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ĐŝĞŶƚŽ�Ǉ�ƉŝĐŽ�ƉĄŐŝŶĂƐ�ĐŽŵŽ�ĞƐƚĂ͕�ĞŶ�ĐĂŵďŝŽ͕�ĐƌĞŽ�ƋƵĞ�ĞƐ�ŵƵǇ�ĚŝİĐŝů�ƌĞĐŽŐĞƌ�ĞŶ�ƐſůŽ�ƵŶĂƐ�ƉĄŐŝŶĂƐ�ƚŽĚŽ�
ůŽ�ƋƵĞ�ŚĂŶ�ƐŝŐŶŝĮĐĂĚŽ�ĞƐƚŽƐ�ĂŹŽƐ�ƉĂƌĂ�ŵş͘��ŽŶ�ůĂ�ĞƐĐƌŝƚƵƌĂ�ĚĞ�ĞƐƚĂ�ƚĞƐŝƐ�ĮŶĂůŝǌĂ�ƵŶĂ�ĚĞ�ůĂƐ�ĞƚĂƉĂƐ�ŵĄƐ�
ŝŵƉŽƌƚĂŶƚĞƐ�ĚĞ�ŵŝ�ǀŝĚĂ͘�hŶĂ�ĞƚĂƉĂ�ƋƵĞ�ŵĞ�ŚĂ�ƉĞƌŵŝƟĚŽ�ĂĚĞŶƚƌĂƌŵĞ�ĞŶ�Ğů�ŵƵŶĚŽ�ĚĞ�ůĂ�ŝŶǀĞƐƟŐĂĐŝſŶ͕�
ĞŶƌŝƋƵĞĐĞƌŵĞ�ĐŽŶ�ŶƵĞǀŽƐ�ĐŽŶŽĐŝŵŝĞŶƚŽƐ�Ǉ�ĂĚĞŵĄƐ͕�ŚĂ�ƐŝĚŽ�ƵŶ�ƉĞƌŝŽĚŽ�ĚĞ�ĐƌĞĐŝŵŝĞŶƚŽ�ƚĂŶƚŽ�Ă�ŶŝǀĞů�
ƉĞƌƐŽŶĂů�ĐŽŵŽ�ƉƌŽĨĞƐŝŽŶĂů͘��Ɛş�ďŝĞŶ͕�ůůĞŐĂĚŽ�Ğů�ĮŶĂů�ĚĞ�ĞƐƚĂ�ĞƚĂƉĂ͕�ŵĞ�ŐƵƐƚĂƌşĂ�ĂŐƌĂĚĞĐĞƌ�Ă�ƚŽĚŽƐ�ůŽƐ�
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ĞũĞŵƉůŽ�ĚĞ�ƐƵƉĞƌĂĐŝſŶ͕�ŚĂ�ƐŝĚŽ�ƵŶ�ƉůĂĐĞƌ�ĂƉƌĞŶĚĞƌ�ĚĞ�Ɵ͘�
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ĂĐŽŵƉĂŹĂĚŽ� ĨƵĞƌĂ� ĚĞ� ůĂƐ� ƉĂƌĞĚĞƐ� ĚĞů� ůĂďŽƌĂƚŽƌŝŽ͘� �� ͞ůŽƐ� ĚĞů�ŵĄƐƚĞƌ͕͟ � ƚŽĚŽƐ� ǇĂ� ŐƌĂŶĚĞƐ� ĚŽĐƚŽƌĞƐ͕��
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Ǉ�ĚĞ�Ăůůş͕�Ă�DĞƌǇ͕ ��ƌŝƐ͕�^ĂƌĂ͕�>ĞŽ͕�DĂƌşĂ͕�EŽĂ͕��ĞůĠŶ͙�͎ƋƵĠ�ƉƵĞĚŽ�ĚĞĐŝƌ͍�'ƌĂĐŝĂƐ�ƉŽƌ�ĞƐĐƵĐŚĂƌŵĞ�ƵŶĂ�Ǉ�
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B
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BH ��>ͲϮ ŚŽŵŽůŽŐŽƵƐ ĂŶƚĂŐŽŶŝƐƚͬŬŝůůĞƌ
BID �,3 ŝŶƚĞƌĂĐƟŶŐ ĚŽŵĂŝŶ ĚĞĂƚŚ ĂŐŽŶŝƐƚ
BIR �ĂĐƵůŽǀŝƌƵƐ /�W ƌĞƉĞĂƚ ĚŽŵĂŝŶ
BLC-2 �ͲĐĞůů ůǇŵƉŚŽŵĂ Ϯ
BMK �ŝŐ D�W ŬŝŶĂƐĞƐ

C
CDDP ĐŝƐͲ�ŝĐŚůŽƌŽĚŝĂŵŵŝŶĞƉůĂƟŶƵŵ;//Ϳ
cMYC DǇĞůŽĐǇƚŽŵĂƚŽƐŝƐ ǀŝƌƵƐ ŽŶĐŽŐĞŶĞ ĐĞůůƵůĂƌ ŚŽŵŽůŽŐ
COX8A �ǇƚŽĐŚƌŽŵĞ Đ ŽǆŝĚĂƐĞ ƐƵďƵŶŝƚ 8�
CSC �ĂŶĐĞƌ ƐƚĞŵ ĐĞůůƐ
CT �ŽŵƉƵƚĞĚ dŽŵŽŐƌĂƉŚǇ 
CYPD �ǇĐůŽƉŚŝůŝŶ �
CytC �ǇƚŽĐŚƌŽŵĞ �

D
DAMPs �ĂŶŐĞƌͲĂƐƐŽĐŝĂƚĞĚ ŵŽůĞĐƵůĂƌ ƉĂƩĞƌŶƐ
DIABLO �ŝƌĞĐƚ /�W ďŝŶĚŝŶŐ ƉƌŽƚĞŝŶ ǁŝƚŚ ůŽǁ Ɖ/
DISC �ĞĂƚŚͲŝŶĚƵĐŝŶŐ ƐŝŐŶĂůŝŶŐ ĐŽŵƉůĞǆ
DMSO �ŝŵĞƚŚǇů ƐƵůĨŽǆŝĚĞ 
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E
EEA1 �ĂƌůǇ �ŶĚŽƐŽŵĂů �ŶƟŐĞŶ 1
EGFR �ƉŝĚĞƌŵĂů ŐƌŽǁƚŚ ĨĂĐƚŽƌ ƌĞĐĞƉƚŽƌ
EML4 �ĐŚŝŶŽĚĞƌŵ ŵŝĐƌŽƚƵďƵůĞͲĂƐƐŽĐŝĂƚĞĚ ƉƌŽƚĞŝŶͲůŝŬĞ ϰ
EMT �ƉŝƚŚĞůŝĂůͲŵĞƐĞŶĐŚǇŵĂů ƚƌĂŶƐŝƟŽŶ 
ERKs �ǆƚƌĂĐĞůůƵůĂƌͲƐŝŐŶĂůͲƌĞŐƵůĂƚĞĚ ŬŝŶĂƐĞƐ
ERKs �ǆƚƌĂĐĞůůƵůĂƌͲƐŝŐŶĂůͲƌĞŐƵůĂƚĞĚ ŬŝŶĂƐĞƐ

F
FADD &�^ͲĂƐƐŽĐŝĂƚĞĚ ĚĞĂƚŚ ĚŽŵĂŝŶ
FAS-L &�^ ůŝŐĂŶĚ
FIP200 &ŽĐĂů ĂĚŚĞƐŝŽŶ ŬŝŶĂƐĞ ĨĂŵŝůǇ ŝŶƚĞƌĂĐƟŶŐ ƉƌŽƚĞŝŶ ŽĨ ϮϬϬ Ŭ�
FLIPs &>/��ͲůŝŬĞ ŝŶŚŝďŝƚŽƌǇ ƉƌŽƚĞŝŶƐ 
FOXO &ŽƌŬŚĞĂĚ ĨĂŵŝůǇ ŽĨ ƚƌĂŶƐĐƌŝƉƟŽŶ ĨĂĐƚŽƌƐ

G
G418 EĞŽŵǇĐŝŶ
Glu 'ůƵƚĂŵĂƚĞ
GPCR ' ƉƌŽƚĞŝŶʹĐŽƵƉůĞĚ ƌĞĐĞƉƚŽƌ
GSK-3 'ůǇĐŽŐĞŶ ƐǇŶƚŚĂƐĞ ŬŝŶĂƐĞ 3

H
HIF1 ŚǇƉŽǆŝĂͲŝŶĚƵĐŝďůĞ ĨĂĐƚŽƌ 

I
IAPs /ŶŚŝďŝƚŽƌƐ ŽĨ ĂƉŽƉƚŽƐŝƐ ƉƌŽƚĞŝŶƐ
IC /ŶŚŝďŝƚŽƌǇ ĐŽŶĐĞŶƚƌĂƟŽŶ
ICAD ŝŶŚŝďŝƚŽƌ ŽĨ ƚŚĞ ĐĂƐƉĂƐĞͲĂĐƟǀĂƚĞĚ �EĂƐĞ
IGF1R /ŶƐƵůŝŶͲůŝŬĞ ŐƌŽǁƚŚ ĨĂĐƚŽƌ ƌĞĐĞƉƚŽƌ
IRS1 ŝŶƐƵůŝŶ ƌĞĐĞƉƚŽƌ ƐƵďƐƚƌĂƚĞͲ1
ITGA5 /ŶƚĞŐƌŝŶ ŝŶƚĞŐƌŝŶ ƐƵďƵŶŝƚ ĂůƉŚĂ ϱ
ITGB8 /ŶƚĞŐƌŝŶ ƐƵďƵŶŝƚ ďĞƚĂ 8
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ABBREVIATIONS

J
JNKs :ƵŶ ĂŵŝŶŽͲƚĞƌŵŝŶĂů ŬŝŶĂƐĞƐ

K
KRAS <ŝƌƐƚĞŶ ƌĂƚ ƐĂƌĐŽŵĂ ǀŝƌĂů ŽŶĐŽŐĞŶĞ ŚŽŵŽůŽŐ

L
LAMP1 >ǇƐŽƐŽŵĞͲĂƐƐŽĐŝĂƚĞĚ ŵĞŵďƌĂŶĞ ƉƌŽƚĞŝŶ
LC3 >ŝŐŚƚ ĐŚĂŝŶ 3
LDH >ĂĐƚĂƚĞ ĚĞŚǇĚƌŽŐĞŶĂƐĞ
LKB1 ůŝǀĞƌ ŬŝŶĂƐĞ �1 
LMP >ǇƐŽƐŽŵĂů ŵĞŵďƌĂŶĞ ƉĞƌŵĞĂďŝůŝǌĂƟŽŶ

M
MAPKs DŝƚŽŐĞŶͲĂĐƟǀĂƚĞĚ ƉƌŽƚĞŝŶ ŬŝŶĂƐĞƐ
MCL-1 DǇĞůŽŝĚ ůĞƵŬĞŵŝĂ ĐĞůů ĚŝīĞƌĞŶƟĂƟŽŶ 1
MET EͲŵĞƚŚǇůͲE഻ͲŶŝƚƌŽƐŽͲŐƵĂŶŝĚŝŶĞ ŚƵŵĂŶ ŽƐƚĞŽƐĂƌĐŽŵĂ ƚƌĂŶƐĨŽƌŵŝŶŐ ŐĞŶĞ
miRNAs ŵŝĐƌŽZE�Ɛ
MLKL ŵŝǆĞĚ ůŝŶĞĂŐĞ ŬŝŶĂƐĞ ĚŽŵĂŝŶͲůŝŬĞ
MMP DŝƚŽĐŚŽŶĚƌŝĂů ŵĞŵďƌĂŶĞ ƉĞƌŵĞĂďŝůŝǌĂƟŽŶ
MOMP DŝƚŽĐŚŽŶĚƌŝĂů ŽƵƚĞƌ ŵĞŵďƌĂŶĞ ƉĞƌŵĞĂďŝůŝǌĂƟŽŶ 
MPT DŝƚŽĐŚŽŶĚƌŝĂů ƉĞƌŵĞĂďŝůŝƚǇ ƚƌĂŶƐŝƟŽŶ
MRI DĂŐŶĞƟĐ ZĞƐŽŶĂŶĐĞ /ŵĂŐŝŶŐ 
mTORC1 DĂŵŵĂůŝĂŶ ƚĂƌŐĞƚ ŽĨ ƌĂƉĂŵǇĐŝŶ ĐŽŵƉůĞǆ 1
mTORC2 DĂŵŵĂůŝĂŶ ƚĂƌŐĞƚ ŽĨ ƌĂƉĂŵǇĐŝŶ ĐŽŵƉůĞǆ Ϯ

N
NHEs EĂ+ͬ,+ ĞǆĐŚĂŶŐĞƌƐ 
NSCLC EŽŶͲƐŵĂůů ĐĞůů ůƵŶŐ ĐĂŶĐĞƌ
NT EĞŐĂƟǀĞ ƚƌĂŶƐƉŽƌƚĞƌ ĐŽŵƉŽƵŶĚ

O
OXPHOS KǆŝĚĂƟǀĞ ƉŚŽƐƉŚŽƌǇůĂƟŽŶ 



ϮϬ

P
PARP WŽůǇ ;��WͲƌŝďŽƐĞͿ ƉŽůǇŵĞƌĂƐĞ 
PD-1 WƌŽŐƌĂŵŵĞĚ ĐĞůů ĚĞĂƚŚ ƉƌŽƚĞŝŶ 1
PDK1 WǇƌƵǀĂƚĞ ĚĞŚǇĚƌŽŐĞŶĂƐĞ ŬŝŶĂƐĞ͕ ŝƐŽǌǇŵĞ 1
PET WŽƐŝƚƌŽŶ �ŵŝƐƐŝŽŶ dŽŵŽŐƌĂƉŚǇ 
PFK1 WŚŽƐƉŚŽĨƌƵĐƚŽŬŝŶĂƐĞ 1 
pHi /ŶƚƌĂĐĞůůƵůĂƌ Ɖ,
PHLPP2 W, ĚŽŵĂŝŶ ĂŶĚ ůĞƵĐŝŶĞ ƌŝĐŚ ƌĞƉĞĂƚ ƉƌŽƚĞŝŶ ƉŚŽƐƉŚĂƚĂƐĞ Ϯ
PI WƌŽƉŝĚŝƵŵ /ŽĚŝĚĞ
PI3K WŚŽƐƉŚĂƟĚǇůŝŶŽƐŝƚŽů 3ͲŬŝŶĂƐĞ
PI3P WŚŽƐƉŚĂƟĚǇůŝŶŽƐŝƚŽů3ͲƉŚŽƐƉŚĂƚĞ 
PIP2 3ͲƉŚŽƐƉŚŽƌǇůĂƚĞĚ ƉŚŽƐƉŚĂƟĚǇůŝŶŽƐŝƚŽů
PKA WƌŽƚĞŝŶ ŬŝŶĂƐĞ �
PTEN WŚŽƐƉŚĂƚĂƐĞ ĂŶĚ ƚĞŶƐŝŶ ŚŽŵŽůŽŐ
PTPC WĞƌŵĞĂƟŽŶ ƚƌĂŶƐŝƟŽŶ ƉŽƌĞ ĐŽŵƉůĞǆ

R
Raď7 ZĂƐͲƌĞůĂƚĞĚ ƉƌŽƚĞŝŶ
RAS ZĂƚ ƐĂƌĐŽŵĂ ŽŶĐŽŐĞŶĞ
RIP ZĞĐĞƉƚŽƌͲŝŶƚĞƌĂĐƟŶŐ ƉƌŽƚĞŝŶ ŬŝŶĂƐĞ 
RN ZĞŐƵůĂƚĞĚ EĞĐƌŽƐŝƐ
ROCK1 ZŚŽͲĂƐƐŽĐŝĂƚĞĚ ĐŽŝůĞĚĐŽŝů ĨŽƌŵŝŶŐ ŬŝŶĂƐĞ 1
ROS ZĞĂĐƟǀĞ ŽǆǇŐĞŶ ƐƉĞĐŝĞƐ  
RT ZŽŽŵ ƚĞŵƉĞƌĂƚƵƌĞ
RTK ZĞĐĞƉƚŽƌ ƚǇƌŽƐŝŶĞ ŬŝŶĂƐĞ 

S
SAL ^ĂůŝŶŽŵǇĐŝŶ
SAPKs ^ƚƌĞƐƐͲĂĐƟǀĂƚĞĚ ƉƌŽƚĞŝŶ ŬŝŶĂƐĞƐ
SCLC ^ŵĂůů ĐĞůů ůƵŶŐ ĐĂŶĐĞƌ
SMAC ^ĞĐŽŶĚ ŵŝƚŽĐŚŽŶĚƌŝĂͲĚĞƌŝǀĞĚ ĂĐƟǀĂƚŽƌ ŽĨ ĐĂƐƉĂƐĞ
SNARE ƐŽůƵďůĞ EͲĞƚŚǇůŵĂůĞŝŵŝĚĞͲƐĞŶƐŝƟǀĞ ĨĂĐƚŽƌ ĂƩĂĐŚŵĞŶƚ ƉƌŽƚĞŝŶ ƌĞĐĞƉƚŽƌ
SPR ^ƵƌĨĂĐĞ ƉůĂƐŵŽŶ ƌĞƐŽŶĂŶĐĞ
SQSTM1 ^ĞƋƵĞƐƚŽƐŽŵĞͲ1



Ϯ1

ABBREVIATIONS

T
TCA dƌŝĐĂƌďŽǆǇůŝĐ ĂĐŝĚ ĐǇĐůĞ  
TEM dƌĂŶƐŵŝƐƐŝŽŶ �ůĞĐƚƌŽŶ DŝĐƌŽƐĐŽƉǇ 
TK dǇƌŽƐŝŶĞ ŬŝŶĂƐĞ
TKIs dǇƌŽƐŝŶĞ ŬŝŶĂƐĞ ŝŶŚŝďŝƚŽƌƐ 
TNF dƵŵŽƌ ŶĞĐƌŽƐŝƐ ĨĂĐƚŽƌ
TNFR1 dƵŵŽƌ ŶĞĐƌŽƐŝƐ ĨĂĐƚŽƌ ƌĞĐĞƉƚŽƌ ƚǇƉĞ 1
TOMM20 dƌĂŶƐůŽĐĂƐĞ ŽĨ ŽƵƚĞƌ ŵŝƚŽĐŚŽŶĚƌŝĂů ŵĞŵďƌĂŶĞ ϮϬ
TP53 dƵŵŽƌ ƉƌŽƚĞŝŶ ϱ3 ŐĞŶĞ
TRADD dE& ƌĞĐĞƉƚŽƌͲĂƐƐŽĐŝĂƚĞĚ ĚĞĂƚŚ ĚŽŵĂŝŶ
TRAIL dƵŵŽƌ ŶĞĐƌŽƐŝƐ ĨĂĐƚŽƌͲƌĞůĂƚĞĚ ĂƉŽƉƚŽƐŝƐͲŝŶĚƵĐŝŶŐ ůŝŐĂŶĚ
TSC2 dƵďĞƌŽƵƐ ƐĐůĞƌŽƐŝƐ Ϯ

U
ULK1 hE�Ͳϱ1Ͳ>ŝŬĞ <ŝŶĂƐĞ

V
V-ATPase sĂĐƵŽůĂƌͲƚǇƉĞ ,+Ͳ�dWĂƐĞ
VEGF sĂƐĐƵůĂƌ ĞŶĚŽƚŚĞůŝĂů ŐƌŽǁƚŚ ĨĂĐƚŽƌ

W
WHO tŽƌůĚ ,ĞĂůƚŚ KƌŐĂŶŝǌĂƟŽŶ 

X
XIAP y ĐŚƌŽŵŽƐŽŵĞͲůŝŶŬĞĚ /�W 

#
ȴɎm DŝƚŽĐŚŽŶĚƌŝĂů ŵĞŵďƌĂŶĞ ƉŽƚĞŶƟĂů





ABSTRACT





Ϯϱ

ABSTRACT

�ů ĐĄŶĐĞƌ ĚĞ ĐĂǀŝĚĂĚ ŽƌĂů Ǉ ĚĞ ƉƵůŵſŶ ƐĞ ĞŶŐůŽďĂŶ ĚĞŶƚƌŽ ĚĞ ůĂƐ ĞŶĨĞƌŵĞĚĂĚĞƐ ĚĞ ǀşĂƐ ƌĞƐƉŝƌĂƚŽƌŝĂƐ 
ŵĄƐ ĐŽŵƵŶĞƐ͕ ƐŝĞŶĚŽ ĞƐƚĞ ƷůƟŵŽ ƵŶĂ ĚĞ ůĂƐ ƉƌŝŶĐŝƉĂůĞƐ ĐĂƵƐĂƐ ĚĞ ŵŽƌƚĂůŝĚĂĚ ĞŶ Ğů ŵƵŶĚŽ͘ � ƉĞƐĂƌ ĚĞ 
ůŽƐ ŶƵĞǀŽƐ ĂǀĂŶĐĞƐ ĞŶ Ğů ĚŝĂŐŶſƐƟĐŽ Ǉ ůĂ ĂƚĞŶĐŝſŶ ĐůşŶŝĐĂ͕ Ğů ĠǆŝƚŽ ĚĞ ůŽƐ ƚƌĂƚĂŵŝĞŶƚŽƐ ĐŽŶǀĞŶĐŝŽŶĂůĞƐ 
ĞƐ ƚŽĚĂǀşĂ ůŝŵŝƚĂĚŽ͕ ǇĂ ƋƵĞ ůŽƐ ƉĂĐŝĞŶƚĞƐ ĂĐĂďĂŶ ĚĞƐĂƌƌŽůůĂŶĚŽ ƌĞƐŝƐƚĞŶĐŝĂƐ Ǉ ƉƌĞƐĞŶƚĂŶĚŽ ƌĞĐŝĚŝǀĂƐ͘ 
�ĞďŝĚŽ Ă ůĂƐ ůŝŵŝƚĂĐŝŽŶĞƐ ƚĞƌĂƉĠƵƟĐĂƐ ƉĂƌĂ ĂďŽƌĚĂƌ ĞƐƚĂƐ ƉĂƚŽůŽŐşĂƐ͕ ĞƐ ŶĞĐĞƐĂƌŝŽ ŝĚĞŶƟĮĐĂƌ ŶƵĞǀŽƐ 
ĐŽŵƉƵĞƐƚŽƐ ĐŽŶ ĚŝĨĞƌĞŶƚĞƐ ŵĞĐĂŶŝƐŵŽƐ ĚĞ ĂĐĐŝſŶ Ǉ ŵĂǇŽƌ ĞĮĐĂĐŝĂ ƉĂƌĂ ĐŽŵďĂƟƌ ĞƐƚĞ ƟƉŽ ĚĞ 
ŶĞŽƉůĂƐŝĂƐ͘

>ĂƐ ĐĠůƵůĂƐ ĐĂŶĐĞƌŽƐĂƐ ĂĚƋƵŝĞƌĞŶ ƵŶĂ ƐĞƌŝĞ ĚĞ ĐĂƌĂĐƚĞƌşƐƟĐĂƐ ĚƵƌĂŶƚĞ ůĂ ĐĂƌĐŝŶŽŐĠŶĞƐŝƐ͕ ĐŽŵŽ ƵŶ 
ŐƌĂĚŝĞŶƚĞ ĚĞ Ɖ, ŝŶǀĞƌƟĚŽ ĞŶ ĐŽŵƉĂƌĂĐŝſŶ ĐŽŶ ůĂƐ ĐĠůƵůĂƐ ŶŽƌŵĂůĞƐ͕ ůŽ ĐƵĂů ĨĂǀŽƌĞĐĞ ůĂ ƉƌŽŐƌĞƐŝſŶ 
ĚĞů ĐĄŶĐĞƌ ŵĞĚŝĂŶƚĞ Ğů ĂƵŵĞŶƚŽ ĚĞ ůĂ ƉƌŽůŝĨĞƌĂĐŝſŶ Ǉ ůĂ ĞǀĂƐŝſŶ ĚĞ ůĂ ĂƉŽƉƚŽƐŝƐ͘ ZĞĐŝĞŶƚĞŵĞŶƚĞ ƐĞ 
ŚĂ ƉƌŽƉƵĞƐƚŽ ƵŶĂ ŶƵĞǀĂ ĞƐƚƌĂƚĞŐŝĂ ƚĞƌĂƉĠƵƟĐĂ ĐŽŶƚƌĂ Ğů ĐĄŶĐĞƌ ůĂ ĐƵĂů ŝŵƉůŝĐĂ ůĂ ŵŽĚƵůĂĐŝſŶ ĚĞů 
Ɖ, ŝŶƚƌĂĐĞůƵůĂƌ͘  �Ɛ ƉŽƌ ĞƐƚŽ ƋƵĞ ŶƵĞƐƚƌŽ ŐƌƵƉŽ ĚĞ ŝŶǀĞƐƟŐĂĐŝſŶ ĞƐƚƵĚŝĂ Ğů ƉŽƚĞŶĐŝĂů ĚĞ ĐŽŵƉƵĞƐƚŽƐ 
ƚƌĂŶƐƉŽƌƚĂĚŽƌĞƐ ĚĞ ĂŶŝŽŶĞƐ ĐŽŵŽ ŶƵĞǀŽƐ ĂŐĞŶƚĞƐ ƋƵŝŵŝŽƚĞƌĂƉĠƵƟĐŽƐ͕ ǇĂ ƋƵĞ ƉŽƐĞĞŶ ůĂ ĐĂƉĂĐŝĚĂĚ ĚĞ 
ĚŝƐŵŝŶƵŝƌ Ğů Ɖ, ŝŶƚƌĂĐĞůƵůĂƌ ƐĞůĞĐƟǀĂŵĞŶƚĞ͘ 

�Ŷ ĐŽŶĐƌĞƚŽ͕ ĞƐƚĞ ƚƌĂďĂũŽ ĚĞ ƚĞƐŝƐ ƐĞ ŚĂ ĐĞŶƚƌĂĚŽ ĞŶ ĐĂƌĂĐƚĞƌŝǌĂƌ Ğů ĞĨĞĐƚŽ ĂŶƟĐĂŶĐĞƌŽƐŽ ĚĞ 
ĂŶŝŽŶſĨŽƌŽƐ͕ ĐŽŵƉƵĞƐƚŽƐ ƚƌĂŶƐƉŽƌƚĂĚŽƌĞƐ ĚĞ ĂŶŝŽŶĞƐ͕ ĚĞƌŝǀĂĚŽƐ ĚĞ ŵŽůĠĐƵůĂƐ ŶĂƚƵƌĂůĞƐ ůůĂŵĂĚĂƐ 
ƚĂŵďũĂŵŝŶĂƐ͕ ƚĂŶƚŽ Ă ŶŝǀĞů ĐĞůƵůĂƌ ĐŽŵŽ ŵŽůĞĐƵůĂƌ͘  �Ŷ ƉƌŝŵĞƌ ůƵŐĂƌ͕  ƐĞ ŚĂ ĚĞƚĞƌŵŝŶĂĚŽ Ğů ĞĨĞĐƚŽ ĚĞ 
ůŽƐ ĂŶĄůŽŐŽƐ ƐŝŶƚĠƟĐŽƐ ĚĞ ƚĂŵďũĂŵŝŶĂ ƐŽďƌĞ ůĂ ǀŝĂďŝůŝĚĂĚ ĐĞůƵůĂƌ ĞŶ ůşŶĞĂƐ ĚĞ ĐĄŶĐĞƌ ŽƌĂů Ǉ ƉƵůŵŽŶĂƌ͕  
ĂƐş ĐŽŵŽ ĞŶ ĐĠůƵůĂƐ ŵĂĚƌĞ ĐĂŶĐĞƌŽƐĂƐ ĚĞƌŝǀĂĚĂƐ ĚĞ ƚƵŵŽƌĞƐ ĚĞ ƉĂĐŝĞŶƚĞƐ͕ ĚĞŵŽƐƚƌĂŶĚŽ ƐĞƌ ƉŽƚĞŶƚĞƐ 
ĂŐĞŶƚĞƐ ĐŝƚŽƚſǆŝĐŽƐ͘ � ƐƵ ǀĞǌ͕ ƐĞ ŚĂ ĞƐƚƵĚŝĂĚŽ ƋƵĠ ŝŵƉůŝĐĂĐŝſŶ ƟĞŶĞ ůĂ ƉĠƌĚŝĚĂ ĚĞ ůĂ ŚŽŵĞŽƐƚĂƐŝƐ ŝſŶŝĐĂ 
ŝŵƉƵůƐĂĚĂ ƉŽƌ ĞƐƚŽƐ ĐŽŵƉƵĞƐƚŽƐ Ă ŶŝǀĞů ĐĞůƵůĂƌ͘  �Ŷ ĞƐƚĞ ƐĞŶƟĚŽ͕ ƐĞ ŚĂ ĐĂƌĂĐƚĞƌŝǌĂĚŽ ĐſŵŽ ůŽƐ ĐŽŵƉƵĞƐƚŽƐ 
ŝŶĚƵĐĞŶ ůĂ ĂůĐĂůŝŶŝǌĂĐŝſŶ ĚĞ ůŽƐ ůŝƐŽƐŽŵĂƐ͕ Ǉ ƉƌŽǀŽĐĂŶ ƵŶĂ ǀĂĐƵŽůŝǌĂĐŝſŶ ŵĂƐŝǀĂ ĞŶ Ğů ĐŝƚŽƉůĂƐŵĂ ƋƵĞ 
ƐĞ ĐŽƌƌĞƐƉŽŶĚĞ ĐŽŶ Ğů ŚŝŶĐŚĂŵŝĞŶƚŽ ĚĞ ůĂ ŵŝƚŽĐŽŶĚƌŝĂƐ͘ �ƐƚŽƐ ĚŽƐ ĨĞŶſŵĞŶŽƐ ĐŽŶůůĞǀĂŶ ůĂ ƉĠƌĚŝĚĂ ĚĞ 
ĨƵŶĐŝſŶ ĚĞ ĂŵďŽƐ ŽƌŐĄŶƵůŽƐ͘ �ů ŵŝƐŵŽ ƟĞŵƉŽ͕ ƐĞ ŚĂŶ ĞƐƚƵĚŝĂĚŽ ĞŶ ĚĞƚĂůůĞ ůŽƐ ŵĞĐĂŶŝƐŵŽƐ ĚĞ ĂĐĐŝſŶ 
ůŝŐĂĚŽƐ Ăů ĚĞƐĞƋƵŝůŝďƌŝŽ ŽƐŵſƟĐŽ ƉƌŽǀŽĐĂĚŽ ƉŽƌ ůŽƐ ĐŽŵƉƵĞƐƚŽƐ͘ WŽƌ ƵŶĂ ƉĂƌƚĞ͕ ƐĞ ŚĂ ŽďƐĞƌǀĂĚŽ ĐſŵŽ 
ĞƐƚŽƐ ĂŶŝŽŶſĨŽƌŽƐ ĞƐƟŵƵůĂŶ ƵŶ ĂƵŵĞŶƚŽ ĞŶ ůĂ ĂĐƟǀŝĚĂĚ ĚĞ ƉƌŽƚĞşŶĂƐ ƌĞůĂĐŝŽŶĂĚĂƐ ĐŽŶ ƌĞƐƉƵĞƐƚĂ Ă 
ĞƐƚƌĠƐ ĐĞůƵůĂƌ͕  Ǉ ĐſŵŽ ƉƌŽǀŽĐĂŶ ůĂ ĂĐƟǀĂĐŝſŶ ĚĞ ůĂ ǀşĂ ĂƉŽƉƚſƟĐĂ͕ ƐŝŶ ƋƵĞ ĠƐƚĂ ƐĞĂ ůĂ ƌĞƐƉŽŶƐĂďůĞ 
ĚŝƌĞĐƚĂ ĚĞ ůĂ ŵƵĞƌƚĞ ĚĞ ƚŽĚĂ ůĂ ƉŽďůĂĐŝſŶ ĐĞůƵůĂƌ͘  �ŽŶũƵŶƚĂŵĞŶƚĞ͕ ƐĞ ŚĂ ĚĞƚĞĐƚĂĚŽ ƵŶĂ ĂĐƵŵƵůĂĐŝſŶ 
ĚĞ ĂƵƚŽĨĂŐŽƐŽŵĂƐ͕ ƌĞůĂĐŝŽŶĂĚŽ ĐŽŶ Ğů ďůŽƋƵĞŽ ĚĞ ůĂ ĂƵƚŽĨĂŐŝĂ͕ ĐŽŶƐĞĐƵĞŶĐŝĂ ĚĞů ĨĂůůŽ ůŝƐŽƐŽŵĂů ƚƌĂƐ Ğů 
ƚƌĂƚĂŵŝĞŶƚŽ ĐŽŶ ĞƐƚŽƐ ĐŽŵƉƵĞƐƚŽƐ͘ � ƐƵ ǀĞǌ͕ ƐĞ ŚĂ ƉŽĚŝĚŽ ŽďƐĞƌǀĂƌ ĐſŵŽ ůĂƐ ĐĠůƵůĂƐ ƚƌĂƚĂĚĂƐ ĐŽŶ ĞƐƚŽƐ 
ĂŶŝŽŶſĨŽƌŽƐ ƉŝĞƌĚĞŶ ůĂ ŝŶƚĞŐƌŝĚĂĚ ĚĞ ůĂ ŵĞŵďƌĂŶĂ ƉůĂƐŵĄƟĐĂ͕ ŝŶĚŝĐĂŶĚŽ ƋƵĞ Ğů ƉƌŽĐĞƐŽ ĐŝƚŽƚſǆŝĐŽ 
ĐƵůŵŝŶĂ ĞŶ ŶĞĐƌŽƐŝƐ ĞŶ ƵŶĂ ŐƌĂŶ ŵĂǇŽƌşĂ ĚĞ ůĂ ƉŽďůĂĐŝſŶ ĐĞůƵůĂƌ͘  

WŽƌ ŽƚƌŽ ůĂĚŽ͕ ĞŶ ĞƐƚĂ ƚĞƐŝƐ ĚŽĐƚŽƌĂů͕ ŵĞĚŝĂŶƚĞ ĞǆƉĞƌŝŵĞŶƚŽƐ ĐŽŵƉƵƚĂĐŝŽŶĂůĞƐ in silico, ƐĞ ŚĂ 
ŝĚĞŶƟĮĐĂĚŽ ůĂ ƉƌŽƚĞşŶĂ �<d ĐŽŵŽ ƵŶĂ ƉŽƐŝďůĞ ĚŝĂŶĂ ŵŽůĞĐƵůĂƌ ĚĞ ƵŶŽ ĚĞ ŶƵĞƐƚƌŽƐ ĐŽŵƉƵĞƐƚŽƐ͘ � ƐƵ 
ǀĞǌ͕ ƐĞ ŚĂ ĐŽƌƌŽďŽƌĂĚŽ ƉŽƌ ĞƐƉĞĐƚƌŽƐĐŽƉŝĂ ŵĞĚŝĂŶƚĞ ƌĞƐŽŶĂŶĐŝĂ ĚĞ ƉůĂƐŵŽŶĞƐ ƐƵƉĞƌĮĐŝĂůĞƐ͕ ƋƵĞ ůĂ 
ĂĮŶŝĚĂĚ ĚĞ ƵŶŝſŶ ĞŶƚƌĞ Ğů ĂŶĄůŽŐŽ ĚĞ ƚĂŵďũĂŵŝŶĂ Ǉ �<d ĞƐ ĞůĞǀĂĚĂ͕ ƐŝƚƵĂĚĂ ĞŶ ƵŶ ƌĂŶŐŽ ŵŝĐƌŽŵŽůĂƌ͘  
�ƐŝŵŝƐŵŽ͕ ƐĞ ŚĂ ĚĞƚĞĐƚĂĚŽ ƵŶĂ ĚŝƐŵŝŶƵĐŝſŶ ƚĂŶƚŽ ĚĞ ůĂ ĨŽƐĨŽƌŝůĂĐŝſŶ͕ ĐŽŵŽ ĚĞ ůĂ ƉƌŽƚĞşŶĂ ƚŽƚĂů �<d 



Ϯϲ

ƚƌĂƐ Ğů ƚƌĂƚĂŵŝĞŶƚŽ ĐŽŶ ƚĂŵďũĂŵŝŶĂ͘ /ŐƵĂůŵĞŶƚĞ͕ ŐƌĂĐŝĂƐ Ăů ĞƐƚƵĚŝŽ ĚĞ ůĂ ŵŽĚŝĮĐĂĐŝſŶ ĚĞ ůŽƐ ƉĂƚƌŽŶĞƐ 
ĚĞ ĞǆƉƌĞƐŝſŶ ĚĞ ŵŝZE� ƚƌĂƐ Ğů ƚƌĂƚĂŵŝĞŶƚŽ ĐŽŶ Ğů ĐŽŵƉƵĞƐƚŽ͕ ƐĞ ŚĂŶ ĚŝůƵĐŝĚĂĚŽ ůĂƐ ƉƌŝŶĐŝƉĂůĞƐ ƌƵƚĂƐ 
ĚĞ ƐĞŹĂůŝǌĂĐŝſŶ ŝŶǀŽůƵĐƌĂĚĂƐ ĞŶ Ğů ƉƌŽĐĞƐŽ ĐŝƚŽƚſǆŝĐŽ͕ ƐŝĞŶĚŽ ůĂƐ ŵĄƐ ĂĨĞĐƚĂĚĂƐ W/3<ͬ�<d͕  ĂƉŽƉƚŽƐŝƐ Ǉ 
ĂƵƚŽĨĂŐŝĂ͘ 

WŽƌ ƷůƟŵŽ͕ ƉĂƌĂ ĐŽŵƉůĞƚĂƌ ůŽƐ ĞƐƚƵĚŝŽƐ ƉƌĞĐůşŶŝĐŽƐ͕ ƐĞ ŚĂ ĞǀĂůƵĂĚŽ ůĂ ƚŽǆŝĐŝĚĂĚ Ǉ ĞĮĐĂĐŝĂ ĚĞ ĞƐƚŽƐ 
ĐŽŵƉƵĞƐƚŽƐ in vivo ĞŶ ŵŽĚĞůŽƐ ŵƵƌŝŶŽƐ ĚĞ ĐĄŶĐĞƌ ĚĞ ƉƵůŵſŶ ĞŶ ĞƐƚƵĚŝŽƐ ƉƌĞůŝŵŝŶĂƌĞƐ͕ ŵŽƐƚƌĂŶĚŽ 
ƵŶĂ ƉŽƚĞŶƚĞ ĐĂƉĂĐŝĚĂĚ ĂŶƟƚƵŵŽƌĂů ƚĂŶƚŽ ĞŶ Ğů ŵŽĚĞůŽ ĞĐƚſƉŝĐŽ ĐŽŵŽ ŽƌƚŽƚſƉŝĐŽ͘ 

WŽƌ ƚŽĚŽ ĞƐƚŽ͕ ůŽƐ ĂŶĄůŽŐŽƐ ƐŝŶƚĠƟĐŽƐ ĚĞ ƚĂŵďũĂŵŝŶĂ ƉƵĞĚĞŶ ƐĞƌ ĐŽŶƐŝĚĞƌĂĚŽƐ ƵŶĂ ďƵĞŶĂ 
ŚĞƌƌĂŵŝĞŶƚĂ ƉĂƌĂ ŝŶĚƵĐŝƌ ŵƵĞƌƚĞ ĞŶ ĐĠůƵůĂƐ ĐĂŶĐĞƌŽƐĂƐ ŵĞĚŝĂŶƚĞ ƵŶĂ ŶƵĞǀĂ ĞƐƚƌĂƚĞŐŝĂ ƚĞƌĂƉĠƵƟĐĂ 
ƋƵĞ ŵŽĚŝĮĐĂ Ğů Ɖ, ŝŶƚƌĂĐĞůƵůĂƌ Ǉ ƉŽĚƌşĂŶ ůůĞŐĂƌ Ă ƐĞƌ ďƵĞŶŽƐ ĨĄƌŵĂĐŽƐ ƉĂƌĂ ĂďŽƌĚĂƌ Ğů ƚƌĂƚĂŵŝĞŶƚŽ ĚĞ 
ƚƵŵŽƌĞƐ ƌĞƐŝƐƚĞŶƚĞƐ Ă ůĂ ĂƉŽƉƚŽƐŝƐ͘ 

KƌĂů ĂŶĚ ůƵŶŐ ĐĂŶĐĞƌ ĂƌĞ ŝŶĐůƵĚĞĚ ŝŶ ƚŚĞ ŵŽƐƚ ƉƌĞǀĂůĞŶƚ ƌĞƐƉŝƌĂƚŽƌǇ ĚŝƐĞĂƐĞƐ͕ ďĞŝŶŐ ƚŚĞ ůĂƩĞƌ ŽŶĞ ŽĨ 
ƚŚĞ ŵĂŝŶ ĐĂƵƐĞƐ ŽĨ ŵŽƌƚĂůŝƚǇ ǁŽƌůĚǁŝĚĞ͘ �ĞƐƉŝƚĞ ŶĞǁ ĂĚǀĂŶĐĞƐ ŝŶ ĚŝĂŐŶŽƐŝƐ ĂŶĚ ĐůŝŶŝĐĂů ĐĂƌĞ͕ ƐƵĐĐĞƐƐ 
ŽĨ ĐŽŶǀĞŶƟŽŶĂů ƚƌĞĂƚŵĞŶƚƐ ŝƐ ƐƟůů ůŝŵŝƚĞĚ ƐŝŶĐĞ ƉĂƟĞŶƚƐ ĞŶĚ ƵƉ ĚĞǀĞůŽƉŝŶŐ ƌĞƐŝƐƚĂŶĐĞƐ ĂŶĚ ƉƌĞƐĞŶƟŶŐ 
ƌĞĐƵƌƌĞŶĐĞƐ͘ �ƵĞ ƚŽ ƚŚĞ ƚŚĞƌĂƉĞƵƟĐ ůŝŵŝƚĂƟŽŶƐ ƚŽ ĂĚĚƌĞƐƐ ƚŚĞƐĞ ƉĂƚŚŽůŽŐŝĞƐ͕ ŝƚ ŝƐ ŶĞĐĞƐƐĂƌǇ ƚŽ ŝĚĞŶƟĨǇ 
ŶĞǁ ĐŽŵƉŽƵŶĚƐ͕ ǁŝƚŚ ĚŝīĞƌĞŶƚ ŵĞĐŚĂŶŝƐŵƐ ŽĨ ĂĐƟŽŶ ĂŶĚ ŐƌĞĂƚĞƌ ĞĸĐŝĞŶĐǇ ƚŽ ŽǀĞƌĐŽŵĞ ƚŚĞƐĞ 
ŶĞŽƉůĂƐŵƐ͘ 

�ĂŶĐĞƌ ĐĞůůƐ ĂĐƋƵŝƌĞ Ă ƐĞƌŝĞƐ ŽĨ ĐŚĂƌĂĐƚĞƌŝƐƟĐƐ ĚƵƌŝŶŐ ĐĂƌĐŝŶŽŐĞŶĞƐŝƐ͕ ĂƐ Ă ƌĞǀĞƌƐĞĚ Ɖ, ŐƌĂĚŝĞŶƚ 
ĐŽŵƉĂƌĞĚ ƚŽ ŶŽƌŵĂů ĐĞůůƐ͕ ǁŚŝĐŚ ĨĂǀŽƌƐ ĐĂŶĐĞƌ ƉƌŽŐƌĞƐƐŝŽŶ ƉƌŽŵŽƟŶŐ ƉƌŽůŝĨĞƌĂƟŽŶ ĂŶĚ ĞǀĂƐŝŽŶ ŽĨ 
ĂƉŽƉƚŽƐŝƐ͘ ZĞĐĞŶƚůǇ͕  Ă ŶĞǁ ƚŚĞƌĂƉĞƵƟĐ ƐƚƌĂƚĞŐǇ ĂŐĂŝŶƐƚ ĐĂŶĐĞƌ͕  ǁŚŝĐŚ ŝŶǀŽůǀĞƐ ƚŚĞ ŵŽĚƵůĂƟŽŶ ŽĨ 
ŝŶƚƌĂĐĞůůƵůĂƌ Ɖ, ŚĂƐ ďĞĞŶ ƉƌŽƉŽƐĞĚ͘ �ĐĐŽƌĚŝŶŐůǇ͕  ŽƵƌ ƌĞƐĞĂƌĐŚ ŐƌŽƵƉ ŝƐ ĨŽĐƵƐĞĚ ŽŶ ĂŶĂůǇǌŝŶŐ ƚŚĞ 
ƉŽƚĞŶƟĂů ŽĨ ĂŶŝŽŶ ƚƌĂŶƐƉŽƌƚĞƌ ĐŽŵƉŽƵŶĚƐ ĂƐ ŶĞǁ ĐŚĞŵŽƚŚĞƌĂƉĞƵƟĐ ĂŐĞŶƚƐ͕ ƐŝŶĐĞ ƚŚĞǇ ƉŽƐƐĞƐƐ ƚŚĞ 
ĂďŝůŝƚǇ ƚŽ ƐĞůĞĐƟǀĞůǇ ůŽǁĞƌ ƚŚĞ ŝŶƚƌĂĐĞůůƵůĂƌ Ɖ,͘

/Ŷ ƉĂƌƟĐƵůĂƌ͕  ƚŚŝƐ ĚŽĐƚŽƌĂů ƚŚĞƐŝƐ ŝƐ ĨŽĐƵƐĞĚ ŽŶ ƚŚĞ ĂŶƟĐĂŶĐĞƌ ĞīĞĐƚ ĐŚĂƌĂĐƚĞƌŝǌĂƟŽŶ͕ Ăƚ ƚŚĞ ĐĞůůƵůĂƌ 
ĂŶĚ ŵŽůĞĐƵůĂƌ ůĞǀĞů͕ ŽĨ ŶŽǀĞů ĂŶŝŽŶŽƉŚŽƌĞƐ͕ ĚĞƌŝǀĞĚ ĨƌŽŵ ŶĂƚƵƌĂů ĐŽŵƉŽƵŶĚƐ ŬŶŽǁŶ ĂƐ ƚĂŵďũĂŵŝŶĞƐ͘ 
&ŝƌƐƚůǇ͕  ƚŚĞ ĞīĞĐƚ ŽĨ ƚŚĞ ƐǇŶƚŚĞƟĐ ĂŶĂůŽŐƵĞƐ ŽŶ ĐĞůů ǀŝĂďŝůŝƚǇ ŝŶ ŽƌĂů ĂŶĚ ƉƵůŵŽŶĂƌǇ ĐĂŶĐĞƌ ĐĞůů ůŝŶĞƐ͕ ĂƐ 
ǁĞůů ĂƐ ŝŶ ĐĂŶĐĞƌ ƐƚĞŵ ĐĞůůƐ ĚĞƌŝǀĞĚ ĨƌŽŵ ƉĂƟĞŶƚƐ͛ ƚƵŵŽƌƐ͕ ŚĂƐ ďĞĞŶ ĚĞƚĞƌŵŝŶĞĚ͕ ƉƌŽǀŝŶŐ ƚŽ ďĞ ƉŽƚĞŶƚ 
ĐǇƚŽƚŽǆŝĐ ĂŐĞŶƚƐ͘

>ŝŬĞǁŝƐĞ͕ ƚŚĞ ŝŵƉůŝĐĂƟŽŶ ŽĨ ŝŽŶ ŚŽŵĞŽƐƚĂƐŝƐ ĚŝƐƌƵƉƟŽŶ ĚƌŝǀĞŶ ďǇ ƚŚĞƐĞ ĐŽŵƉŽƵŶĚƐ ŚĂƐ ďĞĞŶ 
ƐƚƵĚŝĞĚ Ăƚ ƚŚĞ ĐĞůůƵůĂƌ ůĞǀĞů͘ /Ŷ ƚŚŝƐ ƌĞŐĂƌĚ͕ ŝƚ ŚĂƐ ďĞĞŶ ĐŚĂƌĂĐƚĞƌŝǌĞĚ ŚŽǁ ƚŚĞ ĐŽŵƉŽƵŶĚƐ ŝŶĚƵĐĞ 
ůǇƐŽƐŽŵĂů ĂůŬĂůŝǌĂƟŽŶ ĂŶĚ ĐĂƵƐĞ Ă ŵĂƐƐŝǀĞ ǀĂĐƵŽůŝǌĂƟŽŶ ŝŶ ƚŚĞ ĐǇƚŽƉůĂƐŵ͕ ǁŚŝĐŚ ŝƐ ĐŽŶƐŝƐƚĞŶƚ ǁŝƚŚ 
ŵŝƚŽĐŚŽŶĚƌŝĂů ƐǁĞůůŝŶŐ͘ dŚĞƐĞ ƚǁŽ ƉŚĞŶŽŵĞŶĂ ůĞĚ ƚŽ ƚŚĞ ůŽƐƐ ŽĨ ĨƵŶĐƟŽŶ ŽĨ ďŽƚŚ ŽƌŐĂŶĞůůĞƐ͘ 

�ƚ ƚŚĞ ƐĂŵĞ ƟŵĞ͕ ƚŚĞ ŵĞĐŚĂŶŝƐŵƐ ŽĨ ĂĐƟŽŶ ůŝŶŬĞĚ ƚŽ ƚŚĞ ŽƐŵŽƟĐ ŝŵďĂůĂŶĐĞ ĐĂƵƐĞĚ ďǇ ƚŚĞ 
ĐŽŵƉŽƵŶĚƐ ŚĂǀĞ ďĞĞŶ ƐƚƵĚŝĞĚ ŝŶ ĚĞƚĂŝů͘ KŶ ŽŶĞ ŚĂŶĚ͕ ŝƚ ŚĂƐ ďĞĞŶ ŽďƐĞƌǀĞĚ ŚŽǁ ƚŚĞƐĞ ĂŶŝŽŶŽƉŚŽƌĞƐ 
ŝŶĐƌĞĂƐĞ ƚŚĞ ĂĐƟǀŝƚǇ ŽĨ ƉƌŽƚĞŝŶƐ ƌĞůĂƚĞĚ ƚŽ ĐĞůůƵůĂƌ ƐƚƌĞƐƐ ƌĞƐƉŽŶƐĞ͕ ĂŶĚ ŚŽǁ ƚŚĞ ĂƉŽƉƚŽƟĐ ƉĂƚŚǁĂǇ ŝƐ 
ƚƌŝŐŐĞƌĞĚ͕ ĂůƚŚŽƵŐŚ ƚŚŝƐ ŝƐ ŶŽƚ ĚŝƌĞĐƚůǇ ƌĞƐƉŽŶƐŝďůĞ ĨŽƌ ƚŚĞ ĚĞĂƚŚ ŽĨ ƚŚĞ ĞŶƟƌĞ ĐĞůů ƉŽƉƵůĂƟŽŶ͘ >ŝŬĞǁŝƐĞ͕ 
ĂŶ ĂĐĐƵŵƵůĂƟŽŶ ŽĨ ĂƵƚŽƉŚĂŐŽƐŽŵĞƐ͕ ŚĂƐ ďĞĞŶ ĚĞƚĞĐƚĞĚ ĂŌĞƌ ƚƌĞĂƚŵĞŶƚ ǁŝƚŚ ƚŚĞƐĞ ĐŽŵƉŽƵŶĚƐ͕ 



Ϯϳ

ABSTRACT

ǁŚŝĐŚ ŵŝŐŚƚ ďĞ ƌĞůĂƚĞĚ ƚŽ ƚŚĞ ďůŽĐŬĂĚĞ ŽĨ ĂƵƚŽƉŚĂŐǇ͕  ĐŽŶƐĞƋƵĞŶĐĞ ŽĨ ƚŚĞ ůǇƐŽƐŽŵĂů ĨĂŝůƵƌĞ ĂŌĞƌ 
ƚƌĞĂƚŵĞŶƚ ǁŝƚŚ ƚŚĞƐĞ ĐŽŵƉŽƵŶĚƐ͘ DŽƌĞŽǀĞƌ͕  ŝƚ ŚĂƐ ĂůƐŽ ďĞĞŶ ŽďƐĞƌǀĞĚ ŚŽǁ ƚŚĞ ĐĞůůƐ ƚƌĞĂƚĞĚ ǁŝƚŚ 
ƚŚĞƐĞ ĂŶŝŽŶŽƉŚŽƌĞƐ ůŽƐĞ ƚŚĞ ŝŶƚĞŐƌŝƚǇ ŽĨ ƚŚĞ ƉůĂƐŵĂ ŵĞŵďƌĂŶĞ͕ ŝŶĚŝĐĂƟŶŐ ƚŚĂƚ ƚŚĞ ĐǇƚŽƚŽǆŝĐ ƉƌŽĐĞƐƐ 
ĐƵůŵŝŶĂƚĞƐ ŝŶ ŶĞĐƌŽƐŝƐ ŝŶ ƚŚĞ ǀĂƐƚ ŵĂũŽƌŝƚǇ ŽĨ ƚŚĞ ĐĞůů ƉŽƉƵůĂƟŽŶ͘

�ĞƐŝĚĞƐ ƚŚŝƐ͕ ŝŶ ƚŚŝƐ ĚŽĐƚŽƌĂů ƚŚĞƐŝƐ͕ �<d ƉƌŽƚĞŝŶ ŚĂƐ ďĞĞŶ ŝĚĞŶƟĮĞĚ ĂƐ Ă ƉŽƚĞŶƟĂů ŵŽůĞĐƵůĂƌ ƚĂƌŐĞƚ 
ŽĨ ŽŶĞ ŽĨ ŽƵƌ ĐŽŵƉŽƵŶĚƐ͕ ƵƐŝŶŐ in silico ĚŽĐŬŝŶŐ ĞǆƉĞƌŝŵĞŶƚƐ͘ /Ŷ ƚƵƌŶ͕ ŝƚ ŚĂƐ ďĞĞŶ ĐŽƌƌŽďŽƌĂƚĞĚ ďǇ 
ƐƵƌĨĂĐĞ ƉůĂƐŵŽŶ ƌĞƐŽŶĂŶĐĞ ƚŚĂƚ ƚŚĞ ďŝŶĚŝŶŐ ĂĸŶŝƚǇ ďĞƚǁĞĞŶ ƚŚĞ ƐĞůĞĐƚĞĚ ƚĂŵďũĂŵŝŶĞ ĂŶĂůŽŐƵĞ ĂŶĚ 
�<d ŝƐ ŚŝŐŚ͕ ŝŶ ƚŚĞ ŵŝĐƌŽŵŽůĂƌ ƌĂŶŐĞ͘ >ŝŬĞǁŝƐĞ͕ Ă ĚĞĐƌĞĂƐĞ ŝŶ ƉƌŽƚĞŝŶ ĂĐƟǀŝƚǇ ĂŶĚ ŝŶ ƚŚĞ ƚŽƚĂů ĂŵŽƵŶƚ ŽĨ 
�<d ƉƌŽƚĞŝŶ ŚĂƐ ďĞĞŶ ĚĞƚĞĐƚĞĚ ĂŌĞƌ ƚƌĞĂƚŵĞŶƚ͘ &ƵƌƚŚĞƌŵŽƌĞ͕ ƚŚĞ ŵĂŝŶ ƐŝŐŶĂůŝŶŐ ƉĂƚŚǁĂǇƐ ŝŶǀŽůǀĞĚ ŝŶ 
ƚŚĞ ĐǇƚŽƚŽǆŝĐ ƉƌŽĐĞƐƐ ŚĂǀĞ ďĞĞŶ ĞůƵĐŝĚĂƚĞĚ ƐƚƵĚǇŝŶŐ ƚŚĞ ŵŽĚŝĮĐĂƟŽŶƐ ŽĨ ŵŝZE� ĞǆƉƌĞƐƐŝŽŶ ƉĂƩĞƌŶƐ 
ĂŌĞƌ ƚŚĞ ƚƌĞĂƚŵĞŶƚ ǁŝƚŚ ƚĂŵďũĂŵŝŶĞ͕ ďĞŝŶŐ ƚŚĞ ŵŽƐƚ ĂīĞĐƚĞĚ W/3<ͬ�<d͕  ĂƉŽƉƚŽƐŝƐ ĂŶĚ ĂƵƚŽƉŚĂŐǇ͘

&ŝŶĂůůǇ͕  ƚŽ ĐŽŵƉůĞƚĞ ƚŚĞ ƉƌĞĐůŝŶŝĐĂů ƐƚƵĚŝĞƐ͕ ƚŚĞ ƚŽǆŝĐŝƚǇ ĂŶĚ ĞĸĐĂĐǇ ŽĨ ƚŚĞƐĞ ĐŽŵƉŽƵŶĚƐ ŝŶ ŵƵƌŝŶĞ 
ŵŽĚĞůƐ ŽĨ ůƵŶŐ ĐĂŶĐĞƌ ŚĂǀĞ ďĞĞŶ ĞǀĂůƵĂƚĞĚ ŝŶ in vivo ƉƌĞůŝŵŝŶĂƌǇ ƐƚƵĚŝĞƐ͕ ƐŚŽǁŝŶŐ Ă ƉŽƚĞŶƚ ĂŶƟƚƵŵŽƌ 
ĐĂƉĂĐŝƚǇ ŝŶ ďŽƚŚ ĞĐƚŽƉŝĐ ĂŶĚ ŽƌƚŚŽƚŽƉŝĐ ŵŽĚĞůƐ͘

KǀĞƌĂůů͕ ƚŚĞƐĞ ƐǇŶƚŚĞƟĐ ĂŶĂůŽŐƵĞƐ ŽĨ ƚĂŵďũĂŵŝŶĞ ŵĂǇ ďĞ ĐŽŶƐŝĚĞƌĞĚ Ă ŐŽŽĚ ƚŽŽů ƚŽ ŝŶĚƵĐĞ ĚĞĂƚŚ 
ŝŶ ĐĂŶĐĞƌ ĐĞůůƐ ƚŚƌŽƵŐŚ Ă ŶĞǁ ƚŚĞƌĂƉĞƵƟĐ ƐƚƌĂƚĞŐǇ ƚŚĂƚ ŵŽĚŝĮĞƐ ƚŚĞ ŝŶƚƌĂĐĞůůƵůĂƌ Ɖ, ĂŶĚ ƚŚĞƐĞ 
ĐŽŵƉŽƵŶĚƐ ŵĂǇ ďĞĐŽŵĞ Ă ŐŽŽĚ ƚŚĞƌĂƉĞƵƟĐ ŽƉƟŽŶ ĨŽƌ ĂƉŽƉƚŽƐŝƐͲƌĞƐŝƐƚĂŶƚ ƚƵŵŽƌƐ͘
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INTRODUCTION

1. A DEFINITION OF CANCER
�ĂŶĐĞƌ ĂĐĐŽŵƉĂŶŝĞƐ ƚŚĞ ŚƵŵĂŶ ďĞŝŶŐ ƐŝŶĐĞ ĂŶĐŝĞŶƚ ƟŵĞƐ͘ dŚĞ ŽƌŝŐŝŶ ŽĨ ƚŚĞ ǁŽƌĚ ĐĂŶĐĞƌ ŝƐ ĐƌĞĚŝƚĞĚ 

ƚŽ ƚŚĞ 'ƌĞĞŬ ƉŚǇƐŝĐŝĂŶ ,ŝƉƉŽĐƌĂƚĞƐ ;ϰϲϬͲ3ϳϬ ��Ϳ͕ ƵƐŝŶŐ ƚŚĞ ƚĞƌŵƐ carcinos and carcinoma ƚŽ dĞƐĐƌŝďĞ 
nŽnͲƵůĐĞƌ ĨŽƌŵŝnŐ and ƵůĐĞƌͲĨŽƌŵŝnŐ ƚƵŵŽƌƐ͘ /n 'ƌĞĞŬ͕ ƚŚĞƐĞ ǁŽƌdƐ ƌĞĨĞƌ ƚŽ a Đƌaď͕ ŵŽƐƚ ůŝŬĞůǇ aƉƉůŝĞd 
ƚŽ ƚŚĞ dŝƐĞaƐĞ ďĞĐaƵƐĞ ƚŚĞ ĮnŐĞƌͲůŝŬĞ ƐƉƌĞadŝnŐ ƉƌŽũĞĐƟŽnƐ ŽĨ a ĐanĐĞƌ ƌĞƐĞŵďůĞ ƚŚĞ ƐŚaƉĞ ƚŚŝƐ 
ĐƌƵƐƚaĐĞan ;dŚĞ �ŵĞƌŝĐan �anĐĞƌ ^ŽĐŝĞƚǇ͕  ϮϬ1ϰͿ͘

�ŌĞƌ ĐĞnƚƵƌŝĞƐ ŽĨ ƐƚƵdǇ and ƌĞƐĞaƌĐŚ ŝƚ ŝƐ ŬnŽǁn ƚŚaƚ ŽƵƌ ďŽdǇ ŝƐ ĐŽnƐƟƚƵƚĞd ďǇ ŽƌŐanƐ͕ and ƚŚĞƐĞ 
ŝn ƚƵƌn ďǇ ĐĞůůƐ͕ ǁŚŝĐŚ aƌĞ dŝǀŝdĞd ŝn a ĐŽnƚƌŽůůĞd ŵannĞƌ ŝn ŽƌdĞƌ ƚŽ ŵaŝnƚaŝn ƚŚĞŝƌ ŝnƚĞŐƌŝƚǇ and 
ĐŽƌƌĞĐƚ ĨƵnĐƟŽnŝnŐ͘ tŚĞn ĐŽnƚƌŽů ŵĞĐŚanŝƐŵƐ ĐĞaƐĞ ƚŽ ĨƵnĐƟŽn ƉƌŽƉĞƌůǇ͕  ĐĞůůƐ dŝǀŝdĞ ǁŝƚŚŽƵƚ ĐŽnƚƌŽů 
and Đan ŝnǀadĞ nĞaƌďǇ ƟƐƐƵĞƐ͘ dŚŝƐ ŝƐ ĐaůůĞd a ŵaůŝŐnanƚ ƚƵŵŽƌ͕  ĐŽŵŵŽnůǇ ŬnŽǁn aƐ a ĐanĐĞƌ͘  dŚaƚ ŝƐ 
a ƚĞƌŵ ŐŝǀĞn ƚŽ a ĐŽůůĞĐƟŽn ŽĨ ƌĞůaƚĞd dŝƐĞaƐĞƐ ƐŝnĐĞ ŝƚ Đan Ɛƚaƌƚ aůŵŽƐƚ anǇǁŚĞƌĞ ŝn ƚŚĞ ŚƵŵan ďŽdǇ͘ 
�anĐĞƌ ĐĞůůƐ Đan aůƐŽ ƐƉƌĞad ƚŽ ŽƚŚĞƌ ƉaƌƚƐ ŽĨ ƚŚĞ ďŽdǇ ƚŚƌŽƵŐŚ ƚŚĞ ďůŽŽd and ůǇŵƉŚ ƐǇƐƚĞŵƐ ŝn a 
ƉƌŽĐĞƐƐ ĐaůůĞd ŵĞƚaƐƚaƐŝƐ͘ 

1.1. LUNG CANCER
dŚĞ ƚĞƌŵ ůƵnŐ ĐanĐĞƌ ĞnĐŽŵƉaƐƐĞƐ ŵƵůƟƉůĞ ĞƉŝƚŚĞůŝaů͕ ŵĞƐĞnĐŚǇŵaů Žƌ ůǇŵƉŚŽƉƌŽůŝĨĞƌaƟǀĞ 

nĞŽƉůaƐŵƐ͕ aŵŽnŐ ŽƚŚĞƌƐ͘ KĨ ƚŚĞ ƚŽƚaů nƵŵďĞƌ ŽĨ ǀaƌŝanƚƐ dĞƐĐƌŝďĞd͕ 9ϱй ĐŽƌƌĞƐƉŽnd ƚŽ ŵaůŝŐnanƚ 
ĞƉŝƚŚĞůŝaů ƚƵŵŽƌƐ Žƌ ĐaƌĐŝnŽŵaƐ͕ ǁŚŝĐŚ ŵĞan ƚŚaƚ ŝn ĐůŝnŝĐaů ƉƌaĐƟĐĞ ƚŚĞ ƚĞƌŵ ůƵnŐ ĐaƌĐŝnŽŵa Žƌ 
ďƌŽnĐŚŽŐĞnŝĐ ĐaƌĐŝnŽŵa ďĞĐŽŵĞƐ ƐǇnŽnǇŵŽƵƐ ǁŝƚŚ ůƵnŐ ĐanĐĞƌ͘  dŚĞƌĞĨŽƌĞ͕ ůƵnŐ ĐanĐĞƌ ŝƐ ƵƐĞd ƚŽ 
ƌĞĨĞƌ ƚŽ anǇ ŵaůŝŐnanƚ ƚƵŵŽƌ ŽƌŝŐŝnaƚĞd ŝn ƚŚĞ ůŝnŝnŐ Žƌ ŐůandƵůaƌ ĞƉŝƚŚĞůŝƵŵ ŽĨ ƚŚĞ ďƌŽnĐŚŝaů ƚƌĞĞ 
;dƌaǀŝƐ͕ ϮϬ11Ϳ͘

1.1.1. Epidemiology
&Žƌ ŵanǇ ǇĞaƌƐ͕ ůƵnŐ ĐanĐĞƌ ŚaƐ ďĞĞn ƚŚĞ ŵŽƐƚ ĐŽŵŵŽnůǇ dŝaŐnŽƐĞd ƚƵŵŽƌ ŝn dĞǀĞůŽƉĞd ĐŽƵnƚƌŝĞƐ 

and aůƐŽ ƚŚĞ ŽnĞ ǁŝƚŚ ƚŚĞ ŚŝŐŚĞƐƚ ŵŽƌƚaůŝƚǇ͘ /ƚ ŝƐ a ƉƵďůŝĐ ŚĞaůƚŚ ƉƌŽďůĞŵ ďĞĐaƵƐĞ ŝƚƐ ŚŝŐŚ ŝnĐŝdĞnĐĞ 
ĮŐƵƌĞƐ aƌĞ ĐŽŵďŝnĞd ǁŝƚŚ ŵŽdĞƐƚ ůŽnŐͲƚĞƌŵ ƐƵƌǀŝǀaů ƌaƚĞƐ͕ dĞƐƉŝƚĞ nŽƚaďůĞ adǀanĐĞƐ ŝn dŝaŐnŽƐƟĐ 
and ƚƌĞaƚŵĞnƚ ƚĞĐŚnŝƋƵĞƐ ;dŽƌƌĞ et al.͕ ϮϬ1ϱͿ͘

�ĐĐŽƌdŝnŐ ƚŽ ƐƚaƟƐƟĐƐ͕ an ĞƐƟŵaƚĞd 1͘8 ŵŝůůŝŽn nĞǁ ůƵnŐ ĐanĐĞƌ ĐaƐĞƐ ŽĐĐƵƌƌĞd ŝn ϮϬ1Ϯ͕ aĐĐŽƵnƟnŐ 
ĨŽƌ aďŽƵƚ 13й ŽĨ ƚŽƚaů ĐanĐĞƌ dŝaŐnŽƐĞƐ ǁŽƌůdǁŝdĞ͘ /n ƚĞƌŵƐ ŽĨ ŝnĐŝdĞnĐĞ͕ ŝn ďŽƚŚ ŵĞn and ǁŽŵĞn ŝƐ 
ƚŚĞ ƐĞĐŽnd ŵŽƐƚ dŝaŐnŽƐĞd ƚǇƉĞ ŽĨ ĐanĐĞƌ aŌĞƌ ƉƌŽƐƚaƚĞ and ďƌĞaƐƚ ĐanĐĞƌ͕  ƌĞƐƉĞĐƟǀĞůǇ͘ >ƵnŐ ĐanĐĞƌ 
ŵaŝnƚaŝnƐ ƚŚĞ ŚŝŐŚĞƐƚ ŵŽƌƚaůŝƚǇ ƌaƚĞƐ͕ ĞƐƟŵaƚĞd ƚŽ ďĞ ƌĞƐƉŽnƐŝďůĞ ĨŽƌ nĞaƌůǇ 1͘ϲ ŵŝůůŝŽn dĞaƚŚƐ ŝn 
ϮϬ1Ϯ͕ ŵŽƌĞ ƚŚan ƚŚĞ ŽƚŚĞƌ ƚŚƌĞĞ ůĞadŝnŐ ĐanĐĞƌƐ ĐŽŵďŝnĞd ;ďƌĞaƐƚ͕ ƉƌŽƐƚaƚĞ and ĐŽůŽƌĞĐƚaů ĐanĐĞƌͿ͕ 
aĐĐŽƵnƟnŐ ĨŽƌ aƉƉƌŽǆŝŵaƚĞůǇ ϮϬй ŽĨ ƚŽƚaů ĐanĐĞƌ dĞaƚŚƐ ;ĮŐƵƌĞ 1Ϳ ;&ĞƌůaǇ et al.͕ ϮϬ1ϱͿ͘ 



3Ϯ

/n ^Ɖaŝn ůƵnŐ ĐanĐĞƌ ǀaůƵĞƐ ĨŽůůŽǁ ƚŚĞ ƐaŵĞ ƚƌĞnd͕ ďĞŝnŐ aŵŽnŐ ƚŚĞ ŵŽƐƚ ĐŽŵŵŽn dŝaŐnŽƐĞd ŝn 
ϮϬ1Ϯ ǁŝƚŚ Ϯϲ͕ϳ1ϱ nĞǁ ĐaƐĞƐ and ǁŝƚŚ Ϯ1͕118 ĞƐƟŵaƚĞd dĞaƚŚƐ͖ an ŝnĐƌĞaƐĞ ŝn ŝnĐŝdĞnĐĞ ŝƐ ĞǆƉĞĐƚĞd 
ƚŽ ŽĐĐƵƌƐ ŝn ƚŚĞ ĨŽůůŽǁŝnŐ ǇĞaƌƐ and ŵŽƌĞ ƚŚan ϰϬ͕ϬϬϬ ƉĞŽƉůĞ ǁŝůů ƐƵīĞƌ ƚŚŝƐ dŝƐĞaƐĞ ŝn ϮϬ3ϱ ;^�KD͕ 
ϮϬ1ϲͿ͘

FiŐure 1. Bar cŚart sŚoǁinŐ incidence and mortality oĨ tŚe most commonly diaŐnosed cancers in 2012. Data 
acƋuired Ĩrom (Ferlay et al.͕ 2015).

1.1.2. Lung cancer risk factors
dŚĞƌĞ aƌĞ ŵanǇ ĨaĐƚŽƌƐ ƚŚaƚ ŵaǇ ĐŽnƚƌŝďƵƚĞ ƚŽ ƚŚĞ dĞǀĞůŽƉŵĞnƚ ŽĨ ĐanĐĞƌ͘  �anĐĞƌƐ aƌĞ ĐaƵƐĞd 

ďǇ ŵƵƚaƟŽnƐ ƚŚaƚ ŵaǇ ďĞ ŝnŚĞƌŝƚĞd Žƌ ŝndƵĐĞd ďǇ ĞnǀŝƌŽnŵĞnƚaů ĨaĐƚŽƌƐ͘ DŽƌĞŽǀĞƌ͕  a ƌĞĐĞnƚ ƐƚƵdǇ 
ƐƵŐŐĞƐƚƐ ƚŚaƚ ŵƵƚaƟŽnƐ dƵĞ ƚŽ �E� ƌĞƉůŝĐaƟŽn ĞƌƌŽƌƐ aƌĞ ƌĞƐƉŽnƐŝďůĞ ĨŽƌ ƚǁŽͲƚŚŝƌdƐ ŽĨ ƚŚĞ ƚŽƚaů dƌŝǀĞƌ 
ŐĞnĞ ŵƵƚaƟŽnƐ ŝn ŚƵŵan ĐanĐĞƌ ;dŽŵaƐĞƫ͕ >ŝ and sŽŐĞůƐƚĞŝn͕ ϮϬ1ϳͿ͘ �ĞƚĞƌŵŝnaƟŽn ŽĨ ƚŚĞ ĐŽnƚƌŝďƵƟŽn 
ŽĨ ĞaĐŚ ĨaĐƚŽƌ dĞƉĞndƐ Žn ƚŚĞ ƚǇƉĞ ŽĨ ĐanĐĞƌ͘  �ĐĐŽƌdŝnŐ ƚŽ ĞƉŝdĞŵŝŽůŽŐŝĐaů ƐƚƵdŝĞƐ͕ nĞaƌůǇ 9Ϭй ŽĨ aůů 
ůƵnŐ ĐanĐĞƌ ĐaƐĞƐ aƌĞ ƉƌĞǀĞnƚaďůĞ and ůŝnŬĞd ƚŽ dŝƌĞĐƚ ƚŽďaĐĐŽ ƐŵŽŬŝnŐ͘ �ŝŐaƌĞƩĞ ƐŵŽŬĞ ĐŽnƚaŝnƐ a 
ĐŽŵƉůĞǆ ŵŝǆƚƵƌĞ ŽĨ ĐŚĞŵŝĐaůƐ ŝnĐůƵdŝnŐ ŽǀĞƌ ϲϬ ŝdĞnƟĮĞd aƐ ĐaƌĐŝnŽŐĞnƐ͘ dŚĞ ƉŽůǇĐǇĐůŝĐ aƌŽŵaƟĐ 
ŚǇdƌŽĐaƌďŽnƐ͕ ƐƵĐŚ aƐ ďĞnǌŽ΀a΁ƉǇƌĞnĞ and ƚŚĞ ƚŽďaĐĐŽͲƐƉĞĐŝĮĐ nŝƚƌŽƐaŵŝnĞ ŬnŽǁn aƐ nŝĐŽƟnĞͲ
dĞƌŝǀĞd nŝƚƌŽƐŽaŵŝnŽŬĞƚŽnĞ͕ aƌĞ ƚŚĞ ŵŽƐƚ ƉŽƚĞnƚ ĐaƌĐŝnŽŐĞnƐ͘ dŚĞŝƌ ĐaƚaůǇƐŝƐ ŐĞnĞƌaƚĞƐ ĞůĞĐƚƌŽƉŚŝůŝĐ 
and ƌĞaĐƟǀĞ ŝnƚĞƌŵĞdŝaƚĞƐ͘ dŚĞ ĐŽǀaůĞnƚ ďŝndŝnŐ ŽĨ ƚŚĞƐĞ ŵĞƚaďŽůŝƚĞƐ ƚŽ �E� ůĞadƐ ƚŽ ŵƵƚaƟŽnƐ and 
ŐĞnŽŵŝĐ ŝnƐƚaďŝůŝƚǇ ;h͘^͘ EaƟŽnaů >ŝďƌaƌǇ ŽĨ DĞdŝĐŝnĞ͕ ϮϬ1Ϭ͖ ,ĞĐŚƚ͕ ϮϬ1ϮͿ͘

�n ĞƐƟŵaƚĞd 1ϬͲϮϱй ŽĨ ůƵnŐ ĐanĐĞƌƐ ǁŽƌůdǁŝdĞ aƌĞ nŽƚ aƩƌŝďƵƚaďůĞ ƚŽ ƐŵŽŬŝnŐ͘ dŽ daƚĞ͕ 
ĞƉŝdĞŵŝŽůŽŐŝĐaů ƐƚƵdŝĞƐ ŚaǀĞ ŝdĞnƟĮĞd ƐĞǀĞƌaů ĨaĐƚŽƌƐ aƐƐŽĐŝaƚĞd ǁŝƚŚ ůƵnŐ ĐanĐĞƌ ŝn nĞǀĞƌ ƐŵŽŬĞƌƐ͘ 
dŚĞǇ aƌĞ ƐƵŵŵaƌŝǌĞd ŝn ĮŐƵƌĞ Ϯ͘
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INTRODUCTION

dŚĞ ĞǆƉŽƐƵƌĞ ƚŽ ĞnǀŝƌŽnŵĞnƚaů ƚŽďaĐĐŽ ƐŵŽŬĞ͕ dƵĞ ƚŽ ƚŚĞ ƐaŵĞ ƚŽǆŝĐ ƐƵďƐƚanĐĞƐ dŝůƵƚĞd ŝn aŝƌ͕  ŝƐ 
ĐŽnƐŝdĞƌĞd a ŚƵŵan ĐaƌĐŝnŽŐĞn͘ �ŵŽnŐ ŽƚŚĞƌ ĞnǀŝƌŽnŵĞnƚaů aŐĞnƚƐ͕ ǁĞ Đan Įnd ĞǆƉŽƐƵƌĞ ƚŽ ƌadŽn͕ 
an ŝnĞƌƚ ŐaƐ naƚƵƌaůůǇ ƉƌŽdƵĐĞd ĨƌŽŵ ƌadŝƵŵ ŝn ƚŚĞ dĞĐaǇ ƐĞƌŝĞƐ ŽĨ ƵƌanŝƵŵ ;ĨŽƵnd ŝn ƌŽĐŬƐ and ƐŽŝůͿ 
ƚŚaƚ ŝƐ an ƵďŝƋƵŝƚŽƵƐ ĐŽnƚaŵŝnanƚ ŽĨ ŝndŽŽƌ aŝƌ͘  �ĞĐaǇ ŽĨ ƌadŽn ƌĞƐƵůƚƐ ŝn ƚŚĞ ĞŵŝƐƐŝŽn ŽĨ ɲ ƌadŝaƟŽn 
ƚŚaƚ dŝƌĞĐƚůǇ daŵaŐĞƐ �E� ŝn ƌĞƐƉŝƌaƚŽƌǇ ĞƉŝƚŚĞůŝƵŵ ;^Ƶďƌaŵanŝan and 'Žǀŝndan͕ ϮϬϬϳͿ͘

�nŽƚŚĞƌ ǁĞůůͲĞƐƚaďůŝƐŚĞd ŽĐĐƵƉaƟŽnaů ƌŝƐŬ ĨaĐƚŽƌ ĨŽƌ ůƵnŐ ĐanĐĞƌ ŝƐ aƐďĞƐƚŽƐ͘ �ƐďĞƐƚŽƐ ƌĞĨĞƌƐ ƚŽ 
naƚƵƌaůůǇ ŽĐĐƵƌƌŝnŐ ƐŝůŝĐaƚĞ ŵŝnĞƌaů ĮďĞƌƐ͕ ǁŚŝĐŚ ŚaǀĞ ďĞĞn ǁŝdĞůǇ ƵƐĞd ŝn ŝndƵƐƚƌǇ͘ dŚĞ ƌŝƐŬ ĨŽƌ ůƵnŐ 
ĐanĐĞƌ ĨƌŽŵ aƐďĞƐƚŽƐ ĞǆƉŽƐƵƌĞ ŝƐ dĞƉĞndĞnƚ Žn ďŽƚŚ ĮďĞƌ ƚǇƉĞ and Žn ƚŚĞŝƌ ďŝŽůŽŐŝĐaů ƉĞƌƐŝƐƚĞnĐĞ ŝn 
ƚŚĞ ůƵnŐƐ ;^Ƶn͕ ^ĐŚŝůůĞƌ and 'aǌdaƌ͕  ϮϬϬϳͿ͘

,ŽƐƚ ĨaĐƚŽƌƐ ŝnĐůƵdŝnŐ ĨaŵŝůǇ ŚŝƐƚŽƌǇ ŽĨ ůƵnŐ ĐanĐĞƌ͕  ŚŝƐƚŽƌǇ ŽĨ ĐŚƌŽnŝĐ ŽďƐƚƌƵĐƟǀĞ ƉƵůŵŽnaƌǇ dŝƐĞaƐĞ 
Žƌ ŝnĨĞĐƟŽnƐ ŚaǀĞ aůƐŽ ďĞĞn aƐƐŽĐŝaƚĞd ǁŝƚŚ ůƵnŐ ĐanĐĞƌ ƌŝƐŬ͘ /ƚ ŝƐ ƚŚĞ ĐaƐĞ ŽĨ ŐĞƌŵůŝnĞ ƚƌanƐŵŝƐƐŝŽn 
ŽĨ EGFR ;ĞƉŝdĞƌŵaů ŐƌŽǁƚŚ ĨaĐƚŽƌ ƌĞĐĞƉƚŽƌͿ ŐĞnĞ ŵƵƚaƟŽnƐ ĨŽƵnd ŝn ŚŝŐŚ ƉĞƌĐĞnƚaŐĞ ŝn ďŽƚŚ nŽnͲ
ƐŵŽŬĞƌƐ and ƐŵŽŬĞƌƐ ;�ŽƵƌaƵd et al.͕ ϮϬ1ϮͿ͘

/ndĞĞd͕ ǀaƌŝaƟŽnƐ ŝn ŐĞnĞƟĐ ƉƌŽĮůĞƐ ĐŽnƚƌŝďƵƚĞ ƚŽ dŝīĞƌĞnƟaů ƐƵƐĐĞƉƟďŝůŝƚǇ ƚŽ ĞnǀŝƌŽnŵĞnƚaů ĨaĐƚŽƌƐ͘ 
&Žƌ ŝnƐƚanĐĞ͕ ƉŽůǇŵŽƌƉŚŝƐŵƐ ŽĨ ĐǇƚŽĐŚƌŽŵĞ WϰϱϬ 1�1 ŐĞnĞƐ ŝnǀŽůǀĞd ŝn ĐaƌĐŝnŽŐĞnƐ ŵĞƚaďŽůŝƐŵ͕ Žƌ 
dŝīĞƌĞnĐĞƐ ŝn �E� ƌĞƉaŝƌ ĐaƉaĐŝƚǇ aůƐŽ ƉůaǇ an ŝŵƉŽƌƚanƚ ƌŽůĞ ŝn ůƵnŐ ĐaƌĐŝnŽŐĞnĞƐŝƐ ;^Ƶďƌaŵanŝan 
and 'Žǀŝndan͕ ϮϬϬϳͿ͘ 

1.1.3. Diagnosis
dŚĞ ǀaƐƚ ŵaũŽƌŝƚǇ ŽĨ ůƵnŐ ĐanĐĞƌ ƉaƟĞnƚƐ aƌĞ aƐǇŵƉƚŽŵaƟĐ and ƐǇŵƉƚŽŵƐ dŽ nŽƚ aƉƉĞaƌ ƵnƟů ƚŚĞ 

dŝƐĞaƐĞ ŝƐ aůƌĞadǇ aƚ an adǀanĐĞd ƐƚaŐĞ͘ dŚŝƐ ŵaǇ dĞůaǇ ƚŚĞ dŝaŐnŽƐŝƐ͘ &Žƌ aůů ƉaƟĞnƚƐ ǁŝƚŚ ƐƵƐƉĞĐƚĞd 
ůƵnŐ ĐanĐĞƌ ƚŚĞ ŽǀĞƌaůů ŐŽaů ŝƐ aƉƉƌŽƉƌŝaƚĞ dŝaŐnŽƐŝƐ and aĐĐƵƌaƚĞ ƐƚaŐŝnŐ ƚŽ ƉƌŽǀŝdĞ ƚŚĞ ďĞƐƚ ƉŽƐƐŝďůĞ 
ƚƌĞaƚŵĞnƚ͕ ďƵƚ ƚŚĞ ƉƌŽĐĞƐƐ ŝƐ ŽŌĞn ĐŽŵƉůĞǆ͘ 

FiŐure 2͘ EsƟmated causes oĨ lunŐ cancer. /ŵaŐĞ adaƉƚĞd ĨƌŽŵ ;�ĞndĞƌ͕  ϮϬ1ϰͿ͘
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dŽ ƉĞƌĨŽƌŵ an ŝnŝƟaů ƐĐƌĞĞnŝnŐ ŽĨ ƚŚĞ ƚŚŽƌaǆ and ƵƉƉĞƌ aďdŽŵĞn ƚŚĞƌĞ aƌĞ a ƐĞƌŝĞƐ ŽĨ nŽnͲŝnǀaƐŝǀĞ 
ŝŵaŐŝnŐ ƚĞƐƚƐ ƚŚaƚ Đan ďĞ ƵƐĞd ƐƵĐŚ aƐ �ŽŵƉƵƚĞd dŽŵŽŐƌaƉŚǇ ;�dͿ͕ DaŐnĞƟĐ ZĞƐŽnanĐĞ /ŵaŐŝnŐ 
;DZ/Ϳ Žƌ WŽƐŝƚƌŽn �ŵŝƐƐŝŽn dŽŵŽŐƌaƉŚǇ ;W�dͿ͘

dŚĞ ŵŽƐƚ ǁŝdĞůǇ ƵƐĞd ŝƐ �d aůŽnŐ ǁŝƚŚ W�dͲ�d ƚŽ aƐƐĞƐƐ ǁŚĞƚŚĞƌ a ƉƌŝŵaƌǇ ůĞƐŝŽn ŝƐ ůŝŬĞůǇ ƚŽ ďĞ 
ŵaůŝŐnanƚ͕ ƚŽ ĐŚĞĐŬ ƉŽƐƐŝďůĞ ŝnǀŽůǀĞŵĞnƚ ŽĨ ƌĞŐŝŽnaů ůǇŵƉŚ nŽdĞ and ƚŽ dĞƚĞĐƚ dŝƐƚanƚ ŵĞƚaƐƚaƐĞƐ 
;EaƟŽnaů �ŽůůaďŽƌaƟnŐ �ĞnƚƌĞ ĨŽƌ �anĐĞƌ͕  ϮϬ11Ϳ͘

dŽ ŝdĞnƟĨǇ ƚŚĞ ƚǇƉĞ and ƐƚaŐĞ ŽĨ ůƵnŐ ƚƵŵŽƌ ƐaŵƉůĞƐ ƚŚĞǇ ŵƵƐƚ ďĞ ĞǆaŵŝnĞd ƚŚƌŽƵŐŚ ĨƵƌƚŚĞƌ 
ŚŝƐƚŽƉaƚŚŽůŽŐŝĐaů ƚĞƐƚ͘ �ŝŽƉƐŝĞƐ Đan ďĞ ŽďƚaŝnĞd ƚŚƌŽƵŐŚ dŝīĞƌĞnƚ ŵŝnŝŵaůůǇ ŝnǀaƐŝǀĞ ƉƌŽĐĞdƵƌĞƐ ůŝŬĞ 
ďƌŽnĐŚŽƐĐŽƉǇ͕  aƵƚŽŇƵŽƌĞƐĐĞnĐĞ ďƌŽnĐŚŽƐĐŽƉǇ͕  ĞndŽďƌŽnĐŚŝaů ƵůƚƌaƐŽƵnd͕ ƚŚŽƌaĐĞnƚĞƐŝƐ Žƌ nĞĞdůĞ 
aƐƉŝƌaƟŽn aŵŽnŐ ŽƚŚĞƌƐ͘ 

dŚĞ ƉaƚŚŽůŽŐǇ ƌĞƉŽƌƚ ŵaǇ ŝnĐůƵdĞ ŝŵŵƵnŽŚŝƐƚŽĐŚĞŵŝĐaů and ŵŽůĞĐƵůaƌ ƚĞƐƚƐ͘ �ůaƐƐŝĨǇŝnŐ ƚŚĞ ƚƵŵŽƌ 
and ŽďƐĞƌǀŝnŐ ĐŚanŐĞƐ ŝn ĐĞƌƚaŝn ŐĞnĞƐ͕ ƐƵĐŚ aƐ EGFR͕ ALK ;anaƉůaƐƟĐ ůǇŵƉŚŽŵa ƌĞĐĞƉƚŽƌ ƚǇƌŽƐŝnĞ 
ŬŝnaƐĞͿ Žƌ KRAS ;<ŝƌƐƚĞn ƌaƚ ƐaƌĐŽŵa ǀŝƌaů ŽnĐŽŐĞnĞ ŚŽŵŽůŽŐͿ͕ ƚŽ dĞƚĞƌŵŝnĞ ƚŚĞ ŵŽƐƚ aĐĐƵƌaƚĞ ƚǇƉĞ ŽĨ 
ƚƌĞaƚŵĞnƚ ƚŚaƚ Đan ďĞ ƉƌŽǀŝdĞd ƚŽ ƚŚĞ ƉaƟĞnƚ ;�ŵĞƌŝĐan �anĐĞƌ ^ŽĐŝĞƚǇ͕  ϮϬ1ϲaͿ͘ 

&ƌŽŵ ƚŚĞ ĮƌƐƚ ŚŝƐƚŽůŽŐŝĐaů ĐůaƐƐŝĮĐaƟŽn ŽĨ ůƵnŐ ƚƵŵŽƌƐ ĐaƌƌŝĞd ŽƵƚ ďǇ ƚŚĞ tŽƌůd ,ĞaůƚŚ KƌŐanŝǌaƟŽn 
;t,KͿ ŝn 1981͕ ĐŽnƐŝdĞƌaďůĞ ƉƌŽŐƌĞƐƐ ŚaƐ ďĞĞn ŵadĞ ŝn ƚŚĞ ŬnŽǁůĞdŐĞ ŽĨ ƉaƚŚŽŐĞnĞƐŝƐ͕ ŚŝƐƚŽůŽŐǇ 
and ŵŽůĞĐƵůaƌ ďŝŽůŽŐǇ ŽĨ ůƵnŐ ĐanĐĞƌ͕  ǁŚŝĐŚ ŚaƐ ƌĞƐƵůƚĞd ŝn nĞǁ and ƐƵĐĐĞƐƐŝǀĞ ĐůaƐƐŝĮĐaƟŽnƐ͘ >ƵnŐ 
ĐaƌĐŝnŽŵaƐ aƌĞ ĐůaƐƐŝĮĞd ŝnƚŽ ƚǁŽ ůaƌŐĞ ŐƌŽƵƉƐ aĐĐŽƌdŝnŐ ƚŽ ƚŚĞ ŵŽƌƉŚŽůŽŐǇ ŽĨ ƚŚĞ ƚƵŵŽƌ ĐĞůůƐ 
ĨƌŽŵ ǁŚŝĐŚ ƚŚĞǇ aƌĞ dĞƌŝǀĞd͕ nŽnͲƐŵaůů ĐĞůů ůƵnŐ ĐanĐĞƌ and Ɛŵaůů ĐĞůů ůƵnŐ ĐanĐĞƌ ;ĮŐƵƌĞ 3Ϳ͘ dŚŝƐ 
ŵŽƌƉŚŽůŽŐŝĐaů dŝƐƟnĐƟŽn ŝƐ ƌĞůaƚĞd ƚŽ ƚŚĞŝƌ ŵŽůĞĐƵůaƌ ďŝŽůŽŐǇ ĐŚaƌaĐƚĞƌŝƐƟĐƐ and ŝƚ dĞĮnĞƐ ƉaƟĞnƚƐ 
ǁŝƚŚ ĐŽŵƉůĞƚĞůǇ dŝīĞƌĞnƚ ĐůŝnŝĐaů ƚƵŵŽƌ ďĞŚaǀŝŽƌ and ŵanaŐĞŵĞnƚ ;dƌaǀŝƐ et al.͕ ϮϬ1Ϭ͕ ϮϬ11Ϳ͘

Small cell lung cancer (SCLC)
dŚŝƐ ŐƌŽƵƉ ĐŽnƐƟƚƵƚĞƐ aďŽƵƚ 1ϱй ŽĨ aůů ůƵnŐ ĐanĐĞƌƐ͘ �ůƚŚŽƵŐŚ ƚŚĞ ĐĞůů ŽĨ ŽƌŝŐŝn ŽĨ ̂ �>� ŚaƐ nŽƚ ďĞĞn 

ĨŽƌŵaůůǇ ŝdĞnƟĮĞd͕ ƐŽŵĞ ƉaƉĞƌƐ dĞƐĐƌŝďĞ ƚŚaƚ ^�>� dŝƐƉůaǇƐ nĞƵƌŽĞndŽĐƌŝnĞ ŵaƌŬĞƌƐ and ŝƐ ďĞůŝĞǀĞd 
ƚŽ dĞƌŝǀĞ ĨƌŽŵ nĞƵƌŽĞndŽĐƌŝnĞ ĐĞůůƐ Žƌ nĞƵƌŽĞndŽĐƌŝnĞ ƉƌŽŐĞnŝƚŽƌƐ ŝn ƚŚĞ ůƵnŐ͘ /ƚ ŝƐ ƉƌĞĨĞƌĞnƟaůůǇ 
ůŽĐaƚĞd ŝn ƚŚĞ ĐĞnƚƌaů aƌĞa ŽĨ ƚŚĞ ůƵnŐƐ and ŝnĮůƚƌaƚĞƐ ƚŚĞ ƐƵďŵƵĐŽƐa ůĞadŝnŐ ƚŽ naƌƌŽǁŝnŐ ŽĨ ďƌŽnĐŚŝaů 
aŝƌǁaǇƐ͘  /ƚ ŝƐ dĞƐĐƌŝďĞd aƐ a ŵaůŝŐnanƚ ĞƉŝƚŚĞůŝaů ƚƵŵŽƌ ĐŽnƐŝƐƟnŐ ŽĨ Ɛŵaůů ĐĞůůƐ ǁŝƚŚ ƐĐanƚ ĐǇƚŽƉůaƐŵ͕ 
ƵndĞĮnĞd ĐĞůů ďŽƌdĞƌƐ͕ ĮnĞůǇ ŐƌanƵůaƌ nƵĐůĞaƌ ĐŚƌŽŵaƟn͕ and aďƐĞnƚ Žƌ ŝnĐŽnƐƉŝĐƵŽƵƐ nƵĐůĞŽůŝ͘ dŚĞǇ 
aƌĞ ĐŚaƌaĐƚĞƌŝǌĞd ďǇ ƚŚĞŝƌ ŚŝŐŚ aŐŐƌĞƐƐŝǀĞnĞƐƐ and ƌaƉŝd ŐƌŽǁƚŚ dƵĞ ƚŽ ƚŚĞŝƌ ŚŝŐŚ ŵŝƚŽƟĐ ŝndĞǆ ;�Ƶnn 
et al.͕ ϮϬ1ϲͿ͘ 

Non-small cell lung cancer (NSCLC)
E^�>� aĐĐŽƵnƚƐ ĨŽƌ 8ϱй ŽĨ ůƵnŐ ĐanĐĞƌƐ͘ /ƚ aƌŝƐĞƐ ĨƌŽŵ ƚŚĞ ĞƉŝƚŚĞůŝaů ĐĞůůƐ ŽĨ ƚŚĞ ĐĞnƚƌaů ďƌŽnĐŚŝ ƚŽ 

ƚĞƌŵŝnaů aůǀĞŽůŝ ŽĨ ƚŚĞ ůƵnŐ͘ E^�>� ŝƐ a ŚĞƚĞƌŽŐĞnĞŽƵƐ aŐŐƌĞŐaƚĞ ŽĨ ŚŝƐƚŽůŽŐŝĞƐ͘ dŚĞ ŵŽƐƚ ĐŽŵŵŽn 
ŝnĐůƵdĞ ƚŚĞ ĨŽůůŽǁŝnŐ͗
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• Adenocarcinoma: ŽƌŝŐŝnaƚĞd ŝn ƉĞƌŝƉŚĞƌaů ůƵnŐ ƟƐƐƵĞ͕ ŝƚ ŝƐ ƚŚĞ ŵŽƐƚ ĐŽŵŵŽn ƐƵďƚǇƉĞ͕ 
ƌĞƉƌĞƐĞnƟnŐ ϰϬй ŽĨ ůƵnŐ ĐaƌĐŝnŽŵaƐ͕ and ŝƚ ŚaƐ a ŐƌĞaƚ ŚŝƐƚŽůŽŐŝĐ ŚĞƚĞƌŽŐĞnĞŝƚǇ͘ �ĐĐŽƌdŝnŐ ƚŽ 
ƚŚĞ t,K dĞĮnŝƟŽn͕ adĞnŽĐaƌĐŝnŽŵa aƌĞ aůů ƚŚŽƐĞ ŵaůŝŐnanƚ ĞƉŝƚŚĞůŝaů ƚƵŵŽƌƐ ǁŝƚŚ ŐůandƵůaƌ 
dŝīĞƌĞnƟaƟŽn Žƌ ŵƵĐŝn ƉƌŽdƵĐƟŽn͕ ƐŚŽǁŝnŐ aĐŝnaƌ͕  ƉaƉŝůůaƌǇ͕  ďƌŽnĐŚŝŽůŽaůǀĞŽůaƌ Žƌ ƐŽůŝd ǁŝƚŚ 
ŵƵĐŝn ŐƌŽǁƚŚ ƉaƩĞƌnƐ Žƌ a ŵŝǆƚƵƌĞ ŽĨ ƚŚĞƐĞ ƉaƩĞƌnƐ͘

• Squamous or epidermoid carcinoma: ƌĞƉƌĞƐĞnƟnŐ 3Ϭй ŽĨ ůƵnŐ ĐanĐĞƌƐ͕ ŝƚ ŝƐ a ŵaůŝŐnanƚ 
ĞƉŝƚŚĞůŝaů ƚƵŵŽƌ ƚŚaƚ ƉƌĞƐĞnƚƐ ŬĞƌaƟnŝǌaƟŽn andͬŽƌ ŝnƚĞƌĐĞůůƵůaƌ ďƌŝdŐĞƐ ƚŚaƚ aƌŝƐĞƐ ĨƌŽŵ 
ďƌŽnĐŚŝaů ĞƉŝƚŚĞůŝƵŵ͘  ^ƋƵaŵŽƵƐ ĐaƌĐŝnŽŵa ŝƐ ƵƐƵaůůǇ ůŽĐaƚĞd ŝn ƚŚĞ ĐĞnƚƌaů Ɖaƌƚ ŽĨ ƚŚĞ ůƵnŐƐ͕ 
ŝn ƚŚĞ ŵaŝn ƐƚĞŵ͕ ůŽďaƌ Žƌ ƐĞŐŵĞnƚaů ďƌŽnĐŚŝ͘ /ƚ ŚaƐ a ƐůŽǁ ŐƌŽǁƚŚ͘

• LarŐe cell carcinoma: ŝƐ ƚŚĞ ůĞaƐƚ ĨƌĞƋƵĞnƚ ƚǇƉĞ ŽĨ ďƌŽnĐŚŽƉƵůŵŽnaƌǇ ĐaƌĐŝnŽŵaƐ͕ ƌĞƉƌĞƐĞnƟnŐ 
1ϱй ŽĨ ƚŚĞŵ͘ /ƚ ŝƐ a ŚĞƚĞƌŽŐĞnĞŽƵƐ ŐƌŽƵƉ ŽĨ ƵndŝīĞƌĞnƟaƚĞd ŵaůŝŐnanƚ nĞŽƉůaƐŵƐ ǁŝƚŚ aďƐĞnĐĞ 
ŽĨ ƚŚĞ ĐǇƚŽůŽŐŝĐaů and aƌĐŚŝƚĞĐƚƵƌaů ĨĞaƚƵƌĞƐ ŽĨ Ɛŵaůů ĐĞůů ĐaƌĐŝnŽŵa and ŐůandƵůaƌ Žƌ ƐƋƵaŵŽƵƐ 
dŝīĞƌĞnƟaƟŽn͘

1.1.5. Staging
KnĐĞ ůƵnŐ ĐanĐĞƌ ŚaƐ ďĞĞn dŝaŐnŽƐĞd͕ ďaƐĞd Žn ƚŚĞ ƌĞƐƵůƚƐ ŽĨ ƉŚǇƐŝĐaů ĞǆaŵƐ͕ ďŝŽƉƐŝĞƐ and ŝŵaŐŝnŐ 

ƚĞƐƚƐ͕ ĐůŝnŝĐaů and ƉaƚŚŽůŽŐŝĐaů ƐƚaŐĞƐ Đan ďĞ dĞƚĞƌŵŝnĞd͘ ^ƚaŐŝnŐ ŝƐ an ĞǀaůƵaƟŽn ŽĨ ƚŚĞ dĞŐƌĞĞ ŽĨ 
ƐƉƌĞad ŽĨ ƚŚĞ ĐanĐĞƌ ĨƌŽŵ ŝƚƐ ŽƌŝŐŝnaů ƐŽƵƌĐĞ and ŝƚ aīĞĐƚƐ ƚŚĞ ƉƌŽŐnŽƐŝƐ and ƉŽƚĞnƟaů ƚƌĞaƚŵĞnƚ ŽĨ 
ůƵnŐ ĐanĐĞƌ͘

FiŐure 3͘ Main types oĨ lunŐ cancer. /ŵaŐĞ adaƉƚĞd ĨƌŽŵ ;�ĞndĞƌ͕  ϮϬ1ϰͿ͘
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dŚĞ dED �ůaƐƐŝĮĐaƟŽn ŽĨ DaůŝŐnanƚ dƵŵŽƌƐ ;dEDͿ͕ a ĐanĐĞƌ ƐƚaŐŝnŐ nŽƚaƟŽn ƐǇƐƚĞŵ͕ ŝƐ ƵƐĞd 
ƚŽ ĐůaƐƐŝĨǇ E^�>� ďaƐĞd Žn ƐŝǌĞ ŽĨ ƚŚĞ ƉƌŝŵaƌǇ ƚƵŵŽƌ ;dͿ͕ ůǇŵƉŚ nŽdĞ ŝnǀŽůǀĞŵĞnƚ ;EͿ͕ and dŝƐƚanƚ 
ŵĞƚaƐƚaƐŝƐ ;DͿ͘ 

KnĐĞ ƚŚĞ d͕  E͕ and D ĐaƚĞŐŽƌŝĞƐ ŚaǀĞ ďĞĞn aƐƐŝŐnĞd͕ ƚŚŝƐ ŝnĨŽƌŵaƟŽn ŝƐ ĐŽŵďŝnĞd ƚŽ aƐƐŝŐn an 
ŽǀĞƌaůů ƐƚaŐĞ ŽĨ Ϭ͕ /͕ //͕ ///͕ Žƌ /s ĨŽƌ ůƵnŐ ĐanĐĞƌ͘

• ^ƚaŐĞ /͗ ƚƵŵŽƌ ŵaƐƐ ŝƐ ƐŵaůůĞƌ ƚŚan 3 Žƌ ϱ ĐĞnƟŵĞƚĞƌƐ and ŝƚ ŚaƐ nŽƚ ƐƉƌĞad ƚŽ ƚŚĞ ůǇŵƉŚ nŽdĞƐ͘ 

• ^ƚaŐĞ //͗ ƚŚĞ ƚƵŵŽƌ ŝnǀŽůǀĞƐ nĞaƌďǇ ƐƚƌƵĐƚƵƌĞƐ and ŵaǇ aůƐŽ ŚaǀĞ ƐƉƌĞad ƚŽ ƚŚĞ nĞaƌďǇ ůǇŵƉŚ 
nŽdĞƐ͘ dŚĞ ƚƵŵŽƌ aƚ ƚŚŝƐ ƐƚaŐĞ ŵaǇ ďĞ ůaƌŐĞƌ ƚŚan ϱ ĐĞnƟŵĞƚĞƌƐ ďƵƚ ůĞƐƐ ƚŚan ϳ ĐĞnƟŵĞƚĞƌƐ͘ 

• ^ƚaŐĞ ///͗ ƚŚŝƐ ƐƚaŐĞ ŵaǇ ŝndŝĐaƚĞ ůaƌŐĞ ƚƵŵŽƌƐ ƚŚaƚ ŚaǀĞ ŐƌŽǁn ŝnƚŽ nĞaƌďǇ ƐƚƌƵĐƚƵƌĞƐ ŝn ƚŚĞ 
ůƵnŐ͕ Žƌ a ƐŵaůůĞƌ ƚƵŵŽƌ and aƉƉĞaƌanĐĞ ŽĨ ĐanĐĞƌ ĐĞůůƐ ŝn ůǇŵƉŚ nŽdĞƐ ůŽĐaƚĞd ŝn ƚŚĞ ĐĞnƚĞƌ ŽĨ 
ƚŚĞ ĐŚĞƐƚ͕ ǁŚŝĐŚ ŝƐ ŽƵƚƐŝdĞ ƚŚĞ ůƵnŐ͘

• ^ƚaŐĞ /s͗ ĐanĐĞƌ ŚaƐ ƐƉƌĞad ŽǀĞƌ ƚŚĞ ďŽƌdĞƌ ŽĨ ƚŚĞ aīĞĐƚĞd ůƵnŐ ƚŽ ƚŚĞ ŽƚŚĞƌ ůƵnŐ ;ǁŝƚŚŝn ƚŚĞ 
ĐŚĞƐƚͿ Žƌ ƚŽ dŝƐƚanƚ aƌĞaƐ ŽĨ ƚŚĞ ďŽdǇ ;'ŽůdƐƚƌaǁ et al.͕ ϮϬ1ϲͿ͘

dŚĞ dED ĐůaƐƐŝĮĐaƟŽn ŝƐ aůƐŽ ƵƐĞĨƵů ŝn ĞƐƟŵaƟnŐ ƉƌŽŐnŽƐŝƐ ŝn ^�>�͘ ,ŽǁĞǀĞƌ͕  ^�>� ŝƐ ƚƌadŝƟŽnaůůǇ 
ĐůaƐƐŝĮĞd aƐ ďĞŝnŐ ůŝŵŝƚĞd Žƌ ĞǆƚĞnƐŝǀĞ͘ >ŝŵŝƚĞd ŝndŝĐaƚĞƐ ĐanĐĞƌ ŝƐ ůŝŵŝƚĞd ƚŽ ŽnĞ ůƵnŐ͘ �ǆƚĞnƐŝǀĞ 
ŝndŝĐaƚĞƐ ĐanĐĞƌ ŚaƐ ƐƉƌĞad ďĞǇŽnd ƚŚĞ ŽnĞ ůƵnŐ͘

1.1.6. Clinical management
dŚĞ ĮƌƐƚ ůŝnĞ ƚƌĞaƚŵĞnƚƐ aƌĞ ƐƵƌŐĞƌǇ͕  ĐŚĞŵŽƚŚĞƌaƉǇ and ƌadŝŽƚŚĞƌaƉǇ͘ �aĐŚ ŽĨ ƚŚĞŵ Đan ďĞ ƵƐĞd 

aůŽnĞ Žƌ ƚŽŐĞƚŚĞƌ͘  dŚĞ ƚƌĞaƚŵĞnƚ ƉƌŽǀŝdĞd dĞƉĞndƐ Žn ƚŚĞ ƚǇƉĞ and ƐƚaŐĞ ŽĨ ůƵnŐ ĐanĐĞƌ͕  ƚŚĞ ůŽĐaƟŽn 
ŽĨ ƚŚĞ ƚƵŵŽƌ and ŐĞnĞƌaů ŚĞaůƚŚ ŽĨ ƚŚĞ ƉaƟĞnƚ͘

Surgery
DŽƐƚ ƐƚaŐĞ /͕ // and ƐƚaŐĞ /// nŽnͲƐŵaůů ĐĞůů ůƵnŐ ĐanĐĞƌƐ aƌĞ ƚƌĞaƚĞd ǁŝƚŚ ƐƵƌŐĞƌǇ ƚŽ ƌĞŵŽǀĞ ƚŚĞ 

ƚƵŵŽƌ͘  �ĞƉĞndŝnŐ Žn ŝƚƐ ƉŽƐŝƟŽn a ǁĞdŐĞ ƌĞƐĞĐƟŽn͕ ůŽďĞĐƚŽŵǇ Žƌ ƉnĞƵŵŽnĞĐƚŽŵǇ ŝƐ ƉĞƌĨŽƌŵĞd ŝn 
ŽƌdĞƌ ƚŽ ƌĞŵŽǀĞ a ƐĞĐƟŽn͕ a ůŽďĞ Žƌ ƚŚĞ ǁŚŽůĞ ůƵnŐ ƌĞƐƉĞĐƟǀĞůǇ͘ 

FiŐure 4͘ Non-small cell lunŐ cancer treatment paƩerns (й) ďy staŐe͘ �ŚĞŵŽ ŝndŝĐaƚĞƐ ĐŚĞŵŽƚŚĞƌaƉǇ ;ŝnĐůƵdĞƐ 
ŝŵŵƵnŽƚŚĞƌaƉǇ and ƚaƌŐĞƚĞd ƚŚĞƌaƉǇͿ͖ Zd͕  ƌadŝaƟŽn ƚŚĞƌaƉǇ ;DŝůůĞƌ et al.͕ ϮϬ1ϲͿ͘ 
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dŚĞ ƚƵŵŽƌ ŵƵƐƚ ďĞ ƌĞŵŽǀĞd ǁŝƚŚ a ƐƵƌƌŽƵndŝnŐ ďŽƌdĞƌ Žƌ ŵaƌŐŝn ŽĨ ŚĞaůƚŚǇ ůƵnŐ ƟƐƐƵĞ and ƚŚĞ 
nĞaƌďǇ ůǇŵƉŚ nŽdĞƐ ŝn ƚŚĞ ĐŚĞƐƚ ƚŽ ůŽŽŬ ĨŽƌ ƉŽƐƐŝďůĞ ƐƉƌĞad ŽĨ ƚŚĞ ĐanĐĞƌ ;�ŵĞƌŝĐan �anĐĞƌ ^ŽĐŝĞƚǇ͕  
ϮϬ1ϲďͿ͘

Radiation 
ZadŝaƟŽn ƚŚĞƌaƉǇ ŝƐ ƚŚĞ ƵƐĞ ŽĨ ŚŝŐŚ ĞnĞƌŐǇ ǆͲƌaǇƐ Žƌ ŽƚŚĞƌ ƉaƌƟĐůĞƐ ƚŽ dĞƐƚƌŽǇ ĐanĐĞƌ ĐĞůůƐ͘ dŚĞƌĞ 

aƌĞ ƚǁŽ ŵaŝn ƚǇƉĞƐ ŽĨ ƌadŝaƟŽn ƚŚĞƌaƉǇ͗ ĞǆƚĞƌnaů ďĞaŵ ƌadŝaƟŽn ƚŚĞƌaƉǇ ƚŚaƚ ĐĞnƚĞƌ ƌadŝaƟŽn ĨƌŽŵ 
ŽƵƚƐŝdĞ ƚŚĞ ďŽdǇ Žn ƚŚĞ ĐanĐĞƌ͕  and ďƌaĐŚǇƚŚĞƌaƉǇ͕  ŝnƚĞƌnaů ƌadŝaƟŽn ƚŚĞƌaƉǇ ƚŽ ŵŝnŝŵŝǌĞ ƐŝǌĞ ƚƵŵŽƌƐ 
ŝn ƚŚĞ aŝƌǁaǇ͘

ZadŝaƟŽn ĐŽƵůd ĨƵnĐƟŽn aƐ ƚŚĞ ŵaŝn ƚƌĞaƚŵĞnƚ͕ ďĞĨŽƌĞ ƐƵƌŐĞƌǇ ƚŽ ƐŚƌŝnŬ ƚŚĞ ƚƵŵŽƌ͕  Žƌ aŌĞƌ ƐƵƌŐĞƌǇ 
;aůŽnĞ Žƌ aůŽnŐ ǁŝƚŚ ĐŚĞŵŽƚŚĞƌaƉǇͿ ŝn ŽƌdĞƌ ƚŽ ĞůŝŵŝnaƚĞ Ɛŵaůů ƌĞŵaŝnŝnŐ aƌĞaƐ ŽĨ ĐanĐĞƌ ;�ŵĞƌŝĐan 
�anĐĞƌ ^ŽĐŝĞƚǇ͕  ϮϬ1ϲďͿ͘

Chemotherapy
�ŚĞŵŽƚŚĞƌaƉǇ ŝƐ ƚŚĞ ƵƐĞ ŽĨ ĐǇƚŽƚŽǆŝĐ dƌƵŐƐ ƚŽ dĞƐƚƌŽǇ ĐanĐĞƌ ĐĞůůƐ ďǇ dŝƐƌƵƉƟnŐ ƚŚĞŝƌ ŐƌŽǁƚŚ͘ 

dŚŝƐ ƐƚƌaƚĞŐǇ ŝƐ ƵƐĞd aƐ a ƚƌĞaƚŵĞnƚ ŝn ďŽƚŚ ^�>� and E^�>�͘ /n ƚŚĞ ƐaŵĞ ŵannĞƌ͕  ĐŚĞŵŽƚŚĞƌaƉǇ Đan 
ďĞ adŵŝnŝƐƚƌaƚĞd aƐ ƚŚĞ ŵaŝn ƚƌĞaƚŵĞnƚ ŝn ƚŚĞ ĐaƐĞ ŽĨ adǀanĐĞd ƐƚaŐĞƐ͕ ďĞĨŽƌĞ Žƌ aŌĞƌ ƐƵƌŐĞƌǇ aƐ 
adũƵǀanƚ ƚŚĞƌaƉǇ͕  Žƌ aůŽnŐ ǁŝƚŚ ƌadŝaƟŽn ƚŚĞƌaƉǇ͘

�ŚĞŵŽƚŚĞƌaƉǇ dƌƵŐƐ ƚĞnd ƚŽ ďĞ adŵŝnŝƐƚĞƌĞd ŝn ĐŽŵďŝnaƟŽn ŽĨ ƚǁŽ Žƌ ŵŽƌĞ ĐŽŵƉŽƵndƐ͕ ďĞƩĞƌ 
ƚŚan ƐŝnŐůĞ dƌƵŐƐ͘ /n E^�>�͕ dĞƉĞndŝnŐ Žn ƚŚĞ ƐƚaŐĞ͕ ĐŝƐƉůaƟn Žƌ ĐaƌďŽƉůaƟn aƌĞ ĐŽŵďŝnĞd ǁŝƚŚ 
ǀŝnŽƌĞůďŝnĞ ŐĞŵĐŝƚaďŝnĞ͕ ƉaĐůŝƚaǆĞů͕ dŽĐĞƚaǆĞů͕ dŽǆŽƌƵďŝĐŝn͕ ĞƚŽƉŽƐŝdĞ Žƌ ƉĞŵĞƚƌĞǆĞd͘ /n ƚŚĞ ĐaƐĞ ŽĨ 
^�>�͕ ƚŚĞ ĐŚĞŵŽƚŚĞƌaƉĞƵƟĐ ƌĞŐŝŵĞn ŝnĐůƵdĞƐ ĞŝƚŚĞƌ ĐŝƐƉůaƟn Žƌ ĐaƌďŽƉůaƟn aůŽnŐ ǁŝƚŚ ĞƚŽƉŽƐŝdĞ Žƌ 
ŐĞŵĐŝƚaďŝnĞ͘ 

�ĞƉĞndŝnŐ Žn ƚŚĞ ŝndŝǀŝdƵaů and ƚŚĞ dŽƐĞ ƵƐĞd͕ ŵŽƐƚ ŽĨ ƚŚĞƐĞ ƚŚĞƌaƉŝĞƐ aƌĞ aƐƐŽĐŝaƚĞd ǁŝƚŚ ƐŝdĞ 
ĞīĞĐƚƐ ƐŝnĐĞ ĐŚĞŵŽƚŚĞƌaƉǇ ŬŝůůƐ ƵnĐŽnƚƌŽůůĞd dŝǀŝdŝnŐ ĐĞůůƐ ďƵƚ aůƐŽ daŵaŐĞƐ ŚĞaůƚŚǇ ƟƐƐƵĞƐ ƚŚaƚ nĞĞd 
a ƌĞƉůaĐĞŵĞnƚ ŽĨ ĐĞůůƐ͘ �ǆaŵƉůĞƐ ŽĨ ƚŚĞƐĞƐ ƐŝdĞ ĞīĞĐƚƐ aƌĞ Śaŝƌ ůŽƐƐ͕ ůŽƐƐ ŽĨ aƉƉĞƟƚĞ͕ ĨaƟŐƵĞ͕ naƵƐĞa 
and ǀŽŵŝƟnŐ͕ ŝnĐƌĞaƐĞd ĐŚanĐĞ ŽĨ ŝnĨĞĐƟŽnƐ and ĞaƐǇ ďƌƵŝƐŝnŐ Žƌ ďůĞĞdŝnŐ͕ aŵŽnŐ ŽƚŚĞƌƐ ;�anĐĞƌ 
ZĞƐĞaƌĐŚ h<͕ ϮϬ1ϳͿ͘

Targeted therapies
�Ɛ a ƌĞƐƵůƚ ŽĨ ƚŚĞ dŝƐĐŽǀĞƌǇ ŽĨ ĐĞƌƚaŝn dŝīĞƌĞnƟaůůǇ ĞǆƉƌĞƐƐĞd ƉƌŽƚĞŝnƐ ŝn ƚƵŵŽƌƐ ĐŽŵƉaƌĞd ƚŽ 

