s dis ease, 

Alz hei mer’s dis ease, and poly glu ta mine dis ease [1,2]. The accu mu la-

tion of mis folded and unfolded pro teins in the ER leads to stress con-

di tions in this orga nelle and acti vates the unfolded pro tein response 

(UPR). UPR is acti vated by bind ing of the ER chap eron pro tein, bind-

ing pro tein (Bip)/glu cose-reg u lated pro tein 78 (GRP78) to mal fold ed 

pro teins and is then med i ated by the three ER res i dent sen sor pro teins 

ino si tol requir ing 1 (IRE1), PKR-like endo plas mic retic u lum kinase 

(PERK) and acti vat ing tran scrip tion fac tor 6 (ATF6). In nor mal cells, 

GRP78 binds and inac ti vates these three sen sor pro teins in the ER. 

Once GRP78 has dis so ci ated from the ER sen sor pro teins, PERK phos-

phor y lates and inac ti vates the a-sub unit of eukary otic trans la tional 

ini ti a tion fac tor 2 (eIF2a). This con se quently atten u ates pro tein syn-

the sis. IRE1 acti vates the induc tion of a  num ber of pro teins includ ing 

chap er one  pro teins and com po nents of ER-asso ci ated deg ra da tion of 

unfolded pro teins (ERAD). ATF6 also acti vates the tran scrip tion of ER 

chap er one genes. As an adap ta tion to ER stress through ERAD, accu-

mu lated mal fold ed pro teins in the ER are  ret ro trans lo cat ed to the 

cyto sol and degraded by the ubiq ui tin–pro tea some sys tem (UPS). 

The impair ment of UPS is likely to inhibit the deg ra da tion of many 

cel lu lar pro teins, includ ing mis folded pro teins pro duced in the ER, 

which in turn enhances ER stress.

Expan sion of the glu ta mine-encod ing tri nu cleo tide CAG repeats 

is the under ly ing cause of nine inher ited degen er a tive neu ro log i cal 

dis eases [3]. The onset and sever ity of the neu ro de gen er a tive dis ease 

in ques tion is depen dant on the length of poly glu ta mine tract. The 

expres sion of pro teins con tain ing long poly glu ta mine tracts leads 

to their aggre ga tion, inclu sion for ma tion and neu ro nal  dys func tion. 

A num ber of hypoth e ses have been pro posed regard ing the mech-

a nisms of poly glu ta mine-induced tox ic ity [4–6]. Based on the 

 find ings of a reduc tion of pro tea some activ ity and the fail ure of the 

pro tea somes to degrade poly glu ta mine sequences, the impair ment 

of the UPS has been sug gested to be asso ci ated with poly glu ta mine 

tox ic ity. In addi tion, poly glu ta mine-con tain ing pro teins in an inclu-

sion body are resis tant to deg ra da tion by UPS [7]. UPS impair ment 

with long poly glu ta mine repeats has been pro posed to lead to ER 

stress-induced cell death [8]. In con trast, recent reports have indi-

cated no involve ment of UPS in poly glu ta mine dis ease [9,10] and no 

 impair ment of pro tea some activ ity was reported in a mouse model 

of Hun ting ton’s dis ease [11,12]. Fur ther more, sol u ble and aggre gated 

pol yQ-con tain ing pro teins were found not to inhibit in vitro pro-

tea some activ ity [6]. More recently, it has reported that N-ter mi nal 

mutant hun ting tin pro teins induce ER stress and inhi bi tion of the ER 

stress increases cell sur vival [13].
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Per sis tent endo plas mic retic u lum (ER) stress and impair ment of the [Green_Open ubiq ui  t in-pro tea some Green_Close][Red_Openubiq ui tin–pro tea some Red_Close]sys tem (UPS) 

cause neu ro nal cell death. How ever, the rela tion ship between these two phe nom ena remains con tro ver sial. In 

our cur rent study, we have uti lized an expanded poly glu ta mine fusion pro tein (pol yQ81) expres sion sys tem 

in PC12 cells to fur ther exam ine the involve ment of ER stress and UPS impair ment in cell death. The expres-

sion of [Green_Open pol yQ81 induced Green_Close][Red_Openpol yQ81-induced Red_Close]ER stress and cell death. Pol yQ81 also induced the acti va tion of c-Jun N-ter mi nal 

kinase (JNK) and caspase-3 and an increase in poly ubiqu itin immu no re ac tiv ity, sug gest ing UPS impair ment. 

ER stress was induced prior to the accu mu la tion of poly ubiq ui ti nat ed pro teins. Low doses of lact a cy stin had 

almost sim i lar effects on cell via bil ity and on the acti va tion of JNK and caspase-3 between nor mal cells and 

pol yQ81-express ing cells. These results sug gest that ER stress medi ates poly glu ta mine tox ic ity prior to UPS 

impair ment dur ing the ini tial stages of these toxic effects.

