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Development of gene and pharmacological therapies for intervertebral disc
degeneration by modulating mTORC1
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We hypothesized that mTOR signaling would be influential in the
intervertebral disc, which is the largest avascular, low-nutrient organ in the body. In-vitro RNA
interference (RNAi) targeting RAPTOR, a component of mTOR complex 1 (mTORC1), successfully enhanced
autophagy as well as suppressed apoptosis, senescence, and matrix catabolism in rat disc cells.
In-vivo intradiscal knockdown of RAPTOR by RNAi further mitigated radiological and histological disc

degeneration in rats through the induction of autophagy and inhibition of apoptosis, senescence,
and matrix degradation. In addition, in-vitro CRISPR-Cas9 against RAPTOR presented consistent
findings with RNAi, which are more robust and sustained. Thus, RNAi-mediated and
CRISPR-Cas9-mediated suppression of RAPTOR/mTORC1 could be a new gene therapeutic approach to
intervertebral disc degeneration.

mTOR



1000
580 /
1 mammalian target of
rapamycin  mTOR
mTOR
ATP MRNA
mTOR RAPTOR mTOR 1
mTORC1 RICTOR mTOR 2 mTORC2
mTOR
mTOR
RNA siRNA
mTOR mTORC1 mTORC2 RAPTOR mTORC1
RICTOR mTORC2 RAPTOR/mTORC1
RNA mTOR
CRISPR-Cas9
Q) mTOR RNA
1. RNA
RNA mTOR Raptor Rictor control 4
siRNA
7 56 wB mTOR
siRNA
2. RNA
mTOR Raptor Rictor control siRNA
1.3 MPa 24 56
X H-E Safranin-
o] TUNEL DAB
MMPs TIMPs 1
mRNA PCR wB
3. RNA

2 RNA



1.3 MPa 24 28 Raptor

siRNA control siRNA 2
(2) mTOR CRISPR-Cas9
RNA CRISPR-Cas9
mTOR RAPTOR RICTOR RNA
siRNA WwB
mTOR
siRNA 1L-18
CRISPR-Cas9
Q) mTOR RNA
1. RNA
WB mTOR mMTOR RAPTOR RICTOR
siRNA RNA
LC3-11 p62/SQSTM1

Cleaved PARP
pl6/INK4a  Raptor RNA
Alexa Flour555® siRNA 7
siRNA 60.3% 56 10.5%
RNA

Rat tails In vivo

siRNA Control mTOR Raptor Rictor 56d
289kDa M s e am» MTOR
150 KDa  we— — -—-—‘-—- RAPTOR | Target protein ‘

200 kDa M—_—-—-— — JRICTOR
16 kDa LC3
14 kDa w— LC3-ll Autophagy ﬁ

62kDa e s s e p62/SQSTMA
89 kDa EEG— —+—.———‘Cleaved PARP} Apoptosis
16 kDa , - - ‘-— p16/INK4a } Senescence ‘

55 kDa "= A amssm— s Tublin

Rat tails In vivo

Alexa Fluor 555-| Iabeled Raptor isNA
Control siRNA

7 d: 60. 3%

--- 56 d: 10.5%

Alexa Fluor

Whole disc
DAPI

Enlarged
merge at
the rectangle Merge

2. RNA
X 2 RNA
mTORSsSIRNA Rictor siRNA 56 control
SiRNA Raptor siRNA
control siRNA
Safranin-O

RaptorsiRNA control siRNA



Raptor siRNA control siRNA

Raptor siRNA

TUNEL pl6/INK4a
MMP-3 MMP FFGV DAB
Raptor sSiRNA control sSiRNA MMP-3
FFGV
Rat tails n vi Rat tails In vivo
siRNA d siRNA od
HH 5
Loaded 5 =
) x|
Raptor : E "i}
1 8
Control - - S5
y 7}
g ° e
Unloaded g =
- | S
. A WS =
Raptor % (~ -
Control 3 & e
g | 32 A ]
In vivo Rat tail discs In vivo Rat tail discs 56d
i} o Control siRNAss " da Raptor siRNA 6 - Contrtzi)siRNA Rap‘?;jiRNA 7 Conir?I*?iRNA Rapt.tzrjiRNA co:]igerr::\smn
3 ¥
é 109 B ‘ a =il =l g o j:
g - - - l %I -)1’”. i 3 —L :
2 =
3. RNA
1.3 MPa 24 28 X
RaptorsiRNA control siRNA
28 56 Safranin-O
Raptor siRNA
Raptor siRNA X
WB Raptor RNA mTORC1
siRNA
siRNA
drug delivery system
2) mTOR CRISPR—Cas9
RNA mTOR RAPTOR RICTOR
mMTOR
WB 50.1%—60.3%