ŚĞaůƚŚǇ ƟƐƐƵĞƐ ŝnǀŽůǀĞd ŝn ŐƌŽǁƚŚ͕ ƉƌŽŐƌĞƐƐŝŽn and ƐƉƌĞad ŽĨ ĐanĐĞƌ ŝn E^�>� ƉaƟĞnƚƐ͕ ƚŚĞ ƵƐĞ ŽĨ 
ƚaƌŐĞƚĞd ƚŚĞƌaƉŝĞƐ ŚaƐ ďĞĞn ƉŽƐƐŝďůĞ͘ dŚŝƐ aƉƉƌŽaĐŚ ƵƐĞƐ dƌƵŐƐ ƚŚaƚ ŝnƚĞƌĨĞƌĞ ǁŝƚŚ ƚŚĞƐĞ ŵŽůĞĐƵůaƌ 
ƚaƌŐĞƚƐ ďůŽĐŬŝnŐ ĐanĐĞƌ dĞǀĞůŽƉŵĞnƚ ǁŚŝůĞ ůŝŵŝƟnŐ ƐŝdĞ ĞīĞĐƚƐ͘ dŚĞ ŵŽƐƚ ĐŽŵŵŽnůǇ ƚĞƐƚĞd ŵƵƚaƟŽnƐ 
ĨŽƌ ůƵnŐ ĐanĐĞƌ ƉaƟĞnƚƐ aƌĞ ƚŚĞ EGFR and ALK ŐĞnĞƐ͘

�'&Z ŝƐ a ƚƌanƐŵĞŵďƌanĞ ŐƌŽǁƚŚ ĨaĐƚŽƌ ƌĞĐĞƉƚŽƌ ǁŝƚŚ ƚǇƌŽƐŝnĞ ŬŝnaƐĞ ;d<Ϳ aĐƟǀŝƚǇ͘ dŚŝƐ ƉƌŽƚĞŝn 
ŝƐ ĞǆƉƌĞƐƐĞd Žn ƚŚĞ ĐĞůů ƐƵƌĨaĐĞ͘ dŚĞ ďŝndŝnŐ ŽĨ �'&Z ůŝŐandƐ ŝndƵĐĞƐ ŝƚƐ dŝŵĞƌŝǌaƟŽn and aůůŽǁƐ ƚŚĞ 
ƉŚŽƐƉŚŽƌǇůaƟŽn ŽĨ ƚŚĞ ƌĞĐĞƉƚŽƌ͘  �Ɛ a ƌĞƐƵůƚ͕ dŽǁnƐƚƌĞaŵ �'&Z ƐŝŐnaůŝnŐ ƉaƚŚǁaǇ ŝƐ aĐƟǀaƚĞd ůĞadŝnŐ 
ƚŽ ŝnĐƌĞaƐĞd ƉƌŽůŝĨĞƌaƟŽn͕ anŐŝŽŐĞnĞƐŝƐ͕ ŵĞƚaƐƚaƐŝƐ͕ and dĞĐƌĞaƐĞd aƉŽƉƚŽƐŝƐ ;da �ƵnŚa ^anƚŽƐ͕ 
^ŚĞƉŚĞƌd and dƐaŽ͕ ϮϬ11Ϳ͘
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&Žƌ E^�>� ƉaƟĞnƚƐ ǁŝƚŚ ƌĞƉŽƌƚĞd ŵƵƚaƟŽnƐ ŝn EGFR ŐĞnĞ ƚŚaƚ ƌĞƐƵůƚ ŝn ĐŽnƐƟƚƵƟǀĞ d< aĐƟǀŝƚǇ͕  
ƚǇƌŽƐŝnĞ ŬŝnaƐĞ ŝnŚŝďŝƚŽƌƐ ;ĞƌůŽƟnŝď͕ aĨaƟnŝďand ŐĞĮƟnŝďͿ aƌĞ ƵƐĞd͘ dŚĞƐĞ ďůŽĐŬ �'&Z aĐƟǀaƟŽn͕ ǁŚŝĐŚ 
Đan ŚĞůƉ ƐƚŽƉ Žƌ ƐůŽǁ ƚƵŵŽƌ ŐƌŽǁƚŚ͘ 

� ƐƵďƐĞƚ ŽĨ E^�>� ƉaƟĞnƚƐ ŵaǇ ĞǆƉƌĞƐƐ an ALK ŐĞnĞ ŵƵƚaƟŽn aƐ a ƌĞƐƵůƚ ŽĨ ALK and EML4 ;ĞĐŚŝnŽdĞƌŵ 
ŵŝĐƌŽƚƵďƵůĞͲaƐƐŽĐŝaƚĞd ƉƌŽƚĞŝnͲůŝŬĞ ϰͿ ŐĞnĞ ƌĞaƌƌanŐĞŵĞnƚ͕ ǁŚŝĐŚ ŝn ƚƵƌn ĞnĐŽdĞƐ ĨŽƌ an aďnŽƌŵaů 
ĨƵƐŝŽn ŬŝnaƐĞ ƉƌŽƚĞŝn͘ �ĐƟǀaƟŽn ŽĨ ŝƚƐ dŽǁnƐƚƌĞaŵ ƐŝŐnaůŝnŐ ƉaƚŚǁaǇ ƌĞƐƵůƚƐ ŝn ƵnĐŽnƚƌŽůůĞd ĐĞůůƵůaƌ 
ƉƌŽůŝĨĞƌaƟŽn and ƐƵƌǀŝǀaů ;^Śaǁ and �nŐĞůŵan͕ ϮϬ13Ϳ͘ dŚĞƐĞ ƉaƟĞnƚƐ aƌĞ ƐĞnƐŝƟǀĞ ƚŽ ƐŵaůůͲŵŽůĞĐƵůĞ 
�>< ŬŝnaƐĞ ŝnŚŝďŝƚŽƌƐ͕ ƐƵĐŚ aƐĐƌŝǌŽƟnŝď͕ ĐĞƌŝƟnŝď and aůĞĐƟnŝď͕ ǁŚŝĐŚ ŝndƵĐĞ ƚƵŵŽƌ ƌĞŐƌĞƐƐŝŽn͘

�nŽƚŚĞƌ ƚŚĞƌaƉĞƵƟĐ ƐƚƌaƚĞŐǇ ŝƐ ĐaůůĞd anƟͲanŐŝŽŐĞnŝĐ ƚŚĞƌaƉǇ and ŝƐ ĨŽĐƵƐĞd Žn ďůŽĐŬŝnŐ ďůŽŽd 
ǀĞƐƐĞůƐ ŐƌŽǁƚŚ ƚŚaƚ ŬĞĞƉƐ ƚŚĞ ƚƵŵŽƌ nŽƵƌŝƐŚĞd͘ DŽnŽĐůŽnaů anƟďŽdŝĞƐ aƐ ďĞǀaĐŝǌƵŵaď Žƌ ƌaŵŝĐŝƌƵŵaď 
aƌĞ ƵƐĞd ƚŽ ďůŽĐŬ s�'& ;ǀaƐĐƵůaƌ ĞndŽƚŚĞůŝaů ŐƌŽǁƚŚ ĨaĐƚŽƌͿ a ƉƌŽƚĞŝn nĞĞdĞd ĨŽƌ ǀĞƐƐĞůƐ dĞǀĞůŽƉŵĞnƚ͕ 
Žƌ s�'& ƌĞĐĞƉƚŽƌ ƌĞƐƉĞĐƟǀĞůǇ ;�ŵĞƌŝĐan �anĐĞƌ ^ŽĐŝĞƚǇ͕  ϮϬ1ϳďͿ͘ 

Immunotherapy
ZĞĐĞnƚůǇ ĞŵĞƌŐĞd aƐ a nĞǁ ƚƌĞaƚŵĞnƚ ŽƉƟŽn͕ ŝƚ ŝƐ dĞƐŝŐnĞd ƚŽ ďŽŽƐƚ ƚŚĞ ŝŵŵƵnĞ ƐǇƐƚĞŵ ŝn ŽƌdĞƌ 

ƚŽ ƌĞĐŽŐnŝǌĞ and dĞƐƚƌŽǇ ĐanĐĞƌ ĐĞůůƐ ŵŽƌĞ ĞīĞĐƟǀĞůǇ͘

/ƚ ŽīĞƌƐ nĞǁ ǁĞaƉŽnƐ aŐaŝnƐƚ ĐanĐĞƌ͕  ĨŽƌ ĞǆaŵƉůĞ ƚŚƌŽƵŐŚ ŵŽdƵůaƟnŐ ŝŵŵƵnĞ ĐŚĞĐŬƉŽŝnƚƐ 
aƐ W�Ͳ1 ;WƌŽŐƌaŵŵĞd ĐĞůů dĞaƚŚ ƉƌŽƚĞŝn 1Ϳ ƉaƚŚǁaǇ͘ W�Ͳ1 ŝƐ a ƌĞĐĞƉƚŽƌ ĞǆƉƌĞƐƐĞd Žn ƚŚĞ ƐƵƌĨaĐĞ 
ŽĨ aĐƟǀaƚĞd d ĐĞůůƐ͘ /ƚƐ ůŝŐand W�Ͳ>1 ŝƐ ƉƌĞƐĞnƚ Žn ƚŚĞ ƐƵƌĨaĐĞ ŽĨ ƚŚĞ anƟŐĞn ƉƌĞƐĞnƟnŐ ĐĞůůƐ͘ dŚĞŝƌ 
ŝnƚĞƌaĐƟŽn ĨƵnĐƟŽnƐ aƐ a ĐŚĞĐŬƉŽŝnƚ͕ ůŝŵŝƟnŐ d ĐĞůů ĞīĞĐƚŽƌ ƌĞƐƉŽnƐĞ ǁŝƚŚŝn ƟƐƐƵĞƐ ŝn ŽƌdĞƌ ƚŽ ĞnƐƵƌĞ 
ƚŚaƚ ƚŚĞ ŝŵŵƵnĞ ƐǇƐƚĞŵ ŝƐ aĐƟǀĞ ŽnůǇ aƚ ƚŚĞ ƌŝŐŚƚ ƟŵĞ͕ aǀŽŝdŝnŐ ƚŚĞ ƉŽƐƐŝďŝůŝƚǇ ŽĨ ĐŚƌŽnŝĐ aƵƚŽŝŵŵƵnĞ 
ŝnŇaŵŵaƟŽn͘ dƵŵŽƌ ĐĞůůƐ ƚaŬĞ adǀanƚaŐĞ ŽĨ ƚŚŝƐ ĨĞaƚƵƌĞ and ŽǀĞƌĞǆƉƌĞƐƐ W�Ͳ>1 ƚŽ ĞǀadĞ dĞƚĞĐƟŽn 
and ŝnŚŝďŝƚ ƚŚĞ ŝŵŵƵnĞ ƌĞƐƉŽnƐĞ͘

&Žƌ ƚŚŝƐ ƌĞaƐŽn ŝn ƐƋƵaŵŽƵƐ ĐaƌĐŝnŽŵa ǁaƐ aƉƉƌŽǀĞd ƚŚĞ ƵƐĞ ŽĨ nŝǀŽůƵŵaď͕ a ŵŽnŽĐůŽnaů anƟďŽdǇ 
ƚŚaƚ ďůŽĐŬƐ ƚŚĞ W�Ͳ1 and ŝndƵĐĞƐ ƐƵƐƚaŝnĞd ƚƵŵŽƌ ƌĞŐƌĞƐƐŝŽn ;WaƌdŽůů͕ ϮϬ1ϮͿ͘ 

/ƚ ŵƵƐƚ ďĞ ĐŽnƐŝdĞƌĞd ƚŚaƚ ŝŵŵƵnŽƚŚĞƌaƉǇ ŝƐ nŽƚ ƐƵŝƚaďůĞ ĨŽƌ ĞǀĞƌǇŽnĞ͕ ƐŝnĐĞ ŝƚ ŝƐ a ǀĞƌǇ ĞīĞĐƟǀĞ 
ƚƌĞaƚŵĞnƚ ĨŽƌ ƐŽŵĞ ĐanĐĞƌ ƉaƟĞnƚƐ ďƵƚ nŽƚ ĨŽƌ ŽƚŚĞƌƐ͘ DŽƌĞŽǀĞƌ͕  ƚŚĞ ƌĞƐƚ ŽĨ ƚŚĞƌaƉŝĞƐ ŵaǇ 
ůŽƐĞ ĞīĞĐƟǀĞnĞƐƐ ŝĨ ĐanĐĞƌ ĐĞůůƐ dĞǀĞůŽƉ ŵĞĐŚanŝƐŵƐ ŽĨ ƌĞƐŝƐƚanĐĞ ƚŽ ĐŚĞŵŽƚŚĞƌaƉǇ Žƌ aĐƟǀaƚĞ 
ĐŽŵƉĞnƐaƚŽƌǇ ƐŝŐnaůŝnŐ ůŽŽƉƐ͕ ŝn ƚŚĞ ĐaƐĞ ŽĨ ƚaƌŐĞƚĞd ƚŚĞƌaƉŝĞƐ͘ dŚĞƌĞĨŽƌĞ͕ nĞǁ dƌƵŐƐ and ƚŚĞƌaƉĞƵƟĐ 
aƉƉƌŽaĐŚĞƐ nĞĞd ƚŽ ďĞ dĞƐŝŐnĞd ĨŽƌ ůƵnŐ ĐanĐĞƌ ƚƌĞaƚŵĞnƚ͘
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INTRODUCTION

1.2. ORAL CANCER
�nĐŽŵƉaƐƐĞd ǁŝƚŚŝn ƚŚĞ ĐaƚĞŐŽƌǇ ŽĨ ŚĞad and nĞĐŬ ĐanĐĞƌ͕  ƚŚĞ ƚĞƌŵ Žƌaů ĐanĐĞƌ ŝnĐůƵdĞƐ anǇ 

ĐanĐĞƌŽƵƐ ƟƐƐƵĞ ŐƌŽǁƚŚ ůŽĐaƚĞd ŝn ƚŚĞ Žƌaů ĐaǀŝƚǇ͘ dƵŵŽƌƐ ƚŚaƚ aƌĞ ůŽĐaƚĞd aƚ ƚŚĞ Ğnd ŽĨ ƚŚĞ Žƌaů ĐaǀŝƚǇ͕  
ŝn ƚŚĞ ŽƌŽƉŚaƌǇnǆ͕ aƌĞ ŬnŽǁn aƐ ŽƌŽƉŚaƌǇnŐĞaů ĐanĐĞƌ͘  

1.2.1. Epidemiology 
'ůŽďaůůǇ͕  ůŝƉ͕ Žƌaů ĐaǀŝƚǇ͕  and ƉŚaƌǇnŐĞaů ĐanĐĞƌƐ ŚaǀĞ ďĞĞn ĞƐƟŵaƚĞd ƚŽ ďĞ ƌĞƐƉŽnƐŝďůĞ ĨŽƌ ϱϮ9͕ϱϬϬ 

ŝnĐŝdĞnƚ ĐaƐĞƐ and Ϯ9Ϯ͕3ϬϬ dĞaƚŚƐ ŝn ϮϬ1Ϯ͕ ƌĞƉƌĞƐĞnƟnŐ aƉƉƌŽǆŝŵaƚĞůǇ 3͘8й ŽĨ aůů ĐanĐĞƌ ĐaƐĞƐ and 
3͘ϲй ŽĨ ĐanĐĞƌ dĞaƚŚƐ ;&ĞƌůaǇ et al.͕ ϮϬ1ϱͿ͘ /n ƉaƌƟĐƵůaƌ͕  an ĞƐƟŵaƚĞd 3ϬϬ͕ϰϬϬ nĞǁ ĐaƐĞƐ and 1ϰϱ͕ϰϬϬ 
dĞaƚŚƐ ŽĐĐƵƌƌĞd ƚŚaƚ ǇĞaƌ ĨƌŽŵ Žƌaů ĐaǀŝƚǇ ĐanĐĞƌ ǁŽƌůdǁŝdĞ͘ /ƚ ŝƐ a ŵaũŽƌ ƉƵďůŝĐ ŚĞaůƚŚ ƉƌŽďůĞŵ ƐŝnĐĞ 
ŝƚ ĐaƌƌŝĞƐ a ĐŽnƐŝdĞƌaďůĞ ŵŽƌƚaůŝƚǇ ƌaƚĞ͕ ďĞŝnŐ ƐƚƌŽnŐůǇ aƐƐŽĐŝaƚĞd ƚŽ ƚŚĞ ƐƚaŐĞ ŽĨ ƚŚĞ dŝƐĞaƐĞ ;dŽƌƌĞ 
et al.͕ ϮϬ1ϱͿ͘ DŽƌĞŽǀĞƌ͕  Žƌaů ĐanĐĞƌ ŝƐ ŽnĞ ŽĨ ǁŝdĞůǇ ƉƌĞǀaůĞnƚ ĐanĐĞƌƐ ƚǇƉĞƐ ǁŽƌůdǁŝdĞ ǁŝƚŚ ŚŝŐŚĞƐƚ 
ƉƌĞǀaůĞnĐĞ ƌaƚĞ ƌĞƉŽƌƚĞd ŝn dĞǀĞůŽƉŝnŐ ĐŽƵnƚƌŝĞƐ ;'ƵƉƚa et al.͕ ϮϬ1ϳͿ͘ 

1.2.2. Oral cancer risk factors
�Ɛ ŝn aůů ƚǇƉĞƐ ŽĨ ĐanĐĞƌ͕  ƚŚĞ ůŝŬĞůŝŚŽŽd ŽĨ a ƉĞƌƐŽn dĞǀĞůŽƉŝnŐ Žƌaů ĐanĐĞƌ dĞƉĞndƐ Žn ŵanǇ 

ǀaƌŝaďůĞƐ ŝnĐůƵdŝnŐ aŐĞ͕ ŐĞnĞƟĐƐ and ĞǆƉŽƐƵƌĞ ƚŽ ƌŝƐŬ ĨaĐƚŽƌƐ͘ �ŵŽnŐ ƚŚĞŵ͕ ůŝĨĞƐƚǇůĞ ĨaĐƚŽƌƐ ƐƵĐŚ aƐ 
ƚŽďaĐĐŽ and aůĐŽŚŽů ĐŽnƐƵŵƉƟŽn aƉƉĞaƌƐ ƚŽ ďĞ ƚŚĞ ŵaũŽƌ dĞƚĞƌŵŝnanƚƐ͘ Kn ŽnĞ Śand͕ ƚŽďaĐĐŽ ŝn ŝƚƐ 
dŝīĞƌĞnƚ ĨŽƌŵƐ͕ ŝnĐůƵdŝnŐ ƐŵŽŬŝnŐ͕ ĐŚĞǁŝnŐ and ŝn ďĞƚĞů ƋƵŝd ŚaǀĞ ĐaƌĐŝnŽŐĞnŝĐ ŝŵƉaĐƚ ŝn Žƌaů ĐaǀŝƚǇ͘ 
Kn ƚŚĞ ŽƚŚĞƌ Śand͕ aůĐŽŚŽů ŝnĐƌĞaƐĞƐ ƚŚĞ ƌŝƐŬ ŽĨ ƐƵīĞƌŝnŐ Žƌaů ĐanĐĞƌ ƐŝnĐĞ ŝƚ ŵaǇ ĨaĐŝůŝƚaƚĞ ƚŚĞ ĞnƚƌǇ ŽĨ 
ĐaƌĐŝnŽŐĞnƐ ŝnƚŽ ƚŚĞ ĞǆƉŽƐĞd ĐĞůůƐ ;Zaŵ et al͕͘ ϮϬ11Ϳ͘ 

�ŝŽůŽŐŝĐaů ĨaĐƚŽƌƐ ůŝŬĞ ŚƵŵan ƉaƉŝůůŽŵaǀŝƌƵƐ ;,WsͿ͕ ƐǇƉŚŝůŝƐ and dŝĞƚaƌǇ dĞĮĐŝĞnĐŝĞƐ Đan ƌaŝƐĞ ƚŚĞ 
ƌŝƐŬ ŽĨ dĞǀĞůŽƉŝnŐ Žƌaů ĐanĐĞƌ ;taůŬĞƌ͕  �ŽĞǇ and DĐ�Žnaůd͕ ϮϬϬ3Ϳ͘ ,Ws ŝnĨĞĐƟŽn͕ ŵŽƌĞ ĐŽŵŵŽn ŝn 
ƌĞĐĞnƚ ǇĞaƌƐ͕ ŚaƐ ďĞĞn ĐŽnnĞĐƚĞd ƚŽ a ƐƵďƐĞƚ ŽĨ Žƌaů ĐanĐĞƌƐ͕ ĞƐƉĞĐŝaůůǇ ƚŚĞ ŽnĞ ƚŚaƚ ŝƐ ĐaƵƐĞd ďǇ ƚŚĞ 
Ɛƚƌaŝn ,WsͲ1ϲ ;DaƌơnͲ,ĞƌnĄn et al.͕ ϮϬ13Ϳ͘ 

1.2.3. Diagnosis
KƌŽƉŚaƌǇnŐĞaů ĐanĐĞƌƐ ŵaǇ ďĞ ĨŽƵnd ĞaƌůǇ dƵƌŝnŐ ƌĞŐƵůaƌ dĞnƚaů ĞǆaŵŝnaƟŽnƐ͘ EĞǀĞƌƚŚĞůĞƐƐ͕ ƚŚĞƐĞ 

ĐanĐĞƌƐ ŚaǀĞ a ƚĞndĞnĐǇ ƚŽ ďĞ dĞƚĞĐƚĞd aƚ an adǀanĐĞd ƐƚaŐĞ aƐ a ĐŽnƐĞƋƵĞnĐĞ ŽĨ ƐǇŵƉƚŽŵƐ aďƐĞnĐĞ 
ŝn ƉƌĞǀŝŽƵƐ ƐƚaŐĞƐ͘ 

�ǀaůƵaƟŽn ŽĨ ƚŚĞ Žƌaů ĐaǀŝƚǇ and ŽƌŽƉŚaƌǇnǆ ŝƐ ŵŽƐƚůǇ dŽnĞ ďǇ ĐůŝnŝĐaů ĞǆaŵŝnaƟŽn and ĞndŽƐĐŽƉǇ 
;ƉŚaƌǇnŐŽƐĐŽƉǇ͕  ůaƌǇnŐŽƐĐŽƉǇ Žƌ ƉanĞndŽƐĐŽƉǇ ƚĞĐŚnŝƋƵĞƐͿ͘ KnĐĞ ƚƵŵŽƌ ŚaƐ ďĞĞn ƐƉŽƩĞd͕ ƟƐƐƵĞ 
ƐaŵƉůĞƐ aƌĞ ƚaŬĞn ďǇ ĞǆĨŽůŝaƟǀĞ ĐǇƚŽůŽŐǇ͕  ŝnĐŝƐŝŽnaů ďŝŽƉƐǇ Žƌ ĮnĞ nĞĞdůĞ aƐƉŝƌaƟŽn ;&E�Ϳ ďŝŽƉƐǇ͘ dŚĞ 
ŚŝƐƚŽƉaƚŚŽůŽŐŝĐaů ƐƚƵdǇ ƉƌŽǀŝdĞƐ ŝnĨŽƌŵaƟŽn aďŽƵƚ ƚŚĞ aůƚĞƌaƟŽnƐ and ƚŚĞ ŵaůŝŐnanĐǇ dĞŐƌĞĞ ŽĨ ƚŚĞ 
ƟƐƐƵĞ͕ ǁŚŝĐŚ aůůŽǁƐ ƚƵŵŽƌ ĐůaƐƐŝĮĐaƟŽn͘ &ƵƌƚŚĞƌŵŽƌĞ ŝŵaŐŝnŐ ƚĞƐƚ͕ ƐƵĐŚ aƐ �d͕  W�d Žƌ DZ/͕ aƌĞ ƵƐĞd 
ĨŽƌ ƐƚaŐŝnŐ and aůůŽǁ ƚŽ dĞƚĞƌŵŝnĞ ƐŝǌĞ͕ ƚŚŝĐŬnĞƐƐ and dĞƉƚŚ ŽĨ ƚŚĞ ƉaƚŚŽůŽŐǇ ďĞnĞaƚŚ ƚŚĞ ŵƵĐŽƐa͕ 
and dĞƚĞĐƚƐ ŝnǀaƐŝŽn ŽĨ nĞaƌďǇ ƐƚƌƵĐƚƵƌĞƐ ;�ŵĞƌŝĐan �anĐĞƌ ^ŽĐŝĞƚǇ͕  ϮϬ1ϳaͿ͘ 



ϰϬ

DŽƌĞ ƚŚan 9Ϭй ŽĨ ĐanĐĞƌƐ ŽĨ ƚŚĞ Žƌaů ĐaǀŝƚǇ and ŽƌŽƉŚaƌǇnǆ aƌĞ ƐƋƵaŵŽƵƐ ĐĞůů 
ĐaƌĐŝnŽŵaƐ ďĞĐaƵƐĞ ŽƌŽƉŚaƌǇnǆ ŽƌŝŐŝn ƟƐƐƵĞ ŝƐ ůŝnĞd ǁŝƚŚ ƐƚƌaƟĮĞd ƐƋƵaŵŽƵƐ ĞƉŝƚŚĞůŝƵŵ͘  
dŚĞ ƉƌĞƐĞnĐĞ ŽĨ ŵŝnŽƌ ƐaůŝǀaƌǇ ŐůandƐ͕ ĮďƌŽŵƵƐĐƵůaƌ ƐƚƌƵĐƚƵƌĞƐ͕ and ůǇŵƉŚŽŝd ƟƐƐƵĞ ŽƉĞnƐ ƚŚĞ 
ƉŽƐƐŝďŝůŝƚǇ ƚŽ a ǀaƌŝĞƚǇ ŽĨ ůĞƐƐ ĨƌĞƋƵĞnƚ ƚƵŵŽƌƐ ůŝŬĞ ƐaůŝǀaƌǇ Őůand ƚƵŵŽƌƐ͕ ŝnƚƌaͲŽƌaů ƐaƌĐŽŵaƐ ;<aƉŽƐŝ Ɛ͛  
ƐaƌĐŽŵaͿ͕ ŵƵĐŽƐaů ŵaůŝŐnanƚ ŵĞůanŽŵa and ůǇŵƉŚŽŵaƐ aŵŽnŐ ŽƚŚĞƌƐ ;/�Z�͕ ϮϬϬϱͿ͘

1.2.5. Staging
dŚĞ ƐĞǀĞƌŝƚǇ ŽĨ ŽƌŽƉŚaƌǇnŐĞaů ĐanĐĞƌƐ ŝƐ ďaƐĞd Žn dED ƐƚaŐŝnŐ ĐƌŝƚĞƌŝa and ƚŚĞǇ aƌĞ ĐůaƐƐŝĮĞd ŝn 

ĮǀĞ ŵaŝn ƐƚaŐĞƐ͗ 

• ^ƚaŐĞ Ϭ ƌĞĨĞƌƐ ƚŽ ĐanĐĞƌ ƚŚaƚ ŚaƐ nŽƚ ƐƉƌĞad and ŚaƐ ƐƚaǇĞd ĞǆaĐƚůǇ ǁŚĞƌĞ ŝƚ ďĞŐan͕ aůƐŽ ŬnŽǁn 
aƐ ĐaƌĐŝnŽŵa in situ͘ 

• ^ƚaŐĞ / ƌĞĨĞƌƐ ƚŽ a Ϯ ĐĞnƟŵĞƚĞƌƐ Žƌ ůĞƐƐ ƚƵŵŽƌ ŵaƐƐ ǁŚŝĐŚ ŚaƐ nŽƚ ƐƉƌĞad ƚŽ ƚŚĞ ůǇŵƉŚ nŽdĞƐ 
Žƌ ƚŽ ƐƵƌƌŽƵndŝnŐ aƌĞaƐ͘

• ^ƚaŐĞ // ĐŽƌƌĞƐƉŽndƐ ƚŽ ƚŚŽƐĞ ƚƵŵŽƌƐ ŽĨ ƐŝǌĞ ďĞƚǁĞĞn Ϯ and ϰ ĐĞnƟŵĞƚĞƌƐ͕ ǁŚŝĐŚ ŚaǀĞ nŽƚ 
ƐƉƌĞad͘ 

• ^ƚaŐĞ /// ŝnĐůƵdĞƐ ƚƵŵŽƌƐ ůaƌŐĞƌ ƚŚan ϰ ĐĞnƟŵĞƚĞƌƐ ǁŚŝĐŚ ŚaƐ nŽƚ ƐƉƌĞad ƚŽ ƚŚĞ ůǇŵƉŚ nŽdĞƐ Žƌ 
anǇ ƐŝǌĞ ƉƌŝŵaƌǇ ƚƵŵŽƌ ƚŚaƚ ŵaǇ ŚaǀĞ ĞǆƚĞndĞd ƚŽ ƚŚĞ ůǇŵƉŚ nŽdĞƐ͘

• ^ƚaŐĞ /s ŝƐ ĨƵƌƚŚĞƌ dŝǀŝdĞd ŝnƚŽ 3 ƐƵďͲƐƚaŐĞƐ ;/s�͕ /s� and /s�Ϳ͘ dŚŝƐ ƐƚaŐĞ ĞnĐŽŵƉaƐƐĞƐ anǇ ƐŝǌĞ 
ƚƵŵŽƌ ǁŝƚŚ ůǇŵƉŚ nŽdĞ and dŝƐƚanƚ ŵĞƚaƐƚaƐĞƐ͘

�ĞƚĞƌŵŝnŝnŐ ƚŚĞ ƐƚaŐĞ ŽĨ ƚŚĞ ƚƵŵŽƌ ŝƐ ƚŚĞ ŬĞǇ ƚŽ ƉƌŽǀŝdĞ a ƐƵŝƚaďůĞ ƚƌĞaƚŵĞnƚ ŽƉƟŽn ĨŽƌ ƉaƟĞnƚƐ 
and ƉƌĞdŝĐƟnŐ ƚŚĞŝƌ ƉƌŽŐnŽƐŝƐ ;�Śŝ͕ �aǇ and EĞǀŝůůĞ͕ ϮϬ1ϱͿ͘

1.2.6. Clinical management
dƌĞaƚŵĞnƚ ĨŽƌ Žƌaů ĐanĐĞƌ ŚĞaǀŝůǇ dĞƉĞndƐ Žn ƚŚĞ ƐƚaŐĞ ŽĨ ƚŚĞ dŝƐĞaƐĞ and ŝƚƐ ůŽĐaƟŽn͘ dŚĞ ŵaŝn 

ƚƌĞaƚŵĞnƚ ŽƉƟŽnƐ ĨŽƌ ƚŚĞƐĞ ƚǇƉĞƐ ŽĨ ĐanĐĞƌƐ aƌĞ ƐƵƌŐĞƌǇ͕  ƌadŝaƟŽn ƚŚĞƌaƉǇ and ĐŚĞŵŽƚŚĞƌaƉǇ͘ 

&Žƌ ĞaƌůǇ ƐƚaŐĞ ĐanĐĞƌƐ͕ ĞŝƚŚĞƌ ƌadŝaƟŽn aůŽnĞ͕ ƚŽ ƐŚƌŝnŬ ƚŚĞ ƚƵŵŽƌ͕  Žƌ ƐƵƌŐĞƌǇ aůŽnĞ aƌĞ ŝndŝĐaƚĞd͘ 
�dǀanĐĞd ĐanĐĞƌƐ ƌĞƋƵŝƌĞ ĐŽŵďŝnaƟŽnƐ ŽĨ ƐƵƌŐĞƌǇ ĨŽůůŽǁĞd ďǇ ƌadŝaƟŽn andͬŽƌ ĐŚĞŵŽƚŚĞƌaƉǇ͘  

�ĞƉĞndŝnŐ Žn ƚŚĞ ƚƵŵŽƌ ůŽĐaƟŽn and ŝƚƐ dŝƐƐĞŵŝnaƟŽn ƚŚĞ ƐƵƌŐŝĐaů ƉƌŽĐĞƐƐ ƌĞƋƵŝƌĞd ŵaǇ ďĞ 
dŝīĞƌĞnƚ͕ ŝnĐůƵdŝnŐ͗ DŽŚƐ ŵŝĐƌŽŐƌaƉŚŝĐ ƐƵƌŐĞƌǇ ĨŽƌ ůŝƉ ĐanĐĞƌƐ͕ ŐůŽƐƐĞĐƚŽŵǇ ;ƌĞŵŽǀaů ŽĨ ƚŚĞ ƚŽnŐƵĞͿ͕ 
ŵandŝďƵůĞĐƚŽŵǇ ;ƌĞŵŽǀaů ŽĨ ƚŚĞ ũaǁ ďŽnĞͿ͕ ŵaǆŝůůĞĐƚŽŵǇ Žƌ ĞǀĞn nĞĐŬ dŝƐƐĞĐƟŽn ƚŽ ƌĞŵŽǀĞ ůǇŵƉŚ 
nŽdĞƐ͘

�ŚĞŵŽƚŚĞƌaƉǇ ŵaǇ ďĞ ƉƌĞƐĐƌŝďĞd ďĞĨŽƌĞ ƌadŝaƟŽn ƚŚĞƌaƉǇ Žƌ ƐƵƌŐĞƌǇ ƚŽ ƌĞdƵĐĞ ƚŚĞ ƐŝǌĞ ŽĨ a ƚƵŵŽƌ Žƌ 
ŵaǇ aůƐŽ ďĞ dŝƐƉĞnƐĞd ŝn ĐŽnũƵnĐƟŽn ǁŝƚŚ ƌadŝaƟŽn ƚƌĞaƚŵĞnƚƐ͘ �ŽŵďŝnaƟŽn ŽĨ ĐŝƐƉůaƟn͕ ĐaƌďŽƉůaƟn͕ 
ϱͲŇƵŽƌŽƵƌaĐŝů͕ ƉaĐůŝƚaǆĞů Žƌ dŽĐĞƚaǆĞů͕ aƌĞ ƚŚĞ dƌƵŐƐ ŵŽƐƚ ĐŽŵŵŽnůǇ ƵƐĞd ĨŽƌ ƚŚĞƐĞ ĐanĐĞƌƐ͘  



ϰ1

INTRODUCTION

daƌŐĞƚĞd ƚŚĞƌaƉŝĞƐ aƌĞ aůƐŽ aƉƉůŝĞd ǁŝƚŚ ĐŚĞŵŽƚŚĞƌaƉǇ͕  ĨŽƌ ŝnƐƚanĐĞ͕ ĐĞƚƵǆŝŵaď ŝƐ ƵƐĞd ƚŽ ďůŽĐŬ ƚŚĞ 
�'&Z ƌĞĐĞƉƚŽƌ ƉƌĞƐĞnƚ ŝn Žƌaů ĐanĐĞƌ ƚƵŵŽƌ ĐĞůůƐ͕ ƌĞdƵĐŝnŐ ƚƵŵŽƌ ŐƌŽǁƚŚ ;�ŵĞƌŝĐan �anĐĞƌ ^ŽĐŝĞƚǇ͕  
ϮϬ1ϳĐͿ͘

1.3. CARCINOGENESIS
�aƌĐŝnŽŐĞnĞƐŝƐ ŝƐ a ŵƵůƟƐƚaŐĞ ƉƌŽĐĞƐƐ ǁŚĞƌĞďǇ nŽƌŵaů ĐĞůůƐ aƌĞ ƚƌanƐĨŽƌŵĞd ŝnƚŽ ĐanĐĞƌ ĐĞůůƐ 

ƵndĞƌŐŽŝnŐ ŵĞƚaďŽůŝĐ and ďĞŚaǀŝŽƌaů ĐŚanŐĞƐ͕ ůĞadŝnŐ ƚŚĞŵ ƚŽ ƉƌŽůŝĨĞƌaƚĞ ƵnĐŽnƚƌŽůůaďůǇ͘  dŚĞƐĞ 
ĐŚanŐĞƐ aƌŝƐĞ ƚŚƌŽƵŐŚ ŐĞnĞƟĐ Žƌ ĞƉŝŐĞnĞƟĐ aůƚĞƌaƟŽnƐ͕ ŵŽdŝĨǇŝnŐ �E� ƐĞƋƵĞnĐĞ Žƌ ĐŚƌŽŵaƟn 
ĐŽnĨŽƌŵaƟŽn͕ ŝn ƉƌŽƚŽͲŽnĐŽŐĞnĞƐ͕ ƚƵŵŽƌ ƐƵƉƉƌĞƐƐŽƌ ŐĞnĞƐ͕ and �E� ƌĞƉaŝƌ ŐĞnĞƐ͘ dŽŐĞƚŚĞƌ͕  ƚŚĞƐĞ 
ŵƵƚaƟŽnƐ ŵaǇ ĐaƵƐĞ ƚŚĞ ĐĞůůƐ ƚŽ ďĞĐŽŵĞ ĐanĐĞƌŽƵƐ ďĞĐaƵƐĞ ƚŚĞƐĞ ŐĞnĞƐ aƌĞ ŝnǀŽůǀĞd ŝn ĐŽnƚƌŽůůŝnŐ 
ĐĞůů dŝǀŝƐŝŽn͕ dŝīĞƌĞnƟaƟŽn͕ and ƐƵƌǀŝǀaů͕ ƉƌŽĐĞƐƐĞƐ ƚŚaƚ ŚaǀĞ ƚŽ ďĞ ƐƚƌŝĐƚůǇ ƌĞŐƵůaƚĞd ƚŽ ĞnƐƵƌĞ ƚŚĞ 
ŝnƚĞŐƌŝƚǇ ŽĨ ƟƐƐƵĞƐ and ŽƌŐanƐ ;tĞŝnďĞƌŐ͕ 199ϲͿ͘

dŚĞƌĞĨŽƌĞ͕ ĐanĐĞƌ dĞǀĞůŽƉƐ ĨƌŽŵ nŽƌŵaů ƟƐƐƵĞƐ ƚŚƌŽƵŐŚ ƚŚĞ aĐĐƵŵƵůaƟŽn ŽĨ ŐĞnĞƟĐ aůƚĞƌaƟŽnƐ 
ƚŚaƚ ĐŽnĨĞƌ a ŵaůŝŐnanƚ ƉŚĞnŽƚǇƉĞ͘ dŚĞƌĞ aƌĞ dŝīĞƌĞnƚ ƚŚĞŽƌŝĞƐ aďŽƵƚ ǁŚŝĐŚ ĐĞůů ƉŽƉƵůaƟŽn ƵndĞƌŐŽĞƐ 
ƚŚĞƐĞ ĐŚanŐĞƐ and ĐaƵƐĞƐ ĐanĐĞƌ͘  

dŚĞ ĐůaƐƐŝĐaů ƚŚĞŽƌǇ ŽĨ ŵƵůƟƐƚaŐĞ ĐaƌĐŝnŽŐĞnĞƐŝƐ Đan ďĞ dŝǀŝdĞd ŝnƚŽ ĨŽƵƌ ƐƚaŐĞƐ͗ ƚƵŵŽƌ ŝnŝƟaƟŽn͕ 
ƚƵŵŽƌ ƉƌŽŵŽƟŽn͕ ŵaůŝŐnanƚ ĐŽnǀĞƌƐŝŽn͕ and ƚƵŵŽƌ ƉƌŽŐƌĞƐƐŝŽn͘ dŚĞƐĞ ƐƚaŐĞƐ ŵaǇ ƉƌŽŐƌĞƐƐ ŽǀĞƌ ŵanǇ 
ǇĞaƌƐ͘ dŚĞ ĐaƌĐŝnŽŐĞnŝĐ ƉƌŽĐĞƐƐ Đan ďĞ ŝnŝƟaƚĞd ďǇ ƚŚĞ ƉƌĞƐĞnĐĞ ŽĨ a ŵƵƚaƟŽn ŝn a ĐĞůů͕ ŐĞnĞƌaůůǇ an 
ĞƉŝƚŚĞůŝaů ĐĞůů͕ ǁŚŝĐŚ ĐŽnĨĞƌƐ ƚŽ ƚŚĞ ĐĞůů ƐŽŵĞ adǀanƚaŐĞ ŽǀĞƌ ŝƚƐ ƉƌŽůŝĨĞƌaƟŽn Žƌ ƐƵƌǀŝǀaů aďŝůŝƚǇ͘  dŚĞ 
ŵƵƚaƚĞd ĐĞůů ƵndĞƌŐŽĞƐ a ĐůŽnaů ĞǆƉanƐŝŽn ƚŚaƚ ǁŝůů aůůŽǁ ŐĞnĞƌaƟnŐ a ĐĞůůƵůaƌ ƉŽƉƵůaƟŽn ǁŚĞƌĞ ŽƚŚĞƌ 
ŵƵƚaƟŽnƐ Đan aĐĐƵŵƵůaƚĞ͕ a ĐŽndŝƟŽn ƚĞƌŵĞd ŚǇƉĞƌƉůaƐŝa͘ �ĞƐŝdĞƐ ĞǆĐĞƐƐŝǀĞ ƉƌŽůŝĨĞƌaƟŽn͕ dĞƐĐĞndanƚ 
ĐĞůůƐ aƉƉĞaƌ aďnŽƌŵaů ŝn ĨŽƌŵ and ŽƌŝĞnƚaƟŽn͘ dŚŝƐ anŽŵaůŽƵƐ dĞǀĞůŽƉŵĞnƚ ŝƐ ŬnŽǁn aƐ dǇƐƉůaƐŝa͘ 
dŚĞ ƉƌŽĐĞƐƐ ĞǀŽůǀĞƐ ƚŚƌŽƵŐŚ ŵƵůƟƉůĞ ĐǇĐůĞƐ ŽĨ ĐůŽnaů ŵƵƚaƟŽn and ĞǆƉanƐŝŽn͕ and ƚŚĞ ĐŽnƚƌŝďƵƟŽn ŽĨ 
ŝnĐƌĞaƐĞd ŐĞnŽŵĞ ŝnƐƚaďŝůŝƚǇ ďĞĐŽŵŝnŐ an in situ ĐanĐĞƌ͘  dŚŝƐ ƚƵŵŽƌ ŵaǇ ƌĞŵaŝn ĐŽnƚaŝnĞd ŝndĞĮnŝƚĞůǇ͕  
Žƌ ŵaǇďĞ ƐŽŵĞ ĐĞůůƐ ŵaǇ ƵndĞƌŐŽ ŐĞnĞƟĐ ĐŚanŐĞƐ ƚŚaƚ ĨaĐŝůŝƚaƚĞ ƚŚĞ ŝnǀaƐŝŽn ŽĨ ƚŚĞ ƐƵƌƌŽƵndŝnŐ ƟƐƐƵĞ 
and ƚŚĞ ĞnƚƌǇ ŽĨ ƚƵŵŽƌ ĐĞůůƐ ŝnƚŽ ƚŚĞ ďůŽŽd Žƌ ůǇŵƉŚ͘ /n ƚŚaƚ ŵŽŵĞnƚ͕ ƚŚĞ ŵaƐƐ ŚaƐ ďĞĐŽŵĞ ŵaůŝŐnanƚ͘ 
/nǀaƐŝǀĞ ĐĞůůƐ aƌĞ ůŝŬĞůǇ ƚŽ ĞƐƚaďůŝƐŚ nĞǁ ƚƵŵŽƌƐ ;ŵĞƚaƐƚaƐĞƐͿ ƚŚƌŽƵŐŚŽƵƚ ƚŚĞ ďŽdǇ and ƚŚĞƐĞ Đan ďĞĐŽŵĞ 
ůĞƚŚaů ďǇ dŝƐƌƵƉƟnŐ a ǀŝƚaů ŽƌŐan ;ĮŐƵƌĞ ϱͿ ;^ŚĞƌŵan͕ ϮϬϬϱ͖ daůŵadŐĞ and &ŝdůĞƌ͕  ϮϬ1ϬͿ͘

FiŐure 5. StaŐes in tŚe tumor deǀelopment. Adapted Ĩrom Hoǁ Cancer Arises (WeinďerŐ͕ 1996).



ϰϮ

DŽƌĞ ƌĞĐĞnƚůǇ͕  ƚŚĞ ĐanĐĞƌ ƐƚĞŵ ĐĞůů ŚǇƉŽƚŚĞƐŝƐ ƉƌŽƉŽƐĞƐ ƚŚaƚ ĐanĐĞƌ aƌŝƐĞƐ ĨƌŽŵ ŽƌŐanͲƐƉĞĐŝĮĐ 
ƐƚĞŵ ĐĞůůƐ ƚƌanƐĨŽƌŵaƟŽn͘ dŚĞƐĞ ĐĞůůƐ ŚaǀĞ ŝnŚĞƌĞnƚ ƉƌŽƉĞƌƟĞƐ ƐƵĐŚ aƐ ƐĞůĨͲƌĞnĞǁaů and ƚŚĞ aďŝůŝƚǇ 
ƚŽ ŵŝŐƌaƚĞ ƚŽ dŝƐƚanƚ ƉaƌƚƐ ŽĨ ƚŚĞ ďŽdǇ͘ �Ɛ a ƌĞƐƵůƚ ŽĨ ƚŚŝƐ͕ ƚƵŵŽƌƐ aƌĞ ĐŽŵƉŽƐĞd ŽĨ ŵƵůƟƉůĞ ĐĞůů ƚǇƉĞƐ 
and ŵaŝnƚaŝnĞd ďǇ ƉůƵƌŝƉŽƚĞnƚ ƐƚĞŵ ĐĞůůƐ͘ hndĞƌƐƚandŝnŐ ƚŚĞ ďŝŽůŽŐǇ ŽĨ ĐaƌĐŝnŽŐĞnĞƐŝƐ ŝƐ ĐƌƵĐŝaů ƚŽ 
dĞǀĞůŽƉ ĞīĞĐƟǀĞ ƚŚĞƌaƉĞƵƟĐ ƐƚƌaƚĞŐŝĞƐ ;WŽůǇaŬ and ,aŚn͕ ϮϬϬϲ͖ tŝĐŚa͕ >ŝƵ and �ŽnƚƵ͕ ϮϬϬϲͿ͘ 

1.3.1. Hallmarks of  cancer
�ŽƵŐůaƐ ,anaŚan ŝn ĐŽůůaďŽƌaƟŽn ǁŝƚŚ ZŽďĞƌƚ �͘ tĞŝnďĞƌŐ ŵadĞ a ĐŽŵƉŝůaƟŽn ŽĨ aůů ƚŚŽƐĞ ĨaĐƚŽƌƐ 

ƚŚaƚ dŝīĞƌĞnƟaƚĞ a nŽƌŵaů ĐĞůů ĨƌŽŵ a ĐanĐĞƌŽƵƐ ŽnĞ͕ ƚŚŽƐĞ ƚŚaƚ aůůŽǁ ƚŚĞŵ ƚŽ ŐƌŽǁ ŽƵƚ ŽĨ ĐŽnƚƌŽů and 
ďĞĐŽŵĞ ŝnǀaƐŝǀĞ ;ĮŐƵƌĞ ϲͿ ;,anaŚan and tĞŝnďĞƌŐ͕ ϮϬ11Ϳ͘ dŚĞ ĞƐƐĞnƟaů aůƚĞƌaƟŽnƐ ŝn ĐĞůů ƉŚǇƐŝŽůŽŐǇ 
ƚŚaƚ ĐŽůůĞĐƟǀĞůǇ dŝĐƚaƚĞ ŵaůŝŐnanƚ ŐƌŽǁƚŚ aƌĞ͗ 

FiŐure 6. Hallmarks oĨ cancer. �daƉƚĞd ĨƌŽŵ ,anaŚan Θ tĞŝnďĞƌŐ͕ ϮϬ11͘

• SelĨ-suĸciency in ŐroǁtŚ siŐnals. EŽƌŵaů ƟƐƐƵĞƐ ĐaƌĞĨƵůůǇ ĐŽnƚƌŽů ƚŚĞ ƉƌŽdƵĐƟŽn and ƌĞůĞaƐĞ ŽĨ 
ŐƌŽǁƚŚͲƉƌŽŵŽƟnŐ ƐŝŐnaůƐ ŝn ŽƌdĞƌ ƚŽ ĞnƐƵƌĞ ƟƐƐƵĞ ŚŽŵĞŽƐƚaƐŝƐ͘ dŚĞ ƉƌĞƐĞnĐĞ ŽĨ ƚŚĞƐĞ ƐŝŐnaůƐ 
aůůŽǁƐ ƚŚĞ ŐƌŽǁƚŚ and dŝǀŝƐŝŽn ŽĨ ƚŚĞ ĐĞůůƐ͖ ŝƚƐ aďƐĞnĐĞ dĞƚĞƌŵŝnĞƐ ƚŚaƚ ƚŚĞ ĐĞůů ĐǇĐůĞ ƐƚŽƉƐ͘ 
,ŽǁĞǀĞƌ͕  ĐanĐĞƌ ĐĞůůƐ dŽ nŽƚ ƌĞƋƵŝƌĞ ƐƟŵƵůaƟŽn ĨƌŽŵ ĞǆƚĞƌnaů ƐŝŐnaůƐ ƚŽ ƉƌŽƉaŐaƚĞ͘  �ĐƚƵaůůǇ͕  
ĐanĐĞƌ ĐĞůůƐ Đan ĞŝƚŚĞƌ ƉƌŽdƵĐĞ ƚŚĞŝƌ Žǁn ŐƌŽǁƚŚ ĨaĐƚŽƌƐ ;ƌĞƐƵůƟnŐ ŝn aƵƚŽĐƌŝnĞ ƉƌŽůŝĨĞƌaƟǀĞ 
ƐƟŵƵůaƟŽnͿ͕ Žƌ ƚŚĞǇ ĐŽnƐƟƚƵƟǀĞůǇ aĐƟǀaƚĞ ĐŽŵƉŽnĞnƚƐ ŽĨ ƉƌŽůŝĨĞƌaƟǀĞ ƐŝŐnaůŝnŐ ƉaƚŚǁaǇƐ͕ 
ǁŝƚŚŽƵƚ ƚŚĞ nĞĞd ƚŽ ƐƟŵƵůaƚĞ ƚŚĞƐĞ ƉaƚŚǁaǇƐ ďǇ ůŝŐandͲŵĞdŝaƚĞd ƌĞĐĞƉƚŽƌ aĐƟǀaƟŽn ;,anaŚan 
and tĞŝnďĞƌŐ͕ ϮϬ11Ϳ͘

• InsensiƟǀity to ŐroǁtŚ-inŚiďitory siŐnals. /n nŽƌŵaů ƟƐƐƵĞ͕ ƉƌŽůŝĨĞƌaƟŽn ŝƐ ďůŽĐŬĞd ďǇ ŐƌŽǁƚŚ 
ŝnŚŝďŝƚŽƌǇ ƐŝŐnaůƐ ƚŚaƚ ĐŽnƚƌŽů ĐĞůů dŝǀŝƐŝŽn͘ ,ŽǁĞǀĞƌ͕  ĐanĐĞƌ ĐĞůůƐ ďĞĐŽŵĞ ŝnƐĞnƐŝƟǀĞ ƚŽ ƚŚĞƐĞ 
ƐŝŐnaůƐ ƚŚaƚ ŵŝŐŚƚ ŽƚŚĞƌǁŝƐĞ ƐƚŽƉ and ƌĞŐƵůaƚĞ ƚŚĞŝƌ ŐƌŽǁƚŚ͘ dŚŝƐ ŝƐ ƵƐƵaůůǇ ƚŚĞ ƌĞƐƵůƚ ŽĨ ŵƵƚaƟŽnƐ 



ϰ3

INTRODUCTION

ŝn ƚƵŵŽƌ ƐƵƉƉƌĞƐƐŽƌ ŐĞnĞƐ͘ ^ŽŵĞ ŽĨ ƚŚĞ ŵŽƐƚ ƌĞůĞǀanƚ aƌĞ ƚŚĞ Z� ;ƌĞƟnŽďůaƐƚŽŵaͲaƐƐŽĐŝaƚĞdͿ 
and dWϱ3 ;ƚƵŵŽƌ ƉƌŽƚĞŝn Ɖϱ3Ϳ ƉƌŽƚĞŝnƐ͕ ǁŚŝĐŚ ŐŽǀĞƌn ƚŚĞ dĞĐŝƐŝŽnƐ ŽĨ ĐĞůůƐ ƚŽ ƉƌŽůŝĨĞƌaƚĞ Žƌ͕  
aůƚĞƌnaƟǀĞůǇ͕  aĐƟǀaƚĞ ƐĞnĞƐĐĞnĐĞ and aƉŽƉƚŽƟĐ ƉƌŽŐƌaŵƐ͕ ƌĞƐƉĞĐƟǀĞůǇ͘ DŽƌĞŽǀĞƌ͕  aƐ ƚŚĞ 
ƚƵŵŽƌ ĞǆƉandƐ͕ ŝƚ ĞǆĞƌƚƐ ƉƌĞƐƐƵƌĞ Žn ƟƐƐƵĞ adũaĐĞnƚ ƟƐƐƵĞ͕ ǁŚŝĐŚ ĞŵŝƚƐ ĐŚĞŵŝĐaů ŵĞƐƐaŐĞƐ 
ƚŚaƚ ǁŽƵůd nŽƌŵaůůǇ ďůŽĐŬ ĐĞůů dŝǀŝƐŝŽn͘ �anĐĞƌ ĐĞůůƐ ƉƌŽůŝĨĞƌaƚĞ ĞǀadŝnŐ ƚŚĞƐĞ ĐŽnƚaĐƚ ŝnŚŝďŝƟŽn 
ŵĞĐŚanŝƐŵƐ ŝƐƐƵĞd ďǇ nĞŝŐŚďŽƌŝnŐ ĐĞůůƐ ;,anaŚan and tĞŝnďĞƌŐ͕ ϮϬ11Ϳ͘ 

• Eǀasion oĨ proŐrammed cell deatŚ (apoptosis). �ƉŽƉƚŽƐŝƐ ŝƐ a ĨŽƌŵ ŽĨ ƉƌŽŐƌaŵŵĞd ĐĞůů dĞaƚŚ͕ 
ƚŚĞ ŵĞĐŚanŝƐŵ ďǇ ǁŚŝĐŚ ĐĞůůƐ aƌĞ ƉƌŽŐƌaŵŵĞd ƚŽ dŝĞ ŝn ƚŚĞ ĞǀĞnƚ ƚŚĞǇ ďĞĐŽŵĞ Žůd Žƌ daŵaŐĞd͘ 
/n ƚŚŝƐ ŵannĞƌ͕  ŐƌŽǁƚŚ ŝƐ ůŝŵŝƚĞd and ĐĞůůƐ ǁŝƚŚ daŵaŐĞd �E� aƌĞ dŝƐĐaƌdĞd͕ ƉƌĞǀĞnƟnŐ 
ƉƌŽƉaŐaƟŽn ŽĨ ĞƌƌŽƌƐ ŝn ƚŚĞ ďŽdǇ͘ �anĐĞƌ ĐĞůůƐ ƉƌŽŐƌĞƐƐ aǀŽŝdŝnŐ aƉŽƉƚŽƐŝƐ͘ �ƉŽƉƚŽƐŝƐ ƐŝŐnaůƐ 
Đan ďĞ dŝƐƌƵƉƚĞd ǁŚĞn ƚŚĞƌĞ ŝƐ a dĞĨĞĐƚ ŝn ƚƵŵŽƌ ƐƵƉƉƌĞƐƐŽƌ ŐĞnĞƐ ƐƵĐŚ aƐ Ɖϱ3 ;ŐĞnĞ ƚŚaƚ 
ĞůŝĐŝƚƐ aƉŽƉƚŽƐŝƐ ŝn ƌĞƐƉŽnƐĞ ƚŽ �E� daŵaŐĞͿ͕ Žƌ aƉŽƉƚŽƐŝƐ ŵaĐŚŝnĞƌǇ ƉƌŽƚĞŝnƐ ƐƵīĞƌ ŵƵƚaƟŽnƐ 
;,anaŚan and tĞŝnďĞƌŐ͕ ϮϬ11Ϳ͘ /n ƌĞƐƉŽnƐĞ ƚŽ dŝǀĞƌƐĞ ŝnƚƌaĐĞůůƵůaƌ daŵaŐĞ ƐŝŐnaůƐ͕ ǁŚĞƚŚĞƌ 
a ĐĞůů ƵndĞƌŐŽĞƐ aƉŽƉƚŽƐŝƐ Žƌ nŽƚ ƌĞůŝĞƐ Žn ƚŚĞ ŝnƚĞƌaĐƟŽnƐ ďĞƚǁĞĞn ŵĞŵďĞƌƐ ŽĨ ��>ͲϮ ;�ͲĐĞůů 
ůǇŵƉŚŽŵa ϮͿ ĨaŵŝůǇ ;ƉƌŽ and anƟaƉŽƉƚŽƟĐ ƉƌŽƚĞŝnƐͿ͘ KǀĞƌĞǆƉƌĞƐƐŝŽn ŽĨ a ƉƌŽͲƐƵƌǀŝǀaů ĨaŵŝůǇ 
ŵĞŵďĞƌ Žƌ ůŽƐƐ ŽĨ a ƉƌŽaƉŽƉƚŽƟĐ ƌĞůaƟǀĞ ůĞadƐ ƚŽ an ŝŵƉaŝƌĞd aƉŽƉƚŽƐŝƐ͕ ĐƌŝƟĐaů ŝn ĐanĐĞƌ 
dĞǀĞůŽƉŵĞnƚ ;�daŵƐ and �ŽƌǇ͕  ϮϬϬϳͿ͘

• Limitless replicaƟǀe potenƟal. ,ĞaůƚŚǇ ĐĞůůƐ ŚaǀĞ a dĞƚĞƌŵŝnĞd ůŝĨĞƐƉan͕ ƚŚĞǇ aƌĞ aďůĞ ƚŽ 
ƵndĞƌŐŽ ŽnůǇ a ůŝŵŝƚĞd nƵŵďĞƌ ŽĨ ƐƵĐĐĞƐƐŝǀĞ ĐĞůů ŐƌŽǁƚŚͲandͲdŝǀŝƐŝŽn ĐǇĐůĞƐ ;aƉƉƌŽǆŝŵaƚĞůǇ 1ϬϬ 
ƟŵĞƐ aĐĐŽƌdŝnŐ ƚŽ ƚŚĞ ,aǇŇŝĐŬ ůŝŵŝƚ ;,aǇŇŝĐŬ͕ 19ϲϱͿ ƵnƟů ĐĞůů ĞnƚĞƌƐ ŝnƚŽ a ƉŚaƐĞ ŽĨ ƐĞnĞƐĐĞnĐĞ 
;nŽnͲƉƌŽůŝĨĞƌaƟǀĞ ďƵƚ ǀŝaďůĞ ƐƚaƚĞͿ Žƌ ĐĞůů dŝĞƐ ;ƉŚaƐĞ ŽĨ ĐƌŝƐŝƐ͕ ǁŚŝĐŚ ŝnǀŽůǀĞƐ ĐĞůů dĞaƚŚͿ͘ dŚĞ 
ŵaĐŚŝnĞƌǇ ĨŽƌ ĐŽnƚƌŽůůŝnŐ ŚŽǁ ŵanǇ ƟŵĞƐ a ĐĞůů dŝǀŝdĞ dĞƉĞndƐ Žn ƚŚĞ ƚĞůŽŵĞƌŝĐ �E�Ɛ aƚ 
ƚŚĞ ĞndƐ ŽĨ ĐŚƌŽŵŽƐŽŵĞƐ͘ dŚĞ ƚĞůŽŵĞƌĞƐ aƌĞ ƐƉĞĐŝaůŝǌĞd ƐĞƋƵĞnĐĞƐ ƚŚaƚ ŽƉĞƌaƚĞ ƚŽ ƉƌĞǀĞnƚ 
ĞndͲƚŽͲĞnd ĨƵƐŝŽn ŽĨ ĐŚƌŽŵŽƐŽŵĞƐ͘ �ǀĞƌǇ ƟŵĞ ƚŚĞ ĐĞůů dŝǀŝdĞƐ͕ ƚŚĞ ƚĞůŽŵĞƌĞƐ aƌĞ ƐŚŽƌƚĞnĞd͘ 
�ǀĞnƚƵaůůǇ͕  ƚŚĞ ůŽƐƐ ŽĨ ƚĞůŽŵĞƌĞƐ ƌĞaĐŚĞƐ a ĐƌŝƟĐaů ƉŽŝnƚ ŝn ǁŚŝĐŚ ƚŚĞ �E� ŝƐ ƵnƉƌŽƚĞĐƚĞd͕ and 
ƚŚĞ ĐĞůů dŝĞƐ͘ /n nŽnͲŝŵŵŽƌƚaůŝǌĞd ĐĞůůƐ͕ ƚŚĞ ƚĞůŽŵĞƌaƐĞ͕ a ƐƉĞĐŝaůŝǌĞd �E� ƉŽůǇŵĞƌaƐĞ͕ ƚŚaƚ ŝƐ 
aďůĞ ƚŽ ĞǆƚĞnd ƚŚĞ ƚĞůŽŵĞƌĞƐ͕ ŝƐ aďƐĞnƚ͘ EĞǀĞƌƚŚĞůĞƐƐ͕ ŵaůŝŐnanƚ ĐĞůůƐ aƌĞ aďůĞ ƚŽ ŽǀĞƌĐŽŵĞ ƚŚĞ 
ƉƌŽůŝĨĞƌaƟǀĞ ůŝŵŝƚ͕ ƐŝnĐĞ ƚŚĞǇ ĞǆƉƌĞƐƐ ƚĞůŽŵĞƌaƐĞ aƚ ĨƵnĐƟŽnaůůǇ ƐŝŐnŝĮĐanƚ ůĞǀĞůƐ͘ dŚŝƐ ĞnǌǇŵĞ 
ƉƌŽƚĞĐƚƐ ƚŚĞ ĞndƐ ŽĨ ĐŚƌŽŵŽƐŽŵĞƐ ĨƌŽŵ ƚŚŝƐ ĞƌŽƐŝŽn͕ ŵaŝnƚaŝnŝnŐ ƚĞůŽŵĞƌŝĐ �E� ůĞnŐƚŚ 
ƐƵĸĐŝĞnƚ ƚŽ aǀŽŝd ƚƌŝŐŐĞƌŝnŐ ƐĞnĞƐĐĞnĐĞ Žƌ aƉŽƉƚŽƐŝƐ ;,anaŚan and tĞŝnďĞƌŐ͕ ϮϬ11Ϳ͘ 

• Sustained anŐioŐenesis. �nŐŝŽŐĞnĞƐŝƐ ŝƐ ƚŚĞ ƉƌŽĐĞƐƐ ďǇ ǁŚŝĐŚ nĞǁ ďůŽŽd ǀĞƐƐĞůƐ aƌĞ ĨŽƌŵĞd͘ 
>ŝŬĞ nŽƌŵaů ƟƐƐƵĞƐ͕ ƚƵŵŽƌƐ nĞĞd a ƐǇƐƚĞŵ ƚŽ ďƌŝnŐ ŝn nƵƚƌŝĞnƚƐ and ƚaŬĞ ŽƵƚ ǁaƐƚĞƐ͘ /n an 
ŽƌŐanŝƐŵ ƵndĞƌ nŽƌŵaů ĐŽndŝƟŽnƐ͕ anŐŝŽŐĞnĞƐŝƐ ŝƐ ƚƵƌnĞd Žn ƚƌanƐŝĞnƚůǇ͕  nĞǁ ďůŽŽd ǀĞƐƐĞůƐ 
aƌĞ ĨŽƌŵĞd dƵƌŝnŐ ƚŚĞ dĞǀĞůŽƉŵĞnƚ ŽĨ ĞŵďƌǇŽƐ͕ dƵƌŝnŐ ǁŽƵnd ƌĞƉaŝƌ and dƵƌŝnŐ ƚŚĞ ĨĞŵaůĞ 
ƌĞƉƌŽdƵĐƟǀĞ ĐǇĐůĞ͘ dŚĞ ďaůanĐĞ ďĞƚǁĞĞn ƉƌŽ and anƟͲanŐŝŽŐĞnŝĐ ĨaĐƚŽƌƐ ŵŽdƵůaƚĞƐ ĞndŽƚŚĞůŝaů 
ĐĞůů ƉƌŽůŝĨĞƌaƟŽn and ŵŽƟůŝƚǇ͘ dŚŝƐ ŝƐ ŬnŽǁn aƐ anŐŝŽŐĞnŝĐ ĐaƉaďŝůŝƚǇ͘ �ƵƌŝnŐ ƚƵŵŽƌ ƉƌŽŐƌĞƐƐŝŽn͕ 
an ͚ ͚anŐŝŽŐĞnŝĐ ƐǁŝƚĐŚ͛͛ ŝƐ aůŵŽƐƚ aůǁaǇƐ aĐƟǀaƚĞd͘ �n ƵnďaůanĐĞd ŵŝǆ ŽĨ ƉƌŽͲanŐŝŽŐĞnŝĐ ƐŝŐnaůƐ 
ƐƟŵƵůaƚĞ ĨŽƌŵaƟŽn ŽĨ nĞǁ ďůŽŽd ǀĞƐƐĞůƐ ŝnƚŽ ƚŚĞ ƚƵŵŽƌ ŵaƐƐ ƚŽ ƐƵƉƉůǇ ŝƚ ǁŝƚŚ adĞƋƵaƚĞ 
nƵƚƌŝĞnƚƐ ũƵƐƚ ůŝŬĞ anǇ ŽƌŐan ŝn ƚŚĞ ďŽdǇ ;,anaŚan and tĞŝnďĞƌŐ͕ ϮϬ11Ϳ͘ 

• Tissue invasion and metastasis. �anĐĞƌ ĐĞůůƐ͕ ƵnůŝŬĞ nŽƌŵaů ĐĞůůƐ͕ Đan ŵĞƚaƐƚaƐŝǌĞ͕ ƚŚaƚ ŝƐ͕ 
dĞƐƚƌŽǇ ƟƐƐƵĞ ďaƌƌŝĞƌƐ ƚŽ ŝnǀadĞ ƐƵƌƌŽƵndŝnŐ ƟƐƐƵĞ and ƐƉƌĞad ƚŽ dŝƐƚanƚ ďŽdǇ ŽƌŐanƐ͘ dŚŝƐ ŝƐ 
ƐƚƌŽnŐůǇ ůŝnŬĞd ƚŽ ƚŚĞ ůĞǀĞů ŽĨ ŵaůŝŐnanĐǇ ŽĨ a ƚƵŵŽƌ͘  DaůŝŐnanƚ ĐĞůůƐ ŚaǀĞ ƚŽ ƵndĞƌŐŽ a ƐĞƌŝĞƐ 



ϰϰ

ŽĨ ƌaƉŝd ĐŚanŐĞƐ ŝn ĐĞůůƵůaƌ ƉŚĞnŽƚǇƉĞ aůƐŽ ŬnŽǁn aƐ ĞƉŝƚŚĞůŝaůͲŵĞƐĞnĐŚǇŵaů ƚƌanƐŝƟŽn ;�DdͿ͘ 
�ƵƌŝnŐ �Dd͕  ĞƉŝƚŚĞůŝaů ĐĞůůƐ dŽǁnͲŵŽdƵůaƚĞ ĐĞůůͲĐĞůů adŚĞƐŝŽn ƐƚƌƵĐƚƵƌĞƐ͕ aůƚĞƌ ƚŚĞŝƌ ƉŽůaƌŝƚǇ 
and ƌĞŽƌŐanŝǌĞ ƚŚĞŝƌ ĐǇƚŽƐŬĞůĞƚŽn͕ aĐƋƵŝƌŝnŐ ŵĞƐĞnĐŚǇŵaů ĨĞaƚƵƌĞƐ ŝn ŽƌdĞƌ ƚŽ ŝnǀadĞ͕ ƌĞƐŝƐƚ 
aƉŽƉƚŽƐŝƐ͕ and dŝƐƐĞŵŝnaƚĞ ;<ůǇŵŬŽǁƐŬǇ and ^aǀaŐnĞƌ͕  ϮϬϬ9͖ WŽůǇaŬ and tĞŝnďĞƌŐ͕ ϮϬϬ9Ϳ͘

• ReproŐramminŐ oĨ enerŐy metaďolism. dŚĞ ĐŚƌŽnŝĐ ƵnĐŽnƚƌŽůůĞd ĐĞůů ƉƌŽůŝĨĞƌaƟŽn ƚŚaƚ 
ƌĞƉƌĞƐĞnƚƐ ƚŚĞ ĞƐƐĞnĐĞ ŽĨ ƚƵŵŽƌ ƉƌŽŐƌĞƐƐŝŽn ŝnǀŽůǀĞƐ adũƵƐƚŵĞnƚƐ ŽĨ ĞnĞƌŐǇ ŵĞƚaďŽůŝƐŵ ŝn 
ŽƌdĞƌ ƚŽ ďŽŽƐƚ ŐƌŽǁƚŚ and ĐĞůů dŝǀŝƐŝŽn͘ hndĞƌ ƉŚǇƐŝŽůŽŐŝĐaů ĐŽndŝƟŽnƐ͕ ƚŚĞ ĐĞůů ŐĞƚƐ ĞnĞƌŐǇ 
ƚŚƌŽƵŐŚ ĐĞůůƵůaƌ ƌĞƐƉŝƌaƟŽn͕ a ƐĞƚ ŽĨ ŵĞƚaďŽůŝĐ ƌĞaĐƟŽnƐ ǁŚŝĐŚ ĞnĐŽŵƉaƐƐĞƐ ƚŚƌĞĞ ŵaŝn 
ƐƚaŐĞƐ͗ ŐůǇĐŽůǇƐŝƐ͕ ƚƌŝĐaƌďŽǆǇůŝĐ aĐŝd ĐǇĐůĞ ;d��Ϳ and ŽǆŝdaƟǀĞ ƉŚŽƐƉŚŽƌǇůaƟŽn ;KyW,K^Ϳ͘ 
&ŝƌƐƚ͕ dƵƌŝnŐ ŐůǇĐŽůǇƐŝƐ ŐůƵĐŽƐĞ͕ a Ɛŝǆ ĐaƌďŽn ƐƵŐaƌ͕  ŝƐ ƐƉůŝƚ ŝnƚŽ ƚǁŽ ŵŽůĞĐƵůĞƐ ŽĨ a ƚŚƌĞĞ ĐaƌďŽn 
ƐƵŐaƌ ;ƉǇƌƵǀaƚĞͿ͘ dŚŝƐ ƉƌŽĐĞƐƐ Đan ŽĐĐƵƌ ǁŝƚŚ Žƌ ǁŝƚŚŽƵƚ ŽǆǇŐĞn ŝn ƚŚĞ ĐǇƚŽƉůaƐŵ͘ /n ƉƌĞƐĞnĐĞ 
ŽĨ ŽǆǇŐĞn͕ ƚŚĞƐĞ ŵŽůĞĐƵůĞƐ aƌĞ ŵĞƚaďŽůŝǌĞd ƚŚƌŽƵŐŚ d�� and KyW,K^ ŝn ƚŚĞ ŵŝƚŽĐŚŽndƌŝa͕ 
ŽďƚaŝnŝnŐ a ůaƌŐĞ aŵŽƵnƚ ŽĨ �dW ;adĞnŽƐŝnĞͲϱ͛ͲƚƌŝƉŚŽƐƉŚaƚĞͿ͘ �anĐĞƌ ĐĞůůƐ ƐƵīĞƌƐ a ͞ŵĞƚaďŽůŝĐ 
ƐǁŝƚĐŚ͕͟  ŬnŽǁn aƐ taƌďƵƌŐ ĞīĞĐƚ͕ ĐŚaƌaĐƚĞƌŝǌĞd ďǇ ĨĞƌŵĞnƚaƟŽn ;aĞƌŽďŝĐ ŐůǇĐŽůǇƐŝƐͿ ŽĨ ŐůƵĐŽƐĞ 
ƚŽ aĐŝd ůaĐƟĐ ;taƌďƵƌŐ͕ 19ϱϲͿ ĞǀĞn ŝn ƚŚĞ ƉƌĞƐĞnĐĞ ŽĨ nŽƌŵaů ůĞǀĞůƐ ŽĨ ŽǆǇŐĞn and ĐŽŵƉůĞƚĞůǇ 
ĨƵnĐƟŽnŝnŐ ŵŝƚŽĐŚŽndƌŝa ;>ŝďĞƌƟ and >ŽĐaƐaůĞ͕ ϮϬ1ϲͿ͘ �ŽnǀĞƌƟnŐ ŐůƵĐŽƐĞ ƚŽ aĐŝd ůaĐƟĐ ŝƐ Ĩaƌ 
ůĞƐƐ ĞĸĐŝĞnƚ aƐ ůĞƐƐ �dW ŝƐ ŐĞnĞƌaƚĞd ƉĞƌ Ƶnŝƚ ŽĨ ŐůƵĐŽƐĞ ŵĞƚaďŽůŝǌĞd͘ dŚĞƌĞĨŽƌĞ͕ ĐanĐĞƌ ĐĞůůƐ 
ƵƉƌĞŐƵůaƚĞ ŐůƵĐŽƐĞ ƚƌanƐƉŽƌƚĞƌƐ͕ nŽƚaďůǇ '>hd1͕ ǁŚŝĐŚ ƐƵďƐƚanƟaůůǇ ŝnĐƌĞaƐĞƐ ŐůƵĐŽƐĞ ŝŵƉŽƌƚ 
ŝnƚŽ ƚŚĞ ĐǇƚŽƉůaƐŵ ƚŽ ƐƵƉƉŽƌƚ ƌaƉŝd ƚƵŵŽƌ ƉƌŽŐƌĞƐƐŝŽn ;>ŝďĞƌƟ and >ŽĐaƐaůĞ͕ ϮϬ1ϲͿ͘

• Evasion oĨ immune destrucƟon. �ĐĐŽƌdŝnŐ ƚŽ ƚŚĞ ĐŽnĐĞƉƚ ŽĨ ĐanĐĞƌ ŝŵŵƵnŽƐƵƌǀĞŝůůanĐĞ 
ƉƌŽƉŽƐĞd ŝn 19Ϭ9 ďǇ �ŚƌůŝĐŚ ;�ŚƌůŝĐŚ͕ 19Ϭ9Ϳ͕ ƚŚĞ ŚŽƐƚ ŝŵŵƵnĞ ƐǇƐƚĞŵ ďĞŚaǀĞƐ ůŝŬĞ a ƐŝŐnŝĮĐanƚ 
ďaƌƌŝĞƌ ƚŽ ƚƵŵŽƌ ĨŽƌŵaƟŽn and ƉƌŽŐƌĞƐƐŝŽn ďĞĐaƵƐĞ ĞŵĞƌŐŝnŐ ĐanĐĞƌ ĐĞůůƐ and naƐĐĞnƚ ƚƵŵŽƌƐ 
aƌĞ ĐŽnƐƚanƚůǇ ŝdĞnƟĮĞd and ĞƌadŝĐaƚĞd͘ ,ŽǁĞǀĞƌ͕  ƐƵĐĐĞƐƐĨƵů ĐanĐĞƌƐ ŵanaŐĞ ƚŽ aǀŽŝd dĞƚĞĐƟŽn 
ůŽnŐ ĞnŽƵŐŚ ƚŽ dĞǀĞůŽƉ ŝn ƉaƟĞnƚƐ ǁŝƚŚ a ĨƵůůǇ ĨƵnĐƟŽnaů ŝŵŵƵnĞ ƐǇƐƚĞŵ͘ dŚĞ ĐŽnĐĞƉƚ ŽĨ 
ŝŵŵƵnŽƐƵƌǀĞŝůůanĐĞ ŚaƐ ďĞĞn ƵƉdaƚĞd and ƌĞĮnĞd ŝnƚŽ a ƚŚĞŽƌǇ ƚĞƌŵĞd ͚ŝŵŵƵnŽĞdŝƟnŐ͛ 
;DŝƩaů et al͕͘ ϮϬ1ϰͿ͕ ŝn ǁŚŝĐŚ ŚŽƐƚ ŝŵŵƵnĞ ƐǇƐƚĞŵ ƐŚaƉĞƐ ƚƵŵŽƌ ĨaƚĞ ŝn ƚŚƌĞĞ ƉŚaƐĞƐ͗  

• EliminaƟon͕ ǁŚĞƌĞ ŝnnaƚĞ and adaƉƟǀĞ ƌĞƐƉŽnƐĞƐ dĞƚĞĐƚ and dĞƐƚƌŽǇ ĞaƌůǇ 
ƚƵŵŽƌƐ ďĞĨŽƌĞ ƚŚĞǇ ďĞĐŽŵĞ ĐůŝnŝĐaůůǇ ǀŝƐŝďůĞ͘

• /n ƚŚĞ equiliďrium ƉŚaƐĞ͕ ƚŚĞ ŝŵŵƵnĞ ƐǇƐƚĞŵ ŚŽůdƐ ƚŚĞ ƚƵŵŽƌ ŝn a ƋƵŝĞƐĐĞnƚ 
ƐƚaƚĞ ƚŚanŬƐ ƚŽ a ďaůanĐĞ ďĞƚǁĞĞn anƟͲƚƵŵŽƌ ;/>Ͳ1Ϯ͕ /&EͲɶͿ and ƚƵŵŽƌ 
ƉƌŽŵŽƟnŐ ĐǇƚŽŬŝnĞƐ ;/>Ͳ1Ϭ͕ />ͲϮ3Ϳ͘ �ƵĞ ĐŽnƐƚanƚ ŝŵŵƵnĞ ƉƌĞƐƐƵƌĞ ƐŽŵĞ 
ĐanĐĞƌ ĐĞůůƐ ŵaǇ dĞǀĞůŽƉ nĞǁ adaƉƚaƟŽnƐ ƚŽ ĞǀadĞ ŝŵŵƵnĞ ƌĞĐŽŐnŝƟŽn and 
ŝndƵĐĞ ŝŵŵƵnŽƐƵƉƉƌĞƐƐŝŽn͕ ǁŚŝĐŚ ĮnaůůǇ ůĞad ƚŽ ĐanĐĞƌ ƉƌŽŐƌĞƐƐŝŽn ;ĐaƵƐŝnŐ 
ĐůŝnŝĐaůůǇ aƉƉaƌĞnƚ dŝƐĞaƐĞͿ͘ 

• Escape pŚase Đan ďĞ ŵĞdŝaƚĞd ƚŚƌŽƵŐŚ ǀaƌŝŽƵƐ ŵĞĐŚanŝƐŵƐ͕ ƐƵĐŚ aƐ ƌĞdƵĐĞd 
ŝŵŵƵnĞ ƌĞĐŽŐnŝƟŽn ;anƟŐĞn ůŽƐƐ Žƌ dĞĨĞĐƚƐ ŝn anƟŐĞnͲƉƌĞƐĞnƚaƟŽnͿ͕ 
ŝnĐƌĞaƐĞd ƌĞƐŝƐƚanĐĞ ƚŽ ŝŵŵƵnĞ ĐĞůůƐ aƩaĐŬ Žƌ ƚŚĞ dĞǀĞůŽƉŵĞnƚ ŽĨ an 
ŝŵŵƵnŽƐƵƉƉƌĞƐƐŝǀĞ ƚƵŵŽƌ ŵŝĐƌŽĞnǀŝƌŽnŵĞnƚ ;W�Ͳ1Ϳ ;DŝƩaů et al.͕ ϮϬ1ϰ͖ 
DƵĞnƐƚ et al.͕ ϮϬ1ϲͿ͘



ϰϱ

INTRODUCTION

DŽƌĞŽǀĞƌ͕  ƚŚĞ aƵƚŚŽƌƐ dĞƐĐƌŝďĞd ƚǁŽ ĞnaďůŝnŐ ĐŚaƌaĐƚĞƌŝƐƟĐƐ ŽĨ nĞŽƉůaƐƟĐ ĐĞůůƐ ƚŚaƚ ĨaĐŝůŝƚaƚĞ 
aĐƋƵŝƐŝƟŽn ŽĨ ŚaůůŵaƌŬ ĐaƉaďŝůŝƟĞƐ͗  ŐĞnŽŵĞ ŝnƐƚaďŝůŝƚǇ and ƚƵŵŽƌͲƉƌŽŵŽƟnŐ ŝnŇaŵŵaƟŽn͘ 

• Genome instaďility. dŚĞ ŐĞnĞƟĐ ŝnĨŽƌŵaƟŽn ŽĨ a ĐĞůů ;�E�Ϳ ŝƐ ĞnĐŽdĞd ŝn ŐĞnĞƐ͕ and ŝn 
ƚƵƌn ƚŚĞƐĞ aƌĞ ƉaĐŬaŐĞd ŝn ĐŚƌŽŵŽƐŽŵĞƐ ǁŝƚŚŝn ƚŚĞ ĐĞůů nƵĐůĞƵƐ͘ �E� Đan ƐƵīĞƌ daŵaŐĞ 
and ŵƵƚaƟŽnƐ ŝnĐůƵdŝnŐ dĞůĞƟŽn ŽĨ ǁŚŽůĞ ŐĞnĞƐ͕ Žƌ addŝƟŽn ŽĨ Ğǆƚƌa ĐŽƉŝĞƐ ŽĨ ŐĞnĞƐ͘ dŚŝƐ 
ŝƐ ĐaůůĞd ŐĞnŽŵŝĐ ŝnƐƚaďŝůŝƚǇ͘ dŚĞƐĞ ĐŚanŐĞƐ ŵaǇ ŚaƉƉĞn ƚŚƌŽƵŐŚ ƚŚĞ dĞƌĞŐƵůaƟŽn ŽĨ anǇ ŽĨ 
ƚŚĞƐĞ ŵĞĐŚanŝƐŵƐ͗ �E� ƌĞƉůŝĐaƟŽn ŝn ^ͲƉŚaƐĞ͕ ĐŚƌŽŵŽƐŽŵĞ ƐĞŐƌĞŐaƟŽn ŝn ŵŝƚŽƐŝƐ͕ and �E� 
ƌĞƉaŝƌ ;^ŚĞn͕ ϮϬ11Ϳ͘ �n ŝnĐƌĞaƐĞd ƚĞndĞnĐǇ ŽĨ ƚŚĞƐĞ aůƚĞƌaƟŽnƐ ŝn ƚŚĞ ŐĞnŽŵĞ ;ĞƐƉĞĐŝaůůǇ ŝn 
ŽnĐŽŐĞnĞƐ͕ ƚƵŵŽƌ ƐƵƉƉƌĞƐƐŽƌ ŐĞnĞƐ Žƌ �E� ƌĞƉaŝƌŝnŐ ŐĞnĞƐͿ dƵƌŝnŐ ĐĞůů ĐǇĐůĞ ƉƌŽŵŽƚĞƐ ƚŚĞ 
aĐƋƵŝƐŝƟŽn ŽĨ ĐanĐĞƌ ŚaůůŵaƌŬƐ͘ dŚŝƐ aīĞĐƚƐ ƚŽ ƚŚĞ ƉƌŽďaďŝůŝƚǇ and ƌaƚĞ ŽĨ ĐanĐĞƌ dĞǀĞůŽƉŵĞnƚ 
;,anaŚan and tĞŝnďĞƌŐ͕ ϮϬ11Ϳ͘ 

• Tumor-promoƟnŐ inŇammaƟon. /n ƌĞƐƉŽnƐĞ ƚŽ ƟƐƐƵĞ ŝnũƵƌǇ͕  a ŵƵůƟĨaĐƚŽƌŝaů nĞƚǁŽƌŬ ŽĨ 
ĐŚĞŵŝĐaů ƐŝŐnaůƐ ŝnŝƟaƚĞƐ ŝn ŽƌdĞƌ ƚŽ ŚĞaů ƚŚĞ aŋŝĐƚĞd ƟƐƐƵĞ͘ dŚĞ aĐƵƚĞ ŝnŇaŵŵaƚŽƌǇ ƌĞƐƉŽnƐĞ 
ŝƐ nŽƌŵaůůǇ ůŽĐaůŝǌĞd and ŝƐ ƉƌŽƚĞĐƟǀĞ͘ dŚŝƐ ŝnǀŽůǀĞƐ aĐƟǀaƟŽn and dŝƌĞĐƚĞd ŵŝŐƌaƟŽn ŽĨ ŝŵŵƵnĞ 
ůĞƵŬŽĐǇƚĞƐ ;nĞƵƚƌŽƉŚŝůƐ͕ ŵŽnŽĐǇƚĞƐ and ĞŽƐŝnŽƉŚŝůƐͿ ĨƌŽŵ ƚŚĞ ǀĞnŽƵƐ ƐǇƐƚĞŵ ƚŽ daŵaŐĞd ƐŝƚĞƐ͘ 
dŚĞƐĞ ĐĞůůƐ ŝn ƚƵƌn aƌĞ ĐaƉaďůĞ ŽĨ ƉƌŽdƵĐŝnŐ ĐǇƚŽŬŝnĞƐ and ĐǇƚŽƚŽǆŝĐ ŵĞdŝaƚŽƌƐ ƚŚaƚ dŝĐƚaƚĞƐ 
ƚŚĞ naƚƵƌaů ĞǀŽůƵƟŽn ŽĨ ƚŚĞ ŝnŇaŵŵaƚŽƌǇ ƌĞƐƉŽnƐĞ͘ dƵŵŽƌ ĐĞůůƐ ƉƌŽdƵĐĞ ǀaƌŝŽƵƐ ĐǇƚŽŬŝnĞƐ 
and ĐŚĞŵŽŬŝnĞƐ ƚŚaƚ aůƐŽ aƩƌaĐƚ ĞƵŬŽĐǇƚĞƐ ŝnƚŽ ƚŚĞ ƚƵŵŽƌ ŵaƐƐ ůĞadŝnŐ ƚŽ a ĐŚƌŽnŝĐ ƚƵŵŽƌͲ
aƐƐŽĐŝaƚĞd ŝnŇaŵŵaƚŽƌǇ ƌĞƐƉŽnƐĞ ;�ŽƵƐƐĞnƐ and tĞƌď͕ ϮϬϬϮͿ͘ dƵŵŽƌͲaƐƐŽĐŝaƚĞd ŵaĐƌŽƉŚaŐĞƐ 
;d�DƐͿ͕ dĞƌŝǀĞd ĨƌŽŵ ĐŝƌĐƵůaƟnŐ ŵŽnŽĐǇƚĞƐ͕ ĐŽnƚƌŝďƵƚĞ ƚŽ ŚaůůŵaƌŬƐ ĐaƉaďŝůŝƟĞƐ ďǇ ƐƵƉƉůǇŝnŐ 
ďŝŽaĐƟǀĞ ŵŽůĞĐƵůĞƐ ƚŽ ƚŚĞ ƚƵŵŽƌ ŵŝĐƌŽĞnǀŝƌŽnŵĞnƚ͕ ŝnĐůƵdŝnŐ ŐƌŽǁƚŚ ĨaĐƚŽƌƐ ƚŽ ƉƌŽŵŽƚĞ 
ƚƵŵŽƌ dĞǀĞůŽƉŵĞnƚ͕ ƐƵƌǀŝǀaů ĨaĐƚŽƌƐ ƚŚaƚ ůŝŵŝƚ ĐĞůů dĞaƚŚ͕ ƉƌŽͲanŐŝŽŐĞnŝĐ ĨaĐƚŽƌƐ͕ ĞǆƚƌaĐĞůůƵůaƌ 
ŵaƚƌŝǆͲŵŽdŝĨǇŝnŐ ĞnǌǇŵĞƐ ƚŚaƚ ĨaĐŝůŝƚaƚĞ anŐŝŽŐĞnĞƐŝƐ͕ ŝnǀaƐŝŽn͕ and ŵĞƚaƐƚaƐŝƐ͕ and ŝndƵĐƟǀĞ 
ƐŝŐnaůƐ ƚŚaƚ ůĞad ƚŽ aĐƟǀaƟŽn ŽĨ �Dd͘  DŽƌĞŽǀĞƌ͕  ŝnŇaŵŵaƟŽn ŝƐ a ƐŽƵƌĐĞ ŽĨ ƌĞaĐƟǀĞ ŽǆǇŐĞn 
ƐƉĞĐŝĞƐ ;ZK^Ϳ ƚŚaƚ aƌĞ ĐaƉaďůĞ ŽĨ ŝndƵĐŝnŐ �E� daŵaŐĞ and ŐĞnŽŵŝĐ ŝnƐƚaďŝůŝƚǇ ;'ƌŝǀĞnnŝŬŽǀ͕  
'ƌĞƚĞn and <aƌŝn͕ ϮϬ1Ϭ͖ ,anaŚan and tĞŝnďĞƌŐ͕ ϮϬ11Ϳ͘ 

1.3.2. Tumor microenvironment and cancer stem cells
dƵŵŽƌƐ aƌĞ nŽƚ ũƵƐƚ ŵaƐƐĞƐ ŽĨ ĐanĐĞƌ ĐĞůůƐ͕ ƚŚĞǇ Đan ďĞ ĐŽnƐŝdĞƌĞd aƐ a ĐŽŵƉůĞǆ ŽƌŐan͕ ƚŽ ǁŚŝĐŚ 

ŵanǇ ŽƚŚĞƌ ĐĞůůƐ aƌĞ ƌĞĐƌƵŝƚĞd and Đan ďĞ ĐŽƌƌƵƉƚĞd ďǇ ƚŚĞ ƚƌanƐĨŽƌŵĞd ĐĞůůƐ͘ /ƚ ŝnĐůƵdĞƐ ĐĞůůƐ ŽĨ 
ŚĞŵaƚŽƉŽŝĞƟĐ and ŵĞƐĞnĐŚǇŵaů ŽƌŝŐŝn͕ and nŽnͲĐĞůůƵůaƌ ĐŽŵƉŽnĞnƚƐ ;�aůŬǁŝůů͕ �aƉaƐƐŽ and 
,aŐĞŵann͕ ϮϬ1Ϯ͖ DŝƩaů et al.͕ ϮϬ1ϲͿ͘



ϰϲ

FiŐure 7. ScŚeme oĨ tumor microenvironment cells types ;WaƩaďŝƌaŵan and tĞŝnďĞƌŐ͕ ϮϬ1ϰͿ͘

• �ĞůůƐ ŽĨ ŚĞŵaƚŽƉŽŝĞƟĐ ŽƌŝŐŝn aƌŝƐĞ ĨƌŽŵ ƚŚĞ ďŽnĞ ŵaƌƌŽǁ and aƌĞ ƐƵďdŝǀŝdĞd ŝnƚŽ ĐĞůůƐ ŽĨ 
ƚŚĞ ůǇŵƉŚŽŝd ůŝnĞaŐĞ ;d ĐĞůůƐ͕ � ĐĞůůƐ and naƚƵƌaů ŬŝůůĞƌ ĐĞůůƐͿ and ƚŚŽƐĞ ŽĨ ƚŚĞ ŵǇĞůŽŝd ůŝnĞaŐĞ 
;ŵaĐƌŽƉŚaŐĞƐ͕ nĞƵƚƌŽƉŚŝůƐ and ŵǇĞůŽŝdͲdĞƌŝǀĞd ƐƵƉƉƌĞƐƐŽƌ ĐĞůůƐͿ͘

• �ĞůůƐ ŽĨ ŵĞƐĞnĐŚǇŵaů ŽƌŝŐŝn ĞnĐŽŵƉaƐƐ ĮďƌŽďůaƐƚƐ͕ ŵǇŽĮďƌŽďůaƐƚƐ͕ ŵĞƐĞnĐŚǇŵaů ƐƚĞŵ ĐĞůůƐ͕ 
adŝƉŽĐǇƚĞƐ and ĞndŽƚŚĞůŝaů ĐĞůůƐ͘ /nƚĞƌaĐƟŽnƐ ďĞƚǁĞĞn ŵaůŝŐnanƚ and nŽnͲƚƌanƐĨŽƌŵĞd ĐĞůůƐ 
ĐƌĞaƚĞ ƚŚĞ ƚƵŵŽƌ ŵŝĐƌŽĞnǀŝƌŽnŵĞnƚ͘ 

• EŽnͲĐĞůůƵůaƌ ĐŽŵƉŽnĞnƚƐ ŝnĐůƵdĞ ƉƌŽƚĞŝnƐ ;ƚǇƉĞ /s ĐŽůůaŐĞn͕ ůaŵŝnŝn and ĮďƌŽnĞĐƟnͿ͕ 
ŐůǇĐŽƉƌŽƚĞŝnƐ and ƉƌŽƚĞŽŐůǇĐanƐ ƚŚaƚ ĨŽƌŵ ƚŚĞ ĞǆƚƌaĐĞůůƵůaƌ ŵaƚƌŝǆ͘

�ŵŽnŐ ƚŚĞ ĐanĐĞƌ ĐĞůůƐ ŽĨ a ƚƵŵŽƌ͕  ĐanĐĞƌ ƐƚĞŵ ĐĞůůƐ ;�^�Ϳ aƌĞ a ĐůaƐƐ ŽĨ ƉůƵƌŝƉŽƚĞnƚ ĐĞůůƐ ƚŚaƚ 
ƉŽƐƐĞƐƐĞƐ a ĐaƉaĐŝƚǇ ĨŽƌ ƐƵƐƚaŝnĞd ƐĞůĨͲƌĞnĞǁaů͕ aďůĞ ƚŽ dŝǀŝdĞ ŝnƚŽ anŽƚŚĞƌ �^� andͬŽƌ ƚŽ dŝīĞƌĞnƟaƚĞ 
ŝnƚŽ ƐŽŵĞ ŽĨ ƚŚĞ ƐƉĞĐƚƌƵŵ ŽĨ ĐĞůů ƚǇƉĞƐ ŽďƐĞƌǀĞd ŝn ƚƵŵŽƌƐ ƚŚƌŽƵŐŚ ƐƚĞŵnĞƐƐ ƉaƚŚǁaǇƐ͕ ƐƵĐŚ aƐ 
tnƚ͕ d'&Ͳɴ͕ ^d�d͕  and ,ŝƉƉŽͲz�Wͬd��͕ aŵŽnŐ ŽƚŚĞƌƐ͘ hƐƵaůůǇ͕ ŝn nŽƌŵaů ƐƚĞŵ ĐĞůůƐ͕ ƚŚĞƐĞ ƉaƚŚǁaǇƐ 
aƌĞ ƐƚƌŝĐƚůǇ ƌĞŐƵůaƚĞd͖ ŝn ĐŽnƚƌaƐƚ͕ ƐƚĞŵnĞƐƐ ƉaƚŚǁaǇƐ ŝn �^�Ɛ aƌĞ ƐŝŐnŝĮĐanƚůǇ dǇƐƌĞŐƵůaƚĞd ;�ũanŝ 
et al., ϮϬ1ϱͿ͘

dŚĞ ŽƌŝŐŝn ŽĨ �^�Ɛ ǁŝƚŚŝn a ƐŽůŝd ƚƵŵŽƌ ŵaǇ ďĞ dŝǀĞƌƐĞ͘ /n ƐŽŵĞ ƚƵŵŽƌƐ͕ nŽƌŵaů ƟƐƐƵĞ ƐƚĞŵ ĐĞůůƐ 
ŵaǇ ƵndĞƌŐŽ ŽnĐŽŐĞnŝĐ ƚƌanƐĨŽƌŵaƟŽn ŝnƚŽ �^�Ɛ͘ /n ŽƚŚĞƌƐ͕ ƚŚĞ �Dd ƉƌŽĐĞƐƐ͕ ŝn ǁŚŝĐŚ ĞƉŝƚŚĞůŝaů ĐĞůůƐ 
aƌĞ ƚƌanƐĨŽƌŵĞd ŝnƚŽ a ŵĞƐĞnĐŚǇŵaů ƉŚĞnŽƚǇƉĞ͕ ŵaǇ ŝnǀŽůǀĞ aĐƋƵŝƐŝƟŽn ŽĨ ƐƚĞŵnĞƐƐ ;�ŚanŐ͕ ϮϬ1ϲͿ͘

�^�Ɛ ŚaǀĞ ďĞĞn ŝnǀŽůǀĞd ŝn ƚƵŵŽƌ dĞǀĞůŽƉŵĞnƚ͕ ĐĞůů ƉƌŽůŝĨĞƌaƟŽn͕ and ŵĞƚaƐƚaƟĐ dŝƐƐĞŵŝnaƟŽn ŝn 
nƵŵĞƌŽƵƐ ĐanĐĞƌ ŵŽdĞůƐ͘ dŚŝƐ Ŭŝnd ŽĨ ĐĞůůƐ aůƐŽ ĞǆŚŝďŝƚƐ ƌĞƐŝƐƚanĐĞ ƚŽ ĐŚĞŵŽƚŚĞƌaƉǇ and ƌadŝŽƚŚĞƌaƉǇ͕  
ďĞŝnŐ ƌĞƐƉŽnƐŝďůĞ ĨŽƌ ƚƵŵŽƌ ƌĞĐƵƌƌĞnĐĞƐ͘ dŚĞ ŵĞĐŚanŝƐŵƐ ƵndĞƌůǇŝnŐ aĐƋƵŝƌĞd ƌĞƐŝƐƚanĐĞ aƌĞ an 
aĐƟǀĞ aƌĞa ŽĨ ŝnǀĞƐƟŐaƟŽn͕ ƐŝnĐĞ ƚƵŵŽƌƐ ďĞĐŽŵĞ ŝnƐĞnƐŝƟǀĞ ƚŽ ĐŽnǀĞnƟŽnaů ƚƌĞaƚŵĞnƚƐ͕ ůĞadŝnŐ ƚŽ 
ƚƵŵŽƌ ƉƌŽŐƌĞƐƐŝŽn and ƌĞůaƉƐĞ ;sŝdaů et al.͕ ϮϬ1ϰͿ͘ dŚĞƌĞĨŽƌĞ͕ ƚŚĞ ŝdĞnƟĮĐaƟŽn and ĐŚaƌaĐƚĞƌŝǌaƟŽn 
ŽĨ �^�Ɛ ŚaƐ ƌĞǀĞaůĞd ƚŚĞ nĞĞd ĨŽƌ dĞǀĞůŽƉŝnŐ ƐƉĞĐŝĮĐ ƚŚĞƌaƉŝĞƐ ƚŚaƚ ƚaƌŐĞƚ ƚŚĞ ŬĞǇ ƐŝŐnaůŝnŐ ƉaƚŚǁaǇƐ 
ƐƵƉƉŽƌƟnŐ ƉƌŽůŝĨĞƌaƟŽn ŽĨ ƚŚĞƐĞ ĐĞůůƐ͘ 



ϰϳ

INTRODUCTION

1.3.3. Metabolic adaptations of  cancer cells
DĞƚaďŽůŝƐŵ ŝƐ ƚŚĞ ƚĞƌŵ ƚŚaƚ ŝƐ ƵƐĞd ƚŽ dĞƐĐƌŝďĞ ƚŚĞ ŝnƚĞŐƌaƚĞd nĞƚǁŽƌŬ ŽĨ ĐŚĞŵŝĐaů ƌĞaĐƟŽnƐ 

ŝnǀŽůǀĞd ŝn ƐƵƐƚaŝnŝnŐ ŐƌŽǁƚŚ͕ ƉƌŽůŝĨĞƌaƟŽn and ƐƵƌǀŝǀaů ŽĨ ĐĞůůƐ͘ dŚĞƐĞ ƌĞaĐƟŽnƐ aƌĞ ĐaƌƌŝĞd ŽƵƚ ďǇ 
ĞnǌǇŵĞƐ and aƌĞ ƌĞŐƵůaƚĞd ďǇ ƐŝŐnaůŝnŐ ƉaƚŚǁaǇƐ ƚŚaƚ ƌĞƐƉŽnd ƚŽ ƐƉĞĐŝĮĐ ĐĞůůƵůaƌ nĞĞdƐ͘ /n ƉaƌƟĐƵůaƌ͕  
ƚƵŵŽƌ ĐĞůůƐ ŚaǀĞ ƚŽ aůƚĞƌ ƚŚĞŝƌ ŵĞƚaďŽůŝƐŵ ŝn ŽƌdĞƌ ƚŽ ƐaƟƐĨǇ ƚŚĞ ĞnĞƌŐĞƟĐ and ďŝŽƐǇnƚŚĞƟĐ dĞŵandƐ 
aƐƐŽĐŝaƚĞd ƚŽ a ŚŝŐŚĞƌ ƌaƚĞ ŽĨ ŐƌŽǁƚŚ and dŝǀŝƐŝŽn ;�aŝƌnƐ͕ ,aƌƌŝƐ and DaŬ͕ ϮϬ11Ϳ͘

/n ƚŚŝƐ ƌĞŐaƌd͕ ƚŚĞ dŝīĞƌĞnƚ ŚaůůŵaƌŬƐ ŽĨ ĐanĐĞƌ ŵĞƚaďŽůŝƐŵ ŚaǀĞ ƌĞĐĞnƚůǇ ďĞĞn ĐŽŵƉŝůĞd ďǇ WaǀůŽǀa 
and dŚŽŵƉƐŽn͘ /n ƐƵŵŵaƌǇ͕  ƚŚĞǇ dĞƐĐƌŝďĞ ƚŚaƚ ĐanĐĞƌ ŵĞƚaďŽůŝĐ aůƚĞƌaƟŽnƐ aīĞĐƚ͕ Žn ŽnĞ Śand͕ ƚŚĞ 
ŵĞƚaďŽůŝƚĞ ŝnŇƵǆ͕ ĐŽnĨĞƌƌŝnŐ an ŝnĐƌĞaƐĞd aďŝůŝƚǇ ƚŽ aĐƋƵŝƌĞ ƚŚĞ nĞĐĞƐƐaƌǇ nƵƚƌŝĞnƚƐ ĨƌŽŵ a ĨƌĞƋƵĞnƚůǇ 
nƵƚƌŝĞnƚͲƉŽŽƌ ĞnǀŝƌŽnŵĞnƚ͘ Kn ƚŚĞ ŽƚŚĞƌ Śand͕ ŵĞƚaďŽůŝĐ ƌĞŵŽdĞůŝnŐ ŝnǀŽůǀĞƐ ĐŚanŐĞƐ ŝn ƚŚĞ ǁaǇ 
nƵƚƌŝĞnƚƐ aƌĞ ƵƐĞd ŝn ƐƉĞĐŝĮĐ ŵĞƚaďŽůŝĐ ƉaƚŚǁaǇƐ ƚŽ ƐƵƐƚaŝn ĐanĐĞƌ ĐĞůů dĞŵandƐ͘ /n ƚƵƌn͕ ůŽnŐͲƚĞƌŵ 
ĞīĞĐƚƐ Žn ĐĞůů ĨaƚĞ ƚaŬĞ ƉůaĐĞ͕ ŝnĐůƵdŝnŐ aůƚĞƌaƟŽnƐ ŝn ŐĞnĞ ƌĞŐƵůaƟŽn dƌŝǀĞn ďǇ dŝǀĞƌƐĞ ŵĞƚaďŽůŝƚĞƐ͕ 
and aůƚĞƌaƟŽnƐ ŝn ƚƵŵŽƌ ŵŝĐƌŽĞnǀŝƌŽnŵĞnƚ͕ ǁŚŝĐŚ ƌĞĐŝƉƌŽĐaůůǇ aīĞĐƚƐ ƚŚĞ ĐanĐĞƌ ĐĞůů ŵĞƚaďŽůŝƐŵ and 
ƐŝŐnaůŝnŐ ƚŽ ƐƵƉƉŽƌƚ ƚƵŵŽƌ ŐƌŽǁƚŚ and dŝƐƐĞŵŝnaƟŽn ;WaǀůŽǀa and dŚŽŵƉƐŽn͕ ϮϬ1ϲͿ͘

dŽ ŵaŝnƚaŝn ĐĞůůƵůaƌ ƉƌŽĐĞƐƐ and ƌaƉŝd ĐĞůů dŝǀŝƐŝŽn͕ ƉƌŽůŝĨĞƌaƟnŐ ƚƵŵŽƌ ĐĞůůƐ nĞĞd ƚŽ ŐĞnĞƌaƚĞ 
ĞnĞƌŐǇ ĨƌŽŵ ŐůƵĐŽƐĞ͘ WƌĞdŽŵŝnanƚůǇ͕  ƚŚĞƐĞ ĐĞůůƐ ƐŚŝŌ �dW ŐĞnĞƌaƟŽn ĨƌŽŵ KyW,K^ ƚŽ aĞƌŽďŝĐ ŐůǇĐŽůǇƐŝƐ 
;taƌďƵƌŐ ĞīĞĐƚͿ͘ �Ɛ a ƌĞƐƵůƚ͕ ĐanĐĞƌ ĐĞůůƐ ƉƌŽdƵĐĞ ĞnĞƌŐǇ ĨƌŽŵ ŝnĐŽŵŝnŐ ŐůƵĐŽƐĞ ďǇ ŐůǇĐŽůǇƐŝƐ ĨŽůůŽǁĞd 
ďǇ ůaĐƟĐ aĐŝd ĨĞƌŵĞnƚaƟŽn ŝn ƚŚĞ ĐǇƚŽƐŽů͕ ƌaƚŚĞƌ ƚŚan ďǇ ŐůǇĐŽůǇƐŝƐ ĨŽůůŽǁĞd ďǇ ŽǆŝdaƟŽn ŽĨ ƉǇƌƵǀaƚĞ 
ŝn ƚŚĞ ŵŝƚŽĐŚŽndƌŝa͕ aƐ ŵŽƐƚ nŽƌŵaů ĐĞůůƐ dŽ͘ �ĞƌŽďŝĐ ŐůǇĐŽůǇƐŝƐ ŐĞnĞƌaƚĞ ůĞƐƐ �dW ƉĞƌ Ƶnŝƚ ŽĨ ŐůƵĐŽƐĞ 
ĐŽnƐƵŵĞd ƚŚan KyW,K^͕ ƚŚĞƌĞĨŽƌĞ ĐanĐĞƌ ĐĞůůƐ ŵƵƐƚ ŝnĐƌĞaƐĞ ƚŚĞ ŝŵƉŽƌƚ ŽĨ ŐůƵĐŽƐĞ ƚŽ ƐƵƐƚaŝn ƚŚĞŝƌ 
ŝnĐƌĞaƐĞd ĞnĞƌŐĞƟĐ͕ ďŝŽƐǇnƚŚĞƟĐ and ƌĞdŽǆ nĞĞdƐ ;�aŝƌnƐ͕ ,aƌƌŝƐ and DaŬ͕ ϮϬ11Ϳ͘ �ůƚŚŽƵŐŚ ƚŚŝƐ ƉƌŽĐĞƐƐ 
ŚaƐ a ůŽǁĞƌ ĞnĞƌŐĞƟĐ ǇŝĞůd͕ ŝƚ ƉƌŽdƵĐĞƐ �dW ĨaƐƚĞƌ ƚŚan KyW,K^ and ƉƌŽǀŝdĞƐ ƐĞůĞĐƟǀĞ adǀanƚaŐĞƐ ƚŽ 
ĐanĐĞƌ ĐĞůůƐ ƐƵĐŚ aƐ ŵaŝnƚĞnanĐĞ ŽĨ ƚŚĞ aƉƉƌŽƉƌŝaƚĞ ďaůanĐĞ ŽĨ ZK^͕ ŚŝŐŚ ƉƌŽdƵĐƟŽn ŽĨ ŵĞƚaďŽůŝĐ 
ŝnƚĞƌŵĞdŝaƚĞƐ ĨŽƌ ŵaĐƌŽŵŽůĞĐƵůaƌ ďŝŽƐǇnƚŚĞƐŝƐ and aĐŝdŝĮĐaƟŽn ŽĨ ĞǆƚƌaĐĞůůƵůaƌ ŵŝĐƌŽĞnǀŝƌŽnŵĞnƚ 
dƵĞ ƚŽ ůaĐƚaƚĞ ĞǆĐƌĞƟŽn ;>ŝďĞƌƟ and >ŽĐaƐaůĞ͕ ϮϬ1ϲͿ͘ 

dŚŝƐ ŵĞƚaďŽůŝĐ ƌĞƉƌŽŐƌaŵŵŝnŐ ŽĨ ƚƵŵŽƌ ĐĞůůƐ dĞƌŝǀĞƐ ĨƌŽŵ aůƚĞƌaƟŽnƐ ŝn ŵƵůƟƉůĞ ƐŝŐnaůŝnŐ 
ƉaƚŚǁaǇƐ͗ ƚŚĞ aĐƟǀaƟŽn ŽĨ W/3< ;ƉŚŽƐƉŚaƟdǇůŝnŽƐŝƚŽů 3ͲŬŝnaƐĞͿ͕ �ͲDz� ;ŵǇĞůŽĐǇƚŽŵaƚŽƐŝƐ ǀŝƌƵƐ 
ŽnĐŽŐĞnĞ ĐĞůůƵůaƌ ŚŽŵŽůŽŐͿ and ŚǇƉŽǆŝaͲŝndƵĐŝďůĞ ĨaĐƚŽƌ ,/&1͕ Žƌ ƚŚĞ ůŽƐƐͲŽĨͲĨƵnĐƟŽn ŵƵƚaƟŽnƐ ŝn 
ƚƵŵŽƌ ƐƵƉƉƌĞƐƐŽƌ dWϱ3 and ůŝǀĞƌ ŬŝnaƐĞ �1 ;><�1Ϳ ĐŽnƚƌŝďƵƚĞ ƚŽ ƚŚĞ ŐůǇĐŽůǇƟĐ ƉŚĞnŽƚǇƉĞ ;�aŝƌnƐ͕ 
,aƌƌŝƐ and DaŬ͕ ϮϬ11Ϳ͘

1.3.4. Dysregulated pH in cancer cells
,ŝŐŚ ƉƌŽůŝĨĞƌaƟǀĞ and ŐůǇĐŽůǇƟĐ ƌaƚĞƐ ŐĞnĞƌaƚĞ ůaƌŐĞ aŵŽƵnƚƐ ŽĨ ,+ ;ŝnĐůƵdŝnŐ ůaĐƟĐ and ĐaƌďŽnŝĐ 

aĐŝdƐ͕ ǁŚŝĐŚ aƌĞ Ğnd ƉƌŽdƵĐƚƐ ŽĨ ŵĞƚaďŽůŝĐ ƉaƚŚǁaǇƐͿ͘ dŚŝƐ ĐƌĞaƚĞƐ ƚŚĞ ƉƌŽďůĞŵ ŽĨ ŝnƚƌaĐĞůůƵůaƌ 
aĐŝdŝĮĐaƟŽn and ůaĐƚaƚĞ aĐĐƵŵƵůaƟŽn͘ dŽ aǀŽŝd aĐŝdŝĮĐaƟŽn ŽĨ ŝnƚƌaĐĞůůƵůaƌ Ɖ,͕ ƚƵŵŽƌ ĐĞůůƐ ŚaǀĞ 
ĐŚanŐĞd ƚŚĞ ĞǆƉƌĞƐƐŝŽn andͬŽƌ aĐƟǀŝƚǇ ŽĨ ƉůaƐŵa ŵĞŵďƌanĞ ŝŽn ƉƵŵƉƐ and ƚƌanƐƉŽƌƚĞƌƐ ƚŚaƚ ĨaĐŝůŝƚaƚĞ 
aĐŝdŝĐ ĐaƚaďŽůŝƚĞƐ ĞŋƵǆ and ƉƌĞƐĞƌǀĞ a ƐůŝŐŚƚůǇ aůŬaůŝnĞ ŝnƚƌaĐĞůůƵůaƌ Ɖ, ;Ɖ,iͿ ;EĞƌi and ^ƵƉƵƌan͕ ϮϬ11͖ 
^ĐŚƵůǌĞ and ,aƌƌiƐ͕ ϮϬ1Ϯ͖ WaƌŬƐ et al͕͘ ϮϬ13Ϳ͘ 
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FiŐure 8. Maũor pH reŐulators in a cancer cell ;�aŵaŐŚi͕ tŽũƚŬŽǁiaŬ and 'iůůiĞƐ͕ ϮϬ13

dŚĞ ŵain aĐidͲƌĞŐƵůaƚŽƌǇ ƐǇƐƚĞŵƐ iŵƉůiĐaƚĞd in ƚŚĞ Ɖ, ƌĞŐƵůaƟŽn ŽĨ ĐanĐĞƌ ĐĞůůƐ inǀŽůǀĞ Ea+ͬ
,+ ĞǆĐŚanŐĞƌƐ ;E,�ƐͿ͕ ĐaƌďŽniĐ anŚǇdƌaƐĞƐ ;��/y and ��y//Ϳ͕ ,�K3Ͳ ƚƌanƐƉŽƌƚĞƌƐ͕ ŵŽnŽĐaƌďŽǆǇůaƚĞ 
ƚƌanƐƉŽƌƚĞƌ 1 ;D�d1Ϳ and D�dϰ͕ aůƐŽ ŬnŽǁn aƐ ůaĐƚaƚĞͬ,+ ƐǇŵƉŽƌƚĞƌƐ and inƚƌaĐĞůůƵůaƌ ,+ ƉƵŵƉƐ 
;�aŵaŐŚi͕ tŽũƚŬŽǁiaŬ and 'iůůiĞƐ͕ ϮϬ13͖ WaƌŬƐ Ğƚ aů͕͘ ϮϬ13Ϳ͘ �ŵŽnŐ ƚŚĞŵ͕ ƚŚĞ ŵŽƐƚ iŵƉŽƌƚanƚ and 
ŵŽƐƚ ƐƚƵdiĞd ƉƌŽƚŽn ƚƌanƐƉŽƌƚĞƌ iƐ Ea+ͬ,+ ĞǆĐŚanŐĞƌ iƐŽĨŽƌŵ 1͕ E,�1͘ /ƚƐ ĞůĞǀaƚĞd aĐƟǀiƚǇ in ĐanĐĞƌ 
iƐ ĐŽnƐidĞƌĞd ƚŽ ďĞ ƚŚĞ ŵaũŽƌ ĨaĐƚŽƌ in ƉƌŽŵŽƟnŐ ƚƵŵŽƌ ĞǆƚƌaĐĞůůƵůaƌ aĐidiƚǇ͕  and ĐŽnƚƌiďƵƟnŐ ƚŽ 
ŵaůiŐnanƚ ĐĞůůƵůaƌ ƚƌanƐĨŽƌŵaƟŽn and ƚƵŵŽƌ dĞǀĞůŽƉŵĞnƚ ;�ůĨaƌŽƵŬ et al.͕ ϮϬ1ϰͿ͘

�Ɛ a ƌĞƐƵůƚ ŽĨ ŽǀĞƌĞǆƉƌĞƐƐiŽn and inĐƌĞaƐĞd aĐƟǀiƚǇ ŽĨ ƚŚĞƐĞ ƚƌanƐƉŽƌƚĞƌƐ͕ a ƌĞǀĞƌƐiŽn ŽĨ ƚŚĞ 
nŽƌŵaů Ɖ, ŐƌadiĞnƚƐ ŽĐĐƵƌƐ͕ ƐŽ ƚŚaƚ ĐanĐĞƌ ĐĞůůƐ ĐaƵƐĞ a ƐiŐniĮĐanƚ aĐidiĮĐaƟŽn ŽĨ ƚŚĞ ĞǆƚƌaĐĞůůƵůaƌ 
ŵiĐƌŽĞnǀiƌŽnŵĞnƚ͕ dĞĐƌĞaƐinŐ Ɖ, ǀaůƵĞƐ ĨƌŽŵ ϳ͘ϰ ƚŽ ϲ͘ϳͲϳ͘1͕ ǁŚiůĞ ƚŚĞǇ ŵainƚain an aůŬaůinĞ Ɖ,i ŽĨ ϳ͘ϰ 
in ĐŽŵƉaƌiƐŽn ǁiƚŚ nŽƌŵaů ǀaůƵĞƐ ŽĨ ϳ͘Ϯ ;tĞďď et al.͕ ϮϬ11Ϳ͘

FiŐure 9. Reversed pH Őradient supports cancer proŐression ;tĞďď et al.͕ ϮϬ11Ϳ͘ 

DainƚaininŐ an aůŬaůinĞ inƚƌaĐĞůůƵůaƌ ŵiůiĞƵ iƐ a ƉĞƌŵiƐƐiǀĞ ƐiŐnaů ĨŽƌ ĐĞůů ƉƌŽůiĨĞƌaƟŽn ďĞĐaƵƐĞ iƚ 
inĐƌĞaƐĞƐ ƚŚĞ ƌaƚĞ aƚ ǁŚiĐŚ ĐĞůůƐ ĞnƚĞƌ in ^ͲƉŚaƐĞ and ƉƌŽŐƌĞƐƐ ƚŚƌŽƵŐŚ ƚŚĞ 'ϮͬD ƉŚaƐĞƐ͕ and aůƐŽ 
ĐŽnĨĞƌƐ ƚŚĞ adaƉƟǀĞ adǀanƚaŐĞ ŽĨ ďǇƉaƐƐinŐ ĐĞůů ĐǇĐůĞ ĐŚĞĐŬƉŽinƚƐ ;tĞďď et al.͕ ϮϬ11Ϳ͘ DŽƌĞŽǀĞƌ͕  
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INTRODUCTION