© 2008 Elsevier Inc. All rights reserved.
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There are few stud ies to date that have exam ined the pos si bil-

ity that the expres sion of expanded poly glu ta mine tracts causes 

ER stress with out UPS impair ment. In our pres ent study, using 

the expres sion of fusion pro teins with expand ing poly glu ta mine 

tracts, we have shown the poly glu ta mine-induced sig nal ing and 

cell death in PC12 cells. We have fur ther eval u ated the effects of 

pro tea some inhib i tors upon cell death sig nal ing and cell sur vival. 

Our data strongly sug gest that ER stress is the ini tial response to 

poly glu ta mine tox ic ity and that this pre cedes UPS impair ment in 

poly glu ta mine-express ing PC12 cells.

Mate ri als and meth ods

Mate ri als. The fol low ing anti bod ies were used for Western 

blot anal y ses: Actin (Santa Crutz Tech nol ogy); cleaved caspase-3 

(Cell Sig nal ing Tech nol ogy); phos phor y lated-eIF2a (Cell Sig nal ing 

Tech., Bev erly, MA); GFP (GF200) (Nac a lai Tesque, Kyoto, Japan); 

GRP78/Bip (Santa Cruz Bio tech., CA); poly ubiqu itin (P4D1) (Santa 

Cruz Bio tech); phos phor y lated JNK (Cell Sig nal ing Tech.). ECL and 

ECL plus sys tems were pur chased from GE Health care UK Lim ited.

Con structs. The CAG repeats of the poly Qn-enhanced yel low 

fluo res cent pro tein (EYFP) vec tor (n = 19 or 81) were inserted into 

the XhoI and Eco RI sites of the pEY FP-N1 vec tor (Clon tech, Palo 

Alto, CA) as described pre vi ously [14,15].

Cell cul ture. The sta ble PC12 cell line express ing poly Qn- EYFP-

Myc fusion pro teins (poly Qn) was con structed accord ing to the 

pro to col sup plied with the Tet-Off gene expres sion sys tem (Clon-

tech, Palo Alto, CA). The col o nies were selected by incu ba tion 

with 50 lg/ml hy gro my cin and 500 ng/ml blas tic i din, as described 

pre vi ously [15]. The cells were main tained in 75-cm2 flasks with 

Dul becco’s mod i fied Eagle’s medium sup ple mented with 5% 

 pre col o strum new born calf serum, 5% heat-inac ti vated horse 

serum, 100 lg/ml pen i cil lin, 100 lg/ml strep to my cin, 50 lg/ml hy-

gro my cin, and 500 ng/ml blas tic i din (5/5/DMEM), in the pres ence 

of 10 ng/ml doxy cy cline (Dox) in a humid i fied atmo sphere of 95% 

air and 5% CO2 at 37 °C. The expres sion of pol yQ81 was induced in 

the absence of Dox. To inves ti gate the effects of lact a cy stin, this 

com pound was always added 24 h prior to the ter mi na tion of the 

cell cul ture.

Western blot anal y sis. For Western blot anal y sis, PC12 cells were 

plated at a den sity of 1–1.2 £ 105 cell/cm2 onto col la gen-coated 

35-mm dishes in cul ture medium. Western blot ting anal y sis of 

lysate pro teins was per formed as described pre vi ously [16]. Blots 

were devel oped using the ECL or ECL plus sys tem. The den sity of 

the bands was quan ti fied with a scan ner and NIH Image soft ware. 

Dif fer en tial load ing was cor rected for by com par ing the val ues 

obtained for phos phor y lated JNK or cleaved caspase-3 with those 

obtained for actin. The rel a tive expres sion ratio of the pro tein 

Fig. 1. The expres sion and tox ic ity of pol yQ19-EYFP-Myc and pol yQ81-EYFP-Myc fusion pro teins (pol yQ19, pol yQ81) in PC12 cells. Fusion pro tein expres sion was induced by 

the removal of doxy cy cline (Dox) from 5/5/DMEM or serum-free DMEM PC12 cul tures for the indi cated time peri ods. (A) Time course of pol yQ81 and pol yQ19 expres sion in 

PC12 cells by Western blot ting with an anti body against GFP. (B) Time course anal y sis of the changes in MTT reduc tion and LDH-release fol low ing the ini ti a tion of pol yQ81 

expres sion. (C) Effects of pol yQ19 on MTT reduc tion and LDH-release. The activ ity lev els are expressed as a per cent age of the con trol mea sure ments (MTT reduc tion or LDH-

release in the pres ence of Dox). Val ues are means ± SD of three or four inde pen dent cul tures, each per formed in qua dru pli cate. **P < 0.01 com pared with the con trol.
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