mMTOR



RAPTOR siRNA
Human disc NP cells  in DMEM with 10% FBS (24h)  ,, ™0% "V o ° i OB SINNA
Control mTOR RAPTOR RICTOR SiRNA _ | p<oooor 120 P<o000r 120 P<0.0001
25 100 100,  —— 100
= §: 80 80 80
150 kDa | RAPTOR H e o0
- = é% 40 é 40 40 =
55 kba “ Tubulin Control mMTOR Control RAPTOR Control RICTOR
Human disc NP cells in DMEM with 0% FBS (24 h)
- - s, - + + + +  ILAB (10 ng/mi)
" Control mTOR RAPTOR RICTOR Control mTOR RAPTOR RICTOR SIRNA
In vitro Human disc NP cells  in DMEM with 10% FBS (24 h) novon [ ] Pare
14 kDa Lca — —
16 kDa - — PI6/INKAA
- B e e e e e e 3
=
In vitro Human disc NP cells  inomemwitn o s 2en)
= s = = + + + IL-18 (10 ng/ml)
Control  mTOR RAPTOR RICTOR Control mTOR RAPTOR RICTOR SIRNA
s L e s
55KDa WS S ————— Tubulin
CRISPR-Cas9 mTOR RAPTOR RICTOR
mTOR 88.1%—-89.3% RNA
mTOR
RAPTOR RNA
CRISPR-Cas9
. TOR CRISPR-Cas9 RAPTOR CRISPR-Cas9 RICTOR CRISPR-Cas9
Human disc NP cells  in DMEM with 10% FBS (24 h) 140, o i = ik i
Control mTOR RAPTOR RICTOR CRISPR-Cas9 L —— - b
L 80 80 80}
150 kDa RAPTOR 60 o o
= 40 40 40
20000 | R S TR . - -
20 20 20|
55D | ——— Tuouiin P —

In vitro Human disc NP cells  in DMEM with 10% FBS (24 h)

mTOR RAPTOR RICTOR CRISPR-Cas9

Control

16 kDa

Lead
14 kDa Lc3-il
62 kDa p62/SQSTM1
55 kDa Tubulin
In vitro Human disc NP cells in DMEM with 0% FBS (24 h)

+ IL-1B (10 ng/mi)
Control mTOR RAPTOR RICTOR Coﬂlml mTOR W“OR RICTOR

CRISPR—C“9
110 kDa

190 kDa

55 kDa

Tubulin

CRISPR-Cas9

mTOR
RAPTOR/mTORC1

Control RICTOR

Human disc NP cells in DMEM with 0% FBS (24 h)

+ i + + IL-1B (10 ng/ml)
Control MTOR RAPTOR RICTOR Control mTOR RAPTOR RICTOR CRISPR-Cas9

PARP

—_——— T
o R oo

116 kDa

L mma e e

RNA



15 15 7 13

Gullbrand Sarah E. Ashinsky Beth G. Lai Alon Gansau Jennifer Crowley James Cunha Carla 4

Engiles Julie B. Fusellier Marion Muehleman Carol Pelletier Matthew Presciutti Steven

Schol Jordy Takeoka Yoshiki Yurube Takashi Zhang Yejia Masuda Koichi latridis James C.

Development of a standardized histopathology scoring system for intervertebral disc 2021

degeneration and regeneration in rabbit models- An initiative of the <scp>0RS</scp>

spine section

JOR SPINE ell47
DOl

10.1002/jsp2.1147

Lai Alon Gansau Jennifer Gullbrand Sarah E. Crowley James Cunha Carla Dudli Stefan 4

Engiles Julie B. Fusellier Marion Goncalves Raquel M. Nakashima Daisuke Okewunmi Jeffrey

Pelletier Matthew Presciutti Steven M. Schol Jordy Takeoka Yoshiki Yang Sidong Yurube

Takashi Zhang Yejia latridis James C.

Development of a standardized histopathology scoring system for intervertebral disc 2021

degeneration in rat models: An initiative of the <scp>0RS</scp> spine

section

JOR SPINE e1150
DOl

10.1002/jsp2.1150

Ito Masaaki Yurube Takashi Kanda Yutaro Kakiuchi Yuji Takeoka Yoshiki Takada Toru Kuroda 22

Ryosuke Kakutani Kenichiro

Inhibition of Autophagy at Different Stages by ATG5 Knockdown and Chloroquine Supplementation 2021

Enhances Consistent Human Disc Cellular Apoptosis and Senescence Induction rather than