ƚŚĞ ƐƵƐƚainĞd ŚiŐŚĞƌ Ɖ,i iƐ ĞƐƐĞnƟaů ĨŽƌ ĐanĐĞƌͲĐĞůů ƐƵƌǀiǀaů ƐinĐĞ inƚƌaĐĞůůƵůaƌ aĐidiĮĐaƟŽn iƐ ƌĞůaƚĞd 
ƚŽ aƉŽƉƚŽƐiƐ ;>aŐadiĐͲ'ŽƐƐŵann͕ ,ƵĐ and >ĞĐƵƌĞƵƌ͕  ϮϬϬϰͿ͘ dŚiƐ Ɖ,i ĐŚanŐĞ ĨaĐiůiƚaƚĞƐ a ŵĞƚaďŽůiĐ 
adaƉƚaƟŽn ƉƌŽŵŽƟnŐ ŐůǇĐŽůǇƐiƐ ďĞĐaƵƐĞ ƚŚĞ aĐƟǀiƚǇ ŽĨ ƚŚĞ ĞnǌǇŵĞƐ ůaĐƚaƚĞ dĞŚǇdƌŽŐĞnaƐĞ ;>�,Ϳ 
and ƉŚŽƐƉŚŽĨƌƵĐƚŽŬinaƐĞ 1 ;W&<1Ϳ͕ ǁŚiĐŚ ƌĞŐƵůaƚĞ ƚŚiƐ ƉƌŽĐĞƐƐ͕ inĐƌĞaƐĞƐ aƚ aůŬaůinĞ Ɖ, ;tŚiƚĞ͕ 
'ƌiůůŽͲ,iůů and �aƌďĞƌ͕  ϮϬ1ϳͿ͘ &inaůůǇ͕  inĐƌĞaƐĞd Ɖ,i ƉƌŽŵŽƚĞƐ aĐƟn ƌĞŵŽdĞůinŐ and ĨŽĐaů adŚĞƐiŽn 
ƚƵƌnŽǀĞƌ nĞĐĞƐƐaƌǇ ĨŽƌ ĞĸĐiĞnƚ ĐĞůů ŵiŐƌaƟŽn͘ Kn ƚŚĞ ŽƚŚĞƌ Śand͕ aĐidiĮĐaƟŽn ŽĨ ƚŚĞ ĞǆƚƌaĐĞůůƵůaƌ 
ŵiĐƌŽĞnǀiƌŽnŵĞnƚ ƉƌŽǀidĞƐ ƚŚĞ ŽƉƟŵaů ĐŽndiƟŽnƐ ĨŽƌ ŵaƚƌiǆ ŵĞƚaůůŽƉƌŽƚĞinaƐĞƐ and aĐidiĐ ƉƌŽƚĞaƐĞƐ 
;ƵƌŽŬinaƐĞͲƚǇƉĞ ƉůaƐŵinŽŐĞn aĐƟǀaƚŽƌ͕  ĐaƚŚĞƉƐin �͕ � and >Ϳ ƚŽ dĞŐƌadĞ ĞǆƚƌaĐĞůůƵůaƌ ŵaƚƌiǆ͕ ƐƵƉƉŽƌƟnŐ 
ĐanĐĞƌͲĐĞůů inǀaƐiŽn and ŵĞƚaƐƚaƐiƐ ;^ƚŽĐŬ and ^ĐŚǁaď͕ ϮϬϬ9͖ tŚiƚĞ͕ 'ƌiůůŽͲ,iůů and �aƌďĞƌ͕  ϮϬ1ϳͿ͘

1.3.5. Dysregulated pathways in cancer
dŚĞ ĐaƌĐinŽŐĞnĞƐiƐ ƉƌŽĐĞƐƐ aƚ ƚŚĞ ŵŽůĞĐƵůaƌ ůĞǀĞů iƐ ŵainůǇ ƚŚĞ ƌĞƐƵůƚ ŽĨ aůƚĞƌaƟŽnƐ in diīĞƌĞnƚ 

ƉƌŽƚĞinƐ ŽĨ ĐĞůů ƐiŐnaůinŐ ƉaƚŚǁaǇƐ ƚŚaƚ ĐŽnƚƌŽů ƉƌŽĐĞƐƐĞƐ ƐƵĐŚ aƐ ƐƵƌǀiǀaů͕ ƉƌŽůiĨĞƌaƟŽn Žƌ diīĞƌĞnƟaƟŽn͘ 
�ŵŽnŐ aůů ƐiŐnaůinŐ ƉaƚŚǁaǇƐ͕ ƐŽŵĞ ŽĨ ƚŚĞŵ ƐĞĞŵ ƚŽ ďĞ aůƚĞƌĞd in ƚŚĞ ǀaƐƚ ŵaũŽƌiƚǇ ŽĨ ĐanĐĞƌƐ͕ ƐƵĐŚ 
aƐ W/3<ͬ�<dͬŵdKZ ;ŵĞĐŚaniƐƟĐ ƚaƌŐĞƚ ŽĨ ƌaƉaŵǇĐinͿ and D�W<͘ Kn ƚŚĞ ŽƚŚĞƌ Śand͕ aůƚĞƌaƟŽnƐ in 
ŵiĐƌŽZE�Ɛ aůƐŽ ůĞad ƚŽ ƚŚĞ dĞƌĞŐƵůaƟŽn ŽĨ ĐĞůůƵůaƌ ŚŽŵĞŽƐƚaƐiƐ͕ ďĞinŐ aďůĞ ƚŽ indƵĐĞ ƚŚĞ ƉƌŽĐĞƐƐ ŽĨ 
ĐaƌĐinŽŐĞnĞƐiƐ͘

1.3.5.1. PI3K/AKT pathway
^inĐĞ iƚƐ idĞnƟĮĐaƟŽn aƐ a ƉƌŽƚŽͲŽnĐŽŐĞnĞ͕ ƚŚĞ ƐĞƌinĞͲƚŚƌĞŽninĞ ŬinaƐĞ �<d͕  aůƐŽ ŬnŽǁn aƐ ƉƌŽƚĞin 

ŬinaƐĞ � ;W<�Ϳ͕ ŚaƐ ƚaŬĞn a ŬĞǇ ƌŽůĞ in ƚŚĞ W/3< ƉaƚŚǁaǇ͕  ƌĞŐƵůaƟnŐ a ǁidĞ ƌanŐĞ ŽĨ ƉŚǇƐiŽůŽŐiĐaů 
ĨƵnĐƟŽnƐ inĐůƵdinŐ ŵĞƚaďŽůiƐŵ͕ ƉƌŽůiĨĞƌaƟŽn͕ ƐƵƌǀiǀaů͕ ŐƌŽǁƚŚ͕ anŐiŽŐĞnĞƐiƐ͕ ŵiŐƌaƟŽn and inǀaƐiŽn 
;dŽŬĞƌ and DaƌŵiƌŽůi͕ ϮϬ1ϰͿ͘ �<d ďĞůŽnŐƐ ƚŽ ƚŚĞ �'� ĨaŵiůǇ ŽĨ ƉƌŽƚĞin ŬinaƐĞƐ and ĞǆiƐƚƐ aƐ ƚŚƌĞĞ 
iƐŽĨŽƌŵƐ in ŵaŵŵaůƐ͗ �<d1 ;W<�ɲͿ and �<dϮ ;W<�ɴͿ͕ ĞǆƉƌĞƐƐĞd in ŵŽƐƚ ƟƐƐƵĞ ƚǇƉĞƐ͕ and �<d3 ;W<�ǇͿ͕ 
ĞǆƉƌĞƐƐĞd in ƚĞƐƚĞƐ and ďƌain͘ dŚĞ iƐŽĨŽƌŵƐ ƐŚaƌĞ ƚŚƌĞĞ ĐŽnƐĞƌǀĞd ĨƵnĐƟŽnaů dŽŵainƐ͗ an aŵinŽͲ
ƚĞƌŵinaů ƉůĞĐŬƐƚƌin ŚŽŵŽůŽŐǇ ;W,Ϳ dŽŵain ƚŚaƚ ƌĞŐƵůaƚĞƐ inƚƌaĐĞůůƵůaƌ ƚƌaĸĐŬinŐ ŽĨ ƚŚĞ ƉƌŽƚĞin͕ a 
ĐĞnƚƌaů ĐaƚaůǇƟĐ dŽŵain͕ and a ĐaƌďŽǆǇͲƚĞƌŵinaů ƌĞŐƵůaƚŽƌǇ dŽŵain ;�aǀiĞƐ͕ ϮϬ11Ϳ͘ 

�ĐƟǀaƟŽn ŽĨ �<d iƐŽĨŽƌŵƐ iƐ dĞƉĞndĞnƚ Žn W/3< ƐƟŵƵůaƟŽn ǁiƚŚ ƚŚĞ ďindinŐ ŽĨ ŐƌŽǁƚŚ ĨaĐƚŽƌƐ͕ 
ŚŽƌŵŽnĞƐ͕ and ĐǇƚŽŬinĞƐ ƚŽ ƚŚĞ ƌĞĐĞƉƚŽƌ ƚǇƌŽƐinĞ ŬinaƐĞ ;Zd<Ϳ͕ ĐǇƚŽŬinĞ ƌĞĐĞƉƚŽƌ͕  Žƌ 'W�Z ;' ƉƌŽƚĞinʹ
ĐŽƵƉůĞd ƌĞĐĞƉƚŽƌͿ aƚ ƚŚĞ ƉůaƐŵa ŵĞŵďƌanĞ͘ dŚiƐ ďindinŐ ƌĞƐƵůƚƐ in a ƐƵďƐĞƋƵĞnƚ inĐƌĞaƐĞ ŽĨ W/W3 
;3ͲƉŚŽƐƉŚŽƌǇůaƚĞd ƉŚŽƐƉŚaƟdǇůinŽƐiƚŽůͿ ƚŚaƚ ƌĞĐƌƵiƚƐ �<d ƚŚƌŽƵŐŚ iƚƐ W, dŽŵain ƚŽ ƚŚĞ ĐĞůů ŵĞŵďƌanĞ͘ 
KnĐĞ ƚŚĞƌĞ͕ �<d iƐ aĐƟǀaƚĞd ƚŚƌŽƵŐŚ a dƵaů ƉŚŽƐƉŚŽƌǇůaƟŽn ŵĞĐŚaniƐŵ͘ W�<1 ;WǇƌƵǀaƚĞ dĞŚǇdƌŽŐĞnaƐĞ 
ŬinaƐĞ͕ iƐŽǌǇŵĞ 1Ϳ͕ ǁŚiĐŚ aůƐŽ ƉŽƐƐĞƐƐĞƐ a W, dŽŵain ƚŚaƚ ĨaĐiůiƚaƚĞƐ iƚƐ ďindinŐ ƚŽ ƚŚĞ ƉůaƐŵa ŵĞŵďƌanĞ͕ 
ƉŚŽƐƉŚŽƌǇůaƚĞƐ �<d ǁiƚŚin iƚƐ aĐƟǀaƟŽn ůŽŽƉ aƚ ƚŚƌĞŽninĞ 3Ϭ8͘ dŽ ƐƚaďiůiǌĞ ƚŚĞ aĐƟǀaƚĞd ĐŽnĨŽƌŵaƟŽn ŽĨ 
�<d͕  a ƐĞĐŽnd ƉŚŽƐƉŚŽƌǇůaƟŽn aƚ ƐĞƌinĞ ϰϳ3 ǁiƚŚin ƚŚĞ ĐaƌďŽǆǇ ƚĞƌŵinƵƐ iƐ aůƐŽ ƌĞƋƵiƌĞd and iƐ ĐaƌƌiĞd 
ŽƵƚ ďǇ ƚŚĞ ŵaŵŵaůian ƚaƌŐĞƚ ŽĨ ƌaƉaŵǇĐin ĐŽŵƉůĞǆ͕ ŵdKZ�Ϯ ;�aǀiĞƐ͕ ϮϬ11Ϳ͘

�nŽƚŚĞƌ ǁaǇ ƚŽ aĐƟǀaƚĞ ƚŚĞ �<d ƉaƚŚǁaǇ iŵƉůiĞƐ ƚŚĞ diƐƌƵƉƟŽn ŽĨ iƚƐ nĞŐaƟǀĞ ĨĞĞdďaĐŬ ŵĞĐŚaniƐŵƐ͘ 
dŚĞ ůiƉid ƉŚŽƐƉŚaƚaƐĞ Wd�E ;ƉŚŽƐƉŚaƚaƐĞ and ƚĞnƐin ŚŽŵŽůŽŐͿ iƐ a ƚƵŵŽƌ ƐƵƉƉƌĞƐƐŽƌ ƚŚaƚ ĐaƚaůǇǌĞƐ 
ƚŚĞ dĞƉŚŽƐƉŚŽƌǇůaƟŽn ŽĨ W/W3 aĐƟnŐ aƐ a nĞŐaƟǀĞ ƌĞŐƵůaƚŽƌ ŽĨ �<d͘  dŚĞ ůŽƐƐ ŽĨ Wd�E ĨƵnĐƟŽn iƐ 
ĐŽƌƌĞůaƚĞd ǁiƚŚ ŵanǇ ŚƵŵan ĐanĐĞƌƐ ;�ŚanŐ and zƵ͕ ϮϬ1ϬͿ͘ �<d aĐƟǀiƚǇ iƐ aůƐŽ nĞŐaƟǀĞůǇ ƌĞŐƵůaƚĞd ďǇ 
ƉŚŽƐƉŚaƚaƐĞƐ ;WWϮ�͕ W,>WW1͕ W,>WWϮͿ ƚŚaƚ dĞƉŚŽƐƉŚŽƌǇůaƚĞ �<d iƚƐĞůĨ ;�aǀiĞƐ͕ ϮϬ11Ϳ͘



ϱϬ

�ĐƟǀaƚĞd �<d ƌĞŐƵůaƚĞƐ a ǀaƌiĞƚǇ ŽĨ ĐĞůůƵůaƌ ƉƌŽĐĞƐƐĞƐ ƚŚƌŽƵŐŚ ƚŚĞ ƉŚŽƐƉŚŽƌǇůaƟŽn ŽĨ iƚƐ 
dŽǁnƐƚƌĞaŵ ƐƵďƐƚƌaƚĞƐ͕ ƐŽŵĞ ŽĨ ǁŚiĐŚ aƌĞ iůůƵƐƚƌaƚĞd in ĮŐƵƌĞ 1Ϭ͘

FiŐure 10͘ AKT siŐnalinŐ patŚǁay ;DanninŐ and dŽŬĞƌ͕  ϮϬ1ϳͿ͘

�<d ƉƌŽŵŽƚĞƐ ĐĞůů ŐƌŽǁƚŚ and ƉƌŽƚĞin ƐǇnƚŚĞƐiƐ ƚŚƌŽƵŐŚ aĐƟǀaƟŽn ŽĨ ƚŚĞ ŵdKZ ƐiŐnaůinŐ ƉaƚŚǁaǇ͕  
diƌĞĐƚůǇ Žƌ indiƌĞĐƚůǇ ďůŽĐŬinŐ iƚƐ inŚiďiƚŽƌ ƉƌŽƚĞin d^�Ϯ ;ƚƵďĞƌŽƵƐ ƐĐůĞƌŽƐiƐ ϮͿ͘ dŚƌŽƵŐŚ inŚiďiƚŽƌǇ 
ƉŚŽƐƉŚŽƌǇůaƟŽn ŽĨ '^<Ͳ3 ;ŐůǇĐŽŐĞn ƐǇnƚŚaƐĞ ŬinaƐĞ 3Ϳ͕ �<d ĞǆĞƌƚƐ a ƌŽůĞ Žn ĐĞůů ŵĞƚaďŽůiƐŵ͕ inĐƌĞaƐinŐ 
ƚŚĞ ŐůǇĐŽŐĞn ƐƚŽƌaŐĞ and aůƐŽ ƐƟŵƵůaƟnŐ ĐĞůů ĐǇĐůĞ ƉƌŽŐƌĞƐƐiŽn͘ �<d ĐŽnƚƌŽůƐ ĐĞůů ƐƵƌǀiǀaů ǀia ƚŚĞ nĞŐaƟǀĞ 
ƌĞŐƵůaƟŽn ŽĨ ƐŽŵĞ ƉƌŽaƉŽƉƚŽƟĐ ��>ͲϮ ĨaŵiůǇ ŵĞŵďĞƌƐ ƐƵĐŚ aƐ ���͕ �/D and ��y and ŵĞŵďĞƌƐ ŽĨ ƚŚĞ 
&KyK ĨaĐƚŽƌƐ ;&ŽƌŬŚĞad ĨaŵiůǇ ŽĨ ƚƌanƐĐƌiƉƟŽn ĨaĐƚŽƌƐͿ ;,ĞƌƐ͕ sinĐĞnƚ and daǀaƌĠ͕ ϮϬ11Ϳ͘ 

�Ɛ a ƌĞƐƵůƚ ŽĨ ƚŚĞ ĐĞnƚƌaů ƌŽůĞ ŽĨ �Ŭƚ in ƐĞǀĞƌaů ďiŽůŽŐiĐaů ƉƌŽĐĞƐƐĞƐ͕ aďĞƌƌanƚ ƐiŐnaůinŐ ŽĨ ƚŚiƐ ƉƌŽƚĞin 
iƐ ĨŽƵnd in diīĞƌĞnƚ ƉaƚŚŽůŽŐiĞƐ ŽƚŚĞƌ ƚŚan ĐanĐĞƌ͕  ƐƵĐŚ aƐ diaďĞƚĞƐ Žƌ ĐaƌdiŽǀaƐĐƵůaƌ diƐĞaƐĞƐ ;,ĞƌƐ͕ 
sinĐĞnƚ and daǀaƌĠ͕ ϮϬ11Ϳ͘

1.3.5.2. MAPK pathways
DiƚŽŐĞnͲaĐƟǀaƚĞd ƉƌŽƚĞin ŬinaƐĞƐ ;D�W<ƐͿ aƌĞ a ŚiŐŚůǇ ĐŽnƐĞƌǀĞd ĨaŵiůǇ ŽĨ ƉƌŽƚĞin ŬinaƐĞƐ 

ƚŚaƚ ŵĞdiaƚĞ inƚƌaĐĞůůƵůaƌ ƐiŐnaůinŐ and ĐŽnƚƌŽů a ůaƌŐĞ nƵŵďĞƌ ŽĨ ĞůĞŵĞnƚaů ĐĞůůƵůaƌ ƉƌŽĐĞƐƐĞƐ͘ � 
ďƌŽad ƌanŐĞ ŽĨ ĞǆƚƌaĐĞůůƵůaƌ ƐƟŵƵůi ƐƵĐŚ aƐ ŵiƚŽŐĞnƐ͕ ĐǇƚŽŬinĞƐ͕ ŐƌŽǁƚŚ ĨaĐƚŽƌƐ͕ and ĞnǀiƌŽnŵĞnƚaů 
ƐƚƌĞƐƐŽƌƐ iniƟaƚĞ a ĐaƐĐadĞ ŽĨ ƚŚƌĞĞ ĐŽƌĞ ŬinaƐĞƐ͘ dŚiƐ ƐƚaƌƚƐ ǁiƚŚ ƚŚĞ aĐƟǀaƟŽn ŽĨ D�W<< ŬinaƐĞƐ 
;D�W<<<ƐͿ ƚŚƌŽƵŐŚ inƚĞƌaĐƟŽnƐ ǁiƚŚ 'dWaƐĞƐ Žƌ ƉŚŽƐƉŚŽƌǇůaƟŽn ďǇ ƉƌŽƚĞin ŬinaƐĞƐ dŽǁnƐƚƌĞaŵ 



ϱ1

INTRODUCTION

ĨƌŽŵ ĐĞůů ƐƵƌĨaĐĞ ƌĞĐĞƉƚŽƌƐ͘ dŚĞn ƚŚĞ D�W<<< diƌĞĐƚůǇ ƉŚŽƐƉŚŽƌǇůaƚĞƐ and aĐƟǀaƚĞƐ ƚŚĞ D�W< ŬinaƐĞ 
;D�W<<Ϳ͕ ǁŚiĐŚ in ƚƵƌn͕ aĐƟǀaƚĞƐ ƚŚĞ D�W< ďǇ ƉŚŽƐƉŚŽƌǇůaƟŽn͘ �ĐƟǀaƚĞd D�W<Ɛ ƉŚŽƐƉŚŽƌǇůaƚĞ 
ǀaƌiŽƵƐ ƐƵďƐƚƌaƚĞ ƉƌŽƚĞinƐ inĐůƵdinŐ ƚƌanƐĐƌiƉƟŽn ĨaĐƚŽƌƐ͕ ƌĞƐƵůƟnŐ in ƌĞŐƵůaƟŽn ŽĨ a ǀaƌiĞƚǇ ŽĨ ĐĞůůƵůaƌ 
aĐƟǀiƟĞƐ inĐůƵdinŐ ŐƌŽǁƚŚ͕ ƉƌŽůiĨĞƌaƟŽn͕ diīĞƌĞnƟaƟŽn͕ ŵiŐƌaƟŽn͕ ƐƚƌĞƐƐ ƌĞƐƉŽnƐĞ͕ and ƐƵƌǀiǀaů and 
aƉŽƉƚŽƐiƐ ;DŽƌƌiƐŽn͕ ϮϬ1ϮͿ͘

dŚĞ D�W ŬinaƐĞƐ Đan ďĞ ĐůaƐƐiĮĞd inƚŽ ĨŽƵƌ ŵain ŐƌŽƵƉƐ͗ �Z<Ɛ ;ĞǆƚƌaĐĞůůƵůaƌͲƐiŐnaůͲƌĞŐƵůaƚĞd 
ŬinaƐĞƐͿ͕ :E<Ɛ ;:Ƶn aŵinŽͲƚĞƌŵinaů ŬinaƐĞƐͿ͕ �D< ;�iŐ D�W ŬinaƐĞƐͿ and Ɖ38ͬ^�W<Ɛ ;ƐƚƌĞƐƐͲaĐƟǀaƚĞd 
ƉƌŽƚĞin ŬinaƐĞƐͿ͘ dŚĞ Ɖ38 D�W ŬinaƐĞƐ͕ ŽnĞ ŽĨ ƚŚĞ ŵain ĨaŵiůiĞƐ͕ aƌĞ ƐƚƌŽnŐůǇ aĐƟǀaƚĞd in ƌĞƐƉŽnƐĞ 
ƚŽ ƐƚƌĞƐƐ ƐiŐnaůƐ͕ ŐƌŽǁƚŚ ĨaĐƚŽƌƐ͕ and inŇaŵŵaƚŽƌǇ ĐǇƚŽŬinĞƐ ;<ŽƵů͕ Waů and <ŽƵů͕ ϮϬ13Ϳ͘ dŚĞƐĞ 
ƐƟŵƵůi Ğnƚaiů ƚŚaƚ D�W<<<͕ ƚǇƉiĐaůůǇ a D�<< Žƌ a ŵiǆĞd ŬinaƐĞ ;D><Ϳ͕ ƉŚŽƐƉŚŽƌǇůaƚĞƐ and aĐƟǀaƚĞƐ 
D<<3ͬϲ and ƚŚĞƐĞ in ƚƵƌn aĐƟǀaƚĞ Ɖ38 D�W<͘ WŚŽƐƉŚŽƌǇůaƚĞd Ɖ38 D�W< iƐ inǀŽůǀĞd in aĐƟǀaƟŽn ŽĨ 
a ǁidĞ ƌanŐĞ ŽĨ ƐƵďƐƚƌaƚĞƐ ƚŚaƚ inĐůƵdĞ ƚƌanƐĐƌiƉƟŽn ĨaĐƚŽƌƐ͕ ƉƌŽƚĞin ŬinaƐĞƐ͕ ĐǇƚŽƐŽůiĐ and nƵĐůĞaƌ 
ƉƌŽƚĞinƐ͘ dŚĞƌĞĨŽƌĞ ƚŚĞ dŽǁnƐƚƌĞaŵ aĐƟǀiƟĞƐ aƩƌiďƵƚĞd ƚŽ ƚŚĞƐĞ ƉŚŽƐƉŚŽƌǇůaƟŽn ĞǀĞnƚƐ aƌĞ diǀĞƌƐĞ͘ 
/n ĐanĐĞƌ͕  Ɖ38 D�W< ĨƵnĐƟŽn iƐ ĐŽnƐidĞƌĞd aƐ ƚƵŵŽƌͲƐƵƉƉƌĞƐƐiǀĞ ƐinĐĞ iƚƐ aĐƟǀaƟŽn iƐ aƐƐŽĐiaƚĞd 
ǁiƚŚ ƐƵƉƉƌĞƐƐiŽn ŽĨ ŵaůiŐnanƚ ƉŚĞnŽƚǇƉĞ dĞǀĞůŽƉŵĞnƚ͘ �ĐĐŽƌdinŐ ƚŽ ƐĞǀĞƌaů ƉƵďůiĐaƟŽnƐ͕ Ɖ38 D�W< 
dĞĐƌĞaƐĞƐ ĐĞůů ƉƌŽůiĨĞƌaƟŽn ƚŚƌŽƵŐŚ ĐĞůů ĐǇĐůĞ aƌƌĞƐƚ and ƌĞŐƵůaƚĞƐ ĐĞůů ƐƵƌǀiǀaů ƉƌŽŵŽƟnŐ aƉŽƉƚŽƐiƐ Žƌ 
ĐĞůůƵůaƌ ƐĞnĞƐĐĞnĐĞ ;�ŽƵůƚŚaƌd et al.͕ ϮϬϬ9Ϳ͘ 

1.3.5.3. MicroRNA regulation
/n ƌĞĐĞnƚ ǇĞaƌƐ͕ ƚŚĞƌĞ ŚaƐ ďĞĞn a ŐƌŽǁinŐ inƚĞƌĞƐƚ ƚŽ inǀĞƐƟŐaƚĞ ƚŚĞ ƌŽůĞ ŽĨ ŵiĐƌŽZE�Ɛ in ĐanĐĞƌ 

ƐinĐĞ iƚƐ dǇƐƌĞŐƵůaƟŽn ŚaƐ ďĞĞn ƐŚŽǁn ƚŽ ĨaǀŽƌ ƚŚĞ ŚaůůŵaƌŬƐ ŽĨ ĐanĐĞƌ͘  DiĐƌŽZE�Ɛ ;ŵiZE�ƐͿ aƌĞ a 
ĨaŵiůǇ ŽĨ Ɛŵaůů ;Ϯ1ͲϮϰ nƵĐůĞŽƟdĞͿ nŽnͲĐŽdinŐ ZE�Ɛ ƚŚaƚ ƌĞŐƵůaƚĞ a ǁidĞ aƌƌaǇ ŽĨ ďiŽůŽŐiĐaů ƉƌŽĐĞƐƐĞƐ 
ƚŚƌŽƵŐŚ ƌĞŐƵůaƟŽn ŽĨ ŐĞnĞ ĞǆƉƌĞƐƐiŽn ;WĞnŐ and �ƌŽĐĞ͕ ϮϬ1ϲͿ͘ 

dŚĞ ŵiZE� aƌĞ ĞnĐŽdĞd in ƚŚĞ ŐĞnŽŵĞ͘ dŚĞ ďiŽŐĞnĞƐiƐ ďĞŐinƐ ǁiƚŚ iƚƐ ŐĞnĞ ƚƌanƐĐƌiƉƟŽn ďǇ 
ZE� ƉŽůǇŵĞƌaƐĞ // inƚŽ ƉƌiŵaƌǇ ŵiZE� ƚƌanƐĐƌiƉƚ ;ƉƌiͲŵiZE�Ϳ͘ dŚĞ ƉƌiͲŵiZE�Ɛ aƌĞ ƚŚĞn ĐůĞaǀĞd in 
ƚŚĞ nƵĐůĞƵƐ ďǇ a ĐŽŵƉůĞǆ inǀŽůǀinŐ �ƌŽƐŚa ;ƚǇƉĞ /// ZEaƐĞͿ and �'�Z8 ŵiĐƌŽƉƌŽĐĞƐƐŽƌ ĐŽŵƉůĞǆ͕ 
ĨŽƌŵinŐ ƚŚĞ ƉƌĞĐƵƌƐŽƌ ŵiZE� ŚaiƌƉin ;ƉƌĞͲŵiZE�Ϳ͘ dŚiƐ iƐ ƐƵďƐĞƋƵĞnƚůǇ ĞǆƉŽƌƚĞd ƚŽ ƚŚĞ ĐǇƚŽƉůaƐŵ 
ďǇ Zanͬ'dWͬ�ǆƉŽƌƟn ϱ ĐŽŵƉůĞǆ͕ ǁŚĞƌĞ iƚ iƐ ĐůĞaǀĞd ďǇ anŽƚŚĞƌ ŵƵůƟƉƌŽƚĞin ĐŽŵƉůĞǆ͘ dŚiƐ ĐŽŵƉůĞǆ 
inĐůƵdĞƐ ƚŚĞ ZEaƐĞ /// �iĐĞƌand dZ�W ;ƚƌanƐͲaĐƟǀaƟŽnͲƌĞƐƉŽnƐiǀĞ ZE�ͲďindinŐ ƉƌŽƚĞinͿ͘ WƌĞͲŵiZE�iƐ 
ƚƌanƐĨŽƌŵĞd inƚŽ dƵƉůĞǆ ƐĞƋƵĞnĐĞƐ ŵiZE�ͬŵiZE�Ύ͘ tŚĞƌĞΎ indiĐaƚĞƐ ƚŚĞ ƉaƐƐĞnŐĞƌ Ɛƚƌand and ƚŚĞ 
ĐŽŵƉůĞŵĞnƚaƌǇ ŽnĞ iƐ ƚŚĞ ŵaƚƵƌĞ Žƌ ŐƵidĞ Ɛƚƌand͘ dŚĞ ŵiZE� dƵƉůĞǆ iƐ ůŽadĞd ŽnƚŽ an �ƌŐŽnaƵƚĞ 
ƉƌŽƚĞin ;�'KͿ͘ dŚiƐ ƉƌŽƚĞin ƵnǁindƐ ƚŚĞ ŵiZE� dƵƉůĞǆ and ƚŚĞ ƉaƐƐĞnŐĞƌ Ɛƚƌand iƐ ƌĞůĞaƐĞd͘ dŚĞ 
ŵaƚƵƌĞ Ɛƚƌand iƐ ƌĞƚainĞd ƚŽ ĨŽƌŵ an ĞīĞĐƚŽƌ ĐŽŵƉůĞǆ͕ ĐaůůĞd ZE�ͲindƵĐĞd ƐiůĞnĐinŐ ĐŽŵƉůĞǆ ;ŵiZ/^�Ϳ͕ 
ǁŚiĐŚ ŵĞdiaƚĞƐ ŐĞnĞ ƐiůĞnĐinŐ͘ dŚĞ ŵiZE� ŐƵidĞƐ ƚŚĞ ŵiZ/^� ƚŽ ƚaƌŐĞƚ ŵZE�Ɛ ǁiƚŚ ƉaƌƟaů ƐĞƋƵĞnĐĞ 
ĐŽŵƉůĞŵĞnƚaƌiƚǇ in ƚŚĞiƌ 3͛ͲhdZƐ and indƵĐĞƐ ŵZE� dĞĐaǇ Žƌ ƚƌanƐůaƟŽnaů ƌĞƉƌĞƐƐiŽn ;,a and <iŵ͕ 
ϮϬ1ϰ͖ �aƵŐaaƌd and ,anƐĞn͕ ϮϬ1ϳͿ͘ 



ϱϮ

FiŐure 11͘ miRNA ďioŐenesis ;�aƵŐaaƌd and ,anƐĞn͕ ϮϬ1ϳͿ͘

Kn ŽnĞ Śand͕ ŵiZE�Ɛ aƌĞ ƌĞƐƉŽnƐiďůĞ ŽĨ ƚŚĞ ƌĞŐƵůaƟŽn ŽĨ ŐĞnĞ ĞǆƉƌĞƐƐiŽn aĐĐŽƌdinŐ ƚŽ ĐĞůůƵůaƌ 
ƌĞƋƵiƌĞŵĞnƚƐ͘ Kn ƚŚĞ ŽƚŚĞƌ Śand͕ ŵiZE� ŚĞůƉ ƚŽ ĐŽnĨĞƌ ƌŽďƵƐƚnĞƐƐ in ĐĞůůƵůaƌ ƌĞƐƉŽnƐĞƐ ďǇ ƌĞinĨŽƌĐinŐ 
ƚƌanƐĐƌiƉƟŽnaů ƉƌŽŐƌaŵƐ and aƩĞnƵaƟnŐ aďĞƌƌanƚ ƚƌanƐĐƌiƉƚƐ ;,aǇĞƐ͕ WĞƌƵǌǌi and >aǁůĞƌ͕  ϮϬ1ϰͿ͘ dŚĞ 
ďiŽŐĞnĞƐiƐ ŽĨ ŵiZE�Ɛ iƐ ƵndĞƌ ƟŐŚƚ ĐŽnƚƌŽů aƚ ŵƵůƟƉůĞ ůĞǀĞůƐ͘ �ƵƌinŐ ƚŚĞ ƉaƐƚ dĞĐadĞ iƚ ŚaƐ ďĞĞn ƐĞĞn 
ƚŚaƚ ŵiZE� ĞǆƉƌĞƐƐiŽn iƐ dǇƐƌĞŐƵůaƚĞd in ŚƵŵan ŵaůiŐnanĐiĞƐ ůiŬĞ ĐanĐĞƌ͘  dŚĞ ƵndĞƌůinŐ ŵĞĐŚaniƐŵƐ 
inĐůƵdĞ ĐŚƌŽŵŽƐŽŵaů aďnŽƌŵaůiƟĞƐ͕ ƚƌanƐĐƌiƉƟŽnaů ĐŽnƚƌŽů ĐŚanŐĞƐ͕ ĞƉiŐĞnĞƟĐ ĐŚanŐĞƐ and dĞĨĞĐƚƐ 
in ƚŚĞ ŵiZE� ďiŽŐĞnĞƐiƐ ŵaĐŚinĞƌǇ͘ /n ƚŚiƐ ƌĞŐaƌd͕ dǇƐƌĞŐƵůaƚĞd ŵiZE�Ɛ ĐŽƵůd aīĞĐƚ ĐanĐĞƌ ŚaůůŵaƌŬƐ͕ 
dĞƉĞndinŐ Žn ƚŚĞiƌ ƚaƌŐĞƚ ŐĞnĞƐ͕ ŵiZE� ĐŽƵůd ĨƵnĐƟŽn aƐ ĞiƚŚĞƌ ŽnĐŽŐĞnĞ Žƌ ƚƵŵŽƌ ƐƵƉƉƌĞƐƐŽƌ ƵndĞƌ 
ĐĞƌƚain ĐiƌĐƵŵƐƚanĐĞƐ ;WĞnŐ and �ƌŽĐĞ͕ ϮϬ1ϲͿ͘

EŽǁadaǇƐ͕ ŵiZE�Ɛ ŽīĞƌ ŵanǇ ƉŽƚĞnƟaů aƉƉůiĐaƟŽnƐ aƐ ďiŽŵaƌŬĞƌƐ ĨŽƌ ĐanĐĞƌ dĞƚĞĐƟŽn͕ diaŐnŽƐiƐ 
and ƉƌŽŐnŽƐiƐ aƐƐĞƐƐŵĞnƚ in ďŽƚŚ ƚƵŵŽƌ ƟƐƐƵĞ and ĐiƌĐƵůaƟŽn ;WĞnŐ and �ƌŽĐĞ͕ ϮϬ1ϲͿ͘ 
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INTRODUCTION

2. CELL DEATH MECHANISMS
�Ğůů dĞaƚŚ iƐ a ĐƌƵĐiaů ƉƌŽĐĞƐƐ in ŵƵůƟĐĞůůƵůaƌ ŽƌŐaniƐŵƐ ƐinĐĞ iƚ ŚĞůƉƐ ƚŽ ŵainƚain ƟƐƐƵĞ ŚŽŵĞŽƐƚaƐiƐ 

and ĞůiŵinaƚĞ ƉŽƚĞnƟaůůǇ ŚaƌŵĨƵů ĐĞůůƐ͘ �ĐĐŽƌdinŐ ƚŽ ƚŚĞ EŽŵĞnĐůaƚƵƌĞ �ŽŵŵiƩĞĞ Žn �Ğůů �ĞaƚŚ͕ 
iƚ iƐ ƉŽƐƐiďůĞ ƚŽ diƐƟnŐƵiƐŚ aŵŽnŐ ƚŚƌĞĞ ŵaũŽƌ ƐƵďƚǇƉĞƐ ŽĨ ĐĞůů dĞaƚŚ͗ aĐĐidĞnƚaů͕ ƌĞŐƵůaƚĞd and 
ƉƌŽŐƌaŵŵĞd ;> 'aůůƵǌǌi et al.͕ ϮϬ1ϱͿ͘ �ŵŽnŐ aůů ƚŚĞ ŵĞĐŚaniƐŵƐ ŽĨ dĞaƚŚ dĞƐĐƌiďĞd͕ ƚŚiƐ ƚŚĞƐiƐ ĨŽĐƵƐĞƐ 
Žn ĞǆƉůaininŐ ƚŚĞ ŵŽƐƚ ƌĞůĞǀanƚ ƚǇƉĞƐ ŽĨ ĐĞůů dĞaƚŚ aĐĐŽƌdinŐ ƚŽ ƚŚĞiƌ ŵŽƌƉŚŽůŽŐiĐaů and ďiŽĐŚĞŵiĐaů 
ĐŚaƌaĐƚĞƌiƐƟĐƐ͘

2.1. APOPTOSIS
�ƉŽƉƚŽƐiƐ iƐ a ŐĞnĞƟĐaůůǇ ƉƌŽŐƌaŵŵĞd ŵĞĐŚaniƐŵ ŽĨ ĐĞůů dĞaƚŚ ƚŚaƚ ŽĐĐƵƌƐ in ŵƵůƟĐĞůůƵůaƌ 

ŽƌŐaniƐŵƐ͘ /ƚ ƉůaǇƐ iŵƉŽƌƚanƚ ƉŚǇƐiŽůŽŐiĐaů ƌŽůĞƐ dƵƌinŐ ĞŵďƌǇŽniĐ dĞǀĞůŽƉŵĞnƚ and adƵůƚ ƟƐƐƵĞ 
ŚŽŵĞŽƐƚaƐiƐ͘ DŽƌĞŽǀĞƌ͕  aƉŽƉƚŽƐiƐ aůƐŽ ŽĐĐƵƌƐ aƐ a dĞĨĞnƐĞ ŵĞĐŚaniƐŵ ǁiƚŚ ƚŚĞ aiŵ ƚŽ ĞůiŵinaƚĞ 
daŵaŐĞd Žƌ inĨĞĐƚĞd ĐĞůůƐ ƚŚaƚ ŵaǇ inƚĞƌĨĞƌĞ ǁiƚŚ nŽƌŵaů ƟƐƐƵĞ ĨƵnĐƟŽn͘ 

dŚiƐ ƉƌŽĐĞƐƐ iƐ ĐŚaƌaĐƚĞƌiǌĞd ďǇ ƐƉĞĐiĮĐ ŵŽƌƉŚŽůŽŐiĐaů and ďiŽĐŚĞŵiĐaů ĐŚanŐĞƐ ŽĨ ƚŚĞ dǇinŐ ĐĞůůƐ͘ 
dŚĞ dĞĮninŐ ŵŽƌƉŚŽůŽŐiĐaů ĐŚaƌaĐƚĞƌiƐƟĐƐ ŽĨ aƉŽƉƚŽƐiƐ inĐůƵdĞ ƌŽƵndinŐ ŽĨ ƚŚĞ ĐĞůů͕ ƌĞƚƌaĐƟŽn ŽĨ 
ƉƐĞƵdŽƉŽdƐ͕ ĐĞůů ƐŚƌinŬaŐĞ͕ nƵĐůĞaƌ ĨƌaŐŵĞnƚaƟŽn͕ ĐŚƌŽŵaƟn ĐŽndĞnƐaƟŽn͕ ĨĞǁ Žƌ nŽ ƵůƚƌaƐƚƌƵĐƚƵƌaů 
ŵŽdiĮĐaƟŽnƐ ŽĨ ĐǇƚŽƉůaƐŵiĐ ŽƌŐanĞůůĞƐ͕ and ƉůaƐŵa ŵĞŵďƌanĞ ďůĞďďinŐ ǁiƚŚ  ƚŚĞ  dĞǀĞůŽƉŵĞnƚ  ŽĨ  
aƉŽƉƚŽƟĐ  ďŽdiĞƐ͕  ǁŚiĐŚ  ƉƌĞƐĞƌǀĞ  ƚŚĞ  ƉůaƐŵa  ŵĞŵďƌanĞ  inƚĞŐƌiƚǇ͘ �iŽĐŚĞŵiĐaů ĐŚanŐĞƐ inǀŽůǀĞ 
ĐŚƌŽŵŽƐŽŵaů �E� ĐůĞaǀaŐĞ inƚŽ inƚĞƌnƵĐůĞŽƐŽŵaů ĨƌaŐŵĞnƚƐ͕ ƉŚŽƐƉŚaƟdǇůƐĞƌinĞ ĞǆƚĞƌnaůiǌaƟŽn͕ 
ůŽƐƐ ŽĨ ŵiƚŽĐŚŽndƌiaů ŵĞŵďƌanĞ ƉŽƚĞnƟaů ;ȴɎŵͿ and a nƵŵďĞƌ ŽĨ inƚƌaĐĞůůƵůaƌ ƐƵďƐƚƌaƚĞ ĐůĞaǀaŐĞƐ ďǇ 
ƐƉĞĐiĮĐ ƉƌŽƚĞŽůǇƐiƐ ;KƵǇanŐ et al͕͘ ϮϬ1ϮͿ͘

2.1.1. Caspases
dŚĞ aƉŽƉƚŽƟĐ ƉƌŽĐĞƐƐ iƐ ŽƌĐŚĞƐƚƌaƚĞd ďǇ ƚŚĞ aƐƉaƌƟĐ aĐid ƉƌŽƚĞaƐĞƐ ŬnŽǁn aƐ ĐaƐƉaƐĞƐ͘ /niƟaůůǇ͕  

ĐaƐƉaƐĞƐ aƌĞ ƐǇnƚŚĞƟǌĞd aƐ inaĐƟǀĞ ƉƌŽĐaƐƉaƐĞƐ ƚŚaƚ ƌĞƋƵiƌĞ diŵĞƌiǌaƟŽn and ŽŌĞn ĐůĞaǀaŐĞ ĨŽƌ 
aĐƟǀaƟŽn͕ ƚŽ aǀŽid ƵnǁanƚĞd ĐĞůů ůĞƚŚaůiƚǇ͘ �ĞƐidĞƐ ƚŚĞ aƉŽƉƚŽƟĐ ƌŽůĞƐ͕ ƚŚĞƐĞ ƉƌŽƚĞaƐĞƐ ƉaƌƟĐiƉaƚĞ in 
ŽƚŚĞƌ ƉƌŽĐĞƐƐĞƐƐƵĐŚ aƐ ĐǇƚŽŬinĞ ŵaƚƵƌaƟŽn͕ inŇaŵŵaƟŽn and diīĞƌĞnƟaƟŽn͘ 

• IniƟator caspases. dŚiƐ ŐƌŽƵƉ inĐůƵdĞƐ ĐaƐƉaƐĞƐ 8 and 9͕ aŵŽnŐ ŽƚŚĞƌƐ͘ dŚĞƐĞ ĐaƐƉaƐĞƐ ĐŽnƚain 
a ƉƌŽƚĞaƐĞ and a ƉƌŽƚĞin inƚĞƌaĐƟŽn dŽŵain͕ and aƌĞ aĐƟǀaƚĞd ďǇ diŵĞƌiǌaƟŽn indƵĐĞd ďǇ 
ƵƉƐƚƌĞaŵ ƐiŐnaůinŐ ĞǀĞnƚƐ͘ �iŵĞƌiǌaƟŽn ƉƌŽŵŽƚĞƐ aƵƚŽĐaƚaůǇƟĐ ĐůĞaǀaŐĞ ŽĨ ƉƌŽƚĞaƐĞ dŽŵain 
inƚŽ a ůaƌŐĞ and Ɛŵaůů ƐƵďƵniƚ͕ ǁŚiĐŚ ƐƚaďiůiǌĞƐ ƚŚĞ diŵŵĞƌ ;DĐ/ůǁain͕ �ĞƌŐĞƌ and DaŬ͕ ϮϬ13Ϳ͘

• ExecuƟoner caspases. �aƐƉaƐĞƐ 3͕ ϲ and ϳ aƌĞ ƉƌŽdƵĐĞd aƐ inaĐƟǀĞ ƉƌŽĐaƐƉaƐĞ diŵĞƌƐ ƚŚaƚ 
ŵƵƐƚ ďĞ ĐůĞaǀĞd ďǇ iniƟaƚŽƌ ĐaƐƉaƐĞƐ ĨŽƌ ƚŚĞiƌ aĐƟǀaƟŽn͘ KnĐĞ iniƟaƚŽƌ ĐaƐƉaƐĞƐ ĐůĞaǀĞ 
ƚŚĞŵ ďĞƚǁĞĞn ƚŚĞ ůaƌŐĞ and Ɛŵaůů ƐƵďƵniƚƐ͕ ƚŚĞ ĞǆĞĐƵƟŽnĞƌ ĐaƐƉaƐĞƐ ƵndĞƌŐŽ an aĐƟǀaƟŽn 
ĐŽnĨŽƌŵaƟŽnaů ĐŚanŐĞ ƚŚaƚ ĐŽnĨĞƌƐ ƚŚĞŵ ƚŚĞ aďiůiƚǇ ƚŽ ĐůĞaǀĞ a ǀaƌiĞƚǇ ŽĨ ƉƌŽƚĞinƐ ůĞadinŐ ƚŽ 
ƚŚĞ ĞǆĞĐƵƟŽn ŽĨ ƚŚĞ ƉƌŽŐƌaŵŵĞd ĐĞůů dĞaƚŚ ;DĐ/ůǁain͕ �ĞƌŐĞƌ and DaŬ͕ ϮϬ13Ϳ͘
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2.1.2. Apoptosis activation pathways
�ƉŽƉƚŽƐiƐ Đan ďĞ ƚƌiŐŐĞƌĞd ďǇ ƚǁŽ diīĞƌĞnƚ iniƟaƟŽn ƉaƚŚǁaǇƐ dĞƉĞndinŐ Žn ƚŚĞ naƚƵƌĞ ŽĨ ƚŚĞ 

dĞaƚŚ ƐƟŵƵůi͕ ďĞinŐ ƚŚĞ inƚƌinƐiĐ Žƌ ŵiƚŽĐŚŽndƌiaů ƉaƚŚǁaǇ and ƚŚĞ ĞǆƚƌinƐiĐ Žƌ dĞaƚŚ ƌĞĐĞƉƚŽƌ ƉaƚŚǁaǇ͘

2.1.2.1. The extrinsic pathway 
�ǆƚƌinƐiĐ aƉŽƉƚŽƐiƐ inǀŽůǀĞƐ ƚŚĞ inƚĞƌaĐƟŽn ďĞƚǁĞĞn ĞǆƚƌaĐĞůůƵůaƌ ƐiŐnaůƐ͕ Žƌ dĞaƚŚ ƌĞĐĞƉƚŽƌ ůiŐandƐ͕ 

ǁiƚŚ iƚƐ dĞaƚŚ ƌĞĐĞƉƚŽƌƐ͘ Kn ŽnĞ Śand͕ ƚŚĞƐĞ ůiŐandƐ inĐůƵdĞ ƚƵŵŽƌ nĞĐƌŽƐiƐ ĨaĐƚŽƌͲɲ ;dE&ɲͿ͕ ��9ϱͲ
ůiŐand ;��9ϱͲ>͖ aůƐŽ ŬnŽǁn aƐ &aƐͲ>Ϳ͕ �WKϮ ůiŐand ;�WKϮ>͖ aůƐŽ ŬnŽǁn aƐ dZ�/>Ϳ and dE&ͲůiŬĞ ůiŐand 1� 
;d>1�Ϳ͕ aŵŽnŐ ŽƚŚĞƌƐ͘ Kn ƚŚĞ ŽƚŚĞƌ Śand͕  ƚŚĞiƌ ĐŽƌƌĞƐƉŽndinŐ dĞaƚŚ ƌĞĐĞƉƚŽƌƐ aƌĞ ŵĞŵďĞƌƐ ŽĨ ƚŚĞ 
ƚƵŵŽƌ nĞĐƌŽƐiƐ ĨaĐƚŽƌ ;dE&Ϳ ƐƵƉĞƌĨaŵiůǇ and ĞnĐŽŵƉaƐƐ dE& ƌĞĐĞƉƚŽƌͲ1 ;dE&Z1Ϳ͕ ��9ϱ ;aůƐŽ ĐaůůĞd &aƐ 
and �WKͲ1Ϳ͕ dĞaƚŚ ƌĞĐĞƉƚŽƌ 3;�Z3Ϳ͕ dE&ͲƌĞůaƚĞd aƉŽƉƚŽƐiƐͲindƵĐinŐ ůiŐand ƌĞĐĞƉƚŽƌͲ1 ;dZ�/>ͲZ1͖ aůƐŽ 
ĐaůůĞd �ZϰͿ͕ and dZ�/>ͲZϮ ;aůƐŽ ŬnŽǁn aƐ �ZϱͿ͘ dŚĞ ďindinŐ ůiŐandͲƌĞĐĞƉƚŽƌ ƉƌŽŵƉƚƐ ƚŚĞ aƐƐĞŵďůǇ ŽĨ 
ƚŚĞ dĞaƚŚͲindƵĐinŐ ƐiŐnaůinŐ ĐŽŵƉůĞǆ ;�/^�Ϳ ƚŚƌŽƵŐŚ ƚŚĞ adaƉƚŽƌ ƉƌŽƚĞin &�^ͲaƐƐŽĐiaƚĞd dĞaƚŚ dŽŵain 
;&���Ϳ Žƌ dE&ZͲaƐƐŽĐiaƚĞd dĞaƚŚ dŽŵain ;dZ���Ϳ͘ dŚĞǇ ƌĞĐƌƵiƚ ƚŚĞ aƉŽƉƚŽƐiƐͲiniƟaƟnŐ ƉƌŽƚĞaƐĞƐ 
ĐaƐƉaƐĞ 8͕ ǁŚiĐŚ diŵĞƌiǌĞ and ďĞĐŽŵĞ aĐƟǀĞ͘ ^ƵďƐĞƋƵĞnƚůǇ͕  aƉŽƉƚŽƐiƐ iƐ iniƟaƚĞd diƌĞĐƚůǇ ďǇ ĐůĞaǀinŐ͕ 
and ƚŚĞƌĞďǇ aĐƟǀaƟnŐ͕ ĞǆĞĐƵƟŽnĞƌ ĐaƐƉaƐĞƐ 3 and ϳ ;ĮŐƵƌĞ 1ϮͿ ;:in and �ůͲ�ĞiƌǇ͕  ϮϬϬϱͿ͘ 

2.1.2.2. The intrinsic pathway 
dŚiƐ ƉaƚŚǁaǇ iƐ aĐƟǀaƚĞd ďǇ a ǀaƐƚ aƌƌaǇ ŽĨ ĐĞůůƵůaƌ ƐƚƌĞƐƐĞƐ inĐůƵdinŐ �E� daŵaŐĞ͕ ŐƌŽǁƚŚ ĨaĐƚŽƌ 

ǁiƚŚdƌaǁaů͕ ŚǇƉŽǆia͕ ŚŽƌŵŽnĞƐ͕ ĐǇƚŽŬinĞƐ and aĐĐƵŵƵůaƟŽn ŽĨ ƵnĨŽůdĞd ƉƌŽƚĞinƐ͕ aŵŽnŐ ŽƚŚĞƌƐ͘ 
dŚĞƐĞ ƐƟŵƵůi ƉƌŽdƵĐĞ inƚƌaĐĞůůƵůaƌ ƐiŐnaůƐ ƚŚaƚ aĐƚ diƌĞĐƚůǇ Žn ƚŚĞ ŵiƚŽĐŚŽndƌiaů ŵĞŵďƌanĞ inƚĞŐƌiƚǇ͘ 
dŚĞ aƉŽƉƚŽƟĐ ŵiƚŽĐŚŽndƌiaů ĞǀĞnƚƐ aƌĞ ŚiŐŚůǇ ƌĞŐƵůaƚĞd ďǇ a ďaůanĐĞ ďĞƚǁĞĞn ƚŚĞ anƟ and ƉƌŽͲ
aƉŽƉƚŽƟĐ ŵĞŵďĞƌƐ ŽĨ ƚŚĞ ��>ͲϮ ƉƌŽƚĞin ĨaŵiůǇ ;�ůŵŽƌĞ͕ ϮϬϬϳͿ͘ dŚiƐ ĨaŵiůǇ iƐ ĐŚaƌaĐƚĞƌiǌĞd ďǇ ƐŚaƌinŐ 
ƚŚĞ ��>ͲϮ ŚŽŵŽůŽŐǇ ;�,Ϳ dŽŵainƐ͘ dŚĞ anƟͲaƉŽƉƚŽƟĐ ŐƌŽƵƉ inĐůƵdĞƐ ��>ͲϮ ;��>ͲϮͿ͕ ��>Ͳy> ;��>Ͳ
ĞǆƚƌaůaƌŐĞͿ and D�>Ͳ1 ;ŵǇĞůŽid ůĞƵŬĞŵia ĐĞůů diīĞƌĞnƟaƟŽn 1Ϳ͘ dŚĞ ƉƌŽͲaƉŽƉƚŽƟĐ ƉƌŽƚĞinƐ Đan ďĞ 
diǀidĞd inƚŽ ƚǁŽ ŐƌŽƵƉƐ͗ ƚŚĞ �,1Ͳ3 ƉƌŽƚĞinƐ͕ ƐƵĐŚ aƐ ��y ;��>ͲϮͲaƐƐŽĐiaƚĞd yͿ͕ ��< ;��>ͲϮ ŚŽŵŽůŽŐŽƵƐ 
anƚaŐŽniƐƚͬŬiůůĞƌͿ͕ and ƚŚĞ �,3ͲŽnůǇ ƉƌŽƚĞinƐ ;�/D͕ ���͕ �/�͕ WhD� and EKy�Ϳ ;>ŽŵŽnŽƐŽǀa and 
�ŚinnadƵƌai͕ ϮϬϬ8͖ zŽƵůĞ and ^ƚƌaƐƐĞƌ͕  ϮϬϬ8Ϳ͘ /n ƌĞƐƟnŐ ƐƚaƚĞ͕ ƉƌŽͲƐƵƌǀiǀaů ƉƌŽƚĞinƐ ĐŽƵnƚĞƌaĐƚ ƚŚĞ 
ĨƵnĐƟŽn ŽĨ ƚŚĞ �,3ͲŽnůǇ ƉƌŽƚĞinƐ aƐ ǁĞůů aƐ diƌĞĐƚůǇ aĐƚ ƚŽ inŚiďiƚ ��y and ��<͘ �ǇƚŽƚŽǆiĐ ƐƚƌĞƐƐ 
ƐiŐnaůƐ indƵĐĞ �,3 ŽnůǇ ƉƌŽƚĞinƐ aĐƟǀaƟŽn and ƚŚĞǇ ĞǆĞĐƵƚĞ ƚŚĞiƌ ƉƌŽ aƉŽƉƚŽƟĐ aĐƟǀiƚǇ ƚŚŽƵŐŚ 
nĞƵƚƌaůiǌaƟŽn ŽĨ ƚŚĞ ƉƌŽͲƐƵƌǀiǀaů ��>ͲϮ ĨaŵiůǇ ƉƌŽƚĞinƐ and diƌĞĐƚ aĐƟǀaƟŽn ŽĨ ƚŚĞ ƉƌŽ aƉŽƉƚŽƟĐ 
ĞīĞĐƚŽƌƐ ��y and ��< ;�ǌaďŽƚaƌ Ğƚ aů͕͘ ϮϬ1ϰͿ͘ dŚĞn͕ ƚŚĞƐĞ ƚǁŽ ĞīĞĐƚŽƌƐ ƚƌiŐŐĞƌ ŵiƚŽĐŚŽndƌiaů ŽƵƚĞƌ 
ŵĞŵďƌanĞ ƉĞƌŵĞaďiůiǌaƟŽn ;DKDWͿ and aůůŽǁ �ǇƚŽĐŚƌŽŵĞ � ;�Ǉƚ�Ϳ and ^D��ͬ�/��>K ;ƐĞĐŽnd 
ŵiƚŽĐŚŽndƌiaů aĐƟǀaƚŽƌ ŽĨ ĐaƐƉaƐĞƐͬdiƌĞĐƚ /�W ďindinŐ ƉƌŽƚĞin ǁiƚŚ ůŽǁ Ɖ/Ϳ ŵŽůĞĐƵůĞƐ ƚŽ ďĞ ƌĞůĞaƐĞd 
ƚŽ ƚŚĞ ĐǇƚŽƉůaƐŵ͘ dŚĞƐĞ ĞǀĞnƚƐ ƉƌŽŵŽƚĞ͕ Žn ŽnĞ Śand͕ ƚŚĞ aƐƐĞŵďůǇ ŽĨ ƚŚĞ aƉŽƉƚŽƐŽŵĞ͕ ĐŽnƐiƐƟnŐ 
ŽĨ ƐĞǀĞƌaů ĐŽƉiĞƐ ŽĨ ƚŚĞ ƐĐaīŽůd ƉƌŽƚĞin �W�&1 ;aƉŽƉƚŽƟĐ ƉƌŽƚĞaƐĞ aĐƟǀaƟnŐ ĨaĐƚŽƌ 1Ϳ͕ ƉůƵƐ ƚŚĞ �Ǉƚ� 
and �aƐƉaƐĞ 9͘ dŚiƐ ĐŽŵƉůĞǆ ƐĞƌǀĞƐ aƐ ƚŚĞ aĐƟǀaƟŽn ƉůaƞŽƌŵ ĨŽƌ �aƐƉaƐĞͲ9͕ ǁŚiĐŚ in ƚƵƌn aĐƟǀaƚĞƐ 
�aƐƉaƐĞ 3 ;ĮŐƵƌĞ 1ϮͿ ;:in and �ůͲ�ĞiƌǇ͕  ϮϬϬϱͿ͘ Kn ƚŚĞ ŽƚŚĞƌ Śand͕ ^D��ͬ�/��>K ƉƌŽƚĞin ƌĞůĞaƐĞ ǁiůů 
ďůŽĐŬ ƚŚĞ /�WƐ ;inŚiďiƚŽƌƐ ŽĨ aƉŽƉƚŽƐiƐ ƉƌŽƚĞinƐͿ͕ ƚŚĞ ŵŽƐƚ iŵƉŽƌƚanƚ nĞŐaƟǀĞ ƌĞŐƵůaƚŽƌƐ ŽĨ ĐaƐƉaƐĞƐ͕ 
ƉĞƌŵiƫnŐ ƚŚĞiƌ aĐƟǀaƟŽn͘ 
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INTRODUCTION

FiŐure 12͘ Extrinsic and intrinsic apoptoƟc siŐnalinŐ patŚǁays ;/ĐŚiŵ and daiƚ͕ ϮϬ1ϲͿ͘

dŚĞ ĞǆƚƌinƐiĐ and inƚƌinƐiĐ ƉaƚŚǁaǇƐ aůƐŽ ĐƌŽƐƐͲƚaůŬ ƚŚƌŽƵŐŚ ƚŚĞ ĐaƐƉaƐĞͲ8 indƵĐĞd ĐůĞaǀaŐĞ ŽĨ ƚŚĞ 
�,3ͲŽnůǇ ƉƌŽƚĞin �/� ;�,3 inƚĞƌaĐƟnŐ dŽŵain dĞaƚŚ aŐŽniƐƚͿ͘ dŚiƐ ŐĞnĞƌaƚĞƐ ƚ�/�͕ ƚŚĞ aĐƟǀĞ and 
ƚƌƵnĐaƚĞd ĨŽƌŵ ŽĨ �/� ƚŚaƚ ƚƌiŐŐĞƌƐ DKDW͕   ƚŚƌŽƵŐŚ ƚŚĞ aĐƟǀaƟŽn ŽĨ ƚŚĞ ƉƌŽͲaƉŽƉƚŽƟĐ ��>ͲϮ ĨaŵiůǇ 
ŵĞŵďĞƌƐ ;<anƚaƌi and taůĐǌaŬ͕ ϮϬ11Ϳ͘

2.1.3. Execution pathway
�ƚ ƚŚĞ ŵŽŵĞnƚ in ǁŚiĐŚ ƚŚĞ ĞǆĞĐƵƟŽnĞƌ ĐaƐƉaƐĞƐ aƌĞ aĐƟǀaƚĞd͕ ƚŚĞ Įnaů aƉŽƉƚŽƐiƐ ƉaƚŚǁaǇ 

ďĞŐinƐ͘ dŚĞ ĞǆĞĐƵƟŽnĞƌ ĐaƐƉaƐĞƐ ĐůĞaǀĞ a ƐĞƌiĞƐ ŽĨ ƐƵďƐƚƌaƚĞƐ ;/��� ;inŚiďiƚŽƌ ŽĨ ƚŚĞ ĐaƐƉaƐĞͲaĐƟǀaƚĞd 
dĞŽǆǇƌiďŽnƵĐůĞaƐĞͿ͕ ZK�<1 ;ZŚŽͲaƐƐŽĐiaƚĞd ĐŽiůĞdĐŽiů ĨŽƌŵinŐ ŬinaƐĞ 1Ϳ͕ ƉŽůǇ ;��WͲƌiďŽƐĞͿ ƉŽůǇŵĞƌaƐĞ 
;W�ZW͕  a �E� ƌĞƉaiƌ ĞnǌǇŵĞͿ͕ aĐƟn͕ ĨŽdƌin and ůaŵinͿ ǁŚiĐŚ ƉƌŽdƵĐĞ ƚŚĞ ĐŚaƌaĐƚĞƌiƐƟĐ ƉŚĞnŽƚǇƉiĐ 
ĐŚanŐĞƐ ŽĨ ƚŚiƐ ĐĞůůƵůaƌ dĞŵŽůiƟŽn ;>aǁĞn͕ ϮϬϬ3Ϳ͘ dŚƌŽƵŐŚ ƚŚĞ ĐůĞaǀaŐĞ ŽĨ ƚŚĞ ZŚŽ ĞīĞĐƚŽƌ͕  ZK�<1͕ ƚŚĞ 
aĐƟn ĐǇƚŽƐŬĞůĞƚŽn ĐŽnƚƌaĐƚƐ ůĞadinŐ ƚŽ ƉůaƐŵa ŵĞŵďƌanĞ ďůĞďďinŐ͕ aƐ ǁĞůů aƐ nƵĐůĞaƌ ĨƌaŐŵĞnƚaƟŽn͘ 
DŽƌĞŽǀĞƌ͕  ƚŚĞ nƵĐůĞaƌ ĨƌaŐŵĞnƚaƟŽn iƐ ĨaĐiůiƚaƚĞd ďǇ ƚŚĞ ƉƌŽƚĞŽůǇƐiƐ ŽĨ nƵĐůĞaƌ ůaŵinƐ͘ WƌŽƚĞŽůǇƐiƐ ŽĨ 



ϱϲ

ƉƌŽƚĞinƐ aƚ ĨŽĐaů adŚĞƐiŽn ƐiƚĞƐ and ĐĞůůͲĐĞůů adŚĞƐiŽn ƐiƚĞƐ ĐŽnƚƌiďƵƚĞƐ ƚŽ ƚŚĞ ƌŽƵndinŐ͕ dĞƚaĐŚŵĞnƚ 
and ƌĞƚƌaĐƟŽn ƐĞĞn in ƚŚĞ ĞaƌůǇ ƐƚaŐĞƐ ŽĨ aƉŽƉƚŽƐiƐ͘ dŚiƐ ĐǇƚŽƐŬĞůĞƚaů ƌĞŽƌŐaniǌaƟŽn ƉƌŽŵƉƚƐ ƚŚĞ 
diƐinƚĞŐƌaƟŽn ŽĨ ƚŚĞ ĐĞůů inƚŽ aƉŽƉƚŽƟĐ ďŽdiĞƐ͕ ǁiƚŚŽƵƚ ƉůaƐŵa ŵĞŵďƌanĞ ďƌĞaŬaŐĞ ;�ůŵŽƌĞ͕ ϮϬϬϳͿ͘ 
�ĞƐidĞ ƚŚiƐ͕ ƚŚĞƌĞ iƐ a ƐŚƵƚdŽǁn ŽĨ ĞƐƐĞnƟaů ĐĞůůƵůaƌ ĨƵnĐƟŽnƐ͕ ƐƵĐŚ aƐ ƚƌanƐĐƌiƉƟŽn and ƚƌanƐůaƟŽn͕ 
ƐinĐĞ ƉƌŽƚĞinƐ inǀŽůǀĞd in ƚŚĞƐĞ ƉƌŽĐĞƐƐĞƐ aƌĞ aůƐŽ ƚaƌŐĞƚƐ ŽĨ ĐaƐƉaƐĞƐ͘ �ddiƟŽnaůůǇ͕  ĐaƐƉaƐĞ 3 ƐƉĞĐiĮĐaůůǇ 
aĐƟǀaƚĞƐ ƚŚĞ ĞndŽnƵĐůĞaƐĞ ��� ;ĐaƐƉaƐĞͲaĐƟǀaƚĞd �EaƐĞͿ ƚŚƌŽƵŐŚ ƚŚĞ ĐůĞaǀaŐĞ ŽĨ iƚƐ inŚiďiƚŽƌ /���͘ 
dŚĞn ��� dĞŐƌadĞƐ inƚĞƌnƵĐůĞŽƐŽŵaů �E� ǁiƚŚin ƚŚĞ nƵĐůĞi and ƉƌŽǀŽŬĞƐ ĐŚƌŽŵaƟn ĐŽndĞnƐaƟŽn͘ 
KƚŚĞƌ ĞǀĞnƚƐ ƚŚaƚ aƌĞ ĐŚaƌaĐƚĞƌiƐƟĐ ŽĨ aƉŽƉƚŽƐiƐ and aƌĞ ŽƌĐŚĞƐƚƌaƚĞd ďǇ ƚŚĞƐĞ ƉƌŽƚĞaƐĞƐ aƌĞ ƚŚĞ 
ĨƌaŐŵĞnƚaƟŽn ŽĨ ĐĞůůƵůaƌ ŽƌŐanĞůůĞƐ͕ ƐƵĐŚ aƐ ƚŚĞ 'ŽůŐi aƉƉaƌaƚƵƐ and ƚŚĞ ĞndŽƉůaƐŵiĐ ƌĞƟĐƵůƵŵ ;ĮŐƵƌĞ 
13Ϳ͘ �ƵƌinŐ aƉŽƉƚŽƐiƐ͕ ĞǆĞĐƵƟŽnĞƌ ĐaƐƉaƐĞƐ aƌĞ aůƐŽ ƌĞƋƵiƌĞd ĨŽƌ ƚŚĞ ĞǆƉŽƐƵƌĞ ŽĨ ƉŚŽƐƉŚaƟdǇůƐĞƌinĞ 
;W^Ϳ and ŽƚŚĞƌ ƉŚaŐŽĐǇƟĐ ƐiŐnaůƐ Žn ƚŚĞ ĐĞůů ƐƵƌĨaĐĞ͘ dŚĞƐĞ ĞǀĞnƚƐ ĐŽnƚƌiďƵƚĞ ƚŽ ƚŚĞ ĐŽnƐƵŵƉƟŽn ŽĨ ƚŚĞ 
dĞad ĐĞůů ďǇ ƉŚaŐŽĐǇƚĞƐ and ƉƌĞǀĞnƚ ƚŚĞ ƌĞůĞaƐĞ ŽĨ ĐĞůůƵůaƌ ĐŽnƐƟƚƵĞnƚƐ inƚŽ ƚŚĞ ƐƵƌƌŽƵndinŐ ŵiůĞƵ ;^ůĞĞ͕ 
�dƌain and DaƌƟn͕ ϮϬϬ1͖ daǇůŽƌ͕  �ƵůůĞn and DaƌƟn͕ ϮϬϬ8Ϳ͘

FiŐure 13. DemoliƟon oĨ key cellular structures and orŐanelles ďy execuƟoner caspases ;daǇůŽƌ͕  �ƵůůĞn and DaƌƟn͕ ϮϬϬ8Ϳ͘

2.1.4. Apoptosis regulation 
/n nŽƌŵaů ĐĞůůƐ͕ ƚŚĞ ďaůanĐĞ ďĞƚǁĞĞn ƉƌŽͲ and anƟͲaƉŽƉƚŽƟĐ ƉƌŽƚĞinƐ iƐ ƟŐŚƚůǇ ƌĞŐƵůaƚĞd͘ /n 

ŚƵŵan ĐanĐĞƌƐ͕ ƚŚiƐ ďaůanĐĞ ŚaƐ ďĞĞn aůƚĞƌĞd͘ dŚĞ anƟͲaƉŽƉƚŽƟĐ ŵĞŵďĞƌƐ ŽĨ ƚŚĞ aĨŽƌĞŵĞnƟŽnĞd 
��>ͲϮ ƉƌŽƚĞin ĨaŵiůǇ aƌĞ ŽǀĞƌĞǆƉƌĞƐƐĞd in ƐŽŵĞ ƚǇƉĞƐ ŽĨ ĐanĐĞƌ ;�ĞůďƌidŐĞ et al.͕ ϮϬ1ϲͿ͘ dŚiƐ ĨaĐƚ ŚaƐ 
ďĞĞn ůinŬĞd ƚŽ ƚƵŵŽƌ ƉƌŽŐƌĞƐƐiŽn͕ ƚƌĞaƚŵĞnƚ ƌĞƐiƐƚanĐĞ͕ and ƉŽŽƌ ƉƌŽŐnŽƐiƐ ;�ai and tanŐ͕ ϮϬ1ϰͿ͘ 
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INTRODUCTION

�nŽƚŚĞƌ ŐƌŽƵƉ ŽĨ anƟͲaƉŽƉƚŽƟĐ ŵŽůĞĐƵůĞƐ aƌĞ ƚŚĞ ĞiŐŚƚ  /�WƐ ƉƌŽƚĞinƐ in ŚƵŵanƐ͗ nĞƵƌŽnaů aƉŽƉƚŽƐiƐ 
inŚiďiƚŽƌǇ ƉƌŽƚĞin ;aůƐŽ ŬnŽǁn aƐ �/Z�1Ϳ͕ ĐĞůůƵůaƌ /�W1 ;ĐͲ/�W1͖ aůƐŽ ŬnŽǁn aƐ �/Z�ϮͿ͕ ĐĞůůƵůaƌ /�WϮ 
;ĐͲ/�WϮ͖ aůƐŽ ŬnŽǁn aƐ �/Z�3Ϳ͕ y ĐŚƌŽŵŽƐŽŵĞͲůinŬĞd /�W ;y/�W͖ aůƐŽ ŬnŽǁn aƐ �/Z�ϰͿ͕ ƐƵƌǀiǀin ;aůƐŽ 
ŬnŽǁn aƐ �/Z�ϱͿ͕ ƵďiƋƵiƟnͲĐŽnũƵŐaƟnŐ �/Z dŽŵain ĞnǌǇŵĞ aƉŽůůŽn ;aůƐŽ ŬnŽǁn aƐ �/Z�ϲͿ͕ ŵĞůanŽŵa 
/�W ;D>Ͳ/�W͖ aůƐŽ ŬnŽǁn aƐ �/Z�ϳͿ͕ and /�WͲůiŬĞ ƉƌŽƚĞin Ϯ ;/>WϮ͖ aůƐŽ ŬnŽǁn aƐ �/Z�8Ϳ͘ dŚiƐ ĨaŵiůǇ ŽĨ 
ƉƌŽƚĞinƐ ƐŚaƌĞƐ ƚŚĞ �/Z ;ďaĐƵůŽǀiƌƵƐ /�W ƌĞƉĞaƚͿ dŽŵain ĨŽƌ ƉƌŽƚĞinͲƉƌŽƚĞin ďindinŐ and ƐŽŵĞ ŽĨ ƚŚĞŵ 
aůƐŽ ŚaǀĞ a ĐaƌďŽǆǇͲƚĞƌŵinaů Z/E' dŽŵain ƚŚaƚ aĐƚƐ aƐ �3 ƵďiƋƵiƟn ůiŐaƐĞ͘ /n ƌĞƐƟnŐ ƐƚaƚĞ͕ iƚƐ ĨƵnĐƟŽn 
iƐ ƚŽ inŚiďiƚ ĐaƐƉaƐĞƐ ƚŚaƚ ŚaǀĞ ďĞĞn ƐƉŽnƚanĞŽƵƐůǇ aĐƟǀaƚĞd͕ ƉƌĞǀĞnƟnŐ aƉŽƉƚŽƐiƐ͘ /n ƚŚĞ ƉƌĞƐĞnĐĞ 
ŽĨ aƉŽƉƚŽƟĐ ƐƟŵƵůi͕ a ƐiŐnaů iƐ ƚƌanƐŵiƩĞd ƚŽ ƚŚĞ ŵiƚŽĐŚŽndƌia͕ ůĞadinŐ ƚŽ ƚŚĞ DKDW and ƚŚĞ ƌĞůĞaƐĞ 
ŽĨ ^D��ͬ�/��>K͕ and ƚŚĞƌĞĨŽƌĞ ƚŚĞ inŚiďiƟŽn ŽĨ /�WƐ͕ and ĐaƐƉaƐĞ aĐƟǀaƟŽn ;&Ƶůda and sƵĐiĐ͕ ϮϬ1ϮͿ͘

/n ƚŚiƐ ƌĞŐaƌd͕ ƚŚĞ dĞĞƉ ŬnŽǁůĞdŐĞ ŽĨ ƚŚĞ aƉŽƉƚŽƟĐ ƌĞŐƵůaƟŽn ŚaƐ ůĞd ƚŽ ƚŚĞ dĞǀĞůŽƉŵĞnƚ ŽĨ nĞǁ 
ƐƚƌaƚĞŐiĞƐ ĨŽƌ ƚŚĞ ƚƌĞaƚŵĞnƚ ŽĨ ĐanĐĞƌ͕  ǁŚiĐŚ aiŵ ƚŽ ƚaƌŐĞƚ ƚŚĞƐĞ anƟͲaƉŽƉƚŽƟĐ ƉƌŽƚĞinƐ ǁiƚŚ ƐŵaůůͲ
ŵŽůĞĐƵůĞƐ͕ ƐƉĞĐiaůůǇ �,3 Žƌ ^D�� ŵiŵĞƟĐƐ ;�ai and tanŐ͕ ϮϬ1ϰ͖ WanaǇŽƚŽƉŽƵůŽƵ et al.͕ ϮϬ1ϳͿ͘

2.2. AUTOPHAGY
DaĐƌŽaƵƚŽƉŚaŐǇ͕  ƌĞĨĞƌƌĞd ƚŽ ŚĞƌĞaŌĞƌ ƐiŵƉůǇ aƐ aƵƚŽƉŚaŐǇ͕  iƐ a ĐaƚaďŽůiĐ ƉƌŽĐĞƐƐ ǁŚĞƌĞďǇ 

ĐĞůůƐ dĞŐƌadĞ ƚŚĞiƌ Žǁn ĐŽŵƉŽnĞnƚƐ ďǇ ĞnǀĞůŽƉinŐ ƚŚĞŵ in dŽƵďůĞͲŵĞŵďƌanĞ ǀĞƐiĐůĞƐ ĐaůůĞd 
aƵƚŽƉŚaŐŽƐŽŵĞƐ and ƚaƌŐĞƟnŐ ƚŚĞŵ ĨŽƌ ůǇƐŽƐŽŵaů dĞŐƌadaƟŽn ;,aůĞ et al.͕ ϮϬ13Ϳ͘ �ƚ ďaƐaů ůĞǀĞůƐ͕ iƚ 
ƉůaǇƐ a ŚŽƵƐĞŬĞĞƉinŐ ƌŽůĞ ŵainƚaininŐ ƚŚĞ inƚĞŐƌiƚǇ ŽĨ inƚƌaĐĞůůƵůaƌ ŽƌŐanĞůůĞƐ and ƉƌŽƚĞinƐ and ƉƌĞǀĞnƚƐ 
ƚŚĞ ƚŽǆiĐ aĐĐƵŵƵůaƟŽn ŽĨ ĐĞůůƵůaƌ ǁaƐƚĞ ƉƌŽdƵĐƚƐ͘ �Ɛ a ƐĞůĨͲdĞŐƌadinŐ ƉƌŽĐĞƐƐ͕ iƚ iƐ aůƐŽ iŵƉŽƌƚanƚ ĨŽƌ 
ďaůanĐinŐ ƐŽƵƌĐĞƐ ŽĨ ĞnĞƌŐǇ ƚŽ ƐƵƐƚain ŵĞƚaďŽůiƐŵ dƵƌinŐ ƐƚaƌǀaƟŽn ;WaƌǌǇĐŚ and <ůiŽnƐŬǇ͕  ϮϬ1ϰͿ͘ 
�ůƚŚŽƵŐŚ aƵƚŽƉŚaŐǇ ŚaƐ ƚŚĞƐĞ ĐǇƚŽƉƌŽƚĞĐƟǀĞ ĨƵnĐƟŽnƐ͕ ĞǆĐĞƐƐiǀĞ aƵƚŽƉŚaŐǇ iƐ dĞůĞƚĞƌiŽƵƐ and iƚƐ 
dĞƌĞŐƵůaƟŽn ŚaƐ ďĞĞn ůinŬĞd ƚŽ ƐĞǀĞƌaů ƉaƚŚŽůŽŐiĞƐ ;tiƌaǁan et al.͕ ϮϬ1ϮͿ͘

dŚĞ ĐŽnĐĞƉƚ ŽĨ aƵƚŽƉŚaŐiĐ ĐĞůů dĞaƚŚ͕ aůƐŽ ŬnŽǁn aƐ ƚǇƉĞ Ϯ ĐĞůů dĞaƚŚ͕ dĞƐĐƌiďĞƐ a Ŭind ŽĨ ĐĞůů 
dĞaƚŚ ƚŚaƚ ŽĐĐƵƌƐ in ƚŚĞ aďƐĞnĐĞ ŽĨ ĐŚƌŽŵaƟn ĐŽndĞnƐaƟŽn and aĐĐŽŵƉaniĞd ďǇ ŵaƐƐiǀĞ aƵƚŽƉŚaŐiĐ 
ǀaĐƵŽůiǌaƟŽn ŽĨ ƚŚĞ ĐǇƚŽƉůaƐŵ͘ ,ŽǁĞǀĞƌ ƚŚĞƌĞ iƐ ƐŽŵĞ ĐŽnƚƌŽǀĞƌƐǇ aďŽƵƚ ƚŚiƐ ƚǇƉĞ ŽĨ ĐĞůů dĞaƚŚ͕ ƐinĐĞ 
iƚ ƌĞƉƌĞƐĞnƚƐ a ĐĞůů dĞaƚŚ ǁiƚŚ aƵƚŽƉŚaŐǇ and nŽƚ a ĐĞůů dĞaƚŚ ĞǆĞĐƵƚĞd ďǇ ƚŚĞ aƵƚŽƉŚaŐiĐ ŵĞĐŚaniƐŵ 
;<ƌŽĞŵĞƌ and >ĞǀinĞ͕ ϮϬϬ8͖ <ƌŽĞŵĞƌ et al.͕ ϮϬϬ9͖ �ĞnƚŽn͕ EiĐŽůƐŽn and <Ƶŵaƌ͕  ϮϬ1ϮͿ͘ 

2.2.1. The molecular mechanism of  the autophagy pathway
dŚĞƌĞ aƌĞ ƚŚƌĞĞ ŵaũŽƌ ŬinaƐĞƐ ƚŚaƚ ƌĞŐƵůaƚĞ aƵƚŽƉŚaŐǇ͗ ƚŚĞ Đ�DWͲdĞƉĞndĞnƚ ƉƌŽƚĞin ŬinaƐĞ � ;W<�Ϳ͕ 

ŵdKZ and �DW< ;�DWͲaĐƟǀaƚĞd ƉƌŽƚĞin ŬinaƐĞͿ͘ dŚĞƐĞ ŬinaƐĞƐ ƌĞƐƉŽnd ƚŽ a ǁidĞ ƌanŐĞ ŽĨ ĐĞůůƵůaƌ 
ƐƚƌĞƐƐĞƐ͕ inĐůƵdinŐ nƵƚƌiĞnƚ ƐƚaƌǀaƟŽn͕ ƚŚĞ aǀaiůaďiůiƚǇ ŽĨ inƐƵůin and ŽƚŚĞƌ ŐƌŽǁƚŚ ĨaĐƚŽƌƐ͕ ŚǇƉŽǆia͕ 
ĞnĞƌŐǇ dĞĮĐiĞnĐǇ and ĞndŽƉůaƐŵiĐ ƌĞƟĐƵůƵŵ ƐƚƌĞƐƐ ;ĮŐƵƌĞ 1ϰͿ ;WaƌǌǇĐŚ and <ůiŽnƐŬǇ͕  ϮϬ1ϰͿ͘ KnĞ ŽĨ 
ƚŚĞ ŵŽƐƚ ƐƚƵdiĞd ƉƌŽƚĞin iƐ ŵdKZ͕ ǁŚiĐŚ inŚiďiƚƐ aƵƚŽƉŚaŐǇ and ƉƌŽŵŽƚĞƐ ĐĞůů ŐƌŽǁƚŚ in a ƐiƚƵaƟŽn 
ŽĨ aďƵndanĐĞ ŽĨ nƵƚƌiĞnƚƐ͘ tŚĞn nƵƚƌiĞnƚƐ aƌĞ ƐĐaƌĐĞ͕ ŵdKZ aĐƟǀiƚǇ iƐ ƌĞƉƌĞƐƐĞd and aƵƚŽƉŚaŐǇ iƐ 
indƵĐĞd aƐ a ĐŽŵƉĞnƐaƚŽƌǇ ŵĞĐŚaniƐŵ ;'ůiĐŬ͕ �aƌƚŚ and DaĐůĞŽd͕ ϮϬ1ϬͿ͘ 
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dŚĞ ƉƌŽĐĞƐƐ ŽĨ aƵƚŽƉŚaŐǇ ďĞŐinƐ ǁiƚŚ ƚŚĞ ƐƵƌƌŽƵndinŐ and ƐĞƋƵĞƐƚĞƌinŐ ŽĨ ĐǇƚŽƉůaƐŵiĐ ŽƌŐanĞůůĞƐ 
and ƉƌŽƚĞinƐ ǁiƚŚin an iƐŽůaƚĞd ŵĞŵďƌanĞ ĐaůůĞd ƉŚaŐŽƉŚŽƌĞ͘ �ƵƚŽƉŚaŐǇ indƵĐĞƌƐ ĐaƵƐĞ aĐƟǀaƟŽn 
ŽĨ ƚŚĞ h>< ĐŽŵƉůĞǆ ;h><1 ;hE�Ͳϱ1Ͳ>iŬĞ <inaƐĞͿ͕ �d'13͕ �d'1Ϭ1 ;aƵƚŽƉŚaŐǇ ƌĞůaƚĞd ƉƌŽƚĞinƐ 13 and 
1Ϭ1͕ ƌĞƐƉĞĐƟǀĞůǇͿ and &/WϮϬϬ ;ĨŽĐaů adŚĞƐiŽn ŬinaƐĞ ĨaŵiůǇ inƚĞƌaĐƟnŐ ƉƌŽƚĞin ŽĨ ϮϬϬ Ŭ�aͿ͕ ǁŚiĐŚ 
diƐƐŽĐiaƚĞƐ ĨƌŽŵ ƚŚĞ ŵdKZ�1 ĐŽŵƉůĞǆ and in ƚƵƌn aĐƟǀaƚĞƐ ƚŚĞ �ůaƐƐ /// W/3< ĐŽŵƉůĞǆ ;W/3<�3 ĐŽŵƉůĞǆͿ͘ 
�ĐƟǀaƟŽn ŽĨ ƚŚiƐ ĐŽŵƉůĞǆ aůƐŽ ƌĞƋƵiƌĞƐ ƚŚĞ ƌĞůĞaƐĞ ŽĨ �ĞĐůin 1 ĨƌŽŵ ƚŚĞ inƚĞƌaĐƟŽn ǁiƚŚ ƚŚĞ ƉƌŽƚĞin 
��>Ϯ͕ ƉƌŽĐĞƐƐ ƌĞŐƵůaƚĞd ďǇ ƚŚĞ ƵƉƐƚƌĞaŵ ŬinaƐĞƐ ƐĞnƐiƟǀĞ ƚŽ ƐƚaƌǀaƟŽn͘ dŚĞ inƚĞƌaĐƟŽn ŽĨ �ĞĐůin 1 ǁiƚŚ 
ŽƚŚĞƌ ĐŽŵƉŽnĞnƚƐ ŽĨ ƚŚĞ W/3<�3 ĐŽŵƉůĞǆ ;�d'1ϰ͕ sW^3ϰ and sW^1ϱ ;ƉŚŽƐƉŚaƟdǇůinŽƐiƚŽů 3ͲŬinaƐĞƐͿͿ 
ƉƌŽŵŽƚĞƐ ƚŚĞ ŐĞnĞƌaƟŽn ŽĨ ƉŚŽƐƉŚaƟdǇůinŽƐiƚŽů3ͲƉŚŽƐƉŚaƚĞ ;W/3WͿ͘ dŚiƐ iƐ ĞƐƐĞnƟaů ĨŽƌ ǀĞƐiĐůĞ 
nƵĐůĞaƟŽn ƐinĐĞ iƚ ƐĞƌǀĞƐ aƐ a ƉůaƞŽƌŵ ĨŽƌ ƌĞĐƌƵiƚŵĞnƚ ŽĨ ŽƚŚĞƌ aƵƚŽƉŚaŐǇͲƌĞůaƚĞd ƉƌŽƚĞinƐ inǀŽůǀĞd 
in ƚŚĞ nĞǆƚ ƐƚĞƉ͕ ƚŚĞ ĞůŽnŐaƟŽn ƌĞaĐƟŽn͘ /n ƚŚiƐ ƐƚĞƉ͕ ƚŚĞ ĞǆƉanƐiŽn ŽĨ ƚŚĞ ƉŚaŐŽƉŚŽƌĞ ŵĞŵďƌanĞ 
ƚaŬĞƐ ƉůaĐĞ͕ ƌĞƐƵůƟnŐ in ƚŚĞ ĨŽƌŵaƟŽn ŽĨ ƚŚĞ aƵƚŽƉŚaŐŽƐŽŵĞ͕ a ĐůŽƐĞd dŽƵďůĞͲŵĞŵďƌanĞ ƐƚƌƵĐƚƵƌĞ͕ 
aƌŽƵnd ƚŚĞ ĐaƌŐŽ͘ dŚĞ ǀĞƐiĐůĞ ĞůŽnŐaƟŽn iƐ ŵĞdiaƚĞd ďǇ ƚǁŽ ĐŽnũƵŐaƟŽn ƐǇƐƚĞŵƐ͘ &iƌƐƚ͕ �1Ͳ and �ϮͲ
ůiŐaƐĞƐ͕ naŵĞd �d'ϳ and �d'1Ϭ ƌĞƐƉĞĐƟǀĞůǇ͕  ŵŽdiĨǇ �d'1Ϯ͘  DŽdiĮĞd �d'1Ϯ ďindƐ ƚŽ �d'ϱ ĨŽůůŽǁĞd 
ďǇ �d'1ϲ> ďindinŐ ƚŽ ĨŽƌŵ ƚŚĞ �d'ϱͲ�d'1ϮͲ�d'1ϲ> ĐŽŵƉůĞǆ͘ dŚiƐ ĐŽŵƉůĞǆ ƉƌŽŵŽƚĞƐ ƚŚĞ ƌĞĐƌƵiƚŵĞnƚ 
and ĐŽnǀĞƌƐiŽn ŽĨ ĐǇƚŽƐŽůiĐͲaƐƐŽĐiaƚĞd ƉƌŽƚĞin ůiŐŚƚ ĐŚain 3 ;>�3 /Ϳ ƚŽ ƚŚĞ ŵĞŵďƌanĞͲďŽƵnd >�3 // 
ĨŽƌŵ͕ ǁiƚŚ a ƉŚŽƐƉŚaƟdǇůĞƚŚanŽůaŵinĞ ŐƌŽƵƉ aƩaĐŚĞd͘  >�3 // aůƐŽ ďindƐ ƚŽ ƚŚĞ adaƉƚŽƌ ƉƌŽƚĞin ƉϲϮͬ
ƐĞƋƵĞƐƚŽƐŽŵĞ1 ;^Y^dD1Ϳ ƚŚaƚ iƐ inǀŽůǀĞd in ƚƌaĸĐŬinŐ ƉƌŽƚĞinƐ ƚŽ ƚŚĞ ƉƌŽƚĞaƐŽŵĞ and ƐĞƌǀĞƐ ƚŽ 
ĨaĐiůiƚaƚĞ dĞŐƌadaƟŽn ŽĨ ƵďiƋƵiƟnaƚĞd ƉƌŽƚĞin aŐŐƌĞŐaƚĞƐ ďǇ aƵƚŽƉŚaŐǇ ;'ƌĞĞn and >ĞǀinĞ͕ ϮϬ1ϰ͖ <iŵ 
and >ĞĞ͕ ϮϬ1ϰͿ͘ dŚĞ ůaƚĞ ĞǀĞnƚƐ in aƵƚŽƉŚaŐǇ inǀŽůǀĞ ƚŚĞ ĨƵƐiŽn ŽĨ ŵaƚƵƌĞ aƵƚŽƉŚaŐŽƐŽŵĞƐ ǁiƚŚ 
ůǇƐŽƐŽŵĞƐ ƚŽ ĨŽƌŵ an aƵƚŽůǇƐŽƐŽŵĞ͕ ƐƚƌƵĐƚƵƌĞ ǁŚĞƌĞ ƚŚĞ ĐaƌŐŽ iƐ diŐĞƐƚĞd ďǇ ŚǇdƌŽůǇƟĐ ĞnǌǇŵĞƐ͘ dŚiƐ 
iƐ ƟŐŚƚůǇ ƌĞŐƵůaƚĞd ďǇ ƐĞǀĞƌaů ŐƌŽƵƉƐ ŽĨ ƉƌŽƚĞinƐ͕ inĐůƵdinŐ͗ ůǇƐŽƐŽŵaů ŵĞŵďƌanĞ ƉƌŽƚĞinƐ ƐƵĐŚ aƐ ƚŚĞ 
sͲ�dWaƐĞ ;ǀaĐƵŽůaƌͲƚǇƉĞ ,+Ͳ�dWaƐĞͿ ĐŽŵƉůĞǆ and >�DW1 ;ůǇƐŽƐŽŵĞͲaƐƐŽĐiaƚĞd ŵĞŵďƌanĞ ƉƌŽƚĞinͿ͖ 
Ɛŵaůů 'dWaƐĞƐ ƐƵĐŚ aƐ Zaďϳ ;ZaƐͲƌĞůaƚĞd ƉƌŽƚĞinͿ͖ and ^E�Z� ;ƐŽůƵďůĞ EͲĞƚŚǇůŵaůĞiŵidĞͲƐĞnƐiƟǀĞ 
ĨaĐƚŽƌ aƩaĐŚŵĞnƚ ƉƌŽƚĞin ƌĞĐĞƉƚŽƌͿ ƉƌŽƚĞinƐ͕ aŵŽnŐ ŽƚŚĞƌƐ ;^ŚĞn and DiǌƵƐŚiŵa͕ ϮϬ1ϰͿ͘
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2.3. METHUOSIS
Methuosis, a nŽǀĞů ĨŽƌŵ ŽĨ nŽnaƉŽƉƚŽƟĐ ĐĞůů dĞaƚŚ͕ ǁŚiĐŚ iƐ ŵainůǇ ĐŚaƌaĐƚĞƌiǌĞd ďǇ ƚŚĞ diƐƉůaĐĞŵĞnƚ 

ŽĨ ƚŚĞ ĐǇƚŽƉůaƐŵ ďǇ ůaƌŐĞ ŇƵidͲĮůůĞd ǀaĐƵŽůĞƐ dĞƌiǀĞd ĨƌŽŵ a dǇƐĨƵnĐƟŽnaů ŵaĐƌŽƉinŽĐǇƚŽƐiƐ ƉƌŽĐĞƐƐ͘ 
DaĐƌŽƉinŽĐǇƚŽƐiƐ iƐ a ĐůaƚŚƌinͲindĞƉĞndĞnƚ ĞndŽĐǇƟĐ ƉƌŽĐĞƐƐ ďǇ ǁŚiĐŚ ĐĞůůƐ inƚĞƌnaůiǌĞ ĞǆƚƌaĐĞůůƵůaƌ 
ŇƵid and nƵƚƌiĞnƚƐ ƚŚƌŽƵŐŚ ǀĞƐiĐůĞƐ ŬnŽǁn aƐ ŵaĐƌŽƉinŽƐŽŵĞƐ͘ EaƐĐĞnƚ ŵaĐƌŽƉinŽƐŽŵĞƐ aƌĞ 
ŐĞnĞƌaƚĞd ĨƌŽŵ ůaŵĞůůiƉŽdiaů ŵĞŵďƌanĞ ƉƌŽũĞĐƟŽnƐ Žƌ ƌƵŋĞƐ͘ �ŌĞƌ ƚŚaƚ͕ ƚŚĞƐĞ ǀĞƐiĐůĞƐ ŵaƚƵƌĞ ƚŽ 
aĐƋƵiƌĞ ĐŚaƌaĐƚĞƌiƐƟĐƐ ŽĨ ůaƚĞ ĞndŽƐŽŵĞƐ and ĨƵƐĞ ǁiƚŚ ůǇƐŽƐŽŵĞƐ͘ �ƵƌinŐ ŵĞƚŚƵŽƐiƐ͕ inƐƚĞad ŽĨ 
ŵĞƌŐinŐ ǁiƚŚ ůǇƐŽƐŽŵĞƐ and ďĞinŐ ƌĞĐǇĐůĞd͕ ŵaĐƌŽƉinŽƐŽŵĞƐ ĐŽaůĞƐĐĞ ƚŽ ĨŽƌŵ ƉƌŽŐƌĞƐƐiǀĞůǇ ůaƌŐĞƌ 
ǀaĐƵŽůĞƐ and Įůů ƚŚĞ ĐǇƚŽƉůaƐŵ͘ dŚiƐ dǇƐĨƵnĐƟŽnaů ƚƌaĸĐŬinŐ ŽĨ ŵaĐƌŽƉinŽƐŽŵĞƐ ĐŽŵƉƌŽŵiƐĞƐ ĐĞůů 
ǀiaďiůiƚǇ and ƵůƟŵaƚĞůǇ ƌĞƐƵůƚƐ in ĐĞůů ƌƵƉƚƵƌĞ ;DaůƚĞƐĞ and KǀĞƌŵĞǇĞƌ͕  ϮϬ1ϰ͖ DďaŚ͕ KǀĞƌŵĞǇĞƌ and 
DaůƚĞƐĞ͕ ϮϬ1ϳͿ͘

dŚiƐ ĐĞůů dĞaƚŚ ƉŚĞnŽƚǇƉĞ ŚaƐ ďĞĞn ĞƐƚaďůiƐŚĞd ŵainůǇ in ĐĞůůƐ ƚŚaƚ ŚaǀĞ ďĞĞn ŐĞnĞƟĐaůůǇ Žƌ 
ƉŚaƌŵaĐŽůŽŐiĐaůůǇ ŵaniƉƵůaƚĞd in vitro͘ /niƟaůůǇ͕  ƚŚiƐ ƉŚĞnŽŵĞnŽn ǁaƐ ŽďƐĞƌǀĞd in ŐůiŽďůaƐƚŽŵa ĐĞůůƐ 
ǁiƚŚ ŽǀĞƌĞǆƉƌĞƐƐiŽn ŽĨ RAS ;ƌaƚ ƐaƌĐŽŵa ŽnĐŽŐĞnĞͿ ďǇ DaůƚĞƐĞ ƌĞƐĞaƌĐŚ ŐƌŽƵƉ ;KǀĞƌŵĞǇĞƌ et al.͕ ϮϬϬ8Ϳ͘ 
^ƵďƐĞƋƵĞnƚ ǁŽƌŬ ĨƌŽŵ ƚŚĞ ƐaŵĞ ŐƌŽƵƉ ŚaƐ dĞǀĞůŽƉĞd a ƐǇnƚŚĞƟĐ indŽůĞͲďaƐĞd ĐŚaůĐŽnĞ ĐŽŵƉŽƵnd 
ŬnŽǁn aƐ DKD/WW͘  dŚiƐ ĐŚĞŵiĐaů iƐ ĐaƉaďůĞ ŽĨ indƵĐinŐ ŵĞƚŚƵŽƐiƐ in ƐĞǀĞƌaů ĐanĐĞƌ ĐĞůů ƚǇƉĞƐ͕ ĮnaůůǇ 
ƉƌŽǀŽŬinŐ ĐĞůů dĞaƚŚ ;KǀĞƌŵĞǇĞƌ et al.͕ ϮϬ11͖ ZŽďinƐŽn et al.͕ ϮϬ1Ϯ͖ DaůƚĞƐĞ and KǀĞƌŵĞǇĞƌ͕  ϮϬ1ϰͿ͘ 



ϲϬ

2.4. REGULATED NECROSIS
EĞĐƌŽƐiƐ Śad ƚƌadiƟŽnaůůǇ ďĞĞn ĐŽnƐidĞƌĞd an aĐĐidĞnƚaů ĐĞůů dĞaƚŚ ƚŚaƚ ŽĐĐƵƌƐ ǁiƚŚŽƵƚ inƚƌaĐĞůůƵůaƌ 

ĐŽnƚƌŽů͘ EĞĐƌŽƟĐ ĐĞůů dĞaƚŚ iƐ ŵŽƌƉŚŽůŽŐiĐaůůǇ ĐŚaƌaĐƚĞƌiǌĞd ďǇ an ƵnĐŽnƚƌŽůůĞd dĞŐĞnĞƌaƟŽn ƚŚaƚ 
inǀŽůǀĞƐ inĐƌĞaƐĞ in ĐĞůů ǀŽůƵŵĞ͕ ƐǁĞůůinŐ ŽĨ ŽƌŐanĞůůĞƐ͕ ƉůaƐŵa ŵĞŵďƌanĞ ƌƵƉƚƵƌĞ͕ and ůĞaŬaŐĞ ŽĨ 
inƚƌaĐĞůůƵůaƌ ĐŽnƚĞnƚƐ͘ EĞĐƌŽƐiƐ Đan ŽĐĐƵƌ ƐiŵƉůǇ aƐ a ĐŽnƐĞƋƵĞnĐĞ ŽĨ ĞǆƚĞnƐiǀĞ ƉŚǇƐiĐŽĐŚĞŵiĐaů inƐƵůƚƐ 
ƚŚaƚ diƐƌƵƉƚ ƚŚĞ ĐĞůů inƚĞŐƌiƚǇ ;'ƌĞĞn and >ůaŵďi͕ ϮϬ1ϱͿ͘ �ŌĞƌ daŵaŐĞͲindƵĐĞd ůĞƐiŽnƐ͕ a ƐĞƋƵĞnĐĞ ŽĨ 
inƚƌaĐĞůůƵůaƌ ĞǀĞnƚƐ ƐƉĞĐiĮĐ ƚŽ nĞĐƌŽƟĐ ĐĞůů dĞaƚŚ ŽĐĐƵƌƐ͘ dŚĞƐĞ inĐůƵdĞ͗ ŵiƚŽĐŚŽndƌiaů dǇƐĨƵnĐƟŽn͕ 
ĞnŚanĐĞd ƉƌŽdƵĐƟŽn ŽĨ ZK^͕ ƐǁĞůůinŐ ŽĨ ŵiƚŽĐŚŽndƌia͕ �dW dĞƉůĞƟŽn͕ ĨaiůƵƌĞ ŽĨ �aϮ+ ŚŽŵĞŽƐƚaƐiƐ͕ 
aĐƟǀaƟŽn ŽĨ ĐaůƉainƐ and ĐaƚŚĞƉƐinƐ ƉƌŽƚĞaƐĞƐ͕ ůǇƐŽƐŽŵaů ƌƵƉƚƵƌĞ͕ and ƵůƟŵaƚĞůǇ ƉůaƐŵa ŵĞŵďƌanĞ 
ƌƵƉƚƵƌĞ ;'ŽůƐƚĞin and <ƌŽĞŵĞƌ͕  ϮϬϬϳͿ͘ 

,ŽǁĞǀĞƌ͕  nĞĐƌŽƟĐ ĐĞůů dĞaƚŚ iƐ nŽƚ aůǁaǇƐ an aĐĐidĞnƚaů Žƌ ƉaƐƐiǀĞ ƉƌŽĐĞƐƐ and Đan aůƐŽ ďĞ 
ƚƌiŐŐĞƌĞd in a ƌĞŐƵůaƚĞd ŵannĞƌ ;'ƌĞĞn and >ůaŵďi͕ ϮϬ1ϱͿ͘ /n ƚŚĞ ůaƐƚ ǇĞaƌƐ͕ ƚŚĞ ĞǆiƐƚĞnĐĞ ŽĨ ŵƵůƟƉůĞ 
ƉaƚŚǁaǇƐ ŽĨ ƌĞŐƵůaƚĞd nĞĐƌŽƐiƐ ;ZEͿ ŚaƐ ďĞĞn ƌĞǀĞaůĞd͘ dŚƵƐ͕ ŵƵůƟƉůĞ ŵŽdĞƐ ŽĨ ĐĞůů dĞaƚŚ ƚŚaƚ ƐŚaƌĞ 
nĞĐƌŽƟĐ ŵŽƌƉŚŽůŽŐiĐaů ŚaůůŵaƌŬƐ aƌĞ nŽǁ ĐůaƐƐiĮĞd aƐ ZE ĐĞůů dĞaƚŚ ;ĮŐƵƌĞ 1ϲͿ ;�ĞƌŐŚĞ et al͕͘ ϮϬ1ϰͿ͘ 
/n ƚŚiƐ ƌĞŐaƌd͕ ƐŽŵĞ ŽĨ ƚŚĞ ďĞƐƚ ŬnŽǁn ŵŽůĞĐƵůaƌ ŵĞĐŚaniƐŵƐ ŽĨ ZE aƌĞ ŵiƚŽĐŚŽndƌiaů ƉĞƌŵĞaďiůiƚǇ 
ƚƌanƐiƟŽn Žƌ DWdͲdĞƉĞndĞnƚ ƌĞŐƵůaƚĞd nĞĐƌŽƐiƐ͕ ƉaƌƚŚanaƚŽƐ Žƌ nĞĐƌŽƉƚŽƐiƐ͘ 

FiŐure 16͘ TŚe emerŐinŐ modes oĨ reŐulated necrosis ;�ĞƌŐŚĞ et al.͕ ϮϬ1ϰͿ͘

DiƚŽĐŚŽndƌia aƌĞ ĞƐƐĞnƟaů ŽƌŐanĞůůĞƐ ĨŽƌ ƚŚĞ ĞǆĞĐƵƟŽn ŽĨ ƐŽŵĞ ZE ĐĞůů dĞaƚŚ ƚǇƉĞƐ͕ ĞƐƉĞĐiaůůǇ 
DWdͲdƌiǀĞn nĞĐƌŽƐiƐ and ƉaƌƚŚanaƚŽƐ͘ Kn ŽnĞ Śand͕ ƚŚĞƌĞ aƌĞ ƐĞǀĞƌaů ƉĞƌƚƵƌďaƟŽnƐ ŽĨ inƚƌaĐĞůůƵůaƌ 
ŚŽŵĞŽƐƚaƐiƐ ƚŚaƚ Đan ĐaƵƐĞ DWd͘  dŚiƐ iŵƉůiĞƐ ƚŚĞ ƉĞƌŵĞaƟŽn ƚƌanƐiƟŽn ƉŽƌĞ ĐŽŵƉůĞǆ ;WdW�Ϳ aƐƐĞŵďůǇ͕  
ǁŚĞƌĞ �ǇĐůŽƉŚiůin � ;�zW�Ϳ iƐ ƚŚĞ ĐƌƵĐiaů ƌĞŐƵůaƚŽƌ͘  DWd inǀŽůǀĞƐ an aďƌƵƉƚ inĐƌĞaƐĞ in ƚŚĞ ƉĞƌŵĞaďiůiƚǇ 
ŽĨ ƚŚĞ innĞƌ ŵiƚŽĐŚŽndƌiaů ŵĞŵďƌanĞ͘ dŚiƐ iŵƉůiĞƐ a ŵaƐƐiǀĞ ĞnƚƌǇ ŽĨ ǁaƚĞƌ inƚŽ ƚŚĞ ŵiƚŽĐŚŽndƌiaů 
ŵaƚƌiǆ͕ ƚŚĞ ĐĞƐƐaƟŽn ŽĨ aůů ĨƵnĐƟŽnƐ ůinŬĞd ƚŽ ƚŚĞ ŵiƚŽĐŚŽndƌiaů ƚƌanƐŵĞŵďƌanĞ ƉŽƚĞnƟaů͕ and ƚŚĞ 
ƌĞůĞaƐĞ ŽĨ ƐŽůƵƚĞƐ ƚŚaƚ iniƟaƚĞ ĐĞůů dĞaƚŚ ƉaƚŚǁaǇƐ ;'aůůƵǌǌi͕ �ƌaǀŽͲ^an WĞdƌŽ and <ƌŽĞŵĞƌ͕  ϮϬ1ϰ͖ 
'aůůƵǌǌi͕ <ĞƉƉ and <ƌŽĞŵĞƌ͕  ϮϬ1ϲͿ͘ Kn ƚŚĞ ŽƚŚĞƌ Śand͕ ƚŚĞ ƚƌanƐdƵĐƟŽn ĐaƐĐadĞ ůĞadinŐ ƚŽ ƉaƌƚŚanaƚŽƐ 
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INTRODUCTION

ĐĞůů dĞaƚŚ ƌĞůiĞƐ Žn ƚŚĞ ŚǇƉĞƌaĐƟǀaƟŽn ŽĨ W�ZW1͘ dŚiƐ ƚƌiŐŐĞƌƐ a ďiŽĞnĞƌŐĞƟĐ ĐƌiƐiƐ and ƚŚĞ ƌĞůĞaƐĞ ŽĨ 
aƉŽƉƚŽƐiƐͲindƵĐinŐ ĨaĐƚŽƌ ŵiƚŽĐŚŽndƌiŽnͲaƐƐŽĐiaƚĞd 1 ;�/&Ϳ ĨƌŽŵ ƚŚĞ ŵiƚŽĐŚŽndƌia͕ ǁŚiĐŚ indƵĐĞƐ ĐĞůů 
dĞaƚŚ ;�ĞƌŐŚĞ et al.͕ ϮϬ1ϰ͖ 'aůůƵǌǌi͕ <ĞƉƉ and <ƌŽĞŵĞƌ͕  ϮϬ1ϲͿ͘

�ůů ĨŽƌŵƐ ŽĨ ZE ĐƵůŵinaƚĞ ǁiƚŚ ůŽƐƐ ŽĨ ĐĞůůƵůaƌ inƚĞŐƌiƚǇ and ĐĞůůƵůaƌ ůĞaŬaŐĞ͘ >iŬĞǁiƐĞ͕ nŽƚĞ ƚŚaƚ 
ŵŽƌƉŚŽůŽŐiĐ ĨĞaƚƵƌĞƐ ŽĨ nĞĐƌŽƐiƐ Đan aůƐŽ ďĞ ŽďƐĞƌǀĞd aƚ ůaƚĞ ƐƚaŐĞƐ ŽĨ an aƉŽƉƚŽƟĐ ĐĞůů dĞaƚŚ ƉƌŽŐƌaŵ͘ 
tŚĞn ƚŚĞƌĞ iƐ a dĞĨĞĐƚ in ƚŚĞ ĐůĞaƌanĐĞ ŽĨ ƚŚĞ ĐĞůů͕ ĐĞůů diƐinƚĞŐƌaƚĞƐ and ƌĞůĞaƐĞƐ iƚƐ ĐŽŵƉŽnĞnƚƐ 
;�ĞƌŐŚĞ et al.͕ ϮϬ1ϬͿ͘ �ƵĞ ƚŽ ƚŚĞ ƌĞůĞaƐĞ ŽĨ danŐĞƌͲaƐƐŽĐiaƚĞd ŵŽůĞĐƵůaƌ ƉaƩĞƌnƐ ;��DWƐͿ and 
ƉƌŽͲinŇaŵŵaƚŽƌǇ ĐǇƚŽŬinĞƐ ƚŚaƚ aůĞƌƚ ƚŚĞ innaƚĞ iŵŵƵnĞ ƐǇƐƚĞŵ͕ nĞĐƌŽƐiƐ ĐĞůů dĞaƚŚ Đan ƐƟŵƵůaƚĞ 
inŇaŵŵaƚŽƌǇ ƌĞƐƉŽnƐĞƐ ;>inŬĞƌŵann et al.͕ ϮϬ1ϰͿ͘

2.4.1. Necroptosis
ƚŚĞ ďĞƐƚͲĐŚaƌaĐƚĞƌiǌĞd ĨŽƌŵ ŽĨ ƌĞŐƵůaƚĞd nĞĐƌŽƐiƐ iƐ ƌĞĐĞƉƚŽƌͲinƚĞƌaĐƟnŐ ƉƌŽƚĞin ŬinaƐĞ ;Z/WͿͲ

dĞƉĞndĞnƚ nĞĐƌŽƐiƐ͕ aůƐŽ ŬnŽǁn aƐ nĞĐƌŽƉƚŽƐiƐ ;�ĞƌŐŚĞ et al.͕ ϮϬ1ϰͿ͘ dŚiƐ ĐĞůů dĞaƚŚ inĐůƵdĞƐ ƚŚĞ 
ĨŽůůŽǁinŐ ŵŽƌƉŚŽůŽŐiĐaů ĨĞaƚƵƌĞƐ͗ ůŽƐƐ ŽĨ ƉůaƐŵa ŵĞŵďƌanĞ inƚĞŐƌiƚǇ͕  ůĞaŬaŐĞ ŽĨ inƚƌaĐĞůůƵůaƌ 
ĐŽnƚĞnƚƐ͕ ŽƌŐanĞůůĞ ƐǁĞůůinŐ͕ aĐĐƵŵƵůaƟŽn ŽĨ aƵƚŽƉŚaŐŽƐŽŵĞƐ͕ and ƉĞƌŵĞaďiůiƚǇ ŽĨ ŵiƚŽĐŚŽndƌiaů 
and ůǇƐŽƐŽŵaů ŵĞŵďƌanĞ͘ 

2.4.1.1. Execution of  necroptosis
EĞĐƌŽƉƚŽƐiƐ Đan ďĞ indƵĐĞd ďǇ ƚŚĞ ďindinŐ ŽĨ ůiŐandƐ ƚŽ dĞaƚŚ ƌĞĐĞƉƚŽƌƐ͕ inĐůƵdinŐ ��9ϱ͕ dE&Z1͕ 

dE&ZϮ͕ dZ�/>Z1 and dZ�/>ZϮ͘ dŚiƐ ĐĞůů dĞaƚŚ ŵĞĐŚaniƐŵ Đan aůƐŽ ďĞ iniƟaƚĞd ďǇ ŵĞŵďĞƌƐ ŽĨ ƚŚĞ 
ƉaƚŚŽŐĞn ƌĞĐŽŐniƟŽn ƌĞĐĞƉƚŽƌ ĨaŵiůǇ͕  indƵĐĞd ďǇ ƉaƚŚŽŐĞnaƐƐŽĐiaƚĞd ŵŽůĞĐƵůaƌ ƉaƩĞƌnƐ͕ ƐƵĐŚ aƐ ǀiƌaů 
Žƌ ďaĐƚĞƌiaů ĞůĞŵĞnƚƐ͘ DŽƌĞŽǀĞƌ͕  inƚĞƌĨĞƌŽn ƌĞĐĞƉƚŽƌƐ ǁĞƌĞ aůƐŽ ƐŚŽǁn ƚŽ indƵĐĞ nĞĐƌŽƉƚŽƐiƐ ;�ĞƌŐŚĞ 
et al.͕ ϮϬ1ϰͿ͘ ,ŽǁĞǀĞƌ͕  nĞĐƌŽƉƚŽƐiƐ iƐ nŽƚ ƚŚĞ dĞĨaƵůƚ ƉaƚŚǁaǇ aĐƟǀaƚĞd dŽǁnƐƚƌĞaŵ ŽĨ ƚŚĞ aďŽǀĞͲ
ŵĞnƟŽnĞd ƌĞĐĞƉƚŽƌƐ͘  &Žƌ inƐƚanĐĞ͕ ƚŚĞ ďindinŐ ŽĨ dE& ƚŽ iƚƐ ƌĞĐĞƉƚŽƌ ;dE&Z1Ϳ͕ ŽnĞ ŽĨ ƚŚĞ ďĞƐƚ ƐƚƵdiĞd 
inƚƌaĐĞůůƵůaƌ ƐiŐnaůinŐ ƉaƚŚǁaǇƐ ŽĨ nĞĐƌŽƉƚŽƐiƐ indƵĐƟŽn͕ Đan ƌĞƐƵůƚ aůƐŽ in ĐĞůů ƐƵƌǀiǀaů Žƌ aƉŽƉƚŽƐiƐ 
dĞƉĞndinŐ Žn ƚŚĞ ĐĞůůƵůaƌ ĐŽndiƟŽnƐ ;ĮŐƵƌĞ 1ϳͿ ;sandĞnaďĞĞůĞ et al.͕ ϮϬ1ϬͿ͘ EĞĐƌŽƉƚŽƟĐ ƌĞƐƉŽnƐĞ Đan 
ŽnůǇ ŽĐĐƵƌ ƵndĞƌ ĐŽndiƟŽnƐ ǁŚĞƌĞ ƚŚĞƌĞ iƐ a dŽǁnͲƌĞŐƵůaƟŽn Žƌ inŚiďiƟŽn ŽĨ /�WƐ Žƌ ĐaƐƉaƐĞ 8͘ dŚƵƐ͕ 
in ƌĞƐƉŽnƐĞ ƚŽ dE& ƐƟŵƵůaƟŽn͕ dE&Z ƌĞĐƌƵiƚƐ ƉƌŽƚĞinƐ ƚŽ ƚŚĞ ƉůaƐŵa ŵĞŵďƌanĞ ƚŽ ĨŽƌŵ ƚŚĞ ĐŽŵƉůĞǆ 
/͘ dŚiƐ ĐŽŵƉůĞǆ inĐůƵdĞƐ͗ dZ��� ;dE&Z1 aƐƐŽĐiaƚĞd dĞaƚŚ dŽŵainͿ͕ Z/W<1͕ dZ�&Ϯ ;dE& ƌĞĐĞƉƚŽƌͲ
aƐƐŽĐiaƚĞd ĨaĐƚŽƌ ϮͿ͕ Đ/�W1͕ Đ/�WϮ and >h��� ;ůinĞaƌ ƵďiƋƵiƟn ĐŚain aƐƐĞŵďůǇ ĐŽŵƉůĞǆͿ͘ Đ/�WƐ ĐaƚaůǇǌĞ 
ƚŚĞ ƉŽůǇƵďiƋƵiƟnaƟŽn ŽĨ Z/W1͘ &ŽƌŵaƟŽn ŽĨ ĐŽŵƉůĞǆ / ĞnƚaiůƐ ƚŚĞ aĐƟǀaƟŽn ŽĨ ƚŚĞ E&ͲŬ� ;nƵĐůĞaƌ ĨaĐƚŽƌ 
ŬaƉƉa �Ϳ and D�W< ƉaƚŚǁaǇƐ͕ ƌĞƐƵůƟnŐ in ƉƌŽinŇaŵŵaƚŽƌǇ ƐiŐnaůinŐ and ĐĞůů ƐƵƌǀiǀaů ;WaƐƉaƌaŬiƐ and 
sandĞnaďĞĞůĞ͕ ϮϬ1ϱͿ͘ tŚĞn ƚŚĞ ĞnǌǇŵĞ ĐǇůindƌŽŵaƚŽƐiƐ ;�z>�Ϳ ƌĞŵŽǀĞƐ ƉŽůǇƵďiƋƵiƟnƐ ĨƌŽŵ Z/W<1͕ 
ƚŚĞ ĐŽŵƉůĞǆ / ďĞĐŽŵĞƐ ƵnƐƚaďůĞ͕ aůůŽǁinŐ Z/W<1 ƚŽ diƐƐŽĐiaƚĞ ĨƌŽŵ ƚŚĞ ƉůaƐŵa ŵĞŵďƌanĞ and inƚĞƌaĐƚ 
ǁiƚŚ Z/W<3͕ dZ���͕ &���͕ ƉƌŽͲĐaƐƉaƐĞ 8 and &>/��ͲůiŬĞ inŚiďiƚŽƌǇ ƉƌŽƚĞinƐ ;&>/WƐͿ͘ dŚĞƐĞ ƉƌŽƚĞinƐ ĨŽƌŵ 
ƚŚĞ ĐŽŵƉůĞǆ //a͕ ǁŚĞƌĞ ĐaƐƉaƐĞ 8 inaĐƟǀaƚĞƐ Z/W1 and Z/W3 ďǇ ƉƌŽƚĞŽůǇƟĐ ĐůĞaǀaŐĞ and iniƟaƚĞƐ ƚŚĞ 
ƉƌŽͲaƉŽƉƚŽƟĐ ĐaƐƉaƐĞ aĐƟǀaƟŽn ĐaƐĐadĞ ƌĞƐƵůƟnŐ in aƉŽƉƚŽƐiƐ͘  �Ǉ ĐŽnƚƌaƐƚ͕ ǁŚĞn ĐaƐƉaƐĞ 8 iƐ nŽƚ 
ƉƌĞƐĞnƚ͕ Z/W<1 and Z/W<3 aƐƐŽĐiaƚĞ͕ aƵƚŽƉŚŽƐƉŚŽƌǇůaƚĞ and aŐŐƌĞŐaƚĞ in ŵiĐƌŽĮůaŵĞnƚͲůiŬĞ ĐŽŵƉůĞǆĞƐ 
ƚŚaƚ aƌĞ ƌĞĨĞƌƌĞd ƚŽ aƐ nĞĐƌŽƐŽŵĞƐ Žƌ ĐŽŵƉůĞǆ //Đ͘ dŚĞ ƉŚŽƐƉŚŽƌǇůaƟŽn ŽĨ Z/W<1 and Z/W<3 ƌĞĐƌƵiƚ 
D><> ;ŵiǆĞd ůinĞaŐĞ ŬinaƐĞ dŽŵainͲůiŬĞͿ͕ ǁŚiĐŚ iƐ ƐƵďƐĞƋƵĞnƚůǇ ƉŚŽƐƉŚŽƌǇůaƚĞd ;DŽƌĞnŽͲ'ŽnǌaůĞǌ͕ 



