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The proteasome is an intracellular proteolytic enzyme complex that regulates
the turnover of proteins and plays an essential role in advancing various biological reactions.
This study aimed to elucidate the mechanism that governs proteasome and the mechanism leading to the
pathological condition by a failure of proteasome function in molecular and in vivo levels. As a
result, we identified molecules necessary for proteasome production, elucidated the role of the
tissue-specific proteasome, and discovered various compensatory mechanisms for proteasome
dysfunction.



4
@)
©) (4)
D~
D
Nrfl
Nrfl
(bounce-back response ) Nrfl
DDI2 DDI2 HIV
ubl
Nrfl
DDI2 Ubl
response
Nrfl
DDI2
DDI2
B5t
CTEC
CD8" T
B5t
CTEC B5t
cTEC
Foxnl
Foxnl 13
B5t CD8" T
T
Rpn4
Rpn4
Rpn4

bortezomib

)

SRNA

DDI2

SRNA

DDI2

bounce-back
Nrfl

B5t

cTEC

Bst

Rpn4



(4)

2
33

Bag6é TRC/GET

Bag6

Bags TRC

MRNA

PAC3-PAC4 2
7

, ,oal o2 o3
PAC1-PAC2

©)

Cre

casein kinase
CSNK2A2
Rpn3

tail-anchored GET
TRC GET
ZPAC
- MZT MZT
ZPAC(zygotic proteasome assembly chaperone)
Umpl ZPAC Umpl
MZT
B5t
MHC I T
PAC1-PAC2
a al-o7
o
PAC3/PAC4  o4-a7 “a ”
o
o PAC1
o
o
Rpnll Flag
Flag EGFP
Txnll Uspl4 Rpn3
sRNA
CSNK2A2
Rpn3 CSNK2A2
CSNK2A2 Rpn3

Rpn10 Rpni13



Rpn10

Rpn13
Rpn13
Rpn13
Sirtl PI31
Sirtl
proteasome inhibitor 31-kDa (PI131)
invivo invitro
4)
CG5445
P
CGb445
CGbh445 UBA
UBA
TDP43 M337V
CG5445 CG5445
CG5445
Miad0
UBIN POST UBIN
POST UBIN NES
UBIN POST
B5t
st CD8+T
3% G49S
B5t
B5t
cD8* T
0.1% CD8+ T
Bare lymphocyte syndrome | cD8* T
40 21

Tomita T, Hirayama S, Sakurai Y, Ohte Y, Yoshihara H, Saeki Y, Hamazaki J, and Murata S (2019)
Specific Modification of Aged Proteasomes Revealed by Tag-Exchangeable Knock-In Mice.
Molecular and cellular biology 39. doi:10.1128/M CB.00426-18 .

Hirayama S, Sugihara M, Morito D, lemura S-11, Natsume T, Murata S, and Nagata K (2018)
Nuclear export of ubiquitinated proteins via the UBIN-POST system. Proceedings of the National



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Academy of Sciences of the United States of America 115:E4199-E4208.
doi:10.1073/pnas.1711017115 .

Wu W, Sahara K, Hirayama S, Zhao X, Watanabe A, Hamazaki J, Yashiroda H, and Murata S
(2018) PAC1-PAC2 proteasome assembly chaperone retains the core a4-07 assembly intermediates
in the cytoplasm. Genes to cells: devoted to molecular & cellular mechanisms 23:839-848.
doi:10.1111/gtc.12631 .

Murata S, Takahama Y, Kasahara M, and Tanaka K (2018) The immunoproteasome and
thymoproteasome: functions, evolution and human disease. Nature immunology 19:923-931.
doi:10.1038/s41590-018-0186-z .

Koizumi S, Hamazaki J, and Murata S (2018) Transcriptional regulation of the 26S proteasome by
Nrfl. Proceedings of the Japan Academy Series B, Physical and biological sciences 94:325-336.
doi:10.2183/pjah.94.021 .

Uechi H, Kuranaga E, Iriki T, Takano K, Hirayama S, Miura M, Hamazaki J, and Murata S (2018)
Ubiquitin-Binding Protein CG5445 Suppresses Aggregation and Cytotoxicity of Amyotrophic
Lateral Sclerosis-Linked TDP-43 in Drosophila. Molecular and Cellular Biology 38.
doi:10.1128/MCB.00195-17 .

Ohigashi I, Ohte Y, Setoh K, Nakase H, Maekawa A, Kiyonari H, Hamazaki Y, Sekai M, Sudo T,
Tabara Y, Sawai H, Omae Y, Yuliwulandari R, Tanaka Y, Mizokami M, Inoue H, Kasahara M,
Minato N, Tokunaga K, Tanaka K, Matsuda F, Murata S, and Takahama Y (2017) A human
PSMB11 variant affects thymoproteasome processing and CD8+ T cell production. JCI insight 2.
doi:10.1172/jci.insight.93664 .

Uddin MM, Ohigashi |, Motosugi R, Nakayama T, Sekata M, Hamazaki J, Nishito Y, Rode I,
Tanaka K, Takemoto T, Murata S, and Takahama Y (2017) Foxnl-B5t transcriptional axis controls
CD8+  T-cell production in the thymus. Nature communications  8:14419.
doi:10.1038/ncomms14419 .

Nitta T, Kochi Y, Muro R, Tomofuji Y, Okamura T, Murata S, Suzuki H, Sumida T, Yamamoto K,
and Takayanagi H (2017) Human thymoproteasome variations influence CD8 T cell selection.
Science immunology 2. doi:10.1126/sciimmunol.aan5165 .