Extracellular Matrix Catabolism

International Journal of Molecular Sciences 3965 3965

DOl
10.3390/i jms22083965




Yurube Takashi Hirata Hiroaki [Ito Masaaki Terashima Yoshiki Kakiuchi Yuji Kuroda Ryosuke 22
Kakutani Kenichiro
Involvement of Autophagy in Rat Tail Static Compression-Induced Intervertebral Disc 2021
Degeneration and Notochordal Cell Disappearance
International Journal of Molecular Sciences 5648 5648
DOl
10.3390/ijms22115648
Yurube Takashi Han Inbo Sakai Daisuke 22
Concepts of Regeneration for Spinal Diseases in 2021 2021
International Journal of Molecular Sciences 8356 8356
DOl
10.3390/i jms22168356
64
Atg5 2021
615 616
DOl
10.11359/chubu.2021.615
Tsujimoto R. Yurube T. Takeoka Y. Kanda Y. Miyazaki K. Ohnishi H. Kakiuchi Y. Miyazaki 30
S. Zhang Z. Takada T. Kuroda R. Kakutani K.
Involvement of autophagy in the maintenance of rat intervertebral disc homeostasis: an in-vitro 2022
and in-vivo RNA interference study of Atg5
Osteoarthritis and Cartilage 481 493

DOl
10.1016/j . joca.2021.12.004




Miyazaki Kunihiko Miyazaki Shingo Yurube Takashi Takeoka Yoshiki Kanda Yutaro Zhang 11

Zhongying Kakiuchi Yuji Tsujimoto Ryu Ohnishi Hiroki Matsuo Tomoya Ryu Masao Kuroda

Ryosuke Kakutani Kenichiro

Protective Effects of Growth Differentiation Factor-6 on the Intervertebral Disc: An In Vitro 2022

and In Vivo Study

Cells 1174 1174
DOl

10.3390/cel1s11071174

Yurube Takashi Han Inbo Sakai Daisuke 23

Concepts of Regeneration for Spinal Diseases in 2022 2022

International Journal of Molecular Sciences 9710 9710
DOl

10.3390/ijms23179710

Yurube Takashi Takeoka Yoshiki Kanda Yutaro Kuroda Ryosuke Kakutani Kenichiro 14

Intervertebral disc cell fate during aging and degeneration: apoptosis, senescence, and 2023

autophagy

North American Spine Society Journal (NASSJ)

100210 100210

DOl
10.1016/j .xnsj -2023.100210

36

2023

13 18

DOl
10.11477/mf.5002202004




Ohnishi Hiroki Zhang Zhongying Yurube Takashi Takeoka Yoshiki Kanda Yutaro Tsujimoto Ryu 24

Miyazaki Kunihiko Matsuo Tomoya Ryu Masao Kumagai Naotoshi Kuroshima Kohei Hiranaka

Yoshiaki Kuroda Ryosuke Kakutani Kenichiro

Anti-Inflammatory Effects of Adiponectin Receptor Agonist AdipoRon against Intervertebral Disc 2023

Degeneration

International Journal of Molecular Sciences 8566 8566
DOl

10.3390/i jms24108566

Kakutani Kenichiro Yurube Takashi An Howard S. Doita Minoru Masuda Koichi 24

Cytokine Inhibitors Upregulate Extracellular Matrix Anabolism of Human Intervertebral Discs 2023

under Alginate Beads and Alginate-Embedded Explant Cultures

International Journal of Molecular Sciences

12336 12336

DOl
10.3390/i jms241512336

Yurube Takashi Han Inbo Sakai Daisuke

24

Concepts of Regeneration for Spinal Diseases in 2023

2023

International Journal of Molecular Sciences

16335 16335

DOl
10.3390/i jms242216335

Yurube Takashi Buchser William J. Zhang Zhongying Silwal Prashanta Lotze Michael T. Kang 7

James D. Sowa Gwendolyn A. Vo Nam V.

Rapamycin mitigates inflammation- mediated disc matrix homeostatic imbalance by inhibiting 2024

<scp>mTORC1</scp> and inducing autophagy through Akt activation

JOR SPINE e1303
DOl

10.1002/jsp2.1303




22 5 9

Atg5

136

2021

Yurube T. Kakiuchi Y. [Ito M. Tsujimoto R. Kanda Y. Miyazaki K. Ohnishi H. Takeoka Y. Miyazaki S. Yamamoto J. Zhang

Z. Takada T. Tadokoro K. Kuroda R. Kakutani K.

Involvement of autophagy in human lumbar spine herniated and degenerative disc diseases

The 47th Virtual Annual Meeting, International Society for the Study of the Lumbar Spine

2021

Tsujimoto R. Yurube T. Takeoka Y. Kanda Y. Miyazaki K. Ohnishi H. Kakiuchi Y. Yamamot J. Zhang Z. Takada T. Kuroda

R. Kakutani K.

In-vitro and in-vivo maintenance of rat intervertebral disc homeostasis through Atg5-dependent autophagy

The 47th Virtual Annual Meeting, International Society for the Study of the Lumbar Spine

2021

Takeoka Y. Kanda Y. Yurube T. Ito M. Tsujimoto R. Kakiuchi Y. Miyazaki K. Ohnishi H. Matsuo T. Ryu M. Zhang Z.
Kuroda R. Kakutani K.