ϲϮ

sandĞnaďĞĞůĞ and <ƌǇƐŬŽ͕ ϮϬ1ϲͿ͘ D><> ŽůiŐŽŵĞƌiǌĞƐ and ĞǆĞĐƵƚĞ nĞĐƌŽƉƚŽƐiƐ ĐĞůů dĞaƚŚ ƚŚƌŽƵŐŚ 
diƐƌƵƉƟŽn ŽĨ ƚŚĞ ĐĞůů ŵĞŵďƌanĞ ;WĞƚƌiĞ͕ ,iůdĞďƌand and DƵƌƉŚǇ͕  ϮϬ1ϳͿ͘ DŽƌĞŽǀĞƌ͕  ǁŚĞn ĐĞůůƐ aƌĞ 
dĞƉůĞƚĞd ŽĨ Đ/�WƐ͕ ƚŚĞ Z/W<1ͲdĞƉĞndĞnƚ ĐŽŵƉůĞǆ //ď Žƌ ƚŚĞ ͚ƌiƉŽƉƚŽƐŽŵĞ͛ iƐ ĨŽƌŵĞd inĐůƵdinŐ Z/W<1͕ 
Z/W<3͕ &���͕ &>/W and ĐaƐƉaƐĞͲ8͘ dŚiƐ ĐŽŵƉůĞǆ Đan ĐaƵƐĞ ďŽƚŚ nĞĐƌŽƉƚŽƐiƐ and aƉŽƉƚŽƐiƐ͕ dĞƉĞndinŐ 
Žn ƚŚĞ aďƐĞnĐĞ Žƌ ƉƌĞƐĞnĐĞ ŽĨ ĐaƐƉaƐĞ 8͕ Ɛiŵiůaƌ ƚŽ ƚŚĞ ĐŽŵƉůĞǆ //a ;�ĞƌŐŚĞ et al.͕ ϮϬ1ϰͿ͘

FiŐure 17͘ PatŚǁay leadinŐ to necroptosis. DŽdiĮĞd ĨƌŽŵ ;WaƐƉaƌaŬiƐ and sandĞnaďĞĞůĞ͕ ϮϬ1ϱͿ͘
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INTRODUCTION

3. ION TRANSPORTERS
DainƚĞnanĐĞ ŽĨ ƚŚĞ iŽn ŚŽŵĞŽƐƚaƐiƐ ŽĨ ĐĞůůƐ iƐ ĐƌƵĐiaů ƚŽ ŵainƚain and ĐŽnƚƌŽů a ŐƌĞaƚ ǀaƌiĞƚǇ ŽĨ 

ƉŚǇƐiŽůŽŐiĐaů ƉƌŽĐĞƐƐĞƐ͕ ƐƵĐŚ aƐ dĞĮninŐ ĐĞůů ŵĞŵďƌanĞ ƉŽƚĞnƟaů and ǀŽůƵŵĞ͕ ƌĞŐƵůaƟnŐ inƚƌaĐĞůůƵůaƌ 
ƐiŐnaůinŐ ĞǀĞnƚƐ͕ and aĐƟǀaƟnŐ ƐƉĞĐiĮĐ ĐĞůůƵůaƌ ƌĞƐƉŽnƐĞƐ inĐůƵdinŐ ƉƌŽůiĨĞƌaƟŽn͕ diīĞƌĞnƟaƟŽn 
and aƉŽƉƚŽƐiƐ ;WĞdĞƌƐĞn and ^ƚŽĐŬ͕ ϮϬ13Ϳ͘ dŚĞ iŽnƐ ĐannŽƚ diīƵƐĞ ĨƌĞĞůǇ ƚŚƌŽƵŐŚ ƚŚĞ ŵĞŵďƌanĞƐ͖ 
ƚŚĞƌĞĨŽƌĞ ƚŚĞiƌ ƚƌanƐƉŽƌƚ ŵƵƐƚ ďĞ ĨaĐiůiƚaƚĞd ďǇ iŽn ĐŚannĞůƐ͕ inƚĞŐƌaů ŵĞŵďƌanĞ ƉƌŽƚĞinƐ ƚŚaƚ aůůŽǁ 
ƚŚĞ ƉaƐƐaŐĞ ŽĨ ĐĞƌƚain iŽnƐ inƚŽ and ŽƵƚ ŽĨ ƚŚĞ ĐĞůů ;�aǀiƐ͕ KŬƵnŽůa and YƵĞƐada͕ ϮϬ1ϬͿ͘ �ůƚĞƌaƟŽnƐ in 
ƚŚĞ ƚƌanƐƉŽƌƚ ŽĨ ƚŚĞƐĞ iŽnƐ ĐŽnƚƌiďƵƚĞ ƚŽ dǇƐƌĞŐƵůaƟŽn ŽĨ iŽn ĐŽnĐĞnƚƌaƟŽnƐ and ŇƵǆĞƐ aƌĞ ƌĞƐƉŽnƐiďůĞ 
ĨŽƌ ŵanǇ diƐĞaƐĞƐ ŬnŽǁn aƐ ĐŚannĞůŽƉŚaƟĞƐ͕ ƐƵĐŚ aƐ ĐǇƐƟĐ ĮďƌŽƐiƐ ;,ƺďnĞƌ and :ĞnƚƐĐŚ͕ ϮϬϬϮͿ͘ 

dŚĞƌĞ iƐ ŐƌŽǁinŐ ĞǀidĞnĐĞ ƚŚaƚ iŽn ĐŚannĞůƐ ĐŽnƚƌiďƵƚĞ ƚŽ ƚŚĞ ŵaůiŐnanƚ ƉŚĞnŽƚǇƉĞ ŽĨ ĐanĐĞƌ ĐĞůůƐ͘ 
dŚĞ aďĞƌƌanƚ ĞǆƉƌĞƐƐiŽn and ĨƵnĐƟŽn ŽĨ ƐĞǀĞƌaů ƚǇƉĞƐ ŽĨ iŽn ĐŚannĞůƐ inǀŽůǀĞ ƚŚĞ ĨaiůƵƌĞ in diīĞƌĞnƚ 
ƉƌŽĐĞƐƐĞƐ ƐƵĐŚ aƐ ƉƌŽůiĨĞƌaƟŽn͕ diīĞƌĞnƟaƟŽn͕ ĐĞůů adŚĞƐiŽn and ĞǀĞn ĐĞůů dĞaƚŚ͕ aŵŽnŐ ŽƚŚĞƌƐ͘ 
dŚĞƐĞ aůƚĞƌaƟŽnƐ aƌĞ ĐŽnƐidĞƌĞd aƐ a ďŽŽƐƚ ĨŽƌ ĐanĐĞƌ ŚaůůŵaƌŬƐ ;WƌĞǀaƌƐŬaǇa͕ ^ŬƌǇŵa and ^ŚƵďa͕ 
ϮϬ1Ϭ͖ >iƚan and >anŐŚanƐ͕ ϮϬ1ϱͿ͘

dŚĞƌĞĨŽƌĞ͕ in ƚŚĞ ůaƐƚ dĞĐadĞ iŽn ĐaƌƌiĞƌƐ ĐŽŵƉŽƵndƐ ŚaǀĞ ďĞĞn ƐƚƵdiĞd ǁiƚŚ a ƚŚĞƌaƉĞƵƟĐ ƉƵƌƉŽƐĞ 
in ŽƌdĞƌ ƚŽ ƐƵƉƉůǇ ƚŚĞ ĨƵnĐƟŽn ŽĨ dĞĨĞĐƟǀĞ ĐŚannĞůƐ͕ Žƌ ďĞĐaƵƐĞ ŽĨ ƚŚĞiƌ ƉŽƚĞnƟaů ƚŽ diƐƚƵƌď ĐĞůůƵůaƌ 
iŽn ŐƌadiĞnƚƐ in ĐaƐĞ ŽĨ ĐanĐĞƌ ;�ƵƐƐĐŚaĞƌƚ and 'aůĞ͕ ϮϬ13Ϳ͘ dŚĞƐĞ ĐŽŵƉŽƵndƐ ŵaǇ ďĞ diǀidĞd inƚŽ 
ĐaƟŽnŽƉŚŽƌĞƐ Žƌ aniŽnŽƉŚŽƌĞƐ͕ dĞƉĞndinŐ Žn ǁŚĞƚŚĞƌ ƚŚĞǇ aƌĞ ĐaƟŽn Žƌ aniŽn ƐĞůĞĐƟǀĞ͕ ƌĞƐƉĞĐƟǀĞůǇ͘ 
^ŽŵĞ ƌĞůĞǀanƚ iŽnŽƉŚŽƌĞƐ ǁiƚŚ ďiŽůŽŐiĐaů aĐƟǀiƟĞƐ aƌĞ ĞǆƉůainĞd ďĞůŽǁ͘ 

3.1. SALINOMYCIN
^aůinŽŵǇĐin ;^�>͕ ĮŐƵƌĞ 18Ϳ͕ iƐŽůaƚĞd ĨƌŽŵ Streptomyces albus, iƐ a naƚƵƌaů iŽnŽƉŚŽƌĞ ǁiƚŚ diǀĞƌƐĞ 

ďiŽůŽŐiĐaů aĐƟǀiƟĞƐ͘ ^�> iƐ ĐƵƌƌĞnƚůǇ ƵƐĞd aƐ an anƟďiŽƟĐ in ǀĞƚĞƌinaƌǇ ŵĞdiĐinĞ͘ &ƌŽŵ ϮϬϬ9͕ iƚ ŚaƐ 
ďĞĐŽŵĞ ƉaƌƟĐƵůaƌůǇ iŵƉŽƌƚanƚ ƐinĐĞ iƚ ǁaƐ ƌĞƉŽƌƚĞd ƚŚaƚ ƚŚiƐ ĐŽŵƉŽƵnd ǁaƐ aůŵŽƐƚ 1ϬϬͲĨŽůd ŵŽƌĞ 
ĞīĞĐƟǀĞ aŐainƐƚ ĐanĐĞƌ ƐƚĞŵ ĐĞůůƐ ƚŚan ƉaĐůiƚaǆĞů͕ a ĐŽŵŵŽnůǇ ƵƐĞd ĐǇƚŽƐƚaƟĐ dƌƵŐ ĨŽƌ ďƌĞaƐƚ ĐanĐĞƌ 
ƚƌĞaƚŵĞnƚ ;'ƵƉƚa et al.͕ ϮϬϬ9Ϳ͘

^�> iƐ a ĐaƌďŽǆǇůiĐ ƉŽůǇĞƚŚĞƌ iŽnŽƉŚŽƌĞ ƚŚaƚ ĞǆiƐƚƐ in a ƉƐĞƵdŽͲĐǇĐůiĐ ƐƚƌƵĐƚƵƌĞ ďĞĐaƵƐĞ ŽĨ ƚŚĞ 
ďindinŐ ďĞƚǁĞĞn ƚŚĞ ĐaƌďŽǆǇůiĐ ŐƌŽƵƉ Žn ƚŚĞ ŽnĞ ƐidĞ ŽĨ ƚŚĞ ŵŽůĞĐƵůĞ and ƚǁŽ ŚǇdƌŽǆǇů ŐƌŽƵƉƐ Žn ƚŚĞ 
ŽƉƉŽƐiƚĞ ƐidĞ͘ dŚanŬƐ ƚŽ ƚŚiƐ ƐƚƌƵĐƚƵƌĞ͕ ƉŽůaƌ innĞƌ ĐŽƌĞ ǁiƚŚ ŽǆǇŐĞn aƚŽŵƐ and ŽnĞ ĐaƌďŽǆǇůiĐ ŐƌŽƵƉ 
iƐ aďůĞ ƚŽ ĨŽƌŵ ĐŽŵƉůĞǆĞƐ ǁiƚŚ ŵŽnŽǀaůĞnƚ ĐaƟŽnƐ͕ ĞƐƉĞĐiaůůǇ <+͘ DŽƌĞŽǀĞƌ͕  ďĞĐaƵƐĞ ŽĨ iƚƐ ůiƉŽƉŚiůiĐ 
ƐƵƌĨaĐĞ͕ ^�> ŚaƐ ƚŚĞ ĐaƉaďiůiƚǇ ŽĨ ƚƌanƐƉŽƌƟnŐ ƚŚĞƐĞ ŵŽnŽǀaůĞnƚ ĐaƟŽnƐ aĐƌŽƐƐ ůiƉid ĐǇƚŽƉůaƐŵiĐ and 
ŵiƚŽĐŚŽndƌiaů ŵĞŵďƌanĞƐ͘ dŚĞ ƐƚĞadǇ ƐƚaƚĞ ŽĨ nŽƌŵaů ĐĞůůƐ ƌĞůiĞƐ Žn ƚŚĞ inƚƌaĐĞůůƵůaƌ and ĞǆƚƌaĐĞůůƵůaƌ 
ůĞǀĞůƐ ŽĨ Ea+ and <+͘ /nƚƌaĐĞůůƵůaƌ ĐŽnĐĞnƚƌaƟŽn ŽĨ <+ iƐ ŚiŐŚĞƌ ƚŚan ƚŚaƚ ŽĨ Ea+͕ and ĞǆƚƌaĐĞůůƵůaƌ 
ĐŽnĐĞnƚƌaƟŽnƐ aƌĞ ƌĞƐƉĞĐƟǀĞůǇ ƌĞǀĞƌƐĞd͘ �ƚ ƚŚĞ ƟŵĞ ǁŚĞn ^�> diƐƌƵƉƚƐ ƚŚĞ iŽn ďaůanĐĞ͕ iƚ ĞndƐ ƵƉ 
ƚƌiŐŐĞƌinŐ ĐĞůů dĞaƚŚ ;,ƵĐǌǇnƐŬi͕ ϮϬ1ϮͿ͘
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3.1.1. Properties and mechanism of  action
^�> ǁaƐ ƐŚŽǁn ƚŽ ƉŽƐƐĞƐƐ anƟŵiĐƌŽďiaů aĐƟǀiƚǇ aŐainƐƚ 'ƌaŵͲƉŽƐiƟǀĞ ďaĐƚĞƌia and ƐŽŵĞ ƉaƌaƐiƟĐ 

ƉƌŽƚŽǌŽa ƌĞƐƉŽnƐiďůĞ ĨŽƌ ƉŽƵůƚƌǇ diƐĞaƐĞƐ͘ KǁinŐ ƚŽ ƐĞǀĞƌaů ƌĞƉŽƌƚƐ and ƉƵďůiƐŚĞd ƐƚƵdiĞƐ in ǁŚiĐŚ ̂ �> 
ǁaƐ ĐŽnƐidĞƌĞd ƚŽ ďĞ ƚŽǆiĐ ĨŽƌ ŵaŵŵaůƐ͕ iƚ ŚaƐ nŽƚ ďĞĞn ƵƐĞd ĨŽƌ ŚƵŵan diƐĞaƐĞƐ͘ dŚiƐ ŚaƐ ƌĞĐĞnƚůǇ 
ĐŚanŐĞd͕ ƐinĐĞ ̂ �> ŚaƐ dĞŵŽnƐƚƌaƚĞd ƚŽ ĞůiŵinaƚĞ ŚƵŵan ďƌĞaƐƚ �^�Ɛ ƐĞůĞĐƟǀĞůǇ in ŵiĐĞ and ĨŽůůŽǁinŐ 
ƉƵďůiĐaƟŽnƐ ŚaǀĞ ƐŚŽǁn ƚŚaƚ ^�> ĐaƵƐĞƐ ŵaƐƐiǀĞ aƉŽƉƚŽƐiƐ in ĐanĐĞƌŽƵƐ ĐĞůůƐ ŽĨ diīĞƌĞnƚ ŽƌiŐinƐ͘ dŚĞ 
ƵndĞƌůǇinŐ ŵĞĐŚaniƐŵ ďǇ ǁŚiĐŚ ^�> ƌĞŵŽǀĞƐ �^�Ɛ iƐ nŽƚ ĞǆaĐƚůǇ ƵndĞƌƐƚŽŽd͕ ďƵƚ iƚ ŚaƐ ďĞĞn ƌĞƉŽƌƚĞd 
ƚŚaƚ in �^�Ɛ ĨƌŽŵ diīĞƌĞnƚ ŽƌiŐin͕ ^�> indƵĐĞƐ diǀĞƌƐĞ ƉaƚŚǁaǇƐ ƚŚaƚ ĐŽnǀĞƌŐĞ in aƉŽƉƚŽƐiƐ͘ DŽƌĞŽǀĞƌ͕  
^�> inŚiďiƚƐ tnƚ ƐiŐnaůinŐ inǀŽůǀĞd in ƐƚĞŵ ĐĞůů ƐĞůĨͲƌĞnĞǁaů͕ and iƐ aďůĞ ƚŽ ƉƌŽŵŽƚĞ diīĞƌĞnƟaƟŽn in 
�^�Ɛ͘ &inaůůǇ͕  ̂ �> inƚĞƌĨĞƌĞƐ ǁiƚŚ ƚŚĞ iŽn ďaůanĐĞ͕ ƉƌŽŵŽƟnŐ <+ ĞŋƵǆ ĨƌŽŵ ŵiƚŽĐŚŽndƌia and ĐǇƚŽƉůaƐŵ͕ 
ǁŚiĐŚ iƐ aůƐŽ ůinŬĞd ƚŽ ĐǇƚŽƚŽǆiĐiƚǇ and indƵĐƟŽn ŽĨ aƉŽƉƚŽƐiƐ ;EaƵũŽŬaƚ and ^ƚĞinŚaƌƚ͕ ϮϬ1ϮͿ͘

3.2. PRODIGIOSIN
dŚĞ aniŽnŽƉŚŽƌĞ ƉƌŽdiŐiŽƐin͕ ŽnĞ ŽĨ ƚŚĞ ŵŽƐƚ ƐƚƵdiĞd ĐŽŵƉŽƵndƐ ǁiƚŚin ƚŚĞ ƌĞdͲƉiŐŵĞnƚĞd 

ƉƌŽdiŐininĞƐ ĨaŵiůǇ͕  iƐ an aůŬaůŽid͕ a ƐĞĐŽndaƌǇ ŵĞƚaďŽůiƚĞ ƉƌŽdƵĐĞd ďǇ ƐĞǀĞƌaů ŵiĐƌŽŽƌŐaniƐŵƐ͕ 
inĐůƵdinŐ Serra a marcecens. 

dŚĞ ƐƚƌƵĐƚƵƌĞ ŽĨ ƉƌŽdiŐiŽƐin ;ĮŐƵƌĞ 19Ϳ Žƌ ϮͲŵĞƚŚǇůͲ3ͲƉĞnƚǇůͲϲͲŵĞƚŚŽǆǇƉƌŽdiŐininĞ ;�ϮϬ,ϮϱE3KͿ ǁaƐ 
ĐůaƌiĮĞd in ƚŚĞ ĞaƌůǇ 19ϲϬƐ ďǇ ƉaƌƟaů and ƚŽƚaů ĐŚĞŵiĐaů ƐǇnƚŚĞƐiƐ ƌĞǀĞaůinŐ a ƉǇƌƌŽůǇůͲdiƉǇƌƌŽŵĞƚŚĞnĞ 
ĐŽƌĞ ƐŬĞůĞƚŽn͘ WƌŽdiŐiŽƐinĞǆiƐƚƐ in ƐŽůƵƟŽn in ƚǁŽ inƚĞƌĐŽnǀĞƌƟnŐ ĐŽnĨŽƌŵaƟŽnƐ͕ ĐiƐ ;Žƌ ɴͿ and ƚƌanƐ 
;Žƌ ɲͿ͘ dŚĞ ĞƋƵiůiďƌiƵŵ ďĞƚǁĞĞn ƚŚĞƐĞ ĨŽƌŵƐ iƐ dĞƉĞndĞnƚ Žn ƚŚĞ ƐŽůƵƟŽn Ɖ, ƐinĐĞ iƚ ŚaƐ ƚŚĞ aďiůiƚǇ ƚŽ 
ƉƌŽƚŽnaƚĞ iƚƐĞůĨ ;�aƌƐŚan and DanŽnŵani͕ ϮϬ1ϱͿ͘ 

FiŐure 18. Salinomycin cŚemical structure

FiŐure 19. ProdiŐiosin cŚemical structure
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INTRODUCTION

3.2.1. Properties and mechanism of  action 
dŚiƐ ƚƌiƉǇƌƌŽůĞ naƚƵƌaů ƉƌŽdƵĐƚ ŚaƐ ƌĞĐĞiǀĞd aƩĞnƟŽn dƵĞ ƚŽ iƚƐ ǁidĞ ƌanŐĞ ŽĨ ƉŚaƌŵaĐŽůŽŐiĐaů 

aĐƟǀiƟĞƐ͘ WƌŽdiŐiŽƐin ŚaƐ ďĞĞn dĞƐĐƌiďĞd aƐ a ƉŽƚĞnƚ anƟŵaůaƌiaů aŐĞnƚ ƐŚŽǁinŐ ŚiŐŚ ƚŽǆiĐiƚǇ aŐainƐƚ 
Plasmodium falciparum͕ ƚŚĞ ƉƌŽƚŽǌŽan ƚŚaƚ ĐaƵƐĞƐ ƚŚĞ diƐĞaƐĞ ;�aƐƚƌŽ͕ 19ϲϳ͖ >aǌaƌŽ et al.͕ ϮϬϬϮͿ͘ 
>iŬĞǁiƐĞ͕ iƚ ŚaƐ ďĞĞn ĐŚaƌaĐƚĞƌiǌĞd ǁiƚŚ anƟďaĐƚĞƌiaů ƉƌŽƉĞƌƟĞƐ͕ inŚiďiƟnŐ 'ƌaŵ ƉŽƐiƟǀĞ and nĞŐaƟǀĞ 
ďaĐƚĞƌiaů ŐƌŽǁƚŚ ;/ďƌaŚiŵ et al.͕ ϮϬ1ϰͿ͖ and ǁiƚŚ anƟĨƵnŐaů ƉƌŽƉĞƌƟĞƐ ;<aůďĞ͕ DaƌƚĞn and �ĞƌŐ͕ 199ϲ͖ 
�ĞƌŐ͕ ϮϬϬϬͿ͘ DŽƌĞŽǀĞƌ͕  ƉƌŽdiŐiŽƐin ďůŽĐŬƐ ůǇŵƉŚŽĐǇƚĞƐ d aĐƟǀaƟŽn ďǇ inŚiďiƟnŐ ƉƌiŵaƌiůǇ />ͲϮZɲ 
;inƚĞƌůĞƵŬinͲϮ ƌĞĐĞƉƚŽƌ ɲͲĐŚainͿ ĞǆƉƌĞƐƐiŽn͕ ƐŚŽǁinŐ ƚŚaƚ ƚŚiƐ ĐŽŵƉŽƵnd ƉŽƐƐĞƐƐĞƐ iŵŵƵnŽƐƵƉƉƌĞƐƐiǀĞ 
ĐaƉaĐiƚǇ ;,an et al.͕ ϮϬϬ1Ϳ͘ Kn ƚŚĞ ŽƚŚĞƌ Śand͕ ƚŚiƐ ĐŽŵƉŽƵnd ŚaƐ ŐainĞd ƌĞůĞǀanĐĞ dƵĞ ƚŽ iƚƐ ĐaƉaĐiƚǇ ƚŽ 
ƚƌiŐŐĞƌ aƉŽƉƚŽƐiƐ in ŵaůiŐnanƚ ĐanĐĞƌ ĐĞůůƐ ;DŽnƚanĞƌ and WĞƌĞǌͲdŽŵaƐ͕ ϮϬϬ3͖ ^ŽƚŽͲ�ĞƌƌaƚŽ et al.͕ ϮϬϬϰͿ͘ 
/n ƚŚiƐ ƌĞŐaƌd͕ ƚŚiƐ Ɛŵaůů ŵŽůĞĐƵůĞ ŚaƐ ďĞĞn ƌĞĨĞƌƌĞd aƐ an anƟĐanĐĞƌ ĐŽŵƉŽƵnd ďŽƚŚ in vitro and in vivo 
in ŵanǇ ŽĐĐaƐiŽnƐ ;DandĞƌǀiůůĞ͕ ϮϬϬ1͖ WĞƌĞǌͲdŽŵaƐ et al.͕ ϮϬϬ3͖ WĞƌĞǌͲdŽŵaƐ and sinaƐ͕ ϮϬ1ϬͿ͘

dŚĞ ŵĞĐŚaniƐŵ ŽĨ aĐƟŽn ďǇ ǁŚiĐŚ iƚ ĞǆĞƌƚƐ ĐǇƚŽƚŽǆiĐiƚǇ in ĐanĐĞƌ ĐĞůůƐ iƐ nŽƚ ĞnƟƌĞůǇ ĞůƵĐidaƚĞd͕ 
ďƵƚ ĐŽƵůd inǀŽůǀĞ ŵƵůƟƉůĞ ƉƌŽĐĞƐƐĞƐ ƐinĐĞ iƚ iƐ a Ɛŵaůů ŵŽůĞĐƵůĞ and iƚ ŚaƐ ƐŚŽǁn ƚŽ ŚaǀĞ ŵƵůƟƉůĞ 
ĐĞůůƵůaƌ ƚaƌŐĞƚƐ͘ WƌŽdiŐiŽƐin ŚaƐ ƐŚŽǁn ƚŽ indƵĐĞ ĐĞůůƵůaƌ ƐƚƌĞƐƐĞƐ͕ ŽnĞ ŽĨ ƚŚĞ ŵĞĐŚaniƐŵ ďǇ ǁŚiĐŚ 
ƉƌŽdiŐiŽƐin ŵaǇ ƐŚŽǁ anƟĐanĐĞƌ aĐƟǀiƚǇ iƐ ƌĞůaƚĞd ƚŽ iƚƐ aďiůiƚǇ ƚŽ ƵnĐŽƵƉůĞ ǀaĐƵŽůaƌͲƚǇƉĞ �dWaƐĞ 
ƚŚƌŽƵŐŚ ƉƌŽŵŽƟŽn ŽĨ ,+ͬ�ůо ƐǇŵƉŽƌƚ in ůǇƐŽƐŽŵaů ĐŽŵƉaƌƚŵĞnƚ͕ ůĞadinŐ ƚŽ ƚŚĞ ĐŽnƐĞƋƵĞnƚ diƐƌƵƉƟŽn 
ŽĨ Ɖ, ŐƌadiĞnƚ ;^aƚŽ et al.͕ 1998͖ :ŽnaƚŚan > ^ĞƐƐůĞƌ et al.͕ ϮϬϬϱͿ͘ dŚiƐ Đan ůĞad ƚŽ a ĐĞůů ĐǇĐůĞ aƌƌĞƐƚ Žƌ 
ĐĞůů dĞaƚŚ ďǇ aƉŽƉƚŽƐiƐ ;DŽnƚanĞƌ and WĞƌĞǌͲdŽŵaƐ͕ ϮϬϬ3͖ �aƐƟůůŽͲ�ǀiůa et al.͕ ϮϬϬϱͿ͘ �nŽƚŚĞƌ ŵŽdĞ 
ŽĨ aĐƟŽn inǀŽůǀĞƐ ƚŚĞ ĐŽƉƉĞƌ ŵĞdiaƚĞd ĐůĞaǀaŐĞ ŽĨ dŽƵďůĞ ƐƚƌandĞd �E�͘ WƌŽdiŐiŽƐin inƚĞƌĐaůaƚĞƐ 
inƚŽ ƚŚĞ �E� and inŚiďiƚƐ ƚŽƉŽiƐŽŵĞƌaƐĞƐ / and // aĐƟǀiƚǇ͕  ƌĞƐƵůƟnŐ in �E� ƌƵƉƚƵƌĞ ƚŚaƚ ůĞadƐ aůƐŽ ƚŽ 
aƉŽƉƚŽƐiƐ ĐĞůů dĞaƚŚ ;DŽnƚanĞƌ and WĞƌĞǌͲdŽŵaƐ͕ ϮϬϬ1͖ WĞƌĞǌͲdŽŵaƐ and sinaƐ͕ ϮϬ1ϬͿ͘ 

3.3. OBATOCLAX
KďaƚŽĐůaǆ ŵĞƐǇůaƚĞ Žƌ 'y1ϱͲϬϳϬD^ ;ĮŐƵƌĞ ϮϬͿ͕ iƐ an ƐǇnƚŚĞƟĐ anaůŽŐƵĞ dĞƌiǀĞd ĨƌŽŵ ƚŚĞ 

ƉƌŽdiŐininĞ ĨaŵiůǇ͕  ƚŚaƚ ŚaƐ ďĞĞn in ƉŚaƐĞ // ŽĨ ĐůiniĐaů ƚƌiaůƐ in ĐŽŵďinaƟŽn ǁiƚŚ ĮƌƐƚ ůinĞ dƌƵŐƐ ĨŽƌ ƚŚĞ 
ƚƌĞaƚŵĞnƚ ŽĨ ŚĞŵaƚŽůŽŐiĐaů ŵaůiŐnanĐiĞƐ and ƐŽůid ƚƵŵŽƌƐ ;�ŚiaƉƉŽƌi et al.͕ ϮϬ1ϰ͖ >anŐĞƌ et al.͕ ϮϬ1ϰ͖ 
^ĐŚiŵŵĞƌ et al.͕ ϮϬ1ϰͿ͘

dŚiƐ Ɛŵaůů ŵŽůĞĐƵůĞ ƐŚaƌĞƐ ƚŚĞ ƚŚƌĞĞ ƉǇƌƌŽůiĐ ƌinŐƐ ƐŬĞůĞƚŽn ǁiƚŚ ƉƌŽdiŐiŽƐin and iƚƐ ĐŚĞŵiĐaů 
ƐƚƌƵĐƚƵƌĞ iƐ ϮͲ΀ϮͲ΀;3͕ϱͲdiŵĞƚŚǇůͲ1,ͲƉǇƌƌŽůͲϮͲǇůͿŵĞƚŚǇůidĞnĞ΁Ͳ3ͲŵĞƚŚŽǆǇͲϮ,ͲƉǇƌƌŽůͲϱͲǇů΁Ͳ1,ͲindŽůĞ 
ŵŽnŽŵĞƚŚanĞƐƵůĨŽnaƚĞ͘ 

FiŐure 20. Oďatoclax mesylate (GX15-070MS) cŚemical structure.



ϲϲ

3.3.1. Properties and mechanism of  action
/n ĮƌƐƚ ƉůaĐĞ͕ ƚŚiƐ Ɛŵaůů ŵŽůĞĐƵůĞ ŚaƐ ďĞĞn dĞƐĐƌiďĞd aƐ an inŚiďiƚŽƌ ŽĨ aůů ƌĞůĞǀanƚ anƟaƉŽƉƚŽƟĐ 

ŵĞŵďĞƌƐ ŽĨ ƚŚĞ �>�Ϯ ĨaŵiůǇ ŽĨ ƉƌŽƚĞinƐ ;EŐƵǇĞn et al.͕ ϮϬϬϳͿ͘ dŚƵƐ͕ 'y1ϱͲϬϳϬD^ ƉƌĞǀĞnƚƐ ƚŚĞiƌ 
ďindinŐ ƚŽ ƉƌŽͲaƉŽƉƚŽƟĐ ƉƌŽƚĞinƐ ��y and ��<͕ ƚƌiŐŐĞƌinŐ ƚŚĞ aĐƟǀaƟŽn ŽĨ ƚŚĞ aƉŽƉƚŽƟĐ ƉaƚŚǁaǇ in 
��>ϮͲŽǀĞƌĞǆƉƌĞƐƐinŐ ĐanĐĞƌ ĐĞůůƐ ;'Žaƌd and ^ĐŚiŵŵĞƌ͕  ϮϬ13Ϳ͘ �Ɖaƌƚ ĨƌŽŵ aƉŽƉƚŽƐiƐ͕ KďaƚŽĐůaǆ ŚaƐ 
ďĞĞn ƌĞƉŽƌƚĞd ƚŽ ƉƌŽŵŽƚĞ diīĞƌĞnƚ ĨŽƌŵƐ ŽĨ ƉƌŽŐƌaŵŵĞd ĐĞůů dĞaƚŚ͕ ƐƵĐŚ aƐ aƵƚŽƉŚaŐiĐ ĐĞůů dĞaƚŚ 
;,Ğidaƌi͕ ,iĐŬƐ and ,aƌada͕ ϮϬ1Ϭ͖ DĐ�ŽǇ et al.͕ ϮϬ1Ϭ͖ �ƐƉŽnaͲ&iĞdůĞƌ et al.͕ ϮϬ1ϮͿ͕ and nĞĐƌŽƉƚŽƐiƐ 
;�aƐiƚ͕ �ƌiƐƚŽĨanŽn and &Ƶůda͕ ϮϬ13Ϳ͘

3.4. TAMBJAMINES
daŵďũaŵinĞƐ aƌĞ a ŐƌŽƵƉ ŽĨ naƚƵƌaů ƉƌŽdƵĐƚƐ ƚŚaƚ aƌĞ ƐƚƌƵĐƚƵƌaůůǇ ƌĞůaƚĞd ƚŽ ƉƌŽdiŐininĞƐ͘ dŚĞƐĞ 

aůŬaůŽidƐ͕ ƐŚŽǁn in ĮŐƵƌĞ Ϯ1͕ aƌĞ dĞƌiǀĞd ĨƌŽŵ ďaĐƚĞƌia ŽĨ ƚŚĞ ŐĞnƵƐ Pseudoalteromonas and ĨƌŽŵ 
a ůaƌŐĞ ŐƌŽƵƉ ŽĨ ŵaƌinĞ inǀĞƌƚĞďƌaƚĞƐ ǁŚiĐŚ inĐůƵdĞƐ ďƌǇŽǌŽanƐ͕ nƵdiďƌanĐŚƐ and aƐĐidianƐ ;^ŽůiĞǀ͕  
,ŽƐŽŬaǁa and �nŽŵŽƚŽ͕ ϮϬ11Ϳ͘ 

FiŐure 21͘ CŚemical structures oĨ tŚe tamďũamines. DŽdiĮĞd ĨƌŽŵ ;�ůdƌiĐŚ͕ ϮϬ1ϬͿ͘

dŚĞǇ aƌĞ ĐŽŵƉŽƐĞd ŽĨ ƚǁŽ ƉǇƌƌŽůĞ ƌinŐƐ ǁiƚŚ a ŵĞƚŚŽǆǇ ŐƌŽƵƉ aƚ �Ͳϰ and an ĞnaŵinĞ ŵŽiĞƚǇ aƚ �Ͳϱ 
and ŵanǇ ŽĨ ƚŚĞŵ ŚaǀĞ ƐŚŽƌƚ aůŬǇů ĐŚainƐ in ƚŚĞ ƉůaĐĞ ŽĨ ƚŚĞ ĞnaŵinĞ niƚƌŽŐĞn ;�aƌďŽnĞ et al.͕ ϮϬ1ϬͿ͘



ϲϳ

INTRODUCTION

daŵďũaŵinĞƐ ƐĞƌǀĞ aƐ ĐŚĞŵiĐaů dĞĨĞnƐĞƐ aŐainƐƚ ƉƌĞdaƚŽƌƐ in ŵaƌinĞ ŽƌŐaniƐŵƐ͕ and ŚaǀĞ ƐŚŽǁn 
diǀĞƌƐĞ ďiŽůŽŐiĐaů aĐƟǀiƟĞƐ ƐƵĐŚ aƐ anƟŵiĐƌŽďiaů͕ ĐǇƚŽƚŽǆiĐ Žƌ anƟƚƵŵŽƌ aŐĞnƚƐ͘  dŚĞ ĮƌƐƚ ƐƚƵdiĞƐ ƚŽ 
ĐŚĞĐŬ ƚŚĞ ďiŽůŽŐiĐaů aĐƟǀiƟĞƐ ŽĨ ƚŚĞƐĞ ĐŽŵƉŽƵndƐ ǁĞƌĞ ƌĞůaƚĞd ƚŽ ƚaŵďũaŵinĞƐ �Ͳ�͕ dĞŵŽnƐƚƌaƟnŐ 
ƚŚĞiƌ anƟŵiĐƌŽďiaů ĞīĞĐƚ ;'ƌanaƚŽ et al.͕ ϮϬϬϱ͖ WinŬĞƌƚŽn et al.͕ ϮϬ1ϬͿ͘ >aƚĞƌ ŽƚŚĞƌ ƐƚƵdiĞƐ ƉƌŽǀĞd ƚŚĞiƌ 
ĐǇƚŽƚŽǆiĐ and anƟƚƵŵŽƌ aĐƟǀiƚǇ Žn ƐĞǀĞƌaů ƚƵŵŽƌ ĐĞůů ůinĞƐ ;�ůdƌiĐŚ et al.͕ ϮϬ1Ϭ͖ �aƌďŽnĞ et al.͕ ϮϬ1ϬͿ͘ 
dŚĞƐĞ ƌĞƉŽƌƚƐ dĞƐĐƌiďĞ ƚŚĞiƌ ĐaƉaĐiƚǇ ŽĨ �E� ďindinŐ and ĐůĞaǀaŐĞ aƐ ƚŚĞiƌ ŵĞĐŚaniƐŵ ŽĨ ĐĞůů dĞaƚŚ 
indƵĐƟŽn ;�aǀaůĐanƟ et al.͕ ϮϬϬ8Ϳ͘ 

�ƵĞ ƚŽ ƚŚĞ ĨaĐƚ ƚŚaƚ ƚŚĞƐĞ ĐŽŵƉŽƵndƐ diƐƉůaǇ inƚƌiŐƵinŐ ƉŚaƌŵaĐŽůŽŐiĐaů aĐƟǀiƟĞƐ͕ ŽƵƌ ŐƌŽƵƉ 
in ĐŽůůaďŽƌaƟŽn ǁiƚŚ �ƌ͘  YƵĞƐada Ɛ͛ ƌĞƐĞaƌĐŚ ŐƌŽƵƉ aƌĞ inƚĞƌĞƐƚĞd Žn ƚŚĞ dĞƐiŐn and ƐǇnƚŚĞƐiƐ ŽĨ 
nŽǀĞů ƐǇnƚŚĞƟĐ ƚaŵďũaŵinĞ anaůŽŐƵĞƐ ǁiƚŚ ďĞƩĞƌ aniŽn ƚƌanƐƉŽƌƚ aďiůiƟĞƐ and ƉŽƚĞnƟaů ďĞƩĞƌ 
ƉŚaƌŵaĐŽůŽŐiĐaů ƉƌŽƉĞƌƟĞƐ͘ 





HYPOTHESIS 





ϳ1

HYPOTHESIS

�ĞůůƵůaƌ ŚŽŵĞŽƐƚaƐiƐ inǀŽůǀĞƐ ĐŽnƟnƵŽƵƐ adaƉƚaƟŽnƐ and ĐŚanŐĞƐ aƚ ŵanǇ ůĞǀĞůƐ in ƌĞƐƉŽnƐĞ ƚŽ 
inƚĞƌnaů Žƌ ĞnǀiƌŽnŵĞnƚaů ĨaĐƚŽƌƐ ƚŚaƚ diƐƚƵƌď  ƚŚĞ ƐǇƐƚĞŵ ĨƌŽŵ iƚƐ ĞƋƵiůiďƌiƵŵ͘ /ƚ iƐ ƚŚƌŽƵŐŚ ŚŽŵĞŽƐƚaƟĐ 
ŵĞĐŚaniƐŵƐ͕ ůiŬĞ ĐŽƌƌĞĐƚ iŽn ĞǆĐŚanŐĞ aĐƌŽƐƐ ĐĞůů ŵĞŵďƌanĞƐ͕ ƚŚaƚ ĐĞůůƐ ŬĞƉƚ ŽƐŵŽƟĐ ďaůanĐĞ and 
inƚƌaĐĞůůƵůaƌ Ɖ,͘ dŚĞƐĞ ƉaƌaŵĞƚĞƌƐ ĐŽnƚƌŽů ŵanǇ ŬĞǇ ďiŽůŽŐiĐaů ƉƌŽĐĞƐƐĞƐ͘ &Žƌ ĞǆaŵƉůĞ͕ ǀaƌiaƟŽn in 
ƚŚĞ ĐŽnĐĞnƚƌaƟŽn ŽĨ ĐĞƌƚain iŽnƐ ƌĞŐƵůaƚĞƐ ƚŚĞ ƉƌŽůiĨĞƌaƟǀĞ ĐaƉaĐiƚǇ ŽĨ ĐĞůůƐ͕ ƚŚĞiƌ diīĞƌĞnƟaƟŽn and 
Đan ĞǀĞn ĐŽnƚƌŽů ƉƌŽŐƌaŵŵĞd ĐĞůů dĞaƚŚ͘ �ŽnƐĞƋƵĞnƚůǇ͕  ǁŚĞn Ɖ, iƐ nŽƚ ƉƌĞƐĞƌǀĞd aƚ a ĨaǀŽƌaďůĞ ůĞǀĞů͕ 
diīĞƌĞnƚ ƉaƚŚŽůŽŐiĞƐ ŵaǇ ŽĐĐƵƌ͕  aƐ iƚ iƐ ƚŚĞ ĐaƐĞ ŽĨ ĐanĐĞƌ͘  /n ƚŚiƐ ƌĞŐaƌd͕ ĐanĐĞƌ ĐĞůůƐ dƵƌinŐ ƚŚĞ 
ƉƌŽĐĞƐƐ ŽĨ ĐaƌĐinŽŐĞnĞƐiƐ aĐƋƵiƌĞ a ͞ƌĞǀĞƌƐĞd Ɖ,͟ ƚŚaƚ ĐŽnƐiƐƚƐ in aĐidiĮĐaƟŽn ŽĨ ƚŚĞ ĞǆƚƌaĐĞůůƵůaƌ 
Ɖ, and aůŬaůiniǌaƟŽn ŽĨ ƚŚĞ inƚĞƌnaů Ɖ,͘ dŚiƐ ŵĞƚaďŽůiĐ adaƉƚaƟŽn iƐ ĐƌƵĐiaů ĨŽƌ ƚŚĞ ŐƌŽǁƚŚ͕ ƐƵƌǀiǀaů 
and ŵĞƚaƐƚaƟĐ diƐƐĞŵinaƟŽn ŽĨ ƚƵŵŽƌ ĐĞůůƐ͘ /n ƚŚiƐ ƐĞnƐĞ͕ ŵŽdƵůaƟŽn ŽĨ inƚƌaĐĞůůƵůaƌ Ɖ, ŵaǇ ďĞ 
ĐŽnƐidĞƌĞd a nĞǁ ƚŚĞƌaƉĞƵƟĐ ƐƚƌaƚĞŐǇ aŐainƐƚ ĐanĐĞƌ͘  dŚĞƌĞĨŽƌĞ͕ ƚŚĞ idĞnƟĮĐaƟŽn ŽĨ nĞǁ ĐŽŵƉŽƵndƐ 
aďůĞ ƚŽ diƐƌƵƉƚ ƚŚĞ iŽniĐ ŚŽŵĞŽƐƚaƐiƐ ŽĨ ĐanĐĞƌ ĐĞůůƐ ŵaǇ ďĞ a ƐƵĐĐĞƐƐĨƵů ƐƚƌaƚĞŐǇ ƚŽ Įnd nŽǀĞů ƉŽƚĞnƟaů 
ĐŚĞŵŽƚŚĞƌaƉĞƵƟĐ aŐĞnƚƐ͘ �aƐĞd Žn ƚŚĞƐĞ ƉƌĞŵiƐĞƐ͕ ŽƵƌ ŚǇƉŽƚŚĞƐiƐ iƐ ƚŚaƚ ƐǇnƚŚĞƟĐ ƚaŵďũaŵinĞ 
anaůŽŐƵĞ ĐŽŵƉŽƵndƐ͕ ǁŚiĐŚ aƌĞ ƉŽƚĞnƚ aniŽn ƚƌanƐƉŽƌƚĞƌƐ͕ ǁiůů ďĞ aďůĞ ƚŽ ŐĞnĞƌaƚĞ an iŽniĐ ƵnďaůanĐĞ 
in ĐanĐĞƌ ĐĞůůƐ ŐĞnĞƌaƟnŐ diƐƚƵƌďanĐĞƐ aƚ diīĞƌĞnƚ ĐĞůůƵůaƌ ůĞǀĞůƐ ůĞadinŐ ƚŽ ĐǇƚŽƚŽǆiĐiƚǇ͘

dŚĞƌĞĨŽƌĞ͕ ƚŚĞ aiŵ ŽĨ ƚŚĞ ƉƌĞƐĞnƚ ǁŽƌŬ iƐ ƚŽ idĞnƟĨǇ nĞǁ ƚaŵďũaŵinĞ anaůŽŐƵĞƐ aƐ ƉŽƚĞnƚ anƟĐanĐĞƌ 
aŐĞnƚƐ and ƚŽ ĞůƵĐidaƚĞ ƚŚĞiƌ ŵĞĐŚaniƐŵ ŽĨ aĐƟŽn and ŵŽůĞĐƵůaƌ ƚaƌŐĞƚƐ͕ aƐ ǁĞůů aƐ ĞǀaůƵaƚĞ ƚŚĞiƌ 
ƉŽƚĞnƟaů ƚŚĞƌaƉĞƵƟĐ ĞīĞĐƚƐ in vivo͘ 
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OBJECTIVES

Main objective:
/dĞnƟĮĐaƟŽn͕ ƐƚƵdǇ ŽĨ ƚŚĞ ŵĞĐŚaniƐŵ ŽĨ aĐƟŽn and ĞǀaůƵaƟŽn ŽĨ ƚŚĞ ƚŚĞƌaƉĞƵƟĐ ƉŽƚĞnƟaů in vivo 

ŽĨ nŽǀĞů aniŽnŽƉŚŽƌĞ ĐŽŵƉŽƵndƐ ĨŽƌ ůƵnŐ ĐanĐĞƌ ƚƌĞaƚŵĞnƚ͘

1͘ �ǀaůƵaƟŽn ŽĨ ƚŚĞ anƟĐanĐĞƌ ĞīĞĐƚƐ ŽĨ nŽǀĞů ƐǇnƚŚĞƟĐ ƚaŵďũaŵinĞ anaůŽŐƵĞƐ aniŽnŽƉŚŽƌĞƐ͘

1͘1͘ /dĞnƟĮĐaƟŽn ŽĨ ƚŚĞ ŵŽƐƚ ĐǇƚŽƚŽǆiĐ ĐŽŵƉŽƵndƐ in Žƌaů and ůƵnŐ ĐanĐĞƌ ĐĞůů ůinĞƐ͘

1͘Ϯ͘ �īĞĐƚ ŽĨ ƚŚĞ ĐŽŵƉŽƵndƐ Žn ĐanĐĞƌ ƐƚĞŵ ĐĞůůƐ ŽďƚainĞd ĨƌŽŵ ĐĞůů ůinĞƐ and ƚƵŵŽƌ 
ƐaŵƉůĞƐ ĨƌŽŵ ůƵnŐ ĐanĐĞƌ ƉaƟĞnƚƐ͘ 

Ϯ͘ �ŚaƌaĐƚĞƌiǌaƟŽn ŽĨ ƚŚĞ anƟĐanĐĞƌ ĞīĞĐƚƐ indƵĐĞd ďǇ ƚŚĞ ŵŽƐƚ ƉŽƚĞnƚ ĐŽŵƉŽƵndƐ͘

Ϯ͘1͘ ^ƚƵdǇ ŽĨ ƚŚĞ ĐǇƚŽƐƚaƟĐ ĞīĞĐƚ ƚƌiŐŐĞƌĞd ďǇ ƚŚĞ ƐĞůĞĐƚĞd ĐŽŵƉŽƵndƐ͘

Ϯ͘Ϯ͘ �ŚaƌaĐƚĞƌiǌaƟŽn ŽĨ ƚŚĞ ƚǇƉĞ ŽĨ ĐĞůů dĞaƚŚ indƵĐĞd ďǇ ƚŚĞ ƐĞůĞĐƚĞd ĐŽŵƉŽƵndƐ͘ 

3͘ ^ƚƵdǇ ŽĨ aniŽn ƚƌanƐƉŽƌƚ indƵĐĞd ďǇ ƐĞůĞĐƚĞd ĐŽŵƉŽƵndƐ in ĐĞůůƐ and iƚƐ ĞīĞĐƚƐ Žn inƚƌaĐĞůůƵůaƌ Ɖ,͘ 

ϰ͘ /dĞnƟĮĐaƟŽn ŽĨ ƉŽƐƐiďůĞ ŵŽůĞĐƵůaƌ ƚaƌŐĞƚƐ ŽĨ ƚŚĞ ƐǇnƚŚĞƟĐ ƚaŵďũaŵinĞ anaůŽŐƵĞƐ 

ϱ͘ �naůǇƐiƐ ŽĨ ĐŚanŐĞƐ in ŵiZE� ĞǆƉƌĞƐƐiŽn aŌĞƌ ƚƌĞaƚŵĞnƚ ǁiƚŚ ƚŚĞ ƐĞůĞĐƚĞd ĐŽŵƉŽƵnd͘

ϲ͘ �ǀaůƵaƟŽn ŽĨ ƚŚĞ ƚŚĞƌaƉĞƵƟĐ ĞīĞĐƚƐ ŽĨ ƐĞůĞĐƚĞd ĐŽŵƉŽƵndƐ ƚŚƌŽƵŐŚ ĞĸĐaĐǇ ƐƚƵdiĞƐ in in vivo 
ůƵnŐ ĐanĐĞƌ ŵŽdĞůƐ͘
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MATERIAL AND METHODS

1. Cell lines and culture conditions
Cell line Origin
�ϱϰ9 ,Ƶŵan ůƵnŐ ĐanĐĞƌ adĞnŽĐaƌĐinŽŵa
�D^ϱ3 ,Ƶŵan ůƵnŐ Ɛŵaůů ĐĞůů ĐaƌĐinŽŵa
,ϰϲϬ ,Ƶŵan ůƵnŐ ůaƌŐĞ ĐĞůů ĐaƌĐinŽŵa
^t9ϬϬ ,Ƶŵan ůƵnŐ ƐƋƵaŵŽƵƐ ĐĞůů ĐaƌĐinŽŵa
��>Ϯϳ ,Ƶŵan Žƌaů ƐƋƵaŵŽƵƐ ĐĞůů ĐaƌĐinŽŵa
,Eϰ ,Ƶŵan Žƌaů ƐƋƵaŵŽƵƐ ĐĞůů ĐaƌĐinŽŵa

Taďle 1. �Ğůů ůinĞƐ ƵƐĞd in ƚŚiƐ ƉƌŽũĞĐƚ͘

,Ƶŵan ůƵnŐ ĐanĐĞƌ and Žƌaů ĐanĐĞƌ ĐĞůů ůinĞƐ ǁĞƌĞ ƵƐĞd ;ƚaďůĞ 1Ϳ͘ >ƵnŐ ĐanĐĞƌ ĐĞůů ůinĞƐ ǁĞƌĞ ŽďƚainĞd 
ĨƌŽŵ ƚŚĞ �ŵĞƌiĐan dǇƉĞ �ƵůƚƵƌĞ �ŽůůĞĐƟŽn ;�d��͕ DanaƐƐaƐ͕ s�͕ h^�Ϳ͕ and ŚƵŵan Žƌaů ĐanĐĞƌ ĐĞůů 
ůinĞƐ ;ƚaďůĞ 1Ϳ ǁĞƌĞ ŬindůǇ ƉƌŽǀidĞd ďǇ �ƌ͘  ^iůǀiŽ 'ƵƚŬind ;Kƌaů and WŚaƌǇnŐĞaů �anĐĞƌ �ƌanĐŚ͕ EaƟŽnaů 
/nƐƟƚƵƚĞ ŽĨ dĞnƚaů and �ƌaniŽĨaĐiaů ZĞƐĞaƌĐŚ͕ E/,͕ �ĞƚŚĞƐda͕ h^�Ϳ͘ 

�ĞůůƐ ƌĞĨĞƌĞnĐĞd in ƚaďůĞ 1 ǁĞƌĞ ĐƵůƚƵƌĞd in ƉǇƌƵǀaƚĞͲĨƌĞĞ ŚiŐŚ ŐůƵĐŽƐĞ ;Ϯϱ ŵDͿ �D�D Žƌ ZWD/ 
;�D^ϱ3͕ ,ϰϲϬ͕ and ^t9ϬϬͿ ŵĞdiƵŵ ;�iŽůŽŐiĐaů /ndƵƐƚƌiĞƐ͕ �Ğiƚ ,aĞŵĞŬ͕ /ƐƌaĞůͿ͘ �ůů ŵĞdia ǁĞƌĞ 
ƐƵƉƉůĞŵĞnƚĞd ǁiƚŚ 1Ϭй ĨĞƚaů ďŽǀinĞ ƐĞƌƵŵ ;&�^͖ '/��K͕ WaiƐůĞǇ͕  h<Ϳ and 1ϬϬ hͬŵ> ƉĞniĐiůůin͕ 1ϬϬŵŐͬ
ŵ> ƐƚƌĞƉƚŽŵǇĐin͕ and Ϯ ŵD >ͲŐůƵƚaŵinĞ͕ aůů ĨƌŽŵ �iŽůŽŐiĐaů /ndƵƐƚƌiĞƐ͘ �ĞůůƐ aƚ ƉaƐƐaŐĞ 1ϬʹϮϱ ǁĞƌĞ 
ŐƌŽǁn in a ŚƵŵidiĮĞd aƚŵŽƐƉŚĞƌĞ ŽĨ aiƌ ĐŽnƚaininŐ ϱй �KϮ aƚ 3ϳ Ǒ�͘ �ĞůůƐ ǁĞƌĞ ĐƵůƚƵƌĞd in 1Ϭ Đŵ 
ƉůaƚĞƐ and ƐƉůiƩĞd ϮͲ3 ƟŵĞƐ ƉĞƌ ǁĞĞŬ ƵƐinŐ Ϭ͘Ϭϱй ƚƌǇƉƐin ��d�ͲƐŽůƵƟŽn ;/nǀiƚƌŽŐĞnͿ͘

2. Cancer stem cells isolation and characterization
�anĐĞƌ ƐƚĞŵ ĐĞůůƐ ǁĞƌĞ ŽďƚainĞd ĨƌŽŵ ƌĞƐĞĐƚĞd ƉaƟĞnƚ ƚƵŵŽƌ ƐaŵƉůĞƐ Žƌ iƐŽůaƚĞd ĨƌŽŵ ĐanĐĞƌ 

ĐĞůů ůinĞƐ in ĐŽůůaďŽƌaƟŽn ǁiƚŚ ƚŚĞ ůaďŽƌaƚŽƌiĞƐ ŽĨ �ƌ͘  &aƌƌăƐ and �ƌ͘  :anƚƵƐͲ>ĞǁinƚƌĞ ĨƌŽŵ ZĞƐĞaƌĐŚ 
&ŽƵndaƟŽn aƚ 'ĞnĞƌaů hniǀĞƌƐiƚǇ ,ŽƐƉiƚaů ŽĨ saůĞnĐia and WƌinĐiƉĞ &ĞůiƉĞ ZĞƐĞaƌĐŚ �ĞnƚƌĞ͕ ƌĞƐƉĞĐƟǀĞůǇ͘

2.1. Tumor cell preparation
Kn ŽnĞ Śand͕ ƌĞƐĞĐƚĞd ƚƵŵŽƌ ƐaŵƉůĞƐ ǁĞƌĞ ƐĞnƚ ƚŽ ůaďŽƌaƚŽƌǇ in ƉŚŽƐƉŚaƚĞ ďƵīĞƌ ƐaůinĞ ;W�^Ϳ 

ǁiƚŚ anƟďiŽƟĐƐ ǁiƚŚin ƚŚĞ ĮƌƐƚ ŚŽƵƌ aŌĞƌ ďĞinŐ ĞǆƚƌaĐƚĞd ĨƌŽŵ ƉaƟĞnƚƐ͘ ^aŵƉůĞƐ ǁĞƌĞ ǁaƐŚĞd ǁiƚŚ 
W�^ ǁiƚŚ anƟďiŽƟĐƐ ƚŚƌĞĞ ƟŵĞƐ͕ ĐŚŽƉƉĞd ǁiƚŚ a ƐƚĞƌiůĞ ďůadĞ͕ and inĐƵďaƚĞd in Ϭ͘ϬϬ1й �EaƐĞ ;^iŐŵaͲ
�ůdƌiĐŚ͕ ^ƚ >ŽƵiƐ͕ DK͕ h^�Ϳ͕ 1 ŵŐͬŵ> ĐŽůůaŐĞnaƐĞͬdiƐƉaƐĞ ;ZŽĐŚĞ͕ /ndianaƉŽůiƐ͕ /E͕ h^�Ϳ͕ ϮϬϬ hͬŵ> 
ƉĞniĐiůůin͕ ϮϬϬ ʅŐͬŵ> ƐƚƌĞƉƚŽŵǇĐin͕ Ϭ͘ϱ ʅŐͬŵ> aŵƉŚŽƚĞƌiĐin � ;'/��KͿ in �D�Dͬ&1Ϯ ŵĞdiƵŵ ;'/��KͿ 
aƚ 3ϳΣ� in a ǁaƚĞƌ ďaƚŚ ĨŽƌ Ϯ Ś ǁiƚŚ inƚĞƌŵiƩĞnƚ ƐŚaŬinŐ͘  �ŌĞƌ inĐƵďaƟŽn͕ ƚŚĞ ƐaŵƉůĞƐ ǁĞƌĞ ǁaƐŚĞd 
ǁiƚŚ ŵĞdiƵŵ and ĐĞnƚƌiĨƵŐĞd aƚ 3ϬϬϬ ǆ Ő ĨŽƌ ϱ ŵin͘ dŚĞn͕ ƚŚĞ ƐƵƐƉĞnƐiŽnƐ ǁĞƌĞ ƌĞƉĞaƚĞdůǇ ƚƌiƚƵƌaƚĞd 
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ǁiƚŚ a WaƐƚĞƵƌ ƉiƉĞƩĞ͕ ƉaƐƐĞd ƚŚƌŽƵŐŚ ϳϬ ʅŵ and ϰϬ ʅŵ ĐĞůů ƐƚƌainĞƌƐ ;�� �iŽƐĐiĞnĐĞƐ͕ ^an :ŽƐĞ͕ ��͕ 
h^�Ϳ͕  and ĐĞnƚƌiĨƵŐĞd aƚ ϮϬϬϬ ǆ Ő ĨŽƌ ϱ ŵin aƚ ϰΣ�͘ �ĞůůƐ ǁĞƌĞ ƌĞƐƵƐƉĞndĞd in ϱϬϬ μ> �D�Dͬ&1Ϯ and 
1Ϭ ŵ> ƌĞd ďůŽŽd ĐĞůů ůǇƐiƐ ďƵīĞƌ ;�� �iŽƐĐiĞnĐĞƐͿ ĨŽƌ 1ϱ ŵin aƚ ƌŽŽŵ ƚĞŵƉĞƌaƚƵƌĞ ;ZdͿ ǁiƚŚ inƚĞƌŵiƩĞnƚ 
ƐŚaŬinŐ͕ ƚŚĞn ĐĞnƚƌiĨƵŐĞd aƚ  ϮϬϬϬ ǆ Ő ĨŽƌ ϱ ŵin ďĞĨŽƌĞ ƌĞƐƵƐƉĞnƐiŽn in Ϯ ŵ> ƐĞƌƵŵͲĨƌĞĞ ŵĞdiƵŵ͘ �ŌĞƌ 
ůǇƐiƐ͕ ĐĞůů ǀiaďiůiƚǇ ǁaƐ ĞǀaůƵaƚĞd ďǇ ƚƌǇƉan ďůƵĞ dǇĞ ĞǆĐůƵƐiŽn͘ WaƟĞnƚ ƐaŵƉůĞƐ aĐƋƵiƐiƟŽn ƉƌŽƚŽĐŽů 
and inĨŽƌŵĞd ĐŽnƐĞnƚ ǁĞƌĞ aƉƉƌŽǀĞd ďǇ ƚŚĞ ůŽĐaů ĞƚŚiĐƐ ĐŽŵŵiƩĞĞ͘

�^� ǁĞƌĞ ĐƵůƚƵƌĞd aƐ a ĐĞůů ƐƵƐƉĞnƐiŽn in ZWD/ ŵĞdiƵŵ ƐƵƉƉůĞŵĞnƚĞd ǁiƚŚ ϱϬ μŐͬŵ> �ƉidĞƌŵaů 
'ƌŽǁƚŚ &aĐƚŽƌ͕  ϮϬ μŐͬŵ> ďaƐiĐ &iďƌŽďůaƐƚ 'ƌŽǁƚŚ &aĐƚŽƌ͕  1 ǆ /nƐƵůinͲdƌanƐĨĞƌƌinͲ^ĞůĞniƵŵ͕ Ϭ͘ϰй �^� 
and Ϯй �ϮϳdD ;'/��KͿ͘

Kn ƚŚĞ ŽƚŚĞƌ Śand͕ �ϱϰ9 ŚƵŵan ůƵnŐ ĐanĐĞƌ ĐĞůů ůinĞ ǁaƐ ŐĞnƚůǇ diƐƐŽĐiaƚĞd inƚŽ ƐinŐůĞ ĐĞůůƐ and 
ĐƵůƚƵƌĞd in ƐƵƐƉĞnƐiŽn Žn nŽnͲadŚĞƌĞnƚ ƉůaƚĞƐ ƚŽ ƚĞƐƚ ƚŚĞiƌ aďiůiƚǇ ƚŽ ŐƌŽǁ aƐ ƚƵŵŽƌ ƐƉŚĞƌĞƐ͕ ƐŚŽǁinŐ 
ĐanĐĞƌ ƐƚĞŵ ĐĞůů ;�^�Ϳ ƉƌŽƉĞƌƟĞƐ͘ �ĞůůƐ ǁĞƌĞ ƐĞĞdĞd in �D�D͗&1Ϯ ;Ϯ͗1Ϳ ŵĞdiƵŵ ǁiƚŚŽƵƚ ƐĞƌƵŵ͕ 
ƐƵƉƉůĞŵĞnƚĞd ǁiƚŚ �'& ;ϮϬ nŐͬŵ>Ϳ͕ ď&'& ;ϮϬ nŐͬŵ>Ϳ͕ aƚ a ĐĞůůƵůaƌ dĞnƐiƚǇ ŽĨ 1 ǆ 1Ϭ3 ĐĞůůƐͬŵ>͘ �ƚ ƚŚiƐ 
ĐĞůůƵůaƌ dĞnƐiƚǇ ƚŚĞ ƐƉŚĞƌĞ aƐƐaǇ ŐaǀĞ ƌiƐĞ ƚŽ ĐůŽnaů ƐƉŚĞƌĞƐ aƐ dĞƐĐƌiďĞd ďǇ �ƌaŵŽ and ĐŽůůĞaŐƵĞƐ 
in ƚŚĞiƌ ƉƵďůiĐaƟŽn ;�ƌaŵŽ et al.͕ ϮϬϬ8Ϳ͘ ^Ğƌiaů ƉaƐƐaŐĞƐ ǁĞƌĞ ƉĞƌĨŽƌŵĞd ĞǀĞƌǇ ϳ daǇƐ͘ �ůů ŽĨ ƚŚĞŵ 
nĞĞdĞd ƚŽ ďĞ ĞnǌǇŵaƟĐaůůǇ and ŵĞĐŚaniĐaůůǇ diƐaŐŐƌĞŐaƚĞd in ŽƌdĞƌ ƚŽ Žďƚain ƐinŐůĞ ĐĞůů ƐƵƐƉĞnƐiŽn 
ďĞĨŽƌĞ ƐƵďĐƵůƚƵƌinŐ͘

2.2.Characterization of  cancer stem cells (tumor spheres) from NSCLC cell lines and 
primary NSCLC tumors

KďƚainĞd �^�Ɛ ǁĞƌĞ ĐŚaƌaĐƚĞƌiǌĞd ƚŚƌŽƵŐŚ ĞǀaůƵaƟŽn ŽĨ ƐƚĞŵ ĐĞůů ƐƵƌĨaĐĞ ŵaƌŬĞƌƐ ;ƚaďůĞ ϮͿ ďǇ ŇŽǁ 
ĐǇƚŽŵĞƚƌǇ͘ 1ǆ1Ϭϲ ĐĞůůƐ ǁĞƌĞ inĐƵďaƚĞd ǁiƚŚ 1ϬϬ ʅů ŽĨ W�^ ĐŽnƚaininŐ 1 ʅŐ ŽĨ ƚŚĞ indiĐaƚĞd ĐŽnũƵŐaƚĞd 
anƟďŽdiĞƐ ĨŽƌ 1 Ś in ƚŚĞ daƌŬ Žn iĐĞ͘ >aďĞůĞd ĐĞůůƐ ǁĞƌĞ ǁaƐŚĞd ǁiƚŚ W�^͕ ƌĞƐƵƐƉĞndĞd in ϱϬϬ ʅů ŽĨ 
�D�D and anaůǇǌĞd ďǇ ŇŽǁ ĐǇƚŽŵĞƚĞƌ ;�� �iŽƚĞĐŚnŽůŽŐǇͿ͘ /ƐŽƚǇƉiĐ /Ő' and ƵnƐƚainĞd ĐĞůůƐ ƐĞƌǀĞd aƐ 
nĞŐaƟǀĞ ĐŽnƚƌŽůƐ͘

Antibody Catalog number Supplier
��ϰϰ ϱϲϬϱ33 �� WŚaƌŵinŐĞnΡ

/ƐŽƚǇƉĞ /Ő'Ϯď͕Ŭ W�Ͳ�Ǉϳ ϱϲϬϱϰϮ �� WŚaƌŵinŐĞnΡ
��9Ϭ ϱϲϮ38ϱ �� WŚaƌŵinŐĞnΡ

/ƐŽƚǇƉĞ /Ő'1͕ ʃ W�Ͳ�&ϱ9ϰ ϱϲϮϮ9Ϯ �� WŚaƌŵinŐĞnΡ
��133 13ϬͲϬ98Ͳ1Ϯ9 DiůƚĞnǇi�iŽƚĞĐ

/ƐŽƚǇƉĞ /Ő'Ϯď͕ �W� 13ϬͲϬ98Ͳ89Ϭ DiůƚĞnǇi�iŽƚĞĐ
��1ϲϲ ϰϲͲ1ϲϲ8Ͳϰ1 Ğ�iŽƐĐiĞnĐĞ

/ƐŽƚǇƉĞ /Ő'1͕ Ŭ WĞƌ�WͲĞ&ůƵŽƌ ϳ1Ϭ ϰϲͲϰϳ1ϰͲ8Ϭ Ğ�iŽƐĐiĞnĐĞ
�ͲĐadŚĞƌin &��18381W ZΘ�

/ƐŽƚǇƉĞ /Ő'Ϯ�͕ W� /�ϬϬϰ1W ZΘ�
�ƉĐaŵ 13ϬͲϬ8ϬͲ3Ϭ1 DiůƚĞnǇi�iŽƚĞĐ

/ƐŽƚǇƉĞ /Ő'1͕ &/d� 13ϬͲϬ9ϮͲϮ13 DiůƚĞnǇi�iŽƚĞĐ
Taďle 2. >iƐƚ ŽĨ anƟďŽdiĞƐ ƵƐĞd ĨŽƌ ŇŽǁ ĐǇƚŽŵĞƚƌǇ anaůǇƐiƐ
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DŽƌĞŽǀĞƌ͕  ƚƵŵŽƌiŐĞniĐ ƉƌŽƉĞƌƟĞƐ ŽĨ ƚƵŵŽƌ ƐƉŚĞƌĞƐ ǁĞƌĞ aƐƐĞƐƐĞd ƚŚƌŽƵŐŚ ƐƵďĐƵƚanĞŽƵƐ 
ƚƌanƐƉůanƚaƟŽn in ϲ ǁĞĞŬ Žůd EK�͘��1ϳͲWƌŬdĐƐĐidͬEĐƌ�ƌů ŵiĐĞ ;:aĐŬƐŽn >aďŽƌaƚŽƌiĞƐ͕ �aƌ ,aƌďŽƌ͕  D�͕ 
h^�Ϳ͘ WƌiŵaƌǇ ůƵnŐ ƚƵŵŽƌ ƐƉŚĞƌĞƐ ŽĨ ƉaƟĞnƚƐ &/^3ϬϮ and &/^3Ϭ3 ǁĞƌĞ diƐƐŽĐiaƚĞd inƚŽ ƐinŐůĞ ĐĞůůƐ͘ 
Ϯ͘ϬϬϬ͕ ϮϬ͘ϬϬϬ Žƌ 1ϬϬ͘ϬϬϬ ĐĞůůƐ ĨƌŽŵ &/^3Ϭ3 Žƌ &/^3ϬϮ ǁĞƌĞ ƌĞƐƵƐƉĞndĞd in ϱϬ Ƶů ƐĞƌƵŵͲĨƌĞĞ ŵĞdiƵŵ 
and DaƚƌiŐĞů ;��Ϳ ;1͗1Ϳ and inũĞĐƚĞd͘ dƵŵŽƌ ŐƌŽǁƚŚ ĐƵƌǀĞƐ ǁĞƌĞ ŵŽniƚŽƌĞd ŽnĐĞ a ǁĞĞŬ dƵƌinŐ 3 
ŵŽnƚŚƐ͘ 

3. Evaluated compounds: synthetic tambjamine analogues
daŵďũaŵinĞ anaůŽŐƵĞƐ ǁĞƌĞ ƐǇnƚŚĞƐiǌĞd ďǇ �ƌ͘  ZŽďĞƌƚŽ YƵĞƐada and ĐŽůůĞaŐƵĞƐ͕ ĨƌŽŵ �ŚĞŵiƐƚƌǇ 

�ĞƉaƌƚŵĞnƚ ŽĨ �ƵƌŐŽƐ hniǀĞƌƐiƚǇ ;�ƵƌŐŽƐ͕ ^ƉainͿ aƐ ƉƌĞǀiŽƵƐůǇ ƌĞƉŽƌƚĞd ;,ĞƌnandŽ et al.͕ ϮϬ1ϰͿ͘ �Ɛ 
a ƌĞƐƵůƚ ŽĨ ƚŚĞ ƐĞaƌĐŚ ĨŽƌ ĐŽŵƉŽƵndƐ ǁiƚŚ ĞĸĐiĞnƚ ƚƌanƐƉŽƌƚ aĐƟǀiƚǇ͕  ŵŽůĞĐƵůĞƐ dĞƌiǀĞd ĨƌŽŵ ƚŚĞ 
aůƌĞadǇ ŬnŽǁn naƚƵƌaů aůŬaůŽidƐ ƚaŵďũaŵinĞƐ ǁĞƌĞ ƐǇnƚŚĞƐiǌĞd͘ EaƚƵƌaůůǇ ŽĐĐƵƌƌinŐ ƚaŵďũaŵinĞƐ aƌĞ 
ĐŚaƌaĐƚĞƌiǌĞd ďǇ a Ϯ͕ϮǲďiƉǇƌƌŽůĞͲĞnaŵinĞ ƐƚƌƵĐƚƵƌĞ ǁiƚŚ a ϰͲŵĞƚŚŽǆǇ ƐƵďƐƚiƚƵĞnƚ and diĨĨĞƌĞnƚ aůŬǇů 
ĐŚainƐ aƐ aŵinĞ ƐƵďƐƚiƚƵĞnƚƐ͘ Kn ƚŚĞ ŽƚŚĞƌ Śand͕ ƚŚĞƐĞ ƐǇnƚŚĞƚiĐ ĐŽŵƉŽƵndƐ aƌĞ ĐŚaƌaĐƚĞƌiǌĞd ďǇ 
ƚŚĞ ƉƌĞƐĞnĐĞ ŽĨ aƌŽŵaƟĐ aŵinĞ ŐƌŽƵƉƐ ďĞaƌinŐ ďŽƚŚ ĞůĞĐƚƌŽn dŽnaƟnŐ and ĞůĞĐƚƌŽn ǁiƚŚdƌaǁinŐ 
ƐƵďƐƟƚƵĞnƚƐ ;ĮŐƵƌĞ ϮϮͿ͘ /n addiƟŽn ƚŽ ƚŚĞƐĞ ĐŽŵƉŽƵndƐ͕ ƚŚĞ ƌĞƉůaĐĞŵĞnƚ ŽĨ ƚŚĞ ŵĞƚŚŽǆǇ ŐƌŽƵƉ 
ĐŚaƌaĐƚĞƌiƐƟĐ ŽĨ ƚŚĞ naƚƵƌaů ĐŽŵƉŽƵndƐ ďǇ a ďĞnǌǇůŽǆǇ ŐƌŽƵƉ ǁaƐ aůƐŽ ĞǆƉůŽƌĞd ;ĮŐƵƌĞ ϮϮ͕ ƌiŐŚƚ 
ĐŽůƵŵnͿ͕ ŐĞnĞƌaƟnŐ ƉaiƌƐ ŽĨ ƉaƌĞnƚ ĐŽŵƉŽƵndƐ͘

FiŐure 22. Structures oĨ syntŚeƟc tamďũamine analoŐues. DŽdiĮĞd ĨƌŽŵ ;,ĞƌnandŽ et al.͕ ϮϬ1ϰͿ͘

�ƌƵŐƐ ǁĞƌĞ diƐƐŽůǀĞd aƚ 1Ϭ ŵD in diŵĞƚŚǇů ƐƵůĨŽǆidĞ ;�D^KͿ and ƐƚŽƌĞd aƚ ͲϮϬ Σ�͘ ^ƵďƐĞƋƵĞnƚ 
diůƵƟŽnƐ ĨŽƌ ďiŽůŽŐiĐaů aƐƐaǇƐ ǁĞƌĞ ŵadĞ in ĐƵůƚƵƌĞ ŵĞdiƵŵ and a ŵaǆiŵƵŵ ĐŽnĐĞnƚƌaƟŽn ŽĨ 1й 
�D^K ǁaƐ ƵƐĞd ĨŽƌ ƚŚĞ ĐĞůůƵůaƌ aƐƐaǇƐ͘ 
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4. Ion-selective electrode transport assays
KnĐĞ ƚŚĞ ĐŽŵƉŽƵndƐ aƌĞ ƐǇnƚŚĞƐiǌĞd͕ ƚŚĞiƌ aniŽn ƚƌanƐƉŽƌƚ ĐaƉaĐiƚǇ in ůiƉŽƐŽŵĞƐ ǁaƐ ĞǀaůƵaƚĞd 

in ůiƉŽƐŽŵaů ŵŽdĞů͘ 

� ĐŚůŽƌŽĨŽƌŵ ƐŽůƵƟŽn ;ϮϬ ŵŐͬŵ>Ϳ ŽĨ 1ͲƉaůŵiƚŽǇůͲϮͲŽůĞŽǇůͲƐnŐůǇĐĞƌŽͲ3ͲƉŚŽƐƉŚŽĐŚŽůinĞ ;WKW�Ϳ 
;^iŐŵaͲ�ůdƌiĐŚͿ ǁaƐ ĞǀaƉŽƌaƚĞd in ǀaĐƵŽ ƵƐinŐ a ƌŽƚaƌǇ ĞǀaƉŽƌaƚŽƌ and ƚŚĞ ƌĞƐƵůƟnŐ ůiƉid Įůŵ ǁaƐ dƌiĞd 
ƵndĞƌ ǀaĐƵƵŵ ĨŽƌ aƚ ůĞaƐƚ Ϯ Ś͘ �ŌĞƌ ƚŚaƚ͕ iƚ ǁaƐ ƌĞŚǇdƌaƚĞd ďǇ addiƟŽn ŽĨ a ƐŽdiƵŵ ĐŚůŽƌidĞ ƐŽůƵƟŽn 
;ϰ89 ŵD Ea�ů and ϱ ŵD ƉŚŽƐƉŚaƚĞ ďƵīĞƌ͕  Ɖ, ϳ͘Ϯ Žƌ ϰϱ1 ŵD Ea�ů and ϮϬ ŵD ƉŚŽƐƉŚaƚĞ ďƵīĞƌ͕  Ɖ, 
ϳ͘ϮͿ ĨŽůůŽǁĞd ďǇ ĐaƌĞĨƵů ǀŽƌƚĞǆinŐ͘ dŚĞ ŽďƚainĞd ůiƉid ƐƵƐƉĞnƐiŽn ǁaƐ ƐƵďũĞĐƚĞd ƚŽ ninĞ ĨƌĞĞǌĞͲƚŚaǁ 
ĐǇĐůĞƐ and ƚǁĞnƚǇͲninĞ ĞǆƚƌƵƐiŽnƐ ƚŚƌŽƵŐŚ a ϮϬϬ nŵ ƉŽůǇĐaƌďŽnaƚĞ EƵĐůĞŽƉŽƌĞ ŵĞŵďƌanĞ ƵƐinŐ 
a >iƉŽƐŽ&aƐƚ�aƐiĐ ĞǆƚƌƵdĞƌ ;�ǀĞƐƟn /nĐ͕͘ KƩaǁa͕ �anadaͿ͘ /n ŽƌdĞƌ ƚŽ ƌĞŵŽǀĞ ƚŚĞ ƵnĞnĐaƉƐƵůaƚĞd 
ĐŚůŽƌidĞ͕ ƚŚĞ ŽďƚainĞd ǀĞƐiĐůĞƐ ǁĞƌĞ diaůǇǌĞd aŐainƐƚ a EaEK3 ƐŽůƵƟŽn ;ϰ89 ŵD EaEK3 and ϱ ŵD 
ƉŚŽƐƉŚaƚĞ ďƵīĞƌ͕  Ɖ, ϳ͘ϮͿ Žƌ a EaϮ^Kϰ ƐŽůƵƟŽn ;1ϱϬ ŵD EaϮ^Kϰ and ϮϬ ŵD ƉŚŽƐƉŚaƚĞ ďƵīĞƌ͕  Ɖ, 
ϳ͘ϮͿ͕ ƌĞƐƉĞĐƟǀĞůǇ͘ &Žƌ ƚŚĞ EK3

Ͳ ͬ�ůͲ aƐƐaǇƐ͕ ǀĞƐiĐůĞƐ ƉƌĞƉaƌĞd aƐ dĞƐĐƌiďĞd aďŽǀĞ ;ƌĞŚǇdƌaƚĞd ǁiƚŚ ϰ89 
ŵD Ea�ůͿ͕ ǁĞƌĞ ƐƵƐƉĞndĞd in a ƐŽůƵƟŽn ϰ89 ŵD EaEK3 and ϱ ŵD ƉŚŽƐƉŚaƚĞ ďƵīĞƌ͕  Ɖ, ϳ͘Ϯ ƚŽ a 
Įnaů ůiƉid ĐŽnĐĞnƚƌaƟŽn ŽĨ Ϭ͘ϱ ŵD in a ƚŽƚaů ǀŽůƵŵĞ ŽĨ ϱ ŵ>͘ hƐinŐ a ĐŚůŽƌidĞ ƐĞůĞĐƟǀĞ ĞůĞĐƚƌŽdĞ 
;�Z/^KE 9ϲ ϱϮ � /͘^͘�͘ ĞůĞĐƚƌŽdĞͿ ƚŚĞ ĐŚůŽƌidĞ ĞŋƵǆ ǁaƐ ŵŽniƚŽƌĞd ŽǀĞƌ ƟŵĞ͘ �ŌĞƌ ϲϬ Ɛ͕ an aůiƋƵŽƚ 
ŽĨ ƚŚĞ ƚƌanƐŵĞŵďƌanĞ aniŽn ĐaƌƌiĞƌ in �D^K ǁaƐ addĞd ;ƚŚĞ aŵŽƵnƚ ŽĨ �D^K ǁaƐ aůǁaǇƐ ůĞƐƐ ƚŚan 
ϮϬ μ> in ŽƌdĞƌ ƚŽ aǀŽid inŇƵĞnĐĞ ŽĨ ƚŚĞ ƐŽůǀĞnƚ ŵŽůĞĐƵůĞƐ in ƚŚĞ aƐƐaǇͿ͘ �ŌĞƌ ĮǀĞ ŵinƵƚĞƐ ;ƚ с 3ϲϬ 
ƐͿ͕ a ƉƵůƐĞ ŽĨ dĞƚĞƌŐĞnƚ ǁaƐ addĞd ;dƌiƚŽndD yͲ1ϬϬ 1Ϭй diƐƉĞƌƐiŽn in ǁaƚĞƌ͕  ϮϬ μ>Ϳ͕ ƚŚƵƐ ǀĞƐiĐůĞƐ ǁĞƌĞ 
ůǇƐĞd͘ dŚĞ ŽďƚainĞd Įnaů ƌĞadinŐ ǁaƐ ĐŽnƐidĞƌĞd aƐ ƚŚĞ 1ϬϬй ŽĨ ƚŚĞ ĐŚůŽƌidĞ ĞnĐaƉƐƵůaƚĞd and ƵƐĞd 
aƐ ƐƵĐŚ͘ &Žƌ ;,�K3

Ͳͬ�ůͲͿ aƐƐaǇƐ͕ ƚŚĞ ǀĞƐiĐůĞƐ ǁĞƌĞ ƌĞŚǇdƌaƚĞd ǁiƚŚ ϰϱ1 ŵD Ea�ů and ƐƵƐƉĞndĞd in ƚŚĞ 
EaϮ^Kϰ ƐŽůƵƟŽn͘ �Őain͕ ƚŚĞ Įnaů ůiƉid ĐŽnĐĞnƚƌaƟŽn in ĞaĐŚ ĞǆƉĞƌiŵĞnƚ ǁaƐ Ϭ͘ϱ ŵD and ƚŚĞ ƚŽƚaů 
ǀŽůƵŵĞ in ĞaĐŚ ĞǆƉĞƌiŵĞnƚ ϱ ŵ>͘ � ǀŽůƵŵĞ ŽĨ ƚŚĞ ĐaƌƌiĞƌ ŵŽůĞĐƵůĞ ǁaƐ addĞd aƚ ƚŚĞ ďĞŐinninŐ ŽĨ ƚŚĞ 
ĞǆƉĞƌiŵĞnƚ ;ƚ с Ϭ ƐͿ͘ � ŵinƵƚĞ ůaƚĞƌ ;ƚ с ϲϬ ƐͿ͕ an aůiƋƵŽƚ ŽĨ Ea,�K3 ;in 1ϱϬ ŵD EaϮ^Kϰ ďƵīĞƌĞd ƚŽ Ɖ, 
ϳ͘Ϯ ǁiƚŚ ϮϬ ŵD ƐŽdiƵŵ ƉŚŽƐƉŚaƚĞ ƐaůƚƐͿ ǁaƐ addĞd ĨŽƌ a Įnaů ĐŽnĐĞnƚƌaƟŽn ŽĨ ϰϬ ŵD͘ dŚĞ ĐŚůŽƌidĞ 
ĞŋƵǆ ǁaƐ ŵĞaƐƵƌĞd dƵƌinŐ ϱ ŵin and ƚŚĞn ƚŚĞ dĞƚĞƌŐĞnƚ ǁaƐ addĞd ;ƚ с 3ϲϬ ƐͿ͘ dŚĞ daƚa ǁĞƌĞ ƵƐĞd 
aƐ dĞƐĐƌiďĞd ƉƌĞǀiŽƵƐůǇ͘

5. Cell viability assay
�Ğůů ǀiaďiůiƚǇ ǁaƐ dĞƚĞƌŵinĞd ďǇ ƚŚĞ Ddd ;3Ͳ;ϰ͕ϱͲdiŵĞƚŚǇůƚŚiaǌŽůͲϮͲǇůͿͲϮ͕ϱͲdiƉŚĞnǇůƚĞƚƌaǌŽůiƵŵ 

ďƌŽŵidĞͿ aƐƐaǇ͘ dŚiƐ ŵĞƚŚŽd ĐŽnƐiƐƚƐ ŽĨ a ĐŽůŽƌiŵĞƚƌiĐ aƐƐaǇ ƚŚaƚ inǀŽůǀĞƐ ƚŚĞ ĐůĞaǀaŐĞ and ĐŽnǀĞƌƐiŽn 
ŽĨ ƚŚĞ ǁaƚĞƌ ƐŽůƵďůĞ Ddd͕  ǁŚiĐŚ in ƐŽůƵƟŽn ŚaƐ a ǇĞůůŽǁiƐŚ ĐŽůŽƌ͕  ƚŽ ƚŚĞ inƐŽůƵďůĞ ƉƵƌƉůĞ ĨŽƌŵaǌan 
ƐaůƚƐ ƚŚƌŽƵŐŚ ƚŚĞ ƌĞdƵĐƟŽn ĐaƌƌiĞd ŽƵƚ ďǇ aĐƟǀĞ ŵiƚŽĐŚŽndƌiaů dĞŚǇdƌŽŐĞnaƐĞƐ ŽĨ ůiǀinŐ ĐĞůůƐ͘ 

�anĐĞƌ ĐĞůů ůinĞƐ ůiƐƚĞd in ƚaďůĞ 1 ǁĞƌĞ ƐĞĞdĞd aƚ a ĐŽnĐĞnƚƌaƟŽn ŽĨ 1 ǆ 1Ϭϱ ĐĞůůƐͬŵ> in 9ϲͲǁĞůů 
ŵiĐƌŽƟƚĞƌ ƉůaƚĞƐ in 1ϬϬ μ> ƉĞƌ ǁĞůů ŽĨ ƚŚĞ ƌĞƐƉĞĐƟǀĞ ĐƵůƚƵƌĞ ŵĞdiƵŵ͕ and inĐƵďaƚĞd ĨŽƌ Ϯϰ Ś ƚŽ 
aůůŽǁ ĐĞůůƐ ƚŽ aƩaĐŚ͘ �ŌĞƌǁaƌdƐ͕ ƚŚĞǇ ǁĞƌĞ ƚƌĞaƚĞd ĨŽƌ Ϯϰ Ś ǁiƚŚ ƚŚĞ ĐŽƌƌĞƐƉŽndinŐ ƚƌĞaƚŵĞnƚ͘ /n 
ƚŚĞ ĐaƐĞ ŽĨ ƐinŐůĞ ƉŽinƚ ĞǆƉĞƌiŵĞnƚƐ ĐĞůůƐ ǁĞƌĞ ƚƌĞaƚĞd ǁiƚŚ 1Ϭ μD ŽĨ ĞaĐŚ ĐŽŵƉŽƵnd͘ dŽ ĐaůĐƵůaƚĞ 
ƚŚĞ inŚiďiƚŽƌǇ ĐŽnĐĞnƚƌaƟŽnƐ ;/�Ϳ ŽĨ Ϯϱй͕ ϱϬй and ϳϱй ŽĨ ĐĞůů ƉŽƉƵůaƟŽn͕ dŽƐĞͲƌĞƐƉŽnƐĞ ĐƵƌǀĞƐ 
ǁĞƌĞ ƉĞƌĨŽƌŵĞd ƌanŐinŐ ĨƌŽŵ Ϭ͘8 ƚŽ 1ϬϬ μD͘ dŚĞ dƌƵŐ ĐŽnĐĞnƚƌaƟŽnƐ ĐŽƌƌĞƐƉŽndinŐ ƚŽ /�Ϯϱ͕ /�ϱϬ͕ 
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and /�ϳϱ ǀaůƵĞƐ ǁĞƌĞ ƵƐĞd in ƐƵďƐĞƋƵĞnƚ ĞǆƉĞƌiŵĞnƚƐ͘ �iƐƉůaƟn ;^iŐŵaͲ�ůdƌiĐŚͿ͕ ƵƐĞd aƐ ƉŽƐiƟǀĞ 
ĐŽnƚƌŽů͕ ǁaƐ ƚĞƐƚĞd aƚ ĐŽnĐĞnƚƌaƟŽnƐ ƌanŐinŐ ĨƌŽŵ Ϯ͘3ϰ ƚŽ 3ϬϬ μD͕ �D^K Žƌ ,ϮK ǁĞƌĞ ƵƐĞd aƐ 
nĞŐaƟǀĞ ĐŽnƚƌŽů aƚ a ĐŽnĐĞnƚƌaƟŽn ŽĨ 1й ;ǀͬǀͿ͘ DŽƌĞŽǀĞƌ͕  in ƚŚĞ ĐaƐĞ ŽĨ �ϱϰ9 ǁĞ ƚĞƐƚĞd anŽƚŚĞƌ ĐiƐͲ
�iĐŚůŽƌŽdiaŵŵinĞƉůaƟnƵŵ;//Ϳ ;���WͿ ĨƌŽŵ �ĐĐŽƌd ,ĞaůƚŚĐaƌĞ ;EŽƌƚŚ ,aƌƌŽǁ͕ hniƚĞd <inŐdŽŵͿ in a 
ƌanŐĞ ŽĨ ĐŽnĐĞnƚƌaƟŽnƐ ĨƌŽŵ 1͘ϱϲ ƚŽ ϮϬϬ μD͘  

�Ğůů ǀiaďiůiƚǇ aƐƐaǇƐ aůŽnŐ ǁiƚŚ ĐĞůů dĞaƚŚ inŚiďiƚŽƌƐ ǁĞƌĞ ƉĞƌĨŽƌŵĞd ǁiƚŚ �ϱϰ9͕ ƚŚĞ ŵŽƐƚ 
ƌĞƉƌĞƐĞnƚaƟǀĞ ůƵnŐ ĐanĐĞƌ ĐĞůů ůinĞ͘ �ĞůůƐ ǁĞƌĞ ƐĞĞdĞd ĨŽůůŽǁinŐ ƚŚĞ ƉƌŽĐĞdƵƌĞ ƉƌĞǀiŽƵƐůǇ dĞƐĐƌiďĞd͘ 
dŚĞ daǇ aŌĞƌ ƐĞĞdinŐ͕ ĐĞůůƐ ǁĞƌĞ inĐƵďaƚĞd ĨŽƌ 1 Ś͕ ƉƌiŽƌ ƚŽ ĐŽŵƉŽƵnd 2 addiƟŽn͕ ǁiƚŚ ƚŚĞ aƉŽƉƚŽƟĐ 
inŚiďiƚŽƌ �Ͳs��Ͳ&D< ;�� �iŽƐĐiĞnĐĞƐͿ aƚ 1Ϭ μD Žƌ ƚŚĞ aƵƚŽƉŚaŐiĐ inŚiďiƚŽƌ 3ͲDĞƚŚǇůadĞninĞ ;3ͲD�Ϳ 
ĨƌŽŵ ^iŐŵaͲ�ůdƌiĐŚ aƚ a ĐŽnĐĞnƚƌaƟŽn ŽĨ ϱ ŵD͘ �ŌĞƌ ƚŚĞ inĐƵďaƟŽn ƟŵĞ ǁiƚŚ ƚŚĞ inŚiďiƚŽƌ͕  ƚŚĞ 
ƚƌĞaƚŵĞnƚ ǁiƚŚ 3 Žƌ ϱ μD ŽĨ ĐŽŵƉŽƵnd 2 ǁaƐ addĞd͘

�ŌĞƌ Ϯϰ Ś ǁiƚŚ ƚŚĞ ƌĞƐƉĞĐƟǀĞ ƚƌĞaƚŵĞnƚ͕ 1Ϭ μD ŽĨ Ddd ;^iŐŵaͲ�ůdƌiĐŚͿ diůƵƚĞd in 1 ǆ W�^ ǁaƐ 
addĞd ƚŽ ĞaĐŚ ǁĞůů ĨŽƌ an addiƟŽnaů ϰ Ś͘ dŚĞ ŵĞdiƵŵ ǁaƐ ƌĞŵŽǀĞd and ƚŚĞ Ddd ĨŽƌŵaǌan ƉƌĞĐiƉiƚaƚĞ 
ǁaƐ diƐƐŽůǀĞd in 1ϬϬ μ> ŽĨ �D^K͘

�ďƐŽƌďanĐĞ ǁaƐ ƌĞad Žn a DƵůƟƐŬan ŵƵůƟǁĞůů ƉůaƚĞ ƌĞadĞƌ ;dŚĞƌŵŽ &iƐŚĞƌ ̂ ĐiĞnƟĮĐ /nĐ͕͘ taůƚŚaŵ͕ 
D�͕ h^�Ϳ aƚ ϱϳϬ nŵ͘ &Žƌ ĞaĐŚ ĐŽndiƟŽn͕ aƚ ůĞaƐƚ ƚŚƌĞĞ indĞƉĞndĞnƚ ĞǆƉĞƌiŵĞnƚƐ ǁĞƌĞ ƉĞƌĨŽƌŵĞd in 
ƚƌiƉůiĐaƚĞ͘ �Ğůů ǀiaďiůiƚǇ ǁaƐ ĞǆƉƌĞƐƐĞd aƐ a ƉĞƌĐĞnƚaŐĞ ŽĨ ĐŽnƚƌŽů ĐĞůůƐ͕ and daƚa aƌĞ ƐŚŽǁn aƐ ƚŚĞ ŵĞan 
ǀaůƵĞ ц ^͘�͘ dŚĞ /�Ϯϱ͕ /�ϱϬ and /�ϳϱ ǀaůƵĞƐ ǁĞƌĞ ĐaůĐƵůaƚĞd ǁiƚŚ 'ƌaƉŚWadWƌiƐŵdDϱ ƐŽŌǁaƌĞ ;'ƌaƉŚ Wad 
^ŽŌǁaƌĞ͕ ^an �iĞŐŽ͕ ��͕ h^�Ϳ͘

&Žƌ ƐinŐůĞͲƉŽinƚ ĐĞůů ǀiaďiůiƚǇ aƐƐaǇƐ in ĐanĐĞƌ ƐƚĞŵ ĐĞůůƐ͕ ŵŽnŽůaǇĞƌ ĐĞůůƐ ;ƉaƐƐaŐĞ 1ϬͲϮϬͿ and 
ƐƉŚĞƌĞͲĨŽƌŵinŐ ĐĞůůƐ ;ƉaƐƐaŐĞ 1ϬͲϮϬͿ ǁĞƌĞ ƐĞĞdĞd in 9ϲͲǁĞůů ƉůaƚĞƐ aƚ 1ͲϮ ǆ 1Ϭ3 Žƌ 3͘ϱ ǆ 1Ϭ3 ĐĞůůƐͬ
ŵ>͕ ƌĞƐƉĞĐƟǀĞůǇ͕  in ϮϬϬ μ> ƉĞƌ ǁĞůů͘ KnĞ daǇ aŌĞƌ ƐĞĞdinŐ͕ ĐŽŵƉŽƵnd Ϯ and ϳ ǁĞƌĞ addĞd in ƚŚƌĞĞ 
ƌĞƉůiĐaƚĞƐ aƚ 1Ϭ μD ĨŽƌ ĞaĐŚ ĐĞůů ůinĞ Žƌ ĐƵůƚƵƌĞƐ dĞƌiǀĞd ĨƌŽŵ ƉaƟĞnƚƐ͘

�Ğůů ǀiaďiůiƚǇ ǁaƐ ŵĞaƐƵƌĞd aŌĞƌ Ϯϰ Ś͕ ƵƐinŐ ƚŚĞ �ĞůůdiƚĞƌ 9ϲdD �YƵĞŽƵƐ KnĞ ̂ ŽůƵƟŽn �Ğůů WƌŽůiĨĞƌaƟŽn 
�ƐƐaǇ ;WƌŽŵĞŐa͕ DadiƐŽn͕ t/͕ h^�Ϳ and ĨŽůůŽǁinŐ ƚŚĞ inƐƚƌƵĐƟŽnƐ ŽĨ ƚŚĞ ŵanƵĨaĐƚƵƌĞƌ͘  �ďƐŽƌďanĐĞ 
aƚ ϰ9Ϭ nŵ ǁaƐ dĞƚĞĐƚĞd ƵƐinŐ a s/�dKZ3dD DƵůƟůaďĞů WůaƚĞ ZĞadĞƌ ;WĞƌŬin �ůŵĞƌͲ�ĞƚƵƐ͕ EŽƌǁaůŬ͕ �d͕  
h^�Ϳ͘ �Ğůů ǀiaďiůiƚǇ ǁaƐ nŽƌŵaůiǌĞd ƚŽ ƚŚĞ ƌĞƐƉĞĐƟǀĞ ĐŽnƚƌŽů ĐĞůůƐ and ƉƌĞƐĞnƚĞd aƐ a ƉĞƌĐĞnƚaŐĞ ŽĨ 
ƚŚĞŵ͘ &Žƌ ĞaĐŚ ĐŽndiƟŽn͕ ƚŚƌĞĞ indĞƉĞndĞnƚ ĞǆƉĞƌiŵĞnƚƐ ǁĞƌĞ ƉĞƌĨŽƌŵĞd and ŵĞan ц ^� iƐ ƐŚŽǁn͘

6. Cell cycle analysis
DĞaƐƵƌĞŵĞnƚ ŽĨ �E� ĐŽnƚĞnƚ ďǇ ŇŽǁ ĐǇƚŽŵĞƚƌǇ iƐ ƚŚĞ ŵŽƐƚ ĨƌĞƋƵĞnƚůǇ ƵƐĞd ŵĞƚŚŽd ƚŽ anaůǇǌĞ and 

diƐƟnŐƵiƐŚ ĐĞůůƐ in diīĞƌĞnƚ ƉŚaƐĞƐ ŽĨ ĐĞůů ĐǇĐůĞ͘ �ĞůůƐ aƌĞ ƐƚainĞd ǁiƚŚ a ŇƵŽƌĞƐĐĞnƚ �E� inƚĞƌĐaůaƟnŐ 
aŐĞnƚ͘ �ŽnƐĞƋƵĞnƚůǇ͕  ƚŚĞ ŇƵŽƌĞƐĐĞnĐĞ inƚĞnƐiƚǇ ŽďƐĞƌǀĞd ďǇ ŇŽǁ ĐǇƚŽŵĞƚƌǇ ĐŽƌƌĞůaƚĞƐ ǁiƚŚ ƚŚĞ 
aŵŽƵnƚ ŽĨ �E� ĨƌŽŵ ĞaĐŚ ƉŚaƐĞ͘

��>Ϯϳ and �ϱϰ9 ĐĞůů ůinĞƐ ǁĞƌĞ ƐĞĞdĞd in ϲͲǁĞůůƐ ƉůaƚĞ aƚ a dĞnƐiƚǇ ŽĨ 1 ǆ 1Ϭϱ ĐĞůůƐͬŵ> in a ǀŽůƵŵĞ ŽĨ 
Ϯ ŵů and aůůŽǁĞd ƚŚĞŵ ƚŽ aƩaĐŚ ĨŽƌ Ϯϰ Ś͘ dŚĞ daǇ aŌĞƌ ƐĞĞdinŐ͕ ƚŚĞ ĐŽŵƉůĞƚĞ ŵĞdiƵŵ ǁaƐ ƌĞŵŽǀĞd͕ 
and ŵĞdiƵŵ ǁiƚŚ Ϭ͘Ϭϱй ŽĨ &�^ ǁaƐ addĞd ĨŽƌ Ϯϰ Ś͕ ǁiƚŚ ƚŚĞ aiŵ ŽĨ ƐǇnĐŚƌŽniǌinŐ ƚŚĞ ĐĞůůƐ͘ �ŌĞƌǁaƌdƐ͕ 
iƚ ǁaƐ ƌĞƉůaĐĞd ďǇ 1Ϭй &�^ ĐŽŵƉůĞƚĞ ŵĞdia and ĐĞůůƐ ǁĞƌĞ ƚƌĞaƚĞd ǁiƚŚ ƚŚĞ /�ϱϬ ŽĨ ĐŽŵƉŽƵnd 2 and 
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7 dƵƌinŐ Ϯϰ and ϰ8 Ś͘ �iƐƉůaƟn͕ ĐiƐdiaŵŵinĞdiĐŚůŽƌŽƉůaƟnƵŵ ;//Ϳ ;���WͿ͕ ǁaƐ ƵƐĞd aƚ ϱ μD ĨŽƌ Ϯϰ 
and ϰ8 Ś͘

�ŌĞƌ ƚƌĞaƚŵĞnƚ͕ ƐinŐůĞ ĐĞůů ƐƵƐƉĞnƐiŽn ǁaƐ ĐŽůůĞĐƚĞd in a 1ϱ ŵů ƚƵďĞ and ĐĞnƚƌiĨƵŐĞd aƚ 3ϬϬ Ő ĨŽƌ ϱ 
ŵin͘ �ŌĞƌ ƚŚaƚ͕ ƐƵƉĞƌnaƚanƚ ǁaƐ diƐĐaƌdĞd and ĐĞůů ƉĞůůĞƚ ǁaƐ ǁaƐŚĞd ǁiƚŚ 1 ǆ W�^͘ �ĞůůƐ in W�^ ǁĞƌĞ 
ĐĞnƚƌiĨƵŐĞd aƚ 3ϬϬ Ő ĨŽƌ ϱ ŵin͕ and ƚŚĞ ƐƵƉĞƌnaƚanƚ ǁaƐ diƐĐaƌdĞd ǁiƚŚŽƵƚ diƐƚƵƌďinŐ ƚŚĞ ĐĞůů ƉĞůůĞƚ͘ 
dŚĞ ƉĞůůĞƚ ǁaƐ ƌĞƐƵƐƉĞndĞd in ƌĞƐidƵaů W�^ ďǇ ƉiƉĞƫnŐ͘ �Ğůů ƐƵƐƉĞnƐiŽn ǁaƐ addĞd dƌŽƉ ďǇ dƌŽƉ 
inƚŽ a ϱϬ ŵů ƚƵďĞ ĐŽnƚaininŐ 1 ŵů ŽĨ ĐŽůd ϳϬй ĞƚŚanŽů ǁŚiůĞ ǀŽƌƚĞǆinŐ aƚ ŵĞdiƵŵ ƐƉĞĞd ƚŽ Įǆ ĐĞůůƐ͘ 
&iǆĞd ĐĞůůƐ ǁĞƌĞ ƐƚŽƌĞd aƚ ͲϮϬΣ� ŽǀĞƌniŐŚƚ͘ �ƚŚanŽůͲĮǆĞd ĐĞůůƐ ;aƉƉƌŽǆiŵaƚĞůǇ ϮϬϬ μ>Ϳ ǁĞƌĞ ƉůaĐĞd in a 
1Ϯ ǆ ϳϱ ŵŵ ƉŽůǇƐƚǇƌĞnĞ ƚĞƐƚ ƚƵďĞ and ĐĞnƚƌiĨƵŐĞd aƚ 3ϬϬ Ő ĨŽƌ ϱ ŵinƵƚĞƐ aƚ Zd͘  dŚĞ ƐƵƉĞƌnaƚanƚ ǁaƐ 
diƐĐaƌdĞd and ƚŚĞ ĐĞůů ƉĞůůĞƚ ǁaƐ ǁaƐŚĞd ǁiƚŚ W�^͘ �Ğůů ƐƵƐƉĞnƐiŽn ǁaƐ ĐĞnƚƌiĨƵŐĞd aƚ ƚŚĞ ƐaŵĞ ƐƉĞĞd 
aƐ ďĞĨŽƌĞ and ƚŚĞ ƐƵƉĞƌnaƚanƚ ǁaƐ ƌĞŵŽǀĞd͘ �ŌĞƌǁaƌdƐ͕ ĐĞůů ƉĞůůĞƚ ǁaƐ ƌĞƐƵƐƉĞndĞd and inĐƵďaƚĞd 
in ϮϬϬ μ> ŽĨ DƵƐĞΡ �Ğůů �ǇĐůĞ ZĞaŐĞnƚ ;DĞƌĐŬ DiůůiƉŽƌĞ͕ �aƌŵƐƚadƚ͕ 'ĞƌŵanǇͿ͕ ǁŚiĐŚ inĐůƵdĞƐ ƚŚĞ 
nƵĐůĞaƌ �E� inƚĞƌĐaůaƟnŐ Ɛƚain ƉƌŽƉidiƵŵ iŽdidĞ͕ ĨŽƌ 3Ϭ ŵinƵƚĞƐ aƚ Zd and ƉƌŽƚĞĐƚĞd ĨƌŽŵ ůiŐŚƚ͘ �ĞůůƐ 
ǁĞƌĞ anaůǇǌĞd ďǇ DƵƐĞΡ �Ğůů �naůǇǌĞƌ and anaůǇƐiƐ ƐŽŌǁaƌĞ ;DĞƌĐŬ DiůůiƉŽƌĞͿ͘ dŚĞ ĞǆƉĞƌiŵĞnƚ ǁaƐ 
dŽnĞ in ƚƌiƉůiĐaƚĞ͖ ƚŚĞ ǀaůƵĞƐ ƐŚŽǁn aƌĞ ƚŚĞ ŵĞan ± iƚƐ Ɛƚandaƌd dĞǀiaƟŽn͘

7. Acridine Orange staining
siƚaů ƐƚaininŐ ǁiƚŚ aĐƌidinĞ ŽƌanŐĞ ;�KͿ ǁaƐ ƵƐĞd ƚŽ ĞǀaůƵaƚĞ Ɖ, ĐŚanŐĞƐ in aĐidiĐ ŽƌŐanĞůůĞƐ͘ �ϱϰ9 

ǁĞƌĞ ƐĞĞdĞd in a 1ϮͲǁĞůů ƉůaƚĞ ǁiƚŚ 1ϱ ŵŵ ƌŽƵnd ƐƚĞƌiůĞ ĐŽǀĞƌƐůiƉƐ aƚ a dĞnƐiƚǇ ŽĨ 1 ǆ 1Ϭϱ ĐĞůůƐͬŵ>͘ dŚĞ 
daǇ aŌĞƌ͕  ŽnĐĞ ƚŚĞ ĐĞůůƐ aƌĞ adŚĞƌĞd͕ ƚŚĞǇ ǁĞƌĞ ƚƌĞaƚĞd ǁiƚŚ ƚŚĞ ĐŽƌƌĞƐƉŽndinŐ ƚƌĞaƚŵĞnƚ ĨŽƌ 1 Ś in 
�D�D ƐƵƉƉůĞŵĞnƚĞd ǁiƚŚ 1Ϭй &�^ aƚ 3ϳ Ǒ�͘ 

�ϱϰ9 ĐĞůůƐ ǁĞƌĞ ƚƌĞaƚĞd ǁiƚŚ ĐŽŵƉŽƵndƐ 2 Žƌ 7 ĨŽƌ 1 Ś aƚ 1Ϭ μD͘ �Ɛ a nĞŐaƟǀĞ ĐŽnƚƌŽů͕ ĐĞůůƐ ǁĞƌĞ 
ƚƌĞaƚĞd ǁiƚŚ a nŽnͲƚƌanƐƉŽƌƚĞƌ ĐŽŵƉŽƵnd ;NTͿ aƚ 1Ϭ μD ĨŽƌ 1 Ś͘ NT iƐ a ĐŽŵƉŽƵnd ƐƚƌƵĐƚƵƌaůůǇ ƌĞůaƚĞd 
ƚŽ Ϯ and ϳ ƚŚaƚ diƐƉůaǇƐ ŵŽdĞƐƚ aĐƟǀiƚǇ aƐ aniŽn ĐaƌƌiĞƌ͘  1й �D^K ;ǀͬǀͿ ǁaƐ addĞd in ĐŽnƚƌŽů ĐĞůůƐ͘ 
�ŌĞƌ ĐŽŵƉůĞƟŽn ŽĨ ƚŚĞ diīĞƌĞnƚ ƚƌĞaƚŵĞnƚƐ͕ ƚŚĞ ƚƌĞaƚŵĞnƚ ǁaƐ ƌĞŵŽǀĞd and ƚŚĞ ĐĞůůƐ ǁĞƌĞ ǁaƐŚĞd 
ƚǁiĐĞ ǁiƚŚ 1 ǆ W�^͕ ƚŚĞn ƚŚĞ ĐĞůůƐ ǁĞƌĞ ƐƚainĞd ǁiƚŚ ϮϬϬ μ> ŽĨ ƚŚĞ �K ƐŽůƵƟŽn ;^iŐŵaͲ�ůdƌiĐŚͿ aƚ a 
ĐŽnĐĞnƚƌaƟŽn ŽĨ ϱ ʅŐͬŵ> ĨŽƌ 3Ϭ ŵin aƚ Zd and ƉƌŽƚĞĐƚĞd ĨƌŽŵ ůiŐŚƚ͘  �ŌĞƌǁaƌdƐ͕ ĐĞůůƐ ǁĞƌĞ ǁaƐŚĞd 
ƚŚƌĞĞ ƟŵĞƐ ǁiƚŚ 1 ǆ W�^ͬ1Ϭй &�^͕ ŵŽƵnƚĞd Žn a ƐůidĞ͕ and ŇƵŽƌĞƐĐĞnĐĞ ǁaƐ iŵŵĞdiaƚĞůǇ ĞǆaŵinĞd 
in a EiŬŽn ĞĐůiƉƐĞ �8ϬϬ ŵiĐƌŽƐĐŽƉĞ ;ĮůƚĞƌ 33Ϭͬ38Ϭ nŵͿ ;EiŬŽn �ƵƌŽƉĞ �s͕ �adŚŽĞǀĞdŽƌƉ͕ dŚĞ 
EĞƚŚĞƌůandƐͿ͘ dŚƌĞĞ indĞƉĞndĞnƚ ĞǆƉĞƌiŵĞnƚƐ ǁĞƌĞ ĐŽndƵĐƚĞd and ƌĞƉƌĞƐĞnƚaƟǀĞ iŵaŐĞƐ aƌĞ ƐŚŽǁn͘

8. Hoechst 33342 and propidium iodide staining 
,ŽĞĐŚƐƚ 333ϰϮ ;^iŐŵaͲ�ůdƌiĐŚͿ and ƉƌŽƉidiƵŵ iŽdidĞ ;W/Ϳ ǁĞƌĞ ƵƐĞd aƐ nƵĐůĞaƌ ĐŽƵnƚĞƌƐƚainƐ ƚŽ 

dĞƚĞĐƚ ĐĞůůƐ ƚŚaƚ ƵndĞƌǁĞnƚ aƉŽƉƚŽƟĐ Žƌ nĞĐƌŽƟĐ ƉƌŽĐĞƐƐĞƐ ŵĞaƐƵƌinŐ ŵŽƌƉŚŽůŽŐiĐaů ĐŚanŐĞƐ ůiŬĞ 
ĐŚƌŽŵaƟn ĐŽndĞnƐaƟŽn Žƌ ůŽƐƐ ŽĨ ŵĞŵďƌanĞ inƚĞŐƌiƚǇ͕  ƌĞƐƉĞĐƟǀĞůǇ͘ 

�ϱϰ9 ĐĞůůƐ ǁĞƌĞ ƉůaƚĞd in a 1ϮͲǁĞůů ƉůaƚĞ ǁiƚŚ 1ϱ ŵŵ ƌŽƵnd ƐƚĞƌiůĞ ĐŽǀĞƌƐůiƉƐ aƚ a ĐŽnĐĞnƚƌaƟŽn 
ŽĨ 1 ǆ 1Ϭϱ ĐĞůůƐ ƉĞƌ ǁĞůů͘  dŚĞ ĐĞůůƐ ǁĞƌĞ aůůŽǁĞd ƚŽ adŚĞƌĞ ƚŽ ƚŚĞ ĐŽǀĞƌƐůiƉƐ ĨŽƌ Ϯϰ Ś͕ aŌĞƌǁaƌdƐ ĐĞůů 
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ŵĞdia ǁaƐ ƌĞŵŽǀĞd and ĨƌĞƐŚ ŵĞdia ǁiƚŚ ƚŚĞ ĐŽƌƌĞƐƉŽndinŐ dƌƵŐ dŽƐĞ ǁaƐ addĞd͘ �ϱϰ9 ĐĞůůƐ ǁĞƌĞ 
inĐƵďaƚĞd in ǁiƚŚ ƚŚĞ /�ϱϬ ŽĨ ĐŽŵƉŽƵnd 2 and 7 ĨŽƌ ϰ8 Ś͘ �ŽnƚƌŽů ĐĞůůƐ ǁĞƌĞ inĐƵďaƚĞd ǁiƚŚ �D^K͘ �ŌĞƌ 
ƚŚiƐ ƟŵĞ͕ Žn ŽnĞ Śand ƚŚĞ ŵĞdia ǁaƐ ĐŽůůĞĐƚĞd and ĐĞnƚƌiĨƵŐĞd ƚǁiĐĞ aƚ ϳϬϬ Ő ǁaƐŚinŐ ǁiƚŚ 1 ǆ W�^ ƚŽ 
ƉĞůůĞƚ dŽǁn ƚŚĞ ŇŽaƟnŐ ĐĞůůƐ͘ �ƚ ƚŚĞ ƐaŵĞ ƟŵĞ͕ ƚŚĞ aƩaĐŚĞd ĐĞůůƐ ǁĞƌĞ ǁaƐŚĞd 3 ƟŵĞƐ ǁiƚŚ 1 ǆ W�^͘ 

�Ğůů ƉĞůůĞƚ and ĐĞůůƐ Žn ĐŽǀĞƌƐůiƉƐ ǁĞƌĞ ƐƚainĞd ǁiƚŚ ƚŚĞ nƵĐůĞaƌ ĐŽƵnƚĞƌƐƚainƐ ,ŽĞĐŚƐƚ 333ϰϮ and W/ 
aƚ a ĐŽnĐĞnƚƌaƟŽn ŽĨ Ϯ ʅŐͬŵ> and Ϯϱ μŐͬŵ>͕ ƌĞƐƉĞĐƟǀĞůǇ͕  ĨŽƌ ϮϬ ŵin aƚ 3ϳǑ� in daƌŬ ĐŽndiƟŽnƐ͘ dŚĞn͕ 
ƚŚĞ ƐƚaininŐ ƐŽůƵƟŽn ǁaƐ ƌĞŵŽǀĞd and ĐĞůůƐ ǁĞƌĞ ǁaƐŚĞd ƚǁiĐĞ ǁiƚŚ 1 ǆ W�^͘  �ĞƚaĐŚĞd ĐĞůůƐ ǁĞƌĞ 
ĐĞnƚƌiĨƵŐĞd ƚǁiĐĞ aƚ ϳϬϬ Ő and ǁaƐŚĞd ǁiƚŚ 1 ǆ W�^͘  W�^ ǁaƐ diƐĐaƌdĞd and ĐĞůůƐ ǁĞƌĞ ƌĞƐƵƐƉĞndĞd 
in 1Ϭ μ> ŽĨ ŐůǇĐĞƌŽů͗,ϮK ;9͗1Ϳ͘  �ĞůůƐ Žn ŐůǇĐĞƌŽů ǁĞƌĞ dƌŽƉƉĞd in ƐůidĞƐ and ƚŚĞ ĐĞůůƐ Žn ƚŚĞ ĐŽǀĞƌƐůiƉƐ 
ǁĞƌĞ ƉůaĐĞd ŽǀĞƌ ƚŚĞŵ͘ DŽƵnƚƐ ǁĞƌĞ ĞǆaŵinĞd ŇƵŽƌŽŵĞƚƌiĐaůůǇ ǁiƚŚ �ĞůůƐ ǁĞƌĞ ƉŚŽƚŽŐƌaƉŚĞd ƵƐinŐ 
an inǀĞƌƚĞd ŇƵŽƌĞƐĐĞnƚ ŵiĐƌŽƐĐŽƉĞ ;�ǆiŽ KďƐĞƌǀĞƌ �1͕ �ĞiƐƐ͕ 'ŽƫnŐĞn͕ 'ĞƌŵanǇͿ and aƚ ůĞaƐƚ ƚŚƌĞĞ 
ƌĞƉƌĞƐĞnƚaƟǀĞ iŵaŐĞƐ ǁĞƌĞ aĐƋƵiƌĞd ĨŽƌ ĞaĐŚ ƐaŵƉůĞ ĐŽndiƟŽn͘

9. Phase contrast microscopy
/n ŽƌdĞƌ ƚŽ ŽďƐĞƌǀĞ ĐǇƚŽƉůaƐŵiĐ ǀaĐƵŽůiǌaƟŽn͕ Ϯ ŵ> ŽĨ �ϱϰ9 ĐĞůůƐ ǁĞƌĞ ƐĞĞdĞd in a ϲͲǁĞůů ƉůaƚĞ aƚ a 

ĐŽnĐĞnƚƌaƟŽn ŽĨ 1 ǆ 1Ϭϱ ĐĞůůƐͬŵ> and ǁĞƌĞ aůůŽǁĞd ƚŽ ŐƌŽǁ ĨŽƌ Ϯϰ Ś͘ ^ƵďƐĞƋƵĞnƚůǇ͕  ĐĞůůƐ ǁĞƌĞ ƚƌĞaƚĞd 
ǁiƚŚ ƚŚĞ /�ϳϱ ǀaůƵĞƐ ŽĨ ĐŽŵƉŽƵnd 2 and 7͕ Žƌ 1Ϭ μD ŽĨ nŽnͲƚƌanƐƉŽƌƚĞƌ ĐŽŵƉŽƵnd͕ NT͕ dƵƌinŐ ϲ Ś͘ 
^aŵƉůĞƐ ǁĞƌĞ ŽďƐĞƌǀĞd ƵndĞƌ inǀĞƌƚĞd ƉŚaƐĞ ĐŽnƚƌaƐƚ ŵiĐƌŽƐĐŽƉĞ ;�ǆiŽ KďƐĞƌǀĞƌ �1Ϳ͘ dŽ ŵŽniƚŽƌ ƚŚĞ 
ǀĞƐiĐůĞ ĨŽƌŵaƟŽn ƉƌŽĐĞƐƐ͕ �ϱϰ9 ĐĞůůƐ ǁĞƌĞ ƐĞĞdĞd in 9ϲͲǁĞůů ŵiĐƌŽƟƚĞƌ ƉůaƚĞƐ aƚ a dĞnƐiƚǇ ŽĨ 1 ǆ 1Ϭϱ 
ĐĞůůƐͬŵ> and inĐƵďaƚĞd ĨŽƌ Ϯϰ Ś ƚŽ aůůŽǁ ĐĞůůƐ ƚŽ aƩaĐŚ͘ �ŌĞƌǁaƌdƐ͕ ƚŚĞǇ ǁĞƌĞ ƚƌĞaƚĞd ĨŽƌ Ϯϰ Ś ǁiƚŚ 1Ϭ 
μD ŽĨ ĞaĐŚ ƐǇnƚŚĞƟĐ ƚaŵďũaŵinĞ anaůŽŐƵĞ ĐŽŵƉŽƵnd͘ /ŵaŐĞƐ ǁĞƌĞ ĐaƉƚƵƌĞd ĨŽůůŽǁinŐ a ƟŵĞ ĐŽƵƌƐĞ 
ĨƌŽŵϬ ;ďĞĨŽƌĞ addinŐ dƌƵŐͿ ƚŽ Ϯϰ Ś ǁiƚŚ a >ĞiĐa inǀĞƌƚĞd ƉŚaƐĞ ĐŽnƚƌaƐƚ ŵiĐƌŽƐĐŽƉĞ �D/Z�� ĞƋƵiƉƉĞd 
ǁiƚŚ diŐiƚaů ĐaƉƚƵƌĞ ƐŽŌǁaƌĞ ;>ĞiĐa DiĐƌŽƐǇƐƚĞŵƐ͕ tĞƚǌůaƌ͕  'ĞƌŵanǇͿ͘

Kn ƚŚĞ ŽƚŚĞƌ Śand͕ ƚŽ ƌĞĐŽƌd a ǀidĞŽ ŽĨ ƚŚĞ ƉƌŽĐĞƐƐ ŽĨ ǀaĐƵŽůiǌaƟŽn͕ �ϱϰ9 ĐĞůůƐ ǁĞƌĞ ƐĞĞdĞd in a 
μͲ^ůidĞ ĐŚaŵďĞƌĞd ĐŽǀĞƌƐůiƉ ;/ďidiͿ aƚ ϱ ǆ 1Ϭ3 ĐĞůůƐͬǁĞůů͘ �ĞůůƐ ǁĞƌĞ aůůŽǁĞd ƚŽ aƩaĐŚ and ŐƌŽǁ dƵƌinŐ 
ϳϮ Ś͘ �ŌĞƌǁaƌdƐ͕ ĐĞůůƐ ǁĞƌĞ ĞǆƉŽƐĞd ƚŽ /�ϳϱ ŽĨ ƚŚĞ ƐƚƵdiĞd ĐŽŵƉŽƵnd 2 ĨŽƌ 1ϲ Ś͘ 1й �D^K ;ǀͬǀͿ ǁaƐ 
ƵƐĞd aƐ a ĐŽnƚƌŽů͘ dŚĞ ǀidĞŽ ǁaƐ ƌĞĐŽƌdĞd ƵƐinŐ a >ĞiĐa d�^Ͳ^> ĮůƚĞƌͲĨƌĞĞ ƐƉĞĐƚƌaů ĐŽnĨŽĐaů ŵiĐƌŽƐĐŽƉĞ 
;>ĞiĐa DiĐƌŽƐǇƐƚĞŵƐͿ͘

�iīĞƌĞnƚ ĐĞůů ŵaƌŬĞƌƐ ǁĞƌĞ ƵƐĞd ďǇ iŵŵƵnŽŇƵŽƌĞƐĐĞnĐĞ ƚŽ dĞƚĞƌŵinĞ ƚŚĞ ŽƌiŐin ŽĨ ƚŚĞ ŽďƐĞƌǀĞd 
ǀaĐƵŽůiǌaƟŽn͘ 

�ϱϰ9 ĐĞůůƐ ǁĞƌĞ ĐƵůƚƵƌĞd in 1ϮͲǁĞůů ƉůaƚĞƐ Žn 1ϱ ŵŵ ƌŽƵnd ƐƚĞƌiůĞ ĐŽǀĞƌƐůiƉƐ aƚ 3ϳΣ�͕ ƐĞĞdinŐ 1 ǆ 1Ϭϱ 
ĐĞůůƐ ƉĞƌ ǁĞůů͘ Ϯϰ ŚŽƵƌƐ ůaƚĞƌ͕  ĐĞůůƐ ǁĞƌĞ ƚƌĞaƚĞd aƚ a ĐŽnŇƵĞnĐĞ ŽĨ ϳϬͲ8Ϭй ǁiƚŚ ƚŚĞ /�ϳϱ ŽĨ ĐŽŵƉŽƵnd 
2 and 7 ĨŽƌ ϲ Ś͘ �ŽnƚƌŽů ĐĞůůƐ ǁĞƌĞ ƚƌĞaƚĞd ǁiƚŚ 1й ;ǀͬǀͿ �D^K͘ �ĞůůƐ ǁĞƌĞ ƚŚĞn ǁaƐŚĞd ƚǁiĐĞ ǁiƚŚ 
1 ǆ W�^ and ĮǆĞd ǁiƚŚ aƉƉƌŽǆiŵaƚĞůǇ ϱϬϬ μ> ŽĨ ϰй ƉaƌaĨŽƌŵaůdĞŚǇdĞ ĨŽƌ ϮϬ ŵin aƚ Zd͘   dŚĞn ĐĞůůƐ 
ǁĞƌĞ ƉĞƌŵĞaďiůiǌĞd ǁiƚŚ Ϭ͘Ϯй dƌiƚŽndDyͲ1ϬϬ and ƚŚĞn ďůŽĐŬĞd ǁiƚŚ 1й �^� in 1 ǆ W�^ ĨŽƌ 1 Ś͘ &Žƌ ĐĞůů 
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ůaďĞůinŐ͕ ĐĞůůƐ ǁĞƌĞ inĐƵďaƚĞd ǁiƚŚ ƚŚĞ diīĞƌĞnƚ ƉƌiŵaƌǇ anƟďŽdiĞƐ diůƵƚĞd in ďůŽĐŬinŐ ƐŽůƵƟŽn inƐidĞ 
a ǁĞƚ ĐŚaŵďĞƌ ŽǀĞƌniŐŚƚ aƚ ϰΣ�͘ �ƉƉƌŽǆiŵaƚĞůǇ͕  ϰϬ μ> ŽĨ diůƵƚĞd anƟďŽdǇ ǁaƐ ƉůaĐĞd inƐidĞ ƚŚĞ ǁĞƚ 
ĐŚaŵďĞƌ ĐŽǀĞƌĞd ǁiƚŚ ƚŚĞ ĐŽǀĞƌƐůiƉ͕ in ĐŽnƚaĐƚ ǁiƚŚ ƚŚĞ ƐidĞ ŽĨ ƚŚĞ ĐĞůůƐ͘ dŚĞ ƉƌiŵaƌǇ anƟďŽdiĞƐ ƵƐĞd 
aƌĞ ůiƐƚĞd in ƚŚiƐ ƚaďůĞ 3͗

Primary antibodies Dilution Produced in Brand Catalog number

�nƟͲ�ǇƚŽĐŚƌŽŵĞ � 1͗ϱϬ Mouse ^anƚa �ƌuǌ �ioƚeĐŚnoůoŐǇ ;^anƚa 
�ƌuǌ͕ ��͕ h^�Ϳ ϲ,Ϯ

�nƟͲ���1 1͗1ϬϬϬ Zaďďiƚ �ďĐaŵ ;�aŵďƌidŐe͕ M�͕ h^�Ϳ aďϮ9ϬϬ

�nƟͲ>�3 1͗ϱϬϬ Zaďďiƚ M�> inƚeƌnaƟonaů �oƌƉoƌaƟon 
;toďuƌn͕ M�͕ h^�Ϳ WMϬ3ϲ

�nƟͲ>�MW1 1͗1ϬϬϬ Zaďďiƚ �ďĐaŵ aďϮϰ1ϳϬ
�nƟͲdKMMϮϬ 1͗ϮϬϬ Zaďďiƚ �� �iosĐienĐes ϲ1ϮϮϳ8

Taďle 3. SpeciĮcaƟons Ĩor primary anƟďodies used in immunoŇuorescence analysis.