Lu X, Nowicka U, dharan V, Liu F, Randles L, Hymel D, Dyba M, Tarasov SG, Tarasova NI, Zhao
X, Hamazaki J, Murata S, Jr. TR, and Walters KJ (2017) Structure of the Rpn13-Rpn2 complex
provides insights for Rpn13 and Uch37 as anticancer targets. Nature Communications 8:15540.
doi:10.1038/ncomms15540 .

Shirozu R, Yashiroda H, and Murata S (2016) Proteasome Impairment Induces Recovery of
Mitochondrial Membrane Potential and an Alternative Pathway of Mitochondrial Fusion.
Molecular and cellular biology 36:347-62. doi:10.1128/M CB.00920-15 .

Kincaid EZ, Murata S, Tanaka K, and Rock KL (2016) Specialized proteasome subunits have an
essential role in the thymic selection of CD8(+) T cells. Nature immunology 17:938-45.
doi:10.1038/ni.3480 .

Koizumi S, Irie T, Hirayama S, Sakurai Y, Yashiroda H, Naguro |, Ichijo H, Hamazaki J, and
Murata S (2016) The aspartyl protease DDI2 activates Nrfl to compensate for proteasome
dysfunction. eLife 5.

Shirozu R, Yashiroda H, and Murata S (2015) Identification of minimum Rpn4-responsive
elements in genes related to proteasome functions. FEBS letters
589:933-40.d0i:10.1016/j.febsl et.2015.02.025 .

YashirodaH, Toda Y, Otsu S, Takagi K, Mizushima T, and Murata S (2015) N-terminal a7 deletion
of the proteasome 20S core particle substitutes for yeast PI31 function. Molecular and cellular
biology 35:141-52. doi:10.1128/M CB.00582-14 .

Hamazaki J, Hirayama S, and Murata S (2015) Redundant Roles of Rpnl0 and Rpnl3 in
Recognition of Ubiquitinated Proteins and Cellular Homeostasis. PL0OS genetics 11:€1005401.
doi:10.1371/journal .pgen.1005401 .

Tomita T, Hamazaki J, Hirayama S, McBurney MW, Yashiroda H, and Murata S (2015)
Sirtl-deficiency causes defective protein quality control. Scientific reports 5:12613.
doi:10.1038/srepl12613.

Sasaki K, Takada K, Ohte Y, Kondo H, Sorimachi H, Tanaka K, Takahama Y, and Murata S (2015)
Thymoproteasomes produce unique peptide motifs for positive selection of CD8(+) T cells. Nature
communications 6:7484.  doi:10.1038/ncomms848.

Uechi H, Hamazaki J, and Murata S (2014) Characterization of the testis-specific proteasome
subunit o4s in mammals. The Journal of Dbiological chemistry 289:12365-74.
doi:10.1074/jbc.M 114.558866.

Ba M, Zhao X, Sahara K, Ohte Y, Hirano Y, Kaneko T, Yashiroda H, and Murata S (2014)
Assembly mechanisms of specialized core particles of the proteasome. Biomolecules 4:662-77.
doi:10.3390/biom4030662 .

Akahane T, Sahara K, Yashiroda H, Tanaka K, and Murata S (2013) Involvement of Bag6 and the



TRC pathway in proteasome assembly. Nature communications 4:2234. doi:10.1038/ncomms3234.

150

1. Murata S. How cells respond to proteasome impairment. Z-ZOMES Conference (Israel), 4-7 Feb
2019

2. Murata S. How cells respond to proteasome impairment. 8" workshop on proteasome and
autophagy (France), 25-27 April 2018

3. Murata S. How cells respond to proteasome impairment. The proteasome hub: fine tuning of
proteolysis according to cellular needs (Germany), 12-14 Feb 2018

4. Murata S. Activation of Nrfl compensates for proteasome dysfunction. EMBO Conference “Protein
quality control: success and failure in health and disease” (Spain), 14-17 May 2017

5. Murata S. Regulation mechanisms of the proteasome. Ubiquitin international symposium “Diverse
functions of Ubiquitin: Degradation, Signaling, and Beyond” (Japan), 6 Dec 2016

6. Murata S. Regulation mechanism of proteasome activity. 3™ proteostasis action meeting
“proteostasis and its biological implications” (Portugal), 2-5 Nov 2016

7. Murata S. Regulation mechanism of proteasome activity. Cold Spring Harbor Asia Symposium
“Ubiquitin Family, Autophagy, and Diseases” (China), 18-22 April 2016, Suzhou, China.

8. Murata S. Identification of moleculesinvolved in Nrfl activation in response to proteasome
inhibition. FASEV SRC “Ubiquitin and Celllular Regulation” (USA), 12-17 June 2016

9. Murata S. Rpnl13 and Rpn10 coordinately play arole in degradation of ubiquitinated protein in mice.
EMBO-CONCIET ubiquitin conference “ubiquitin and ubiquitin-like proteins: At the crossroads
from chromatin to protein” (Argentina), 19-24 Oct 2014

10. Murata S. Thymoproteasome generates unique peptides that elicit positive selection of developing T
cells. Cold Spring Harbor Asia Symposium “Protein Modification and Homeostasis” (China), 16-20

June 2014
11. Murata S. The mechanisms for molecular assembly of the proteasome. 54™ international symposium
on “Biological Regulation and Enzyme Activity in Normal and Neoplastic Tissues” (Italy), 16-17

Sep 2014
12. Murata S. Presentation of unique peptide repertoire on MHC class | by the thymoproteasome. 51

IGAKUKEN international symposium on Autophagy (Japan), 10 Sep 2013
13. Murata S. Diversity of the proteasome. 35" Naito conference on “The ubiquitin-proteasome system
from basis mechanisms to pathophysiological roles” (Japan), 9-12 July 2013

1
p263-288,2019

http://www.f.u-tokyo.ac.j p/~tanpaku/

@
@