Protective roles of Atg5-dependent autophagy against human and rat disc cellular apoptosis and senescence: an in-vitro and
in-vivo loss-of-function study

The 48th Annual Meeting, International Society for the Study of the Lumbar Spine

2022




95

2022

37

2022

Ryu M. Yurube T. Zhang Z. Takeoka Y. Kanda Y. Miyazaki K. Ohnishi H. Matsuo T. Kumagai N. Kuroshima K. Hiranaka
Y. Kuroda R. Kakutani K.

Development of treatment for intervertebral disc degeneration by selective interference of the mTOR signaling pathway using
the CRISPR-Cas9 system

3 BioSpine Japan

2022

Ryu M. Yurube T. Zhang Z. Takeoka Y. Kanda Y. Miyazaki K. Ohnishi H. Matsuo T. Kumagai N. Kuroshima K. Hiranaka
Y. Kuroda R. Kakutani K.

Development of treatment for degenerative disc disease by the selective gene silencing of mTOR signaling using the RNA
interference and CRISPR-Cas9 systems

The 69th Annual Meeting, Orthopaedic Research Society

2023




CRISPR-Cas9

RNA

mTOR

35

2023

Atg5

RNA

35

2023

Raptor/mTORC1

RNA

52

2023

CRISPR-Cas9

mTOR

52

2023




Kumagai N. Yurube T. Ryu M. Zhang Z. Takeoka Y. Kanda Y. Miyazaki K. Ohnishi H. Matsuo T. Kuroshima K. Hiranaka
Y. Kuroda R. Kakutani K.

Selective interference of Raptor/mTORC1 protects against the progression of intervertebral disc degeneration through
autophagy induction in a rat tail temporary static compression model

The 49th Annual Meeting, International Society for the Study of the Lumbar Spine (Spineweek 2023)

2023

Ryu M. Yurube T. Zhang Z. Takeoka Y. Kanda Y. Miyazaki K. Ohnishi H. Matsuo T. Kumagai N. Kuroshima K. Hiranaka
Y. Kuroda R. Kakutani K.

Development of treatment for intervertebral disc degeneration by the selective interference of the mTOR signaling pathway
using the CRISPR-Cas9 system

The 49th Annual Meeting, International Society for the Study of the Lumbar Spine (Spineweek 2023)

2023

19 Web 2023

2023

62

2023




TOR RNA

38

2023

RNA CRISPR-Cas9 mTOR

38

2023

Kumagai N. Yurube T. Ryu M. Tsujimoto T. Takeoka Y. Kanda Y. Miyazaki K. Ohnishi H. Matsuo T. Kuroshima K.
Hiranaka Y. Kuroda R. Kakutani K.

Selective RNA interference of the mTOR signaling pathway protects against the progression of intervertebral disc
degeneration through autophagy induction in a rat tail temporary static compression model

4 BioSpine Japan

2023

Yurube T.

Development of gene therapy by modulating intracellular mTOR signaling and autophagy for degenerative disc disease

The 3rd Annual Conference, Korean Society of Basic Neurosurgical Sciences

2023




Kumagai N. Yurube T. Ryu M. Takeoka Y. Kanda Y. Tsujimoto T. Miyazaki K. Ohnishi H. Matsuo T. Kuroshima K.
Hiranaka Y. Kuroda R. Kakutani K.

Selective RNA interference of Raptor/mTORC1 protects against the progression of intervertebral disc degeneration in a rat
tail temporary static compression model

The 70th Annual Meeting, Orthopaedic Research Society

2024

Ryu M. Yurube T. Kumagai N. Takeoka Y. Kanda Y. Tsujimoto T. Miyazaki K. Ohnishi H. Matsuo T. Kuroshima K.
Hiranaka Y. Kuroda R. Kakutani K.

Comparative study between gene silencing strategies for intervertebral disc degeneration using RNA interference and CRISPR-
Cas9 through the selective interference of mTOR signaling

The 70th Annual Meeting, Orthopaedic Research Society

2024

(KAKUTANI Kenichiro)

(10533739) (14501)

(ZHANG Zhongying)

(00824195) (14501)




Icahn School of Medicine at
Mount Sinai

University of Pennsylvania

University of California,
San Diego

University of New South Wales

Universidade do Porto

University of Zurich

University of Nantes

Hebei Medical University

CHA University

Rush University

University of California,
San Diego

University of Pittsburgh