/n Đase oĨ usinŐ anƟͲ���1 ;�aƌůǇ �ndosoŵaů �nƟŐen 1Ϳ oƌ anƟͲ>�MW1͕ Đeůůs ǁeƌe Ɖeƌŵeaďiůiǌed 
ǁiƚŚ Ϭ͘Ϯй saƉonin in 1 ǆ W�^͕ Ĩoƌ 1ϱ ŵin͕ and ƚŚen ďůoĐŬed ǁiƚŚ a soůuƟon oĨ Ϭ͘Ϯй ŐeůaƟnͲϮϬй noƌŵaů 
Őoaƚ seƌuŵ in 1 ǆ W�^ Ĩoƌ 1 Ś aƚ Zd͘

tŚen ƚŚe inĐuďaƟon Ɵŵe ǁiƚŚ ƚŚe ƉƌiŵaƌǇ anƟďodǇ ends͕ ƚŚe ǁeƚ ĐŚaŵďeƌ is ƉůaĐed aƚ Zd Ĩoƌ 3Ϭ 
ŵin͘ �Ōeƌǁaƌds͕ ĐoǀeƌsůiƉs ǁeƌe ƉůaĐed ĨaĐe uƉ in 1Ϯ ǁeůů Ɖůaƚe ƚo ƉeƌĨoƌŵ ǁasŚes ǁiƚŚ 1 ǆ W�^ ƚǁiĐe͘ 
�eůůs ǁeƌe inĐuďaƚed aƚ ƚŚe saŵe Ɵŵe ǁiƚŚ ƚŚe ŇuoƌoƉŚoƌeͲĐonũuŐaƚed seĐondaƌǇ anƟďodǇ and ƚŚe 
nuĐůeaƌ ŵaƌŬeƌ ;dKͲWZKdMͲ3 iodideͿ diůuƚed in ďůoĐŬinŐ soůuƟon͘  dŚe inĐuďaƟon ǁas Đaƌƌied ouƚ ǁiƚŚ 
ƚŚe saŵe ƉƌoĐeduƌe as ƚŚe ƉƌiŵaƌǇ anƟďodǇ͕  Ĩoƌ one Śouƌ aƚ Zd͘  dŚe seĐondaƌǇ anƟďodies and ƚŚe 
nuĐůeaƌ ŵaƌŬeƌ used aƌe ůisƚed in ƚŚe ƚaďůe ϰ͗

Secondary 
 antibodies& 

 nuclear marker
Dilution Brand

Catalog 
number

�ůeǆa 
&ůuoƌdM ϱϱϱͲĐonũuŐaƚed donŬeǇ 

anƟͲŵouse

1͗ϰϬϬ MoůeĐuůaƌWƌoďes

;�uŐene͕ KZ͕ h^�Ϳ �31ϱϳϬ

�ůeǆa 
&ůuoƌdM ϱϱϱͲĐonũuŐaƚed donŬeǇ 

anƟͲƌaďďiƚ

1͗ϰϬϬ

MoůeĐuůaƌ Wƌoďes �31ϱϳϮ

dKͲWZKdMͲ3 iodide 1͗ϰϬϬ MoůeĐuůaƌ Wƌoďes d3ϲϬϱ
Taďle 4͘ SpeciĮcaƟons Ĩor secondary anƟďodies and nuclear marker used in immunoŇuorescence analysis.

�Ōeƌ ƚŚaƚ͕ ĐoǀeƌsůiƉs ǁeƌe ƉůaĐed in ƚŚe 1Ϯ ǁeůů Ɖůaƚe͕ ǁasŚed ƚǁiĐe ǁiƚŚ 1 ǆ W�^ and ƌinsed in d,ϮK͘ 
&inaůůǇ͕  ƚŚe saŵƉůes ǁeƌe ŵounƚed on sůides ǁiƚŚ a dƌoƉ oĨ MoǁioůdM ;^iŐŵaͲ �ůdƌiĐŚͿ and aůůoǁed ƚo 
dƌǇ aƚ ůeasƚ Ϯ Ś ďeĨoƌe ĐaƉƚuƌinŐ iŵaŐes ǁiƚŚ >eiĐa d�^Ͳ^> ĮůƚeƌͲĨƌee sƉeĐƚƌaů ĐonĨoĐaů ŵiĐƌosĐoƉe 
;>eiĐa MiĐƌosǇsƚeŵsͿ͘
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MATERIAL AND METHODS

10.1. Synthetic tambjamine analogues emission spectra
/nƚeƌnaůiǌaƟon oĨ ĐoŵƉound 2 and 7 in �ϱϰ9 Đeůůs ǁas Ĩoůůoǁed ďǇ >eiĐa d�^Ͳ^> ĮůƚeƌͲĨƌee sƉeĐƚƌaů 

ĐonĨoĐaů ŵiĐƌosĐoƉe ;>eiĐa MiĐƌosǇsƚeŵsͿ ǁiƚŚ sƚaďůe ƚeŵƉeƌaƚuƌe and �KϮ͘ �eůůs ǁeƌe iƌƌadiaƚed ǁiƚŚ 
diīeƌenƚ eǆĐiƚaƟon ǁaǀeůenŐƚŚs ǁiƚŚ ƚŚe aiŵ oĨ ĐoůůeĐƟnŐ ƚŚe ŇuoƌesĐenĐe eŵission sƉeĐƚƌa oĨ eaĐŚ 
ĐoŵƉound as iƚ is sŚoǁn in ƚŚe ĮŐuƌe Ϯ3͘ Maǆiŵuŵ eǆĐiƚaƟon Ĩoƌ ďoƚŚ ĐoŵƉounds ǁas aƚ ϰ88 nŵ͘

FiŐure 23. Compound 2 and 7 emission spectra. 

/n ƚŚis ƌeŐaƌd͕ ƚo aǀoid inƚeƌĨeƌenĐe ǁiƚŚ ƚŚe oƚŚeƌ ŇuoƌoƉŚoƌes used in ƚŚese eǆƉeƌiŵenƚs͕ 
esƉeĐiaůůǇ ǁŚen eǆĐiƟnŐ aƚ ϰ88 nŵ͕ saŵƉůes ǁeƌe iƌƌadiaƚed Ĩoƌ Ϯ ŵin ǁiƚŚ ϰ88 nŵ ůaseƌ͕  ƚo deĐƌease 
ŇuoƌesĐenĐe eŵission ƚo nonͲsiŐniĮĐanƚ ǀaůues ĮŐuƌe Ϯϰ͘ dŚis ƉŚoƚoďůeaĐŚinŐ ƉƌoĐeduƌe ǁas 
ƉeƌĨoƌŵed Ɖƌioƌ ƚo eǀeƌǇ ĐaƉƚuƌe oĨ iŵaŐes ǁiƚŚ >eiĐa d�^Ͳ^> ĮůƚeƌͲĨƌee sƉeĐƚƌaů ĐonĨoĐaů ŵiĐƌosĐoƉe͘

FiŐure 24. Emission spectra ďeĨore and aŌer pŚotoďleacŚinŐ.
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11. Dextran uptake
&ůuoƌesĐenƚůǇͲůaďeůed deǆƚƌan͕ a ŇuidͲƉŚase ŵaƌŬeƌ͕  ǁas used ƚo sƚudǇ ŵaĐƌoƉinoĐǇƚosis ƉƌoĐess͘ 

�ϱϰ9 Đeůůs ;1Ϭϰ ĐeůůsͬǁeůůͿ ǁeƌe seeded in aʅͲ^ůide ĐŚaŵďeƌed ĐoǀeƌsůiƉ ;/ďidi͕ MaƌƟnsƌied͕ 'eƌŵanǇͿ͕ 
and aůůoǁed ƚŚeŵ ƚo aƩaĐŚ and Őƌoǁ duƌinŐ ϳϮ Ś͘ �Ōeƌǁaƌds͕ Đeůůs ǁeƌe inĐuďaƚed ǁiƚŚ �eǆƚƌan 
;dŚeƌŵo&isŚeƌ͕  �Ͳ18ϰ1Ϳ aƚ 1 ŵŐͬŵ> diůuƚed in Đuůƚuƌe ŵedia and 1 Ś ůaƚeƌ ƚŚe sƚudied ĐoŵƉounds ǁeƌe 
added͘ �eůůs ǁeƌe ƚƌeaƚed Ĩoƌ ϲ Ś ǁiƚŚ ƚŚe /�ϳϱ oĨ ĐoŵƉound 2 and ǁiƚŚ 1Ϭ μM MKM/WW ĐoŵƉound͕ used 
as a ƉosiƟǀe Đonƚƌoů oĨ ƚŚe ĨoƌŵaƟon oĨ ŵaĐƌoƉinosoŵes͘ �Ōeƌ ƚŚe inĐuďaƟon Ɵŵe͕ ƚŚe ŇuoƌesĐenƚ 
iŵaŐes ǁeƌe ĐaƉƚuƌed usinŐ a >eiĐa d�^Ͳ^> ĮůƚeƌͲĨƌee sƉeĐƚƌaů ĐonĨoĐaů ŵiĐƌosĐoƉe ;>eiĐa MiĐƌosǇsƚeŵs͕ 
MannŚeiŵ͕ 'eƌŵanǇͿ͘ ZeƉƌesenƚaƟǀe iŵaŐes Ĩƌoŵ ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs aƌe sŚoǁn͘

12. mCherry-Mito7 stable cell transfection
dŚe ŵ�ŚeƌƌǇͲMiƚoͲϳ Ɖůasŵid �E� ;ĮŐuƌe ϮϱͿ͕ a ŐiŌ Ĩƌoŵ MiĐŚaeů �aǀidson ;�ddŐene Ɖůasŵid η 

ϱϱ1ϬϮͿ ;KůenǇĐŚ et al.͕ ϮϬϬϳͿ͕ enĐodes a ŵiƚoĐŚondƌiaů ƚaƌŐeƟnŐ seƋuenĐe Ĩƌoŵ suďuniƚ s/// oĨ Śuŵan 
ĐǇƚoĐŚƌoŵe � oǆidase ;�Ky8�Ϳ͘ /n addiƟon͕ iƚ enĐodes a ŵ�ŚeƌƌǇ ĐŚƌoŵoƉŚoƌe Ĩusion Ɖƌoƚein͕ ǁŚiĐŚ 
eǆĐiƚaƟon and eŵission ǁaǀeůenŐƚŚs aƌe ϱ8ϳ and ϲ1Ϭ nŵ͕ ƌesƉeĐƟǀeůǇ͘ dŚis �E� ĐonsƚƌuĐƚ used Ĩoƌ 
ƚƌansĨeĐƟon inĐůudes a seůeĐƚaďůe ŵaƌŬeƌ ƚŚaƚ ĐonĨeƌs ƌesisƚanĐe ƚo neoŵǇĐin ;'ϰ18Ϳ͕ ƚo ĨaĐiůiƚaƚe ƚŚe 
seůeĐƟon oĨ euŬaƌǇoƟĐ Đeůůs ƚŚaƚ sƚaďůǇ eǆƉƌess ƚƌansĨeĐƚed Ɖůasŵid͘

FiŐure 25͘ mCŚerry-Mito-7 plasmid

dŚe Ɖůasŵid ǁas oďƚained as ƚƌansĨoƌŵed ďaĐƚeƌia in aŐaƌ sƚaď͘ &iƌsƚ͕ ďaĐƚeƌia ǁeƌe sƚƌeaŬed in a >uƌia 
ďƌoƚŚ ;>�Ϳ aŐaƌ Ɖůaƚe ǁiƚŚ ŬanaŵǇĐin and aůůoǁed ƚo Őƌoǁ oǀeƌniŐŚƚ aƚ 3ϳ Σ�͘ � sinŐůe ĐoůonǇ oĨ ďaĐƚeƌia 
ǁas isoůaƚed͕ and suďseƋuenƚůǇ Őƌoǁn in a ŇasŬ ǁiƚŚ Ϯ ŵ> >� ŵediuŵ ;1й Ea�ů͕ 1й dƌiƉǇƚone͕ Ϭ͘ϱй 
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MATERIAL AND METHODS

Ǉeasƚ eǆƚƌaĐƚ in d,ϮKͿ ĐonƚaininŐ ƚŚe seůeĐƟǀe anƟďioƟĐ͕ ŬanaŵǇĐin ;ϱϬ μŐͬŵ>Ϳ aƚ 3ϳ Σ� Ĩoƌ 1ϲ Ś ǁiƚŚ 
ǀiŐoƌous sŚaŬinŐ ƚo ƌeĐoǀeƌ a ŚiŐŚ densiƚǇ oĨ ďaĐƚeƌia͘ �Ōeƌ inĐuďaƟon͕ isoůaƟon oĨ Ɖůasŵid �E� ǁas 
Đaƌƌied ouƚ ǁiƚŚ a Y/�ƉƌeƉΠ ^Ɖin MiniƉƌeƉ Ŭiƚ ;YiaŐen͕ ,iůden͕ 'eƌŵanǇͿ͘ �aĐƚeƌiaů Đeůůs ǁeƌe Śaƌǀesƚed 
ďǇ ĐenƚƌiĨuŐaƟon aƚ ϲ8ϬϬ Ő Ĩoƌ 3 ŵin aƚ Zd͘  �ůů ƚƌaĐes oĨ suƉeƌnaƚanƚ ǁeƌe ƌeŵoǀed ďǇ inǀeƌƟnŐ ƚŚe 
ƚuďe unƟů aůů ŵediuŵ ǁas dƌained͘ Weůůeƚed ďaĐƚeƌiaů Đeůůs ǁeƌe ƌesusƉended in ϮϱϬ ʅ> �uīeƌ W1 and 
ƚƌansĨeƌƌed ƚo a ŵiĐƌoĐenƚƌiĨuŐe ƚuďe͘ dŚen͕ ϮϱϬ ʅ> �uīeƌ WϮ ǁeƌe added and ŵiǆed ƚŚoƌouŐŚůǇ ďǇ 
inǀeƌƟnŐ ƚŚe ƚuďe ϰͲϲ Ɵŵes unƟů ƚŚe soůuƟon ďeĐaŵe Đůeaƌ͘  �Ōeƌǁaƌds͕ 3ϱϬ ʅ> �uīeƌ E3 ǁeƌe added 
and ŵiǆed as in ƚŚe Ɖƌeǀious sƚeƉ͘ dŚe ŵiĐƌoĐenƚƌiĨuŐe ƚuďe ǁas ĐenƚƌiĨuŐed Ĩoƌ 1Ϭ ŵin aƚ 1ϳ9ϬϬ Ő͘ 
dŚe suƉeƌnaƚanƚ ;8ϬϬ ʅ>Ϳ ǁas ĐoůůeĐƚed͕ ƚƌansĨeƌƌed ƚo ƚŚe Y/�ƉƌeƉ Ϯ͘Ϭ sƉin Đoůuŵn ďǇ ƉiƉeƫnŐ and 
ĐenƚƌiĨuŐed Ĩoƌ ϲϬ s͘ KnĐe ĐenƚƌiĨuŐed͕ ƚŚe ŇoǁͲƚŚƌouŐŚ ǁas disĐaƌded and ƚŚe Đoůuŵn ǁas ǁasŚed ďǇ 
addinŐ Ϭ͘ϳϱ ŵ> �uīeƌ W� and ĐenƚƌiĨuŐinŐ Ĩoƌ ϲϬ s͘ �Őain͕ ƚŚe ŇoǁͲƚŚƌouŐŚ ǁas ƌeŵoǀed and ƚŚe Đoůuŵn 
ǁas ĐenƚƌiĨuŐed aƚ Ĩuůů sƉeed Ĩoƌ an addiƟonaů 1 ŵin ƚo ƌeŵoǀe ƌesiduaů ǁasŚ ďuīeƌ͘   

do eůuƚe �E�͕ ϱϬ ʅ> �uīeƌ �� ;1Ϭ ŵM dƌisͲ�ů͕ Ɖ, 8͘ϱͿ ǁeƌe added ƚo ƚŚe Đenƚeƌ oĨ ƚŚe Đoůuŵn͕ 
aůůoǁed ƚo sƚand Ĩoƌ 1 ŵin and ĐenƚƌiĨuŐed Ĩoƌ 1 ŵin in a Đůean 1͘ϱ ŵ> ŵiĐƌoĐenƚƌiĨuŐe ƚuďe͘ doƚaů 
�E� ĐonĐenƚƌaƟon and ƉuƌiƚǇ ǁas ĐŚeĐŬed ďǇ hs sƉeĐƚƌoƉŚoƚoŵeƚƌǇ in a nano sƉeĐƚƌoƉŚoƚoŵeƚeƌ 
;/ŵƉůen 'ŵď,͕ MƺnĐŚen͕ 'eƌŵanǇͿ͘ 

12.2. mCherry-Mito7 stable transfection
�ϱϰ9 Đeůůs ǁeƌe seeded in ϲϬ ŵŵ Ɖůaƚes and aůůoǁed ƚo Őƌoǁ uƉ ƚo 8Ϭй ĐonŇuenĐe͘ Wƌioƌ ƚo 

ƚƌansĨeĐƟon͕ ƚŚe Đuůƚuƌe ŵediuŵ ǁas ĐŚanŐed ƚo ϰ ŵůͬǁeůů oĨ ĐoŵƉůeƚe ŵediuŵ ǁiƚŚouƚ &�^ oƌ 
anƟďioƟĐs͘ &oƌ eaĐŚ ƚƌansĨeĐƟon saŵƉůe͕ ƚŚe �E� Ͳ >iƉoĨeĐƚaŵineΡϮϬϬϬ ;/nǀiƚƌoŐen͕ �aƌůsďad͕ ��͕ h^�Ϳ 
ĐoŵƉůeǆes ǁeƌe ƉƌeƉaƌed͘ �oƚŚ Ɖůasŵid �E� ;8 ʅŐͿ and >iƉoĨeĐƚaŵineΡ ϮϬϬϬ ;ϮϬ ʅ>Ϳ ǁeƌe diůuƚed in 
ϱϬϬ ʅ> oĨ KƉƟͲM�MΠ seƉaƌaƚeůǇ͕  and ǁeƌe inĐuďaƚed Ĩoƌ 1ϱ ŵin aƚ Zd͘  �Ōeƌ inĐuďaƟon Ɵŵe͕ ƚŚe diůuƚed 
�E� and ƚŚe diůuƚed >iƉoĨeĐƚaŵineΡ ϮϬϬϬ ǁeƌe Đoŵďined and inĐuďaƚed Ĩoƌ ϮϱͲ3Ϭ ŵinuƚes aƚ Zd ƚo 
aůůoǁ ĐoŵƉůeǆes ƚo Ĩoƌŵ͘ �E�Ͳ>iƉoĨeĐƚaŵineΡ ϮϬϬϬ ĐoŵƉůeǆes ǁeƌe ŐenƚůǇ dƌoƉƉed inƚo eaĐŚ ǁeůů and 
Đeůůs ǁeƌe inĐuďaƚed aƚ 3ϳΣ� in a ŚuŵidiĮed �KϮ inĐuďaƚoƌ͘   �Ōeƌ ϱ Ś oĨ ƚƌansĨeĐƟon͕ ƚŚe ŵediuŵ ǁas 
ƌeƉůaĐed ďǇ ĐoŵƉůeƚe ŵediuŵ͘ dǁo daǇs aŌeƌ ƚƌansĨeĐƟon͕ sƚaďůe seůeĐƟon ƉƌoĐess ǁas ƉeƌĨoƌŵed ďǇ 
addinŐ 'ϰ18 ;�aůďioĐŚeŵ͕ >a :oůůa͕ ��͕ h^�Ϳ ƚo ƚŚe ŵediuŵ aƚ 8ϬϬ ʅŐͬŵ> Įnaů ĐonĐenƚƌaƟon͘ �Ōeƌ 3 
ǁeeŬs ĐuůƚuƌinŐ Đeůůs in seůeĐƟǀe ŵediuŵ͕ onůǇ ƚŚose ƚŚaƚ Śad sƚaďůǇ inƚeŐƌaƚed ƚŚe Ɖůasŵid ƌeŵained 
in ƚŚe Đuůƚuƌe͘ dŚe ďƌiŐŚƚesƚ Đeůů ƉoƉuůaƟon ǁas seůeĐƚed ďǇ Đeůů soƌƟnŐ usinŐ a MoŇo�sƚƌios yW� �eůů 
^oƌƚeƌ ;�eĐŬŵan �ouůƚeƌ͕  Miaŵi͕ &>͕ h^�Ϳ͘ tŚen a sƚaďůe ŵ�ŚeƌƌǇͲMiƚoϳ oǀeƌeǆƉƌessinŐ �ϱϰ9 Đeůů ůine 
ǁas esƚaďůisŚed͕ Đeůůs ǁeƌe seeded in a μͲ^ůide ĐŚaŵďeƌed ĐoǀeƌsůiƉ ;/ďidiͿ͕ and aůůoǁed ƚŚeŵ ƚo aƩaĐŚ 
and Őƌoǁ duƌinŐ ϳϮ Ś͘ �Ōeƌǁaƌds͕ Đeůůs ǁeƌe eǆƉosed ƚo /�ϳϱ oĨ ƚŚe eǆƉeƌiŵenƚaů ĐoŵƉound Ϯ͘ �onƚƌoů 
Đeůůs ǁeƌe ƚƌeaƚed ǁiƚŚ 1й ;ǀͬǀͿ oĨ �M^K͘ dŚe iŵaŐes ǁeƌe ĐaƉƚuƌed eǀeƌǇ ϮϬ ŵin Ĩoƌ 3 Ś usinŐ a >eiĐa 
d�^Ͳ^> ĮůƚeƌͲĨƌee sƉeĐƚƌaů ĐonĨoĐaů ŵiĐƌosĐoƉe ;>eiĐa MiĐƌosǇsƚeŵsͿ͘

13. MitotrackerTM staining
MiƚodƌaĐŬeƌ Zed �MyZos ;dŚeƌŵo&isŚeƌ͕  Mϳϱ1ϮͿ is a ƌedͲŇuoƌesĐenƚ dǇe ƚŚaƚ is used ƚo ƚƌaĐŬ 

and sƚain ƚŚe ŵiƚoĐŚondƌia oĨ ůiǀinŐ Đeůůs͘ /ƚs aĐĐuŵuůaƟon deƉends on ƚŚe ŵiƚoĐŚondƌiaů ŵeŵďƌane 
ƉoƚenƟaů͘
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&iƌsƚ͕ �ϱϰ9 Đeůůs ;1 ǆ 1Ϭϰ ĐeůůsͬǁeůůͿ ǁeƌe seeded in 8Ͳǁeůů sƚeƌiůe μͲ^ůide ĐŚaŵďeƌed ĐoǀeƌsůiƉ 
;/ďidiͿ͕ and aůůoǁed ƚo aƩaĐŚ and Őƌoǁ duƌinŐ ϳϮ Ś͘ dŚen͕ Đuůƚuƌe ŵedia ǁas ƌeŵoǀed and Đeůůs ǁeƌe 
ƉƌeinĐuďaƚed ǁiƚŚ ϮϬϬ μ> oĨ MiƚodƌaĐŬeƌdM Zed �MyZoǆ aƚ ϱϬϬ nM duƌinŐ 1 Ś͕ ǁasŚed ǁiƚŚ 1 ǆ W�^ 
and eǆƉosed ƚo /�ϳϱ ǀaůue oĨ ĐoŵƉound 2 oƌ ƚo 1й ;ǀͬǀͿ �M^K ;used as a ĐonƚƌoůͿ Ĩoƌ 3 Ś͘ �ƚ ƚŚe saŵe 
Ɵŵe͕ a ĨaƌͲƌed nuĐůeaƌ Đounƚeƌsƚain͕ �Z�Yϱ ;�ďĐaŵͿ ǁas aƉƉůied aƚ a 1͗ϱϬϬϬ diůuƟon͘ ^uďseƋuenƚůǇ͕  
iŵŵunoŇuoƌesĐenĐe iŵaŐes ǁeƌe ĐaƉƚuƌed usinŐ a >eiĐa d�^Ͳ^> ĮůƚeƌͲĨƌee sƉeĐƚƌaů ĐonĨoĐaů ŵiĐƌosĐoƉe 
;>eiĐa MiĐƌosǇsƚeŵsͿ͘ ZeƉƌesenƚaƟǀe iŵaŐes Ĩƌoŵ ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs aƌe sŚoǁn͘

14. ATP depletion measurement
�eůůdiƚeƌͲ'ůoΠ ůuŵinesĐenƚ assaǇ ǁas used ƚo deƚeƌŵine ƚŚe aŵounƚ oĨ �dW Ɖƌesenƚ in Đeůů Đuůƚuƌe 

aŌeƌ ƚƌeaƚŵenƚ ǁiƚŚ sǇnƚŚeƟĐ ƚaŵďũaŵine anaůoŐues͘  �ϱϰ9 Đeůůs ǁeƌe seeded in oƉaƋueͲǁaůůed 9ϲͲ
ǁeůů Ɖůaƚes aƚ a ĐonĐenƚƌaƟon oĨ 1 ǆ 1Ϭϱ Đeůůs ͬŵ> in 9Ϭ μ> Ɖeƌ ǁeůů͘ �eůůs ǁeƌe aůůoǁed ƚo aƩaĐŚ Ĩoƌ Ϯϰ 
Ś͘ dŚen͕ Đeůůs ǁeƌe ƚƌeaƚed in ƟŵeͲĐouƌse Ĩoƌ 3͕ ϲ͕ 1ϲ͕ Ϯϰ and ϰ8 Ś ǁiƚŚ ƚŚe /�ϳϱ ǀaůue oĨ ƚŚe ĐoŵƉound 
2͘ �onƚƌoů Đeůůs ǁeƌe ƚƌeaƚed ǁiƚŚ 1й ;ǀͬǀͿ oĨ �M^K͘ KnĐe ƚŚe ƚƌeaƚŵenƚ ĮnisŚed͕ Đeůů Ɖůaƚes ǁeƌe 
eƋuiůiďƌaƚed aƚ Zd Ĩoƌ aƉƉƌoǆiŵaƚeůǇ 3Ϭ ŵin͘ �Ōeƌǁaƌds͕ ƚŚe �eůůdiƚeƌͲ'ůoΠ ƌeaŐenƚ ǁas added in an 
aŵounƚ eƋuaů ƚo ƚŚe ǀoůuŵe oĨ Đeůů Đuůƚuƌe ŵediuŵ Ɖƌesenƚ in eaĐŚ ǁeůů͘ dŚe Đonƚenƚ oĨ ƚŚe Ɖůaƚe ǁas 
ŵiǆed Ĩoƌ Ϯ ŵin on an oƌďiƚaů sŚaŬeƌ ƚo induĐe Đeůů ůǇsis͘ dŚe Ɖůaƚes ǁeƌe inĐuďaƚed aƚ Zd Ĩoƌ 1Ϭ ŵin 
ƚo sƚaďiůiǌe ƚŚe siŐnaů͘ >uŵinesĐenĐe siŐnaů ǁas ŵeasuƌed on a �>�Z/KsƚaƌΠ MiĐƌoƉůaƚe Zeadeƌ ;�M' 
>��d��,͕ KƌƚenďeƌŐ͕ 'eƌŵanǇͿ͘ &oƌ eaĐŚ ĐondiƟon͕ aƚ ůeasƚ ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs ǁeƌe 
ƉeƌĨoƌŵed in duƉůiĐaƚe͘ �ŵounƚ oĨ �dW ǁas eǆƉƌessed as a ƉeƌĐenƚaŐe oĨ Đonƚƌoů Đeůůs͕ and daƚa aƌe 
sŚoǁn as ƚŚe ŵean ǀaůue ± ^͘�͘ 

15. Transmission electron microscopy (TEM)
�ůeĐƚƌon ŵiĐƌosĐoƉǇ ǁas used ƚo inǀesƟŐaƚe ƚŚe uůƚƌasƚƌuĐƚuƌe oĨ Đeůůs ƚƌeaƚed ǁiƚŚ ouƌ eǆƉeƌiŵenƚaů 

ĐoŵƉounds ƚŚanŬs ƚo iƚs ƉoǁeƌĨuů ŵaŐniĮĐaƟon and ƌesoůuƟon͘

�ϱϰ9 Đeůůs ǁeƌe seeded in 1ϬϬ ŵŵ Ɖůaƚes aƚ a ĐonĐenƚƌaƟon oĨ Ϯ ǆ 1Ϭϱ Đeůůsͬŵ>͘ dǁenƚǇͲĨouƌ Śouƌs 
aŌeƌ ƉůaƟnŐ͕ ƚŚe Đeůůs ǁeƌe inĐuďaƚed ǁiƚŚ ƚŚe /�ϳϱ oĨ ƚŚe ĐoŵƉound 2 and 7 Ĩoƌ ϲ Ś͘ �M^K 1й ;ǀͬǀͿ 
ǁas used as a Đonƚƌoů͘ tŚen ƚŚe ƚƌeaƚŵenƚ ended͕ Đuůƚuƌe ŵediuŵ ǁas ƌeŵoǀed and ƚŚe Đeůůs ǁeƌe 
Įǆed in a soůuƟon ĐonƚaininŐ Ϯй ƉaƌaĨoƌŵaůdeŚǇde and Ϯ͘ϱй ŐůuƚaƌaůdeŚǇde in Ϭ͘1 M ƉŚosƉŚaƚe 
ďuīeƌ ǁiƚŚ a Ɖ, oĨ ϳ͘Ϯ͘ dŚis ƉƌoĐeduƌe ǁas Đaƌƌied ouƚ Ĩoƌ one Śouƌ aƚ Zd͘  dŚen ƚŚe Đeůůs ǁeƌe sĐƌaƉed 
ǀeƌǇ ŐenƚůǇ͕  Śaƌǀesƚed aůonŐ ǁiƚŚ ƚŚe ĮǆaƟǀe and ĐenƚƌiĨuŐed aƚ ϳϬϬ Ő ƚo oďƚain Đeůů Ɖeůůeƚs͘

dŚe oďƚained Ɖeůůeƚs ǁeƌe ǁasŚed ǁiƚŚ ƉŚosƉŚaƚe ďuīeƌ Ϭ͘1 M 3 Ɵŵes Ĩoƌ 1Ϭ ŵin aƚ ϰ Σ�͘ 
^uďseƋuenƚůǇ͕  ĮǆaƟǀe soůuƟon ǁas ƌeŵoǀed and Ɖeůůeƚs ǁeƌe ŬeƉƚ in a ƉosƚͲĮǆed soůuƟon ĐonƚaininŐ 
1й osŵiuŵ ƚeƚƌoǆide͕ Ϭ͘8й Ɖoƚassiuŵ ĨeƌƌoĐǇanide in Ϭ͘1 M ƉŚosƉŚaƚe ďuīeƌ ;Ɖ, ϳ͘ϮͿ aƚ ϰΣ�͘ Kne 
Śouƌ ůaƚeƌ͕  Đeůůs ǁeƌe deŚǇdƌaƚed ĨoůůoǁinŐ a seƌies oĨ aĐeƚone ǁasŚes aƚ ϰ Σ� as sŚoǁn in ƚŚe ƚaďůe ϱ͘
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Acetone percentage Time Temperature

Ϯϱй 1ǆ 1Ϭ ŵin ϰ Σ�
ϱϬй 1ǆ 1Ϭ ŵin ϰ Σ�
ϳϬй 1ǆ 1Ϭ ŵin ϰ Σ�
9Ϭй 3ǆ 1Ϭ ŵin ϰ Σ�
9ϲй 3ǆ 1Ϭ ŵin ϰ Σ�

1ϬϬй 3ǆ 1Ϭ ŵin ϰ Σ�

Taďle 5. DeŚydraƟon steps in Őraded acetone

dŚeƌeaŌeƌ͕  saŵƉůes ǁeƌe eŵďedded in ^Ɖuƌƌ s͛ ƌesin in a Őƌaduaů ƉƌoĐess eǆƉosinŐ saŵƉůes ƚo one 
oƌ ŵoƌe ŵiǆƚuƌes oĨ aĐeƚone and eŵďeddinŐ ŵediuŵ͕ as sŚoǁn in ƚŚe ƚaďůe ϲ͗

Mixture Time

�ĐeƚoneͬsƉuƌƌ 3͗1 3 Ś Zd
�ĐeƚoneͬsƉuƌƌ Ϯ͗Ϯ 3 Ś Zd
�ĐeƚoneͬsƉuƌƌ 1͗3 3 Ś Zd oƌ oǀeƌniŐŚƚ

^Ɖuƌƌ oǀeƌniŐŚƚ
^Ɖuƌƌ Ϯ Ś

Taďle 6. Steps oĨ sample inclusion in tŚe resin

^ŵaůů dƌoƉs oĨ eaĐŚ saŵƉůeͲƌesin ŵiǆƚuƌe ǁeƌe ƉůaĐed aƚ ƚŚe ďoƩoŵ oĨ a ŵoůd͘ dŚe ŵoůds ǁeƌe ƚŚen 
Įůůed ǁiƚŚ ƌesin and Đuƌed aƚ ϲϬ Σ� Ĩoƌ ϰ8 Śouƌs͘ �Ōeƌǁaƌds͕ seŵiƚŚin seĐƟons ;1 μŵͿ ǁeƌe Đuƚ ǁiƚŚ a 
Őůass ŬniĨe͕ ŵounƚed on sůides͕ sƚained ǁiƚŚ 1й ŵeƚŚǇůene ďůue and ǀieǁed usinŐ a ůiŐŚƚ ŵiĐƌosĐoƉe ƚo 
seůeĐƚ ƚŚe ƌeŐion oĨ inƚeƌesƚ͘ hůƚƌaƚŚin seĐƟons ;ϲϬʹϳϬ nŵͿ ǁeƌe Đuƚ usinŐ a diaŵond ŬniĨe͕ ŵounƚed 
on ϮϬϬ ŵesŚ ĐoƉƉeƌ Őƌids and douďůe sƚained ǁiƚŚ Ϯй aƋueous uƌanǇů aĐeƚaƚe Ĩoƌ 3Ϭ ŵin and ZeǇnoůd s͛ 
ůead Điƚƌaƚe Ĩoƌ 1Ϭ ŵin͘ ^ƉeĐiŵens ǁeƌe eǆaŵined in a ƚƌansŵission eůeĐƚƌon ŵiĐƌosĐoƉe :eoů 1Ϭ1Ϭ ;:eoů͕ 
doŬǇo͕ :aƉanͿ and diŐiƚaů iŵaŐes ǁeƌe aĐƋuiƌed usinŐ a 'aƚanKƌius ^�1ϬϬϬ ��� �iŐiƚaů �aŵeƌa ;'aƚan͕ 
/nĐ͕͘ Wůeasanƚon͕ �aůiĨoƌnia͕ h^�Ϳ͘ dǁo indeƉendenƚ eǆƉeƌiŵenƚs ǁeƌe ƉeƌĨoƌŵed and ƉŚoƚoŐƌaƉŚs ǁeƌe 
ƚaŬen Ĩƌoŵ aƚ ůeasƚ ƚŚƌee diīeƌenƚ seŵiƚŚin seĐƟons Ĩƌoŵ eaĐŚ eǆƉeƌiŵenƚ͘

16. Immunoblot analysis
dŚis anaůǇƟĐaů ƚeĐŚniƋue ǁas eŵƉůoǇed ƚo deƚeĐƚ ƚŚe eǆƉƌession oĨ sƉeĐiĮĐ Ɖƌoƚeins in diīeƌenƚ Đeůů 

eǆƚƌaĐƚs ƚƌeaƚed ǁiƚŚ sǇnƚŚeƟĐ ƚaŵďũaŵine anaůoŐues͘ dŚe ƉƌoĐeduƌe is diǀided inƚo ƚŚƌee sƚeƉs ƚŚaƚ 
aƌe deƚaiůed ďeůoǁ͘

 16.1. Protein extract preparation
�ϱϰ9 Đeůůs ǁeƌe seeded aƚ ĐonĐenƚƌaƟon oĨ 1 ǆ 1Ϭϱ Đeůůsͬŵ> and aůůoǁed ƚo Őƌoǁ Ĩoƌ Ϯϰ Ś͘ dŚeƌeaŌeƌ͕  

ƚŚeǇ ǁeƌe eǆƉosed ƚo /�Ϯϱ͕ /�ϱϬ and /�ϳϱ ǀaůues oĨ ĐoŵƉound 2 oƌ 7 Ĩoƌ Ϯϰ oƌ ϰ8 Ś͘ 1й ;ǀͬǀͿ �M^K ǁas used 
ƚo ƚƌeaƚ Đonƚƌoů Đeůůs͘ �Ōeƌ ƚƌeaƚŵenƚ͕ Ɖƌioƌ ƚo Ɖƌoƚein eǆƚƌaĐƟon͕ ƚŚe Đuůƚuƌe ŵediuŵ ǁas ĐoůůeĐƚed 
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and Đeůůs ǁeƌe ǁasŚed ǁiƚŚ 1 ǆ W�^ ƚǁiĐe͘ �eůůs ǁeƌe ĐoůůeĐƚed ďǇ sĐƌaƉinŐ and ƚŚe ǁeůůs oƌ Ɖůaƚes ǁeƌe 
ǁasŚed aŐain ǁiƚŚ 1 ǆ W�^ ƚo aĐƋuiƌe ƚŚe ŵaǆiŵuŵ nuŵďeƌ oĨ Đeůůs͘ dŚe Đeůů susƉension ǁiƚŚ ƚŚe ŵedia 
ǁas ĐenƚƌiĨuŐed aƚ 3ϬϬ Ő and ϰΣ� Ĩoƌ ϱ ŵin͘ dŚe suƉeƌnaƚanƚ ǁas disĐaƌded and ƚŚe Đeůů Ɖeůůeƚ ǁas 
ǁasŚed ǁiƚŚ 1 ǆ W�^ and ĐenƚƌiĨuŐed aŐain in ƚŚe saŵe ĐondiƟons͘ dŚe suƉeƌnaƚanƚ ǁas disĐaƌded and 
ƚŚe Đeůů Ɖeůůeƚ ǁas inĐuďaƚed  Ĩoƌ 1ϱ ŵin in ůǇsis ďuīeƌ ;Ϭ͘1й ^�^͕ 1й EWͲϰϬ͕ Ϭ͘ϱй sodiuŵ deoǆǇĐŚoůaƚe͕ 
ϱϬ ŵM Ea&͕  ϰϬ ŵM ɴͲŐůǇĐeƌoƉŚosƉŚaƚe͕ ϮϬϬ μM sodiuŵ oƌƚŚoǀanadaƚe͕ 1 ŵM ƉŚenǇůŵeƚŚǇůsuůĨonǇů 
Ňuoƌide͕ seƌine and ĐǇsƚeine Ɖƌoƚease inŚiďiƚoƌ ĐoĐŬƚaiů ;ZoĐŚe MannŚeiŵ͕ 'eƌŵanǇͿ in 1 ǆ W�^Ϳ aƚ ϰΣ�͘ 
^uďseƋuenƚůǇ͕  ƚŚe ůǇsaƚes ǁeƌe soniĐaƚed ƚo deŐƌade �E�͘ Wƌoƚein ĐonĐenƚƌaƟon ǁas deƚeƌŵined ďǇ ��� 
Ɖƌoƚein assaǇ ;WieƌĐe͕ ZoĐŬĨoƌd͕ />͕ h^�Ϳ ĨoůůoǁinŐ ŵanuĨaĐƚuƌeƌ s͛ insƚƌuĐƟons usinŐ �^� ;ďoǀine seƌuŵ 
aůďuŵinͿ ƚo Đƌeaƚe a sƚandaƌd Đuƌǀe ƚŚaƚ ǁas ƚaŬen as ƌeĨeƌenĐe ƚo ĐaůĐuůaƚe ƚŚe Ɖƌoƚein ĐonĐenƚƌaƟon in 
ouƌ saŵƉůes ďased on ƚŚeiƌ aďsoƌďanĐe͘ dŚis ƉƌoĐeduƌe ǁas ƉeƌĨoƌŵed in 9ϲ ǁeůů Ɖůaƚes in duƉůiĐaƚe and 
aďsoƌďanĐe ǁas ƌead on a MuůƟsŬanŵuůƟǁeůů Ɖůaƚe ƌeadeƌ ;dŚeƌŵo &isŚeƌͿ aƚ ϱϲϮ nŵ͘

16.2. Gel electrophoresis and protein transfer
>aeŵŵůi ďuīeƌ ;dƌisͲ,�ů ϮϱϬ ŵM Ɖ, ϲ͘8͖ 1Ϭй ^�^͖ ϱϬй 'ůǇĐeƌoů͖ Ϭ͘Ϭ1й �ƌoŵoƉŚenoů �ůue Ϯϱй 

ϮͲŵeƌĐaƉƚoeƚŚanoůͿ ǁas added ƚo ƚŚe saŵƉůes and ƚŚese ǁeƌe ďoiůed aƚ 9ϱΣ � Ĩoƌ ϱ ŵin͘ �Ōeƌ ƚŚaƚ͕ 
3ϬͲϰϬ μŐ oĨ Ɖƌoƚein eǆƚƌaĐƚs ǁeƌe ůoaded in ^�^ͲƉoůǇaĐƌǇůaŵide Őeů eůeĐƚƌoƉŚoƌesis ǁiƚŚ diīeƌenƚ 
aĐƌǇůaŵide ƉeƌĐenƚaŐes ;8ʹ1ϱйͿ aĐĐoƌdinŐ ƚo ƚŚe siǌe oĨ ƚŚe Ɖƌoƚeins ƚŚaƚ ǁanƚed ƚo ďe sƚudied͘ dŚe 
Őeůs ǁeƌe ƌun aƚ 1ϮϬ s Ĩoƌ aƉƉƌoǆiŵaƚeůǇ 9Ϭ ŵin in ZunninŐ �uīeƌ ;Ϯϱ ŵM dƌis͖ 19Ϯ ŵM 'ůǇĐine͖ 
Ϭ͘1й ^�^Ϳ͘ KnĐe ƚŚe Ɖƌoƚeins ǁeƌe seƉaƌaƚed ďǇ siǌe͕ ƚŚeǇ ǁeƌe ƚƌansĨeƌƌed ƚo /ŵŵoďiůondMͲW Ws�& 
ŵeŵďƌanes ;MeƌŬ MiůůiƉoƌeͿ usinŐ Mini dƌansͲ�ůoƚΠ�eůů ;�ioͲZad͕ZiĐŚŵond͕ ��͕ h^�Ϳ ǁeƚͬƚanŬ sǇsƚeŵ 
in dƌansĨeƌ �uīeƌ ;Ϯϱ ŵM dƌis͖ 19Ϯ ŵM 'ůǇĐine͖ ϮϬй MeƚŚanoůͿ Ĩoƌ 9Ϭ ŵin aƚ 1ϬϬ s͘  

16.3. Detection of  proteins 
dŚe ŵeŵďƌanes ǁeƌe ďůoĐŬed ǁiƚŚ ďůoĐŬinŐ soůuƟon͕ ϱй nonͲĨaƚ dƌǇ ŵiůŬ oƌ ϱй �^�͕ ďoƚŚ diůuƚed 

in 1 ǆ d�^ʹdǁeen ;ϮϬ ŵM dƌisʹ,�ů Ɖ, ϳ͘ϱ͕ 1ϱϬ ŵM Ea�ů͕ Ϭ͘1й dǁeen ϮϬͿ aƚ Zd Ĩoƌ 1 Ś and ƚŚen 
inĐuďaƚed ǁiƚŚ sŚaŬinŐ oǀeƌniŐŚƚ ǁiƚŚ ƉƌiŵaƌǇ anƟďodies ;ƚaďůe ϳͿ͕ aĐĐoƌdinŐ ƚo ƚŚe ŵanuĨaĐƚuƌeƌ s͛ 
insƚƌuĐƟons͘

Antibody Dilution Produced in Brand Catalog number
�nƟͲaĐƟn 1͗ϮϬϬ 'oaƚ ^anƚa �ƌuǌ �ioƚeĐŚnoůoŐǇ /Ͳ19͕ sĐͲ1ϲ1ϲ

�nƟͲ�<d 1͗1ϬϬϬ Zaďďiƚ �eůů ^iŐnaůinŐ deĐŚnoůoŐǇ 
;�eǀeƌůǇ͕  M�͕ h^�Ϳ 9ϮϳϮ

�nƟͲĐasƉase 3 1͗1ϬϬϬ Zaďďiƚ �eůů ^iŐnaůinŐ deĐŚnoůoŐǇ 9ϲϲϮ
�nƟͲĐasƉase 8 1͗1ϬϬϬ Mouse �eůů ^iŐnaůinŐ deĐŚnoůoŐǇ 9ϳϰϲ
�nƟͲĐasƉase 9 1͗1ϬϬϬ Zaďďiƚ �eůů ^iŐnaůinŐ deĐŚnoůoŐǇ 9ϱϬϮ

�nƟͲ>�3 1͗1ϬϬϬ Zaďďiƚ M�> /nƚeƌnaƟonaů 
�oƌƉoƌaƟon WMϬ3ϲ

�nƟͲƉ38 M�W< 1͗1ϬϬϬ Zaďďiƚ �eůů ^iŐnaůinŐ deĐŚnoůoŐǇ 8ϲ9Ϭ

�nƟͲƉϲϮ 1͗1ϬϬϬ Zaďďiƚ M�> /nƚeƌnaƟonaů 
�oƌƉoƌaƟon WMϬϰϱ
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�nƟͲW�ZW 1͗1ϬϬϬ Zaďďiƚ �eůů ^iŐnaůinŐ deĐŚnoůoŐǇ 9ϱϰϮ
�nƟͲƉŚosƉŚo 
�<d ;dŚƌ3Ϭ8Ϳ 1͗1ϬϬϬ Zaďďiƚ �eůů ^iŐnaůinŐ deĐŚnoůoŐǇ 9Ϯϳϱ

�nƟͲƉŚosƉŚo 
M><> ;^eƌ3ϱ8Ϳ 1͗1ϬϬϬ Zaďďiƚ �ďĐaŵ aď18ϳϬ91

�nƟͲƉŚosƉŚo 
Ɖ38 M�W< 
;dŚƌ18Ϭͬ
dǇƌ18ϮͿ

1͗1ϬϬϬ Zaďďiƚ �eůů ^iŐnaůinŐ deĐŚnoůoŐǇ ϰϱ11

�nƟͲZ/W 1͗1ϬϬϬ Mouse �� �iosĐienĐe ϲ1Ϭϰϱ9

�nƟͲǀinĐuůin 1͗ϮϬϬ Mouse ^iŐŵaͲ�ůdƌiĐŚ sͲϰϱϬϱ

Taďle 7. List oĨ primary anƟďodies used in tŚis tŚesis

dŚe daǇ aŌeƌ͕  ƚŚe ŵeŵďƌanes ǁeƌe ǁasŚed 3 Ɵŵes Ĩoƌ ϱ ŵin eaĐŚ ǁiƚŚ d�^Ͳdǁeen and ƚŚen 
inĐuďaƚed ǁiƚŚ ŚoƌseƌadisŚ Ɖeƌoǆidase ;,ZWͿ ĐonũuŐaƚed seĐondaƌǇ anƟďodies diůuƚed 1͗1ϬϬϬ in 
ďůoĐŬinŐ soůuƟon Ĩoƌ 1 Ś aƚ Zd ǁiƚŚ sŚaŬinŐ͘ dŚe seĐondaƌǇ anƟďodies used ǁeƌe͗ Őoaƚ anƟͲŵouse 
/Ő'Ͳ,ZW ;�aƚηsĐͲϮϬϬϱͿ͕ Őoaƚ anƟͲƌaďďiƚ /Ő'Ͳ,ZW ;�aƚηsĐͲϮϬϬϰͿ and donŬeǇ anƟͲŐoaƚ /Ő'Ͳ,ZW 
;�aƚηsĐͲϮϬϮϬͿ͕ aůů Ĩƌoŵ ^anƚa �ƌuǌ �ioƚeĐŚnoůoŐǇ͘ �Ōeƌ 3 ǁasŚes in d�^Ͳdǁeen Ĩoƌ 1Ϭ ŵin eaĐŚ͕ 
ƚŚe ŵeŵďƌanes ǁeƌe deǀeůoƉed ǁiƚŚ ƚŚe enŚanĐed ĐŚeŵiůuŵinesĐenĐe deƚeĐƟon Ŭiƚ͕ ��> ƌeaŐenƚ 
;�ŵeƌsŚaŵ͕ �uĐŬinŐŚaŵsŚiƌe͕ h<Ϳ and ǁiƚŚ ƚŚe /ŵaŐeYuanƚ >�^ϱϬϬ sǇsƚeŵ ;'� ,eaůƚŚĐaƌe͕ 
'eƌŵanǇͿ͘ �ĐƟn oƌ ǀinĐuůin ǁeƌe used as Őeů ůoadinŐ Đonƚƌoůs͘ �ensiƚoŵeƚƌiĐ anaůǇsis sŚoǁs ƚŚe ĨoůdͲ
inĐƌease oǀeƌ Đonƚƌoů ;unƚƌeaƚed ĐeůůsͿ in ƚŚƌee diīeƌenƚ eǆƉeƌiŵenƚs ;ŵean+^�MͿ͘

17. miRNA expression analysis
�ǀaůuaƟon oĨ ŵiZE� eǆƉƌession ƉƌoĮůes ƚŚƌouŐŚ ŵiĐƌoaƌƌaǇ anaůǇsis ǁas ƉeƌĨoƌŵed ƚo idenƟĨǇ a 

sƉeĐiĮĐ suďseƚ oĨ ŵiZE�s eǆƉƌessed diīeƌenƚůǇ aŌeƌ ƚƌeaƚŵenƚ ǁiƚŚ sǇnƚŚeƟĐ ƚaŵďũaŵine anaůoŐues 
ǀeƌsus unƚƌeaƚed Đeůůs͘ 

17.1. miRNA extraction 
�ϱϰ9 Đeůůs ǁeƌe seeded in 1ϬϬ ŵŵ Ɖůaƚes aƚ a ĐonĐenƚƌaƟon oĨ 1 ǆ 1Ϭϱ Đeůůsͬŵů and aůůoǁed ƚo Őƌoǁ 

Ĩoƌ Ϯϰ Ś͘ ^uďseƋuenƚůǇ͕  Đeůůs ǁeƌe inĐuďaƚed ǁiƚŚ ƚŚe /�ϱϬ oĨ ĐoŵƉound 2 Ĩoƌ 1Ϯ and Ϯϰ Ś͘ �M^K 1й 
;ǀͬǀͿ ǁas added in Đonƚƌoů Đeůůs͘ 

�Ōeƌ ƚƌeaƚŵenƚ͕ Ɖƌioƌ ƚo ŵiZE� eǆƚƌaĐƟon ǁiƚŚ ƚŚe ŵiZEeasǇ Mini <iƚ ;YiaŐen͕ ,iůden͕ 'eƌŵanǇͿ͕ 
Đuůƚuƌe ŵedia ǁas ĐoůůeĐƚed and Đeůůs ǁeƌe ǁasŚed ǁiƚŚ 1 ǆ W�^ ƚǁiĐe͘ dŚen͕ Đeůůs ǁeƌe ĐoůůeĐƚed 
usinŐ a Đeůů sĐƌaƉeƌ and Ɖůaƚes ǁeƌe ǁasŚed aŐain ǁiƚŚ 1 ǆ W�^ ƚo ƌeĐoǀeƌ ƚŚe ŵaǆiŵuŵ nuŵďeƌ oĨ 
Đeůůs͘ �eůůs ǁeƌe ĐenƚƌiĨuŐed aƚ 3ϬϬ Ő Ĩoƌ ϱ ŵin͕ ƚŚe suƉeƌnaƚanƚ disĐaƌded and Ɖeůůeƚed Đeůůs ǁeƌe 
ŚoŵoŐeniǌed in ϳϬϬ μ> oĨ Y/�ǌoů >Ǉsis ZeaŐenƚ usinŐ a sǇƌinŐe and a ϮϬ' needůe͘ dŚe ƚuďe ǁiƚŚ ƚŚe 
Đeůů ŚoŵoŐenaƚe ǁas ƉůaĐed on ƚŚe ďenĐŚƚoƉ aƚ Zd Ĩoƌ ϱ ŵin͘ �Ōeƌ ƚŚaƚ͕ 1ϰϬ μ> oĨ ĐŚůoƌoĨoƌŵ ǁas 
added and ƚŚe ƚuďe ǁas sŚaŬen ǀiŐoƌousůǇ Ĩoƌ 1ϱ s͘ /n oƌdeƌ ƚo seƉaƌaƚe ƚŚe ŚoŵoŐenaƚe inƚo aƋueous 
and oƌŐaniĐ ƉŚases͕ saŵƉůes ǁeƌe ĐenƚƌiĨuŐed Ĩoƌ 1ϱ ŵin aƚ 1Ϯ͘ϬϬϬ Ő aƚ ϰ Σ�͘ �Ōeƌ ĐenƚƌiĨuŐaƟon͕ ƚŚe 
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saŵƉůes ǁeƌe seƉaƌaƚed inƚo 3 ƉŚases͗ ZE� ƉaƌƟƟons ƌeŵained in ƚŚe uƉƉeƌ aƋueous ƉŚase͕ �E� 
ƉaƌƟƟons in ƚŚe inƚeƌƉŚase and Ɖƌoƚeins in ƚŚe ůoǁeƌ oƌŐaniĐ ƉŚase oƌ ƚŚe inƚeƌƉŚase͘ dŚe uƉƉeƌ 
aƋueous ƉŚase ǁas ĐaƌeĨuůůǇ ƚƌansĨeƌƌed ƚo a neǁ ĐoůůeĐƟon ƚuďe and 1͘ϱ ǀoůuŵes oĨ 1ϬϬй eƚŚanoů 
ǁas added and ŵiǆed ďǇ ƉiƉeƫnŐ ƚo Ɖƌoǀide aƉƉƌoƉƌiaƚe ďindinŐ ĐondiƟons Ĩoƌ aůů ZE� ŵoůeĐuůes 
Ĩƌoŵ 18 nuĐůeoƟdes ;nƚͿ uƉǁaƌds͘ ^aŵƉůes ǁeƌe suďseƋuenƚůǇ aƉƉůied ƚo ZEeasǇ Mini sƉin Đoůuŵns 
and ĐenƚƌiĨuŐed aƚ 8ϬϬϬ Ő Ĩoƌ 1ϱ s aƚ Zd͘  �Ōeƌ ƚŚaƚ͕ onͲĐoůuŵn �Ease diŐesƟon ǁiƚŚ ƚŚe ZEaseͲ&ƌee 
�Ease ^eƚ ǁas ƉeƌĨoƌŵed ƚo ƌeŵoǀe ƌesiduaů �E�͘ &iƌsƚ͕ 3ϱϬ μ> oĨ �uīeƌ Ztd ǁas added inƚo ƚŚe 
ZEeasǇ Mini ^Ɖin �oůuŵn and ĐenƚƌiĨuŐed Ĩoƌ 1ϱ s aƚ 8ϬϬϬ Ő͘ dŚe ŇoǁͲƚŚƌouŐŚ ǁas disĐaƌded͕ and 8Ϭ 
μ> oĨ ƚŚe �Ease / inĐuďaƟon ŵiǆ ǁeƌe diƌeĐƚůǇ ƉůaĐed onƚo ƚŚe ZEeasǇ Mini ^Ɖin �oůuŵn ŵeŵďƌane 
and aůůoǁed ƚo inĐuďaƚe aƚ Zd Ĩoƌ 1ϱ ŵin͘ �Őain �uīeƌ Ztd ;3ϱϬ μ>Ϳ ǁas added inƚo ƚŚe Đoůuŵn and 
ĐenƚƌiĨuŐed Ĩoƌ 1ϱ s aƚ 8ϬϬϬ Ő͘ dŚe ƚoƚaů ZE� ǁas aƩaĐŚed ƚo ƚŚe ŵeŵďƌane and Đonƚaŵinanƚs ǁeƌe 
ǁasŚed aǁaǇ usinŐ ϱϬϬ μ> oĨ �uīeƌ ZW� and ĐenƚƌiĨuŐed aƚ 8ϬϬϬ Ő Ĩoƌ Ϯ ŵin ƚǁiĐe͘ &inaůůǇ͕  ŚiŐŚ ƋuaůiƚǇ 
ZE� ǁas eůuƚed in 3Ϭ μ> oĨ ZEaseͲĨƌee ǁaƚeƌ͘

�ůů ƚŚe eŵƉůoǇed ŵaƚeƌiaů ǁas ZEase Ĩƌee͘ doƚaů ZE� ĐonĐenƚƌaƟon and ƉuƌiƚǇ ǁas ĐŚeĐŬed ďǇ hs 
sƉeĐƚƌoƉŚoƚoŵeƚƌǇ in a nano sƉeĐƚƌoƉŚoƚoŵeƚeƌ ;/ŵƉůen 'ŵď,͕ MƺnĐŚen͕ 'eƌŵanǇͿ and ƋuaůiƚaƟǀe 
Đonƚƌoů ǁas anaůǇǌed usinŐ an �Őiůenƚ Ϯ1ϬϬ �ioanaůǇǌeƌ ;�Őiůenƚ deĐŚnoůoŐies͕ ^anƚa �ůaƌa͕ ��͕ h^�Ϳ͘ 
�ůiƋuoƚs oĨ eaĐŚ ŵiZE� saŵƉůe ǁeƌe ƌun on ƚŚe �ŐiůenƚΠ �ioanaůǇǌeƌ usinŐ an ZE� ϲϬϬϬ Eano 
>aď�ŚiƉΠ͘ �ůů saŵƉůes Śad ZE� /nƚeŐƌiƚǇ Euŵďeƌ ;Z/EͿ Őƌeaƚeƌ ƚŚan 9͘

17.2. Gene expression analysis
&oƌ ƚŚe ƌeǀeƌse ƚƌansĐƌiƉƟon oĨ ƚŚe ŵaƚuƌe ŵiZE�s͕ ϱϬϬ nŐ oĨ ƚoƚaů ZE� ǁas used Ĩoƌ Đ�E� 

sǇnƚŚesis usinŐ ƚŚe ŵi^ĐƌiƉƚ,i^ƉeĐ �uīeƌ and ĨoůůoǁinŐ ƚŚe ŵi^ĐƌiƉƚ // Zd <iƚ ƉƌoƚoĐoů ;YiaŐenͿ͘ /n 
ďƌieĨ͕  ƚŚe ŵaƚuƌe ŵiZE�s aƌe ƉoůǇadenǇůaƚed usinŐ a ƉoůǇ;�Ϳ ƉoůǇŵeƌase and ƚŚen ƌeǀeƌse ƚƌansĐƌiďed 
inƚo Đ�E� usinŐ oůiŐoͲdd Ɖƌiŵeƌs͘ dŚis ĐoŵďinaƟon ensuƌes ƚŚaƚ ŵi^ĐƌiƉƚ ŵiZE� W�Z �ƌƌaǇs do noƚ 
deƚeĐƚ ŐenoŵiĐ �E�͘ Moƌeoǀeƌ͕  ƚŚeƌe is a Ŭiƚ s͛ ďuiůƚͲin Đonƚƌoů ZE� ƚŚaƚ ǁiůů ďe deƚeĐƚed in ƚŚe aƌƌaǇ 
usinŐ ƚŚe ŵi^ĐƌiƉƚ // Zd <iƚ and ǁiůů ďe used ƚo aĐĐess ƚŚe ƌeǀeƌse ƚƌansĐƌiƉƟon ƉeƌĨoƌŵanĐe͘

dŚus͕ eaĐŚ saŵƉůe ǁas ŐenƚůǇ ŵiǆed ǁiƚŚ ƚŚe ƌeǀeƌseͲƚƌansĐƌiƉƟon ƌeaĐƟon ŵiǆ͕ ƉƌeƉaƌed on iĐe 
aĐĐoƌdinŐ ƚo ƚaďůe 8͗

Component Control IC50 12 h IC50 24 h
ϱǆ ŵi^ĐƌiƉƚ,i^ƉeĐ �uīeƌ ϰ μ> ϰ μ> ϰ μ>
1Ϭǆ ŵi^ĐƌiƉƚEuĐůeiĐs Miǆ Ϯ μ> Ϯ μ> Ϯ μ>

ZEaseͲĨƌee ǁaƚeƌ 11͘ϰ8 μ> 11͘11μ> 1Ϭ͘ϳ1 μ>
ŵi^ĐƌiƉƚ Zeǀeƌse dƌansĐƌiƉƚase Miǆ Ϯ μ> Ϯ μ> Ϯ μ>

deŵƉůaƚe ZE� Ϭ͘ϱϮ μ> Ϭ͘89 μ> 1͘Ϯ9 μ>
doƚaů ǀoůuŵe ϮϬ μ> ϮϬ μ> ϮϬ μ>

Taďle 8. Reverse-transcripƟon reacƟon components

&iƌsƚ͕ saŵƉůes ǁeƌe inĐuďaƚed Ĩoƌ ϲϬ ŵin aƚ 3ϳ Σ�͕ suďseƋuenƚůǇ Ĩoƌ ϱ ŵin aƚ 9ϱ Σ� ƚo inaĐƟǀaƚe 
ŵi^ĐƌiƉƚ Zeǀeƌse dƌansĐƌiƉƚase Miǆ and ƉůaĐed on iĐe͘ �Ōeƌ ƚŚaƚ͕ ƚŚe Đ�E� ǁas diůuƚed ǁiƚŚ ϮϬϬ μ> 
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MATERIAL AND METHODS

oĨ ZEaseͲĨƌee ǁaƚeƌ and saŵƉůes ǁeƌe sƚoƌed aƚ ͲϮϬ Σ� oǀeƌniŐŚƚ ďeĨoƌe ďeŐinninŐ ǁiƚŚ ƚŚe ƌeaůͲƟŵe 
W�Z ƉƌoƚoĐoů͘  

&oƌ Őene eǆƉƌession anaůǇsis͕ Đ�E�s oĨ Đonƚƌoů and ƚƌeaƚed Đeůůs ǁeƌe Đoŵďined ǁiƚŚ Ϯǆ YuanƟdeĐƚ 
^z�Z 'ƌeen W�Z Masƚeƌ Miǆ͕ 1Ϭǆ ŵi^ĐƌiƉƚ hniǀeƌsaů Wƌiŵeƌand ZEaseͲĨƌee ǁaƚeƌ aƚ Zd ;YiaŐenͿ 
aĐĐoƌdinŐ ƚo ƚaďůe 9 and ƚƌansĨeƌƌed inƚo a ůoadinŐ ƌeseƌǀoiƌ͘

Component Volume
Ϯǆ YuanƟdeĐƚ ^z�Z 'ƌeen W�Z Masƚeƌ Miǆ ϱϱϬ ʅ>

1Ϭǆ ŵi^ĐƌiƉƚ hniǀeƌsaů Wƌiŵeƌ 11Ϭ ʅ>
ZEaseͲĨƌee ǁaƚeƌ 3ϰϬ ʅ>
deŵƉůaƚeĐ�E� 1ϬϬ ʅ>
doƚaů ǀoůuŵe 11ϬϬ ʅ>

Taďle 9.ReacƟon mix Ĩor PatŚǁay-Focused miScript miRNA PCR Arrays

W�Z ĐoŵƉonenƚs ŵiǆ ǁeƌe disƉensed ;1Ϭ ʅ>ͬǁeůůͿ in ƚŚeZdϮ WƌoĮůeƌ W�Z �ƌƌaǇ oĨ ,uŵan �anĐeƌ 
WaƚŚǁaǇ&indeƌ 38ϰ,� ;M/,^Ͳ31ϬϮ� Ĩoƌŵaƚ �͕ YiaŐenͿ͘ dŚis aƌƌaǇ ƉƌoĮůes ƚŚe eǆƉƌession oĨ 3ϳϮ ŵiZE�s 
diīeƌenƟaůůǇ eǆƉƌessed in ƚuŵoƌs ǀeƌsus noƌŵaů Ɵssue (the list of all cancer-related miRNAs included 
in the array can be found in supplementary data, table S1Ϳ͘ dŚe aƌƌaǇ Ɖůaƚe ǁas ƟŐŚƚůǇ seaůed ǁiƚŚ an 
oƉƟĐaů adŚesiǀe Įůŵ and ĐenƚƌiĨuŐed aƚ 3ϬϬ Ő Ĩoƌ Ϯ ŵin aƚ Zd ƚo ƌeŵoǀe ďuďďůes͘ ^uďseƋuenƚůǇ ƚŚe 
�ƌƌaǇ ǁas ƉůaĐed in an ��/ WZ/^M ϳ9ϬϬ,dƌeaůͲƟŵe W�Z sǇsƚeŵ ;�ƉƉůied �iosǇsƚeŵs͕ dŚeƌŵo &isŚeƌ 
^ĐienƟĮĐ /nĐ͘Ϳ and ƚŚe anaůǇsis ǁas Đaƌƌied ouƚ aĐĐoƌdinŐ ƚo ƚaďůe 1Ϭ͘

Step Duration Temperature Comments

PCR iniƟal acƟvaƟon step 1Ϭ ŵin 9ϱΣ� ,oƚ^ƚaƌƚ �E� TaqWoůǇŵeƌase 
ǁas aĐƟǀaƚed ďǇ ƚeŵƉeƌaƚuƌe

3-step cyclinŐ: 
�enaƚuƌaƟon 1ϱ s 9ϰ Σ�
�nneaůinŐ 3Ϭ s ϱϱ Σ�

�ǆƚension 3Ϭ s ϳϬ Σ� WeƌĨoƌŵs ŇuoƌesĐenĐe daƚa 
ĐoůůeĐƟon

�ǇĐůenuŵďeƌ ϰϬ ĐǇĐůes
�ǇĐůe nuŵďeƌ deƉends on ƚŚe 
aŵounƚ oĨ ƚeŵƉůaƚe Đ�E� and 
aďundanĐe oĨ ƚŚe ƚaƌŐeƚ

Taďle 10. CyclinŐ condiƟons Ĩor Applied Biosystems cycler

17.3. Data analysis
dŚe aǀeƌaŐe ƚŚƌesŚoůd ĐǇĐůe ;�dͿ ǀaůues oďƚained ǁeƌe anaůǇǌed in YiaŐen �aƚa �naůǇsis �enƚeƌ 

;YiaŐenͿ ƚo ƌeƚƌieǀe ƚŚe ĨoůdͲƌeŐuůaƟon ǀaůues Ĩoƌ eaĐŚ ŵiZE� Őene͘ � seůeĐƟon oĨ ŵiZE� ǁas ŵade 
aĐĐoƌdinŐ ƚo ƚŚe ĨoůůoǁinŐ ƚŚƌesŚoůds͗ ŵoƌe ƚŚan ϮͲĨoůd ƌeŐuůaƟon ďeƚǁeen Đonƚƌoů and ďoƚŚ ƚƌeaƚed 
ĐondiƟons ;1Ϯ Ś oƌ Ϯϰ ŚͿ oƌ ŵoƌe ƚŚan ϱͲĨoůd ƌeŐuůaƟon ďeƚǁeen Đonƚƌoů and one ŐƌouƉ ĐondiƟon͘ 
dŚese ŵiZE�s ǁiůů onůǇ ďe seůeĐƚed iĨ aƚ ůeasƚ one ƚƌeaƚed ĐondiƟon Śas an aǀeƌaŐe ƚŚƌesŚoůd ĐǇĐůe 
ďeůoǁ 3Ϭ͕ ǁŚen ƚŚe Đonƚƌoů ĐondiƟon Śas an aǀeƌaŐe ƚŚƌesŚoůd ĐǇĐůe ďeůoǁ 3ϱ͘ /n aůů seůeĐƚed ŵiZE�s͕ 
ƌeŐuůaƟon in ďoƚŚ ĐondiƟons sŚouůd aŐƌee and ƚŚe ŵeůƟnŐ Đuƌǀes and aŵƉůiĮĐaƟon Ɖůoƚs sŚouůd ďe 
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ǁeůů deĮned͘ �issoĐiaƟonͬŵeůƟnŐ Đuƌǀes and aŵƉůiĮĐaƟon Ɖůoƚs ǁeƌe ĐaƌeĨuůůǇ anaůǇǌed usinŐ ^�^ 
soŌǁaƌe ǀϮ͘3 and ZY ManaŐeƌ ǀ1͘Ϯ ;ďoƚŚ Ĩƌoŵ �ƉƉůied �iosǇsƚeŵs͕ dŚeƌŵo &isŚeƌ ^ĐienƟĮĐ /nĐ͘Ϳ͘ 
�ǆƉeƌiŵenƚaůůǇ ǀaůidaƚed ŵiZE�ͲŐene inƚeƌaĐƟons daƚaďases as �/�E�Ͳdaƌ�ase ǀϳ͘Ϭ ;ŚƩƉ͗ͬͬǁǁǁ͘
ŵiĐƌoƌna͘ŐƌͬƚaƌďaseͿ͕ ŵiZdaƌ�ase ǀϲ͘Ϭ ;ŚƩƉ͗ͬͬŵiƌƚaƌďase͘ŵďĐ͘nĐƚu͘edu͘ƚǁͬͿ͕ ƚŚe ŵiZeĐoƌds ǀϰ͘Ϭ 
;ŚƩƉ͗ͬͬŵiƌeĐoƌds͘uŵn͘eduͬŵiZeĐoƌdsͬͿ and ŵiZE�MaƉǀϮ͘Ϭ ;ŚƩƉ͗ͬͬŵiZE�MaƉ͘ŵďĐ͘nĐƚu͘edu͘ƚǁͬͿ 
ǁeƌe eŵƉůoǇed ƚo eǆƚƌaĐƚ ƚaƌŐeƚ Őenes Ĩoƌ ƚŚe seůeĐƚed ŵiZE� ;the ima es of the modi ed miRNAs 
a er treatment alon  ith their tar et enes can be found in the supplementary data, ures S1-
S16Ϳ͘ &inaůůǇ͕  ƚŚe oƉenͲsouƌĐe soŌǁaƌe͕ �ǇƚosĐaƉe ;�ǇƚosĐaƉe �onsoƌƟuŵ͕ ^an �ieŐo͕ ��͕ h^�Ϳ͕ ǁas 
used ƚo ďuiůd a ďioŵoůeĐuůaƌ inƚeƌaĐƟon neƚǁoƌŬ ǁiƚŚ ƚŚe ŵosƚ aůƚeƌed ŵiZE�s aŌeƌ ƚŚe ĐoŵƉound 
ƚƌeaƚŵenƚ͘ 

18. Computational methods
�oŵƉuƚaƟonaů ŵeƚŚods suĐŚ as ŵoůeĐuůaƌ doĐŬinŐ aƌe ǁideůǇ used ƚo ƉƌediĐƚ Ɖossiďůe dƌuŐ ƚaƌŐeƚs 

oƌ ǀiĐe ǀeƌsa͘ dŚis sǇsƚeŵ uses diīeƌenƚ soŌǁaƌe oĨ ďindinŐ siŵuůaƟon ƚo ƉƌediĐƚ ƚŚe ŵosƚ Ɖƌoďaďůe 
union ďeƚǁeen ƚǁo ŵoůeĐuůes͘ /n ĐoůůaďoƌaƟon ǁiƚŚ sşĐƚoƌ 'uaůůaƌ s͛ ƌeseaƌĐŚ ŐƌouƉ Ĩƌoŵ �aƌĐeůona 
^uƉeƌĐoŵƉuƟnŐ �enƚeƌ and usinŐ doĐŬinŐ siŵuůaƟons oĨ ouƌ ĐoŵƉounds ǁiƚŚ ŵoƌe ƚŚan 1ϬϬ ĐanĐeƌͲ
ƌeůaƚed Ɖƌoƚeins͕ ƚŚe �<d enǌǇŵe ǁas idenƟĮed as one oĨ ƚŚe Ɖƌoƚeins ƚo ǁŚiĐŚ ƚŚe ĐoŵƉound ŵaǇ 
ďind ǁiƚŚ Őƌeaƚeƌ aĸniƚǇ͘

18.1. System preparation
�ooƌdinaƚes Ĩoƌ ƚŚe �<d ŵodeů ǁeƌe ƚaŬen Ĩƌoŵ ƚŚe Wƌoƚein �aƚa �anŬ enƚƌǇ 3Y<M ;Śuŵan �<d 

ƉƌoƚeinͿ͘ ,ǇdƌoŐen aƚoŵs and side ĐŚains ǁeƌe oƉƟŵiǌed ǁiƚŚ ƚŚe Wƌoƚein WƌeƉaƌaƟon tiǌaƌd ƚooů 
Ĩƌoŵ ^ĐŚƌodinŐeƌ aƚ ƉŚǇsioůoŐiĐaů Ɖ,͕ and ŵissinŐ ĨƌaŐŵenƚ ;ƌesidues ϰϱϮͲϰϱϲͿ ǁas ƌeĐoǀeƌed and 
Įůůed ǁiƚŚ Wƌiŵe͘ �oŵƉound 2 ůiŐand ǁas ďuiůƚ ǁiƚŚ ƚŚe Maesƚƌo ŐƌaƉŚiĐaů inƚeƌĨaĐe and oƉƟŵiǌed 
ǁiƚŚ >iŐWƌeƉ͘ 

/nduĐed Įƚ doĐŬinŐ siŵuůaƟons ǁeƌe ƉeƌĨoƌŵed ǁiƚŚ W�>�͕ soŌǁaƌe ƚŚaƚ Đoŵďines a Monƚe 
�aƌůo sƚoĐŚasƟĐ aƉƉƌoaĐŚ ǁiƚŚ Ɖƌoƚein sƚƌuĐƚuƌe ƉƌediĐƟon aůŐoƌiƚŚŵs ;�oƌƌeůůi et al., ϮϬϬϱͿ͘ W�>� is 
ĐaƉaďůe oĨ aĐĐuƌaƚeůǇ ƌeƉƌoduĐinŐ ůonŐ ƟŵesĐaůe ƉƌoĐesses ;�ossins͕ ,osseini and 'uaůůaƌ͕  ϮϬ1ϮͿ and 
ĐonĨoƌŵaƟonaů ĐŚanŐes Ĩƌoŵ ƉƌoƚeinͲůiŐand ƌeĐoŐniƟon ;�oƌƌeůůi͕ �enũaŵin and 'uaůůaƌ͕  ϮϬ1Ϭ͖ 'ƌeďneƌ 

et al., ϮϬ1ϲ͖ <oƚeǀ͕  ^oůiǀa and KƌoǌĐo͕ ϮϬ1ϲͿ W�>� saŵƉůinŐ aůŐoƌiƚŚŵ is a ĐonseĐuƟǀe iƚeƌaƟon oĨ ƚŚƌee 
ŵain sƚeƉs͗ 1Ϳ ůiŐand and Ɖƌoƚein ;ɲͲĐaƌďonsͿ ƉeƌƚuƌďaƟons͖ ϮͿ Ɖƌoƚein sideͲĐŚains saŵƉůinŐ͖ and 3Ϳ 
ŵiniŵiǌaƟon͘ 

dŚe iniƟaů W�>� sƚƌuĐƚuƌes ǁeƌe ĐonsƚƌuĐƚed ďǇ ďuiůdinŐ ϮϬ ŵodeůs ǁŚeƌe ƚŚe ĐoŵƉound 2 ligand 
;sƚƌuĐƚuƌe on &iguƌe ϱ3͕ �Ϳ ǁas ƉůaĐed aƌound �<d aƚ disƚanĐes ǀaƌǇing Ĩƌoŵ 1Ϭ ƚo 3Ϭ � ƚo iƚs aƉƉƌoǆiŵaƚe 
Đenƚeƌ ;deĮned ďǇ �snϮϳ9Ϳ͖ ƚŚe ůigand ǁas aůůoǁed ƚo eǆƉůoƌe aůů ƚŚe sƉaĐe ǁiƚŚin 33 � oĨ ƚŚis Đenƚeƌ͘  
>igand ƚƌansůaƟon ǁas sǁiƚĐŚed ďeƚǁeen a ůaƌgeƌ sƚeƉ oĨ 1͘ϱ � and a sŵaůů one oĨ Ϭ͘ϱ �͘ ̂ ide ĐŚain saŵƉůing 
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ǁas eǆeĐuƚed Ĩoƌ aůů ƌesidues ǁiƚŚin ϱ � Ĩƌoŵ ƚŚe ůigand and ƚŚis ǁas Ĩoůůoǁed ďǇ ƚŚe ŵiniŵiǌaƟon oĨ 
ƚŚe Ĩuůů sǇsƚeŵ͘ ZeĐenƚůǇ͕  a siŵiůaƌ ƉƌoƚoĐoů Ĩoƌ gůoďaů W�>� eǆƉůoƌaƟon ǁas aƉƉůied suĐĐessĨuůůǇ ƚo ��,Ϯ 
in ĐoŵƉůeǆ ǁiƚŚ anoƚŚeƌ deƌiǀaƟǀes Ĩƌoŵ ƚŚe ƚaŵďũaŵine ĨaŵiůǇ ;<oƚeǀ et al.͕ ϮϬ1ϳͿ͘ W�>� siŵuůaƟons 
ǁeƌe Đaƌƌied ouƚ using ϮϰϬ Đoƌes Ĩoƌ ϰ8 Śouƌs on ƚŚe Maƌenosƚƌuŵ suƉeƌĐoŵƉuƚeƌ͖ eaĐŚ Đoůoƌ and 
sŚaƉe in &iguƌe ϱ3� ƌeƉƌesenƚs a singůe W�>� ƚƌaũeĐƚoƌǇ ƌunning on a ĐoŵƉuƟng Đoƌe ;ŵoƌe deƚaiůs aďouƚ 
W�>� soŌǁaƌe and siŵuůaƟons Đan ďe Ĩound aƚ ŚƩƉs͗ͬͬƉeůe͘ďsĐ͘esͿ͘

&uƌƚŚeƌ ƌesĐoƌing oĨ ƚŚe W�>� Ɖoses ǁas done ǁiƚŚ 'ůide using ƚŚe eǆƚƌa ƉƌeĐision ;yWͿ sĐoƌing ĨunĐƟon͘

19. Surface Plasmon Resonance assays
^uƌĨaĐe Wůasŵon ZesonanĐe ;^WZͿ assaǇs ǁeƌe ƉeƌĨoƌŵed using ƚŚe �iaĐoƌe dϮϬϬ sǇsƚeŵ͘ dŚis 

ƚeĐŚnoůogǇ ŵaŬes Ɖossiďůe ƚo ŵoniƚoƌ and ŵeasuƌe ďioŵoůeĐuůaƌ inƚeƌaĐƟons in ƌeaůͲƟŵe ǁiƚŚ ŚigŚ 
sensiƟǀiƚǇ͘ /n ƚŚis ƌegaƌd͕ iƚ aůůoǁs deƚeƌŵining sƉeĐiĮĐiƚǇ͕  aĸniƚǇ and ŬineƟĐ Ɖaƌaŵeƚeƌs duƌing 
ƚŚe ďinding oĨ diīeƌenƚ Ɖaiƌ oĨ ŵoůeĐuůes inĐůuding ƉƌoƚeinͲƉƌoƚein͕ enǌǇŵeͲsuďsƚƌaƚe oƌ inŚiďiƚoƌ͕  
ƌeĐeƉƚoƌͲdƌug oƌ ƉƌoƚeinͲsŵaůů ŵoůeĐuůes͕ aŵong oƚŚeƌs͘ dŚe aƉƉƌoaĐŚ inǀoůǀes ƚŚe iŵŵoďiůiǌaƟon 
oĨ one inƚeƌaĐƟng Ɖaƌƚneƌ ;ůigandͿ ƚo ƚŚe suƌĨaĐe oĨ a sensoƌ ĐŚiƉ͕ and ƚŚe inũeĐƟon oĨ ƚŚe saŵƉůe 
in a ĐonƟnuous Ňoǁ͕ Đonƚaining ƚŚe oƚŚeƌ inƚeƌaĐƟon Ɖaƌƚneƌ ;anaůǇƚeͿ oǀeƌ ƚŚe suƌĨaĐe͘ dŚis ĐŚiƉ is 
ĐoŵƉosed oĨ a gůass suƌĨaĐe Đoǀeƌed ǁiƚŚ a ƚŚin goůd ůaǇeƌ and oǀeƌ ƚŚis ůaǇeƌ͕  a ĐoaƟng ǁŚiĐŚ enaďůes 
ƚŚe aƩaĐŚŵenƚ oĨ ƚŚe ůigand͘ 

dŚe goůd ůaǇeƌ is a ĐonduĐƟng Įůŵ ůoĐaƚed aƚ an inƚeƌĨaĐe ďeƚǁeen ŵedia oĨ diīeƌenƚ ƌeĨƌaĐƟǀe 
indeǆ͕ ƚŚe gůass oĨ ƚŚe sensoƌ ĐŚiƉ and ƚŚe saŵƉůe soůuƟon͘ ^WZ is a ƉŚenoŵenon ƚŚaƚ oĐĐuƌs ǁŚen 
a Ɖoůaƌiǌed inĐidenƚ ůigŚƚ Śiƚs ƚŚe ŵeƚaů suƌĨaĐe ǁiƚŚ Đeƌƚain inĐidenĐe angůe and ǁaǀeůengƚŚ͘ dŚe 
eůeĐƚƌons aƚ ƚŚe suƌĨaĐe oĨ ƚŚe ďioĐŚiƉ aďsoƌď ƚŚe eneƌgǇ oĨ inĐidenƚ ůigŚƚ ƉŚoƚons and ŵoǀe geneƌaƟng 
Ɖůasŵon ǁaǀes due ƚo ƚŚe eǆĐiƚaƟon͘ dŚe ůigŚƚ is ƌeŇeĐƚed ǁiƚŚ a sƉeĐiĮĐ angůe͘ �Śanges in ŵoůeĐuůaƌ 
ǁeigŚƚ and soůuƚe ĐonĐenƚƌaƟon aƚ ƚŚe suƌĨaĐe oĨ ƚŚe sensoƌ ĐŚiƉ͕ suĐŚ as ďioŵoůeĐuůaƌ inƚeƌaĐƟons 
ďeƚǁeen ůigand and anaůǇƚe͕ Đause ĐŚanges in ƚŚe ƌeĨƌaĐƟǀe indeǆ oĨ ƚŚe soůuƟon ;Įguƌe Ϯϱ�Ϳ͕ ǁŚiĐŚ 
in ƚuƌn ǀaƌǇ ƚŚe ƌeŇeĐƚed angůe͘ dŚus͕ ƚŚe ƌesonanĐe angůe sŚiŌs Đan ďe ŵeasuƌed and aƌe diƌeĐƚůǇ 
ƉƌoƉoƌƟonaů ƚo ƚŚe ĐonĐenƚƌaƟon oĨ ďioŵoůeĐuůes on ƚŚe suƌĨaĐe͘ dŚe ƌesƉonse oƌ signaů ĐŚange is 
ŵeasuƌed in ƌesonanĐe uniƚs ;ZhͿ͕ ǁŚeƌe 1 Zh is eƋuiǀaůenƚ ƚo a ĐƌiƟĐaů angůe sŚiŌ oĨ 1Ϭоϰ degƌee 
;EguǇen et al.͕ ϮϬ1ϱͿ͘ dŚe sǇsƚeŵ �iaĐoƌe dϮϬϬ ƚƌaĐŬs ƚŚe ĐŚanges in Zh againsƚ Ɵŵe͕ sŚoǁing ƚŚe 
Ɖƌogƌess oĨ ƚŚe inƚeƌaĐƟon in a Ɖůoƚ Ŭnoǁn as sensoƌgƌaŵ ;Įguƌe Ϯϱ�Ϳ͘

^WZ assaǇs ǁeƌe designed in oƌdeƌ ƚo ŵoniƚoƌ ƚŚe inƚeƌaĐƟons ďeƚǁeen ůigand �<dϮ ;Ws318ϰ͕ 
dŚeƌŵo &isŚeƌͿ and ĐoŵƉound 2 ;anaůǇƚeͿ͘ �<dϮ ůigand ǁas iŵŵoďiůiǌed Ĩoůůoǁing �iaĐoƌe dϮϬϬ 
ƉƌoƚoĐoů in a sensoƌ ĐŚiƉ �Mϱ ;'� ,eaůƚŚĐaƌe �io^ĐienĐes ��͕ hƉƉsaůa͕ ^ǁedenͿ͘ dŚis is Đoaƚed ǁiƚŚ 
a ĐaƌďoǆǇŵeƚŚǇůaƚed deǆƚƌan ŵaƚƌiǆ ƚŚaƚ aůůoǁs a Đoǀaůenƚ Ɖƌoƚein aƩaĐŚŵenƚ ďǇ aŵine ĐouƉůing͘ 
Wƌioƌ ƚo iŵŵoďiůiǌaƟon͕ in oƌdeƌ ƚo deƚeƌŵine ƚŚe oƉƟŵaů Ɖ, Ĩoƌ ƉƌeͲĐonĐenƚƌaƟng ƚŚe ůigand oǀeƌ 
ƚŚe ŵaƚƌiǆ͕ a Ɖ, sĐouƟng ǁas ƉeƌĨoƌŵed͘ dŚe ůigand ǁas diůuƚed ƚo 1 μM in 1Ϭ ŵM aĐeƚaƚe ďuīeƌs 
ǁiƚŚ diīeƌenƚ Ɖ, ƌanging Ĩƌoŵ ϰ͘Ϭ ƚo ϱ͘Ϭ͕ and inũeĐƚed duƌing 18Ϭ s ǁiƚŚ a Ňoǁ oĨ ϱ μ>ͬŵin oǀeƌ an 
unŵodiĮed sensoƌ ĐŚiƉ͘ dŚen͕ ƚŚe suƌĨaĐe ǁas ƌegeneƌaƚed ǁiƚŚ ϱϬ ŵM EaK, ƚo ensuƌe no ůigand 
ƌeŵains ďound ƚo ƚŚe suƌĨaĐe͘ KnĐe͕ ƚŚe oƉƟŵuŵ Ɖ, ǁas seůeĐƚed͕ ƚŚe suƌĨaĐe oĨ ƚŚe sensoƌ ĐŚiƉ 
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ǁas aĐƟǀaƚed ǁiƚŚ a ŵiǆƚuƌe 1͗1 oĨ 1ͲeƚŚǇůͲ3Ͳ;3ͲdiŵeƚŚǇůaŵinoƉƌoƉǇůͿͲĐaƌďodiiŵide ;���Ϳ and 
EͲŚǇdƌoǆǇsuĐĐiniŵide ;E,^Ϳ in oƌdeƌ ƚo Ĩoƌŵ ƌeaĐƟǀe esƚeƌ gƌouƉs on ƚŚe suƌĨaĐe͘ ̂ uďseƋuenƚůǇ͕  �<dϮ 
Ɖƌoƚein ǁas diůuƚed ƚo Ϭ͘ϳϱ μM in 1Ϭ ŵM aĐeƚaƚe ďuīeƌ ǁiƚŚ Ɖ, ϰ͘ϱ and iŵŵoďiůiǌed in ŇoǁͲĐeůů 
Ϯ uƉ ƚo ϳϱϬϬ Zh͘ dŚe iŵŵoďiůiǌed ůigand ůeǀeů ǁas ƉƌeǀiousůǇ ĐaůĐuůaƚed aĐĐoƌding ƚo ƚŚe ƌeůaƟǀe 
ŵoůeĐuůaƌ ǁeigŚƚs oĨ ƚŚe ůigand and ƚŚe anaůǇƚe and ƚŚe ŵaǆiŵuŵ ďinding ĐaƉaĐiƚǇ oĨ ƚŚe suƌĨaĐe ǁiƚŚ 
a ƚŚeoƌeƟĐaů Zŵaǆ ;ŵaǆiŵaů ƌesƉonseͿ oĨ ϱϬ Zh͘  

dŚe ŇoǁͲĐeůů 1 ǁas aĐƟǀaƚed and assigned as ƌeĨeƌenĐe ĐŚanneů͘ KnĐe ƚŚe iŵŵoďiůiǌaƟon ǁas 
ƉeƌĨoƌŵed͕ eƚŚanoůaŵine soůuƟon ǁas inũeĐƚed in oƌdeƌ ƚo deaĐƟǀaƚe ƚŚe ƌeŵaining ƌeaĐƟǀe gƌouƉs 
oĨ ƚŚe suƌĨaĐe ;Įguƌe ϮϲͿ͘

FiŐure 26. AKT2 immoďilizaƟon

FiŐure 25. PƌinĐiƉůe oĨ ^WZ Ĩƌoŵ ;Madeiƌa et al.͕ ϮϬϬ9Ϳ and sĐŚeŵaƟĐ sensoƌgƌaŵ
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MATERIAL AND METHODS

�oŵƉounds ǁeƌe sƚoƌed as sƚoĐŬ soůuƟons in 1ϬϬй �M^K aƚ ͲϮϬ Σ�͘ dŚe ĐoŵƉound ǁas diůuƚed 
ǁiƚŚ ƌunning ďuīeƌ ;1 ǆ W�^ͲW ϱй �M^KͿ aƚ ĐonĐenƚƌaƟons ƌanging Ĩƌoŵ Ϭ͘1ϱ μM ƚo 1Ϭ μM͘ dŚe 
ƌun ǁas sƚaƌƚed ǁiƚŚ ϱ sƚaƌƚͲuƉ ĐǇĐůes ǁiƚŚ ƌunning ďuīeƌ͘  �Ōeƌ ƚŚaƚ͕ saŵƉůes ǁeƌe inũeĐƚed ǁiƚŚ a 
3Ϭ μ>ͬŵin Ňoǁ Ĩoƌ ϲϬ s͘ �eƌo ĐonĐenƚƌaƟon saŵƉůes ǁeƌe used as ďůanŬs͘ �Ōeƌ eǀeƌǇ inũeĐƟon͕ ƚŚe 
Ɖƌogƌaŵŵed dissoĐiaƟon ƉŚase ǁas 1ϮϬ s͘ dŚe ĐoŵƉůeǆes ǁeƌe ƌegeneƌaƚed using Ϯϱ ŵM EaK, Ɖƌioƌ 
ƚo eǀeƌǇ ĐǇĐůe seƌies͘ Moƌeoǀeƌ͕  ďeƚǁeen saŵƉůe seƌies͕ a soůǀenƚ ĐoƌƌeĐƟon ǁiƚŚ ĐaƌeĨuůůǇ ƉƌeƉaƌed 
�M^K ƌeĨeƌenĐe soůuƟons ƌanging Ĩƌoŵ ϰ͘ϱй ƚo ϱ͘8й ǁas ƌun͘ ^oůǀenƚ ĐoƌƌeĐƟon ǁas ƉeƌĨoƌŵed ƚo 
adũusƚ ŵeasuƌed saŵƉůe ƌesƉonses due ƚo soůǀenƚ eīeĐƚs on ƚŚe ďuůŬ ƌeĨƌaĐƟǀe indeǆ ǀaƌiaƟons͘

�ǆƉeƌiŵenƚs ǁeƌe ƉeƌĨoƌŵed ǁiƚŚ ƚŚe insƚƌuŵenƚ ƚeŵƉeƌaƚuƌe ;Ňoǁ Đeůů͕ sensoƌ ĐŚiƉ͕ and saŵƉůe 
ĐoŵƉaƌƚŵenƚ ƚeŵƉeƌaƚuƌeͿ seƚ ƚo Ϯϱ Σ�͘ &oƌ ŬineƟĐ and aĸniƚǇ eǀaůuaƟons͕ �iaĐoƌe dϮϬϬ eǀaůuaƟon 
soŌǁaƌe ǁas used Ĩoƌ suďƚƌaĐƟon oĨ ƌeĨeƌenĐe and ďůanŬ daƚa͕ aůong ǁiƚŚ soůǀenƚ ĐoƌƌeĐƟon as ǁeůů 
as Ĩoƌ Đuƌǀe Įƫng͕ using ƚŚe 1͗1 >angŵuiƌ ŵodeů͘ dǁo indeƉendenƚ eǆƉeƌiŵenƚs ǁeƌe ƉeƌĨoƌŵed and 
Đonsƚanƚ ǀaůues aƌe eǆƉƌessed as ƚŚe ŵean ± ^�͘

20. In vivo evaluation of  tambjamine-analogues therapeutic effect 
dǁo ŵuƌine ŵodeůs Śaǀe ďeen deǀeůoƉed͗ ƚŚe eĐƚoƉiĐ ;suďĐuƚaneousͿ and ƚŚe oƌƚŚoƚoƉiĐ ŵodeů 

sǇsƚeŵs ƚo eǀaůuaƚe ƚŚe anƟƚuŵoƌ aĐƟǀiƚǇ oĨ ƚŚe sǇnƚŚeƟĐ ƚaŵďũaŵine anaůogues 2 and 7͘

�ůů aniŵaů sƚudies ǁeƌe aƉƉƌoǀed ďǇ ƚŚe >oĐaů �ƚŚiĐs �oŵŵiƩee ;'eneƌaůiƚaƚ de �aƚaůunǇaͿ undeƌ 
ƚŚe ƉƌoƚoĐoů 9111͘ do geneƌaƚe ƚŚe suďĐuƚaneous ǆenogƌaŌ ŵodeů͕ ŵiĐe ǁeƌe suďĐuƚaneousůǇ 
iŵƉůanƚed ǁiƚŚ ϰ͘ϱ п 1Ϭϲ �ϱϰ9 Đeůůs susƉended in a 1͗1 soůuƟon oĨ �M�M͗Maƚƌigeů ;�� �iosĐienĐeͿ͘ 

&oƌ ƚŚe oƌƚŚoƚoƉiĐ ŵodeů͕ suďĐuƚaneous ǆenogƌaŌs oĨ �ϱϰ9 in eǆƉonenƟaů gƌoǁƚŚ Ĩƌoŵ ƚŚƌee 
diīeƌenƚ aniŵaůs ǁeƌe aseƉƟĐaůůǇ isoůaƚed and ƉůaĐed aƚ Zd in �M�M suƉƉůeŵenƚed ǁiƚŚ 1Ϭй &�^ 
Ɖůus ϱϬ hͬŵ> ƉeniĐiůůin and ϱϬ ŵgͬŵ> sƚƌeƉƚoŵǇĐin and ƚŚe suƌgiĐaů ƌeseĐƟon ƚuŵoƌs ǁeƌe iŵƉůanƚed 
in �ƌů͗EhͲ&oǆn1nu ŵiĐe Ĩoůůoǁing ƉƌeǀiousůǇ ƌeƉoƌƚed ƉƌoĐeduƌes ;�ŵďƌogio et al.͕ ϮϬ1ϰ͕ ϮϬ1ϲͿ͘ 
�ƌieŇǇ͕  ŵiĐe ǁeƌe anesƚŚeƟǌed ǁiƚŚ a ĐonƟnuous Ňoǁ oĨ 1й ƚo 3й isoŇuƌaneͬoǆǇgen ŵiǆƚuƌe ;Ϯ >ͬ
ŵinuƚesͿ and suďũeĐƚed ƚo ƌigŚƚ ƚŚoƌaĐoƚoŵǇ͘ MiĐe ǁeƌe siƚuaƚed in ůeŌ ůaƚeƌaů deĐuďiƚus ƉosiƟon 
and a sŵaůů ƚƌansǀeƌse sŬin inĐision ;aƌound ϱʹ8 ŵŵͿ ǁas ŵade in ƚŚe ƌigŚƚ ĐŚesƚ ǁaůů͘ �Śesƚ ŵusĐůes 
ǁeƌe seƉaƌaƚed ďǇ a sŚaƌƉ disseĐƟon and Đosƚaů and inƚeƌĐosƚaů ŵusĐůes ǁeƌe eǆƉosed͘ �n inƚeƌĐosƚaů 
inĐision oĨ Ϯʹϰ ŵŵ on ƚŚe ƚŚiƌd oƌ ĨouƌƚŚ ƌiď on ƚŚe ĐŚesƚ ǁaůů ǁas ŵade and a sŵaůů ƚuŵoƌ ƉieĐe oĨ 
Ϯ ƚo ϰ ŵŵ3 ǁas inƚƌoduĐed inƚo ƚŚe ĐŚesƚ ĐaǀiƚǇ͘ dŚe ƚuŵoƌ sƉeĐiŵen ǁas deƉosiƚed ďeƚǁeen ƚŚe 
seĐond and ƚŚe ƚŚiƌd ůung ůoďuůe͘ Eeǆƚ͕ ƚŚe ĐŚesƚ ǁaůů inĐision ǁas Đůosed ǁiƚŚ suƌgeƌǇ sƚaƉůes͕ and 
ĮnaůůǇ ĐŚesƚ ŵusĐůes and sŬin ǁeƌe Đůosed͘ MiĐe ǁeƌe insƉeĐƚed ƚǁiĐe a ǁeeŬ͕ and ŵoniƚoƌed Ĩoƌ ƚŚe 
ƉƌesenĐe oĨ ďƌeaƚŚing Ɖƌoďůeŵs͘

MiĐe ďeaƌing Śoŵogeneous suďĐuƚaneous ƚuŵoƌs ;aƉƉƌoǆiŵaƚeůǇ 1ϱϬʹϮϬϬ ŵŵ3Ϳ ǁeƌe ƌandoŵůǇ 
aůůoĐaƚed ƚo Įǀe ƚƌeaƚŵenƚ gƌouƉs ;n с ϳͬƚƌeaƚŵenƚͿ͘ &oƌ �ϱϰ9 oƌƚŚoƚoƉiĐͲdeƌiǀed ŵodeů͕ ŵiĐe ǁeƌe 
ƌandoŵůǇ aůůoĐaƚed ƚo ƚŚƌee gƌouƉs ;n с ϰͬƚƌeaƚŵenƚͿ and ƚŚe ƚƌeaƚŵenƚ sƚaƌƚed 3Ϭ daǇs aŌeƌ ƚuŵoƌ 
iŵƉůanƚaƟon͘ �oŵƉounds 2 and 7 ǁeƌe diůuƚed in ϳ͘ϱй �M^KͬϬ͘8й dǁeenͲ8Ϭ͘ �ůů ƚƌeaƚŵenƚs ǁeƌe 
inƚƌaƉeƌiƚoneaůůǇ adŵinisƚƌaƚed aƚ a dose oĨ ϲ ŵgͬŬg in aůƚeƌnaƟng daǇs duƌing ϮϬ daǇs͘ /n ƚŚe Đase 
oĨ ƚŚe suďĐuƚaneous ŵodeů͕ ǁe ǁanƚed ƚo ĐoŵƉaƌe ƚŚe eīeĐƚ oĨ ouƌ ĐoŵƉounds ǁiƚŚ ƚŚe ĮƌsƚͲůine 
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ĐŚeŵoƚŚeƌaƉeuƟĐ agenƚ͕ ���W͘  MiĐe ǁeƌe adŵinisƚƌaƚed ǁiƚŚ ���W aƚ a dose oĨ ϰ ŵgͬŬg daǇs Ϭ͕ ϳ 
and 1ϱ and saĐƌiĮĐed daǇ Ϯ1͘  

MiĐe ǁeƌe ǁeigŚed on ƚŚe Įƌsƚ daǇ ƚo deƚeƌŵine ƚŚe eīeĐƚs oĨ ĐoŵƉounds adŵinisƚƌaƟon on ƚŚeiƌ 
geneƌaů ŚeaůƚŚ sƚaƚus͘ MiĐe ǁeigŚƚs oĨ aůů gƌouƉs ǁeƌe ŵoniƚoƌed oǀeƌ aůů ƚŚe eǆƉeƌiŵenƚaů Ɖeƌiod͘ 
duŵoƌ gƌoǁƚŚ ǁas ƌeĐoƌded ƚǁo ƚo ƚŚƌee Ɵŵes Ɖeƌ ǁeeŬ sƚaƌƟng Ĩƌoŵ ƚŚe Įƌsƚ daǇ oĨ ƚƌeaƚŵenƚ ;daǇ 
ϬͿ and ƚuŵoƌ ǀoůuŵe ;in ŵŵ3Ϳ͕ esƟŵaƚed aĐĐoƌding ƚo ƚŚe Ĩoƌŵuůa s Ь ;aďϮͿͬϮ͕ ǁŚeƌe ͞ a͟ is ƚŚe ůengƚŚ 
oƌ ďiggesƚ diaŵeƚeƌ and ͞ď͟ is ƚŚe ǁidƚŚ oƌ sŵaůůesƚ diaŵeƚeƌ͘  �Ōeƌ ƚŚe Įnaů dose oĨ ƚŚe ƚƌeaƚŵenƚ͕ 
aniŵaůs ǁeƌe saĐƌiĮĐed and ƚuŵoƌs ǁeƌe disseĐƚed ouƚ and ǁeigŚed͘ >iǀeƌ and ŬidneǇ saŵƉůes ǁeƌe 
Įǆed in Ĩoƌŵaůin oǀeƌnigŚƚ͕ eŵďedded in Ɖaƌaĸn͕ and Đuƚ inƚo seĐƟons ;ϱ ʅŵͿ͘ WaƌaĸnͲeŵďedded 
seĐƟons ǁeƌe deƉaƌaĸniǌed in ǆǇůene and gƌaduaůůǇ ƌeŚǇdƌaƚed Ĩoƌ ŚeŵaƚoǆǇůin and eosin sƚaining͘ 
^ƚained ůiǀeƌ and ŬidneǇ seĐƟons ǁeƌe gƌaduaůůǇ deŚǇdƌaƚed and ŵounƚed Ĩoƌ ŚeƉaƚoƚoǆiĐiƚǇ and 
neƉŚƌoƚoǆiĐiƚǇ eǆaŵinaƟon͕ ƌesƉeĐƟǀeůǇ͘

21. Statistical analysis
Zesuůƚs aƌe eǆƉƌessed as ƚŚe ŵean ± ^� oƌ ŵean ± ^�M oĨ aƚ ůeasƚ ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs͘ 

KneͲǁaǇ �EKs�s ǁeƌe Đaƌƌied ouƚ ǁiƚŚ ƚŚe ^ƚaƚgƌaƉŚiĐs Đenƚuƌion sƚaƟsƟĐaů ƉaĐŬage and Ɖosƚ 
ŚoĐ duŬeǇ anaůǇses ǁeƌe ƉeƌĨoƌŵed͘ ^ƚaƟsƟĐaůůǇ signiĮĐanƚ diīeƌenĐes͕ Ɖ ф Ϭ͘Ϭϱ and Ɖ ф Ϭ͘Ϭ1͕ aƌe 
ƌeƉƌesenƚed ďǇ Ύ and ΎΎ͕ ƌesƉeĐƟǀeůǇ͘
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RESULTS

1. Anion transport screening
/n ƚŚe seaƌĐŚ oĨ neǁ ŵoůeĐuůes ǁiƚŚ anionoƉŚoƌiĐ aĐƟǀiƚǇ͕  ƚŚe ƌeseaƌĐŚ gƌouƉ ůed ďǇ �ƌ͘  Zoďeƌƚo 

Yuesada Śas designed and sǇnƚŚesised diīeƌenƚ ďaƚĐŚes oĨ sŵaůů ŵoůeĐuůes ĐaƉaďůe oĨ ĨaĐiůiƚaƟng 
ƚŚe ƚƌansŵeŵďƌane ƚƌansƉoƌƚ oĨ ions͘ KnĐe sǇnƚŚesiǌed͕ iƚs ĐaƉaĐiƚǇ as anion Đaƌƌieƌs ǁas ƚesƚed in 
1ͲƉaůŵiƚoǇůͲϮͲoůeoǇůͲsnͲgůǇĐeƌoͲ3ͲƉŚosƉŚoĐŚoůine ;WKW�Ϳ ůiƉosoŵes ůoaded ǁiƚŚ Ea�ů and disƉeƌsed 
in diīeƌenƚ ďuīeƌs Đonƚaining EaEK3 oƌ EaϮ^Kϰ͘ dŚeƌeĨoƌe͕ ƚƌansŵeŵďƌane anion ƚƌansƉoƌƚ aĐƟǀiƚǇ oĨ 
ƚŚe aĨoƌeŵenƟoned sǇnƚŚeƟĐ ƚaŵďũaŵine anaůogues ŵoůeĐuůes ǁas eǆƉůoƌed ;see ure , material 
and methods sec on Ϳ͘ dŚe ĐŚůoƌide eŋuǆ Ĩƌoŵ ĐŚůoƌide ůoaded ǀesiĐůes ǁas ŵoniƚoƌed oǀeƌ Ɵŵe and 
ƚŚe ��ϱϬ ǀaůues ;ƚŚe �īeĐƟǀe �onĐenƚƌaƟon oĨ ĐoŵƉound neĐessaƌǇ ƚo aĐŚieǀe ϱϬй anion eŋuǆ aƚ a 
ƉaƌƟĐuůaƌ ƟŵeͿ ǁeƌe ĐaůĐuůaƚed ;ƚaďůe 11Ϳ͘ dŚese ƚesƚs ƌeǀeaůed ƚŚaƚ sǇnƚŚeƟĐ ƚaŵďũaŵines anaůogues 
aƌe ǀeƌǇ eĸĐienƚ anion ƚƌansƉoƌƚeƌs sinĐe ƚŚeiƌ ��ϱϬ ǀaůues aƌe in ƚŚe nanoŵoůaƌ ƌange͘ 

Compound EC50 (nM) NO3 /Cl a EC50 (nM) HCO3 /Cl b

Ϯ ϱϬ ± 8 ϮϰϬ ± ϰϬ
3 1ϰϬ ± ϲ 89Ϭ ± 8Ϭ
ϰ ϳϬ ± ϱ ϰϲϬ ± ϲϬ
ϲ 8Ϭ ± 1Ϭ 3ϳϬ ± ϱϬ
ϳ ϲϬ ± 3 88Ϭ ± 3ϬϬ
8 ϳϮϬ ± ϳϬ 119ϮϬ ± 1ϬϬϬ
9 ϳϬ ± 3 ϰ3Ϭ ± 1ϬϬ

1Ϭ ϰϬ ± Ϯ 1ϳϬ ± ϮϬ

2. Anticancer effect evaluation 

2.1. Assessment of  anionophores cytotoxicity in oral and lung cancer cell lines
/ƚ Śas ƌeĐenƚůǇ ďeen desĐƌiďed ƚŚaƚ ƚŚe ƚƌansƉoƌƚ oĨ ions Đauses͕ aŵong oƚŚeƌ ƚŚings͕ ĐŚanges in ƚŚe 

inƚƌaĐeůůuůaƌ Ɖ,͕ ǁŚiĐŚ Đan induĐe Đeůů deaƚŚ͘ Moƌeoǀeƌ͕  in ƌeĐenƚ Ǉeaƌs ƚŚeƌe Śas ďeen Đonsideƌaďůe 
inƚeƌesƚ in naƚuƌaů ƚaŵďũaŵines and ƚŚeiƌ ďioůogiĐaů ƉƌoƉeƌƟes͘ /n ƚŚe ůiƚeƌaƚuƌe ƚŚeƌe aƌe seǀeƌaů 
eǆaŵƉůes ƚŚaƚ ĐŚaƌaĐƚeƌiǌe ƚŚeŵ as anƟŵiĐƌoďiaů͕ ĐǇƚoƚoǆiĐ oƌ anƟƚuŵoƌ agenƚs ;�aƌďone et al.͕ ϮϬ1Ϭ͖ 

Taďle 11. Transport acƟviƟes expressed as EC50 (nM) oĨ syntŚeƟc tamďũamine analoŐue compounds modiĮed 
Ĩrom ;,eƌnando et al.͕ ϮϬ1ϰͿ. a͘ sesiĐůes ůoaded ǁiƚŚ ϰ88 ŵM Ea�ů disƉeƌsed in ϰ88 ŵM EaEK3 ;ϱ ŵM 
ƉŚosƉŚaƚe ďuīeƌ͕  Ɖ, ϳ͘ϮͿ͘ ď͘ sesiĐůes ůoaded ǁiƚŚ ϰϱ1 ŵM Ea�ů disƉeƌsed in 1ϱϬ ŵM EaϮ^Kϰ ;ϮϬ ŵM ƉŚosƉŚaƚe 
ďuīeƌ͕  Ɖ, ϳ͘ϮͿ uƉon addiƟon oĨ a Ea,�K3 Ɖuůse ƚo ŵaŬe ƚŚe eǆƚƌaǀesiĐuůaƌ ďiĐaƌďonaƚe ĐonĐenƚƌaƟon ϰϬ ŵM͘
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WinŬeƌƚon et al.͕ ϮϬ1ϬͿ͘ dŚeƌeĨoƌe͕ ǁe Įƌsƚ deĐided ƚo assess ƚŚe eīeĐƚ oĨ a sǇnƚŚeƟĐ ƚaŵďũaŵine 
anaůogues ďaƚĐŚ on Đeůů ǀiaďiůiƚǇ͘ dŚis ďaƚĐŚ oĨ sǇnƚŚeƟĐ ƚaŵďũaŵines anaůogues Đonsisƚed oĨ eigŚƚ 
ĐoŵƉounds deƌiǀed Ĩƌoŵ ƚŚe aůƌeadǇ Ŭnoǁn naƚuƌaů aůŬaůoids ƚaŵďũaŵines͘

dŚese ŵoůeĐuůes ǁeƌe ĐŚaƌaĐƚeƌiǌed ďǇ ƚŚe ƉƌesenĐe oĨ aƌoŵaƟĐ gƌouƉs as aŵine suďsƟƚuenƚ͕ 
and eiƚŚeƌ a ŵeƚŚoǆǇ oƌ a ďenǌǇůoǆǇ gƌouƉ in ƚŚe Đenƚƌaů ŚeƚeƌoĐǇĐůe͘ Kn one Śand͕ Đeůů ǀiaďiůiƚǇ ǁas 
eǀaůuaƚed aŌeƌ ƚŚe ƚƌeaƚŵenƚ ǁiƚŚ sǇnƚŚeƟĐ ƚaŵďũaŵine anaůogues in diīeƌenƚ ůung ĐanĐeƌ Đeůů ůines 
ƌeƉƌesenƚaƟǀe oĨ ƚŚe Ĩouƌ ŵaũoƌ ŚisƚoůogiĐaů suďƚǇƉes ;�ϱϰ9͕ adenoĐaƌĐinoŵa͖ ^t9ϬϬ͕ sƋuaŵous 
Đeůů ĐaƌĐinoŵa͖ ,ϰϲϬ͕ ůaƌge Đeůů ĐaƌĐinoŵa͖ �M^ϱ3͕ sŵaůůͲĐeůů ĐaƌĐinoŵaͿ͘ �eůůs ǁeƌe ƚƌeaƚed ǁiƚŚ aůů 
ƚŚe ƚesƚed ĐoŵƉounds in a singůe dose oĨ 1Ϭ μM Ĩoƌ Ϯϰ Ś and ƚŚe Mdd assaǇ ǁas eŵƉůoǇed ƚo assess 
Đeůů ǀiaďiůiƚǇ͘ Kn aǀeƌage͕ ǁe Ĩound ƚŚaƚ aŌeƌ ƚƌeaƚŵenƚ͕ Đeůů ǀiaďiůiƚǇ ǁas ƌeduĐed oǀeƌ ϱϬй ǁiƚŚ ƚŚe 
ŵaũoƌiƚǇ oĨ ĐoŵƉounds ;Įguƌe Ϯϳ�Ϳ͘

�ŵong aůů ĐoŵƉounds suďũeĐƚed ƚo sĐƌeening͕ ǁe seůeĐƚed ƚŚe ŵosƚ Ɖoƚenƚ sǇnƚŚeƟĐ ƚaŵďũaŵine 
anaůogues͕ ĐoŵƉound 2͕ aůong ǁiƚŚ iƚs Ɖaƌenƚ ĐoŵƉound 7͘ �oƚŚ ĐoŵƉounds ďeaƌ ƚŚe saŵe aƌoŵaƟĐ 
suďsƟƚuenƚ ;ϰͲƚeƌƚͲďuƚǇůƉŚenǇůͿ in ƚŚe enaŵine ŵoieƚǇ͕  and ĐoŵƉound 7 Ɖƌesenƚs a ďenǌǇůoǆǇ gƌouƉ 
ƌeƉůaĐing ƚŚe ŵeƚŚoǆǇ gƌouƉ ĐŚaƌaĐƚeƌisƟĐ oĨ ƚŚe naƚuƌaů ƚaŵďũaŵine deƌiǀaƟǀes͘ 

/n oƌdeƌ ƚo ĐoŵƉaƌe ƚŚe ĐǇƚoƚoǆiĐ ƉoƚenƟaů oĨ ďoƚŚ ŵoůeĐuůes and ƚo eǀaůuaƚe ƚŚe sensiƟǀiƚǇ oĨ ůung 
ĐanĐeƌ Đeůůs ƚo ƚŚese ĐoŵƉounds͕ �ϱϰ9 Đeůůs͕ ƌeƉƌesenƚaƟǀe oĨ ůung adenoĐaƌĐinoŵa͕ ǁeƌe ƚƌeaƚed 
aƚ diīeƌenƚ ĐonĐenƚƌaƟons ;a ƌange ďeƚǁeen Ϭ͘ϳ8 and 1ϬϬ μMͿ Ĩoƌ Ϯϰ Ś͘ Moƌeoǀeƌ͕  doseͲƌesƉonse 
eǆƉeƌiŵenƚs ǁeƌe aůso ƉeƌĨoƌŵed ǁiƚŚ ĐisƉůaƟn͕ a ĐŚeŵoƚŚeƌaƉeuƟĐ ĐuƌƌenƚůǇ used in ůung ĐanĐeƌ 
ƚƌeaƚŵenƚ ;Įguƌe Ϯϳ�Ϳ͘ EonͲĨoƌŵuůaƚed ĐisƉůaƟn ǁas ƚesƚed ǁiƚŚ a ƌange oĨ ĐonĐenƚƌaƟons ďeƚǁeen 
Ϯ͘3ϰ and 3ϬϬ μM͕ and ĐoŵŵeƌĐiaů Ĩoƌŵuůaƚed ĐisƉůaƚin͕ ���W͕ ǁas ƚesƚed in a ƌange oĨ ĐonĐenƚƌaƚions 
Ĩƌoŵ 1͘ϱϲ ƚo ϮϬϬ μM͘ 

dŚe inŚiďiƚoƌǇ ĐonĐenƚƌaƟons ;/�Ϳ ǀaůues oďƚained aƌe sŚoǁn in ƚaďůe 1Ϯ͘ /nƚeƌesƟngůǇ /� ǀaůues oĨ 
ouƌ ĐoŵƉound Ɖaiƌ ǁeƌe Ĩound ďeůoǁ ϱ μM͘  �oŵƉound 7 /�s ǁeƌe ůoǁeƌ ƚŚan 2͕ ŵaŬing iƚ ƚŚe ŵosƚ 
Ɖoƚenƚ oĨ ďoƚŚ Ĩoƌ �ϱϰ9 Đeůů ůine͘ MeanǁŚiůe ƚŚe aǀeƌage ǀaůues oďƚained ǁiƚŚ nonͲĨoƌŵuůaƚed ĐisƉůaƟn 
and ���W eǆĐeed ϮϬ μM͘ dŚe ǀaůues oĨ ƚŚe Đuƌƌenƚ dƌug ǁeƌe ǀeƌǇ ŚigŚ ĐoŵƉaƌed ǁiƚŚ sǇnƚŚeƟĐ 
ƚaŵďũaŵine ĐoŵƉounds /�s͘ dŚese Įndings ůend suƉƉoƌƚ ƚo ƚŚe idea ƚŚaƚ sǇnƚŚeƟĐ ƚaŵďũaŵines 
anaůogues ŵaǇ Śaǀe ƉoƚenƟaů as Ĩuƚuƌe anƟĐanĐeƌ dƌugs͘ 

A549
�oŵƉound Ϯ Compound 7 CisplaƟn CDDP

/�Ϯϱ Ϭ͘99±Ϭ͘ϰϲ IC25 Ϭ͘ϲϲ±Ϭ͘18 IC25 Ϯϱ͘ϳϲ±Ϯ͘Ϯ9 IC25 ϲ9͘ϳ9±9͘Ϯ1

/�ϱϬ 3͘38±Ϭ͘98 IC50 1͘ϲϳ±Ϭ͘Ϯ9 IC50 х1ϬϬ IC50 хϮϬϬ

/�ϳϱ ϰ͘88±1͘ϱ9 IC75 3͘ϱϳ±Ϭ͘ϰ9 IC75 хϮϬϬ IC75 хϮϬϬ

Taďle 12. InŚiďitory concentraƟons (IC) values oĨ compound 2 and 7͕ and tŚe posiƟve control͕ cisplaƟn (non-
Ĩormulated) and CDDP (Ĩormulated)͕ in A549 cell line. �ůů ƚŚe ǀaůues aƌe eǆƉƌessed as ƚŚe ŵean ± ^� in μM͘

Kn ƚŚe oƚŚeƌ Śand͕ sǇnƚŚeƟĐ ƚaŵďũaŵine anaůogues ǁeƌe ƚesƚed in Đeůů ůines ƌeƉƌesenƚaƟǀe oĨ 
sƋuaŵous oƌaů ĐanĐeƌ͕  ��>Ϯϳ and ,Eϰ͘ �s in ƚŚe Ɖƌeǀious Đase͕ Įƌsƚ͕ ƚŚe dƌugs ǁeƌe ƚesƚed in a singůe 
dose oĨ 1ϬμM ;Įguƌe Ϯ8Ϳ ďǇ Mdd assaǇ͘ dŚis ƚesƚ ƌeǀeaůed ƚŚaƚ ƚŚe Đeůůuůaƌ ǀiaďiůiƚǇ dƌasƟĐaůůǇ dƌoƉƉed 
ǁiƚŚ ƚŚe ŵaũoƌiƚǇ oĨ ĐoŵƉounds͘
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FiŐure 27. SyntŚeƟc tamďũamine analoŐues siŐniĮcantly decrease cell viaďility. ;�Ϳ Mdd Đeůů ǀiaďiůiƚǇ assaǇ 
ǁas ƉeƌĨoƌŵed aŌeƌ Ϯϰ Ś oĨ ƚƌeaƚŵenƚ ǁiƚŚ sǇnƚŚeƟĐ ƚaŵďũaŵine anaůogues aƚ 1Ϭ μM in �ϱϰ9͕ �M^ϱ3͕ ,ϰϲϬ 
and ̂ t9ϬϬ Đeůů ůines͘ ;�Ϳ �onĐenƚƌaƟons ƌanging Ĩƌoŵ Ϭ͘8 ƚo 1ϬϬ μM oĨ ĐoŵƉounds 2 and 7 ǁeƌe used in doseͲ
ƌesƉonse Đuƌǀe eǆƉeƌiŵenƚs in �ϱϰ9 Đeůů ůine͘ �isƉůaƟn ;nonͲĨoƌŵuůaƚedͿ and ���W ;ĨoƌŵuůaƚedͿ ǁeƌe used as 
a ƉosiƟǀe Đonƚƌoů aƚ ĐonĐenƚƌaƟons ƌanging Ĩƌoŵ Ϯ͘3ϰ ƚo 3ϬϬ μM oƌ 1͘ϲ ƚo ϮϬϬ μM͕ ƌesƉeĐƟǀeůǇ͘ Zesuůƚs sŚoǁ 
ƚŚe ŵean ǀaůue ± ^� oĨ aƚ ůeasƚ ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs͘
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FiŐure 28. InŚiďiƟon oĨ oral cancer cell lines proliĨeraƟon ďy syntŚeƟc tamďũamine analoŐues͘ ;�Ϳ �Śanges in Đeůů ǀiaďiůiƚǇ 
ǁeƌe ŵeasuƌed ďǇ Mdd assaǇ aŌeƌ Ϯϰ Ś oĨ inĐuďaƟon ǁiƚŚ sǇnƚŚeƟĐ ƚaŵďũaŵine anaůogues aƚ 1Ϭ μM in ��>Ϯϳ and ,Eϰ Đeůů 
ůines͘ ;�Ϳ �oŵƉounds Ϯ and ϳ ǁeƌe ƚesƚed ǁiƚŚ ĐonĐenƚƌaƟons ƌanging Ĩƌoŵ Ϭ͘8 ƚo 1ϬϬ μM ;doseͲƌesƉonseͿ ƚo ĐaůĐuůaƚe /�s 
ǀaůue in ��>Ϯϳ Đeůů ůine͘ �isƉůaƟn ;nonͲĨoƌŵuůaƚedͿ ǁas used as ƉosiƟǀe Đonƚƌoů ǁiƚŚ ĐonĐenƚƌaƟons ƌanging Ĩƌoŵ Ϯ͘3ϰ ƚo 
3ϬϬ μM͘ Zesuůƚs sŚoǁ ƚŚe ŵean ǀaůue ± ^� oĨ aƚ ůeasƚ ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs͘

�oŵƉound 2 and 7 ǁeƌe seůeĐƚed aŵong ƚŚe ŵosƚ Ɖoƚenƚ ones and /�s ǁeƌe ĐaůĐuůaƚed ďǇ Mdd 
assaǇ using diīeƌenƚ ĐonĐenƚƌaƟons Ĩƌoŵ Ϭ͘8 ƚo 1ϬϬ μM ;Įguƌe Ϯ8 ďͿ͘ �s a ƉosiƟǀe Đonƚƌoů nonͲ
Ĩoƌŵuůaƚed ĐisƉůaƟn ǁas ƚesƚed Ĩƌoŵ Ϯ͘3ϰ ƚo 3ϬϬ μM͘ dŚe /� ǀaůues aƌe ůisƚed in ƚŚe ƚaďůe 13͕ ǁŚeƌe 
iƚ Đan ďe seen ƚŚaƚ ĐoŵƉound 2 ǁas sůigŚƚůǇ ŵoƌe Ɖoƚenƚ ƚŚan 7͕ ďuƚ ďoƚŚ /�s ǁeƌe ŵuĐŚ ůoǁeƌ ƚŚan 
ĐisƉůaƟn /� ǀaůues͘ 

CAL27
�oŵƉound Ϯ Compound 7 CisplaƟn

/�Ϯϱ Ϭ͘ϳ9±Ϭ͘ϲ9 IC25 1͘1Ϯ±Ϭ͘ϱϲ IC25 3ϳ͘ϬϮ±ϰ͘Ϯ1

/�ϱϬ 1͘ϳϱ±Ϭ͘ϰϲ IC50 1͘9ϱ±Ϭ͘ϱϲ IC50 1ϰ͘ϲϬ±Ϭ͘13

/�ϳϱ Ϯ͘3ϲ±Ϭ͘ϱ9 IC75 3͘1ϰ±Ϭ͘ϲϲ IC75 ϳ͘Ϯ3±Ϭ͘3ϱ

Taďle 13. InŚiďitory concentraƟons (IC) values oĨ compound 2 and 7͕ and tŚe posiƟve control͕ cisplaƟn͕ in CAL27 
cell line expressed in μM and sŚoǁn as mean ц SD.
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RESULTS

2.2. Compound effects on cancer stem cells derived from cell lines and patients tumor samples
�ůƚŚougŚ ouƌ ĐoŵƉounds Ɖƌoǀed ƚo dƌasƟĐaůůǇ ƌeduĐe ƚŚe ǀiaďiůiƚǇ in ĐanĐeƌ Đeůů ůines͕ ǁe ǁanƚed 

ƚo ĐŚeĐŬ ǁŚeƚŚeƌ ƚŚese ĐoŵƉounds ǁeƌe aĐƟǀe againsƚ ĐanĐeƌ sƚeŵ Đeůůs ;�^�Ϳ͕ ǁŚiĐŚ aƌe usuaůůǇ 
an iŵƉoƌƚanƚ ƌesisƚanĐe ŵeĐŚanisŵ ƚo ĐonǀenƟonaů ƚƌeaƚŵenƚs͘ dŚus͕ ĐoŵƉound 2 and 7 ǁeƌe aůso 
ƚesƚed on �^�s deƌiǀed Ĩƌoŵ ƉaƟenƚs oƌ isoůaƚed Ĩƌoŵ ůung ĐanĐeƌ Đeůů ůines͘

�eƌiǀed ƚuŵoƌ sƉŚeƌes ǁeƌe deeƉůǇ ĐŚaƌaĐƚeƌiǌed͕ sŚoǁing enƌiĐŚŵenƚ in sƚeŵ Đeůů suƌĨaĐe 
ŵaƌŬeƌs as ǁeůů as gƌeaƚ ƚuŵoƌigeniĐ ƉƌoƉeƌƟes in ^�/� ŵiĐe ƚƌansƉůanƚaƟon eǆƉeƌiŵenƚs͘ Kn one 
Śand͕ sƉŚeƌes deƌiǀed Ĩƌoŵ ƉaƟenƚs &/^3ϬϮ and &/^3Ϭ3 and Ĩƌoŵ �ϱϰ9 Đeůů ůines͕ ǁeƌe dissoĐiaƚed inƚo 
singůe Đeůůs and Đuůƚuƌed in susƉension on nonͲadŚeƌenƚ Ɖůaƚes sŚoǁing �^� ƉƌoƉeƌƟes͘ dŚe eǆƉƌession 
ůeǀeů oĨ ĐanĐeƌ sƚeŵ Đeůů suƌĨaĐe ŵaƌŬeƌs ;�Śen et al.͕ ϮϬ1ϰͿ  in ƚŚe ƚuŵoƌ sƉŚeƌes ǁas anaůǇǌed ďǇ Ňoǁ 
ĐǇƚoŵeƚƌǇ and is sŚoǁed in ƚŚe Ĩoůůoǁing ƚaďůe͗ 

Cells Marker expression %
EpCAM CD44 CD166 CD90 CD133

�ϱϰ9 1Ϯ͘ϱ 9ϱ 1ϱ
&/^3ϬϮ 1ϬϬ ϳ1 ϮϬ
&/^3Ϭ3 1ϬϬ ϰϲ ϳϱ

Taďle 14. Expression oĨ stem cell surĨace markers in tumor spŚeres Ĩrom NSCLC cell lines and primary NSCLC tumors

Kn ƚŚe oƚŚeƌ Śand͕ ƉƌiŵaƌǇ ůung ƚuŵoƌ sƉŚeƌes deƌiǀed Ĩƌoŵ ƉaƟenƚs ǁeƌe dissoĐiaƚed inƚo singůe 
Đeůůs and ƚƌansƉůanƚed suďĐuƚaneousůǇ inƚo EK�ͬ^�/� ŵiĐe ;Ĩƌoŵ ϮϬϬϬ ƚo 1ϬϬϬϬϬ Đeůůs͕ see Įguƌe Ϯ9Ϳ͘ 
�oƚŚ Đeůů ƉoƉuůaƟons ǁeƌe aďůe ƚo Ĩoƌŵ ƚuŵoƌs in ŵiĐe͕ suggesƟng ƚŚaƚ ƚŚeǇ aƌe ŚigŚůǇ enƌiĐŚed in 
ůung �^�s͘ 

�eůů ǀiaďiůiƚǇ ǁas ŵeasuƌed aŌeƌ Ϯϰ Ś oĨ ƚƌeaƚŵenƚ ǁiƚŚ ƚŚe eǀaůuaƚed ĐoŵƉounds aƚ 1Ϭ μM͘ 
�oŵƉound 2 sŚoǁed a ƌeŵaƌŬaďůe deĐƌease in Đeůů ǀiaďiůiƚǇ͕  eiƚŚeƌ in �^� deƌiǀed Ĩƌoŵ Đeůů ůines oƌ 
deƌiǀed Ĩƌoŵ ƚŚe ƚuŵoƌ ƉaƟenƚ saŵƉůes ;&/^3ϬϮ and &/^3Ϭ3Ϳ͕ ǁŚeƌeas ĐoŵƉound 7 ƌeduĐed Đeůů 
ǀiaďiůiƚǇ ƚo ϱϬй in ŵosƚ saŵƉůes ;Įguƌe 3ϬͿ͘ dŚese ƌesuůƚs indiĐaƚe ƚŚaƚ anion ƚƌansƉoƌƚeƌs aƌe good 

FiŐure 29. Tumor ŐroǁtŚ curves oĨ FIS302 and FIS303 tumor spŚeres xenoŐraŌs. E^�>� ƚuŵoƌ sƉŚeƌes Śaǀe ƚuŵoƌͲ
iniƟaƟng ƉƌoƉeƌƟes in vivo͘ duŵoƌ gƌoǁƚŚ Đuƌǀes oĨ 1sƚ geneƌaƟon ǆenogƌaŌs deƌiǀed Ĩƌoŵ Ϯ͕ϬϬϬ͕ ϮϬ͕ϬϬϬ oƌ 1ϬϬ͕ϬϬϬ 
Đeůůs Ĩƌoŵ &/^3ϬϮ and &/^3Ϭ3 ƚuŵoƌ sƉŚeƌes͘ 
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inŚiďiƚoƌs oĨ ĐanĐeƌ Đeůů ǀiaďiůiƚǇ eǀen͕ in �^�͘ dŚis aďiůiƚǇ giǀes ƚŚeŵ an adǀanƚage ƚo ďe Ɖƌoŵising 
ƚŚeƌaƉeuƟĐ Đandidaƚes in ĐoŵƉaƌison ǁiƚŚ oƚŚeƌ dƌugs͕ esƉeĐiaůůǇ Ĩoƌ ƚƌeaƟng ƉaƟenƚs ǁiƚŚ ƌesisƚanĐe 
ƚo ĐonǀenƟonaů ƚƌeaƚŵenƚs͘ 

FiŐure 30͘ SyntŚeƟc tamďũamine analoŐues decrease adŚerent (AdŚ) and cancer stem cells (CSC) viaďility. �eůů 
ǀiaďiůiƚǇ ǁas ƚesƚed in adŚeƌenƚ and ĐanĐeƌ sƚeŵ Đeůůs deƌiǀed Ĩƌoŵ ůung ĐanĐeƌ ƉaƟenƚs ;&/^3ϬϮ͕ &/^3Ϭ3Ϳ oƌ ĐanĐeƌ 
Đeůů ůines ;�ϱϰ9͕ ^t9ϬϬͿ aŌeƌ 1Ϭ μM oĨ ĐoŵƉound 2 and 7 Ĩoƌ Ϯϰ Ś͘

2.3. Study of  the cytostatic effect of  selected molecules
siaďiůiƚǇ assaǇs ƌeƉoƌƚ ƚŚe nuŵďeƌ oĨ ƌeŵaining ǀiaďůe Đeůůs aŌeƌ ƚŚe ƚƌeaƚŵenƚ ďuƚ Ɖƌoǀide ůiƩůe 

inĨoƌŵaƟon aďouƚ ƚŚe undeƌůǇing ŵeĐŚanisŵs ƚŚaƚ ŵaǇ Đause an anƟƉƌoůiĨeƌaƟǀe oƌ ĐǇƚoƚoǆiĐ eīeĐƚ 
on Đeůůs͘ te ƉeƌĨoƌŵed Ňoǁ ĐǇƚoŵeƚƌǇ anaůǇsis ǁiƚŚ ƉƌoƉidiuŵ iodide sƚained Đeůůs ƚo ŵeasuƌe 
ǁŚeƚŚeƌ ĐoŵƉound 2 and 7 Đouůd induĐe Đeůů ĐǇĐůe aůƚeƌaƟons in ůung and oƌaů ĐanĐeƌ Đeůů ůines͘ &oƌ 
ƚŚis ƉuƌƉose͕ a ƌeƉƌesenƚaƟǀe Đeůů ůine Ĩoƌ eaĐŚ ƚǇƉe oĨ ĐanĐeƌ͕  �ϱϰ9 and ��>Ϯϳ͕ ǁas seůeĐƚed Ĩoƌ ůung 
and oƌaů ĐanĐeƌ͕  ƌesƉeĐƟǀeůǇ͘ 

�eůů ĐǇĐůe ƉŚases ǁeƌe ĐoŵƉaƌed ďeƚǁeen �ϱϰ9 Đeůůs ƚŚaƚ Śad ďeen inĐuďaƚed Ĩoƌ Ϯϰ oƌ ϰ8 Ś ǁiƚŚ 
ƚŚe /�ϱϬ oĨ 2 and 7 ;Įguƌe 31�Ϳ͕ ǁiƚŚ ƌesƉeĐƚ ƚo ǀeŚiĐůe ƚƌeaƚed Đeůůs as Đonƚƌoů ;�M^KͿ͕ and ĐisƉůaƟn as 
a ƉosiƟǀe Đonƚƌoů oĨ Đeůů ĐǇĐůe aƌƌesƚ in 'ϮͬM ƉŚase ;Mueůůeƌ et al.͕ ϮϬϬϲͿ͘ dŚe disƚƌiďuƟon oĨ ƚŚe Đeůůs 
aŵong ƚŚe diīeƌenƚ ƉŚases oĨ Đeůů ĐǇĐůe ;'Ϭͬ'1͕ ^͕ and 'ϮͬMͿ ǁas ďaƌeůǇ aůƚeƌed aŌeƌ ƚŚe ƚƌeaƚŵenƚ 
ǁiƚŚ ƚŚe /�ϱϬ oĨ sǇnƚŚeƟĐ ƚaŵďũaŵine anaůogues Ĩoƌ Ϯϰ oƌ ϰ8 Ś͘ /n ƚŚis ǁaǇ͕  Đeůů ƉoƉuůaƟons in eaĐŚ 
ƉŚase Ĩoůůoǁed a siŵiůaƌ ƉaƩeƌn ƚo ƚŚe Đonƚƌoů Đeůůs͘ �ƉƉƌoǆiŵaƚeůǇ aƌound a ϲϬй oĨ Đeůůs ƌeŵained 
in 'Ϭͬ'1 ƉŚase͕ 1ϬͲ1ϱй in ^ ƉŚase and ϮϬͲϮϱй in 'ϮͬM ƉŚase͘ ZeŵaƌŬaďůǇ͕  Ĩoƌ Đeůůs eǆƉosed duƌing 
Ϯϰ Ś ƚo ĐoŵƉound 7 iƚ ǁas Ĩound ƚŚaƚ ƉƌoƉoƌƟon oĨ Đeůůs in 'Ϭͬ'1 ƉŚase ĐŚanged signiĮĐanƚůǇ͕  ϳϲй 
ĐoŵƉaƌed ƚo ϲ1й in Đonƚƌoů Đeůůs͕ ǁŚeƌeas Đeůů ĐǇĐůe ƉŚases ƌeŵained unaůƚeƌed aŌeƌ ϰ8 Ś͘ 

�s eǆƉeĐƚed͕ ƚŚe eǆƉosuƌe ƚo ���W͕  a ƉosiƟǀe Đonƚƌoů͕ ǀaƌied ƚŚe ƉƌoƉoƌƟon oĨ Đeůůs in diīeƌenƚ 
ƉŚases oĨ Đeůů ĐǇĐůe͘ ���W ƌeduĐed ƚŚe aŵounƚ oĨ Đeůůs ƚŚaƚ ǁeƌe in 'Ϭͬ'1͕ and inĐƌeased ƚŚe Đeůůs in 
ƉŚase ^ and 'ϮͬM͕ Ϯϰ Ś aŌeƌ ĐoŵƉound addiƟon͕ ůeading ƚo a gƌeaƚ aĐĐuŵuůaƟon oĨ Đeůůs in 'ϮͬM 
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ƉŚase aƚ ϰ8 Ś ;8ϰй ĐoŵƉaƌed ƚo ϮϬй in unƚƌeaƚed ĐeůůsͿ͘ dŚe anaůǇsis did noƚ idenƟĨǇ anǇ signiĮĐanƚ 
diīeƌenĐes ďeƚǁeen Đonƚƌoů and ƚƌeaƚed Đeůůs͕ ǁiƚŚ ƚŚe eǆĐeƉƟon oĨ a sůigŚƚ inĐƌease in 'Ϭͬ'1 ƉŚase oĨ 
Đeůůs ƚƌeaƚed ǁiƚŚ ƚŚe anaůogue 7 duƌing Ϯϰ Ś͘ dŚeƌeĨoƌe͕ ƚaŬen as a ǁŚoůe͕ anion ƚƌansƉoƌƚeƌs do noƚ 
ƌeŵaƌŬaďůǇ aīeĐƚ Đeůů ƉƌoůiĨeƌaƟon on �ϱϰ9 Đeůů ůine͘  

FiŐure 31. Cell cycle distriďuƟon in A549 and CAL27 cells exposed to syntŚeƟc tamďũamine analoŐues. �eůů ĐǇĐůe 
anaůǇsis oĨ ;�Ϳ �ϱϰ9 and ;�Ϳ ��>ϮϳĐeůůs ƚƌeaƚed ǁiƚŚ ĐoŵƉounds 2 oƌ 7 Ĩoƌ Ϯϰ oƌ ϰ8 Ś͘ ���W ǁas used as ƉosiƟǀe 
Đonƚƌoů͘ YuanƟĮĐaƟon oĨ diīeƌenƚ Đeůů ĐǇĐůe ƉŚases ǁas ŵeasuƌed using ƚŚe Ňoǁ ĐǇƚoŵeƚƌǇ ďased Mh^�Ρ Đeůů 
ĐǇĐůe assaǇ <iƚ͘ dŚe ďaƌ gƌaƉŚs indiĐaƚe ƚŚe ĐŚanges in ƚŚe Đeůů ĐǇĐůe Ɖƌogƌession as ƚŚe ŵean ± ^͘�͘ oĨ ƚŚƌee 
indeƉendenƚ eǆƉeƌiŵenƚs͘ ΎΎ͗ ^ƚaƟsƟĐaůůǇ  signiĮĐanƚ diīeƌenĐes  ďeƚǁeen  'Ϭͬ'1  oĨ Đeůůs ƚƌeaƚed ǁiƚŚ 7 and ���W  
ǀeƌsus �M^K aƚ Ϯϰ Ś͕  and  ďeƚǁeen 'Ϭͬ'1  and 'ϮͬM  oĨ  ���W  ǀeƌsus  �M^K aƚ ϰ8 Ś͘ ̂ ƚaƟsƟĐaůůǇ signiĮĐanƚ ƌesuůƚs 
aƌe indiĐaƚed as ΎƉф Ϭ͘Ϭϱ and ΎΎ Ɖф Ϭ͘Ϭ1͘

^Ƌuaŵous oƌaů ĐanĐeƌ Đeůůs ǁeƌe suďũeĐƚed ƚo ƚŚe saŵe ƚƌeaƚŵenƚ͕ and aŌeƌ inĐuďaƟon ǁiƚŚ ƚŚe 
/�ϱϬ oĨ 2 and 7 Ĩoƌ Ϯϰ oƌ ϰ8 Ś no ĐŚange in disƚƌiďuƟon oĨ Đeůů ĐǇĐůe ƉŚase ƉoƉuůaƟons ǁas oďseƌǀed 
ǁiƚŚ ƌesƉeĐƚ ƚo Đonƚƌoů Đeůůs ;Įguƌe 31�Ϳ͘ EeiƚŚeƌ ĐoŵƉound 2 oƌ 7 Đauses a Đeůů ĐǇĐůe aƌƌesƚ in ��>Ϯϳ 
Đeůůs͘ 
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3. Anion transport in cells and its effect on intracellular pH
�s sŚoǁn aďoǀe͕ ƚŚe sǇnƚŚeƟĐ ƚaŵďũaŵine anaůogues aƌe good ion ƚƌansƉoƌƚeƌs͘ do assess ŵoƌe in 

deƚaiů ƚŚe aĐƟǀiƚǇ as ƚƌansŵeŵďƌane anion ƚƌansƉoƌƚeƌs oĨ ƚŚe ƚǁo ŵosƚ ĐǇƚoƚoǆiĐ ĐoŵƉounds͕ 2 and 
7͕ in vitro eǆƉeƌiŵenƚs ǁeƌe ƉeƌĨoƌŵed on WKW� ůiƉosoŵe ŵodeůs͘ 

�Śůoƌide ůoaded ůiƉosoŵes ǁeƌe susƉended in an isoƚoniĐ ĐŚůoƌide Ĩƌee soůuƟon͕ and ĐŚůoƌide eŋuǆ 
ĨaĐiůiƚaƚed ďǇ ƚŚese ĐoŵƉounds ǁas ŵoniƚoƌed using a ĐŚůoƌide seůeĐƟǀe eůeĐƚƌode͘ �ƚ ƚŚe end oĨ 
ƚŚe eǆƉeƌiŵenƚs͕ ǀesiĐůes ǁeƌe ůǇsed ďǇ ƚŚe addiƟon oĨ deƚeƌgenƚ and ƚŚe Įnaů eůeĐƚƌode ƌeading 
Đonsideƌed as 1ϬϬй ĐŚůoƌide ƌeůease͘ YuanƟĮĐaƟon oĨ ƚŚe ƚƌansƉoƌƚ aĐƟǀiƚǇ ǁas Đaƌƌied ouƚ ďǇ 
ƌeƉeaƟng ƚŚe eǆƉeƌiŵenƚs using seǀeƌaů ĐonĐenƚƌaƟons oĨ ƚŚe sƚudied ĐoŵƉounds and ƉeƌĨoƌŵing 
Śiůů anaůǇses oĨ ƚŚe ƌesuůƚs ;Įguƌe 3Ϯ� and 3Ϯ�Ϳ͘ dŚe ƌesuůƟng ��ϱϬ ǀaůue ƌeƉƌesenƚs ƚŚe aŵounƚ oĨ 
ĐoŵƉound needed ƚo ƌeůease ϱϬй oĨ ƚŚe enĐaƉsuůaƚed ĐŚůoƌide in ƚŚe Ɵŵe sĐaůe oĨ ƚŚe eǆƉeƌiŵenƚs 
;3ϬϬ sͿ͘ dŚe ��ϱϬ ǀaůues oďƚained Ĩoƌ 2 and 7 ǁeƌe ϱϬ nM and ϲϬ nM ƌesƉeĐƟǀeůǇ in ƚŚe assaǇ inǀoůǀing 
EaEK3 as eǆƚeƌnaů soůuƟon and ϮϰϬ nM and 88Ϭ nM ƌesƉeĐƟǀeůǇ in ƚŚe assaǇ inǀoůǀing Ea,�K3 as 
eǆƚeƌnaů soůuƟon͘ dŚe iŵƉaĐƚ on ƚŚe ��ϱϬ ǀaůues oĨ ƚŚe eǆƚeƌnaů anion is Đonsisƚenƚ ǁiƚŚ an eǆĐŚange 
ŵeĐŚanisŵ in ǁŚiĐŚ ĐŚůoƌide eŋuǆ Ĩƌoŵ ƚŚe inƚeƌioƌ oĨ ƚŚe ǀesiĐůe is aĐĐoŵƉanied ďǇ inŇuǆ oĨ ƚŚe 
eǆƚeƌnaů anion͕ ƚŚus ƉƌeĐůuding ƚŚe ĨoƌŵaƟon oĨ an eůeĐƚƌoĐŚeŵiĐaů gƌadienƚ͘ dŚe ƌeůaƟǀe ŚigŚeƌ 
ůiƉoƉŚiůiĐiƚǇ oĨ niƚƌaƚe ĐoŵƉaƌed ƚo ďiĐaƌďonaƚe ŵaŬes ƚŚis ůaƩeƌ anion ŵoƌe diĸĐuůƚ ƚo eǆƚƌaĐƚ inƚo 
ƚŚe ŵeŵďƌane ŚǇdƌoƉŚoďiĐ Đoƌe and ŚenĐe ƚŚe ŚigŚeƌ ��ϱϬ oďseƌǀed͘ dŚis ƚƌansƉoƌƚ ŵeĐŚanisŵ Śas 
ďeen sƚudied ďǇ us in deƚaiů and ƚŚe ƌesuůƚ deŵonsƚƌaƚes ƚŚaƚ 2 and 7 aƌe ǀeƌǇ Ɖoƚenƚ anionoƉŚoƌes 
ƉƌoŵoƟng eīeĐƟǀe ƚƌansŵeŵďƌane anion ƚƌansƉoƌƚ in ǀesiĐůes aƚ ůoǁ ůoadings ;,eƌnando et al.͕ ϮϬ1ϰͿ͘

FiŐure 32. Potent transmemďrane anion transport acƟvity oĨ syntŚeƟc tamďũamine analoŐues in liposomes and cellular 
models. ;�Ϳ �Śůoƌide eŋuǆ uƉon addiƟon oĨ ĐoŵƉound 2 oƌ 7 aƚ diīeƌenƚ ĐonĐenƚƌaƟons ƚo ǀesiĐůes ĐoŵƉosed oĨ WKW�͘ 
^Ƌuaƌed sǇŵďoůs ĐoƌƌesƉond ƚo ƚŚe ƌesuůƚs oďƚained using EaEK3 as eǆƚeƌnaů ďuīeƌ͕  ƚƌianguůaƌ sǇŵďoůs ĐoƌƌesƉond ƚo 
ƚŚe ƌesuůƚs oďƚained using Ea,�K3ͬEaϮ^Kϰ as eǆƚeƌnaů ďuīeƌ͘  �aĐŚ ƚƌaĐe ƌeƉƌesenƚs an aǀeƌage oĨ aƚ ůeasƚ ƚŚƌee diīeƌenƚ 
eǆƉeƌiŵenƚs ;�Ϳ /ŵƉaĐƚ oĨ eǆƚeƌnaů ďuīeƌ ;EaEK3͕ sƋuaƌed sǇŵďoůs͕ oƌ Ea,�K3ͬEaϮ^Kϰ͕ ƚƌianguůaƌ sǇŵďoůsͿ in ƚŚe ĐŚůoƌide 
eŋuǆ Ɖƌoŵoƚed ďǇ 2 oƌ 7 ;Ϭ͘1 μM͕ ďůue and ƌed sǇŵďoůs͕ ƌesƉeĐƟǀeůǇͿ͘ ;�Ϳ �Đƌidine oƌange sƚaining on �ϱϰ9 Đeůůs ƚƌeaƚed 
ǁiƚŚ ǀeŚiĐůe ;�M^KͿ͕ 1Ϭ μM ĐoŵƉound 2͕ 7 and NT͕ nonͲƚƌansƉoƌƚeƌ ĐoŵƉound͕ Ĩoƌ 1 Ś͘ /ŵages aƌe ƌeƉƌesenƚaƟǀe oĨ 
ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs͘ ^Đaůe ďaƌ ϱϬ μŵ͘
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RESULTS

KnĐe iƚ ǁas Đoƌƌoďoƌaƚed ƚŚaƚ ďoƚŚ ĐoŵƉounds͕ 2 and 7͕ ǁeƌe good ĐŚůoƌide anion Đaƌƌieƌs in 
ůiƉosoŵe ŵodeůs͕ seĐondůǇ aĐƌidine oƌange ;�KͿ assaǇs ǁeƌe ƉeƌĨoƌŵed in Śuŵan ůung adenoĐaƌĐinoŵa 
Đeůůs ;�ϱϰ9Ϳ ƚo anaůǇǌe ŵodiĮĐaƟons in Đeůůuůaƌ aĐidiĐ ĐoŵƉaƌƚŵenƚs Ɖ,͘ dŚe aďiůiƚǇ oĨ anionoƉŚoƌe 
2 and 7 ƚo ŵoduůaƚe ůǇsosoŵaů Ɖ, ǁas ĐoŵƉaƌed ƚo a ƚŚiƌd ĐoŵƉound ƚŚaƚ is sƚƌuĐƚuƌaůůǇ ƌeůaƚed 
ƚo ƚŚeŵ͕ ďuƚ ǁŚiĐŚ disƉůaǇs ŵodesƚ aĐƟǀiƚǇ as anion Đaƌƌieƌ͕  and iƚ ǁiůů ďe Đonsideƌed as a nonͲ
ƚƌansƉoƌƚeƌͬnegaƟǀeͲƚƌansƉoƌƚeƌ (NT) in ƚŚese assaǇs͘ ^inĐe �K is a sůigŚƚůǇ ĐaƟoniĐ and ůiƉoƉŚiůiĐ dǇe͕ 
iƚ is ĐaƉaďůe oĨ ƉeƌŵeaƟng Đeůů and oƌganeůůe ŵeŵďƌane sƚƌuĐƚuƌe͘ KnĐe iƚ Śas Ɖeneƚƌaƚed inƚo aĐidiĐ 
inƚƌaĐeůůuůaƌ oƌganeůůes͕ ůiŬe ůǇsosoŵes oƌ ůaƚe endosoŵes͕ �K is Ɖƌoƚonaƚed and ƚƌaƉƉed inside ƚŚese 
ĐoŵƉaƌƚŵenƚs͘ �s a ƌesuůƚ oĨ iƚs ƉƌoƚonaƟon undeƌ aĐidiĐ Ɖ, ĐondiƟons͕ ǁŚen �K is eǆĐiƚed ǁiƚŚ ďůue 
ůigŚƚ͕ ƚŚe Ɖƌoƚonaƚed dǇe eŵiƚs oƌange ŇuoƌesĐenĐe͘ MeanǁŚiůe͕ ƚŚe nonͲƉƌoƚonaƚed ŇuoƌoĐŚƌoŵe 
eŵiƚs gƌeen ŇuoƌesĐenĐe in oƚŚeƌ Ɖaƌƚs oĨ ƚŚe Đeůů͘ 

�eůůs ǁeƌe ƚƌeaƚed ǁiƚŚ 1Ϭ μM oĨ eaĐŚ ĐoŵƉound Ĩoƌ 1 Ś ďeĨoƌe sƚaining ǁiƚŚ �K͕ and as iƚ Đan ďe 
oďseƌǀed in ƚŚe Įguƌe 3Ϯ�͕ in ƚŚose Đeůůs ƚƌeaƚed ǁiƚŚ ƚŚe anion ƚƌansƉoƌƚeƌs ƚŚe oƌange ŇuoƌesĐenĐe 
in ƚŚe aĐidiĐ ĐoŵƉaƌƚŵenƚs disaƉƉeaƌed͕ indiĐaƟng an �K deƉƌoƚonaƟon and ƚŚeƌeĨoƌe an inĐƌease 
in ƚŚe Ɖ, oĨ ƚŚese oƌganeůůes͘ MeanǁŚiůe͕ in Đeůůs ƚƌeaƚed ǁiƚŚ NT͕ ƚŚe oƌange dǇe ĐoƌƌesƉonding 
ƚo ƚŚe aĐidiĐ ĐoŵƉaƌƚŵenƚs ƌeŵained as in Đonƚƌoů Đeůůs ƚƌeaƚed ǁiƚŚ ƚŚe ǀeŚiĐůe͕ �M^K͘ dŚis ƌesuůƚ 
is in agƌeeŵenƚ ǁiƚŚ ƚŚe ionoƉŚoƌiĐ aĐƟǀiƚǇ oĨ ƚŚese ĐoŵƉounds ƚŚaƚ ĨaĐiůiƚaƚe ƚƌansƉoƌƚ oĨ anions 
ůiŬe ĐŚůoƌide and ďiĐaƌďonaƚe aĐƌoss ƚŚe ŵeŵďƌane oĨ Đeůůuůaƌ ĐoŵƉaƌƚŵenƚs͘ dŚis ĨaĐƚ Đauses an 
aůƚeƌaƟon oĨ ƚŚe ůǇsosoŵaů Ɖ,͕ and in ƚuƌn ƌesuůƚs in ůǇsosoŵaů dǇsĨunĐƟon͘

dŚeƌeĨoƌe͕ ƚŚese ĐoŵƉounds Śaǀe ďeen ĐŚaƌaĐƚeƌiǌed as good anion ƚƌansƉoƌƚeƌs in Đeůůuůaƌ 
ŵeŵďƌanes and suďseƋuenƚůǇ͕  iƚ Śas ďeen Ɖƌoǀed ƚŚaƚ ƚŚis ƚƌansƉoƌƚ is ůinŬed ƚo an inĐƌease in 
ůǇsosoŵaů Ɖ,͘

�eside ƚŚis͕ aŌeƌ eǆƉosuƌe ƚo ƚŚe /�ϳϱ oĨ ďoƚŚ ĐoŵƉounds Ĩoƌ ϲ Ś͕ a ŵassiǀe ǀaĐuoůiǌaƟon oĨ ƚŚe 
ĐǇƚoƉůasŵ oĨ �ϱϰ9 Đeůůs ǁas oďseƌǀed ƚŚƌougŚ ƉŚase Đonƚƌasƚ ŵiĐƌosĐoƉǇ ;Įguƌe 33Ϳ͘ dŚese ǀesiĐůes 
aƉƉeaƌed in gƌeaƚeƌ nuŵďeƌ aŌeƌ ƚƌeaƚŵenƚ ǁiƚŚ ĐoŵƉound 2 ƚŚan ǁiƚŚ 7͘ ,oǁeǀeƌ͕  aŌeƌ ƚƌeaƚŵenƚ 
ǁiƚŚ ƚŚe NT ŚaƌdůǇ anǇ ǀesiĐůes ǁeƌe oďseƌǀed in ƚŚe ĐǇƚoƉůasŵ͘ 

FiŐure 33͘ Cytoplasmic vacuolizaƟon induced ďy 
syntŚeƟc tamďũamine analoŐues. WŚase Đonƚƌasƚ 
ŵiĐƌosĐoƉǇ iŵages oĨ �ϱϰ9 Đeůůs ƚƌeaƚed ǁiƚŚ /�ϳϱ 
oĨ ĐoŵƉounds 2 oƌ 7 and 1Ϭ μM oĨ NT Ĩoƌ ϲ Ś͘ 
^Đaůe ďaƌ 1ϬϬ μŵ͘ /ŵages aƌe ƌeƉƌesenƚaƟǀe oĨ 
ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs͘ 
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te deĐided ƚo ŵoniƚoƌ ƚŚis ƉƌoĐess Ĩoƌ Ϯϰ Ś in oƌdeƌ ƚo sƚudǇ iƚs eǀoůuƟon and oďseƌǀe ǁŚiĐŚ 
oƌganeůůe ǁas suīeƌing ǀaĐuoůiǌaƟon͘ �s sŚoǁn in Įguƌe 3ϰ͕ ǁe Śad eǀidenĐe oĨ ƚŚe ƉƌesenĐe oĨ 
ǀaĐuoůes Ĩƌoŵ 3 Ś aŌeƌ addiƟon oĨ 1Ϭ μM oĨ ĐoŵƉound and ƚŚese ǀesiĐůes ǁeƌe ƚŚen ŵainƚained oǀeƌ 
Ϯϰ Ś oĨ ƚƌeaƚŵenƚ͘  �ƚ ƚŚe endƉoinƚ oĨ ƚŚe eǆƉeƌiŵenƚ͕ esƉeĐiaůůǇ in ƚŚose Đeůůs eǆƉosed ƚo ĐoŵƉound 
2͕ Đeůů deaƚŚ ǁas oďseƌǀed suggesƟng ƚŚaƚ Đeůů sǁeůůing oƌ Đeůů ďuƌsƚ Śad oĐĐuƌƌed͕ ďoƚŚ ƚǇƉiĐaů Ĩeaƚuƌes 
oĨ neĐƌoƟĐ Đeůů deaƚŚ͘ dŚis Įnding ƌeinĨoƌĐes ƚŚe ĨaĐƚ ƚŚaƚ ƚŚe ǀaĐuoůiǌaƟon eǀenƚ ŵaǇ deƉend on ƚŚe 
osŵoƟĐ iŵďaůanĐe Đaused ďǇ ƚŚe ĐoŵƉound anionͲĐaƌƌieƌ ĐaƉaĐiƚǇ͘

FiŐure 34. Cytoplasmic vacuolizaƟon aŌer treatment. diŵeͲĐouƌse iŵages oĨ �ϱϰ9 Đeůůs ƚƌeaƚed ǁiƚŚ 1Ϭ μM oĨ 
ĐoŵƉound 2 oƌ 7 duƌing Ϯϰ Ś͘ ^Đaůe ďaƌ ϱϬ μM͘ 
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RESULTS

3.1. Characterization of  induced cytoplasmic vacuolization
dŚe anionoƉŚoƌes ƚƌiggeƌ a ƉƌoĐess oĨ ǀaĐuoůiǌaƟon in ƚŚe ĐǇƚoƉůasŵ͘ dŚese ǀesiĐůes ŵaǇ Śaǀe 

diīeƌenƚ oƌigin͖ on one Śand ƚŚeǇ Đouůd aƌise inside ƚŚe Đeůů͕ Ĩƌoŵ oƌganeůůes oƌ ǀesiĐůes ƚŚaƚ sǁeůů͕ oƌ 
on ƚŚe oƚŚeƌ Śand͕ ƚŚeǇ ŵaǇ Đoŵe Ĩƌoŵ ƚŚe eǆƚƌaĐeůůuůaƌ ŵediuŵ͕ as a ǀesiĐůe deƌiǀed Ĩƌoŵ a ƉinoĐǇƟĐ 
oƌ endoĐǇƟĐ ƉƌoĐess͘ /n ƚŚis ƌegaƌd͕ ǁe ƚƌied Įƌsƚ ƚo idenƟĨǇ ǁŚiĐŚ ƚǇƉe oĨ oƌganeůůe ǁas undeƌgoing 
ƚŚis ǀaĐuoůiǌaƟon ƉƌoĐess͘ do assess ƚŚis oďũeĐƟǀe͕ Đeůůs ǁeƌe ƚƌeaƚed ǁiƚŚ ƚŚe /�ϳϱ oĨ eaĐŚ ĐoŵƉound 
Ĩoƌ ϲ Ś and ǁe ƚesƚed seǀeƌaů oƌganeůůe ŵaƌŬeƌs ďǇ iŵŵunoŇuoƌesĐenĐe͘ �ŵong ƚŚeŵ͕ ǁe Įƌsƚ ƚesƚed 
>�3͕ >�MW1 and ���1͕ ŵaƌŬeƌs oĨ auƚoƉŚagosoŵes͕ ůǇsosoŵes and eaƌůǇ endosoŵes͕ ƌesƉeĐƟǀeůǇ͘ 

�uƚoƉŚagǇ inǀoůǀes ƚŚe enguůĨŵenƚ oĨ inƚƌaĐeůůuůaƌ eůeŵenƚs inƚo douďůeͲŵeŵďƌane ǀesiĐůes 
Đaůůed auƚoƉŚagosoŵes͘ /n ƚŚis Đase͕ ƚŚe ŵiĐƌoƚuďuůeͲassoĐiaƚed Ɖƌoƚein 1 ůigŚƚ ĐŚain 3 ;>�3Ϳ ŵaƌŬeƌ 
deƚeĐƚs eiƚŚeƌ ĐǇƚosoůiĐ Ĩoƌŵ Đaůůed >�3Ͳ/ oƌ ƚŚe auƚoƉŚagosoŵeͲassoĐiaƚed Ĩoƌŵ͕ >�3Ͳ//͘ /n Įguƌes 
3ϱ� and 3ϲ�͕ iƚ Đan ďe oďseƌǀed Śoǁ ƚŚeƌe ǁas a ŵassiǀe inĐƌease oĨ ƚŚe >�3 ŵaƌŬeƌ aŌeƌ eǆƉosuƌe 
ƚo ƚŚe ionͲĐaƌƌieƌ ĐoŵƉounds͘ /n Đonƚƌoů Đeůůs͕ ƚƌeaƚed ǁiƚŚ ƚŚe ǀeŚiĐůe ;�M^KͿ͕ ƚŚeƌe ǁas a sůigŚƚ 
doƫng ĐoƌƌesƉonding ƚo ƚŚe >�3Ͳ/ ĐǇƚosoůiĐ Ĩoƌŵ and ďasaů ůeǀeůs oĨ auƚoƉŚagǇ͕  ǁŚeƌeas ƚŚeƌe ǁas 
a Śuge auƚoƉŚagǇ induĐƟon in ƚƌeaƚed Đeůůs͕ indiĐaƚed ďǇ auƚoƉŚagosoŵes ĨoƌŵaƟon͘ ,oǁeǀeƌ͕  ƚŚis 
ŵaƌŬeƌ does noƚ ĐoůoĐaůiǌe ǁiƚŚ ƚŚe ǀaĐuoůes Ĩoƌŵed aŌeƌ ƚŚe ƚƌeaƚŵenƚ͘ Moƌeoǀeƌ͕  auƚoƉŚagǇ aůso 
inǀoůǀes auƚoƉŚagosoŵes deůiǀeƌǇ ƚo ƚŚe ůǇsosoŵes Ĩoƌ Ĩusion and degƌadaƟon oĨ ƚŚeiƌ Đaƌgo ďǇ ƚŚe 
ůǇsosoŵaů ŚǇdƌoůases͘ /n oƌdeƌ ƚo deƚeƌŵine ǁŚeƚŚeƌ ƚŚe ǀaĐuoůes aƌise Ĩƌoŵ ůǇsosoŵes͕ ǁe used 
an anƟďodǇ againsƚ >�MW1 Ɖƌoƚein͕ ǁŚiĐŚ is ůoĐaƚed on ƚŚe ůǇsosoŵe ŵeŵďƌane͘ dŚis ŵaƌŬeƌ ǁas 
ƚesƚed aŌeƌ ƚŚe saŵe ƚƌeaƚŵenƚ ĐondiƟons͕ and as iƚ Đan ďe oďseƌǀed in Įguƌe 3ϱ� and 3ϲ�͕ >�MW1 
iŵŵunoŇuoƌesĐenĐe ƌeǀeaůed an inĐƌease and a ĐŚange in ƚŚe disƚƌiďuƟon oĨ ƚŚe ŵaƌŬeƌ ĐoŵƉaƌed 
ƚo Đonƚƌoů Đeůůs͕ ďuƚ as in ƚŚe Ɖƌeǀious Đase͕ ůǇsosoŵes did noƚ ĐoůoĐaůiǌe ǁiƚŚ ƚŚe geneƌaƚed ǀaĐuoůes͘ 

�uŬaƌǇoƟĐ Đeůůs aƌe aďůe ƚo inƚeƌnaůiǌe ŵaĐƌoŵoůeĐuůes and Ňuids Ĩƌoŵ ƚŚe suƌƌounding ŵediuŵ 
ďǇ endoĐǇƟĐ ƚƌaĸĐŬing ƉaƚŚǁaǇs͕ inĐůuding endoĐǇƚosis and ƉinoĐǇƚosis͘ dŚe ŵaƌŬeƌ ���1 idenƟĮes 
eaƌůǇ endosoŵes͕ ƚŚe Įƌsƚ endoĐǇƟĐ ĐoŵƉaƌƚŵenƚ ƚŚaƚ ƌeĐeiǀes inĐoŵing Đaƌgo ΀,eůenius eƚ aů͕ 1983΁͘ 
dŚe anaůǇsis oĨ ƚŚe iŵŵunoŇuoƌesĐenĐe ǁiƚŚ ���1 ŵaƌŬeƌ did noƚ idenƟĨǇ eaƌůǇ endosoŵes as a 
Ɖossiďůe oƌganeůůe ƚŚaƚ undeƌǁenƚ ƚŚe ƉƌoĐess oĨ ǀaĐuoůiǌaƟon aŌeƌ ƚƌeaƚŵenƚ ǁiƚŚ ouƌ ĐoŵƉounds͘ 
dŚe doƩed ƉaƩeƌn oĨ ���1 ǁas ǀeƌǇ siŵiůaƌ ďeƚǁeen Đonƚƌoů and ƚƌeaƚed Đeůůs and ƚŚeƌe ǁas aůso no 
oǀeƌůaƉ ďeƚǁeen ƚŚe /& ůaďeůing and ƚŚe ǀesiĐůe in ƉŚase Đonƚƌasƚ iŵages ;Įguƌe 3ϱ� and 3ϲ�Ϳ͘



11ϰ

FiŐure 35. SyntŚeƟc tamďũamine analoŐues treatment does not induce sǁellinŐ oĨ autopŚaŐosomes͕ lysosomes or early 
endosomes͘ /ŵŵunoŇuoƌesĐenĐe in �ϱϰ9 Đeůůs ƚƌeaƚed ǁiƚŚ /�ϳϱ oĨ ĐoŵƉound 2 Ĩoƌ ϲ Ś͘ /ƚ ǁas ƉeƌĨoƌŵed ǁiƚŚ diīeƌenƚ 
anƟďodies ƚŚaƚ ƌeĐogniǌe seǀeƌaů Đeůůuůaƌ oƌganeůůes ;ƌedͿ and ǁeƌe ĐoŵƉaƌed ƚo ƚŚe disƚƌiďuƟon oĨ ĐǇƚoƉůasŵiĐ ǀaĐuoůes 
oďseƌǀed ďǇ ƉŚase Đonƚƌasƚ ŵiĐƌosĐoƉǇ͘ ;�Ϳ �isƚƌiďuƟon oĨ ƚŚe auƚoƉŚagosoŵaů ŵaƌŬeƌ >�3͕ ;�Ϳ disƚƌiďuƟon oĨ ůǇsosoŵaů 
ŵaƌŬeƌ >�MW1 ;�Ϳ disƚƌiďuƟon oĨ ƚŚe eaƌůǇ endosoŵe ŵaƌŬeƌ ���1͘ dŚe nuĐůeus ǁas Đounƚeƌsƚained ǁiƚŚ dKͲWZKdMͲ3 
;ďůueͿ͘ ^Đaůe ďaƌ ϮϬ μŵ͘ /ŵages aƌe ƌeƉƌesenƚaƟǀe oĨ aƚ ůeasƚ ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs͘ 
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RESULTS

FiŐure 36. Exposure oĨ A549 cells to compound 7 IC75 Ĩor 6 Ś does not induce sǁellinŐ oĨ autopŚaŐosomes͕ lysosomes 
or early endosomes. /n ƌed ƚŚe disƚƌiďuƟon oĨ diīeƌenƚ Đeůůuůaƌ oƌganeůůes͗ ;�Ϳ auƚoƉŚagosoŵaů ŵaƌŬeƌ >�3͕ ;�Ϳ ůǇsosoŵaů 
ŵaƌŬeƌ and ;�Ϳ eaƌůǇ endosoŵe ŵaƌŬeƌ ���1͘ dŚe nuĐůeus ǁas Đounƚeƌsƚained ǁiƚŚ dKͲWZKdMͲ3 ;ďůueͿ͘ dŚe ůoĐaƟon oĨ 
ƚŚe ŵaƌŬeƌs ǁas ĐoŵƉaƌed ƚo ƚŚe disƉosiƟon oĨ ĐǇƚoƉůasŵiĐ ǀaĐuoůes oďseƌǀed ďǇ ƉŚase Đonƚƌasƚ ŵiĐƌosĐoƉǇ͘ ^Đaůe ďaƌ ϮϬ 
μŵ͘ /ŵages aƌe ƌeƉƌesenƚaƟǀe oĨ aƚ ůeasƚ ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs͘ 
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MaĐƌoƉinoĐǇƚosis is a ƚǇƉe oĨ endoĐǇƚosis ƚŚaƚ inǀoůǀes ƚŚe uƉƚaŬe oĨ eǆƚƌaĐeůůuůaƌ Ňuid and 
nuƚƌienƚs in ǀesiĐůes Ŭnoǁn as ŵaĐƌoƉinosoŵes͘ dŚese ǀesiĐůes aƌise Ĩƌoŵ ƚŚe Ĩusion oĨ Ĩoƌŵed 
ůaŵeůůiƉodia ǁiƚŚ ƚŚe Ɖůasŵa ŵeŵďƌane͘ KnĐe inside ƚŚe Đeůů ƚŚeǇ ŵaƚuƌe and Ĩuse ǁiƚŚ ƚŚe ůǇsosoŵe 
ƚo degƌade ƚŚe Đonƚenƚs͕ oƌ aƌe ƌeĐǇĐůed ďaĐŬ ƚo ƚŚe ŵeŵďƌane͘ �ǇsƌeguůaƟon oĨ ƚŚis ƉƌoĐess Đan 
ůead ƚo Đeůů deaƚŚ as oĐĐuƌs in ŵeƚŚuosis͘ te anaůǇǌed ǁŚeƚŚeƌ ǀesiĐůes Đaused ďǇ ƚŚe ƚƌeaƚŵenƚ ǁiƚŚ 
anion ƚƌansƉoƌƚeƌs ǁeƌe Ĩoƌŵed ďǇ ŵaĐƌoƉinoĐǇƚosis͘ &oƌ ƚŚis ƉuƌƉose͕ ǁe used ŇuoƌesĐenƚůǇͲůaďeůed 
deǆƚƌan͕ a ŇuidͲƉŚase ŵaƌŬeƌ͘  dŚe ƉƌoƚoĐoů is ďased on ƚŚe inĐoƌƉoƌaƟon oĨ ϳϬ Ŭ�a ŚigŚ ŵoůeĐuůaƌ 
ǁeigŚƚ ƌŚodaŵine �Ͳůaďeůed deǆƚƌan Ĩƌoŵ ƚŚe eǆƚƌaĐeůůuůaƌ ŵediuŵ inƚo ŵaĐƌoƉinosoŵes͕ ǁŚiĐŚ Đan 
ďe oďseƌǀed as ŇuoƌesĐenƚ ǀesiĐůes ďǇ ŵiĐƌosĐoƉiĐ ŵeƚŚods͘ dŚeƌeĨoƌe͕ �ϱϰ9 Đeůůs ǁeƌe inĐuďaƚed 
ǁiƚŚ deǆƚƌan and ƚŚen eǆƉosed ƚo ƚŚe /�ϳϱ oĨ ĐoŵƉound 2 Ĩoƌ ϲ Ś͘ MKM/WW͕  a ƌeƉoƌƚed ŵeƚŚuosis 
induĐeƌ͕  ǁas used ƚo ƚƌeaƚ Đeůůs as a ƉosiƟǀe Đonƚƌoů͘ /n ƚŚe iŵage ;Įguƌe 3ϳͿ͕ iƚ Đan ďe oďseƌǀed ƚŚaƚ 
MKM/WW ƉƌoduĐes ǀesiĐůes ũusƚ ůiŬe ĐoŵƉound 2͕ ǁiƚŚ ƚŚe diīeƌenĐe ƚŚaƚ ƚŚeǇ aƌe Įůůed ǁiƚŚ ƌedͲ
ůaďeůed deǆƚƌan͕ ǁŚeƌeas ǀesiĐůes Ĩoƌŵed ďǇ 2 aƌe negaƟǀe Ĩoƌ ƌedͲůaďeůed deǆƚƌan sƚaining͘ /n Đeůůs 
ƚƌeaƚed ǁiƚŚ 2͕ deǆƚƌan aƉƉeaƌs ƚo enƚeƌ ďǇ diīusion ďuƚ noƚ ďǇ ŵaĐƌoƉinoĐǇƚosis͘ dŚeƌeĨoƌe͕ ƚŚe 
ƉossiďiůiƚǇ ƚŚaƚ ŵaĐƌoƉinoĐǇƚosis is ƚŚe ŵeĐŚanisŵ ƚŚaƚ oƌiginaƚes ƚŚe ǀaĐuoůes Śas ďeen disĐaƌded͘ 

�ƚ ƚŚe saŵe Ɵŵe͕ ǁe deĐided ƚo ƚƌǇ ĐǇƚoĐŚƌoŵe � ;�Ǉƚ�Ϳ ŵaƌŬeƌ sinĐe ƚŚis ŚigŚůǇ Đonseƌǀed Ɖƌoƚein 
is noƌŵaůůǇ ůoĐaůiǌed ƚo ƚŚe ŵiƚoĐŚondƌiaů inƚeƌͲŵeŵďƌane sƉaĐe͘ do eǀaůuaƚe ƚŚis͕ ǁe ƉeƌĨoƌŵed an 
iŵŵunoŇuoƌesĐenĐe ǁiƚŚ ƚŚe anƟͲ�ǇƚoĐŚƌoŵe � anƟďodǇ aŌeƌ ƚƌeaƟng �ϱϰ9 Đeůůs ǁiƚŚ ƚŚe /�ϳϱ oĨ 
ouƌ ĐoŵƉounds Ĩoƌ ϲ Ś͘ /n Đonƚƌoů Đeůůs �Ǉƚ� ǁas ůoĐaƚed ǁiƚŚin ƚŚe ŵiƚoĐŚondƌia ǁŚiĐŚ sŚoǁed ƚŚe 
ƚǇƉiĐaů ŵoƌƉŚoůogǇ and disƚƌiďuƟon oĨ ƚŚese oƌganeůůes in Đuůƚuƌed Đeůůs ;Įguƌe 38Ϳ͘ /n ƚƌeaƚed Đeůůs ƚŚe 
ŵaƌŬeƌ seeŵed ƚo ďe ůoĐaƚed enĐůosing ƚŚe ǀesiĐůes͘ 

FiŐure 37. Tamďũamine analoŐues 
treatment does not induce 
metŚuosis. �ϱϰ9 Đeůůs ǁeƌe 
eǆƉosed ƚo ůaďeůed deǆƚƌan 1 Ś Ɖƌioƌ 
ƚƌeaƚŵenƚ ǁiƚŚ /�ϳϱ oĨ ĐoŵƉound 
2 oƌ ǁiƚŚ 1Ϭ μM oĨ MKM/WW͕  a 
ŵeƚŚuosis induĐeƌ͕  Ĩoƌ ϲ Ś͘ dŚe Đeůůs 
ǁeƌe eǆaŵined aŌeƌ ƚƌeaƚŵenƚ and 
ŵaĐƌoƉinosoŵeͲdeƌiǀed ǀaĐuoůes 
induĐed ďǇ MKMM/WW ǁeƌe ůaďeůed 
ǁiƚŚ ƚŚe ŇuidͲƉŚase ƚƌaĐeƌ deǆƚƌan͕ 
ǁŚeƌeas ǀaĐuoůes Ĩoƌŵed ǁiƚŚ 
ĐoŵƉound 2 ǁeƌe noƚ ůaďeůed͘ ^Đaůe 
ďaƌ ϮϬ μŵ͘
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RESULTS

dŚeƌeĨoƌe͕ ƚŚe ǀesiĐůes ŵaǇ ďe Ɖossiďůe sǁoůůen ŵiƚoĐŚondƌia͘ EeǀeƌƚŚeůess͕ giǀen ƚŚe ĨaĐƚ ƚŚaƚ 
�Ǉƚ� is a Ɖƌoƚein ůooseůǇ assoĐiaƚed ƚo ƚŚe inneƌ ŵiƚoĐŚondƌiaů ŵeŵďƌane undeƌ noƌŵaů ƉŚǇsioůogiĐaů 
ĐondiƟons and ƚŚaƚ͕ ƚŚeƌe aƌe ŵanǇ sƟŵuůi ƚŚaƚ Đan Đause iƚs ƌeůease inƚo ƚŚe ĐǇƚoƉůasŵ͕ ǁe used 
anoƚŚeƌ ŵaƌŬeƌ ƚo Đoƌƌoďoƌaƚe ƚŚe Ɖƌeǀious ƌesuůƚ͘ 

te ĐŚose an anƟďodǇ againsƚ an ouƚeƌ ŵeŵďƌane ƚƌansůoĐase oĨ ƚŚe ŵiƚoĐŚondƌia͕ dKMMϮϬ͘ dŚis 
iŵƉoƌƚ ƌeĐeƉƚoƌ is ƌesƉonsiďůe Ĩoƌ ƚŚe ƌeĐogniƟon and ƚƌansůoĐaƟon oĨ nuĐůeaƌͲenĐoded ƉƌeƉƌoƚeins͘ 
�s sŚoǁn in ƚŚe Įguƌe 39͕ dKMMϮϬ Ɖƌoǀed ƚo sƚain ƚŚe ŵeŵďƌanes oĨ ƚŚe ǀaĐuoůes in Đeůůs eǆƉosed ƚo 
ďoƚŚ ĐoŵƉounds͕ ǁŚeƌeas in Đeůůs ƚƌeaƚed ǁiƚŚ ǀeŚiĐůe ;�M^KͿ ƚŚe ŵaƌŬeƌ sŚoǁed ƚŚe aƌƌangeŵenƚ 
and sƚƌuĐƚuƌe ƚǇƉiĐaů oĨ ŵiƚoĐŚondƌia͘ dŚeƌeĨoƌe͕ iƚ ǁas Ɖossiďůe ƚo ĐonĐůude ƚŚaƚ ƚŚe ƚƌeaƚŵenƚ ǁiƚŚ 
anion ƚƌansƉoƌƚeƌs Đauses an eǆƚƌaoƌdinaƌǇ sǁeůůing oĨ ŵiƚoĐŚondƌia in �ϱϰ9 Đeůůs͘

FiŐure 38. CytocŚrome C 
immunoŇuorescence. �ϱϰ9 
Đeůůs ǁeƌe eǆƉosed ƚo /�ϳϱ 
oĨ sǇnƚŚeƟĐ ƚaŵďũaŵine 
analogues 2 and 7 Ĩoƌ ϲ Ś͘  dŚe 
ŵiƚoĐŚondƌial ŵaƌŬeƌ ;in ƌedͿ 
oǀeƌlaƉs ƚŚe ǀesiĐles oďseƌǀed 
in Đonƚƌasƚ ƉŚase iŵages͘ 
EuĐleus ǁas sƚained ǁiƚŚ dKͲ
WZKdMͲ3͘ ^Đale ďaƌ ϮϬ μŵ͘ 
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FiŐure 39. ImmunoŇuorescence oĨ mitocŚondrial marker TOMM20͘ �ϱϰ9 Đells ǁeƌe ƚƌeaƚed ǁiƚŚ /�ϳϱ oĨ ĐoŵƉound 
2 Ĩoƌ ϲ Ś͘ dŚe anƟďodǇ againsƚ ƚŚe ouƚeƌ ŵeŵďƌane ƚƌansloĐase oĨ ƚŚe ŵiƚoĐŚondƌia ;ƌedͿ oǀeƌlaƉs ǁiƚŚ ƚŚe ǀesiĐles 
oďseƌǀed in Đonƚƌasƚ ƉŚase iŵage͘ dŚe nuĐleus ǁas Đounƚeƌsƚained ǁiƚŚ dKͲWZKdMͲ3 ;ďlueͿ͘

tiƚŚ ƚŚe aiŵ oĨ ĨuƌƚŚeƌ sƚudǇ ƚŚe ŵiƚoĐŚondƌial sǁelling ƉƌoĐess͕ ǁe deĐided ƚo ƚƌaĐŬ ƚŚeiƌ ĐŚanges 
in ŵoƌƉŚologǇ duƌing ƚŚe Įƌsƚ 3 Śouƌs aŌeƌ ƚƌeaƚŵenƚ͘ /n oƌdeƌ ƚo ƉeƌĨoƌŵ ƚŚe ŵoniƚoƌing͕ ǁe sƚaďlǇ 
ƚƌansĨeĐƚed �ϱϰ9 Đells ǁiƚŚ ƚŚe �E� Ɖlasŵid ŵ�ŚeƌƌǇͲMiƚoͲϳ͕ a ŵiƚoĐŚondƌial ƚaƌgeƟng seƋuenĐe 
Ĩƌoŵ suďuniƚ s/// oĨ ƚŚe �Ky8� Ɖƌoƚein͘ dŚe Đells ǁeƌe ƚŚen eǆƉosed ƚo ƚŚe /�ϳϱ oĨ ĐoŵƉound 2 Ĩoƌ 3 Ś͕ 
and iŵages ǁeƌe ƚaŬen eǀeƌǇ ϮϬ ŵinuƚes͘ �s a ƌesulƚ͕ ǁe Đould oďseƌǀe ƚŚe eǀoluƟon oĨ ŵiƚoĐŚondƌial 
sǁelling oǀeƌ Ɵŵe ;Įguƌe ϰϬͿ͘ �eĨoƌe dƌug ǁas added͕ Miƚoϳ laďeling in Đonƚƌol and ƚƌeaƚed Đells Śad 
ƚŚe saŵe ƉaƩeƌn͕ ŵiƚoĐŚondƌia aƉƉeaƌed unalƚeƌed ǁiƚŚ noƌŵal siǌe and sŚaƉe͘ �s Ɵŵe Ɖƌogƌesses͕ 
ƚŚe ŵiƚoĐŚondƌia oĨ Đells eǆƉosed ƚo ƚƌeaƚŵenƚ ďegan ƚo inĐƌease in siǌe͕ ƚŚe ƌed doƫng ƌelaƟǀe ƚo 
ƚŚese oƌganelles gƌaduallǇ ďeĐaŵe ƌed ǀaĐuoles͘ /ƚ ǁas Ɖossiďle ƚo ǀeƌiĨǇ Śoǁ ƚŚe ǀaĐuoles oďseƌǀed 
in ƉŚase Đonƚƌasƚ oǀeƌlaƉ ǁiƚŚ ƚŚe ƌed ǀaĐuoles oĨ ƚŚe ŵaƌŬeƌMiƚoϳ͘ MeanǁŚile͕ ŵiƚoĐŚondƌia oĨ 
Đonƚƌol Đells ƌeŵained unalƚeƌed͘ 
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FiŐure 40. MitocŚondrial sǁellinŐ aŌer syntŚeƟc tamďũamine analoŐues treatment. �ϱϰ9 Đells oǀeƌeǆƉƌessing 
ŵ�ŚeƌƌǇͲMiƚoϳ Ɖlasŵid͕ ǁŚiĐŚ ƚaƌgeƚs ŵiƚoĐŚondƌia ;ƌedͿ͕ ǁeƌe ƚƌeaƚed ǁiƚŚ /�ϳϱ oĨ ĐoŵƉound 2 Ĩoƌ 3 Ś͘ 
MiƚoĐŚondƌial sƚaining ǁas ĐoŵƉaƌed ƚo ǀaĐuoliǌaƟon oďseƌǀed in ƉŚase Đonƚƌasƚ ƉŚoƚogƌaƉŚs͘ ^Đale ďaƌ Ϯϱ μŵ͘



1ϮϬ

/n oƌdeƌ ƚo oďseƌǀe ƚŚe ŵiƚoĐŚondƌial sǁelling in ŵoƌe deƚail ƚŚan in ƚŚe Ɖƌeǀious ƟŵeͲĐouƌse 
iŵage͕ Śeƌe ǁe sŚoǁ anoƚŚeƌ iŵage ;Įguƌe ϰϬaͿ ƚaŬen aŌeƌ eǆƉosuƌe ƚo ƚŚe /�ϳϱ oĨ ƚŚe sǇnƚŚeƟĐ 
ƚaŵďũaŵine analogue duƌing 3 Ś͕ ǁiƚŚ an inĐƌease in ŵagniĮĐaƟon͘

�n addiƟonal ƚesƚ ǁas ƉeƌĨoƌŵed ƚo deƚeƌŵine ƚŚe sƚaƚus oĨ ƚŚe ŵiƚoĐŚondƌial ŵeŵďƌane ƉoƚenƟal 
;ȴɎŵͿ aŌeƌ ƚƌeaƚŵenƚ͕ ǁŚiĐŚ in ƚuƌn is a ŬeǇ Ɖaƌaŵeƚeƌ Ĩoƌ eǀaluaƟng ŵiƚoĐŚondƌial ĨunĐƟon͘ /n 
ƚŚis ƌegaƌd͕ ǁe used MiƚodƌaĐŬeƌdM Zed �MyZos͕ a ŵiƚoĐŚondƌiaͲsƉeĐiĮĐ dǇe suiƚaďle ƚo ŵeasuƌe 
ĐŚanges in ȴɎŵ͕ sinĐe iƚs ƌeƚenƟon and ŇuoƌesĐenĐe is deƉendenƚ on a ĐoƌƌeĐƚ ȴɎŵ͘ dŚeƌeďǇ͕  �ϱϰ9 
Đells ǁeƌe ƉƌeinĐuďaƚed ǁiƚŚ MiƚodƌaĐŬeƌ Ĩoƌ 1 Ś and ƚƌeaƚed ǁiƚŚ /�ϳϱ ǀalue oĨ ĐoŵƉound Ϯ oƌ ǁiƚŚ 
1й �M^K ;used as a ǀeŚiĐleͿ Ĩoƌ 3 ŵoƌe Śouƌs͘ dŚe iŵages ǁeƌe ƚaŬen aŌeƌ ƚŚe end oĨ ƚŚe ƚƌeaƚŵenƚ͘ 
�oŵƉaƌing Đonƚƌol Đells ǁiƚŚ ƚƌeaƚed Đells iŵages ;Įguƌe ϰ1Ϳ͕ ǁe Đould oďseƌǀe a ƌeŵaƌŬaďle 
diīeƌenĐe in ŵiƚoĐŚondƌial ŵoƌƉŚologǇ͘ �s on Ɖƌeǀious oĐĐasions͕ Đonƚƌol Đells sŚoǁed Įlaŵenƚous 
oƌ doƩed ŵiƚoĐŚondƌia͕ ǁŚile in ƚƌeaƚed Đells ŵiƚoĐŚondƌia gƌaduallǇ sǁelled ƚo a laƌgeƌ siǌe ǀaĐuole͘ 
�s ŵiƚoĐŚondƌia inĐƌeases in siǌe͕ ƚŚe ŇuoƌesĐenĐe oĨ MiƚoƚƌaĐŬeƌ dissiƉaƚed unƟl iƚ ĐoŵƉleƚelǇ Ĩaded 
inƚo ƚŚe laƌgeƌ ǀaĐuoles͘ /n addiƟon͕ ƚŚe eǆƉeƌiŵenƚ ǁas Đaƌƌied ouƚ ďǇ alƚeƌing ƚŚe oƌdeƌ oĨ ƚƌeaƚŵenƚ͕ 
ƚŚus �ϱϰ9 Đells ǁeƌe Įƌsƚ ƚƌeaƚed ǁiƚŚ ĐoŵƉound 2 Ĩoƌ 3 Ś and ƚŚen ƚŚe MiƚodƌaĐŬeƌ ǁas added͘ /n 
ƚŚese Đases no ŇuoƌesĐenĐe ǁas oďseƌǀed͕ suƉƉoƌƟng ƚŚaƚ ƚŚe sǇnƚŚeƟĐ ƚaŵďũaŵine analogue alƚeƌs 
ƚŚe ȴɎŵ and MiƚodƌaĐŬeƌ Đannoƚ ďe aĐĐuŵulaƚed͘ dŚeƌeĨoƌe͕ ouƌ Įndings indiĐaƚe ƚŚaƚ ȴɎŵ is losƚ 
duƌing ƚŚe sǁelling ƉƌoĐess aŌeƌ ĐoŵƉound ƚƌeaƚŵenƚ͘

FiŐure 40a. MitocŚondrial sǁellinŐ 
aŌer compound 2 treatment. 
ŵ�ŚeƌƌǇͲMiƚoϳ sƚaďle �ϱϰ9 Đells ǁeƌe 
ƚƌeaƚed ǁiƚŚ /�ϳϱ oĨ ĐoŵƉound 2 Ĩoƌ 
3 Ś͘ MiƚoĐŚondƌial sƚaining oǀeƌlaƉs 
ƚŚe ǀaĐuoliǌaƟon oďseƌǀed in ƉŚase 
Đonƚƌasƚ iŵages͘ ^Đale ďaƌ ϮϬ μŵ͘
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RESULTS

FiŐure 41. MitocŚondrial sǁellinŐ and loss oĨ mitocŚondrial memďrane potenƟal (ȴɎŵ) aŌer syntŚeƟc tamďũamine 
analoŐues treatment. �onĨoĐal iŵages oĨ �ϱϰ9 Đells ƚƌeaƚed ǁiƚŚ ϱϬϬ nM MiƚodƌaĐŬeƌdM Zed �MyZos duƌing 1 Ś and 
ƚŚen ĐoŵƉound 2 Ĩoƌ 3 Ś͘ MiƚoĐŚondƌia ǁiƚŚ noƌŵal ȴɎŵ aƌe sƚained in ƌed͘ EuĐleus ǁas Đounƚeƌsƚained ǁiƚŚ �Z�Yϱ 
;ďlueͿ͘ ^Đale ďaƌ ϮϬ μŵ͘ /ŵages aƌe ƌeƉƌesenƚaƟǀe oĨ aƚ leasƚ ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs͘

Kn ƚŚe oƚŚeƌ Śand͕ ǁe ƉeƌĨoƌŵed an assaǇ ƚo eǀaluaƚe ǁŚeƚŚeƌ ŵiƚoĐŚondƌial aĐƟǀiƚǇ ǁas aīeĐƚed 
ďǇ ƚŚe sǁelling aŌeƌ ĐoŵƉounds ƚƌeaƚŵenƚ͘ >eǀels oĨ adenosineͲϱ͛ͲƚƌiƉŚosƉŚaƚe ;�dWͿ deĮne ƚŚe 
eneƌgǇ sƚaƚe in liǀing Đells and aƌe deƉendenƚ ŵainlǇ on ŵiƚoĐŚondƌial ĨunĐƟon sinĐe ƚŚis ŵoleĐule 
is Ĩoƌŵed in ƚŚese oƌganelles͘ dŚe analǇsis ƌeǀealed ;Įguƌe ϰϮͿ an �dW deĐƌease oĨ ϮϬй in ƚŚe Ɵŵe 
inƚeƌǀal oĨ 3 Ͳ ϲ Ś aŌeƌ ƚƌeaƚŵenƚ͕ and a dƌoƉ oĨ ŵoƌe ƚŚan ϱϬй Ĩƌoŵ Ϯϰ Ś oĨ ƚƌeaƚŵenƚ͘ dŚeƌeĨoƌe͕ 
ŵiƚoĐŚondƌial sǁelling leads ƚo ŵiƚoĐŚondƌial dǇsĨunĐƟon͕ and is aĐĐoŵƉanied ďǇ a deĐƌease in 
Đellulaƌ �dW leǀels ͘

FiŐure 42. Intracellular ATP levels 
in treated A549 cells. /nƚƌaĐellulaƌ 
�dW Đonƚenƚ ǁas deƚeƌŵined aŌeƌ 
ƚƌeaƚŵenƚ ǁiƚŚ /�ϳϱ oĨ ĐoŵƉound 
2 in a ƟŵeͲĐouƌse eǆƉeƌiŵenƚ͘ 
ZelaƟǀe aŵounƚs ǁeƌe ĐalĐulaƚed 
as ƚŚe ƌaƟo oĨ luŵinesĐenĐe oĨ 
ƚƌeaƚŵenƚ gƌouƉ ƌelaƚed ƚo ƚŚeiƌ 
ƌesƉeĐƟǀe Đonƚƌol͘ ^ǇnƚŚeƟĐ 
ƚaŵďũaŵine analogue 2 Đauses 
�dW deƉleƟon͘ �ǆƉeƌiŵenƚs ǁeƌe 
Đaƌƌied ouƚ in ƚƌiƉliĐaƚes͕ and 
ƌesulƚs aƌe sŚoǁn as ŵean ± ^�͘ 
ΎƉф Ϭ͘Ϭϱ͕ ΎΎ Ɖф Ϭ͘Ϭ1͘ 
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/n addiƟon͕ in oƌdeƌ ƚo sƚudǇ ƚŚis ƉŚenoŵenon ŵoƌe deeƉlǇ͕  ƚƌansŵission eleĐƚƌon ŵiĐƌogƌaƉŚs 
ǁeƌe oďƚained Ĩƌoŵ Đonƚƌol and Đells ƚƌeaƚed ǁiƚŚ ĐoŵƉound 2 oƌ 7͘ dƌansŵission �leĐƚƌon MiĐƌosĐoƉǇ 
;d�MͿ ƌeƉƌesenƚs a useĨul ƚeĐŚniƋue ƚo sƚudǇ ƚŚe aƌĐŚiƚeĐƚuƌe oĨ Đells and ƚŚe ŵoƌƉŚologiĐal 
ƉŚenoŵena ƚŚaƚ oĐĐuƌs aŌeƌ ƚŚe ƚƌeaƚŵenƚ ǁiƚŚ sǇnƚŚeƟĐ ƚaŵďũaŵine analogues͘ d�M ƉƌoduĐes 
iŵages ƚŚaƚ Śaǀe ŚigŚeƌ ŵagniĮĐaƟon and gƌeaƚeƌ ƌesoluƟon ƚŚan ĐonĨoĐal ŵiĐƌosĐoƉǇ͕  ƌendeƌing 
ƚŚis ƚeĐŚnologǇ ĐaƉaďle oĨ deƚeƌŵining a ǁide ǀaƌieƚǇ oĨ Đellulaƌ sƚƌuĐƚuƌes͘ d�M iŵages ƌeǀealed 
ŵiƚoĐŚondƌial sǁelling ;ďlaĐŬ aƌƌoǁs͕ Įguƌe ϰ3Ϳ in ƚŚose Đells ƚŚaƚ Śad ďeen ƚƌeaƚed ǁiƚŚ ƚŚe /�ϳϱ oĨ 
ďoƚŚ ĐoŵƉounds Ĩoƌ ϲ Ś͕ esƉeĐiallǇ ǁiƚŚ ĐoŵƉound 2͘ Moƌeoǀeƌ͕  ƚŚe aĐĐuŵulaƟon oĨ ŵanǇ auƚoƉŚagǇͲ
ƌelaƚed sƚƌuĐƚuƌes suĐŚ as auƚoƉŚagosoŵes͕ auƚolǇsosoŵes and dense lǇsosoŵes ǁas also ǀisualiǌed 
in ƚƌeaƚed Đells͘ dŚese ƌesulƚs Đoƌƌelaƚe ǁiƚŚ ƚŚe oĐĐuƌƌenĐe oĨ ŵiƚoĐŚondƌial sǁelling aŌeƌ ƚƌeaƚŵenƚ͕ 
as ǁell as auƚoƉŚagosoŵes aĐĐuŵulaƟon͕ ǁŚiĐŚ ŵaǇ ďe due ƚo iŵƉaiƌŵenƚ in ƚŚe auƚoƉŚagiĐ Ňuǆ 
Đaused ďǇ lǇsosoŵal dǇsĨunĐƟon͘

FiŐure 43. Transmission electron microŐrapŚs Ĩrom 
control and treated A549 cells ǁitŚ compound 2 
and 7 Ĩor 6 Ś.  MiƚoĐŚondƌial sǁelling ;ďlaĐŬ aƌƌoǁsͿ 
as ǁell as douďleͲŵeŵďƌane ǀesiĐles aĐĐuŵulaƟon 
;auƚoƉŚagosoŵes and auƚolǇsosoŵesͿ ǁeƌe oďseƌǀed͘ 
^Đale ďaƌ Ϯ and ϱ μŵ͘
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RESULTS

the selected molecules
WƌeǀiouslǇ͕  as eǆƉlained in ƚŚe Ɖƌeǀious seĐƟon͕ iƚ ǁas Ĩound ƚŚaƚ ƚŚe anion ƚƌansƉoƌƚeƌs ĐoŵƉounds 

deĐƌease ǀiaďiliƚǇ oĨ diīeƌenƚ ĐanĐeƌ Đell lines as ǁell as �^� deƌiǀed Ĩƌoŵ ƚuŵoƌs oĨ ƉaƟenƚs ǁiƚŚ 
lung ĐanĐeƌ͘  /n ƚŚis ƌegaƌd͕ ƚo undeƌsƚand ƚŚe ŵoleĐulaƌ Đell deaƚŚ ŵeĐŚanisŵs ƚƌiggeƌed ďǇ ƚŚese 
ĐoŵƉounds͕ Đells ǁeƌe eǆƉosed ƚo ƚŚe inŚiďiƚoƌǇ ĐonĐenƚƌaƟon /�Ϯϱ͕ /�ϱϬ and /�ϳϱ oĨ ĐoŵƉound 2 and 7 

Ĩoƌ Ϯϰ Ś and suďseƋuenƚlǇ Ɖƌoƚein leǀels oĨ diīeƌenƚ Đell deaƚŚ ŵaƌŬeƌs ǁeƌe analǇǌed ďǇ ǁesƚeƌn ďloƚ͘ 

/n Įƌsƚ ƉlaĐe͕ sinĐe ƚŚese ĐoŵƉounds Đause ŵiƚoĐŚondƌial dǇsĨunĐƟon as ǁell as Ɖ, ŵodiĮĐaƟons 
in aĐidiĐ ĐoŵƉaƌƚŵenƚs͕ ǁe ĐŚeĐŬed ǁŚeƚŚeƌ ƚŚe aĐƟǀiƚǇ oĨ Ɖƌoƚeins ƌelaƚed ƚo M�W<s ĨaŵilǇ ǁas 
ŵodulaƚed ďǇ dƌug ƚƌeaƚŵenƚ͘ /n Đells͕ ŵeŵďeƌs oĨ ƚŚe M�W< ĨaŵilǇ͕  suĐŚ as Ɖ38͕ Đan ďe aĐƟǀaƚed ďǇ 
sƚƌess sƟŵuli͕ ǁŚiĐŚ in ƚuƌn Đan ƌegulaƚe Đell deaƚŚ deƉending on ƚŚe duƌaƟon and ŵagniƚude oĨ ƚŚaƚ 
sƚƌess͘ &iguƌe ϰϰ sŚoǁs ƚŚaƚ ƚƌeaƚŵenƚ ǁiƚŚ ďoƚŚ ĐoŵƉounds gƌeaƚlǇ inĐƌeased Ɖ38 ƉŚosƉŚoƌǇlaƟon 
in �ϱϰ9 Đells in a doseͲƌesƉonse ŵanneƌ͘  /n ƚŚe Đase oĨ ĐoŵƉound 2͕ a signiĮĐanƚ aĐƟǀaƟon ;ƚǁo and 
ƚŚƌeeͲĨold inĐƌeaseͿ oĨ Ɖ38 Đould ďe oďseƌǀed Ĩƌoŵ ƚŚe /�ϱϬ͕ and in ƚŚe Đase oĨ ĐoŵƉound 7͕ ǁiƚŚ 
ŚigŚeƌ ĐonĐenƚƌaƟons ;/�ϳϱͿ ƚŚeƌe ǁas ƚŚƌeeͲĨold inĐƌease͘

FiŐure 44. p38 MAPK acƟvaƟon͘ �ϱϰ9 Đells ǁeƌe ƚƌeaƚed ǁiƚŚ sǇnƚŚeƟĐ ƚaŵďũaŵine analogues aƚ ƚŚeiƌ /�Ϯϱ͕ /�ϱϬ 
and /�ϳϱ ǀalues Ĩoƌ Ϯϰ Ś and Ɖƌoƚein eǆƚƌaĐƚs ǁeƌe used ƚo deƚeƌŵine ĐŚanges in sƚƌess Ŭinase Ɖ38 M�W< and iƚs 
ƉŚosƉŚoƌǇlaƟon Ɖƌoƚein leǀels͘ Wƌoƚein leǀels ǁeƌe noƌŵaliǌed ǁiƚŚ ƚŚeiƌ ƌesƉeĐƟǀe loading Đonƚƌols ;ǀinĐulinͿ in eaĐŚ 
ďloƚ͘ &old ĐŚanges in Ɖƌoƚein eǆƉƌession leǀels ǁeƌe ƋuanƟĮed and ƌeĨeƌƌed ƚo nonͲƚƌeaƚed Đells͘ �aƚa sŚoǁ ƚŚe ŵean 
± ^�M oĨ ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs͘ ^ƚaƟsƟĐallǇ signiĮĐanƚ ƌesulƚs aƌe indiĐaƚed as ΎƉ ф Ϭ͘Ϭϱ and ΎΎƉ ф Ϭ͘Ϭ1͘
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dŚis Ŭind oĨ signal Śas ďeen ƌeƉoƌƚed ƚo aĐƟǀaƚe aƉoƉƚosis aŌeƌ soŵe sƚƌesses ;�olado and 
Eeďƌeda͕ ϮϬϬϳͿ͘ /n ƚŚis sense͕ ǁe ĐŚeĐŬed ǁŚeƚŚeƌ ƚŚe ĐoŵƉounds eliĐiƚ an aƉoƉƚoƟĐ eīeĐƚ in �ϱϰ9 
Đells͘ �ĐĐoƌding ƚo ƌesulƚs sŚoǁn in Įguƌe ϰϱ and Įguƌe ϰϲ͕ aŌeƌ Ϯϰ Ś oĨ ƚƌeaƚŵenƚ ǁiƚŚ ƚŚe diīeƌenƚ 
/�s oĨ ĐoŵƉound 2͕ ǁe ǁeƌe aďle ƚo oďseƌǀe a ligŚƚ aĐƟǀaƟon oĨ ĐasƉase 9 and 3͕ and a signiĮĐanƚ 
Đleaǀage oĨ ƚŚeiƌ suďsƚƌaƚe W�ZW ǁiƚŚ ƚŚe /�ϳϱ͕ ǁŚiĐŚ ŵaǇ Śaǀe oĐĐuƌƌed in a ĐasƉaseͲindeƉendenƚ 
ŵanneƌ͘  /n ƚŚe Đase oĨ ĐoŵƉound 7͕ ƚŚe deĐƌease oĨ ƚŚe ƉƌoĐasƉase 9 and 3 as ǁell as W�ZW Đleaǀage 
aƌe eǀen ŵoƌe suďƚle͘ ^inĐe ƚŚeƌe ǁas ŚaƌdlǇ anǇ aĐƟǀaƟon oĨ ƚŚe ŵaũoƌ ŵaƌŬeƌs oĨ aƉoƉƚosis aŌeƌ Ϯϰ 
Ś͕ ǁe ƚƌied ƚo ĐŚeĐŬ ǁŚeƚŚeƌ ŵoƌe Ɖoƚenƚ aƉoƉƚosis aĐƟǀaƟon Đould ďe seen ǁiƚŚ ƚŚe saŵe ƚƌeaƚŵenƚ 
oǀeƌ Ɵŵe͘ dŚus͕ �ϱϰ9 Đells ǁeƌe inĐuďaƚed ǁiƚŚ ƚŚe ƌesƉeĐƟǀe /� ǀalues oĨ ďoƚŚ ĐoŵƉounds Ĩoƌ ϰ8 
Ś͘  Kn one side͕ ƚŚeƌe ǁas a sligŚƚ dƌoƉ oĨ ƉƌoĐasƉases 9 and 3 aŌeƌ ďoƚŚ ĐoŵƉounds ƚƌeaƚŵenƚ͘ 
dŚis deĐƌease oĨ ƚŚe inaĐƟǀe Ĩoƌŵs ǁas signiĮĐanƚ Ĩoƌ ďoƚŚ Ɖƌoƚeases in ĐoŵƉound 2͕ and ũusƚ Ĩoƌ 
ƉƌoĐasƉase 3 in ĐoŵƉound ϳ͘ Kn ƚŚe oƚŚeƌ side͕ ƚŚeiƌ ƌesƉeĐƟǀe aĐƟǀe Ĩoƌŵs͕ ĐasƉase 9 and 3 Đould 
ďe oďseƌǀed͘ &inallǇ͕  ƚŚe ďƌeaŬdoǁn oĨ ƚŚe W�ZW suďsƚƌaƚe aƉƉeaƌed aŌeƌ ƚƌeaƚŵenƚ ǁiƚŚ ďoƚŚ 
ĐoŵƉounds͕ signiĮĐanƚlǇ onlǇ ǁiƚŚ ƚŚe ŚigŚesƚ dose oĨ ĐoŵƉound 2͘
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RESULTS

FiŐure 45. Apoptosis inducƟon aŌer compound 2 treatment. �ϱϰ9 Đells ǁeƌe ƚƌeaƚed ǁiƚŚ ĐoŵƉound 2 aƚ ƚŚeiƌ /�Ϯϱ͕ /�ϱϬ 
and /�ϳϱ ǀalues Ĩoƌ Ϯϰ and ϰ8 Ś͘ �nalǇsis oĨ aƉoƉƚoƟĐ Ɖƌoƚeins ďǇ tesƚeƌn ďloƚ͘ /n eaĐŚ ďloƚ͕ Ɖƌoƚein leǀels ǁeƌe noƌŵaliǌed 
ǁiƚŚ ƚŚeiƌ ƌesƉeĐƟǀe loading Đonƚƌols͘ &old ĐŚanges in Ɖƌoƚein eǆƉƌession leǀels ǁeƌe ƋuanƟĮed and ƌeĨeƌƌed ƚo nonͲ
ƚƌeaƚed Đells͘ �aƚa sŚoǁ ƚŚe ŵean ± ^�M oĨ ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs͘ ^ƚaƟsƟĐallǇ signiĮĐanƚ ƌesulƚs aƌe indiĐaƚed 
as ΎƉ ф Ϭ͘Ϭϱ and ΎΎƉ ф Ϭ͘Ϭ1͘



1Ϯϲ

FiŐure 46. Apoptosis inducƟon aŌer compound 7 treatment. �ϱϰ9 Đells ǁeƌe eǆƉosed ƚo /�Ϯϱ͕ /�ϱϬ and /�ϳϱ ǀalues oĨ 
ĐoŵƉound 7 Ĩoƌ Ϯϰ and ϰ8 Ś͘ �nalǇsis oĨ aƉoƉƚoƟĐ Ɖƌoƚeins ďǇ tesƚeƌn ďloƚ͘ �ĐƟn oƌ ǀinĐulin ǁeƌe used as loading Đonƚƌols 
ƚo noƌŵaliǌe Ɖƌoƚeins leǀels in eaĐŚ ďloƚ͘ &old ĐŚanges in Ɖƌoƚein eǆƉƌession leǀels ǁeƌe ƋuanƟĮed and ƌeĨeƌƌed ƚo nonͲ
ƚƌeaƚed Đells͘ �aƚa sŚoǁ ƚŚe ŵean ± ^�M oĨ ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs͘ ^ƚaƟsƟĐallǇ signiĮĐanƚ ƌesulƚs aƌe indiĐaƚed 
as ΎƉ ф Ϭ͘Ϭϱ and ΎΎƉ ф Ϭ͘Ϭ1͘
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RESULTS

/n addiƟon͕ ǁe used ,oeĐŚsƚ sƚaining ƚo deƚeĐƚ ĐŚƌoŵaƟn ĐondensaƟon and aƉoƉƚoƟĐ ďodies 
ĨoƌŵaƟon͕ ďoƚŚ ŚallŵaƌŬs oĨ aƉoƉƚosis ;Įguƌe ϰϳͿ͘ te Đaƌƌied ouƚ ƚŚis eǆƉeƌiŵenƚ aŌeƌ ϰ8 Ś oĨ 
ƚƌeaƚŵenƚ ǁiƚŚ /�ϳϱ͕ Ɖoinƚ ǁŚeƌe ǁe Śad oďseƌǀed a ĐasƉase aĐƟǀaƟon ƉeaŬ in ǁesƚeƌn ďloƚ analǇsis͘ 

FiŐure 47. MorpŚoloŐical analysis oĨ tŚe nuclei induced ďy syntŚeƟc tamďũamine analoŐues ǁitŚ HoecŚst. �ϱϰ9 Đells 
ǁeƌe ƚƌeaƚed ǁiƚŚ ĐoŵƉound 2 and 7 aƚ ƚŚeiƌ /�ϳϱ Ĩoƌ ϰ8 Ś and sƚained ǁiƚŚ ,oeĐŚsƚ͘  EuĐleaƌ oƌ ĐŚƌoŵaƟn ĐondensaƟon 
and soŵe aƉoƉƚoƟĐ ďodies ǁiƚŚ ďlue ŇuoƌesĐenĐe ǁeƌe oďseƌǀed͘  

dŚe ƌesulƚs ƌeǀealed ƚŚaƚ aŵong ƚŚe ƌeŵaining Đells͕ soŵe oĨ ƚŚeŵ ŬeƉƚ ƚŚe nuĐleus inƚaĐƚ͕ and a 
sŵall ƉoƌƟon oĨ ƚƌeaƚed Đells sŚoǁed ĐŚƌoŵaƟn ĐondensaƟon oƌ aƉoƉƚoƟĐ ďodies͘ dŚese ĨaĐƚs indiĐaƚe 
ƚŚaƚ ƚƌeaƚŵenƚ ƚƌiggeƌs ƚŚe aĐƟǀaƟon oĨ ƚŚe aƉoƉƚoƟĐ ƉƌoĐess͕ and ƚŚeƌe is a Đell suďƉoƉulaƟon ƚŚaƚ 
dies ďǇ ƚŚis ŵeĐŚanisŵ͘ �uƚ on ƚŚe oƚŚeƌ Śand͕ in ŵosƚ ƚƌeaƚed Đells͕ aƉoƉƚosis does noƚ end uƉ ďeing 
ƚŚe onlǇ ƌesƉonsiďle Ĩoƌ Đell deaƚŚ͘

�onseƋuenƚlǇ͕  ǁe deĐided ƚo inǀesƟgaƚe ǁŚeƚŚeƌ anoƚŚeƌ Đell deaƚŚ ƉƌoĐess ǁas inǀolǀed in ƚŚe 
oďseƌǀed ĐǇƚoƚoǆiĐiƚǇ along ǁiƚŚ induĐed aƉoƉƚosis͘ �onsideƌing ƚŚaƚ ǁe Śad ƉƌeǀiouslǇ oďseƌǀed 
an inĐƌease in >�3 ďǇ iŵŵunoŇuoƌesĐenĐe͕ indiĐaƟǀe oĨ auƚoƉŚagosoŵe ĨoƌŵaƟon͕ ǁe deĐided ƚo 
eǀaluaƚe ƚŚe eǆƉƌession oĨ Ɖƌoƚeins ƌelaƚed ƚo ƚŚe ƉƌoĐess oĨ auƚoƉŚagǇ͘

tesƚeƌn ďloƚ analǇsis sŚoǁed ƚŚaƚ ƚŚe liƉidaƚed Ĩoƌŵ oĨ >�3 ;>�3//Ϳ signiĮĐanƚlǇ augŵenƚ Ĩƌoŵ 
loǁ ĐonĐenƚƌaƟons oĨ ĐoŵƉound 2 ;/�ϮϱͿ ;Įguƌe ϰ8�Ϳ͘ dŚis gƌeaƚ inĐƌease ǁas also oďseƌǀed in Đells 
ƚƌeaƚed in a doseͲdeƉendenƚ ŵanneƌ ǁiƚŚ ĐoŵƉound 7 ;Įguƌe ϰ8�Ϳ͘ /n addiƟon͕ ƚŚe ƉϲϮ ŵaƌŬeƌ ǁas 
eǆaŵined͘ dŚis Ɖƌoƚein ĨaĐiliƚaƚes ƚŚe degƌadaƟon oĨ Ɖƌoƚein aggƌegaƚes ƚŚƌougŚ auƚoƉŚagǇ and iƚ is 
degƌaded duƌing ƚŚe ƉƌoĐess͘ �s Đan ďe oďseƌǀed in ƚŚe Įguƌe͕ ƉϲϮ ǁas noƚ degƌaded ďuƚ aĐĐuŵulaƚed 
aŌeƌ ƚƌeaƚŵenƚ͘ �ĐĐuŵulaƟon oĨ ƉϲϮ ǁas oďseƌǀed in ƚŚe ƚƌeaƚŵenƚ ǁiƚŚ ďoƚŚ ĐoŵƉounds͕ ďeing 
sƚaƟsƟĐallǇ signiĮĐanƚ in ƚŚe Đase oĨ ĐoŵƉound 7 ;/�ϱϬ and /�ϳϱͿ͘ dŚis ƌesulƚ ŵaǇ indiĐaƚe an aĐĐuŵulaƟon 
oĨ nonͲdegƌaded auƚoƉŚagosoŵes͕ and ƚŚeƌeĨoƌe a ďloĐŬade in ƚŚe auƚoƉŚagiĐ Ňoǁ͘
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FiŐure 48. Expression oĨ autopŚaŐic markers LC3II and p62. Zise oĨ >�3// and ƚŚe aĐĐuŵulaƟon oĨ ƉϲϮ ƌesulƚ in an inĐƌease 
in auƚoƉŚagosoŵes aĐĐuŵulaƟon oĨ and a ďloĐŬade oĨ ƚŚe auƚoƉŚagiĐ Ňuǆ͘ �ϱϰ9 Đells ǁeƌe ƚƌeaƚed ǁiƚŚ /�Ϯϱ͕ /�ϱϬ and /�ϳϱ 
ǀalues oĨ ƚaŵďũaŵine analogues Ĩoƌ Ϯϰ Ś͘ �ĐƟn ǁas used as loading Đonƚƌol ƚo noƌŵaliǌe Ɖƌoƚein leǀels in eaĐŚ ďloƚ͘ &old 
ĐŚanges in Ɖƌoƚein eǆƉƌession leǀels ǁeƌe ƋuanƟĮed and ƌeĨeƌƌed ƚo nonͲƚƌeaƚed Đells͘ �aƚa sŚoǁ ƚŚe ŵean ± ^�M oĨ ƚŚƌee 
indeƉendenƚ eǆƉeƌiŵenƚs͘ ^ƚaƟsƟĐallǇ signiĮĐanƚ ƌesulƚs aƌe indiĐaƚed as ΎƉ ф Ϭ͘Ϭϱ and ΎΎƉ ф Ϭ͘Ϭ1͘

�nalǇsis oĨ aƉoƉƚosis and auƚoƉŚagǇ ŵaƌŬeƌs ƌeǀealed ƚŚaƚ͕ on one Śand͕ ƚŚeƌe ǁas aĐƟǀaƟon 
oĨ aƉoƉƚoƟĐ Đell deaƚŚ͕ and on ƚŚe oƚŚeƌ Śand͕ sinĐe ƚŚe leǀels oĨ soŵe auƚoƉŚagiĐ ŵaƌŬeƌs ǁeƌe 
inĐƌeased͕ an auƚoƉŚagiĐ ŵeĐŚanisŵ oĨ Đell deaƚŚ ŵigŚƚ ďe Ɖlausiďle͘ do ĨuƌƚŚeƌ analǇǌe ǁŚeƚŚeƌ 
eiƚŚeƌ ŵeĐŚanisŵ ǁas inǀolǀed in ƚŚe ĐǇƚoƚoǆiĐ eīeĐƚ induĐed ďǇ sǇnƚŚeƟĐ ƚaŵďũaŵine analogues͕ Đell 
deaƚŚ inŚiďiƚoƌs ǁeƌe used͘ /n ƚŚe Đase oĨ aƉoƉƚosis͕ a ƉanͲĐasƉase inŚiďiƚoƌ͕  �Ͳs��Ͳ&M< ǁas added 
ďeĨoƌe ƚƌeaƚŵenƚ ǁiƚŚ diīeƌenƚ ĐonĐenƚƌaƟons oĨ ĐoŵƉound 2 Ĩoƌ Ϯϰ Ś͘ /n ƚŚe Đase oĨ auƚoƉŚagǇ͕  
an inŚiďiƚoƌ oĨ ƚŚe W/3< inǀolǀed in ƚŚe eaƌlǇ sƚeƉs oĨ auƚoƉŚagǇ aĐƟǀaƟon͕ 3ͲM�͕ ǁas added Ɖƌioƌ 
ĐoŵƉound adŵinisƚƌaƟon͘ ,oǁeǀeƌ͕  ƚŚese inŚiďiƚoƌs Ĩailed ƚo aƩenuaƚe Đell deaƚŚ undeƌ ƚŚese 
ĐondiƟons͘ �ell ǀiaďiliƚǇ ǁas noƚ ƌeĐoǀeƌed ;Įguƌe ϰ9Ϳ͕ suggesƟng ƚŚaƚ aĐƟǀaƟon oĨ ĐasƉases is noƚ 
ĐƌuĐial Ĩoƌ ƚŚe ĐǇƚoƚoǆiĐ eīeĐƚ induĐed ďǇ ƚŚese ĐoŵƉounds noƌ is ƚŚe auƚoƉŚagosoŵes ĨoƌŵaƟon and 
ƚŚeiƌ aĐĐuŵulaƟon͘ 
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RESULTS

�noƚŚeƌ ƉossiďiliƚǇ ŵaǇ ďe ƚŚaƚ ƚƌeaƚŵenƚ ǁiƚŚ ouƌ ĐoŵƉounds ŵaǇ ƚƌiggeƌ a ƉƌoĐess oĨ Đell deaƚŚ 
liŬe ƌegulaƚed neĐƌosis͕ also Ŭnoǁn as neĐƌoƉƚosis͘ ̂ inĐe Z/W1 and M><> aƌe essenƟal Ĩoƌ ƚŚe aĐƟǀaƟon 
oĨ ƚŚe neĐƌoƉƚosis ƉaƚŚǁaǇ͕  ǁe inǀesƟgaƚed ƚŚeiƌ ƌole aŌeƌ eǆƉosuƌe ƚo ďoƚŚ ĐoŵƉounds Ĩoƌ Ϯϰ Ś͘ 
�s Đan ďe oďseƌǀed in Įguƌe ϱϬ͕ ƚŚeƌe ǁas a doseͲƌesƉonse inĐƌease in Z/W1 Ɖƌoƚein͕ sƚaƟsƟĐallǇ 
signiĮĐanƚ in ƚŚe Đase oĨ analogue 2͘

dŚe ŵaũoƌ ĨunĐƟon oĨ Z/W1 Ŭinase aĐƟǀiƚǇ in neĐƌoƉƚosis is ƚo ƌeĐƌuiƚ Z/W3͕ auƚoƉŚosƉŚoƌǇlaƚe͕ 
and Ĩoƌŵ a ĨunĐƟonal neĐƌosoŵe͕ ǁŚiĐŚ in ƚuƌn ƉŚosƉŚoƌǇlaƚes M><>͕ an eǆeĐuƟoneƌ oĨ neĐƌoƉƚosis͘ 
/n ƚŚis ƌegaƌd͕ ǁe ƚƌied ƚo disĐeƌn ǁŚeƚŚeƌ ƚŚe neĐƌosoŵe suďsƚƌaƚe ǁas ƉŚosƉŚoƌilaƚed aŌeƌ 
ƚƌeaƚŵenƚ ǁiƚŚ ouƌ ĐoŵƉounds͕ ďuƚ anǇǁesƚeƌn ďloƚ ďand ǁas deƚeĐƚed ǁiƚŚ ƚŚe ƉͲM><> anƟďodǇ͘
,enĐe͕ alƚŚougŚ Z/W1 inĐƌeased aŌeƌ ĐoŵƉounds ƚƌeaƚŵenƚ͕ ƚŚe neĐƌosoŵe suďsƚƌaƚe M><> ǁas 
noƚ aĐƟǀaƚed͘ /n addiƟon ǁe ĐŚeĐŬed ƚŚe ƉƌesenĐe oĨ ĐasƉase 8͕ sinĐe neĐƌoƉƚosis is inŚiďiƚed ďǇ a 
suƉƌaŵoleĐulaƌ ĐoŵƉleǆ inǀolǀing &���͕ �asƉaseͲ8͕ and &>/W ;�eƌgŚe eƚ al͕͘ ϮϬ1ϰͿ͘ �s Đan ďe seen in 
ƚŚe Įguƌe ϱϬ͕ aŌeƌ ƚƌeaƚŵenƚ ǁiƚŚ ouƌ ĐoŵƉounds͕ esƉeĐiallǇ ǁiƚŚ 2͕ ƚŚeƌe ǁas aĐƟǀaƟon oĨ ĐasƉase 
8 and ƚŚus neĐƌoƉƚosis ƌeƉƌession͘ dŚeƌeĨoƌe͕ ǁiƚŚ ƚŚese ƌesulƚs͕ ǁe disĐaƌded neĐƌoƉƚosis as ƚŚe 
Ɖossiďle ŵeĐŚanisŵ oĨ deaƚŚ͘ 

FiŐure 49. Cell viaďility aŌer treatment ǁitŚ cell deatŚ inŚiďitors. �ϱϰ9 Đells ǁeƌe Ɖƌeƚƌeaƚed ǁiƚŚ ƚŚe Đell deaƚŚ 
inŚiďiƚoƌs �Ͳs�� ;1Ϭ μMͿ and 3ͲM� ;ϱ ŵMͿ Ĩoƌ 1 Ś and ƚŚen ĐoŵƉound 2 ǁas added aƚ 3 and ϱ μM͘ �ell ǀiaďiliƚǇ ǁas 
ŵeasuƌed ďǇ Mdd assaǇ͘ �ell deaƚŚ inŚiďiƚoƌs Ĩail ƚo ƌeĐoǀeƌ Đell ǀiaďiliƚǇ͘
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FiŐure 50. Expression oĨ necroptosis related proteins and caspase 8. �ϱϰ9 Đells ǁeƌe eǆƉosed ƚo /�Ϯϱ͕ /�ϱϬ and /�ϳϱ 
ǀalues oĨ ĐoŵƉound 2 oƌ 7 Ĩoƌ Ϯϰ Ś͘ daŵďũaŵine analogues induĐed ĐasƉase 8 aĐƟǀaƟon and ƚŚeƌeĨoƌe neĐƌoƉƚosis 
ƌeƉƌession͘ Wƌoƚein leǀels ǁeƌe noƌŵaliǌed ǁiƚŚ ƚŚeiƌ ƌesƉeĐƟǀe loading Đonƚƌols ;aĐƟn oƌ ǀinĐulinͿ in eaĐŚ ďloƚ͘ &old 
ĐŚanges in Ɖƌoƚein eǆƉƌession leǀels ǁeƌe ƋuanƟĮed and ƌeĨeƌƌed ƚo nonͲƚƌeaƚed Đells͘ �aƚa sŚoǁ ƚŚe ŵean ± ^�M oĨ 
ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs͘ ^ƚaƟsƟĐallǇ signiĮĐanƚ ƌesulƚs aƌe indiĐaƚed as ΎƉ ф Ϭ͘Ϭϱ and ΎΎƉ ф Ϭ͘Ϭ1͘

&inallǇ͕  ǁe analǇǌed ǁŚeƚŚeƌ ƌeƉƌesenƚaƟǀe Ĩeaƚuƌes oĨ neĐƌosis͕ suĐŚ as iƌƌeǀeƌsiďle Ɖlasŵa 
ŵeŵďƌane daŵage oƌ ZK^ ƉƌoduĐƟon͕ ǁeƌe ƚƌiggeƌed aŌeƌ ouƌ ƚƌeaƚŵenƚ͘ 
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,oeĐŚsƚ sƚaining͕ Đoŵďined ǁiƚŚ ƚŚe �E�Ͳďinding dǇe ƉƌoƉidiuŵ iodide ;W/Ϳ͕ ǁeƌe used ƚo ŵeasuƌe 
neĐƌosis and aƉoƉƚosis in ƚandeŵ aŌeƌ ƚƌeaƚŵenƚ ǁiƚŚ ĐoŵƉound 2 oƌ 7 ǁiƚŚ ƚŚeiƌ ƌesƉeĐƟǀe /�ϱϬ value 
Ĩoƌ ϰ8 Ś ;Įguƌe ϱ1Ϳ͘ &uƌƚŚeƌŵoƌe͕ ,oeĐŚsƚ 333ϰϮ alloǁs deƚeĐƟng ĐŚanges in Đell nuĐleus ŵoƌƉŚologǇ͕  
suĐŚ as Đoƌe ĐondensaƟon and ĨoƌŵaƟon oĨ aƉoƉƚoƟĐ ďodies͘ dŚis ĐellͲƉeƌŵeanƚ ŇuoƌoĐŚƌoŵe eŵiƚs 
ďlue ŇuoƌesĐenĐe ǁŚen is inƚeƌĐalaƚed inƚo �E�͘ Kn ƚŚe oƚŚeƌ Śand͕ W/ is Ɖeƌŵeaďle in Đells ƚŚaƚ 
Śave losƚ Ɖlasŵa ŵeŵďƌane inƚegƌiƚǇ͕  suĐŚ as neĐƌoƟĐ Đells͘ EuĐleus oĨ Đonƚƌol Đells ƌeƚained ,oeĐŚsƚ 
333ϰϮ ǁŚeƌeas W/ ǁas eǆĐluded ďǇ ƚŚeiƌ inƚaĐƚ Đell ŵeŵďƌane͘ /n ƚƌeaƚed Đells ǁe Đould oďseƌve blue 
ƌounded nuĐlei in living Đells͕ blue Đondensed nuĐlei in ƚŚe Đase oĨ aƉoƉƚoƟĐ Đells oƌ ƌedͬƉuƌƉle nuĐlei 
;sƚained ǁiƚŚ boƚŚ dǇesͿ in ƚŚose Đells ƚŚaƚ Śave losƚ ƚŚe inƚegƌiƚǇ oĨ ƚŚeiƌ Ɖlasŵa ŵeŵbƌane͕ ŚenĐe 
neĐƌoƟĐ Đells͘ dŚis indiĐaƚes ƚŚaƚ Ɖaƌƚ oĨ Đell ƉoƉulaƟon ends uƉ dǇing bǇ neĐƌosis͘

FiŐure 51. HoecŚst and PI staininŐ oĨ A549 cells exposed to compound 2 and 7 IC50 Ĩor 48 Ś. EuĐleus in blue ƌeƉƌesenƚ 
viable Đells oƌ aƉoƉƚoƟĐ bodies͕ deƉending on ƚŚeiƌ ĐondensaƟon sƚaƚus͘ EeĐƌoƟĐ Đells aƉƉeaƌed in ƌed oƌ ƉuƌƉle due ƚo 
ƚŚe enƚƌǇ oĨ W/ aŌeƌ losing ƚŚe inƚegƌiƚǇ oĨ ƚŚe Đell ŵeŵbƌane͘ ^Đale baƌ ϱϬ μŵ͘ 

KƚŚeƌǁise͕ ƌeĐoƌding a video ƚo eǆaŵine Đells ƚƌeaƚed aƚ a ŚigŚeƌ dose oĨ ĐoŵƉound Ϯ ǁiƚŚ ƉŚase 
Đonƚƌasƚ ŵiĐƌosĐoƉǇ͕  ǁe Đould obseƌve ƚŚaƚ sǇnƚŚeƟĐ ƚaŵbũaŵine analogues also ƉƌovoŬed Đellulaƌ 
sǁelling͕ ǁŚiĐŚ ĮnallǇ led ƚo Ɖlasŵa ŵeŵbƌane bƌeaŬdoǁn͕ boƚŚ ƚǇƉiĐal Ĩeaƚuƌes oĨ neĐƌosis͘ &ull 
video aƉƉeaƌs in ƚŚe suƉƉleŵenƚaƌǇ inĨoƌŵaƟon oĨ Zodilla et al. ƉaƉeƌ͘  ,eƌe ǁe Ɖƌesenƚ ĐaƉƚuƌes aƚ 
diīeƌenƚ Ɵŵe Ɖoinƚs oĨ ƚŚe video ;Įguƌe ϱϮͿ͘ 

FiŐure 52. Contrast pŚase imaŐes oĨ A549 cells plasma memďrane ďreakdoǁn. � video oĨ �ϱϰ9 Đells eǆƉosed ƚo /�ϳϱ oĨ 
ĐoŵƉound Ϯ duƌing 1ϲ Ś ǁas ƌeĐoƌded͘ �aƉƚuƌes aƚ diīeƌenƚ Ɵŵes ;Ϭ͕ Ϯ͕ 3 and ϲ ŚͿ ƌeƉƌesenƚ ƚŚe evoluƟon oĨ Đell deaƚŚ 
ƉƌoĐess ƚŚaƚ Đulŵinaƚes ǁiƚŚ ƚŚe ŵeŵbƌane ƌuƉƚuƌe͘ ^Đale baƌ Ϯϱ μŵ͘ 

�noƚŚeƌ ĨaĐƚoƌ involved in neĐƌoƟĐ Đell deaƚŚ is ZK^ ƉƌoduĐƟon and aĐĐuŵulaƟon͘ &oƌ iƚs evaluaƟon͕ 
ǁe used dŚe MuseΠ KǆidaƟve ̂ ƚƌess <iƚ based on diŚǇdƌoeƚŚidiuŵ ;�,�Ϳ͕ ƌeagenƚ ƚŚaƚ Śas eǆƚensivelǇ 
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been used ƚo deƚeĐƚ ZK^ in Đells ;'oŵes͕ &eƌnandes and >iŵa͕ ϮϬϬϱͿ͘ hnĨoƌƚunaƚelǇ͕  ƚŚe eŵission 
ǁavelengƚŚ oĨ ouƌ ĐoŵƉound inƚeƌĨeƌed ǁiƚŚ ƚŚis ŇuoƌesĐenƚ Ɖƌobe and a Đleaƌ ƌesulƚs inƚeƌƉƌeƚaƟon 
Đould noƚ be obƚained͘ 

daŬen ƚogeƚŚeƌ͕  ƚŚese ƌesulƚs suƉƉoƌƚ ƚŚe idea ƚŚaƚ sǇnƚŚeƟĐ ƚaŵbũaŵine analogues aƚ Įƌsƚ induĐe 
Đell deaƚŚ bǇ aƉoƉƚosis aĐĐoŵƉanied bǇ ƚŚe aĐƟvaƟon oĨ auƚoƉŚagǇ͕  buƚ ŵosƚ Đells end uƉ ĐollaƉsing 
in a neĐƌoƟĐ Đell deaƚŚ͘

Kuƌ invesƟgaƟons so Ĩaƌ Śave Ɖƌovided us bƌoad inĨoƌŵaƟon abouƚ ƚŚe Đell deaƚŚ ŵeĐŚanisŵ 
oĨ aĐƟon oĨ ƚŚe sǇnƚŚeƟĐ analogues oĨ ƚaŵbũaŵines͘ dŚese sŵall ŵoleĐules͕ ǁŚose ĐǇƚoƚoǆiĐiƚǇ in 
ĐanĐeƌ Đells deƉends on ƚŚeiƌ anion ƚƌansƉoƌƚ ĐaƉaĐiƚǇ͕  induĐe ŵiƚoĐŚondƌial sǁelling and lǇsosoŵal 
dǇsĨunĐƟon͕ ǁŚiĐŚ in ƚuƌn lead ƚo auƚoƉŚagǇ bloĐŬade and neĐƌoƟĐ Đell deaƚŚ in lung ĐanĐeƌ Đells͘ dŚe 
idenƟĮĐaƟon oĨ ƉoƚenƟal ŵoleĐulaƌ ƚaƌgeƚs ǁiƚŚin ƚŚe Đell ǁould gƌeaƚlǇ enŚanĐe ouƌ undeƌsƚanding 
oĨ ƚŚe ŵoleĐulaƌ ŵeĐŚanisŵ oĨ aĐƟon oĨ ƚŚese ĐoŵƉounds͘

�oŵƉuƚaƟonal ŵeƚŚods͕ liŬe ŵoleĐulaƌ doĐŬing͕ aƌe ĐoŵŵonlǇ used aƉƉƌoaĐŚes in dƌug disĐoveƌǇ͘ 
dŚis ŵeƚŚodologǇ uses inƉuƚs oĨ inĨoƌŵaƟon abouƚ ƚŚe ŵoleĐulaƌ sƚƌuĐƚuƌe oĨ anǇ ligand ;dƌugͿ oƌ 
ƚaƌgeƚ ;ƉƌoƚeinͿ and͕ ƚŚƌougŚ ĐoŵƉuƚaƟonal binding siŵulaƟon͕ ƉƌediĐƚs ƉoƚenƟal ƚaƌgeƚs Ĩoƌ a given 
dƌug oƌ vice versa͘ dŚis siŵulaƟon is based on ƚŚe use oĨ diīeƌenƚ algoƌiƚŚŵs bǇ ǁŚiĐŚ ƚǁo ŵoleĐules 
inƚeƌaĐƚ ǁiƚŚ eaĐŚ oƚŚeƌ unƟl ƚŚeǇ aĐƋuiƌe ƚŚe ĐoƌƌeĐƚ oƌienƚaƟon and ĐonĨoƌŵaƟon ƚo Ĩoƌŵ an 
eneƌgeƟĐallǇ Ĩavoƌable ĐoŵƉleǆ͘

tiƚŚ ƚŚe ƉuƌƉose oĨ Įnding Ɖossible ŵoleĐulaƌ ƚaƌgeƚs Ĩoƌ ĐoŵƉound 2͕ and in ĐollaboƌaƟon ǁiƚŚ 
siĐƚoƌ 'uallaƌ ƌeseaƌĐŚ gƌouƉ ;�aƌĐelona ^uƉeƌĐoŵƉuƟng �enƚeƌͿ͕ W�>� ;Wƌoƚein �neƌgǇ >andsĐaƉe 
�ǆƉloƌaƟon ŵeƚŚodologǇͿ soŌǁaƌe ǁas used Ĩoƌ sƚudǇing ƉƌoƚeinͲligand inƚeƌaĐƟons aŵong ŵoƌe 
ƚŚan one Śundƌed ĐanĐeƌ dƌug ƚaƌgeƚ Ɖƌoƚeins and ouƌ ĐoŵƉound 2͘ dŚis soŌǁaƌe Śas ƚŚe abiliƚǇ 
oĨ ŵaƉƉing laƌge ĐonĨoƌŵaƟonal ƌeaƌƌangeŵenƚs sƚoĐŚasƟĐallǇ oveƌ a laƌge ƌeƉeƌƚoiƌe oĨ Ɖƌoƚein 
sƚƌuĐƚuƌes͘ �ŵong all ƚŚe ƌesulƚs͕ �<dϮ aƉƉeaƌed ƚo be a good dƌug ƚaƌgeƚ Đandidaƚe Ĩoƌ ĐoŵƉound 2͕ 
sinĐe iƚ sŚoǁed veƌǇ good binding ƌesulƚs ǁiƚŚ ƚŚis ligand͘

�oŵƉound 2 ;Įguƌe ϱ3Ϳ Śas a siŵilaƌ sƚƌuĐƚuƌe as ƉƌeviouslǇ desĐƌibed Ĩoƌ oƚŚeƌ anion ƚƌansƉoƌƚeƌs 
suĐŚ as ƚaŵbũaŵine oƌ Ɖƌodiginine deƌivaƟves ;'aƌĐşaͲsalveƌde et al.͕ ϮϬ1Ϯ͖ ^oƚoͲ�eƌƌaƚo et al.͕ ϮϬ1ϱͿ͘  
dŚe ŵoleĐule Śas a Đonũugaƚed ʋͲsǇsƚeŵ ǁiƚŚ a ŚǇdƌoƉŚobiĐ ͞ouƚeƌ sŚell͟ suƌƌounding a ŚǇdƌoƉŚiliĐ 
͞Đoƌe͟ oĨ ƚŚƌee siŵilaƌ aŵino gƌouƉs ĐaƌƌǇing one deloĐaliǌed ƉosiƟve ĐŚaƌge͘ �ll ƚŚƌee ͲE, Ɖƌoƚons 
aƌe ĐaƉable ƚo inƚeƌaĐƚ ǁiƚŚ anions suĐŚ as ĐŚloƌide and biĐaƌbonaƚe ions ;^oƚoͲ�eƌƌaƚo et al.͕ ϮϬ1ϱͿ͕ 
oƌ ǁiƚŚ a negaƟvelǇ ĐŚaƌged Ɖƌoƚein gƌouƉ͕ Ĩƌoŵ gluƚaŵaƚe ;'luͿ oƌ asƉaƌƚaƚe ;�sƉͿ ƌesidues͕ Ĩoƌŵing 
ƚŚƌee ŚǇdƌogen bonds as sŚoǁn in Įguƌe ϱ3�͘ �ĐĐoƌdinglǇ͕  ouƌ ƌesulƚs sŚoǁ ĐoŵƉound 2 ƉƌeĨeƌablǇ 
inƚeƌaĐƟng ;loǁ ƉƌoƚeinͲligand binding eneƌgiesͿ ǁiƚŚ 'lu and �sƉ side ĐŚains͘ 
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RESULTS

W�>� siŵulaƟons sŚoǁ ƚŚe �dW binding siƚe as ƚŚe eneƌgeƟĐallǇ ƉƌeĨeƌƌed one Ĩoƌ ĐoŵƉound 2 
binding ;Įguƌe ϱ3�Ϳ͘ /n ƉaƌƟĐulaƌ͕  ƚǁo diīeƌenƚ ligand oƌienƚaƟons ǁeƌe Ĩound Ĩoƌ ƚŚis ƉoĐŬeƚ͕ boƚŚ 
inƚeƌaĐƟng ǁiƚŚ ƚŚe ĐaƌboǆǇl gƌouƉ in �sƉϮ9Ϯ ;&iguƌe ϱ3�͕ ŵoleĐules in ƉuƌƉle and in oĐŚƌe Đaƌbon 
aƚoŵsͿ͘ ,oǁeveƌ͕  Ĩouƌ oƚŚeƌ Ɖossible ƉoĐŬeƚs ǁiƚŚ Ĩavoƌable inƚeƌaĐƟon eneƌgies ǁeƌe also disĐoveƌed͕ 
as sŚoǁn on Įguƌe ϱ3� and ϱ3� using blue ĐiƌĐles͘ �s in ƚŚe �dW siƚe͕ ƚŚe addiƟonal ƉoĐŬeƚs involve 
also ƚŚe inƚeƌaĐƟon oĨ ƚŚe ligand ǁiƚŚ an �sƉ oƌ 'lu͘ �esides ƚŚe laƌge �dW ƉoĐŬeƚ͕ ƚŚe oƚŚeƌ ƉoĐŬeƚs 
aƌe Ĩoƌŵed bǇ sŵalleƌ ĐleŌs ƚŚaƚ seeŵ aƉƉƌoƉƌiaƚe Ĩoƌ ƚŚe Ňaƚ ĐoŵƉound 2 ʋͲsǇsƚeŵ͘ Moƌeoveƌ͕  in 
all Įve siƚes ĐoŵƉound 2 sŚoǁs ŵodes oĨ binding ǁiƚŚ oƌienƚaƟon ǁŚeƌe ƚŚe bulŬieƌ ƚeƌƚͲbuƚǇl gƌouƉ 
is ƉoinƟng ouƚǁaƌd ƚŚe binding ĐleŌ͕ and ƚŚus iŵƉlǇing ƉossibiliƟes oĨ disƌuƉƟng inƚeƌaĐƟons oĨ �<d 
ǁiƚŚ oƚŚeƌ Ɖƌoƚeins ;see in discussion sec on 4.1Ϳ͘ /n oƌdeƌ ƚo ƋuanƟĨǇ ƚŚe binding sƚƌengƚŚ͕ 'lide yW 
ƌeͲsĐoƌing ǁas aƉƉlied ƚo ƚŚe W�>� deƌived besƚ Ɖoses͘ dŚe ĐoŵƉleǆes sŚoǁed sĐoƌes beƚǁeen Ͳϳ͘Ϭ ƚo 
Ͳ9͘Ϭ ŬĐalͬŵol͕ ǁŚiĐŚ sŚould ĐoƌƌesƉond Ĩƌoŵ ŵediuŵ ƚo loǁͲμM eǆƉeƌiŵenƚal aĸniƟes͘

FiŐure 53. Induced Įt dockinŐ Ĩor syntŚeƟc tamďũamine analoŐue 2 ǁitŚ AKT2.  �Ϳ �oŵƉound 2 ŵoleĐule in ĐoŵƉleǆ ǁiƚŚ 
a ĐaƌboǆǇl gƌouƉ Ĩƌoŵ an �sƉ oƌ 'lu ƌesidue ;,Ͳbonds sŚoǁn in ǇelloǁͿ͘ �Ϳ �inding eneƌgǇ ƉƌoĮle againsƚ ƚŚe disƚanĐe ƚo ƚŚe 
Ɖƌoƚein Đenƚeƌ obƚained Ĩoƌ ƚŚe ĐoŵƉound 2ͬ�<d W�>� s͛ siŵulaƟon͘ dŚe blaĐŬ and blue ĐiƌĐles undeƌline ƚŚe besƚ inƚeƌaĐƟon 
eneƌgǇ ĐoŵƉleǆes͘ �Ϳ �oŵƉound 2ͬ�<d besƚ induĐedͲĮƚ doĐŬing Ɖoses ;ŵiniŵa in �Ϳ͘ �ll siƚes aƌe loĐaƚed aƌound a 'lu oƌ �sƉ 
ƌesidue͕ sŚoǁn in ĐiƌĐles͘ �ll ĐiƌĐles use blaĐŬ Đoloƌ iĨ loĐaƚed aƚ ƚŚe �dW binding siƚe and blue Đoloƌ elseǁŚeƌe͘ �oŵƉound 2 
ŵoleĐules aƌe undeƌlined using sƉŚeƌes ǁiƚŚ diīeƌenƚ Đaƌbon aƚoŵ Đoloƌs͘ Wƌoƚein sƚƌuĐƚuƌes aƌe sŚoǁn in ƌibbons͘ 

�Ōeƌ obƚaining good iniƟal doĐŬing sĐoƌes oĨ ouƌ ĐoŵƉound ǁiƚŚ ƚŚe �<d Ɖƌoƚein ƚŚƌougŚ W�>� and͕ 
in oƌdeƌ ƚo ĨuƌƚŚeƌ ĐŚaƌaĐƚeƌiǌe ƚŚis ƉoƚenƟal binding͕ ǁe deĐided ƚo ŵoniƚoƌ ƚŚe inƚeƌaĐƟon beƚǁeen 
�<d and sǇnƚŚeƟĐ ƚaŵbũaŵine analogue 2 bǇ ^uƌĨaĐe Wlasŵon ZesonanĐe ;^WZͿ assaǇs͘  dŚis ƌealͲ
Ɵŵe inƚeƌaĐƟon analǇsis ƌeƉƌesenƚs a valuable ŵeƚŚod ǁŚiĐŚ alloǁs ŬineƟĐ and aĸniƚǇ evaluaƟon 
and deƚeƌŵinaƟon oĨ binding sƉeĐiĮĐiƚǇ beƚǁeen Ɖƌoƚeins and sŵall ŵoleĐules͘ �inding assaǇs ǁeƌe 
ƉeƌĨoƌŵed using ƚŚe �iaĐoƌe sǇsƚeŵ dϮϬϬ͘ te Įƌsƚ iŵŵobiliǌed ƚŚe ƌeĐoŵbinanƚ Ɖƌoƚein �<dϮ on a 
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sensoƌ suƌĨaĐe and analǇƚe ;ĐoŵƉound 2Ϳ ǁas inũeĐƚed in soluƟon oveƌ ƚŚe suƌĨaĐe at concentrations ranging 

from 0.15 μM to 10 μM͘ �Śanges in ^WZ ƌesƉonse ǁeƌe ĐolleĐƚed and analǇǌed using ƚŚe soŌǁaƌe inĐluded 
in ƚŚe sǇsƚeŵ ;�iaĐoƌe dϮϬϬ �valuaƟon ^oŌǁaƌeͿ͘ dŚese ĐŚanges͕ eǆƉƌessed in Zh ;ƌesonanĐe uniƚsͿ͕ 
sŚoǁed ƚŚe assoĐiaƟon and dissoĐiaƟon Đuƌves oĨ ƚŚe inƚeƌaĐƟons beƚǁeen �<dϮ and ĐoŵƉound 2 
;Įguƌe ϱϰ�Ϳ͕ alloǁing in ƚuƌn ƚo obƚain ƚŚe aĸniƚǇ Đuƌve ;Įguƌe ϱϰ�Ϳ and ŬineƟĐ and aĸniƚǇ Đonsƚanƚs 
;Įguƌe ϱϰ�Ϳ͘ 

FiŐure 54. �oŵƉound 2 binds ƚo �<d͘  �inding oĨ ĐoŵƉound 2 ;ĐonĐenƚƌaƟons ƌanging Ĩƌoŵ Ϭ͘1ϱ μM ƚo 1Ϭ μMͿ ƚo 
iŵŵobiliǌed �<d ǁas analǇǌed bǇ ^WZ as desĐƌibed in ŵeƚŚods͘ �Ϳ �ssoĐiaƟon and dissoĐiaƟon eǆƉeƌiŵenƚal Đuƌves aƌe 
sŚoǁn in Đoloƌ͕  and blaĐŬ ƚƌaĐes ƌeƉƌesenƚ ƚŚe ĮƩed daƚa �Ϳ �ĸniƚǇ Đuƌve �Ϳ <ineƟĐs and aĸniƚǇ daƚa͘

dŚe daƚa ĐolleĐƚed sŚoǁed a binding Đonsƚanƚ ;<�Ϳ͕ ƌesulƟng Ĩƌoŵ ƚŚe ƌelaƟonsŚiƉ beƚǁeen ƚŚe 
dissoĐiaƟon Đonsƚanƚ ;<dͿ and ƚŚe assoĐiaƟon ;<aͿ͕ oĨ ƚŚe oƌdeƌ oĨ nanoŵolaƌ͘  &ƌoŵ ƚŚe aĸniƚǇ Đuƌve͕ 
ǁe obƚain a <� oĨ 1ϮϬϲ ± 113 nM͘ dŚese values ƌeŇeĐƚed ƚŚe ŚigŚ aĸniƚǇ oĨ ĐoŵƉound 2 ƚo ƚŚe ligand͕ 
suggesƟng ƚŚaƚ ƚŚe sŵall ŵoleĐule Ĩoƌŵs a ĐoŵƉleǆ ǁiƚŚ �<dϮ͘
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RESULTS

/n oƌdeƌ ƚo deƚeƌŵine ǁŚeƚŚeƌ ƚŚis inƚeƌaĐƟon aīeĐƚs iƚs ĐaƚalǇƟĐ aĐƟviƚǇ͕  ǁe inĐubaƚed �ϱϰ9 Đells 
ǁiƚŚ inĐƌeasing ĐonĐenƚƌaƟons oĨ ƚŚe ĐoŵƉound Ĩoƌ Ϯϰ Ś ƚo deƚeĐƚ ƉͲ�<d levels bǇ iŵŵunobloƚ͘ dŚis 
ƚesƚ ƌevealed ƚŚaƚ ŚigŚ doses oĨ ƚŚe ĐoŵƉound noƚ onlǇ deĐƌeased ƚŚe eǆƉƌession oĨ ƉŚosƉŚoƌǇlaƚed 
�<d buƚ also Đaused a dƌoƉ in ƚoƚal Ɖƌoƚein Đonƚenƚ ;Įguƌe ϱϱͿ͘ dŚis ƌesulƚ suggesƚ ƚŚaƚ anion 
ƚƌansƉoƌƚeƌ ĐoŵƉound aīeĐƚs �<d ƉaƚŚǁaǇ bǇ diƌeĐƚ binding ƚo ƚŚe Ɖƌoƚein͕ leading ƚo a deĐƌease in 
ƚŚe ƚoƚal Ɖƌoƚein aŵounƚ aĐĐoŵƉanied bǇ a deĐƌease oĨ iƚs aĐƟviƚǇ͘ dŚese daƚa Ɖƌovide ƉƌeliŵinaƌǇ 
ƌesulƚs abouƚ ƚŚis anion ƚƌansƉoƌƚeƌ eīeĐƚ on ƚŚe �<d ƉaƚŚǁaǇ͘ �uƌƌenƚlǇ͕  ouƌ gƌouƉ is invesƟgaƟng in 
deƉƚŚ ƚŚis iŵƉoƌƚanƚ ƌegulaƚoƌǇ ƉaƚŚǁaǇ in ĐanĐeƌ as a Ɖossible ƚaƌgeƚ oĨ ƚŚe ŵeĐŚanisŵ oĨ aĐƟon oĨ 
ƚŚe dƌug͘

FiŐure 55. Decrease oĨ pŚospŚo-AKT and total AKT. �ϱϰ9 Đells ǁeƌe ƚƌeaƚed ǁiƚŚ inĐƌeasing ĐonĐenƚƌaƟons oĨ 
ĐoŵƉound 2 ;/�Ϯϱ͕ /�ϱϬ and /�ϳϱͿ Ĩoƌ Ϯϰ Ś͘ dŚe aĐƟviƚǇ and ƚoƚal aŵounƚ oĨ �<d ǁas diŵinisŚed aŌeƌ ƚŚe ƚƌeaƚŵenƚ͘ 
Wƌoƚein levels ǁeƌe noƌŵaliǌed ǁiƚŚ ƚŚeiƌ ƌesƉeĐƟve loading Đonƚƌols ;aĐƟnͿ in eaĐŚ bloƚ͘ &old ĐŚanges in Ɖƌoƚein 
eǆƉƌession levels ǁeƌe ƋuanƟĮed and ƌeĨeƌƌed ƚo nonͲƚƌeaƚed Đells͘ �aƚa sŚoǁ ƚŚe ŵean ± ^�M oĨ ƚŚƌee indeƉendenƚ 
eǆƉeƌiŵenƚs͘ ^ƚaƟsƟĐallǇ signiĮĐanƚ ƌesulƚs aƌe indiĐaƚed as ΎƉ ф Ϭ͘Ϭϱ and ΎΎƉ ф Ϭ͘Ϭ1͘

5.2. miRNA expression analysis after compound treatment
MiĐƌoZE�s ;ŵiZE�sͿ aƌe ƌeĐeiving ŵuĐŚ aƩenƟon sinĐe ƚŚeǇ ǁeƌe Ĩound ƚo be involved in ƚŚe 

ƉƌoĐess oĨ ĐaƌĐinogenesis and ƚuŵoƌ Ɖƌogƌession͘ /ƌƌegulaƌ eǆƉƌession ƉaƩeƌns oĨ ŵiZE� Śave been 
idenƟĮed in seveƌal ĐanĐeƌs͕ ĐonĨeƌƌing adaƉƟve advanƚages ƚo ĐanĐeƌ Đells͘ Moƌeoveƌ͕  ƌeĐenƚ sƚudies 
ŚigŚligŚƚ ƚŚaƚ ŵiZE� ŵaǇ inŇuenĐe ƌesƉonses oĨ ĐanĐeƌ Đells ƚo ĐŚeŵoƚŚeƌaƉǇ ;Magee͕ ^Śi and 
'aƌoĨalo͕ ϮϬ1ϱͿ͘ 
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tiƚŚ ƚŚe ƉuƌƉose oĨ Įnding a seƚ oĨ ŵiZE� involved in ĐanĐeƌ ƚŚaƚ ŵaǇ be ƚaƌgeƚed bǇ ƚŚe sǇnƚŚeƟĐ 
ƚaŵbũaŵine analogues͕ ǁe used a ĐanĐeƌ ƌelaƚed ŵiZE� aƌƌaǇ and sƚudied ƚŚe alƚeƌaƟon oĨ ƚŚe ŵiZE� 
eǆƉƌession ƉƌoĮle in lung ĐanĐeƌ Đells aŌeƌ ĐoŵƉound 2 ƚƌeaƚŵenƚ͘ 

te deĐided ƚo uƟliǌe ,uŵan �anĐeƌ WaƚŚǁaǇ &indeƌ ŵiZE� W�Z aƌƌaǇ ;M/,^Ͳ31ϬϮ�Ϳ͕ ǁŚiĐŚ ƉƌoĮles 
ƚŚe eǆƉƌession oĨ 3ϳϮ ŵiZE�s alƌeadǇ Ŭnoǁ ƚo be diīeƌenƟallǇ eǆƉƌessed in ƚuŵoƌs veƌsus noƌŵal 
Ɵssue͘ dŚis aƌƌaǇ is a useĨul ƚool ƚo analǇǌe ƚŚe ŵiZE�s ŵosƚ ƌelevanƚ ƚo ƚuŵoƌigenesis and idenƟĨǇ 
abeƌƌanƚlǇ eǆƉƌessed ŵiZE�s beƚǁeen noƌŵal and ĐanĐeƌ Đells͘ /n ouƌ Đase͕ ƚŚe aƌƌaǇ deƚeĐƚed 
eǆƉƌession ĐŚanges in ƚƌeaƚed ĐanĐeƌ Đells ĐoŵƉaƌed ƚo nonͲƚƌeaƚed ĐanĐeƌ Đells͘ 

�ĐĐoƌding ƚo ouƌ ƚŚƌesŚolds ;see material and methods sec on 1 . Ϳ ƚƌeaƚŵenƚ ǁiƚŚ ĐoŵƉound 2 
alƚeƌed a ƚoƚal oĨ 1ϳ ŵiZE�s ;ƚable 1ϱͿ ǁiƚŚ no ĐŚange obseƌved in ƚŚe ƌeŵaining 3ϱϱ ŵiZE�s oĨ ƚŚe 
aƌƌaǇ͘ �ŵong ƚŚe ŵodiĮed ŵiZE�͕ ǁe Ĩound soŵe ƚŚaƚ Śave been ƌeƉoƌƚed ƚo be sƉeĐiĮĐallǇ alƚeƌed 
in lung ĐanĐeƌ͕  inĐluding ŵiZͲϮ1Ͳ3Ɖ͕ ŵiZͲ3ϬaͲϱƉ͕ ŵiZͲ1ϰ8aͲ3Ɖ and ŵiZͲϮϬϱͲϱƉ͘  

miRNA Name miRNA Previous Name miRBase acession number

Śsa-miR-7-5p ŚsaͲŵiZͲϳ M/M�dϬϬϬϬϮϱϮ

Śsa-miR-18ď-5p ŚsaͲŵiZͲ18b M/M�dϬϬϬ1ϰ1Ϯ

Śsa-miR-20ď-3p ŚsaͲŵiZͲϮϬbΎ M/M�dϬϬϬϰϳϱϮ

Śsa-miR-21-3p ŚsaͲŵiZͲϮ1Ύ M/M�dϬϬϬϰϰ9ϰ

Śsa-miR-23ď-5p ŚsaͲŵiZͲϮ3bΎ M/M�dϬϬϬϰϱ8ϳ

Śsa-miR-30a-5p ŚsaͲŵiZͲ3Ϭa M/M�dϬϬϬϬϬ8ϳ

Śsa-miR-103a-3p ŚsaͲŵiZͲ1Ϭ3͖ ŚsaͲŵiZͲ1Ϭ3a M/M�dϬϬϬϬ1Ϭ1

Śsa-miR-106ď-3p ŚsaͲŵiZͲ1ϬϲbΎ M/M�dϬϬϬϰϲϳϮ

Śsa-miR-130a-5p ŚsaͲŵiZͲ13ϬaΎ M/M�dϬϬϬϰϱ93

Śsa-miR-146a-3p ŚsaͲŵiZͲ1ϰϲaΎ M/M�dϬϬϬϰϲϬ8

Śsa-miR-148a-3p ŚsaͲŵiZͲ1ϰ8a M/M�dϬϬϬϬϮϰ3

Śsa-miR-148a-5p ŚsaͲŵiZͲ1ϰ8aΎ M/M�dϬϬϬϰϱϰ9

Śsa-miR-205-5p ŚsaͲŵiZͲϮϬϱ M/M�dϬϬϬϬϮϲϲ

Śsa-miR-212-3p ŚsaͲŵiZͲϮ1Ϯ M/M�dϬϬϬϬϮϲ9
Śsa-miR-224-3p ŚsaͲŵiZͲϮϮϰΎ M/M�dϬϬϬ9198
Śsa-miR-663a ŚsaͲŵiZͲϲϲ3 M/M�dϬϬϬ33Ϯϲ
Śsa-miR-1287-5p M/M�dϬϬϬϱ8ϳ8

Taďle 15. DiīerenƟally expressed miRNAs aŌer treatment ǁitŚ compound 2͘ /n ƌed͕ ƚŚose ŵiZE�s ǁŚose eǆƉƌession 
deĐƌeased and in gƌeen ƚŚose ŵiZE�s oveƌeǆƉƌessed aŌeƌ ƚƌeaƚŵenƚ͘
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^eĐondlǇ͕  ƚo idenƟĨǇ ƚŚe ƚaƌgeƚ genes oĨ ƚŚese ŵiZE�s͕ and ŚenĐe ƚŚe ĐanĐeƌ ƉaƚŚǁaǇs involved 
aŌeƌ ƚŚe ƚƌeaƚŵenƚ͕ ǁe used Ĩouƌ eǆƉeƌiŵenƚallǇ validaƚed ŵiZE�Ͳgene inƚeƌaĐƟons daƚabases 
;�/�E�Ͳdaƌ�ase vϳ͘Ϭ͕ ŵiZdaƌ�ase vϲ͘Ϭ͕ ŵiZeĐoƌds vϰ͘Ϭ and ŵiZE�MaƉ vϮ͘ϬͿ͘ dŚis bioinĨoƌŵaƟĐs 
analǇsis ;see material and methods sec on 1 . Ϳ sŚoǁed ƚŚaƚ ƚŚese ŵiZE�s ƌegulaƚe ƚŚe eǆƉƌession 
oĨ ŵoƌe ƚŚan ƚŚƌee Śundƌed ƚaƌgeƚ genes͘ dŚe oƉenͲsouƌĐe soŌǁaƌe �ǇƚosĐaƉe ǁas used ƚo build a 
bioŵoleĐulaƌ inƚeƌaĐƟon neƚǁoƌŬ ǁiƚŚ ƚŚe ŵosƚ alƚeƌed ŵiZE�s and ƚŚeiƌ ĐoƌƌesƉonding ƚaƌgeƚ genes 
;Įguƌe ϱϲͿ͘ dŚis neƚǁoƌŬ enĐoŵƉasses all ƚŚe ƌaǁ daƚa geneƌaƚed Ĩƌoŵ ƚŚe bioinĨoƌŵaƟĐs analǇsis͘ 
dŚe elliƉses ƌeƉƌesenƚ ƚŚe alƚeƌed ŵiZE�s͕ in gƌeen oƌ ƌed as ƚŚeǇ aƌe uƉƌegulaƚed oƌ doǁnƌegulaƚed͕ 
ƌesƉeĐƟvelǇ͕  and ƚŚe ƌeĐƚangles aƌe ƚŚe genes ƌegulaƚed bǇ one͕ ƚǁo oƌ ƚŚƌee ŵiZE�s ;blue͕ gƌaǇ oƌ 
gƌeen Đoloƌ͕  ƌesƉeĐƟvelǇͿ͘ 

�nalǇsis oĨ ƚŚe alƚeƌed geneͲseƚ ƌevealed ƚŚaƚ ĐanĐeƌ ƌelaƚed ƉaƚŚǁaǇs as W/3<ͬ�<dͬŵdKZ ǁeƌe ƚŚe 
ŵosƚ aīeĐƚed bǇ ƚŚese ŵiZE�s͕ ƉaƌƟĐulaƌlǇ bǇ ŵiZͲϳͲϱƉ͕ ŵiZͲϲϲ3a͕ ŵiZͲ3ϬaͲϱƉ͕ ŵiZͲϮϬϱͲϱƉ͕ ŵiZͲ
18bͲϱƉ͕ ŵiZͲ1ϰ8aͲ3Ɖ and ŵiZͲ1Ϭ3aͲ3Ɖ͘ 

Moƌeoveƌ͕  ŵanǇ ŵiZE�s ǁeƌe ƌelaƚed ƚo ƚŚe ƌegulaƟon oĨ aƉoƉƚosis and auƚoƉŚagǇ ƉaƚŚǁaǇs͘ &oƌ 
insƚanĐe͕ ŵiZͲϮϬϱͲϱƉ ƌegulaƚes Ϯϳ ƚaƌgeƚ genes involved in aƉoƉƚosis͕ aŵong ǁŚiĐŚ sƚands ouƚ ��>Ϯ 
;�ͲĐell lǇŵƉŚoŵa ϮͿ͘ KƚŚeƌ ŵiZE�s ǁŚose ƚaƌgeƚ genes ƉaƌƟĐiƉaƚe in ƚŚe aƉoƉƚoƟĐ ƉƌoĐess aƌe ŵiZͲ
ϳͲϱƉ͕ ŵiZͲ3ϬaͲϱƉ͕ ŵiZͲ1Ϭ3aͲ3Ɖ͕ ŵiZͲ1ϰ8aͲ3Ɖ and ŵiZͲϮ1ϮͲ3Ɖ͘ daƌgeƚ genes iŵƉliĐaƚed in auƚoƉŚagǇ 
aƌe less abundanƚ and aƌe ƌegulaƚed ŵainlǇ bǇ ŵiZͲ3ϬaͲϱƉ and ŵiZͲϮϬϱͲϱƉ͘
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FiŐure 56. Netǁork oĨ tarŐet Őenes oĨ tŚe altered miRNAs upon compound 2 treatment. daƌgeƚ genes inĨoƌŵaƟon ǁas 
ƌeƚƌieved Ĩƌoŵ ϰ diīeƌenƚ daƚabases͘ EeƚǁoƌŬ ǁas build using ƚŚe oƉenͲsouƌĐe soŌǁaƌe �ǇƚosĐaƉe͘ dŚe gƌeen and ƌed 
elliƉses indiĐaƚe ƚŚe uƉ and doǁnƌegulaƚed ŵiZE�s͕ ƌesƉeĐƟvelǇ͘ dŚe blue͕ lilaĐ and gold ƌeĐƚangles indiĐaƚe ƚŚe ƚaƌgeƚ 
genes ƚŚaƚ aƌe ƌegulaƚed bǇ one͕ ƚǁo oƌ ƚŚƌee ŵiZE�͕ ƌesƉeĐƟvelǇ͘

KnĐe ǁe Śad all ƚŚe daƚa ĐolleĐƚed͕ ǁe ƉeƌĨoƌŵed a ŵoƌe inͲdeƉƚŚ analǇsis ĨoĐusing on ƚŚe 
iŵƉliĐaƟon oĨ ƚŚese ŵiZE�s in ƚŚe above ŵenƟoned ƉaƚŚǁaǇs ƌelaƚed ƚo ĐanĐeƌ͘  &iƌsƚ͕ bǇ ƌevieǁing 
liƚeƌaƚuƌe͕ ǁe obƚained inĨoƌŵaƟon abouƚ Śoǁ ƚŚese ŵiZE� aƌe eǆƉƌessed in ĐanĐeƌ͘  dŚeƌeĨoƌe͕ iƚ 
ǁas Ɖossible ƚo deduĐe ƚŚe ƌole ƚŚaƚ ƚŚeǇ eǆeƌƚ as ƉoƚenƟal ƚuŵoƌ suƉƉƌessoƌ genes oƌ onĐogenes͘ /n 
ƚŚis ƌegaƌd͕ ǁe Ĩound ƚŚaƚ ouƌ ĐoŵƉound deĐƌeased ƚŚe eǆƉƌession oĨ seveƌal ŵiZE�s desĐƌibed as 
onĐoŵiƌs oƌ inĐƌeased ƚuŵoƌ suƉƉƌessoƌ ŵiZE�s͘ te Đonsideƌed ƚŚaƚ in ƚŚese Đases͕ ƚŚeǇ ŵaǇ Śave 
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a ƌole in ƚŚe ĐoŵƉound anƟĐanĐeƌ eīeĐƚ͘ Kn ƚŚe oƚŚeƌ Śand͕ ǁe disĐaƌded Ĩƌoŵ ouƌ analǇsis ƚŚose 
ŵiZE�s in ǁŚiĐŚ ƚŚeiƌ ƉoƚenƟal ƌole aĐĐoƌding ƚo ƚŚe bibliogƌaƉŚǇ ǁould Śave an oƉƉosiƚe eīeĐƚ Ĩƌoŵ 
ƚŚe obseƌved anƟĐanĐeƌ ƌesulƚs͘ >iŬeǁise͕ soŵe ŵiZE�s ǁeƌe eǆĐluded Ĩƌoŵ ĨuƌƚŚeƌ analǇsis due ƚo 
ƚŚe laĐŬ oĨ inĨoƌŵaƟon ƌegaƌding iƚs biologiĐal ƌole in lung ĐanĐeƌ͘

dŚe diīeƌenƟallǇͲeǆƉƌessed ŵiZE�s oĨ ƚŚe aƌƌaǇ ƚŚaƚ ǁe ŵanaged ƚo ƌeƚƌieve ŵeaningĨul 
inĨoƌŵaƟon ƌegaƌding ƚŚeiƌ ƌegulaƟon in lung ĐanĐeƌ aƌe sƚaƚed in ƚŚe Ĩolloǁing ƚable͗

miRNA name miRBase accession number
Expression 

in cancer
Type References

Śsa-miR-103a-3p M/M�dϬϬϬϬ1Ϭ1 hƉ KnĐogene
;^anĮoƌenǌo et al.͕ 

ϮϬ13͖ �Śan et al.͕ ϮϬ1ϰͿ

Śsa-miR-106ď-3p M/M�dϬϬϬϰϲϳϮ hƉ KnĐogene
;� Ͳ͘M͘ >u et al.͕ ϮϬ1ϰ͖ 

Wang et al.͕ ϮϬ1ϱͿ

Śsa-miR-148a-3p M/M�dϬϬϬϬϮϰ3 �oǁn duŵoƌ suƉƉƌessoƌ ;zang et al.͕ ϮϬ1ϱͿ

Śsa-miR-148a-5p M/M�dϬϬϬϰϱϰ9 �oǁn duŵoƌ suƉƉƌessoƌ ;:͘ >i et al.͕ ϮϬ1ϱͿ

Śsa-miR-18ď-5p M/M�dϬϬϬ1ϰ1Ϯ ^aŵeͬhƉ ͲͲͲ
;MiŬo et al.͕ ϮϬϬ9͖ �aĐiĐ 
et al.͕ ϮϬ1Ϭ͖ ^un et al.͕ 

ϮϬ13Ϳ

Śsa-miR-205-5p M/M�dϬϬϬϬϮϲϲ hƉ KnĐogene ;:iang et al.͕ ϮϬ13Ϳ

Śsa-miR-212-3p M/M�dϬϬϬϬϮϲ9 �oǁn duŵoƌ suƉƉƌessoƌ
;Zabinoǁiƚs et al.͕ ϮϬϬ9͖ 
 /nĐoƌonaƚo et al.͕ ϮϬ1Ϭ͕ 

ϮϬ11Ϳ

Śsa-miR-21-3p M/M�dϬϬϬϰϰ9ϰ hƉ KnĐogene
;�el sesĐovo et al.͕ 

ϮϬ1ϰͿ

Śsa-miR-663a M/M�dϬϬϬ33Ϯϲ hƉ KnĐogene ;�Śang et al.͕ ϮϬ1ϱͿ

Taďle 16. miRNAs selected accordinŐ to tŚeir potenƟal anƟcancer ĨuncƟon. /n ƌed and gƌeen ƌesƉeĐƟvelǇ͕  doǁnƌegulaƚed 
and uƉƌegulaƚed ŵiZE�s aŌeƌ ƚƌeaƚŵenƚ ǁiƚŚ ĐoŵƉound 2͘ dŚese ŵiZE�s aƌe ĐlassiĮed as ƉoƚenƟal onĐogenes oƌ ƚuŵoƌ 
suƉƉƌessoƌ Đonsideƌing diīeƌenƚ sƚudies ƚŚaƚ Śave ƌeƉoƌƚed ƚŚeiƌ eǆƉƌession in lung ĐanĐeƌ͘

/n ƚŚe neǆƚ sƚeƉ͕ ǁe seleĐƚed ƚŚe genes͕ ƌegulaƚed bǇ ƚŚe aĨoƌeŵenƟoned ŵiZE�͕ ƚŚaƚ ǁeƌe involved 
in ƚŚe ƉaƚŚǁaǇs ƚŚaƚ Đan be ƌelaƚed ƚo ƚŚe induĐƟon oĨ an anƟĐanĐeƌ eīeĐƚ͕ ǁŚiĐŚ ǁeƌe aƉoƉƚosis͕ 
ŵaĐƌoauƚoƉŚagǇ and W/3<ͬ�<dͬŵdKZ͘ dŚis ǁas Đaƌƌied ouƚ using <�'' ;<Ǉoƚo �nĐǇĐloƉedia oĨ 'enes 
and 'enoŵesͿ ƉaƚŚǁaǇ daƚabase ;ŚƩƉ͗ͬͬǁǁǁ͘ genoŵe͘ ũƉͬŬeggͬͿ͘ dŚis is a Ɖlaƞoƌŵ ƚŚaƚ ĐolleĐƚs 
ŵulƟƉle ƉaƚŚǁaǇ ŵaƉs ƌeƉƌesenƟng eǆƉeƌiŵenƚal Ŭnoǁledge on ŵoleĐulaƌ inƚeƌaĐƟons͕ ƌeaĐƟon and 
ƌelaƟon neƚǁoƌŬs ǁiƚŚin ƚŚe Đells and oƌganisŵs͘ KnĐe ƚŚe seleĐƟon ƉƌoĐess ǁas ĐoŵƉleƚed͕ ǁe builƚ 
a neǁ neƚǁoƌŬ ǁiƚŚ �ǇƚosĐaƉe soŌǁaƌe enĐoŵƉassing seleĐƚed genes and ƚŚeiƌ ŵiZE�s ;Įguƌe ϱϳͿ͘
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FiŐure 57. DiīerenƟally-expressed miRNAs and tŚeir tarŐet Őenes interacƟon netǁork͘ 'ƌeen and ƌed elliƉses sƚand 
Ĩoƌ uƉƌegulaƚed and doǁnƌegulaƚed ŵiZE�s aŌeƌ ĐoŵƉound 2 ƚƌeaƚŵenƚ͕ ƌesƉeĐƟvelǇ͘ /n ƌeĐƚangles͕ genes ƌelaƚed ƚo 
W/3<ͬ�<d ƉaƚŚǁaǇ͕  aƉoƉƚosis and ŵaĐƌoauƚoƉŚagǇ͘ 'enes involved in ŵaĐƌoauƚoƉŚagǇ aƌe sŚoǁn in ligŚƚ blue and W/3<ͬ
�<d in ƉinŬ͘ 'enes involved in ƚǁo ƉaƚŚǁaǇs aƌe in oƌange oƌ ligŚƚ gƌeen͕ ƌeƉƌesenƟng aƉoƉƚosis and W/3<ͬ�<d ;�ͬWͿ͕ 
ŵaĐƌoauƚoƉŚagǇ and W/3<ͬ�<d ;MͬWͿ͘ dŚose genes ƚŚaƚ aƌe iŵƉliĐaƚed in ƚŚe ƚŚƌee ƉaƚŚǁaǇs aƌe in Ǉelloǁ ;�ͬMͬWͿ͘

�Ʃending ƚo ƚŚe ƚaƌgeƚ genes ƚŚaƚ aƉƉeaƌed in ƚŚe neƚǁoƌŬ͕ genes suĐŚ as Wd�E ;ƉŚosƉŚaƚase and 
ƚensin ŚoŵologͿ and W,>WWϮ ;W, doŵain and leuĐine ƌiĐŚ ƌeƉeaƚ Ɖƌoƚein ƉŚosƉŚaƚase ϮͿ͕ ƌegulaƚed 
bǇ ƚŚe doǁnƌegulaƚed ŵiZͲ1Ϭ3aͲ3Ɖ and ŵiZͲϮϬϱͲϱƉ͕ and genes liŬe ��>Ϯ oƌ Mz� ;ŵǇeloĐǇƚoŵaƚosis 
viƌus onĐogene Đellulaƌ ŚoŵologͿ͕ ƌegulaƚed bǇ ƚŚe uƉƌegulaƟon oĨ ŵiZͲ1ϰ8aͲ3Ɖ and ŵiZͲϮ1ϮͲ3Ɖ ŵusƚ 
be ŚigŚligŚƚed͘ dŚis ŵiZE� eǆƉƌession ƉƌoĮle geneƌaƚed aŌeƌ ƚƌeaƚŵenƚ ǁiƚŚ ĐoŵƉound 2 ŵigŚƚ be 
ƌelaƚed ǁiƚŚ ƚŚe ĐǇƚoƚoǆiĐ eīeĐƚ obseƌved in �ϱϰ9 Đell line͘ 

/n anǇ Đase͕ ƚŚese aƌe ƉƌeliŵinaƌǇ ƌesulƚs ƉƌediĐƚed bǇ ƚŚe obseƌved ŵiZE� ŵodiĮĐaƟons͘ do 
Đoƌƌoboƌaƚe ƚŚe iŵƉliĐaƟon oĨ ƚŚese genes in ƚŚe ĐǇƚoƚoǆiĐ eīeĐƚ induĐed bǇ ĐoŵƉound 2͕ ǁe ǁould 
Śave ƚo validaƚe eaĐŚ oĨ ƚŚese ƉoƚenƟal ƚaƌgeƚ genes in ĨuƌƚŚeƌ eǆƉeƌiŵenƚs͘

6. Evaluation of  compounds therapeutic effect in in vivo studies
Wƌevious ƌesulƚs ǁiƚŚ ĐoŵƉound 2 and 7͕ suĐŚ as ƚŚeiƌ ŚigŚ ĐǇƚoƚoǆiĐiƚǇ in lung ĐanĐeƌ Đell lines 

and ƉaƟenƚͲdeƌived �^�͕ suggesƚed ƚŚaƚ ƚŚese ĐoŵƉounds ŵaǇ be ƉoƚenƟal anƟƚuŵoƌ dƌugs in 
ĐanĐeƌ ŵiĐe ŵodels͘ �ĐĐoƌdinglǇ͕  anƟͲƚuŵoƌ eĸĐaĐǇ ǁas Įƌsƚ assessed in an eĐƚoƉiĐ ǆenogƌaŌ ŵodel͕ 
using a subĐuƚaneous ŵodel in ĐollaboƌaƟon ǁiƚŚ �ƌ͘  sillanueva ;/nsƟƚuƚ d͛/nvesƟgaĐiſ �ioŵğdiĐa de 
�ellviƚgeͿ͘ MiĐe beaƌing subĐuƚaneous �ϱϰ9 ƚuŵoƌs ǁeƌe ƚƌeaƚed ǁiƚŚ ĐoŵƉounds 2 oƌ 7 ;ϲ ŵgͬŬg 
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RESULTS

in saline ǁiƚŚ ϳ͘ϱй oĨ �M^KͬϬ͘8й dǁeenͲ8ϬͿ oƌ veŚiĐle Đonƚƌol ;ϳ͘ϱй oĨ �M^KͬϬ͘8й dǁeenͲ8ϬͿ in 
alƚeƌnaƟng daǇs duƌing ϮϬ daǇs͘ �ƚ ƚŚe saŵe Ɵŵe͕ ƚƌeaƚŵenƚ ǁiƚŚ ���W͕  sƚandaƌd ĐŚeŵoƚŚeƌaƉeuƟĐ 
dƌug͕ ǁas Đaƌƌied ouƚ in oƌdeƌ ƚo ĐoŵƉaƌe ƚŚeiƌ eĸĐaĐǇ levels͘ 

&iguƌe ϱ8 sŚoǁs ƚŚe ƌesulƚs oĨ ƚƌeaƟng ŵiĐe beaƌing �ϱϰ9 ƚuŵoƌs ǁiƚŚ ĐoŵƉound 2 oƌ 7 oƌͬ
and CDDP͘ �oƚŚ ĐoŵƉounds͕ aƚ a dose oĨ ϲ ŵgͬŬg͕ ƉƌoduĐed a sƚaƟsƟĐallǇ signiĮĐanƚ ;W ф Ϭ͘Ϭ1Ϳ 
ƌeduĐƟon in ƚuŵoƌ ǁeigŚƚ ĐoŵƉaƌed ƚo ƚŚe Đonƚƌol gƌouƉ and iƚ ǁas siŵilaƌ ƚo ƚŚe ���W induĐed 
ƌeduĐƟon͘ ,oǁeveƌ͕  ƚŚe ĐoŵbinaƟon oĨ ouƌ ĐoŵƉounds ǁiƚŚ ���W did noƚ lead ƚo a sǇneƌgisƟĐ eīeĐƚ͘ 
/ŵƉoƌƚanƚlǇ͕  as a single agenƚ͕ ƚŚe ƚƌeaƚŵenƚ ǁiƚŚ ĐoŵƉounds 2 oƌ 7 did noƚ ƉƌoduĐe anǇ obvious 
ƚoǆiĐiƚǇ ;ŚeƉaƚoƚoǆiĐiƚǇ and neƉŚƌoƚoǆiĐiƚǇͿ diaƌƌŚea oƌ signiĮĐanƚ bodǇ ǁeigŚƚ loss͘ 

FiŐure 58. Eīect oĨ syntŚeƟc tamďũamine analoŐues (2 and 7) in estaďlisŚed A549 Śuman adenocarcinoma suďcutaneous 
tumors. MiĐe ;ϳͬgƌouƉͿ ǁeƌe adŵinisƚeƌed ǁiƚŚ ĐoŵƉound 2 oƌ 7 aƚ ϲ ŵgͬŬg in alƚeƌnaƟng daǇs duƌing ϮϬ daǇs oƌ ���W 
aƚ ϰ ŵgͬŬg daǇ Ϭ͕ ϳ and 1ϱ͘ ^igniĮĐanƚ diīeƌenĐes in ŵean ƚuŵoƌ ǁeigŚƚs ĐoŵƉaƌed ƚo Đonƚƌols ǁeƌe obseƌved ǁiƚŚ 
all single ĐoŵƉounds ƚƌeaƚŵenƚs͘ Eo sǇneƌgisƟĐ eīeĐƚ ǁas obseƌved in ĐoŵbinaƟon ƚƌeaƚŵenƚs͘ ^ƚaƟsƟĐallǇ signiĮĐanƚ 
ƌesulƚs aƌe indiĐaƚed as ΎƉ ф Ϭ͘Ϭϱ and ΎΎƉ ф Ϭ͘Ϭ1͘

/n a ƉƌeliŵinaƌǇ sƚudǇ͕  ǁe ƚesƚed ouƌ ĐoŵƉounds in a ŵuƌine oƌƚŚoƚoƉiĐ lung ŵodel develoƉed 
bǇ �ƌ͘  sillanueva͘ We seleĐƚed ƚŚis ŵodel sinĐe iƚ ƌeƉƌoduĐes ƚŚe ƉƌiŵaƌǇ siƚe oĨ ƚŚe Đoŵŵon Śuŵan 
lung ĐanĐeƌ and is able ƚo ƌeƉƌesenƚ ƚŚe Đoŵŵon siƚes oĨ ŵeƚasƚasis͘ hnĨoƌƚunaƚelǇ͕  due ƚo ƚeĐŚniĐal 
diĸĐulƟes͕ ƚŚe gƌouƉs ǁeƌe ƌeduĐed ƚo 3 oƌ ϰ aniŵals Ɖeƌ ĐondiƟon͘ 'iven ƚŚaƚ ouƌ Įndings aƌe based 
on a liŵiƚed nuŵbeƌ oĨ aniŵals͕ ƚŚe ƌesulƚs Ĩƌoŵ ƚŚis analǇsis sŚould be ƚƌeaƚed ǁiƚŚ Đonsideƌable 
ĐauƟon͘ �esƉiƚe ƚŚis͕ iƚ ǁas obseƌved ƚŚaƚ boƚŚ ĐoŵƉounds ƌeduĐed ƚuŵoƌ Ɖƌogƌession in ƚŚis ŵodel͕ 
esƉeĐiallǇ ĐoŵƉound 7 ;Įguƌe ϱ9Ϳ͘ daŬen ƚogeƚŚeƌ͕  ƚŚese ƉƌeliŵinaƌǇ ƌesulƚs indiĐaƚe ƚŚe ƉoƚenƟal 
ƚŚeƌaƉeuƟĐ eīeĐƚs oĨ ouƌ ĐoŵƉounds againsƚ lung ĐanĐeƌ͘
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FiŐure 59. AnƟtumor eīects oĨ tamďũamine analoŐues in an ortŚotopic model oĨ Śuman NSCLC͘ �aƌ gƌaƉŚ sŚoǁing ƚŚe 
ŵean ƚuŵoƌ voluŵe in ŵuƌine lung oƌƚŚoƚoƉiĐ ŵodel ƚƌeaƚed ǁiƚŚ ϲ ŵgͬŬg oĨ ĐoŵƉound 2 and 7 Ĩoƌ ϮϬ daǇs͘ ^ƚaƟsƟĐallǇ 
signiĮĐanƚ ƌesulƚs aƌe indiĐaƚed as ΎƉ ф Ϭ͘Ϭϱ and ΎΎƉ ф Ϭ͘Ϭ1 veƌsus veŚiĐle Đonƚƌol͘
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DISCUSSION

1. Chemical structure, anion transport activity and cytotoxicity
Kƌal and lung ĐanĐeƌ aƌe lisƚed aŵong ƚŚe ŵosƚ Đoŵŵon ƌesƉiƌaƚoƌǇ diseases͕ being ƚŚe laƩeƌ 

one oĨ ƚŚe ŵain Đauses oĨ ŵoƌƚaliƚǇ in ƚŚe ǁoƌld͘ �esƉiƚe neǁ advanĐes in diagnosis and ĐliniĐal Đaƌe͕ 
ƚŚe suĐĐess oĨ ĐonvenƟonal ƚƌeaƚŵenƚs is sƟll liŵiƚed͕ esƉeĐiallǇ in ĐŚeŵoƚŚeƌaƉǇ͘ dŚeƌeĨoƌe͕ iƚ is 
neĐessaƌǇ ƚo idenƟĨǇ neǁ ŵoleĐules ǁiƚŚ diīeƌenƚ ŵeĐŚanisŵs oĨ aĐƟon and ŵoƌe eīeĐƟveness ƚo 
ĮgŚƚ againsƚ ƚŚese ƚǇƉes oĨ ĐanĐeƌs͘ ^inĐe ĐanĐeƌ Đells Śave a ͞ƌeveƌsed͟ Ɖ, gƌadienƚ ƚŚaƚ suƉƉoƌƚs 
ƚŚeiƌ develoƉŵenƚ͕ in ƚŚe lasƚ Ǉeaƌs͕ ƚŚe disƌuƉƟon oĨ ioniĐ Śoŵeosƚasis Śas been desĐƌibed as a 
neǁ sƚƌaƚegǇ againsƚ ĐanĐeƌ ;Webb et al.͕ ϮϬ11Ϳ͘ �onseƋuenƚlǇ͕  anion ƚƌansƉoƌƚ ĐoŵƉounds suĐŚ as 
Ɖƌodigiosin͕ obaƚoĐlaǆ and salinoŵǇĐin͕ aŵong oƚŚeƌs͕ aƌe being sƚudied as ƉoƚenƟal ƚŚeƌaƉeuƟĐ 
agenƚs Ĩoƌ ĐanĐeƌ ;WeƌeǌͲdoŵas and Monƚaneƌ͕  ϮϬϬ3͖ 'uƉƚa et al.͕ ϮϬϬ9͖ WeƌeǌͲdoŵas and sinas͕ 
ϮϬ1Ϭ͖ 'oaƌd and ^ĐŚiŵŵeƌ͕  ϮϬ13Ϳ͘ Eaƚuƌal ƚaŵbũaŵines͕ seĐondaƌǇ ŵeƚaboliƚes deƌived Ĩƌoŵ ŵaƌine 
inveƌƚebƌaƚes ;�aƌƚe and &aulŬneƌ͕  1983Ϳ;^oliev͕  ,osoŬaǁa and �noŵoƚo͕ ϮϬ11Ϳ͕ aƌe also a ĨaŵilǇ oĨ 
anion Đaƌƌieƌ ĐoŵƉounds ǁiƚŚ diveƌse biologiĐal aĐƟviƟes ;�aƌbone et al.͕ ϮϬ1ϬͿ͘ �s a ƌesulƚ oĨ ƚŚe 
seaƌĐŚ Ĩoƌ novel ĐoŵƉounds ǁiƚŚ eĸĐienƚ ƚƌansƉoƌƚeƌ aĐƟviƚǇ͕  in ĐollaboƌaƟon ǁiƚŚ Zobeƌƚo Yuesada s͛ 
ƌeseaƌĐŚ gƌouƉ ;hniveƌsiƚǇ oĨ �uƌgosͿ͕ neǁ ŵoleĐules deƌived Ĩƌoŵ ƚŚis ĨaŵilǇ ǁeƌe sǇnƚŚesiǌed͘ 
^ƚƌuĐƚuƌallǇ͕  ƚŚe ĐoŵƉounds in ƚŚese seƌies sŚaƌe a biƉǇƌƌole Đoƌe͕ ƚǇƉiĐal oĨ naƚuƌal ĐoŵƉounds͘ 
dŚese sǇnƚŚeƟĐ ƚaŵbũaŵine analogues Ɖossess an aƌoŵaƟĐ enaŵine gƌouƉ beaƌing eiƚŚeƌ eleĐƚƌon 
donaƟng oƌ eleĐƚƌon ǁiƚŚdƌaǁing subsƟƚuenƚs as ǁell as a ŚeƚeƌoaƌoŵaƟĐ ;ƉǇƌidineͿ gƌouƉ͘ �eside 
ƚŚis͕ eaĐŚ analogue Śas a Ɖaƌenƚ deƌivaƟve͕ in ǁŚiĐŚ͕ in addiƟon ƚo ƚŚe Ɖƌevious ŵodiĮĐaƟons͕ a 
benǌǇloǆǇ gƌouƉ ƌeƉlaĐing ƚŚe ŵeƚŚoǆǇ gƌouƉ ĐŚaƌaĐƚeƌisƟĐ oĨ ƚŚe naƚuƌal ĐoŵƉounds ǁas inƚƌoduĐed 
;,eƌnando et al.͕ ϮϬ1ϰͿ͘ dŚe vaƌiabiliƚǇ on ƚŚe subsƟƚuenƚs ĐonĨeƌs a sƉeĐiĮĐ liƉoƉŚiliĐiƚǇ ĐŚaƌaĐƚeƌ ƚo 
ƚŚe ĐoŵƉounds͘ dŚis liƉoƉŚiliĐiƚǇ Śas a diƌeĐƚ iŵƉaĐƚ on ƚŚe anion ƚƌansƉoƌƚ aĐƟviƚǇ oĨ ƚŚese sǇnƚŚeƟĐ 
ƚaŵbũaŵine analogues ;<nigŚƚ et al.͕ ϮϬ1ϲͿ͘ 

FiŐure 60. CŚemical structure oĨ syntŚeƟc tamďũamine analoŐues 

dŚese ĐoŵƉounds͕ as ǁell as oƚŚeƌ naƚuƌal ƚaŵbũaŵines͕ Śave been desĐƌibed as Ɖoƚenƚ 
ƚƌansŵeŵbƌane anion ƚƌansƉoƌƚeƌs in liƉosoŵal ŵodels͕ ĨaĐiliƚaƟng ĐŚloƌide and biĐaƌbonaƚe eǆĐŚange 
aĐƌoss liƉid ŵeŵbƌanes ;,eƌnando et al.͕ ϮϬ1ϰͿ͘ dŚe ĐoŵƉounds Ĩoƌŵ suƉƌaŵoleĐulaƌ ĐoŵƉleǆes 
ǁiƚŚ anions ƚŚƌougŚ ƚŚe ĨoƌŵaƟon oĨ sƚƌong ŚǇdƌogen bond inƚeƌaĐƟons and aƌe ĐaƉable ƚo Ɖƌoŵoƚe 
ĐŚloƌide and biĐaƌbonaƚe ƚƌansƉoƌƚ ƚŚƌougŚ bilaǇeƌs ;Įguƌe ϲ1Ϳ͘
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FiŐure 61. Model Ĩor anion transport mecŚanism induced ďy syntŚeƟc tamďũamine analoŐues. dŚis Įguƌe ǁas ƉƌoduĐed 
using ^eƌvieƌ MediĐal �ƌƚ iŵage banŬ͘

ZeĐenƚlǇ͕  as a ƌesulƚ oĨ iƚs ƚƌansƉoƌƚ aĐƟviƚǇ͕  seveƌal sǇnƚŚeƟĐ ƚaŵbũaŵine analogues Śave sŚoǁn 
Ɖoƚenƚ anƟĐanĐeƌ aĐƟviƚǇ in a Ɖanel oĨ ĐanĐeƌ Đell lines͕ inĐluding Śuŵan ŵelanoŵa͕ lung ĐaƌĐinoŵa͕ 
ĐoloƌeĐƚal adenoĐaƌĐinoŵa and ŵaŵŵaƌǇ adenoĐaƌĐinoŵa Đells ;,eƌnĄndeǌ et al.͕ ϮϬ1Ϯ͖ ,eƌnando 
et al.͕ ϮϬ1ϰͿ͘ /n ƚŚis ƚŚesis͕ ƚŚe ƌesulƚs obƚained ƌelaƚed ƚo ƚŚeiƌ anƟĐanĐeƌ ƉƌoƉeƌƟes ǁiƚŚ ƚŚose 
ĐoŵƉounds beaƌing ϰͲalŬoǆǇͲϮ͕ϮϬͲbiƉǇƌƌole ŵoieƟes ;,eƌnando et al.͕ ϮϬ1ϰͿ aƌe eǆƚended ƚo seveƌal 
oƌal and lung ĐanĐeƌ Đell lines͘ �ell viabiliƚǇ ǁas ƌeduĐed ǁiƚŚ ƚŚe ŵaũoƌiƚǇ oĨ ƚŚe ƚesƚed analogues 
in boƚŚ oƌal and lung ĐanĐeƌ Đell lines͘ dŚe ŵosƚ Ɖoƚenƚ ĐoŵƉound͕ analogue 2 ǁas seleĐƚed along 
analogue ϳ͕ iƚs vaƌianƚ ǁiƚŚ benǌǇloǆǇ gƌouƉ͕ as ƚŚe ŵosƚ Ɖƌoŵising anƟĐanĐeƌ ĐoŵƉounds͘ dŚis Ɖaiƌ 
oĨ ĐoŵƉounds sŚoǁed /�ϱϬ values aŌeƌ Ϯϰ Ś oĨ ƚƌeaƚŵenƚ beloǁ ϱ μM in ƌeƉƌesenƚaƟve Đell lines oĨ 
boƚŚ ƚǇƉes oĨ ĐanĐeƌ͘  � ƚŚiƌd ĐoŵƉound͕ NT oƌ nonͲƚƌansƉoƌƚeƌ͕  seleĐƚed Ĩoƌ ĨuƌƚŚeƌ eǆƉeƌiŵenƚs due 
ƚo iƚs ŵodesƚ ƚƌansƉoƌƚ ĐaƉaĐiƚǇ͕  is sƚƌuĐƚuƌallǇ ƌelaƚed ƚo ƚŚe sǇnƚŚeƟĐ ƚaŵbũaŵine analogues and 
Śave sŚoǁed signiĮĐanƚlǇ ŚigŚeƌ /�ϱϬ values͘ ,enĐe͕ anion ƚƌansƉoƌƚ aĐƟviƚǇ ŵaǇ be diƌeĐƚlǇ ƌelaƚed ƚo 
Đellulaƌ ĐǇƚoƚoǆiĐiƚǇ͘ 

^iŵilaƌ sƚudies Đaƌƌied ouƚ ǁiƚŚ indoleͲbased ƚaŵbũaŵine analogues͕ anoƚŚeƌ baƚĐŚ oĨ sǇnƚŚeƟĐ 
ĐoŵƉounds deƌived Ĩƌoŵ ƚŚe naƚuƌal ŵaƌine alŬaloids͕ sŚoǁed ŚigŚeƌ /�ϱϬ values in lung ĐanĐeƌ Đell 
lines ;^oƚoͲ�eƌƌaƚo et al.͕ ϮϬ1ϱͿ͘ ,enĐe͕ ouƌ ĐoŵƉounds aƌe ƚŚe ŵosƚ Ɖoƚenƚ aŵong ƚŚe diīeƌenƚ seƌies 
oĨ ƚaŵbũaŵine analogues in ƚeƌŵs oĨ ĐǇƚoƚoǆiĐiƚǇ Ĩoƌ lung adenoĐaƌĐinoŵa Đells͘ &uƌƚŚeƌŵoƌe͕ ouƌ 
ĐoŵƉounds Śave Ɖƌoved ƚo be ŵoƌe eīeĐƟve ƚŚan oƚŚeƌ anionoƉŚoƌes sinĐe ƌeĐenƚlǇ daƚa ƉublisŚed 
Ĩoƌ ƚŚe ƚŚeƌaƉeuƟĐ ĐaƟonoƉŚoƌe salinoŵǇĐin Śave sŚoǁed /�ϱϬ values ƌanged Ĩƌoŵ ϱ ƚo 1Ϭ ʅM Ĩoƌ 
lung ĐanĐeƌ �ϱϰ9 Đell line ;�ƌaĨaƚ et al.͕ ϮϬ13Ϳ͘ dŚe ĐoŵƉaƌison beƚǁeen /�ϱϬ values ƌelaƟve ƚo ƚŚese 
analogues ǁiƚŚ ƚŚose obƚained ǁiƚŚ ĐisƉlaƟn ;sƚandaƌd ĐŚeŵoƚŚeƌaƉeuƟĐ agenƚ used in ƚŚe ĐliniĐ 
Ĩoƌ boƚŚ oƌal and lung ĐanĐeƌͿ sŚoǁed ƚŚaƚ ĐoŵƉounds beaƌing ϰͲalŬoǆǇͲϮ͕ϮϬͲbiƉǇƌƌole ŵoieƟes aƌe 
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DISCUSSION

ŵoƌe Ɖoƚenƚ ƚŚan ĐisƉlaƟn͘ dŚe ĐisƉlaƟn /�ϱϬ value obƚained in ouƌ gƌouƉ is Đonsisƚenƚ ǁiƚŚ Ɖƌevious 
ƉublisŚed daƚa ;zan et al.͕ ϮϬϬ9Ϳ͘  /n addiƟon͕ sǇnƚŚeƟĐ ƚaŵbũaŵine analogues aƌe ŵoƌe eĸĐienƚ ƚŚan 
geŵĐiƚabine in vitro͕ Đonsideƌing ƚŚaƚ iƚ Śas an /�ϱϬ value aƌound 1Ϭ ʅM aŌeƌ ϳϮ Ś oĨ ƚƌeaƚŵenƚ ;/Ŭeda 
et al.͕ ϮϬ11͖ >i et al.͕ ϮϬ1ϲͿ͘ dŚeƌeĨoƌe͕ ƚaŵbũaŵine analogues in vitro values aƌe in ƚŚe ƌange oĨ ƚŚe 
ŵosƚ ĐuƌƌenƚlǇ used ĐŚeŵoƚŚeƌaƉeuƟĐs in ƚŚe ƚƌeaƚŵenƚ oĨ lung ĐanĐeƌ͘

^eleĐƚed ĐoŵƉounds ǁeƌe also ƚesƚed in �^� ;ĐanĐeƌ sƚeŵ ĐellsͿ deƌived Ĩƌoŵ ƉaƟenƚs oƌ isolaƚed 
Ĩƌoŵ �ϱϰ9 Đells and ĐoŵƉound 2 sŚoǁed ƚo be esƉeĐiallǇ Ɖoƚenƚ againsƚ ƉaƟenƚͲdeƌived �^�͘ dŚis ƚuŵoƌ 
subƉoƉulaƟon͕ involved in ƚuŵoƌ iniƟaƟon͕ Ɖossesses ĐaƉaĐiƚǇ Ĩoƌ susƚained selĨͲƌeneǁal͕ Đonƚƌibuƚes 
ƚo ŵeƚasƚaƟĐ disseŵinaƟon as ǁell as ƚo aĐƋuiƌed ĐŚeŵoƚŚeƌaƉǇ ƌesisƚanĐe in ĐanĐeƌ ;salenƚ et al.͕ 
ϮϬ1ϮͿ͕ ƚŚus ƚŚese ƌesulƚs aƌe veƌǇ enĐouƌaging Ĩoƌ lung ĐanĐeƌ ƚƌeaƚŵenƚ and ƚŚe ƉƌevenƟon oĨ ƚuŵoƌ 
ƌeĐuƌƌenĐes͘ /n ƚŚis vieǁ͕ sƚudies ǁiƚŚ indoleͲbased ƚaŵbũaŵine analogues Śave also deŵonsƚƌaƚed 
ƚŚaƚ ƚŚeǇ aƌe able ƚo seveƌelǇ ƌeduĐe �^� viabiliƚǇ ;^oƚoͲ�eƌƌaƚo et al.͕ ϮϬ1ϱͿ͘ �eside ƚŚis͕ ƚŚaƚ Ŭind oĨ 
anion ƚƌansƉoƌƚeƌ induĐes Đell ŵeŵbƌane ŚǇƉeƌƉolaƌiǌaƟon͕ ǁŚiĐŚ in ƚuƌn leads ƚo �^� diīeƌenƟaƟon͘ 
dŚis ĨaĐƚ Đould inĐƌease �^� sensiƟviƚǇ ƚo ĐŚeŵoƚŚeƌaƉǇ oƌ ƌadiaƟon aĐŚieving gƌeaƚeƌ eĸĐaĐǇ and 
Ĩavoƌable ĐliniĐal ƌesulƚs ;^oƚoͲ�eƌƌaƚo et al.͕ ϮϬ1ϱͿ͘ /n ƚŚis ƌegaƌd͕ oƚŚeƌ anionoƉŚoƌes suĐŚ as ƚŚe 
ĐaƟon seleĐƟve ionoƉŚoƌe salinoŵǇĐin Śas deŵonsƚƌaƚed ƚŚaƚ iƚ Śas sƉeĐiĮĐ ƚoǆiĐiƚǇ againsƚ �^�s 
in diīeƌenƚ ƚǇƉes oĨ Śuŵan ĐanĐeƌs in vitro ;'uƉƚa et al.͕ ϮϬϬ9͖ Wang͕ ϮϬ11Ϳ͕ indiĐaƟng ƚŚaƚ ƚŚe 
aƉƉliĐaƟon oĨ ƚŚese Ŭind oĨ ĐoŵƉounds ŵigŚƚ be a veƌǇ Ɖƌoŵising ƚŚeƌaƉǇ͘

�ll ƚŚis ǁoƌŬ led us ƚo ĐonĐlude ƚŚaƚ seleĐƚed sǇnƚŚeƟĐ ƚaŵbũaŵine analogues deŵonsƚƌaƚe beƩeƌ 
ĐaƉaĐiƚǇ as ĐǇƚoƚoǆiĐ ĐoŵƉounds͕ boƚŚ in ĐanĐeƌous Đell lines and in ƉaƟenƚͲdeƌived �^�͕ ƚŚan ĮƌsƚͲline 
ĐŚeŵoƚŚeƌaƉǇ ƚƌeaƚŵenƚs͕ suggesƟng ƚŚaƚ ƚŚeǇ ŵigŚƚ be Ɖƌoŵising neǁ ĐŚeŵoƚŚeƌaƉeuƟĐ agenƚs͘

2. Anionic unbalance and cellular stress
�ells aƌe ĐonsƚanƚlǇ subũeĐƚed ƚo diīeƌenƚ Ĩoƌŵs oĨ endogenous and eǆogenous sƟŵuli͕ ŵanǇ oĨ 

ǁŚiĐŚ Đan induĐe sƚƌess͘ dŚese insulƚs ƚŚaƚ inƚeƌĨeƌe ǁiƚŚ Đellulaƌ Śoŵeosƚasis͕ suĐŚ as ŚǇƉoǆia͕ �E� 
daŵage oƌ ioniĐ iŵbalanĐe͕ iniƟaƚe ƌesƉonses ƚo ŵainƚain ƚŚe balanĐe ƚŚaƚ is needed Ĩoƌ Đell suƌvival͕ 
and iĨ ƚŚis is noƚ ƌeĐoveƌed͕ ƚŚeǇ ŵaǇ ƚƌiggeƌ Đell deaƚŚ ŵeĐŚanisŵs͘ 

Ɖ, Śoŵeosƚasis and ƚŚe ŵainƚenanĐe oĨ Ɖƌoƚon gƌadienƚs aĐƌoss oƌganellaƌ ŵeŵbƌanes aƌe ŬeǇ ƚo 
Đell suƌvival͕ ĨunĐƟon and ƉƌoliĨeƌaƟon ;�aseǇ͕  'ƌinsƚein and KƌloǁsŬi͕ ϮϬϬ9Ϳ͘ Kn one Śand͕ ĨunĐƟon 
oĨ oƌganelles is subũeĐƚed ƚo ƚŚe esƚablisŚŵenƚ and ƉƌeseƌvaƟon oĨ an inƚeƌnal diīeƌenƟaƚed Ɖ, ƚŚaƚ 
Ɖƌovides oƉƟŵal enviƌonŵenƚal ĐondiƟons Ĩoƌ ƚŚe oƉeƌaƟon oĨ Đeƌƚain ŵeƚaboliĐ ƉaƚŚǁaǇs͘ Kn ƚŚe 
oƚŚeƌ Śand͕ all Ɖƌoƚeins deƉend on Ɖ, ƚo Ɖƌeseƌve ƚŚeiƌ sƚƌuĐƚuƌe and ĨunĐƟon͘ Moƌeoveƌ͕  diīeƌenƚ 
ĐonĐenƚƌaƟons oĨ Ɖƌoƚons aŵong ĐoŵƉaƌƚŵenƚs and ĐǇƚosol geneƌaƚe ,+ gƌadienƚs essenƟal ƚo ƚŚe 
geneƌaƟon and Đonveƌsion oĨ Đellulaƌ eneƌgǇ͕  ǁŚiĐŚ in ƚuƌn is an inƚegƌal Ɖaƌƚ oĨ ŵanǇ ŵeƚaboliĐ 
ƌeaĐƟons ;�aseǇ͕  'ƌinsƚein and KƌloǁsŬi͕ ϮϬϬ9Ϳ͘ dŚis ĮnelǇ adũusƚed ĨunĐƟon͕ Đaƌƌied ouƚ ŵainlǇ bǇ 
ƚƌansƉoƌƚ Ɖƌoƚeins loĐaƚed on ƚŚe Đell ŵeŵbƌane͕ Đan be ŵodulaƚed bǇ endogenous oƌ eǆogenous 
ŵoleĐules͕ as ǁell as͕ in soŵe ƉaƚŚologiĐal siƚuaƟons͕ Đan lead ƚo Ɖ,i ĐŚanges ƚŚaƚ Śave been iŵƉliĐaƚed 
in boƚŚ Đell ƉƌoliĨeƌaƟon and Đell deaƚŚ ;>agadiĐͲ'ossŵann͕ ,uĐ and >eĐuƌeuƌ͕  ϮϬϬϰͿ͘ dŚeƌeĨoƌe͕ ouƌ 
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seleĐƚed sǇnƚŚeƟĐ ƚaŵbũaŵine analogues͕ as Ɖoƚenƚ ĐŚloƌideͬbiĐaƌbonaƚe eǆĐŚangeƌs͕ Đould Śave 
diƌeĐƚ ĐonseƋuenĐes on boƚŚ ĐǇƚoƉlasŵaƟĐ and oƌganelle Ɖ,͘ 

>Ǉsosoŵes aƌe aĐidiĐ oƌganelles ƌesƉonsible Ĩoƌ ƚŚe degƌadaƟon oĨ boƚŚ inƚƌaͲ and eǆƚƌaĐellulaƌ 
ĐoŵƉonenƚs͕ via endoĐǇƚosis oƌ auƚoƉŚagǇ͕  ƌesƉeĐƟvelǇ͘ &oƌ ƚŚis ƌeason͕ ƚŚis oƌganelle Đonƚains a 
laƌge aƌƌaǇ oĨ ŚǇdƌolases designed ƚo Đaƚaboliǌe all ƚǇƉes oĨ ŵaĐƌoŵoleĐules ;^Śen and MiǌusŚiŵa͕ 
ϮϬ1ϰͿ͘ dŚeiƌ ĐaƚaboliĐ aĐƟviƚǇ deƉends on ƚŚe ŚigŚlǇ aĐidiĐ Ɖ, oĨ ƚŚe lǇsosoŵal luŵen ;Ɖ, ϰ͘ϱͲϱ͘ϬͿ͘ 
�ĐidiĐ Ɖ, is ŵainlǇ geneƌaƚed bǇ sͲ�dWases͕ a laƌge ŵulƟŵeƌiĐ enǌǇŵe ĐoŵƉleǆ ƚŚaƚ ĐouƉles ƚŚe 
eneƌgǇ oĨ �dW ŚǇdƌolǇsis ƚo ƉuŵƉ Ɖƌoƚons aĐƌoss ƚŚe lǇsosoŵe ŵeŵbƌane inƚo ƚŚe lǇsosoŵe luŵen͘ 
�onsideƌing ƚŚaƚ ƚŚis Ɖƌoƚon aĐĐuŵulaƟon geneƌaƚes a ƚƌansŵeŵbƌane volƚage͕ anoƚŚeƌ ion ŵusƚ 
ŵove ƚo dissiƉaƚe ƚŚis ĐŚaƌge͘ /n ƚŚis ƌegaƌd͕ in addiƟon ƚo ƚŚe Ɖƌoƚon ƉuŵƉ͕ seveƌal ion ĐŚannels 
Śave been idenƟĮed in ƚŚe lǇsosoŵe ŵeŵbƌane͕ Ĩoƌ eǆaŵƉle �lͲͬ,+ anƟƉoƌƚeƌs ;�l�ͲϳͿ and Ea+ͬ<+ 
ĐŚannels͘ �oƚŚ Đonƚƌibuƚe ƚo aĐidiĮĐaƟon ĐoŵƉensaƟng lǇsosoŵal ŵeŵbƌane ĐŚaƌges ƚŚƌougŚ Ňuǆ oĨ 
Đounƚeƌions͕ suĐŚ as <+ oƌ �lͲ͕ ŵoving ouƚ oƌ inƚo ƚŚe lǇsosoŵe͕ ƌesƉeĐƟvelǇ ;Mindell͕ ϮϬ1ϮͿ ;yu and 
Zen͕ ϮϬ1ϱͿ͘ 

KnĐe ƚŚe Đells inƚeƌnaliǌe ƚŚese sǇnƚŚeƟĐ ƚaŵbũaŵine analogues͕ seveƌal Đellulaƌ ƉƌoĐesses oĐĐuƌ͕  
Đonveƌging in ƚŚe Ɖoƚenƚ ĐǇƚoƚoǆiĐ eīeĐƚ obseƌved͘ �ĐĐoƌding ƚo ƚŚe ƚeŵƉoƌal seƋuenĐe oĨ evenƚs 
ƚŚaƚ ƚaŬe ƉlaĐe inside ƚŚe Đell͕ sǇnƚŚeƟĐ ƚaŵbũaŵine analogues 2 and 7 Đause ƚŚe loss oĨ aĐƌidine 
oƌange ŇuoƌesĐenĐe Ĩƌoŵ aĐidiĐ oƌganelles ǁiƚŚin ƚŚe Įƌsƚ Śouƌ oĨ eǆƉosuƌe͕ ǁŚiĐŚ indiĐaƚe lǇsosoŵal 
deaĐidiĮĐaƟon͘ dŚis inĐƌease in lǇsosoŵal Ɖ, is Đonsisƚenƚ ǁiƚŚ an anion Đaƌƌieƌ aĐƟviƚǇ aĐƌoss Đellulaƌ 
ŵeŵbƌanes͕ siŵilaƌlǇ ƚo ƚŚaƚ obseƌved in liƉosoŵal ŵodel͘ /n aĐƌidine oƌange assaǇ͕  as a negaƟve 
Đonƚƌol͕ ǁe used anoƚŚeƌ sǇnƚŚeƟĐ ƚaŵbũaŵine analogue ;NTͿ due ƚo iƚs ŵodesƚ anion Đaƌƌieƌ ĐaƉaĐiƚǇ͘ 
�ven ƚŚougŚ NT is sƚƌuĐƚuƌallǇ siŵilaƌ ƚo ouƌ ĐoŵƉounds͕ iƚ Śas loǁeƌ liƉoƉŚiliĐ value͕ and ƚŚeƌeĨoƌe 
iƚ does noƚ Śave ƚŚe saŵe ĐaƉaĐiƚǇ ƚo inseƌƚ in ƚŚe liƉid ŵeŵbƌanes͘ &oƌ ƚŚis ƌeason͕ aŌeƌ ƚƌeaƚŵenƚ 
ǁiƚŚ NT͕ ƚŚe aĐidiĐ ĐoŵƉaƌƚŵenƚs ŵainƚain ƚǇƉiĐal �K sƚaining unliŬe ƚŚose ƚƌeaƚed ǁiƚŚ 2 and 7 
; ure , results sec on .

Kuƌ suƉƉosiƟons ƚo eǆƉlain ƚŚis ƉŚenoŵenon aƌe based on ƚƌansƉoƌƚ aĐƟviƚǇ assaǇs͘ We Ɖƌesuŵe 
ƚŚaƚ sǇnƚŚeƟĐ ƚaŵbũaŵine analogues ĨaĐiliƚaƚe ƚŚe enƚƌanĐe oĨ biĐaƌbonaƚe inƚo ƚŚe lǇsosoŵe and 
Ɖƌoŵoƚe ƚŚe eŋuǆ oĨ ĐŚloƌide ouƚside ƚŚe lǇsosoŵe͕ Ĩavoƌing eleĐƚƌoĐŚeŵiĐal gƌadienƚ ;Įguƌe ϲϮͿ͘ 
Kn one Śand͕ inƚeƌnaliǌed ,�K3

Ͳ ǁould Đoŵbine ǁiƚŚ ƚŚe ,+ Ɖƌesenƚ in ƚŚe lǇsosoŵe Ĩoƌŵing ĐaƌboniĐ 
aĐid͕ ǁŚiĐŚ being unsƚable in aƋueous soluƟon͕ is ƚƌansĨoƌŵed inƚo ǁaƚeƌ and Đaƌbon dioǆide ƚŚaƚ 
Đan diīuse ĨƌeelǇ ƚŚƌougŚ ƚŚe ŵeŵbƌane͘ /n ƚŚis Đase͕ ƚŚe biĐaƌbonaƚe enƚƌǇ ǁould aĐƚ as a buīeƌing 
sǇsƚeŵ͕ inĐƌeasing ƚŚe Ɖ, oĨ ƚŚe lǇsosoŵe͘ Kn ƚŚe oƚŚeƌ Śand͕ aŌeƌ ĐŚloƌide ouƚƉuƚ͕ ƚŚe eleĐƚƌiĐal 
ƉoƚenƟal aĐƌoss ƚŚe ŵeŵbƌane ǁould be unbalanĐed͘ /n ƚŚis ƌegaƌd͕ ƚŚis Đould Đause a Ɖƌoƚon leaŬage 
ƚƌǇing ƚo dissiƉaƚe ƚŚe eleĐƚƌiĐal gƌadienƚ ;�i�iĐĐio and ^ƚeinbeƌg͕ ϮϬ11Ϳ͘ Moƌeoveƌ͕  iƚ Đould inŇuenĐe 
lǇsosoŵe ƚƌansƉoƌƚeƌs͕ suĐŚ as ƚŚe ĐŚloƌide Ɖƌoƚon anƟƉoƌƚeƌ �l�Ͳϳ͕ ǁŚiĐŚ ŵigŚƚ ƚƌǇ ƚo ĐoŵƉensaƚe 
ƚŚe laĐŬ oĨ ĐŚloƌide Ɖulling ouƚ ,+͘ 
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DISCUSSION

FiŐure 62. Lysosomal anion transport model induced ďy selected syntŚeƟc tamďũamine analoŐues and its consequence 
on intracellular and lysosomal pH. dŚis Įguƌe ǁas ƉƌoduĐed using ^eƌvieƌ MediĐal �ƌƚ iŵage banŬ͘

/nƚeƌesƟnglǇ͕  iƚ Śas ƌeĐenƚlǇ been ƌeƉoƌƚed ƚŚaƚ obaƚoĐlaǆ͕ anoƚŚeƌ anionoƉŚoƌe ƌelaƚed ƚo ƚŚe 
Ɖƌodiginine ĨaŵilǇ ƚŚaƚ Śas been evaluaƚed in ĐliniĐal ƚƌials Ĩoƌ diīeƌenƚ ĐanĐeƌ ĐondiƟons͕ ƌaƉidlǇ 
loĐaliǌes ƚo ƚŚe lǇsosoŵes and also induĐes lǇsosoŵal alŬaliǌaƟon ;�ŚaŵƉa et al.͕ ϮϬ1ϲ͖ ^ƚaŵelos 
eƚ al͕͘ ϮϬ1ϲͿ͘ dǇƉiĐallǇ͕  an inĐƌease in lǇsosoŵal Ɖ, Đould deƌive Ĩƌoŵ ,+ leaŬage͕ a deĨeĐƟve Ɖƌoƚon 
ƉuŵƉ oƌ lǇsosoŵal ŵeŵbƌane ƉeƌŵeabiliǌaƟon ;>MWͿ ;�oǇa͕ ϮϬ1ϮͿ͘ �eside ƚŚis͕ iƚ Śas ƌeĐenƚlǇ been 
desĐƌibed ƚŚaƚ ŚigŚ luŵinal ĐŚloƌide in ƚŚe lǇsosoŵe is ĐƌiƟĐal Ĩoƌ lǇsosoŵe ĨunĐƟon͕  being ŚigŚlǇ 
deƉleƚed in lǇsosoŵal sƚoƌage disoƌdeƌs ;�ŚaŬƌaboƌƚǇ͕  >eung and <ƌisŚnan͕ ϮϬ1ϳͿ͘ dŚeƌeĨoƌe͕ deĨeĐƚs 
in ƚŚe noƌŵal ĨunĐƟoning oĨ ƚŚe lǇsosoŵe as a ƌesulƚ oĨ iƚs alŬaliǌaƟon ŵaǇ aīeĐƚ Đellulaƌ Śoŵeosƚasis 
and aƌe assoĐiaƚed ǁiƚŚ seveƌal Śuŵan diseases ;^ĐŚneideƌ and �ueƌvo͕ ϮϬ1ϰ͖ ^eƌƌanoͲWuebla and 
�oǇa͕ ϮϬ1ϲͿ͘ Moƌeoveƌ͕  iƚ ŵaǇ lead ƚo dǇsƌegulaƟon oĨ auƚoƉŚagiĐ Ňuǆ͕ ǁŚiĐŚ ǁill be desĐƌibed in ƚŚe 
Ĩolloǁing seĐƟon͘ 

Kn ƚŚe oƚŚeƌ Śand͕ lǇsosoŵal alŬaliǌaƟon ŵaǇ also be deƌived Ĩƌoŵ >MW͕  ǁŚiĐŚ is ƌelaƚed ƚo Đell 
deaƚŚ ;�oǇa and <ƌoeŵeƌ͕  ϮϬϬ8͖ 'alluǌǌi͕ �ƌavoͲ^an Wedƌo and <ƌoeŵeƌ͕  ϮϬ1ϰͿ͘ dŚis ƉƌoĐess involves 
ƚŚe ƌelease oĨ lǇsosoŵal ĐaƚŚeƉsin Ɖƌoƚeases͕ and a ƉaƌƟal dƌoƉ oĨ ĐǇƚosoliĐ Ɖ, ƚŚaƚ alloǁs ƚŚeiƌ 
aĐƟvaƟon͘ �eƉending on ƚŚe Đell ƚǇƉe͕ and ƚŚe naƚuƌe and inƚensiƚǇ oĨ ƚŚe sƟŵulus͕ >WM Đan iniƟaƚe 
oƌ aŵƉliĨǇ diīeƌenƚ ƚǇƉes oĨ Đell deaƚŚ͘ /ƚ Śas been ƌeƉoƌƚed ƚŚaƚ ƉaƌƟal >MW Đan iniƟaƚe aƉoƉƚoƟĐ 
ƉaƚŚǁaǇ ƚŚƌougŚ ƚŚe Đleavage oĨ a vaƌieƚǇ oĨ subsƚƌaƚes ;<Ċgedal et al.͕ ϮϬϬ1͖ �iƌŵan et al.͕ ϮϬϬϰͿ͕ 
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ǁŚeƌeas eǆƚensive and ƌaƉid >MW ƌesulƚs in neĐƌosis ;'alluǌǌi͕ �ƌavoͲ^an Wedƌo and <ƌoeŵeƌ͕  ϮϬ1ϰ͖ 
ZeƉniŬ͕ ,aĨneƌ �esen and duƌŬ͕ ϮϬ1ϰͿ͘ /n ƚŚis sense͕ ƚŚe inĐƌease in lǇsosoŵal Ɖ, ŵaǇ deƌive Ĩƌoŵ >MW 
and be ĐonƚƌibuƟng ƚo Đell deaƚŚ͘

Kn ƚŚe oƚŚeƌ Śand͕ sǇnƚŚeƟĐ ƚaŵbũaŵine analogues ŵaǇ also induĐe a ĐŚloƌideͬbiĐaƌbonaƚe 
eǆĐŚange aƚ ƚŚe Ɖlasŵa ŵeŵbƌane͕ aīeĐƟng ƚo ƚŚe inƚƌaĐellulaƌ Ɖ,͘ �Ʃending ƚo ƚŚe ƚǇƉiĐal ion 
ĐonĐenƚƌaƟon inside ƚŚe Đell͕ ĐŚloƌide is less abundanƚ ƚŚan biĐaƌbonaƚe ;>odisŚ and �͘ �eƌŬ͕ ^͘ >͘ 
�iƉuƌsŬǇ͕  W͘  Maƚsudaiƌa͕ ϮϬϬϬͿ͕ ŚenĐe ƚŚe ŵoveŵenƚ oĨ ions ƚƌiggeƌed bǇ ĐoŵƉounds ǁould be ƚŚe 
enƚƌǇ oĨ ĐŚloƌide inside ƚŚe Đell and ƚŚe eǆƉulsion oĨ biĐaƌbonaƚe ouƚ oĨ ƚŚe Đell͘ dŚis ǁould leave ƚŚe 
ĐǇƚosol ǁiƚŚ a loǁ buīeƌing ĐaƉaĐiƚǇ againsƚ ƚŚe Ɖƌoƚon leaŬage Ĩƌoŵ ƚŚe lǇsosoŵe͕ and ƚŚeƌeĨoƌe 
ƚŚis ǁould be aĐidiĮed͘ hnĨoƌƚunaƚelǇ͕  iƚ ǁas noƚ Ɖossible ƚo ŵeasuƌe ƚŚe deĐƌease oĨ Ɖ,i Đaused bǇ 
ouƌ seleĐƚed ĐoŵƉounds due ƚo ƚeĐŚniĐal liŵiƚaƟons oĨ ŇuoƌesĐenĐe inƚeƌĨeƌenĐe͘ ,oǁeveƌ͕  in ƌeĐenƚ 
sƚudies ǁiƚŚ indolͲbased ƚaŵbũaŵines ;sƚƌuĐƚuƌallǇ ƌelaƚed ƚo ouƌ ĐoŵƉoundsͿ͕ iƚ Śas been Ɖƌoved 
ƚŚaƚ ƚŚese ĐoŵƉounds Đause a signiĮĐanƚ inƚƌaĐellulaƌ aĐidosis ;a dƌoƉ oĨ uƉ ƚo Ϭ͘ϳϬ Ɖ, uniƚsͿ as a 
ĐonseƋuenĐe oĨ ƚŚe anion ƚƌansƉoƌƚ͕ and  ƚŚis ŵigŚƚ be ƌesƉonsible Ĩoƌ iniƟaƟng ƚŚe ƉƌoĐess oĨ Đell 
deaƚŚ ;^oƚoͲ�eƌƌaƚo et al.͕ ϮϬ1ϱ͖ ManuelͲManƌesa et al.͕ ϮϬ1ϳͿ͘ 

/nƚeƌesƟnglǇ͕  a ƌeĐenƚ ƌeseaƌĐŚ Śas been ƉublisŚed in ǁŚiĐŚ ƚŚeǇ ƌeƉoƌƚ Śoǁ ĐisƉlaƟn͕ a Įƌsƚ line 
ƚƌeaƚŵenƚ͕ induĐes aĐidiĮĐaƟon oĨ ƚŚe ĐǇƚoƉlasŵ eaƌlǇ aŌeƌ ƚŚe ƚƌeaƚŵenƚ͘ /n addiƟon͕ ƚŚeiƌ sƚudies 
suƉƉoƌƚ ƚŚe ŚǇƉoƚŚesis ƚŚaƚ ƚŚe abiliƚǇ ƚo Đonƚƌol and ŵainƚain an alŬaline Ɖ,i Ɖƌoŵoƚe Đell suƌvival 
aŌeƌ ƚƌeaƚŵenƚ ǁiƚŚ ĐisƉlaƟn ;^Śiƌŵanova et al.͕ ϮϬ1ϳͿ͘

2.2. Mitochondrial swelling 
MiƚoĐŚondƌia aƌe essenƟal oƌganelles ƚŚaƚ ƉeƌĨoƌŵ ŵulƟƉle ĨunĐƟons in ƚŚe Đell͘ dŚeǇ aƌe aƚ ƚŚe Đoƌe 

oĨ Đellulaƌ eneƌgǇ ŵeƚabolisŵ͕ being ƚŚe siƚe oĨ ŵosƚ �dW geneƌaƟon ƚŚƌougŚ ƚŚe d�� ĐǇĐle͕ KyW,K^ 
and ƚŚe eleĐƚƌoĐŚeŵiĐal gƌadienƚ geneƌaƚed aĐƌoss ƚŚe inneƌ oĨ ƚǁo ŵeŵbƌanes bǇ ƚŚe eleĐƚƌon 
ƚƌansƉoƌƚ ĐŚain ;�d�Ϳ͘  ,oǁeveƌ͕  ŵiƚoĐŚondƌia ƉeƌĨoƌŵ ŵanǇ ƌoles beǇond eneƌgǇ ƉƌoduĐƟon͖ ƚŚese 
oƌganelles Đan Đonƚƌibuƚe ƚo Đell deaƚŚ bǇ sŚuƫng oī ƚŚe eneƌgǇ suƉƉlǇ͕  ƉƌoduĐing daŵaging Ĩƌee 
ƌadiĐals oƌ ƌeleasing deaƚŚͲƉƌoŵoƟng Ɖƌoƚeins͘  ^uĐŚ ƉƌoĐesses Đan be Ɖaƌƚ oĨ a Ɖƌogƌaŵŵed ƉƌoĐess 
ƚo eliŵinaƚe ƚŚose unneeded oƌ abnoƌŵal Đells͕ oƌ ƚŚeǇ Đan deƌive Ĩƌoŵ an unƉlanned ƌesƉonse ƚo an 
oveƌǁŚelŵing sƚƌess ;'ƌeen͕ 'alluǌǌi and <ƌoeŵeƌ͕  ϮϬ1ϰͿ͘ 

MiƚoĐŚondƌia voluŵe ƌegulaƟon is a ŚouseŬeeƉing Đellulaƌ ĨunĐƟon essenƟal Ĩoƌ ŵainƚaining 
ƚŚe sƚƌuĐƚuƌal inƚegƌiƚǇ oĨ ƚŚe oƌganelle ;<aasiŬ et al.͕ ϮϬϬϳͿ͘ MiƚoĐŚondƌial voluŵe Śoŵeosƚasis 
is Đonƚƌolled bǇ osŵoƟĐ balanĐe beƚǁeen ĐǇƚosol and ŵiƚoĐŚondƌia͘ /nĐƌeased Đolloidal osŵoƟĐ 
Ɖƌessuƌe enŚanĐes ƚŚe ǁaƚeƌ inŇuǆ leading ƚo ŵaƚƌiǆ sǁelling͘ �ƉƉaƌenƚlǇ͕ ƚŚe Ňuǆ oĨ �aϮ+ and <+͕ 
ǁŚiĐŚ in ƚuƌn ŵaǇ be assoĐiaƚed ǁiƚŚ ƚŚe ŵoveŵenƚ oĨ oƚŚeƌ ions͕ ƉlaǇ a ĐƌiƟĐal ƌole in ƉŚǇsiologiĐal 
and ƉaƚŚologiĐal sǁelling oĨ ŵiƚoĐŚondƌia ;:avadov͕ �ŚaƉaͲ�uboĐƋ and MaŬaƌov͕ ϮϬ1ϳͿ͘ �Śanges 
in ŵiƚoĐŚondƌial siǌe ǁiƚŚin a ƉŚǇsiologiĐal ƌange sƟŵulaƚe ŵiƚoĐŚondƌial ĨunĐƟon and ŵeƚabolisŵ 
;,alesƚƌaƉ͕ 199ϰͿ͘ ,oǁeveƌ͕  eǆĐessive ŵiƚoĐŚondƌial sǁelling͕ ƌesulƚed Ĩƌoŵ alƚeƌaƟons in ion 
Śoŵeosƚasis in ƚŚe ĐǇƚoƉlasŵ and ŵiƚoĐŚondƌial ŵaƚƌiǆ͕ ĐoŵƉƌoŵises iƚs ĨunĐƟon and inƚegƌiƚǇ 
;:avadov͕ �ŚaƉaͲ�uboĐƋ and MaŬaƌov͕ ϮϬ1ϳͿ͘ 
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DISCUSSION

/n ƉŚǇsiologiĐal ĐondiƟons͕ ƚŚe inneƌ ŵiƚoĐŚondƌial ;/MͿ ŵeŵbƌane is neaƌlǇ iŵƉeƌŵeable ƚo all ions͕ 
inĐluding Ɖƌoƚons͘ dŚis alloǁs ƚŚe oǆidaƟve ƉŚosƉŚoƌǇlaƟon ĐoŵƉleǆes ƚo geneƌaƚe a Ɖƌoƚon gƌadienƚ 
ƌeƋuiƌed ƚo dƌive �dW sǇnƚŚesis͘ �eside ƚŚis͕ ƚŚis ĐŚaƌge iŵbalanĐe ƚŚaƚ ƌesulƚs Ĩƌoŵ ƚŚe geneƌaƟon oĨ an 
eleĐƚƌoĐŚeŵiĐal gƌadienƚ aĐƌoss ƚŚe /M Ĩoƌŵs ƚŚe basis oĨ ƚŚe ŵiƚoĐŚondƌial ƚƌansŵeŵbƌane ƉoƚenƟal͘ 
,enĐe͕ ŵainƚenanĐe oĨ ƚŚe Ɖƌoƚon gƌadienƚ is ĐƌuĐial Ĩoƌ Đellulaƌ bioeneƌgeƟĐs ;<ƌoeŵeƌ͕  'alluǌǌi͕ 
�ƌenneƌ͕  eƚ al͕͘ ϮϬϬϳͿ͘ /n addiƟon͕ and oveƌgeneƌaƟon oĨ ZK^ oƌ inƚƌaĐellulaƌ ĐalĐiuŵ oveƌload Đauses 
ƚŚe oƉening oĨ ŵiƚoĐŚondƌial ƉeƌŵeabiliƚǇ ƚƌansiƟon Ɖoƌes ;MWdWͿ in ƚŚe /M͘ MWdW is aĐĐoŵƉanied bǇ 
a dƌoƉ oĨ ƚŚe ŵiƚoĐŚondƌial ŵeŵbƌane ƉoƚenƟal ;ȴɎŵͿ͕ unĐonƚƌolled enƚƌǇ oĨ soluƚes and ǁaƚeƌ inƚo 
ƚŚe ŵaƚƌiǆ͕ ǁŚiĐŚ Đauses oƌganelle sǁelling and ŵaǇ Đulŵinaƚe in ƚŚe ƌuƉƚuƌe oĨ ƚŚe ouƚeƌ ŵeŵbƌane 
;,alesƚƌaƉ͕ ϮϬϬ9Ϳ͘ WŚen ŵiƚoĐŚondƌial ŵeŵbƌane ƉeƌŵeabiliǌaƟon ;MMWͿ oĐĐuƌs͕ Ɖƌoƚeins Ĩƌoŵ ƚŚe 
ŵiƚoĐŚondƌial inƚeƌŵeŵbƌane sƉaĐe aƌe ƌeleased inƚo ƚŚe ĐǇƚosol͕ ǁŚeƌe ƚŚeǇ  Ɖƌoŵoƚe Đell deaƚŚ bǇ 
ŵulƟƉle ŵeĐŚanisŵs ;<ƌoeŵeƌ͕  'alluǌǌi͕ �ƌenneƌ͕  eƚ al͕͘ ϮϬϬϳͿ;'alluǌǌi͕ �loŵgƌen͕ Θ <ƌoeŵeƌ͕  ϮϬϬ9Ϳ͘ 

KnĐe ƚŚe Đells inĐoƌƉoƌaƚe ƚŚe sǇnƚŚeƟĐ ƚaŵbũaŵine analogues͕ ƚŚe Ĩolloǁing evenƚ ƚŚaƚ oĐĐuƌs 
ǁiƚŚin ƚŚe Đell is a Śuge ĐǇƚoƉlasŵiĐ vaĐuoliǌaƟon due ƚo ŵiƚoĐŚondƌial sǁelling͕ as deŵonsƚƌaƚed 
bǇ seveƌal sƉeĐiĮĐ ŵaƌŬeƌs oĨ ƚŚis oƌganelle͘ Kuƌ ŚǇƉoƚŚesis ƚo eǆƉlain ƚŚis ƉŚenoŵenon is ƚŚaƚ ion 
ƚƌansƉoƌƚ Đaƌƌied ouƚ bǇ ouƌ ĐoŵƉounds Đould geneƌaƚe an osŵoƟĐ iŵbalanĐe beƚǁeen ƚŚe ĐǇƚosol 
and ƚŚe ŵiƚoĐŚondƌia͕ ƚƌiggeƌing ŵassive ŵiƚoĐŚondƌial sǁelling and aīeĐƟng iƚs ƉƌoƉeƌ ĨunĐƟoning͘ 
Moƌeoveƌ͕  aŌeƌ signiĮĐanƚ oƌganelle sǁelling͕ loss oĨ ȴɎŵ ǁas induĐed bǇ ĐoŵƉound 2͘ �ĐĐoƌding ƚo 
liƚeƌaƚuƌe͕ ȴɎŵ oĐĐuƌs along ǁiƚŚ a bioeneƌgeƟĐ Đƌisis ĐŚaƌaĐƚeƌiǌed bǇ ZK^ oveƌƉƌoduĐƟon and �dW 
sǇnƚŚesis aƌƌesƚ ;<ƌoeŵeƌ͕  'alluǌǌi͕ �ƌenneƌ͕  eƚ al͕͘ ϮϬϬϳͿ͘ hsuallǇ͕  ŵeasuƌeŵenƚ oĨ �dW is used ƚo 
assess Đell viabiliƚǇ and ĐǇƚoƚoǆiĐiƚǇ͕  sinĐe Đells need �dW ƚo susƚain viabiliƚǇ͘ /n addiƟon͕ ƚŚe aŵounƚ 
oĨ �dW ƚŚaƚ ƌeŵains in a Đell is linŬed ƚo ƚŚe ƚǇƉe oĨ deaƚŚ ƚŚaƚ Śas been ƚƌiggeƌed͕ sinĐe aƉoƉƚosis 
ƉƌoĐeeds iĨ Đellulaƌ �dW levels aƌe ŵainƚained͕ ǁŚeƌeas neĐƌosis Đan oĐĐuƌ in an �dWͲindeƉendenƚ 
ŵanneƌ ;>eisƚ et al͕͘ 199ϳͿ͘ 

/n ƚŚis ƌegaƌd͕ iƚ Śas also been ĐŚaƌaĐƚeƌiǌed ƚŚaƚ in Đells aŌeƌ oƚŚeƌ Đellulaƌ sƚƌesses suĐŚ as aĐuƚe 
isĐŚeŵiĐ inũuƌǇ͕  ŵiƚoĐŚondƌial deƉolaƌiǌaƟon and MMW oĐĐuƌs͕ ǁŚiĐŚ in ƚuƌn led ƚo a laƌge aŵƉliƚude 
sǁelling ;�oseƫ et al.͕ ϮϬϬϰͿ and Đellulaƌ �dW deƉleƟon ;Zouslin͕ �ƌoge and 'ƌuƉƉ͕ 199ϬͿ͘ Moƌeoveƌ͕  
iƚ Śas been desĐƌibed ƚŚaƚ ƚŚe inĐƌeŵenƚ in ŵiƚoĐŚondƌial ƉeƌŵeabiliƚǇ induĐes ZK^ ƉƌoduĐƟon 
;�aƚandieƌ͕  >eveƌve and &onƚaine͕ ϮϬϬϰͿ͘

,enĐe͕ ǁe Ɖƌesuŵe ƚŚaƚ ŵiƚoĐŚondƌial dǇsĨunĐƟon obseƌved aŌeƌ ƚaŵbũaŵine analogues ƚƌeaƚŵenƚ 
ŵaǇ Đause an eneƌgeƟĐ Ĩailuƌe and ZK^ ƉƌoduĐƟon͕ ĐonƚƌibuƟng ƚo ƚŚeiƌ ĐǇƚoƚoǆiĐ eīeĐƚ͘ /n ĨaĐƚ͕ 
ƚƌeaƚŵenƚ ǁiƚŚ ĐoŵƉound 2 Đaused a deĐƌease in ƚŚe ǁŚole Đellulaƌ aŵounƚ oĨ �dW͕  ǁŚiĐŚ ĐoinĐides ǁiƚŚ 
ŵiƚoĐŚondƌial sǁelling and ƚŚe loss oĨ ƚŚe MMW͘  dŚeƌeĨoƌe͕ ƚaŵbũaŵine analogues ŵaǇ Śave siŵilaƌ 
eīeĐƚs ƚŚanŵiƚoĐŚondƌial unĐouƉleƌ ĐoŵƉounds͕ suĐŚ as ĐaƌbonǇl  ĐǇanide  ƉͲ;ƚƌiŇuoƌoŵenƚŚoǆǇͿ  
ƉŚenǇl  ŚǇdƌaǌone ;&��WͿ͕ ǁŚiĐŚ Đauses deƉolaƌiǌaƟon oĨ ŵiƚoĐŚondƌial ŵeŵbƌane and disƌuƉƟon 
oĨ �dW sǇnƚŚesis sinĐe iƚ ƚƌansƉoƌƚs Ɖƌoƚons aĐƌoss /M  ;�Śeng et al.͕ ϮϬϬ3Ϳ;<albĄēovĄ et al.͕ ϮϬϬ3Ϳ͘ /n 
ƚŚis ƌegaƌd͕ danigaŬi and Đolleagues sƚudied ƚŚe ionoƉŚoƌiĐ aĐƟviƚǇ oĨ ��Ͳ18ϱ91͕ ĐoŵƉound ƌelaƚed ƚo 
ƚaŵbũaŵines͕ and ƚŚeǇ Ɖƌoved ƚŚaƚ unĐouƉles ,+Ͳ�dWases aƚ ŵiƚoĐŚondƌial level due ƚo ,+ͬ�lо sǇŵƉoƌƚ 
aĐƟviƚǇ and leads ƚo Đell deaƚŚ bǇ neĐƌosis ;danigaŬi et al.͕ ϮϬϬϮͿ͘ �eside ƚŚis͕ sƚudies ǁiƚŚ salinoŵǇĐin͕ 
ĐaƟon ƚƌansƉoƌƚeƌ ĐoŵƉound ǁiƚŚ anƟĐanĐeƌ ƉƌoƉeƌƟes͕ Śave ƌeĐenƚlǇ deŵonsƚƌaƚed ƚŚaƚ induĐes 
ŵiƚoĐŚondƌial ŵeŵbƌane deƉolaƌiǌaƟon and ZK^͕ ǁŚiĐŚ in ƚuƌn led ƚo aƉoƉƚoƟĐ Đell deaƚŚ in Ɖƌosƚaƚe 
ĐanĐeƌ Đells ;<iŵ et al.͕ ϮϬ11Ϳ͘ 



1ϱϮ

/n ĐonĐlusion͕ sǇnƚŚeƟĐ ƚaŵbũaŵine analogues Đause ŵiƚoĐŚondƌial desƚabiliǌaƟon͕ sǁelling and 
dǇsĨunĐƟon͕ ǁŚiĐŚ is aĐĐoŵƉanied ǁiƚŚ eneƌgeƟĐ Ĩailuƌe and ZK^ aĐĐuŵulaƟon͕ and ŵaǇ Ɖƌoŵoƚe 
Đell deaƚŚ͘ 

2.3. Stress sensor activation
M�W<s aƌe signaling ĐoŵƉonenƚs ƚŚaƚ Śave iŵƉoƌƚanƚ ƌoles in ƚŚe inƚegƌaƟon oĨ sƚƌess signals and 

ƚŚeiƌ Đonveƌsion ƚo Đellulaƌ ƌesƉonses͘ dŚese ƌegulaƚoƌs ƉlaǇ essenƟal ƌoles in vaƌious Đellulaƌ ƉƌoĐesses 
suĐŚ as Đell gƌoǁƚŚ͕ diīeƌenƟaƟon͕ develoƉŵenƚ͕ Đell ĐǇĐle͕ suƌvival͕ and Đell deaƚŚ͘ /n ƉaƌƟĐulaƌ͕  ƚŚe 
Ɖ38 M�W< ĐasĐade is aĐƟvaƚed bǇ a ǁide ƌange oĨ enviƌonŵenƚal and genoƚoǆiĐ sƚƌesses ;Wagneƌ and 
Eebƌeda͕ ϮϬϬ9Ϳ͘ Kuƌ ƌesulƚs Śave sŚoǁn ƌobusƚ Ɖ38 M�W< aĐƟvaƟon aŌeƌ ƚƌeaƚŵenƚ ǁiƚŚ ĐoŵƉounds 
2 and 7͘ dŚis inĐƌease Đan be ĐonseƋuenĐe oĨ ŵulƟƉle ĨaĐƚoƌs sinĐe͕ as disĐussed in ƚŚe Ɖƌevious 
seĐƟon͕ ouƌ ƚaŵbũaŵine analogues disƚuƌb ion Śoŵeosƚasis and ƉƌoduĐe a ŵiƚoĐŚondƌial dǇsĨunĐƟon 
aĐĐoŵƉanied bǇ sǁelling and loss oĨ ŵeŵbƌane ƉoƚenƟal͕ geneƌaƟng ŚigŚ levels oĨ Đellulaƌ sƚƌess͘ 
Kne ƚǇƉe oĨ sƚƌess ƚŚaƚ induĐes ƉoƚenƟal aĐƟvaƟon oĨ Ɖ38 ĐasĐade is ƚŚe oǆidaƟve sƚƌess Đaused bǇ 
ZK^ ;MĐ�ubƌeǇ͕  >a,aiƌ and &ƌanŬlin͕ ϮϬϬϲͿ;^on et al.͕ ϮϬ11Ϳ͘ ZK^ aƌe ŚigŚlǇ aĐƟve ƌadiĐals͕ ions oƌ 
ŵoleĐules ƚŚaƚ Śave a single unƉaiƌed eleĐƚƌon in ƚŚe ouƚeƌŵosƚ sŚell oĨ eleĐƚƌons͘ hndeƌ ƉŚǇsiologiĐal 
ĐondiƟons͕ ZK^ levels aƌe ƟgŚƚlǇ ƌegulaƚed bǇ ƚŚe aĐƟviƚǇ oĨ anƟoǆidanƚ sǇsƚeŵs ;^ena and �Śandel͕ 
ϮϬ1ϮͿ͘ KveƌƉƌoduĐƟon oĨ ZK^ is eǆƚƌeŵelǇ ŚaƌŵĨul sinĐe iƚ induĐes iƌƌeveƌsible daŵage ƚo Đellulaƌ 
ĐoŵƉonenƚs and lead ƚo Đell deaƚŚ bǇ ƉƌoŵoƟng ƚŚe aĐƟvaƟon oĨ ƚŚe inƚƌinsiĐ aƉoƉƚoƟĐ ƉaƚŚǁaǇ 
;^ĐŚiebeƌ and �Śandel͕ ϮϬ1ϰͿ͘ Kn ƚŚe one Śand͕ ŵiƚoĐŚondƌia aƌe ƚŚe laƌgesƚ Đonƚƌibuƚoƌ ƚo Đellulaƌ 
ZK^ as a ƌesulƚ oĨ iƚs ŵeƚabolisŵ͘ Wƌogƌessive aĐĐuŵulaƟon oĨ deĨeĐƚs in ŵiƚoĐŚondƌia is aĐĐoŵƉanied 
bǇ an inĐƌeased geneƌaƟon oĨ ZK^ ;� Ͳ͘,͘ Wang et al.͕ ϮϬ13͖ �oƌov͕  :uŚasǌova and ^olloƩ͕ ϮϬ1ϰͿ͘ 

^inĐe deƚeƌŵining ZK^ ƉƌoduĐƟon aŌeƌ ƚƌeaƚŵenƚ ǁiƚŚ ouƌ ĐoŵƉounds ǁas noƚ Ɖossible due 
ƚo ƚeĐŚniĐal liŵiƚaƟons͕ ǁe ƚooŬ as ƌeĨeƌenĐe ƚŚe ƌelaƚed ĐoŵƉounds indoleͲbased ƚaŵbũaŵines͘ 
ManuelͲManƌesa et al͘ deŵonsƚƌaƚed ƚŚaƚ ƚŚese ĐoŵƉounds Đause an inĐƌease in ZK^ levels͕ ƉƌobablǇ 
linŬed ƚo ƚŚeiƌ anion ƚƌansƉoƌƚ ĐaƉaĐiƚǇ ;ManuelͲManƌesa et al.͕ ϮϬ1ϳͿ͘ ^iŵilaƌlǇ͕  seveƌal ƌeĐenƚ ǁoƌŬs 
Śave ƌelaƚed ƚŚe unbalanĐed ioniĐ Śoŵeosƚasis͕ induĐed bǇ ion Đaƌƌieƌs͕ ǁiƚŚ ZK^ geneƌaƟon ;<o et 
al.͕ ϮϬ1ϰ͖ <iŵ et al.͕ ϮϬ1ϳͿ͘  /n ĐonĐlusion͕ ƚŚeƌe is evidenĐe ƚo suƉƉoƌƚ ƚŚe ĨaĐƚ ƚŚaƚ ouƌ ĐoŵƉounds 
geneƌaƚe Đellulaƌ sƚƌess aƚ diīeƌenƚ levels ƚŚaƚ aƌe ƌesƉonsible Ĩoƌ ƚŚe aĐƟvaƟon oĨ Ɖ38 M�W<͘

3. Induced cell death mechanisms 
^ǇnƚŚeƟĐ ƚaŵbũaŵine analogues͕ as sŵall ion eǆĐŚangeƌ ŵoleĐules͕ do noƚ Śave onlǇ one sƉeĐiĮĐ 

ƚaƌgeƚ buƚ aīeĐƚ ƚŚe Đell aƚ ŵulƟƉle levels ƚŚaƚ Đonveƌge in ƚŚe obseƌved ĐǇƚoƚoǆiĐiƚǇ͘ >iŬeǁise͕ ƚŚe 
undeƌsƚanding oĨ ƚŚe Đell deaƚŚ ŵeĐŚanisŵ eǆeƌƚed bǇ ƚŚese ĐoŵƉounds involves ƚŚe aĐƟvaƟon oĨ 
seveƌal Đellulaƌ ƉƌoĐesses͘ 

�ƉoƉƚosis is ƚŚe ŵosƚ ǁidelǇ ƌeĐogniǌed Ĩoƌŵ oĨ ƉŚǇsiologiĐal Ɖƌogƌaŵŵed Đell deaƚŚ͘ �eƉending 
on ƚŚe sƚƌess sƟŵuli͕ ƚŚe iniƟaƟon oĨ aƉoƉƚosis Đan be eǆeĐuƚed bǇ ƚǁo ŵaũoƌ ƉaƚŚǁaǇs͕ ƚŚe eǆƚƌinsiĐ 
oƌ ƚŚe inƚƌinsiĐ ƉaƚŚǁaǇ͕  ƚŚaƚ ulƟŵaƚelǇ lead ƚo ƚŚe aĐƟvaƟon oĨ ĐasƉases ƚŚaƚ oƌĐŚesƚƌaƚe ƚŚe 
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deŵoliƟon oĨ ƚŚe Đell ;Wong͕ ϮϬ11Ϳ͘ ̂ ƉeĐiĮĐallǇ in ƚŚe inƚƌinsiĐ ƉaƚŚǁaǇ͕  aƉoƉƚoƟĐ signals Đonveƌge on 
ƚŚe ŵiƚoĐŚondƌia͕ ǁŚeƌe ĐŚanges in ŵeŵbƌane ƉeƌŵeabiliƚǇ lead ƚo ƌelease oĨ ŵoleĐules ƚŚaƚ aĐƟvaƚe 
iniƟaƚoƌ ĐasƉase 9͕ ǁŚiĐŚ in ƚuƌn͕ aĐƟvaƚes eīeĐƚoƌ ĐasƉase 3͕ ƌesƉonsible Ĩoƌ ƚŚe Đleavage oĨ ŵanǇ 
Đellulaƌ subsƚƌaƚes͕ suĐŚ as i��� ;inŚibiƚoƌ oĨ ĐasƉaseͲaĐƟvaƚed �EaseͿ oƌ W�ZW  ;ƉolǇ ;��WͲƌiboseͿ 
ƉolǇŵeƌase 1Ϳ͕ duƌing Đell deaƚŚ ƉƌoĐess ;Wong͕ ϮϬ11Ϳ;�oulaƌes et al.͕ 1999Ϳ͘ dŚe ŵain ŵoƌƉŚologiĐal 
Ĩeaƚuƌes assoĐiaƚed ǁiƚŚ ƚŚis Ŭind oĨ Đell deaƚŚ inĐlude ĐŚƌoŵaƟn ĐondensaƟon͕ nuĐleaƌ ĨƌagŵenƚaƟon 
and ƚŚe aƉƉeaƌanĐe oĨ ŵeŵbƌaneͲassoĐiaƚed aƉoƉƚoƟĐ bodies ;Wong͕ ϮϬ11Ϳ͘ 

Kuƌ ƌesulƚs ĐonĮƌŵed ƚŚe aĐƟvaƟon oĨ ƚŚe aƉoƉƚoƟĐ ƉaƚŚǁaǇ ǁiƚŚ ƚŚe ĐonseƋuenƚ aĐƟvaƟon oĨ 
ĐasƉases 9 and 3͕ as ǁell as ƚŚe Đleavage oĨ iƚs subsƚƌaƚe W�ZW in �ϱϰ9 Đell line aŌeƌ ϰ8 Ś oĨ sǇnƚŚeƟĐ 
ƚaŵbũaŵine analogues eǆƉosuƌe͘ dŚe aĐƟvaƟon oĨ ƚŚis ƉaƚŚǁaǇ ŵaǇ be ƚƌiggeƌed bǇ ƚŚe MMW ƉƌoduĐed 
aŌeƌ ƚŚe obseƌved ŵiƚoĐŚondƌial sǁelling ;<ƌoeŵeƌ͕  'alluǌǌi and �ƌenneƌ͕  ϮϬϬϳͿ͕ aĐƟng as oƚŚeƌ 
ionoƉŚoƌes as iƚ is ƚŚe Đase oĨ Ɖƌodigiosin ;>lagosƚeƌa et al.͕ ϮϬϬ3Ϳ͕ oƌ bǇ aĐƟvaƟng Ɖ38 M�W< ƉaƚŚǁaǇ͘  
dŚis is suƉƉoƌƚed bǇ Ɖƌevious evidenĐe ƚŚaƚ Đoƌƌelaƚes aĐƟvaƟon oĨ Ɖ38 M�W< ǁiƚŚ ƚŚe induĐƟon oĨ 
aƉoƉƚosis in Đells ;>͘ �Śao et al.͕ ϮϬ1ϱ͖ Y͘ >i et al.͕ ϮϬ1ϱ͖ &eng et al.͕ ϮϬ1ϳͿ͘ /n ƚŚis ƌegaƌd͕ ƌesulƚs obƚained 
ǁiƚŚ ƚŚe indolͲbased ƚaŵbũaŵine analogues ǁould be Đonsisƚenƚ ǁiƚŚ ouƌ iniƟal Įndings͕ sinĐe ƚŚese 
ĐoŵƉounds induĐe aƉoƉƚosis ƚŚƌougŚ Ɖ38 aĐƟvaƟon ;ManuelͲManƌesa et al.͕ ϮϬ1ϳͿ͘ 

,oǁeveƌ͕  ƚŚe aƉoƉƚosis inŚibiƚoƌ �Ͳs��͘ĨŵŬ Ĩailed ƚo ƌeveƌse ƚŚe ĐǇƚoƚoǆiĐiƚǇ assoĐiaƚed ǁiƚŚ ƚŚese 
ĐoŵƉounds͕ and besides ƚŚaƚ͕ ƚŚe ƉeƌĐenƚage oĨ aƉoƉƚoƟĐ bodies obseƌved bǇ ,oeĐŚsƚ sƚaining aŌeƌ 
eǆƉosuƌe ƚo ƚŚe ĐoŵƉounds duƌing ϰ8 Ś ǁas a ŵinoƌiƚǇ͘ dŚeƌeĨoƌe͕ ouƌ ĐoŵƉounds eliĐiƚed aƉoƉƚosis 
aĐƟvaƟon in a subƉoƉulaƟon oĨ �ϱϰ9 Đells͕ buƚ iƚ is noƚ ƚŚe ƌesƉonsible deaƚŚ ŵeĐŚanisŵ Ĩoƌ ŵosƚ oĨ 
ƚŚe Đell ƉoƉulaƟon͘

�uƚoƉŚagǇ is a ĐaƚaboliĐ ƉƌoĐess ǁŚeƌebǇ Đellulaƌ ĐoŵƉonenƚs aƌe enĐlosed in doubleͲŵeŵbƌane 
vesiĐles ƌeĨeƌƌed ƚo as auƚoƉŚagosoŵes͕ ƚaƌgeƟng ƚŚeŵ Ĩoƌ lǇsosoŵal degƌadaƟon ;WŚiƚe͕ ϮϬ1ϱͿ͘ 
dŚis ƉƌoĐess is ƌesƉonsible Ĩoƌ ƚŚe degƌadaƟon oĨ old oƌ ŵalĨunĐƟoning oƌganelles͕ and daŵaged oƌ 
ŵisĨolded Ɖƌoƚeins ƚo susƚain ŵeƚabolisŵ and Śoŵeosƚasis͘ �asal levels oĨ auƚoƉŚagǇ Ɖƌevenƚ ƚŚe  
gƌadual  aĐĐuŵulaƟon  oĨ  daŵaged  eleŵenƚs Đonƚaining  ƉϲϮ and ubiƋuiƟn͕ ǁŚiĐŚ  aƌe  ƚoǆiĐ  oveƌ  
Ɵŵe͘ �uƌing nuƚƌienƚ deƉƌivaƟon͕ ƚŚe induĐƟon oĨ aĐuƚe auƚoƉŚagǇ is ĐƌiƟĐal ƚo ƌeĐǇĐle inƚƌaĐellulaƌ 
ĐoŵƉonenƚs inƚo ŵeƚaboliĐ ƉaƚŚǁaǇs and suƌvive ;WŚiƚe͕ ϮϬ1ϱͿ͘ �esides ƚŚis͕ ƚŚis ƉƌoĐess seƌves as 
an essenƟal ĐǇƚoƉƌoƚeĐƟve ƌesƉonse ƚo ƉaƚŚologiĐ sƚƌesses ƚŚaƚ oĐĐuƌ duƌing diseases suĐŚ as ĐanĐeƌ 
;Muƌƌoǁ and �ebnaƚŚ͕ ϮϬ13Ϳ͘  �uƌing ƚuŵoƌigenesis͕ auƚoƉŚagǇ ƉlaǇs a dual ƌole͗ iƚ Đan be ƚuŵoƌͲ
suƉƉƌessing duƌing ƚŚe eaƌlǇ sƚages͕ oƌ iƚ Đan be ƚuŵoƌͲƉƌoŵoƟng in esƚablisŚed ƚuŵoƌs ;�Śoi͕ ϮϬ1ϮͿ͘ 
/ƚ Śas been ƉƌoƉosed ƚo suƉƉƌess ŵalignanƚ ƚƌansĨoƌŵaƟon bǇ Ɖƌeseƌving geneƟĐ and genoŵiĐ 
sƚabiliƚǇ ƚŚƌougŚ ƚŚe eliŵinaƟon oĨ deĨeĐƟve ŵiƚoĐŚondƌia͕ souƌĐe oĨ ƚŚe ŚigŚlǇ genoƚoǆiĐ ZK^ ;WŚiƚe͕ 
ϮϬ1ϱͿ͘ �ƚ ƚŚe saŵe Ɵŵe͕ ƌeŵoval oĨ dǇsĨunĐƟonal ŵiƚoĐŚondƌia Ɖƌeseƌves oƉƟŵal bioeneƌgeƟĐs 
ĨunĐƟons͘ Moƌeoveƌ͕  iƚ Śas been ƌeƉoƌƚed ƚŚaƚ auƚoƉŚagǇ avoid ƚuŵoƌ iniƟaƟon ƚŚƌougŚ degƌadaƟon 
oĨ onĐogeniĐ Ɖƌoƚeins ;>͘ 'alluǌǌi et al.͕ ϮϬ1ϱͿ͘ Kn ƚŚe ĐonƚƌaƌǇ͕  auƚoƉŚagǇ aĐƚs as a Ɖƌoŵoƚeƌ oĨ 
ƚuŵoƌ gƌoǁƚŚ in an esƚablisŚed ƚuŵoƌ͕  ĐonĨeƌƌing sƚƌess ƚoleƌanĐe and ŵainƚaining ƚuŵoƌ Đell suƌvival͘ 
duŵoƌ Đells inĐƌease auƚoƉŚagǇ as a ŵeĐŚanisŵ ƚŚaƚ Ɖeƌŵiƚs obƚaining ŚigŚeƌ aŵounƚs oĨ boƚŚ �dW 
and ŵeƚaboliĐ inƚeƌŵediaƚes͘ dŚeƌebǇ͕  Đells adaƉƚ ƚo ƚŚe enviƌonŵenƚ ƉooƌlǇ enƌiĐŚed in oǆǇgen and 
nuƚƌienƚs͕ as ǁell as ƚo ƚŚe ŚigŚ ŵeƚaboliĐ ƌaƚe oĨ ƚŚe ƚuŵoƌ ;�valos et al.͕ ϮϬ1ϰͿ͘ 
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�ĐĐuŵulaƟon oĨ deĨeĐƟve ŵiƚoĐŚondƌia ƚƌiggeƌs iƚs seleĐƟve degƌadaƟon͕ ƉƌoĐess Ŭnoǁn as 
ŵiƚoƉŚagǇ͕  ŵainƚaining a ŚealƚŚǇ ƉoƉulaƟon oĨ ƚŚese oƌganelles ;<iŵ͕ ZodƌigueǌͲ�nƌiƋueǌ and 
>eŵasƚeƌs͕ ϮϬϬϳ͖ <ubli and 'usƚaĨsson͕ ϮϬ1ϮͿ͘ �Ōeƌ ƚƌeaƚŵenƚ ǁiƚŚ sǇnƚŚeƟĐ ƚaŵbũaŵine analogues 
Ĩoƌ Ϯϰ Ś͕ a signiĮĐanƚ aŵounƚ oĨ ƚŚe auƚoƉŚagosoŵal ŵaƌŬeƌ >�3// aĐĐuŵulaƚes͕ even aƚ veƌǇ loǁ 
ĐonĐenƚƌaƟons͘ dŚis indiĐaƚes ƚŚaƚ ƚŚe ƉƌoĐess oĨ auƚoƉŚagǇ is being ƚƌiggeƌed bǇ ƚŚe ƚƌeaƚŵenƚ 
ǁiƚŚ ƚŚese sǇnƚŚeƟĐ ƚaŵbũaŵine analogues and ƚŚaƚ ƚŚe induĐed ŵiƚoĐŚondƌial daŵage ŵaǇ iniƟaƚe 
ƚŚe ƉƌoĐess oĨ ŵiƚoƉŚagǇ in oƌdeƌ ƚo ƌeŵove daŵaged oƌganelles͘ dŚis ƉŚenoŵenon͕ ĨƌeƋuenƚlǇ 
Ĩound as a ƌesulƚ oĨ ŵiƚoĐŚondƌial sƚƌess͕ Śave been also evidenĐed in ƚŚe Đase oĨ ƚƌeaƚŵenƚ ǁiƚŚ 
ƚŚe ŵiƚoĐŚondƌial ĐŚain unĐouƉleƌ ĐaƌbonǇl ĐǇanide ŵͲĐŚloƌoƉŚenǇlŚǇdƌaǌone ;���WͿ ;<ǁon͕ siolleƚ 
and zoo͕ ϮϬ11Ϳ͕ oƌ ionoƉŚoƌes suĐŚ as salinoŵǇĐin͕ ǁŚiĐŚ aīeĐƚs ȴɎŵ ;:angaŵƌeddǇ et al.͕ ϮϬ13Ϳ͘ 
&uƌƚŚeƌŵoƌe͕ iƚ Śas ƌeĐenƚlǇ been ƌeƉoƌƚed ƚŚaƚ Ɖ,i ĐŚanges ŵodulaƚe boƚŚ auƚoƉŚagǇ and ŵiƚoƉŚagǇ 
;�eƌeǌŚnov et al.͕ ϮϬ1ϲͿ͕ ƚŚus Ɖossible ĐŚanges in Đellulaƌ Ɖ, Đaused bǇ ƚŚese ĐoŵƉounds ƚŚƌougŚ 
anion eǆĐŚange aĐƌoss ŵeŵbƌanes ŵaǇ also be ĐonƚƌibuƟng ƚo ƚƌiggeƌ ƚŚis ƉaƚŚǁaǇ͘ 

Kn ƚŚe oƚŚeƌ Śand͕ as iƚ ǁas eǆƉlained in a Ɖƌevious seĐƟon͕ ƚaŵbũaŵine analogues ŵoleĐules Đause 
an inĐƌease in lǇsosoŵal Ɖ,͕ as a ƌesulƚ oĨ ƚŚe ioniĐ unbalanĐe͘ dŚe ĨaĐƚ ƚŚaƚ lǇsosoŵal alŬaliǌaƟon lead 
ƚo a Ĩailuƌe in ƚŚeiƌ ƉƌoƉeƌ ĨunĐƟoning͕ ƌesulƟng in bloĐŬade oĨ auƚoƉŚagǇ͕  Śas been ǁidelǇ addƌessed 
in liƚeƌaƚuƌe ;z͘  >u et al.͕ ϮϬ1ϰͿ;>u et al.͕ ϮϬ13Ϳ͘ dŚis Ĩeaƚuƌe ŵainlǇ oĐĐuƌs beĐause ƚŚis oƌganelle is 
essenƟal in ƚŚe Įnal sƚeƉ oĨ ƚŚe auƚoƉŚagiĐ ƉƌoĐess͕ ǁŚeƌein auƚoƉŚagosoŵes Ĩuse ǁiƚŚ lǇsosoŵes 
and subseƋuenƚ Ɖƌoƚein digesƟon oĐĐuƌs ;<ƌoeŵeƌ and :ććƩelć͕ ϮϬϬϱͿ͘ /n ƚŚis ƌegaƌd͕ ƚŚe obseƌved 
inĐƌease in lǇsosoŵal Ɖ, aŌeƌ eǆƉosuƌe ƚo ouƌ sǇnƚŚeƟĐ ƚaŵbũaŵine analogues ŵaǇ inaĐƟvaƚe iƚs 
ŚǇdƌolǇƟĐ enǌǇŵes͕ and ƚŚeƌeĨoƌe iƚ ŵaǇ bloĐŬ auƚoƉŚagǇ͘ dŚis is in good agƌeeŵenƚ ǁiƚŚ anoƚŚeƌ 
sǇnƚŚeƟĐ ion ƚƌansƉoƌƚeƌs͕ Đalled sƋuaƌaŵides͕ ǁŚiĐŚ disƌuƉƚ auƚoƉŚagǇ  and induĐe aƉoƉƚosis bǇ 
Ɖeƌƚuƌbing Đellulaƌ ĐŚloƌide ĐonĐenƚƌaƟons ;�ussĐŚaeƌƚ et al.͕ ϮϬ1ϳͿ͘

&uƌƚŚeƌŵoƌe͕ ƚŚe auƚoƉŚagiĐ subsƚƌaƚe ƉϲϮ͕ also Ŭnoǁn as ^Y^dM1͕ binds ubiƋuiƟnaƚed Ɖƌoƚeins 
Ĩoƌ subseƋuenƚ degƌadaƟon in lǇsosoŵes͕ ǁŚeƌe iƚ is also degƌaded ;�ũƆƌŬƆǇ et al.͕ ϮϬϬ9Ϳ͘ �Ɖaƌƚ Ĩƌoŵ 
ƚŚis͕ ƉϲϮ aĐĐuŵulaƟon assoĐiaƚed ƚo Đellulaƌ ǁasƚe induĐes Đellulaƌ sƚƌess ƚŚaƚ ŵaǇ lead ƚo disease 
;MaƚŚeǁ et al.͕ ϮϬϬ9͖ Zusƚen and ^ƚenŵaƌŬ͕ ϮϬ1ϬͿ͘ Kuƌ ƌesulƚs sŚoǁ ƚŚaƚ ƚŚeƌe is no signiĮĐanƚ 
ƉϲϮ degƌadaƟon͕ indiĐaƟng an iŵƉaiƌŵenƚ in ƚŚe auƚoƉŚagiĐ Ňuǆ and ĐonseƋuenƚ aĐĐuŵulaƟon oĨ 
unƉƌoĐessed auƚoƉŚagosoŵes oƌ auƚolǇsosoŵes ;<oŵaƚsu and /ĐŚiŵuƌa͕ ϮϬ1ϬͿ͘ Moƌeoveƌ͕  aĐĐoƌding 
ƚo ouƌ ƌesulƚs͕ auƚoƉŚagǇ inŚibiƚoƌ 3ͲM�͕ ǁŚiĐŚ inŚibiƚs auƚoƉŚagǇ bǇ bloĐŬing auƚoƉŚagosoŵes 
ĨoƌŵaƟon via ƚŚe inŚibiƟon oĨ ƚǇƉe /// W/3<͕ is noƚ able ƚo ƌeveƌse ƚŚe ĐǇƚoƚoǆiĐ eīeĐƚ induĐed bǇ 
sǇnƚŚeƟĐ ƚaŵbũaŵines͘ �onseƋuenƚlǇ͕  aĐƟvaƟon oĨ auƚoƉŚagǇ ŵigŚƚ be ĐonƚƌibuƟng ƚo ƚŚe ĐǇƚoƚoǆiĐ 
eīeĐƚ͕ buƚ iƚ is noƚ ƚŚe ŵain eīeĐƚoƌ ŵeĐŚanisŵ oĨ Đell deaƚŚ͘ 

>oss oĨ ion Śoŵeosƚasis͕ eneƌgǇ deƉleƟon oƌ eǆĐessive ZK^ ƉƌoduĐƟon Đan sǇneƌgiǌe in ƚŚe induĐƟon 
oĨ neĐƌoƟĐ Đell deaƚŚ͘ dŚe Đell dǇing bǇ neĐƌosis Śas been Đonsideƌed a viĐƟŵ oveƌǁŚelŵed bǇ a 
sƚƌess ƚŚaƚ Đannoƚ Đonƚƌol͘ ,oǁeveƌ͕  ƚŚeƌe is evidenĐe ƚŚaƚ indiĐaƚes ƚŚaƚ deaƚŚ bǇ neĐƌosis involves 
inŇaŵŵaƚoƌǇ and ƌeƉaƌaƟve ƌesƉonses in ƚŚe Śosƚ ƚŚaƚ ŵaǇ seƌve ƚo ŵainƚain oƌganisŵ Śoŵeosƚasis 
;�ong and dŚoŵƉson͕ ϮϬϬϲͿ͘ dŚe Ĩundaŵenƚal Ĩeaƚuƌe ƚŚaƚ disƟnguisŚes ŵosƚ Ĩoƌŵs oĨ neĐƌosis is 
ƚŚe ƌaƉid loss oĨ Đellulaƌ ŵeŵbƌane ƉoƚenƟals ƚŚaƚ ƌesulƚs in ŵeŵbƌane inƚegƌiƚǇ ƌuƉƚuƌe and Đellulaƌ 
leaŬage ;�ong and dŚoŵƉson͕ ϮϬϬϲͿ͘ /n ouƌ Đase͕ neĐƌosis ǁas deƚeĐƚed bǇ ŵeasuƌing ƚŚe ƉeƌŵeabiliƚǇ 
oĨ ƚŚe Ɖlasŵa ŵeŵbƌane ƚo a noƌŵallǇ iŵƉeƌŵeable ŇuoƌesĐenƚ dǇe ;�uŵŵings͕ ^ĐŚnellŵann and 
^ĐŚnellŵann͕ ϮϬϬϰͿ͘ dŚe sƚaining ǁiƚŚ ,oeĐŚsƚ and W/ aŌeƌ ƚaŵbũaŵine ĐoŵƉounds eǆƉosuƌe Ĩoƌ 
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DISCUSSION

ϰ8 Ś ƌevealed ƚŚaƚ Ɖaƌƚ oĨ ƚŚe Đell ƉoƉulaƟon Śad losƚ ƚŚeiƌ ŵeŵbƌane inƚegƌiƚǇ͘ &uƌƚŚeƌŵoƌe͕ a 
ƚǇƉiĐal neĐƌoƟĐ ƉƌoĐess enĐoŵƉasses sǁelling oĨ oƌganelles͕ Ĩolloǁed bǇ ŵulƟƉle oƌganelle daŵage͕ 
and oveƌƉƌoduĐƟon oĨ ZK^ ;�ong and dŚoŵƉson͕ ϮϬϬϲͿ͘ Kn one Śand͕ as desĐƌibed in ƚŚe Ɖƌevious 
seĐƟon͕ ouƌ ĐoŵƉounds ƉƌoduĐe ŵiƚoĐŚondƌial sǁelling and lǇsosoŵal dǇsĨunĐƟon and on ƚŚe oƚŚeƌ 
Śand͕ siŵilaƌlǇ ƚo ƚŚe indoleͲbased ƚaŵbũaŵines͕ ouƌ sǇnƚŚeƟĐ ƚaŵbũaŵines aƌe suƉƉosed ƚo ƉƌoduĐe 
ZK^ ;ManuelͲManƌesa et al.͕ ϮϬ1ϳͿ͘

Zegulaƚed neĐƌosis͕ neĐƌoƉƚosis͕ ƌeƋuiƌes ƚŚe aĐƟvaƟon oĨ Z/W<1 and Z/W<3͕ and ƚŚe subseƋuenƚ 
ƉŚosƉŚoƌǇlaƟon oĨ M><> ;ƉseudoŬinase ŵiǆed lineage Ŭinase doŵainͲliŬeͿ Ɖƌoƚein͘ WŚosƉŚoƌǇlaƚed 
M><> ƚƌansloĐaƚes ƚo ƚŚe Ɖlasŵa ŵeŵbƌane ǁŚeƌe iƚ induĐes iƚs ƌuƉƚuƌe and ĐonseƋuenƚlǇ Đell deaƚŚ͘ 
^inĐe aĐƟvaƟon oĨ eīeĐƚoƌ Ɖƌoƚein͕ M><>͕ ǁas noƚ obseƌved aŌeƌ ƚƌeaƚŵenƚ ǁiƚŚ ƚŚe sǇnƚŚeƟĐ 
ƚaŵbũaŵine analogues͕ neĐƌoƉƚosis ǁas disĐaƌded as Ɖossible induĐed Đell deaƚŚ͘ /n addiƟon͕ ouƌ 
ĐoŵƉounds aĐƟvaƚed ĐasƉase 8͕ ǁŚiĐŚ ŵaǇ inŚibiƚ neĐƌoƉƚosis bǇ ƉƌoƚeolǇƟĐ Đleavage oĨ Z/W<1 and 
Z/W<3͕ in ƚŚe evenƚ ƚŚaƚ iƚ is in a ĐoŵƉleǆ ǁiƚŚ &��� ;&asͲassoĐiaƚed Ɖƌoƚein ǁiƚŚ deaƚŚ doŵainͿ and 
&>/W ;&>/��ͲliŬe inŚibiƚoƌǇ ƉƌoƚeinͿ ;duŵŵeƌs and 'ƌeen͕ ϮϬ1ϳͿ͘ Zegaƌding Z/W1͕ ŵosƚ ƉaƉeƌs ƌelaƚe 
ƚŚeiƌ ƉŚosƉŚoƌǇlaƟon ǁiƚŚ neĐƌoƉƚosis ;�e �lŵagƌo et al.͕ ϮϬ1ϳͿ͘ �lƚŚougŚ ǁe Śave seen an inĐƌease 
in Z/W1 levels͕ ǁe Śave noƚ obseƌved iƚs ƉŚosƉŚoƌǇlaƟon neĐessaƌǇ Ĩoƌ ƚŚe aĐƟvaƟon oĨ neĐƌoƉƚosis͘

�onseƋuenƚlǇ͕  ƚŚe iŵbalanĐe in Đellulaƌ ion Śoŵeosƚasis ƚŚaƚ ƚƌiggeƌs ŵiƚoĐŚondƌial dǇsĨunĐƟon 
and lǇsosoŵal alŬaliǌaƟon Đauses an iƌƌeveƌsible bioeneƌgeƟĐ ĐoŵƉƌoŵise͕ ǁŚiĐŚ ulƟŵaƚelǇ induĐes 
Đell deaƚŚ bǇ neĐƌosis͘ dŚis lends suƉƉoƌƚ ƚo Ɖƌevious Įndings in ƚŚe liƚeƌaƚuƌe in ǁŚiĐŚ iƚ is sŚoǁn ƚŚaƚ 
naƚuƌal alŬaloid ƚaŵbũaŵine �͕ deƌived Ĩƌoŵ ŵaƌine oƌganisŵs͕ disƉlaǇs ĐǇƚoƚoǆiĐ aĐƟviƚǇ on �Śinese 
Śaŵsƚeƌ lung Įbƌoblasƚ induĐing aƉoƉƚosis and neĐƌosis ;�avalĐanƟ et al.͕ ϮϬϬ8Ϳ͘ >iŬeǁise͕ ƚŚe ,+ͬ
�lо sǇŵƉoƌƚeƌ ĐoŵƉound ��Ͳ18ϱ91͕ Ĩƌoŵ ƚaŵbũaŵine ĨaŵilǇ͕  also ƚƌiggeƌ neĐƌosis in diīeƌenƚ Đell 
lines ;danigaŬi eƚ al͕͘ ϮϬϬϮͿ͘ Moƌeoveƌ͕  ƚŚe lǇsosoŵal ƉeƌŵeabiliǌaƟon induĐed bǇ obaƚoĐlaǆ͕ anoƚŚeƌ 
ionoƉŚoƌe͕ in aƉoƉƚosis ƌesisƚanƚ anaƉlasƟĐ ƚŚǇƌoid Đells Śas been deŵonsƚƌaƚed ƚo be suĸĐienƚ ƚo 
induĐe neĐƌosis in ƚŚis ƌesisƚanƚ ŵodel͕ ƌeƉƌesenƟng an inƚeƌesƟng ƚŚeƌaƉeuƟĐ aƉƉƌoaĐŚ ;�ŚaŵƉa et 
al.͕ ϮϬ1ϲͿ͘ 

dŚese ƌesulƚs sŚed ligŚƚ inƚo ƚŚe Đellulaƌ and ŵoleĐulaƌ ŵeĐŚanisŵs ƌesulƟng Ĩƌoŵ ƚŚe aĐƟon 
oĨ ƚŚese ĐoŵƉounds͘ daŬen as a ǁŚole͕ lǇsosoŵal and ŵiƚoĐŚondƌial dǇsĨunĐƟon͕ deƌived Ĩƌoŵ 
ioniĐ unbalanĐe͕ aĐƟvaƚes aƉoƉƚosis as ǁell as ƚŚe auƚoƉŚagiĐ ƉaƚŚǁaǇ͘ Moƌeoveƌ͕  ŵiƚoĐŚondƌial 
dǇsĨunĐƟon along ǁiƚŚ a deĨeĐƚ in auƚoƉŚagǇ Đaƚabolisŵ is deƚƌiŵenƚal ƚo ƚuŵoƌ Đells͕ sinĐe ƚŚeǇ 
ƉƌoduĐe loǁ ƌaƚes oĨ �dW and iŵƉaiƌed ƌeĐǇĐling oĨ nuƚƌienƚs Ĩoƌ eneƌgǇ ƉƌoduĐƟon͕ as ǁell as an 
iŵbalanĐe in vesiĐulaƌ biogenesis and ƚuƌnoveƌ͘  dŚis bioeneƌgeƟĐ ĐaƚasƚƌoƉŚe deƚeƌŵines ƚŚaƚ ƚŚe Đell 
ends uƉ ĐollaƉsing due ƚo neĐƌosis as ƚŚe ŵain deaƚŚ ŵeĐŚanisŵ ƌesƉonsible Ĩoƌ ƚŚe ĐǇƚoƚoǆiĐiƚǇ oĨ 
ƚŚe ĐoŵƉounds͘

4. Synthetic tambjamine analogues molecular mechanism of  action

4.1. AKT as a molecular target of  synthetic tambjamine analogues 
dŚe W/3<ͬ�<d signaling ƉaƚŚǁaǇ ƌegulaƚes ŵulƟƉle Đellulaƌ ƉƌoĐesses inĐluding Đell ƉƌoliĨeƌaƟon 

and suƌvival͕ ƌesƉonse ƚo nuƚƌienƚ availabiliƚǇ͕  ƚƌansĐƌiƉƟon and Ɖƌoƚein sǇnƚŚesis ;Manning and doŬeƌ͕  
ϮϬ1ϳͿ͘ �ĐƟvaƟon oĨ W/3< ŵaǇ be iniƟaƚed bǇ Zd<s oƌ 'W�Zs loĐaƚed aƚ ƚŚe Đell suƌĨaĐe͕ leading ƚo 



1ϱϲ

W/W3 geneƌaƟon aƚ ƚŚe Ɖlasŵa ŵeŵbƌane͘ dŚis evenƚ leads ƚo ƌeĐƌuiƚŵenƚ oĨ ĐǇƚosoliĐ �<d ƚo ƚŚe 
ŵeŵbƌane͕ engaging W/W3 and iƚs Ĩolloǁing aĐƟvaƟon ƚŚƌougŚ ƉŚosƉŚoƌǇlaƟon oĨ d3Ϭ8 and ^ϰϳ3 bǇ 
W�<1 and ŵdKZ�Ϯ͕ ƌesƉeĐƟvelǇ ;Manning and doŬeƌ͕  ϮϬ1ϳͿ͘ KnĐe ĨullǇ aĐƟve͕ �<d ƉŚosƉŚoƌǇlaƚes and 
inŚibiƚs doǁnsƚƌeaŵ subsƚƌaƚes suĐŚ as glǇĐogen sǇnƚŚase Ŭinase 3 ;'^<3Ϳ͕ ĨoƌŬŚead boǆ K ;&KyKͿ 
ƚƌansĐƌiƉƟon ĨaĐƚoƌs͕ and ���͕ ƚŚus suƉƉƌessing aƉoƉƚoƟĐ signals and aĐƟvaƟng Đell ĐǇĐle Ɖƌogƌession͘ 
/n addiƟon͕ �<d also ƉŚosƉŚoƌǇlaƚes and inŚibiƚs ƚŚe ƚubeƌous sĐleƌosis ĐoŵƉleǆ 1ͬϮ ;d^�1ͬϮͿ͕ ǁŚiĐŚ 
ƌesulƚs in ŵdKZ�1 sƟŵulaƟon ;&uŵaƌola et al.͕ ϮϬ1ϰͿ͘ /n ƉaƌƟĐulaƌ͕  ŵdKZ is ƌesƉonsible Ĩoƌ Đell 
gƌoǁƚŚ and ŵeƚabolisŵ aĐƟvaƟng anaboliĐ ƉƌoĐesses͕ inĐluding biosǇnƚŚesis oĨ Ɖƌoƚeins͕ liƉids and 
oƌganelles͕ and bǇ liŵiƟng ĐaƚaboliĐ ƉƌoĐesses suĐŚ as auƚoƉŚagǇ ;&uŵaƌola et al.͕ ϮϬ1ϰͿ͘ 

�isƌuƉƟon oĨ ƚŚis ƟgŚƚlǇ Đonƚƌolled sǇsƚeŵ ƉlaǇs a ĐƌiƟĐal ƌole in ƚŚe ŵalignanƚ ƚƌansĨoƌŵaƟon 
oĨ Śuŵan ƚuŵoƌs and ƚŚeiƌ subseƋuenƚ gƌoǁƚŚ͕ ƉƌoliĨeƌaƟon and ŵeƚasƚasis͘ /n ƚŚe sƉeĐiĮĐ Đase oĨ 
E^�>�͕ abeƌƌanƚ aĐƟvaƟon oĨ W/3<ͬ�<d ĐasĐade is assoĐiaƚed ǁiƚŚ advanĐed sƚages oĨ ƚŚe disease 
;^Đƌiŵa et al.͕ ϮϬ1ϮͿ͘ dŚus͕ ƚŚeƌaƉeuƟĐ agenƚs ƚŚaƚ ƚaƌgeƚ ƚŚe diīeƌenƚ ĐoŵƉonenƚs oĨ ƚŚis ƉaƚŚǁaǇ͕  
suĐŚ as inŚibiƚoƌs oĨ W/3<͕ �<d and ŵdKZ͕ aƌe in ĐliniĐal develoƉŵenƚ ;&uŵaƌola et al.͕ ϮϬ1ϰͿ͘ /n 
ƉaƌƟĐulaƌ͕  ƚŚe inŚibiƟon oĨ �<d as Đenƚƌal node in W/3< signaling ŵaǇ Śave a signiĮĐanƚ iŵƉaĐƚ on 
ƚuŵoƌs ƚŚaƚ aƌe deƉendenƚ on W/3<ͬ�<d ƉaƚŚǁaǇ aĐƟviƚǇ͘ &oƌ eǆaŵƉle͕ M<ͲϮϮϬϲ͕ allosƚeƌiĐ inŚibiƚoƌ oĨ 
�<d͕  aŌeƌ sŚoǁing signiĮĐanƚ anƟͲƚuŵoƌ aĐƟviƟes eiƚŚeƌ as single agenƚ oƌ used in ĐoŵbinaƟon ǁiƚŚ 
ĐǇƚoƚoǆiĐ anƟͲĐanĐeƌ agenƚs in ƉƌeĐliniĐal ŵodels ;,iƌai et al.͕ ϮϬ1ϬͿ͕ Śad ĐoŵƉleƚed ĐliniĐal ƚƌial ƉŚase 
// in ƉaƟenƚs ǁiƚŚ advanĐed E^�>� ǁŚo Śad Ɖƌogƌessed aŌeƌ eƌloƟnib ƚƌeaƚŵenƚ ;>aƌa et al.͕ ϮϬ1ϱͿ͘ 
^iŵilaƌlǇ͕  iƚ Śas ƌeĐenƚlǇ been ƌeƉoƌƚed ƚŚaƚ ƚaƌgeƟng �<d is a good sƚƌaƚegǇ ƚo boosƚ ƚŚeƌaƉǇ eĸĐaĐǇ 
and oveƌĐoŵe aĐƋuiƌed ƌesisƚanĐe ƚo anƟͲ�'&Z agenƚs in E^�>� ;:aĐobsen et al.͕ ϮϬ1ϳ͖ >e 'ƌand et 
al.͕ ϮϬ1ϳͿ͘ Kn ƚŚe oƚŚeƌ Śand͕ anionoƉŚoƌes suĐŚ as Ɖƌodigiosin and obaƚoĐlaǆ Śave been sŚoǁn ƚo 
be inŚibiƚoƌs oĨ ƚŚis signaling ƉaƚŚǁaǇ͕  deĐƌeasing �<d ƉŚosƉŚoƌǇlaƟon ƚŚƌougŚ ƚŚe inŚibiƟon oĨ ƚŚe 
ŵdKZ�1 and ŵdKZ�Ϯ ĐoŵƉleǆes ;�sƉonaͲ&iedleƌ et al.͕ ϮϬ1ϮͿ͘

/n a ƉƌeliŵinaƌǇ eǆƉeƌiŵenƚ ǁiƚŚ ^WZ ;^uƌĨaĐe Wlasŵon ZesonanĐeͿ͕ ǁe Đould obseƌve ƚŚaƚ 
ĐoŵƉound 2 inƚeƌaĐƚed ǁiƚŚ �<d ǁiƚŚ an aĸniƚǇ Đonsƚanƚ in ƚŚe nanoŵolaƌ ƌange͘ Moƌeoveƌ͕  
ƚƌeaƚŵenƚ oĨ �ϱϰ9 Đells ǁiƚŚ ƚŚis sŵall ŵoleĐule ƉƌoduĐed a deĐƌease in boƚŚ͕ ƚŚe ƚoƚal aŵounƚ oĨ 
Ɖƌoƚein and iƚs ƉŚosƉŚoƌǇlaƟon͘ MeĐŚanisƟĐallǇ͕  inaĐƟvaƟon oĨ �<d Đould be due ƚo inaĐƟvaƟon 
oĨ uƉsƚƌeaŵ eleŵenƚs oĨ ƚŚe ƉaƚŚǁaǇ suĐŚ as W/3<͕ W�<1 oƌ ŵdKZ�Ϯ͕ oƌ Đould be ŵediaƚed bǇ an 
inĐƌease in Ɖƌoƚein ƉŚosƉŚaƚase Ϯ� ;WWϮ�Ϳ oƌ Wd�E ;>iao and ,ung͕ ϮϬ1ϬͿ͘ KƚŚeƌǁise͕ deĐƌease in ƚŚe 
ƚoƚal aŵounƚ oĨ Ɖƌoƚein Đould deƌive Ĩƌoŵ oĨ a loss oĨ Ɖƌoƚein sƚabiliƚǇ and ĐonseƋuenƚ degƌadaƟon͘ 
/n ƚŚis sense͕ ŚeaƚͲsŚoĐŬ Ɖƌoƚeins ;,^WsͿ͕ suĐŚ as ,^WϮϳ͕ ,^WϳϬ oƌ ,^W9Ϭ͕ aƌe a Đlass oĨ Ɖƌoƚeins 
ƚŚaƚ guide ƚŚe Ĩolding͕ inƚƌaĐellulaƌ disƉosiƟon and ƉƌoƚeolǇƟĐ ƚuƌnoveƌ oĨ ŵanǇ oĨ ƚŚe ŬeǇ ƌegulaƚoƌs 
oĨ signal ƚƌansduĐƟon ƉƌoĐesses ;�aldeƌǁood and 'ong͕ ϮϬ1ϲͿ͘ dŚese ŵoleĐulaƌ ĐŚaƉeƌones aƌe 
oveƌeǆƉƌessed in ĐanĐeƌ indiĐaƟng a Ɖooƌ Ɖƌognosis sinĐe ƚŚeǇ sƚabiliǌe onĐogeniĐ ŵuƚaƟons in 
Ɖƌoƚeins alloǁing ƚuŵoƌ gƌoǁƚŚ ;�aldeƌǁood and 'ong͕ ϮϬ1ϲͿ͘ /ƚ is ǁell doĐuŵenƚed ƚŚaƚ ,^W9Ϭ 
sƚabiliǌes �<d and Ɖƌevenƚs iƚs inaĐƟvaƟon ŵediaƚed bǇ WWϮ� ;^aƚo͕ &uũiƚa and dsuƌuo͕ ϮϬϬϬͿ͘ ^aioƌi 
^aƚo and ĐoͲauƚŚoƌs͕ in ƚŚeiƌ sƚudǇ on �<dͬ,^W9Ϭ Ɖƌoƚein ĐoŵƉleǆ͕ ŵaƉƉed bǇ deleƟon ŵuƚanƚs ƚŚe 
iŵƉoƌƚanƚ suƌĨaĐe ƌegions Ĩoƌ ƉƌoƚeinͲƉƌoƚein inƚeƌaĐƟons͘ dŚeǇ Ɖƌoved ƚŚaƚ �<d ƌesidues beƚǁeen 
ϮϮ9 and 3Ϭ9 aƌe ƌesƉonsible Ĩoƌ binding ǁiƚŚ ,^W9Ϭ͘ dŚeǇ sŚoǁed ƚŚaƚ inŚibiƟon oĨ ƚŚe �<dͬ,^WϬ 
ĐoŵƉleǆ ǁould lead ƚo ƚŚe deƉŚosƉŚoƌǇlaƟon and inaĐƟvaƟon oĨ �<d ;^aƚo͕ &uũiƚa and dsuƌuo͕ ϮϬϬϬͿ͘ 
Moƌeoveƌ͕  iƚ Śas been obseƌved ƚŚaƚ bloĐŬade oĨ ƚŚe �<dͲ,^WͲ9Ϭ ĐoŵƉleǆ ĨoƌŵaƟon͕ aŌeƌ ƚƌeaƚŵenƚ 
ǁiƚŚ ,^W9Ϭ sƉeĐiĮĐ inŚibiƚoƌs liŬe 1ϳͲallǇaŵino 1ϳͲ deŵeƚŚoǆǇͲgeldanaŵǇĐin ;1ϳͲ��'Ϳ͕ induĐes 
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DISCUSSION

�<d deƉŚosƉŚoƌǇlaƟon and degƌadaƟon ;Mƺnsƚeƌ et al.͕ ϮϬϬ1͖ �asso et al.͕ ϮϬϬϮͿ͘ /nƚeƌesƟnglǇ͕  ƚŚe 
ƌesulƚs ƚŚaƚ ǁe Śave obƚained ƚŚƌougŚ ĐoŵƉuƚaƟonal ŵeƚŚods sŚoǁed ƚŚaƚ ƚaŵbũaŵine analogue 
2 Đan inƚeƌaĐƚ ǁiƚŚ �<d aƚ Įve diīeƌenƚ siƚes͕ sŚoǁing ƉƌeĨeƌenĐe Ĩoƌ ƚŚe �dW binding siƚe͕ ǁŚeƌe 
iƚ ŵaǇ adoƉƚ ƚǁo diīeƌenƚ oƌienƚaƟons inƚeƌaĐƟng ǁiƚŚ �sƉϮ9Ϯ ƌesidue ;Įguƌe ϱ3�Ϳ͘ /n ƚŚe oƚŚeƌ 
Ɖossible union siƚes͕ ƚaŵbũaŵine 2 also inƚeƌaĐƚs ǁiƚŚ �sƉ oƌ 'lu ƌesidues͘ /n addiƟon͕ iƚ is neĐessaƌǇ 
ƚo ŵenƟon ƚŚaƚ in ƚŚe Įve Ɖossible binding siƚes͕ ouƌ ŵoleĐule is oƌienƚed ǁiƚŚ ƚŚe ƚeƌƚͲbuƚǇl gƌouƉ 
;ŵoƌe voluŵinousͿ ƉoinƟng ouƚǁaƌd ƚŚe binding ĐleŌ͕ involving Ɖossible disƌuƉƟons oĨ inƚeƌaĐƟon 
ǁiƚŚ oƚŚeƌ Ɖƌoƚeins͘ ,enĐe͕ ĐoŵƉound 2 siƚes aƌound ƌesidues 'luϮϰϮ͕ �sƉϮ9Ϯ and �sƉ398 ;Įguƌe 
ϱ3�Ϳ ŵaǇ disƌuƉƚ suĐŚ �<dͬ,^W9Ϭ inƚeƌaĐƟons͕ sinĐe͕ as sƚaƚed͕ ƚŚe binding ŵode ƉlaĐes ƚŚe bulŬieƌ 
ƚeƌƚͲbuƚǇl gƌouƉ in an aƌea Ĩalling ǁiƚŚin ƚŚe ƉƌoƉosed ƉƌoƚeinͲƉƌoƚein binding ƌegion͘ 

Kveƌall͕ ƚŚese ƌesulƚs suggesƚ ƚŚaƚ ƚaŵbũaŵine analogue 2 ŵaǇ be useĨul in ƚuŵoƌs ƚŚaƚ Śave 
ĐonsƟƚuƟvelǇ aĐƟve �<d eǆƉƌession͘ 

4.2. Effect of  synthetic tambjamine analogues on cancer miRNA expression
MiĐƌoZE�s Đonƚƌol gene eǆƉƌession aƚ ƉosƚͲƚƌansĐƌiƉƟonal level bǇ ƚƌanslaƟonal ƌeƉƌession oƌ 

degƌadaƟon oĨ ƚaƌgeƚ ŵZE�s͘ dŚese sŵall nonĐoding ZE�s aƌe involved in ƚŚe ƌegulaƟon oĨ ŵulƟƉle 
Đellulaƌ ƉƌoĐesses in aniŵals͕ inĐluding diīeƌenƟaƟon͕ ƉƌoliĨeƌaƟon͕ and aƉoƉƚosis͘ dŚeƌeĨoƌe 
dǇsƌegulaƟon oĨ ŵiZE� Đan Śave subsƚanƟal ƉŚǇsiologiĐal eīeĐƚs͘ dŚese ĐonsideƌaƟons͕ ĐouƉled ǁiƚŚ 
ƚŚe ĨaĐƚ ƚŚaƚ ƚŚe liƚeƌaƚuƌe gaƚŚeƌs eǆƚensive evidenĐe oĨ gene eǆƉƌession sƚudies disƉlaǇing abeƌƌanƚ 
eǆƉƌession oĨ ŵiZE� in ƚuŵoƌs͕ Śave esƚablisŚed ƚŚe ƉaƌƟĐiƉaƟon oĨ ŵiZE�s in ĐanĐeƌ ;,eƌƌanǌ and 
�oŚen͕ ϮϬ1ϬͿ͘ /n ƚŚis ŵalignanĐǇ͕  alƚeƌed ŵiZE� Đan aĐƚ as onĐoŵiZs oƌ ƚuŵoƌ suƉƉƌessoƌ ŵiZE�s͕ 
aƩending ƚo ƚŚeiƌ ĐaƉabiliƚǇ ƚo ƌeƉƌess ƚŚe eǆƉƌession oĨ ƚuŵoƌ suƉƉƌessoƌ genes oƌ onĐogenes͕ 
ƌesƉeĐƟvelǇ͘ Kne ŵZE� Đan be ƚaƌgeƚed bǇ seveƌal ŵiZE�s and a single ŵiZE� Đan bind ƚo Śundƌeds 
oĨ ƚaƌgeƚ ŵZE�s ;Kliveƚo et al.͕ ϮϬ1ϳͿ͘ Moƌeoveƌ͕  ŵiZE�s Đan ƉlaǇ a dual ƌole in ƚuŵoƌigenesis͕ 
eǆŚibiƟng onĐogeniĐ oƌ ƚuŵoƌ suƉƉƌessoƌ aĐƟviƚǇ deƉending on ƚŚe Ɵssue ;yiang and Wu͕ ϮϬ1ϬͿ͘ 
dŚeƌeĨoƌe͕ ƚo dƌaǁ ĐonĐlusions abouƚ ƚŚe aĐƟviƚǇ oĨ a sƉeĐiĮĐ ŵiZE�͕ iƚ is iŵƉoƌƚanƚ ƚo Đonsideƌ ƚŚe 
Đellulaƌ Đonƚeǆƚ͘ /n lung ĐanĐeƌ͕  seveƌal sƚudies Śave sŚoǁn ƚŚaƚ Đeƌƚain ŵiĐƌoZE� eǆƉƌession ƉƌoĮles 
disƟnguisŚ beƚǁeen lung ĐanĐeƌ ƉaƟenƚs ǁiƚŚ beƩeƌ and ǁoƌse Ɖƌognosis ;/naŵuƌa and /sŚiŬaǁa͕ 
ϮϬ1ϲͿ͘ /n addiƟon͕ in ƚŚe lasƚ deĐade͕ ƚŚe eǆƉƌession ƉƌoĮle oĨ ŵiZE� in ƌesƉonse ƚo anƟĐanĐeƌ 
ƚƌeaƚŵenƚs Śas beĐoŵe a subũeĐƚ oĨ sƚudǇ sinĐe iƚ ŵigŚƚ Śave biologiĐal ƌelevanĐe ;�Śang and �olan͕ 
ϮϬ1ϬͿ͘

/n ouƌ Đase͕ ƚŚe aiŵ oĨ ƚŚis ƉƌeliŵinaƌǇ sƚudǇ ǁas ƚŚe idenƟĮĐaƟon oĨ dǇsƌegulaƚed ŵiZE� aŌeƌ 
ƚaŵbũaŵine analogue 2 ƚƌeaƚŵenƚ and ƚŚeiƌ ƉoƚenƟal ƌole in ƚŚe ĐǇƚoƚoǆiĐ eīeĐƚ oĨ ƚŚis ĐoŵƉound 
againsƚ ƚŚe �ϱϰ9 lung ĐanĐeƌ Đell line͘ �s a ƌesulƚ͕ ǁe Ĩound ƚŚaƚ ƚƌeaƚŵenƚ alƚeƌed ŵiZE� ǁŚose 
ƚaƌgeƚ genes aƌe ŵainlǇ involved in ĐanĐeƌ ƌelaƚed ƉaƚŚǁaǇs͕ suĐŚ as W/3<ͬ�<d oƌ aƉoƉƚosis͘

�s eǆƉlained in ƚŚe ƌesulƚs seĐƟon͕ aŵong ŵodiĮed ŵiZE�s ƚŚaƚ aƉƉeaƌ in Įguƌe ϱϲ ;results sec on 
. Ϳ͕ ǁe seleĐƚed ƚŚose ŵiZE�s in ǁŚiĐŚ ƚŚe ƚƌeaƚŵenƚ Śad a ƉoƚenƟal anƟĐanĐeƌ eīeĐƚ͕ and ƚŚose 

ŵiZE� in ǁŚiĐŚ ƚŚe ƚƌeaƚŵenƚ ŵigŚƚ ƉƌoduĐe ƚŚe oƉƉosiƚe eīeĐƚ ƚo ƚŚe eǆƉeĐƚed ǁeƌe noƚ inĐluded in 
subseƋuenƚ analǇses͘ dŚis is ƚŚe Đase oĨ ŵiZE�s suĐŚ as ŵiZͲϳ͕ ŵiZͲ1Ϯ8ϳ͕ ŵiZͲ13Ϭa and ŵiZͲ3Ϭa͕ ǁiƚŚ 
a ƌole oĨ ƉoƚenƟal ƚuŵoƌ suƉƉƌessoƌ in ĐanĐeƌ͕  buƚ ǁŚiĐŚ Śave been doǁnƌegulaƚed bǇ ƚŚe ƚƌeaƚŵenƚ 
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;�Đunǌo et al.͕ ϮϬ1Ϯ͖ z͘  Wang et al.͕ ϮϬ13͖ :͘ �Śao et al.͕ ϮϬ1ϱ͖ yu et al.͕ ϮϬ1ϳ͖ �Śu et al.͕ ϮϬ1ϳͿ͘ Kn 
one Śand͕ ƚŚis Đould be due ƚo ƚŚe ĨaĐƚ ƚŚaƚ ƚŚe bibliogƌaƉŚiĐ daƚa aƌe Ĩƌoŵ oƚŚeƌ Đellulaƌ ŵodels͕ 
and in ouƌ ŵodel ƚŚese ŵiZE�s ŵaǇ noƚ Śave ƚŚaƚ ƌole͘ Kn ƚŚe oƚŚeƌ Śand͕ ƚŚe ĐanĐeƌ Đell ŵaǇ ƚƌǇ ƚo 
ŵodulaƚe ŵiZE� eǆƉƌession as a ŵeĐŚanisŵ oĨ ƌesisƚanĐe͘

Kn ƚŚe oƚŚeƌ Śand͕ ƉaƉeƌs soŵeƟŵes sŚoǁ inĨoƌŵaƟon ĐonĐeƌning ƚo ƚŚe ĨaŵilǇ oƌ a ƉaƌƟĐulaƌ 
Ĩoƌŵ oĨ ŵiZE�͘ dŚis ŚaƉƉens ǁiƚŚ ƚŚe ŵiZE�s 1ϰϲaͲ3Ɖ͕ ϮϬbͲ3Ɖ͕ ϮϮϰͲ3Ɖ and Ϯ3bͲϱƉ͘ �ĐĐoƌding ƚo 
liƚeƌaƚuƌe͕ ŵiZͲ1ϰϲa Śas been ƌeƉoƌƚed as a ƚuŵoƌ suƉƉƌessoƌ in seveƌal ĐanĐeƌs ;>i et al.͕ ϮϬ1Ϭ͖ �Śen 
et al.͕ ϮϬ13Ϳ͖ KƚŚeƌǁise͕ ŵiZͲϮϬb levels Śave been sŚoǁn uƉƌegulaƚed in Ɵssues ǁiƚŚ seĐondaƌǇ 
ƚuŵoƌs deƌived Ĩƌoŵ lung ĐanĐeƌ ;,u et al.͕ ϮϬ1ϰͿ͕ ŵiZͲϮϮϰ Śas been desĐƌibed as an onĐoŵiƌ ;�ui et 
al.͕ ϮϬ1ϱͿ͘ EeveƌƚŚeless͕ ƚŚeƌe is ŚaƌdlǇ anǇ inĨoƌŵaƟon ƌelaƚed ƚo ƚŚe sƉeĐiĮĐ ŵiZE� sƚƌands and iƚs 
ĨunĐƟon in ĐanĐeƌ͘  daŬing inƚo aĐĐounƚ ƚŚaƚ ƚŚe ϱƉ and 3Ɖ aƌŵ oĨ ƚŚe ŵiZE�͕ deƌived Ĩƌoŵ ƚŚe saŵe 
ƉƌeͲŵiZE�s͕ Śave diīeƌenƚ eǆƉƌession ƉaƩeƌns͕ abundanĐe and ƚaƌgeƚs͕ ƚŚese ŵiZE�s ǁeƌe also noƚ 
inĐluded in ƚŚe Ĩolloǁing analǇses͘ 

�ĐĐoƌding ƚo ƌeĐenƚ sƚudies͕ ŵiZͲϮϬϱ and ŵiZͲ1Ϭ3 aƌe Đonsideƌed bioŵaƌŬeƌs Ĩoƌ ƚŚe diagnosis 
oĨ lung ĐanĐeƌ Đells sinĐe ƚŚeǇ aƌe uƉƌegulaƚed in lung ĐanĐeƌ Ɵssues ǁŚen ĐoŵƉaƌed ǁiƚŚ ƚŚe 
ĐoƌƌesƉonding ŚealƚŚǇ lung Ɵssues ;zanaiŚaƌa et al.͕ ϮϬϬϲ͖ >andi et al.͕ ϮϬ1Ϭ͖ :iang et al.͕ ϮϬ13Ϳ͘ Kuƌ 
ƚƌeaƚŵenƚ ǁiƚŚ ĐoŵƉound 2 inŚibiƚs ƚŚeiƌ eǆƉƌession and ŵigŚƚ ƌeduĐe �ϱϰ9 ƉƌoliĨeƌaƟon bǇ negaƟvelǇ 
ƌegulaƟng ƚŚe W/3<ͬ�<d suƌvival ƉaƚŚǁaǇ ; ure , results sec on . Ϳ͘ dŚeiƌ ƚaƌgeƚ genes͕ Wd�E and 
W,>WWϮ͕ Đonsideƌed ƚuŵoƌ suƉƉƌessoƌ genes͕ ŵigŚƚ be ƉosiƟvelǇ ƌegulaƚed and ŵaǇ anƚagoniǌe ƚŚe 
W/3<ͬ�<d signaling ƉaƚŚǁaǇ avoiding ƚŚe aĐƟvaƟon oĨ �<d͘  dŚis is Đonsisƚenƚ ǁiƚŚ sƚudies in E^�>� 
ƌeƉoƌƟng ƚŚaƚ ŵiZͲϮϬϱ inĐƌeases �<d signaling and dƌives ŵalignanƚ ƉŚenoƚǇƉes ƚaƌgeƟng Wd�E and 
W,>WWϮ ;>i et al.͕ ϮϬ13Ϳ͘ Moƌeoveƌ͕  ƚŚeƌe is evidenĐe in oƚŚeƌ ĐanĐeƌ ƚǇƉes͕ suĐŚ as ĐoloƌeĐƚal ĐanĐeƌ͕  
ǁŚeƌe ŵiZͲ1Ϭ3 Ɖƌoŵoƚes ƉƌoliĨeƌaƟon and ŵigƌaƟon due ƚo Wd�E loss oĨ ĨunĐƟon ;'eng et al.͕ ϮϬ1ϰͿ͘ 

>iŬeǁise͕ uƉƌegulaƟon oĨ ŵiZͲ1ϰ8aͲ3Ɖ induĐed bǇ ĐoŵƉound Ϯ͕ usuallǇ doǁnƌegulaƚed in lung 
ĐanĐeƌ ;Monƚani eƚ al͕͘ ϮϬ1ϱͿ;/nĐoƌonaƚo eƚ al͕͘ ϮϬ11Ϳ͕ Đould diƌeĐƚlǇ ƌeƉƌess ƚŚe eǆƉƌession oĨ genes 
ƚŚaƚ ĨaĐiliƚaƚes ĐanĐeƌ develoƉŵenƚ oƌ Đoƌƌelaƚe ǁiƚŚ bad Ɖƌognosis͕ as Ĩoƌ eǆaŵƉle ƚŚe anƟͲaƉoƉƚoƟĐ 
Ɖƌoƚein ��>Ϯ ;�Śang eƚ al͕͘ ϮϬ11͖ ,e and yue͕ ϮϬ1ϳͿ͘ ^iŵilaƌlǇ͕  ŵiZͲ1ϰ8a ƚaƌgeƚ /d'�ϱ ;inƚegƌin subuniƚ 
alƉŚa ϱͿ͕ a Đell adŚesion Ɖƌoƚein ƚŚaƚ Đan lead ƚuŵoƌigenesis and Đoƌƌelaƚe ǁiƚŚ Ɖooƌ ouƚĐoŵe in E^�>� 
;�daĐŚi eƚ al͕͘ ϮϬϬϬͿ͘ /n ƚŚis sense͕ ŵiZͲ1ϰ8aͲŵediaƚed doǁnͲƌegulaƟon oĨ /d'�ϱ and /d'�8 ;inƚegƌin 
subuniƚ beƚa 8Ϳ eǆƉƌession Śave ƌesulƚed in ƚŚe inŚibiƟon oĨ ŵalignanƚ Ɖƌogƌession oĨ ƚuŵoƌ Đells in 
gasƚƌiĐ ĐanĐeƌ ;dseng eƚ al͕͘ ϮϬ11Ϳ͘ /n ƚŚe saŵe ǁaǇ͕  soŵeƚŚing siŵilaƌ Đould ŚaƉƉen ǁiƚŚ ŵiZͲ1ϰ8a 
ƚaƌgeƚ genes /'&1Z ;insulinͲliŬe gƌoǁƚŚ ĨaĐƚoƌ ƌeĐeƉƚoƌͿ and /Z^1 ;insulin ƌeĐeƉƚoƌ subsƚƌaƚeͲ1Ϳ͕ ǁŚiĐŚ 
Śave been sŚoǁn ƚo ƉlaǇ ĐƌiƟĐal ƌoles in ƚŚe develoƉŵenƚ and Ɖƌogƌession oĨ vaƌious ƚuŵoƌs ;�enduluƌi 
eƚ al͕͘ ϮϬ1ϱͿ͘ /n ƚŚis ƌegaƌd͕ yu and Đolleagues Śave sŚoǁn ƚŚaƚ oveƌeǆƉƌession oĨ ŵiƌͲ1ϰ8a in bƌeasƚ 
ĐanĐeƌ Đells Đould suƉƉƌess ƉƌoliĨeƌaƟon͕ ĐolonǇ Đell ĨoƌŵaƟon and ƚuŵoƌ angiogenesis ƚaƌgeƟng /Z^1 
and /'&Ͳ/Z ;yu eƚ al͕͘ ϮϬ1ϮͿ͘ /n ŚeƉaƚoĐellulaƌ ĐaƌĐinoŵa͕ ŵiZͲ1ϰ8a is signiĮĐanƚlǇ deĐƌeased as in lung 
ĐanĐeƌ͘  � ƌeĐenƚ sƚudǇ͕  Đaƌƌied ouƚ ǁiƚŚ ŚeƉaƚoĐellulaƌ ĐaƌĐinoŵa in viƚƌo and in vivo ŵodels͕ Ĩound 
ƚŚaƚ ƌesƚoƌaƟon oĨ ŵiZͲ1ϰ8a eǆƉƌession signiĮĐanƚlǇ ƌeƉƌessed ƚŚe eƉiƚŚelialͲŵesenĐŚǇŵal ƚƌansiƟon 
and ŵeƚasƚasis bǇ ƚaƌgeƟng M�d ;EͲŵeƚŚǇlͲE഻ͲniƚƌosoͲguanidine Śuŵan osƚeosaƌĐoŵa ƚƌansĨoƌŵing 
geneͿ signaling ;�Śang eƚ al͕͘ ϮϬ1ϰͿ͘ Moƌeoveƌ͕  ŵiZͲ1ϰ8a and ŵiZͲϮ1Ϯ Śave been desĐƌibed as a 
negaƟve ƌegulaƚoƌ oĨ Mz� in ŚeƉaƚoĐellulaƌ and gasƚƌiĐ ĐaƌĐinoŵa͕ ƌesƉeĐƟvelǇ ;yu eƚ al͕͘ ϮϬ11͖ ,an 
eƚ al͕͘ ϮϬ13Ϳ͘ /n ƚŚis sense͕ Mz� Ɖƌoƚeins aƌe Đonsideƌed ƉoƚenƟal ƚŚeƌaƉeuƟĐ ƚaƌgeƚs in ^�>� ;deiĐŚeƌ͕  
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DISCUSSION

ϮϬ1ϰͿ͘ ,enĐe͕ iƚs inŚibiƟon ƚŚanŬs ƚo ŵiZͲ1ϰ8a and ŵiZͲϮ1Ϯ uƉƌegulaƟon Đould ŚelƉ ƚo suƉƉƌess 
ĐanĐeƌ develoƉŵenƚ͘ dŚese Įndings suggesƚ ƚŚaƚ ŵiZͲ1ϰ8a as ǁell as ŵiZͲϮ1Ϯ͕ uƉƌegulaƚed in �ϱϰ9 
Đells aŌeƌ eǆƉosuƌe ƚo ĐoŵƉound Ϯ͕ ŵaǇ ĨunĐƟon as ƉoƚenƟal ƚuŵoƌ suƉƉƌessoƌs ƚŚƌougŚ diveƌse 
ŵeĐŚanisŵs͘

�lƚogeƚŚeƌ͕  ƚŚis ŵiZE� eǆƉƌession ƉƌoĮle geneƌaƚed aŌeƌ ƚaŵbũaŵine analogue 2 ƚƌeaƚŵenƚ ŵigŚƚ 
be ƌelaƚed ǁiƚŚ ƚŚe ĐǇƚoƚoǆiĐ eīeĐƚ obseƌved in �ϱϰ9 Đell line͘ /n anǇ Đase͕ ƚŚese aƌe ƉƌeliŵinaƌǇ 
ƌesulƚs ƉƌediĐƚed bǇ ƚŚe obseƌved ŵiZE� ŵodiĮĐaƟons aŌeƌ ĐoŵƉound ƚƌeaƚŵenƚ͘ do Đoƌƌoboƌaƚe ƚŚe 
iŵƉliĐaƟon oĨ ƚŚese genes in ƚŚe ĐǇƚoƚoǆiĐ eīeĐƚ induĐed bǇ ĐoŵƉound 2͕ ǁe ǁould Śave ƚo validaƚe 
eaĐŚ oĨ ƚŚese ƉoƚenƟal ƚaƌgeƚ genes in ĨuƌƚŚeƌ eǆƉeƌiŵenƚs͘

5. Therapeutic effect of synthetic tambjamine analogues in LC in vivo mouse models
>ung ĐanĐeƌ is ƚŚe leading Đause oĨ ĐanĐeƌͲƌelaƚed deaƚŚ ǁoƌldǁide͘ �ĐĐoƌding ƚo sƚaƟsƟĐal daƚa͕ iƚ 

is Đonsideƌed ƚŚaƚ iƚ Śas Ɖooƌ Ɖƌognosis͘ Kveƌ ŚalĨ oĨ ƉeoƉle diagnosed ǁiƚŚ lung ĐanĐeƌ die ǁiƚŚin one 
Ǉeaƌ͕  and  ƚŚe  ϱͲǇeaƌ  suƌvival  is  less  ƚŚan  18й ;�aƉƉa and Mousa͕ ϮϬ1ϲͿ͘ >ung ĐanĐeƌ ƚƌeaƚŵenƚ is 
diĸĐulƚ due ƚo iƚs ŚigŚ ĐoŵƉleǆiƚǇ͘ /n ƚŚe Ɖasƚ deĐades͕ ƚŚeƌe Śave been seveƌal ĐonƚƌibuƟons ƚo ƚŚe 
iŵƉƌoved ŵanageŵenƚ oĨ lung ĐanĐeƌ͘  Kn one Śand͕ ƚŚe ĐŚeŵoƚŚeƌaƉǇ ƌegiŵens Śave been oƉƟŵiǌed͕ 
and neǁ ƚŚeƌaƉeuƟĐ agenƚs͕ againsƚ ƚŚe saŵe oƌ diīeƌenƚ ŵeĐŚanisŵs͕ Śave been develoƉed ;�ao 
and �Śan͕ ϮϬ11Ϳ͘ /n ƚŚis sense͕ ƚŚe ŵosƚ ĨƌeƋuenƚ Đuƌƌenƚ sƚandaƌd ĐŚeŵoƚŚeƌaƉeuƟĐ ƌegiŵens 
aƌe based on ĐisƉlaƟn Đoŵbined ǁiƚŚ geŵĐiƚabine͕ vinoƌelbine͕ oƌ eƚoƉoside ;,iƌsĐŚ et al.͕ ϮϬ1ϳͿ͘ 
�lƚŚougŚ ƉlaƟnuŵͲbased ĐŚeŵoƚŚeƌaƉǇ ƌegiŵens Śave Ɖƌoved ƚo be iniƟallǇ eīeĐƟve͕ signiĮĐanƚ 
ƌelaƉse ƌaƚes aƌe sƟll obseƌved due ƚo dƌugͲƌesisƚanĐe aƉƉeaƌanĐe ;�ŵable͕ ϮϬ1ϲͿ͘ Kn ƚŚe oƚŚeƌ Śand͕ 
ƚŚe eŵeƌgenĐe oĨ ƚaƌgeƚed ƚŚeƌaƉies͕ as a ƌesulƚ oĨ beƩeƌ undeƌsƚanding oĨ ĐanĐeƌ biologǇ͕  Śas been a 
signiĮĐanƚ advanƚage ƚo ƚŚe oveƌall ouƚĐoŵe Ĩoƌ ƚŚis disease ;�ao and �Śan͕ ϮϬ11Ϳ͘ /neviƚablǇ͕  ƉaƟenƚs 
Śave develoƉed ƌesisƚanĐe beĐause oĨ ƚŚe eŵeƌgenĐe oĨ an insensiƟve Đellulaƌ ƚuŵoƌ subƉoƉulaƟon͕ 
seleĐƚed bǇ ƉŚaƌŵaĐologiĐ Ɖƌessuƌe ;&aĐĐŚineƫ et al.͕ ϮϬ1ϳ͖ Eeel and �ivona͕ ϮϬ1ϳͿ͘ /n ƚŚis sense͕ 
ƚŚeƌe is gƌoǁing evidenĐe suƉƉoƌƟng ƚŚaƚ �^�s Ĩoƌŵ a ĐŚeŵoƌesisƚanƚ subƉoƉulaƟon ƚŚaƚ Ɖossess ƚŚe 
abiliƚǇ ƚo ƌegeneƌaƚe ƚŚe Śeƚeƌogeneous ƚuŵoƌ ŵass ;MaĐ�onagŚ et al.͕ ϮϬ1ϲͿ͘ dŚus͕ ƚŚe develoƉŵenƚ 
oĨ neǁ ĐǇƚoƚoǆiĐ agenƚs ƚŚaƚ aƌe also ƚaƌgeƚed ƚo ƚŚe �^� ƌeŵains an iŵƉoƌƚanƚ aƌea oĨ ĐliniĐal ƌeseaƌĐŚ 
in lung ĐanĐeƌ͘  

�eĨoƌe sƚaƌƟng anƟĐanĐeƌ dƌug ƚƌials͕ ƉŚaƌŵaĐeuƟĐal ĐoŵƉanies and indeƉendenƚ ƌeseaƌĐŚeƌs 
ĐonduĐƚ eǆƚensive ƉƌeĐliniĐal sƚudies͘ �niŵal ŵodels Śave been essenƟal in ĐanĐeƌ ƌeseaƌĐŚ ƚo 
eǆaŵine ƉƌeliŵinaƌǇ eĸĐaĐǇ͕  ƚoǆiĐiƚǇ and ƉŚaƌŵaĐoŬineƟĐs͘ do daƚe͕ a vaƌieƚǇ oĨ ŵouse ŵodels 
ƚŚaƚ ŵiŵiĐ Śuŵan lung ĐanĐeƌ Śave been develoƉed͘ yenogƌaŌ ŵodels ƌeƋuiƌe ƚŚe ƚƌansƉlanƚaƟon 
oĨ ƉƌiŵaƌǇ Śuŵan ĐanĐeƌ Ɵssue Ĩƌagŵenƚs oƌ Đells inƚo lungs oĨ iŵŵunoĐoŵƉƌoŵised ŵiĐe͕ eiƚŚeƌ 
subĐuƚaneouslǇ oƌ oƌƚŚoƚoƉiĐallǇ ;<ellaƌ͕  �gan and Moƌƌis͕ ϮϬ1ϱͿ͘ KƌƚŚoƚoƉiĐ ŵodel͕ ĐoŵƉaƌed ƚo ƚŚe 
subĐuƚaneous one͕ sŚoǁs advanƚages sinĐe iƚ Ɖƌovides ƚŚe ƉƌoƉeƌ ŵiĐƌoenviƌonŵenƚ Ĩoƌ ƚƌansƉlanƚed 
Đells and ƌeŇeĐƚs ĐloselǇ lung ĐanĐeƌ ĐliniĐal ƉaƚŚologǇ ;<ellaƌ͕  �gan and Moƌƌis͕ ϮϬ1ϱͿ͘ 

/n ƉƌeliŵinaƌǇ sƚudies͕ ƚŚe ƚŚeƌaƉeuƟĐ ĐaƉaĐiƚǇ oĨ ouƌ ĐoŵƉounds 2 and 7 ǁas ƚesƚed in boƚŚ an 
eĐƚoƉiĐ and an oƌƚŚoƚoƉiĐ ŵouse ŵodel͘ /n ŵiĐe beaƌing �ϱϰ9 Đells subĐuƚaneouslǇ inũeĐƚed͕ boƚŚ 
ĐoŵƉounds signiĮĐanƚlǇ ƌeduĐed ƚuŵoƌ siǌe as CDDP did͕ ƚŚe ĮƌsƚͲline ƚƌeaƚŵenƚ͘ ^uƌƉƌisinglǇ͕  no 
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beƩeƌ ouƚĐoŵe ǁas obseƌved ǁiƚŚ siŵulƚaneous ƚƌeaƚŵenƚ͕ CDDP Ɖlus ƚaŵbũaŵine analogues 2 oƌ 7͘ 
/n ƚŚe oƌƚŚoƚoƉiĐ ŵiĐe ŵodel͕ a deĐƌease in ƚuŵoƌ gƌoǁƚŚ ǁas obseƌved͕ esƉeĐiallǇ ǁiƚŚ ĐoŵƉound 7͘ 
'iven ƚŚaƚ ouƌ Įndings aƌe based on a liŵiƚed nuŵbeƌ oĨ aniŵals͕ ƚŚe ƌesulƚs Ĩƌoŵ ƚŚese analǇses sŚould 
ĐonseƋuenƚlǇ be inƚeƌƉƌeƚed ǁiƚŚ Đaƌe͘ EeveƌƚŚeless͕ boƚŚ ĐoŵƉounds Đoƌƌoboƌaƚe ƚŚeiƌ ĐǇƚoƚoǆiĐ eīeĐƚ 
obseƌved in vitro͕ and Śave Ɖƌoŵising ƚŚeƌaƉeuƟĐ eīeĐƚ againsƚ lung ĐanĐeƌ͘  >iŬeǁise͕ ƚŚese ĐoŵƉounds 
Śave been sŚoǁn ƚo ƌeduĐe viabiliƚǇ in �^�s deƌived Ĩƌoŵ ƉaƟenƚ ƚuŵoƌs and Ĩƌoŵ Đell lines͘ dŚis Đan be 
Đonsideƌed an advanƚage Ĩoƌ ouƌ ĐoŵƉounds͕ sinĐe eīeĐƟveness oĨ sƚandaƌd ƚŚeƌaƉǇ is liŵiƚed due ƚo 
ƉƌoƉeƌƟes oĨ �^� ƉoƉulaƟon͕ suĐŚ as dƌug ƌesisƚanĐe and selĨͲƌeneǁal  ;�ƌagu et al.͕ ϮϬ1ϱͿ͘ �ƌadiĐaƟng 
�^�s ǁiƚŚ sǇnƚŚeƟĐ ƚaŵbũaŵine analogues ŵaǇ ƌeduĐe ƚŚe oĐĐuƌƌenĐe oĨ dƌug ƌesisƚanĐe and ƚŚe 
inĐidenĐe oĨ ƚuŵoƌ ƌelaƉse͕ ƚŚus aĐŚieving beƩeƌ ƌesulƚs ǁiƚŚ ĐonvenƟonal ƚƌeaƚŵenƚs͘

/n addiƟon͕ ƚaŵbũaŵine analogues Đould be a Đonvenienƚ alƚeƌnaƟve ƚŚeƌaƉeuƟĐ sƚƌaƚegǇ ƚo 
oveƌĐoŵe ƚŚe ƌesisƚanĐe ƚo ƉƌoaƉoƉƚoƟĐ ĐŚeŵoƚŚeƌaƉeuƟĐ agenƚs͕ ǁŚiĐŚ aƌe ŵosƚ oĨ ƚŚe ĐonvenƟonal 
ĐŚeŵoƚŚeƌaƉeuƟĐ agenƚs available aƚ ƚŚe ŵoŵenƚ͘ �iīeƌenƚ aƉƉƌoaĐŚes ƚŚaƚ aƌe able ƚo induĐe neĐƌoƟĐ 
Đell deaƚŚ Śave been ƌeƉoƌƚed͘ &oƌ eǆaŵƉle͕ ƉŚoƚodǇnaŵiĐ ƚƌeaƚŵenƚ ;W�dͿ involves ƚŚe geneƌaƟon 
oĨ ZK^ bǇ a ƉŚoƚosensiƟǌing ŵoleĐule ƉƌeviouslǇ aĐĐuŵulaƚed in ƚŚe ƚuŵoƌ ƚŚƌougŚ ƚŚe iƌƌadiaƟon oĨ 
neoƉlasƟĐ aƌea ǁiƚŚ a sƉeĐiĮĐ ǁavelengƚŚ ;Zobeƌƚson͕ �vans and �bƌaŚaŵse͕ ϮϬϬ9Ϳ͘ WƌoduĐed ZK^ 
aĐƟvaƚe neĐƌosis and neĐƌoƉƚosis ŵeĐŚanisŵs aŵong oƚŚeƌ signaling ƉaƚŚǁaǇs ;^oƌiano et al.͕ ϮϬ1ϰͿ
ǁŚiĐŚ aĐĐuŵulaƚes ƉƌeĨeƌenƟallǇ in ƚuŵoƌ Đells͘ ^ubseƋuenƚ iƌƌadiaƟon oĨ ƚŚe neoƉlasƟĐ aƌea ƚƌiggeƌs 
a ĐasĐade oĨ ƉŚoƚoĐŚeŵiĐal ƌeaĐƟons ƚŚaƚ leads ƚo ƚŚe ĨoƌŵaƟon oĨ ŚigŚlǇ ƌeaĐƟve oǆǇgen sƉeĐies 
ƌesƉonsible Ĩoƌ Đell inaĐƟvaƟon͘ WŚoƚodǇnaŵiĐ ƚƌeaƚŵenƚs in viƚƌo aƌe ƉeƌĨoƌŵed ǁiƚŚ ƚŚe W^͕ ǌinĐͲ
ƉŚƚŚaloĐǇanine ;�nWĐ being able ƚo induĐe Đell deaƚŚ even in bƌeasƚ ĐanĐeƌ ǆenogƌaŌ laĐŬing ĐasƉaseͲ3 
;WŚiƚaĐƌe et al.͕ ϮϬϬϮͿ͘ >iŬeǁise͕ in liƚeƌaƚuƌe Śas also been desĐƌibed Śoǁ oƚŚeƌ ĐŚeŵiĐal agenƚs 
Ɖƌoŵoƚe neĐƌosis oƌ ƌegulaƚed neĐƌosis ƚŚaƚ Đan be used as an alƚeƌnaƟve ǁaǇ ƚo eƌadiĐaƚe aƉoƉƚosisͲ
ƌesisƚanƚ ĐanĐeƌ Đells͕ ƚŚis is ƚŚe Đase oĨ ŚonoŬiol͕ sŚiŬonin oƌ ƚŚe sŵall ŵoleĐule KbaƚoĐlaǆ ;>i et al.͕ 
ϮϬϬϳͿ;yuan and ,u͕ ϮϬϬ9Ϳ;�asiƚ͕ �ƌisƚoĨanon and &ulda͕ ϮϬ13Ϳ͘ 

�lƚŚougŚ ƚaƌgeƟng neĐƌoƉƚosis and oƚŚeƌ ƚǇƉes oĨ Ɖƌogƌaŵŵed neĐƌosis Śas been ƉƌoƉosed as 
an anƟͲƚuŵoƌ ƚƌeaƚŵenƚ sƚƌaƚegǇ͕  neĐƌoƟĐ and neĐƌoƉƚoƟĐ ĐanĐeƌ Đells ƌelease daŵageͲassoĐiaƚed 
ŵoleĐulaƌ ƉaƩeƌns ;��MWsͿ ƚŚaƚ ŵaǇ aĐƚ as induĐeƌs oĨ inŇaŵŵaƟon͘ Kn one Śand͕ ��MWs ŵaǇ 
Śave a ƉƌoƚeĐƟve ĨunĐƟon bǇ aleƌƟng ƚŚe iŵŵune sǇsƚeŵ oĨ ƚŚe ƉƌesenĐe oĨ dǇing ƚuŵoƌ Đells and 
ƚƌiggeƌing ƚŚe iŵŵunogeniĐ ƚuŵoƌ Đell deaƚŚ ;,eƌnandeǌ͕ ,uebeneƌ and ̂ ĐŚǁabe͕ ϮϬ1ϲͿ͘ Kn ƚŚe oƚŚeƌ 
Śand͕ iƚ Śas been desĐƌibed ƚŚaƚ Đell deaƚŚ linŬed ƚo ƚŚe ƌelease oĨ ��MWs ŵaǇ also ƚƌiggeƌ ĐŚƌoniĐ 
inŇaŵŵaƟon and ƚŚeƌebǇ Ɖƌoŵoƚe ƚŚe develoƉŵenƚ and Ɖƌogƌession oĨ ƚuŵoƌs ;Manƚovani et al.͕ 
ϮϬϬ8Ϳ͘ /ƚ is ƚŚeƌeĨoƌe neĐessaƌǇ ƚo eǆƉloƌe and ĐlaƌiĨǇ ƚŚese ĐonĐeƌns ƚo ĨaĐiliƚaƚe ƚŚe develoƉŵenƚ 
and adŵinisƚƌaƟon oĨ ƚŚese ƚŚeƌaƉeuƟĐs ǁiƚŚ a neǁ ŵeĐŚanisŵ oĨ aĐƟon͘ daŬen ƚogeƚŚeƌ͕  sǇnƚŚeƟĐ 
ƚaŵbũaŵine analogues ŵaǇ be an aƩƌaĐƟve anƟͲƚuŵoƌ ƚƌeaƚŵenƚ sƚƌaƚegǇ in ƚŚose Đases ƚŚaƚ do noƚ 
ƌesƉond ƚo ĐonvenƟonal ĐŚeŵoƚŚeƌaƉǇ͕  and esƉeĐiallǇ Ĩoƌ aƉoƉƚoƟĐ ƌesisƚanƚ ƉaƟenƚs͘ 

AltoŐetŚer͕  tŚese syntŚeƟc tamďũamine analoŐues Śave ďeen cŚaracterized as potent anion 
transporters and͕ may ďe promisinŐ anƟtumor molecules. TŚese compounds triŐŐer massive 
mitocŚondrial sǁellinŐ and lysosomal alkalizaƟon͕ ǁŚicŚ in turn leads to autopŚaŐy ďlockade. TŚese 
pŚenomena cause cell stress tŚat leads to tŚe acƟvaƟon oĨ cell deatŚ mecŚanisms͕ sucŚ as apoptosis 
and necrosis͕ ďeinŐ tŚe laƩer tŚe main responsiďle Ĩor tŚe induced cytotoxicity. In addiƟon͕ at tŚe 
molecular level tŚese compounds tarŐet AKT patŚǁay͕ Ĩrequently altered in Śuman cancers. 
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DISCUSSION

FiŐure 63͘ Model Ĩor tŚe mecŚanism oĨ acƟon oĨ selected syntŚeƟc tamďũamine analoŐues on LC in vitro model. dŚis Įguƌe ǁas 
ƉƌoduĐed using ^eƌvieƌ MediĐal �ƌƚ iŵage banŬ͘
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CONCLUSIONS

1͘ ^ǇnƚŚeƟĐ ƚaŵbũaŵine analogues aƌe Ɖoƚenƚ anion ƚƌansƉoƌƚeƌ ĐoŵƉounds ǁiƚŚ a Ɖoƚenƚ 
ĐǇƚoƚoǆiĐ eīeĐƚ in oƌal and lung ĐanĐeƌ Đell lines͘ ^eleĐƚed analogues ;ĐoŵƉounds 2 and 7Ϳ also 
ƉƌoduĐe ƚoǆiĐiƚǇ in lung ĐanĐeƌ sƚeŵ Đells deƌived Ĩƌoŵ ƉaƟenƚ ƚuŵoƌs͘ 

Ϯ͘ ^eleĐƚed sǇnƚŚeƟĐ ƚaŵbũaŵine analogues Đause ŵassive sǁelling oĨ ŵiƚoĐŚondƌia and lǇsosoŵal 
deaĐidiĮĐaƟon͘ dŚese ƉŚenoŵena geneƌaƚe ƚŚe dǇsĨunĐƟon oĨ boƚŚ oƌganelles͘ MiƚoĐŚondƌia 
lose ƚŚeiƌ ŵeŵbƌane ƉoƚenƟal and ĐonseƋuenƚlǇ a Đellulaƌ deƉleƟon oĨ �dW͘  �ƚ ƚŚe saŵe Ɵŵe͕ 
lǇsosoŵal dǇsĨunĐƟon leads ƚo a bloĐŬade oĨ auƚoƉŚagǇ͘ 

3͘ �ellulaƌ sƚƌess geneƌaƚed bǇ sǇnƚŚeƟĐ ƚaŵbũaŵine analogues induĐes an inĐƌease in ƚŚe aĐƟviƚǇ 
oĨ ƚŚe sƚƌess sensoƌ Ɖƌoƚein Ɖ38ͲM�W<͘

ϰ͘ ^eleĐƚed sǇnƚŚeƟĐ ƚaŵbũaŵine analogues induĐe ƚŚe aĐƟvaƟon oĨ aƉoƉƚosis along ǁiƚŚ ƚŚe 
auƚoƉŚagǇ ƉƌoĐess͕ alƚŚougŚ Đells end uƉ ĐollaƉsing inƚo a neĐƌoƟĐ Đell deaƚŚ as ƚŚe ŵain deaƚŚ 
ŵeĐŚanisŵ ƌesƉonsible Ĩoƌ ƚŚe ĐǇƚoƚoǆiĐiƚǇ oĨ ƚŚe ĐoŵƉounds͘ 

ϱ͘ �<d Śas been idenƟĮed as a ƉoƚenƟal ŵoleĐulaƌ ƚaƌgeƚ oĨ ƚŚe sǇnƚŚeƟĐ ƚaŵbũaŵine analogue 
2͕ and iƚ induĐes a deĐƌease in Ɖƌoƚein aĐƟviƚǇ and in ƚŚe ƚoƚal aŵounƚ oĨ �<d Ɖƌoƚein͘

ϲ͘ ^eleĐƚed sǇnƚŚeƟĐ ƚaŵbũaŵine analogues͕ 2 and 7͕ Ɖƌoved ƚo be eīeĐƟve ƚŚeƌaƉeuƟĐ 
ĐoŵƉounds sŚoǁing a signiĮĐanƚ deĐƌease in ƚuŵoƌ gƌoǁƚŚ in a subĐuƚaneous ŵiĐe ŵodel as 
ǁell as in an oƌƚŚoƚoƉiĐ lung ĐanĐeƌ ŵiĐe ŵodel͘ 
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Table S1. miRNA list of  Human Cancer PathwayFinder 384HC miRNA PCR Array

miRNA Mature Table

WosiƟon
miRBase or NCBI

Accession No.
Mature miRNA ID or Gene Symďol miScript Primer Assay CataloŐ η

�Ϭ1 M/M�dϬϬϬϰϰ81 ŚsaͲleƚͲϳaͲ3Ɖ M^ϬϬϬϬ8Ϯϳϰ
�ϬϮ M/M�dϬϬϬϬϬϲϮ ŚsaͲleƚͲϳaͲϱƉ M^ϬϬϬ31ϮϮϬ
�Ϭ3 M/M�dϬϬϬϰϰ8Ϯ ŚsaͲleƚͲϳbͲ3Ɖ M^ϬϬϬϬ8Ϯ81
�Ϭϰ M/M�dϬϬϬϬϬϲ3 ŚsaͲleƚͲϳbͲϱƉ M^ϬϬϬϬ31ϮϮ
�Ϭϱ M/M�dϬϬϬϬϬϲϰ ŚsaͲleƚͲϳĐͲϱƉ M^ϬϬϬϬ31Ϯ9
�Ϭϲ M/M�dϬϬϬϬϬϲϱ ŚsaͲleƚͲϳdͲϱƉ M^ϬϬϬϬ313ϲ
�Ϭϳ M/M�dϬϬϬϰϰ8ϱ ŚsaͲleƚͲϳeͲ3Ɖ M^ϬϬϬϬ831ϲ
�Ϭ8 M/M�dϬϬϬϬϬϲϲ ŚsaͲleƚͲϳeͲϱƉ M^ϬϬϬ31ϮϮϳ
�Ϭ9 M/M�dϬϬϬϬϬϲϳ ŚsaͲleƚͲϳĨͲϱƉ M^ϬϬϬϬϲϰ89
�1Ϭ M/M�dϬϬϬϬϰ1ϰ ŚsaͲleƚͲϳgͲϱƉ M^ϬϬϬϬ833ϳ
�11 M/M�dϬϬϬϰϱ8ϱ ŚsaͲleƚͲϳiͲ3Ɖ M^ϬϬϬϬ83ϱ1
�1Ϯ M/M�dϬϬϬϬϰ1ϱ ŚsaͲleƚͲϳiͲϱƉ M^ϬϬϬϬ31ϱϳ
�13 M/M�dϬϬϬϬϰ1ϲ ŚsaͲŵiZͲ1Ͳ3Ɖ M^ϬϬϬϬ83ϱ8
�1ϰ M/M�dϬϬϬϰϱ1Ϯ ŚsaͲŵiZͲ1ϬϬͲ3Ɖ M^ϬϬϬϬ83ϲϱ
�1ϱ M/M�dϬϬϬϬϬ98 ŚsaͲŵiZͲ1ϬϬͲϱƉ M^ϬϬϬ31Ϯ3ϰ
�1ϲ M/M�dϬϬϬϬϬ99 ŚsaͲŵiZͲ1Ϭ1Ͳ3Ɖ M^ϬϬϬϬ83ϳϮ
�1ϳ M/M�dϬϬϬϬ1Ϭ1 ŚsaͲŵiZͲ1Ϭ3aͲ3Ɖ M^ϬϬϬ31Ϯϰ1
�18 M/M�dϬϬϬϬ1ϬϮ ŚsaͲŵiZͲ1ϬϱͲϱƉ M^ϬϬϬ31Ϯϰ8
�19 M/M�dϬϬϬϰϱ1ϳ ŚsaͲŵiZͲ1ϬϲaͲ3Ɖ M^ϬϬϬϬ8393
�ϮϬ M/M�dϬϬϬϰϲϳϮ ŚsaͲŵiZͲ1ϬϲbͲ3Ɖ M^ϬϬϬϬ8ϰϬϬ
�Ϯ1 M/M�dϬϬϬϬϲ8Ϭ ŚsaͲŵiZͲ1ϬϲbͲϱƉ M^ϬϬϬϬ3ϰϬϮ
�ϮϮ M/M�dϬϬϬϬ1Ϭϰ ŚsaͲŵiZͲ1Ϭϳ M^ϬϬϬ31Ϯϱϱ
�Ϯ3 M/M�dϬϬϬϰϱϱϱ ŚsaͲŵiZͲ1ϬaͲ3Ɖ M^ϬϬϬϬ8ϰϬϳ
�Ϯϰ M/M�dϬϬϬϬϮϱ3 ŚsaͲŵiZͲ1ϬaͲϱƉ M^ϬϬϬ31ϮϲϮ
�Ϭ1 M/M�dϬϬϬϬϮϱϰ ŚsaͲŵiZͲ1ϬbͲϱƉ M^ϬϬϬ31Ϯϲ9
�ϬϮ M/M�dϬϬϬϱ8ϲ8 ŚsaͲŵiZͲ1ϮϬϰ M^ϬϬϬ1ϰ1ϲ1
�Ϭ3 M/M�dϬϬϬϱ8ϳϮ ŚsaͲŵiZͲ1ϮϬϳͲ3Ɖ M^ϬϬϬ1ϰ18Ϯ
�Ϭϰ M/M�dϬϬϬϬϰϮ1 ŚsaͲŵiZͲ1ϮϮͲϱƉ M^ϬϬϬϬ3ϰ1ϲ
�Ϭϱ M/M�dϬϬϬϱϱ83 ŚsaͲŵiZͲ1ϮϮ8Ͳ3Ɖ M^ϬϬϬϰϮ38ϱ
�Ϭϲ M/M�dϬϬϬϱϱ8Ϯ ŚsaͲŵiZͲ1ϮϮ8ͲϱƉ M^ϬϬϬ1ϲ38ϳ
�Ϭϳ M/M�dϬϬϬϬϰϮϮ ŚsaͲŵiZͲ1ϮϰͲ3Ɖ M^ϬϬϬϬϲϲϮϮ
�Ϭ8 M/M�dϬϬϬϰϲϬϮ ŚsaͲŵiZͲ1ϮϱaͲ3Ɖ M^ϬϬϬϬ8ϱϱϰ
�Ϭ9 M/M�dϬϬϬϬϰϰ3 ŚsaͲŵiZͲ1ϮϱaͲϱƉ M^ϬϬϬϬ3ϰϮ3
�1Ϭ M/M�dϬϬϬϰϱ9Ϯ ŚsaͲŵiZͲ1ϮϱbͲ1Ͳ3Ɖ M^ϬϬϬϬ8ϱϲ1
�11 M/M�dϬϬϬϬϰϮ3 ŚsaͲŵiZͲ1ϮϱbͲϱƉ M^ϬϬϬϬϲϲϮ9
�1Ϯ M/M�dϬϬϬϬϰϰϱ ŚsaͲŵiZͲ1ϮϲͲ3Ɖ M^ϬϬϬϬ3ϰ3Ϭ
�13 M/M�dϬϬϬϬϰϰϰ ŚsaͲŵiZͲ1ϮϲͲϱƉ M^ϬϬϬϬϲϲ3ϲ
�1ϰ M/M�dϬϬϬϬϰϰϲ ŚsaͲŵiZͲ1ϮϳͲ3Ɖ M^ϬϬϬϬ3ϰ3ϳ
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�1ϱ M/M�dϬϬϬϱ9Ϯ9 ŚsaͲŵiZͲ1Ϯϳϱ M^ϬϬϬ3ϳϳ8ϲ
�1ϲ M/M�dϬϬϬϰϲϬϰ ŚsaͲŵiZͲ1ϮϳͲϱƉ M^ϬϬϬϬ8ϱϳϱ
�1ϳ M/M�dϬϬϬϬϰϮϰ ŚsaͲŵiZͲ1Ϯ8Ͳ3Ɖ M^ϬϬϬϬ8ϱ8Ϯ
�18 M/M�dϬϬϬϱ8ϳϲ ŚsaͲŵiZͲ1Ϯ8ϱͲ3Ɖ M^ϬϬϬ313ϲϳ
�19 M/M�dϬϬϬϱ8ϳ8 ŚsaͲŵiZͲ1Ϯ8ϳͲϱƉ M^ϬϬϬ1ϰϰ9ϳ
�ϮϬ M/M�dϬϬϬϬϮϰϮ ŚsaͲŵiZͲ1Ϯ9ͲϱƉ M^ϬϬϬϬϲϲϰ3
�Ϯ1 M/M�dϬϬϬϬϰϮϱ ŚsaͲŵiZͲ13ϬaͲ3Ɖ M^ϬϬϬϬ3ϰϰϰ
�ϮϮ M/M�dϬϬϬϰϱ93 ŚsaͲŵiZͲ13ϬaͲϱƉ M^ϬϬϬϬ8ϲϬ3
�Ϯ3 M/M�dϬϬϬϬϲ91 ŚsaͲŵiZͲ13ϬbͲ3Ɖ M^ϬϬϬϬ3ϰϱ1
�Ϯϰ M/M�dϬϬϬϬϰϮϲ ŚsaͲŵiZͲ13ϮͲ3Ɖ M^ϬϬϬϬ3ϰϱ8
�Ϭ1 M/M�dϬϬϬϰϱ9ϰ ŚsaͲŵiZͲ13ϮͲϱƉ M^ϬϬϬ31ϰϬ9
�ϬϮ M/M�dϬϬϬϬϰϮϳ ŚsaͲŵiZͲ133aͲ3Ɖ M^ϬϬϬ31ϰϮ3
�Ϭ3 M/M�dϬϬϬϬϳϳϬ ŚsaͲŵiZͲ133b M^ϬϬϬ31ϰ3Ϭ
�Ϭϰ M/M�dϬϬϬϬϰϰϳ ŚsaͲŵiZͲ13ϰͲϱƉ M^ϬϬϬ31ϰ3ϳ
�Ϭϱ M/M�dϬϬϬϰϱ9ϱ ŚsaͲŵiZͲ13ϱaͲ3Ɖ M^ϬϬϬϰϮϮϱ9
�Ϭϲ M/M�dϬϬϬϬϰϮ8 ŚsaͲŵiZͲ13ϱaͲϱƉ M^ϬϬϬϬ8ϲϮϰ
�Ϭϳ M/M�dϬϬϬϰϲ98 ŚsaͲŵiZͲ13ϱbͲ3Ɖ M^ϬϬϬ31ϰϰϰ
�Ϭ8 M/M�dϬϬϬϬϳϱ8 ŚsaͲŵiZͲ13ϱbͲϱƉ M^ϬϬϬϬ3ϰϳϮ
�Ϭ9 M/M�dϬϬϬϬϰϰ8 ŚsaͲŵiZͲ13ϲͲϱƉ M^ϬϬϬϬ3ϰϳ9
�1Ϭ M/M�dϬϬϬϬϰϮ9 ŚsaͲŵiZͲ13ϳ M^ϬϬϬϬ3ϰ8ϲ
�11 M/M�dϬϬϬϬϰ3Ϭ ŚsaͲŵiZͲ138ͲϱƉ M^ϬϬϬϬϲϲϱϳ
�1Ϯ M/M�dϬϬϬϰϱϱϮ ŚsaͲŵiZͲ139Ͳ3Ɖ M^ϬϬϬϬ8ϲϲϲ
�13 M/M�dϬϬϬϬϮϱϬ ŚsaͲŵiZͲ139ͲϱƉ M^ϬϬϬϬ3ϰ93
�1ϰ M/M�dϬϬϬϰϱ9ϳ ŚsaͲŵiZͲ1ϰϬͲ3Ɖ M^ϬϬϬϬ8ϲϳ3
�1ϱ M/M�dϬϬϬϬϰ31 ŚsaͲŵiZͲ1ϰϬͲϱƉ M^ϬϬϬϬ3ϱϬϬ
�1ϲ M/M�dϬϬϬϬϰ3Ϯ ŚsaͲŵiZͲ1ϰ1Ͳ3Ɖ M^ϬϬϬϬ3ϱϬϳ
�1ϳ M/M�dϬϬϬϰϱ98 ŚsaͲŵiZͲ1ϰ1ͲϱƉ M^ϬϬϬϬ8ϲ8Ϭ
�18 M/M�dϬϬϬϬϰ3ϰ ŚsaͲŵiZͲ1ϰϮͲ3Ɖ M^ϬϬϬ31ϰϱ1
�19 M/M�dϬϬϬϬϰ33 ŚsaͲŵiZͲ1ϰϮͲϱƉ M^ϬϬϬϬϲϲϳ1
�ϮϬ M/M�dϬϬϬϬϰ3ϱ ŚsaͲŵiZͲ1ϰ3Ͳ3Ɖ M^ϬϬϬϬ3ϱ1ϰ
�Ϯ1 M/M�dϬϬϬϬϰ3ϲ ŚsaͲŵiZͲ1ϰϰͲ3Ɖ M^ϬϬϬϮϬ3Ϯ8
�ϮϮ M/M�dϬϬϬϰϲϬϬ ŚsaͲŵiZͲ1ϰϰͲϱƉ M^ϬϬϬϬ8ϳϬ1
�Ϯ3 M/M�dϬϬϬϰϲϬ1 ŚsaͲŵiZͲ1ϰϱͲ3Ɖ M^ϬϬϬϬ8ϳϬ8
�Ϯϰ M/M�dϬϬϬϬϰ3ϳ ŚsaͲŵiZͲ1ϰϱͲϱƉ M^ϬϬϬϬ3ϱϮ8
�Ϭ1 M/M�dϬϬϬϰϲϬ8 ŚsaͲŵiZͲ1ϰϲaͲ3Ɖ M^ϬϬϬϬ8ϳ1ϱ
�ϬϮ M/M�dϬϬϬϬϰϰ9 ŚsaͲŵiZͲ1ϰϲaͲϱƉ M^ϬϬϬϬ3ϱ3ϱ
�Ϭ3 M/M�dϬϬϬϰϳϲϲ ŚsaͲŵiZͲ1ϰϲbͲ3Ɖ M^ϬϬϬϬ8ϳϮϮ
�Ϭϰ M/M�dϬϬϬϮ8Ϭ9 ŚsaͲŵiZͲ1ϰϲbͲϱƉ M^ϬϬϬϬ3ϱϰϮ
�Ϭϱ M/M�dϬϬϬϬϮϱ1 ŚsaͲŵiZͲ1ϰϳa M^ϬϬϬϬ3ϱϰ9
�Ϭϲ M/M�dϬϬϬϬϮϰ3 ŚsaͲŵiZͲ1ϰ8aͲ3Ɖ M^ϬϬϬϬ3ϱϱϲ
�Ϭϳ M/M�dϬϬϬϰϱϰ9 ŚsaͲŵiZͲ1ϰ8aͲϱƉ M^ϬϬϬϬ8ϳ3ϲ
�Ϭ8 M/M�dϬϬϬϬϳϱ9 ŚsaͲŵiZͲ1ϰ8bͲ3Ɖ M^ϬϬϬ31ϰϱ8
�Ϭ9 M/M�dϬϬϬϰϲ99 ŚsaͲŵiZͲ1ϰ8bͲϱƉ M^ϬϬϬϬ8ϳϰ3
�1Ϭ M/M�dϬϬϬϰϲϬ9 ŚsaͲŵiZͲ1ϰ9Ͳ3Ɖ M^ϬϬϬ3ϳϳϬϮ
�11 M/M�dϬϬϬϬϰϱϬ ŚsaͲŵiZͲ1ϰ9ͲϱƉ M^ϬϬϬϬ3ϱϳϬ
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�1Ϯ M/M�dϬϬϬϬϰϱ1 ŚsaͲŵiZͲ1ϱϬͲϱƉ M^ϬϬϬϬ3ϱϳϳ
�13 M/M�dϬϬϬϬϳϱϳ ŚsaͲŵiZͲ1ϱ1aͲ3Ɖ M^ϬϬϬϬϳϲϲϱ
�1ϰ M/M�dϬϬϬϬϰ38 ŚsaͲŵiZͲ1ϱϮͲ3Ɖ M^ϬϬϬϬ3ϱ91
�1ϱ M/M�dϬϬϬϬϰ39 ŚsaͲŵiZͲ1ϱ3Ͳ3Ɖ M^ϬϬϬϬ8ϳϳ1
�1ϲ M/M�dϬϬϬϬϰϱ3 ŚsaͲŵiZͲ1ϱϰͲ3Ɖ M^ϬϬϬ31ϰϳ9
�1ϳ M/M�dϬϬϬϬϰϱϮ ŚsaͲŵiZͲ1ϱϰͲϱƉ M^ϬϬϬϬ3ϱ98
�18 M/M�dϬϬϬϰϲϱ8 ŚsaͲŵiZͲ1ϱϱͲ3Ɖ M^ϬϬϬϬ8ϳϳ8
�19 M/M�dϬϬϬϬϲϰϲ ŚsaͲŵiZͲ1ϱϱͲϱƉ M^ϬϬϬ31ϰ8ϲ
�ϮϬ M/M�dϬϬϬϬϬϲ8 ŚsaͲŵiZͲ1ϱaͲϱƉ M^ϬϬϬϬ31ϳ8
�Ϯ1 M/M�dϬϬϬϰϱ8ϲ ŚsaͲŵiZͲ1ϱbͲ3Ɖ M^ϬϬϬϬ8ϳ99
�ϮϮ M/M�dϬϬϬϬϰ1ϳ ŚsaͲŵiZͲ1ϱbͲϱƉ M^ϬϬϬϬ8ϳ9Ϯ
�Ϯ3 M/M�dϬϬϬϬϬϲ9 ŚsaͲŵiZͲ1ϲͲϱƉ M^ϬϬϬ31ϰ93
�Ϯϰ M/M�dϬϬϬϬϬϳ1 ŚsaͲŵiZͲ1ϳͲ3Ɖ M^ϬϬϬϬϲϱϮϰ
�Ϭ1 M/M�dϬϬϬϬϬϳϬ ŚsaͲŵiZͲ1ϳͲϱƉ M^ϬϬϬϮ9Ϯϳϰ
�ϬϮ M/M�dϬϬϬϬϮϳϬ ŚsaͲŵiZͲ181aͲ3Ɖ M^ϬϬϬϬϲϲ9Ϯ
�Ϭ3 M/M�dϬϬϬϬϮϱϲ ŚsaͲŵiZͲ181aͲϱƉ M^ϬϬϬϬ88Ϯϳ
�Ϭϰ M/M�dϬϬϮϮϲ9Ϯ ŚsaͲŵiZͲ181bͲ3Ɖ M^ϬϬϬϰϮϮϱϮ
�Ϭϱ M/M�dϬϬϬϬϮϱϳ ŚsaͲŵiZͲ181bͲϱƉ M^ϬϬϬϬϲϲ99
�Ϭϲ M/M�dϬϬϬϬϮϱ8 ŚsaͲŵiZͲ181ĐͲϱƉ M^ϬϬϬϬ88ϰ1
�Ϭϳ M/M�dϬϬϬϮ8Ϯ1 ŚsaͲŵiZͲ181dͲϱƉ M^ϬϬϬ31ϱϬϬ
�Ϭ8 M/M�dϬϬϬϬϮϲϬ ŚsaͲŵiZͲ18ϮͲ3Ɖ M^ϬϬϬϬ88ϲϮ
�Ϭ9 M/M�dϬϬϬϬϮϱ9 ŚsaͲŵiZͲ18ϮͲϱƉ M^ϬϬϬϬ88ϱϱ
�1Ϭ M/M�dϬϬϬϰϱϲϬ ŚsaͲŵiZͲ183Ͳ3Ɖ M^ϬϬϬϬ88ϲ9
E11 M/M�dϬϬϬϬϮϲ1 ŚsaͲŵiZͲ183ͲϱƉ M^ϬϬϬ31ϱϬϳ
E1Ϯ M/M�dϬϬϬϬϰϱϰ ŚsaͲŵiZͲ18ϰ M^ϬϬϬϬ3ϲϰϬ
E13 M/M�dϬϬϬϰϲ11 ŚsaͲŵiZͲ18ϱͲ3Ɖ M^ϬϬϬϬ88ϳϲ
E1ϰ M/M�dϬϬϬϬϰϱϱ ŚsaͲŵiZͲ18ϱͲϱƉ M^ϬϬϬϬ3ϲϰϳ
E1ϱ M/M�dϬϬϬϬϰϱϲ ŚsaͲŵiZͲ18ϲͲϱƉ M^ϬϬϬϬ3ϲϱϰ
E1ϲ M/M�dϬϬϬϬϮϲϮ ŚsaͲŵiZͲ18ϳͲ3Ɖ M^ϬϬϬϬ3ϲϲ1
E1ϳ M/M�dϬϬϬϮ891 ŚsaͲŵiZͲ18aͲ3Ɖ M^ϬϬϬϬϲϱ38
E18 M/M�dϬϬϬϬϬϳϮ ŚsaͲŵiZͲ18aͲϱƉ M^ϬϬϬ31ϱ1ϰ
E19 M/M�dϬϬϬ1ϰ1Ϯ ŚsaͲŵiZͲ18bͲϱƉ M^ϬϬϬ31ϱϮ1
EϮϬ M/M�dϬϬϬϬϰϱ8 ŚsaͲŵiZͲ19ϬaͲϱƉ M^ϬϬϬϬ8911
EϮ1 M/M�dϬϬϬ1ϲ18 ŚsaͲŵiZͲ191Ͳ3Ɖ M^ϬϬϬ31ϱϮ8
EϮϮ M/M�dϬϬϬϬϰϰϬ ŚsaͲŵiZͲ191ͲϱƉ M^ϬϬϬϬ3ϲ8Ϯ
EϮ3 M/M�dϬϬϬϰϱϰ3 ŚsaͲŵiZͲ19ϮͲ3Ɖ M^ϬϬϬϬ89Ϯϱ
EϮϰ M/M�dϬϬϬϬϮϮϮ ŚsaͲŵiZͲ19ϮͲϱƉ M^ϬϬϬϬ3ϲ89
&Ϭ1 M/M�dϬϬϬϬϰϱ9 ŚsaͲŵiZͲ193aͲ3Ɖ M^ϬϬϬ31ϱϰϮ
&ϬϮ M/M�dϬϬϬϰϲ1ϰ ŚsaͲŵiZͲ193aͲϱƉ M^ϬϬϬϬ893Ϯ
&Ϭ3 M/M�dϬϬϬϮ819 ŚsaͲŵiZͲ193bͲ3Ɖ M^ϬϬϬ31ϱϰ9
&Ϭϰ M/M�dϬϬϬϰϳϲϳ ŚsaͲŵiZͲ193bͲϱƉ M^ϬϬϬϬ8939
&Ϭϱ M/M�dϬϬϬϰϲϳ1 ŚsaͲŵiZͲ19ϰͲ3Ɖ M^ϬϬϬ31ϱϱϲ
&Ϭϲ M/M�dϬϬϬϬϰϲϬ ŚsaͲŵiZͲ19ϰͲϱƉ M^ϬϬϬϬϲϳϮϳ
&Ϭϳ M/M�dϬϬϬϰϲ1ϱ ŚsaͲŵiZͲ19ϱͲ3Ɖ M^ϬϬϬϬ89ϱ3
&Ϭ8 M/M�dϬϬϬϬϰϲ1 ŚsaͲŵiZͲ19ϱͲϱƉ M^ϬϬϬϬ3ϳϬ3
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&Ϭ9 M/M�dϬϬϬϰϱϲϮ ŚsaͲŵiZͲ19ϲaͲ3Ɖ M^ϬϬϬϬ89ϲϬ
&1Ϭ M/M�dϬϬϬϬϮϮϲ ŚsaͲŵiZͲ19ϲaͲϱƉ M^ϬϬϬ31ϱϲ3
&11 M/M�dϬϬϬ1Ϭ8Ϭ ŚsaͲŵiZͲ19ϲbͲϱƉ M^ϬϬϬ31ϱϳϬ
&1Ϯ M/M�dϬϬϬϬϮϮϳ ŚsaͲŵiZͲ19ϳͲ3Ɖ M^ϬϬϬϬ89ϲϳ
&13 M/M�dϬϬϬϬϮϮ8 ŚsaͲŵiZͲ198 M^ϬϬϬ338Ϯϰ
&1ϰ M/M�dϬϬϬϬϮ3Ϯ ŚsaͲŵiZͲ199aͲ3Ɖ M^ϬϬϬϬϳϲϬϮ
&1ϱ M/M�dϬϬϬϬϮ31 ŚsaͲŵiZͲ199aͲϱƉ M^ϬϬϬϬϲϳϰ1
&1ϲ M/M�dϬϬϬϬϮϲ3 ŚsaͲŵiZͲ199bͲϱƉ M^ϬϬϬϬ3ϳ31
&1ϳ M/M�dϬϬϬϬϬϳ3 ŚsaͲŵiZͲ19aͲ3Ɖ M^ϬϬϬϬ319Ϯ
&18 M/M�dϬϬϬϰϰ9Ϭ ŚsaͲŵiZͲ19aͲϱƉ M^ϬϬϬϬ8988
&19 M/M�dϬϬϬϬϬϳϰ ŚsaͲŵiZͲ19bͲ3Ɖ M^ϬϬϬ31ϱ8ϰ
&ϮϬ M/M�dϬϬϬϬϲ8Ϯ ŚsaͲŵiZͲϮϬϬaͲ3Ɖ M^ϬϬϬϬ3ϳ38
&Ϯ1 M/M�dϬϬϬ1ϲϮϬ ŚsaͲŵiZͲϮϬϬaͲϱƉ M^ϬϬϬϬ9ϬϬ9
&ϮϮ M/M�dϬϬϬϬ318 ŚsaͲŵiZͲϮϬϬbͲ3Ɖ M^ϬϬϬϬ9Ϭ1ϲ
&Ϯ3 M/M�dϬϬϬϰϱϳ1 ŚsaͲŵiZͲϮϬϬbͲϱƉ M^ϬϬϬϬ9ϬϮ3
&Ϯϰ M/M�dϬϬϬϬϲ1ϳ ŚsaͲŵiZͲϮϬϬĐͲ3Ɖ M^ϬϬϬϬ3ϳϱϮ
'Ϭ1 M/M�dϬϬϬϰϲϱϳ ŚsaͲŵiZͲϮϬϬĐͲϱƉ M^ϬϬϬϬ9Ϭ3Ϭ
'ϬϮ M/M�dϬϬϬϮ811 ŚsaͲŵiZͲϮϬϮͲ3Ɖ M^ϬϬϬϬ9Ϭ3ϳ
'Ϭ3 M/M�dϬϬϬϬϮϲϰ ŚsaͲŵiZͲϮϬ3aͲ3Ɖ M^ϬϬϬϬ3ϳϲϲ
'Ϭϰ M/M�dϬϬϮϮϲ93 ŚsaͲŵiZͲϮϬϰͲ3Ɖ M^ϬϬϬ3ϳ8Ϯ1
'Ϭϱ M/M�dϬϬϬϬϮϲϱ ŚsaͲŵiZͲϮϬϰͲϱƉ M^ϬϬϬϬ3ϳϳ3
'Ϭϲ M/M�dϬϬϬ919ϳ ŚsaͲŵiZͲϮϬϱͲ3Ɖ M^ϬϬϬ1ϲϳ93
'Ϭϳ M/M�dϬϬϬϬϮϲϲ ŚsaͲŵiZͲϮϬϱͲϱƉ M^ϬϬϬϬ3ϳ8Ϭ
'Ϭ8 M/M�dϬϬϬϬϰϲϮ ŚsaͲŵiZͲϮϬϲ M^ϬϬϬϬ3ϳ8ϳ
'Ϭ9 M/M�dϬϬϬϰϰ93 ŚsaͲŵiZͲϮϬaͲ3Ɖ M^ϬϬϬϬ9Ϭϲϱ
'1Ϭ M/M�dϬϬϬϬϬϳϱ ŚsaͲŵiZͲϮϬaͲϱƉ M^ϬϬϬϬ3199
'11 M/M�dϬϬϬϰϳϱϮ ŚsaͲŵiZͲϮϬbͲ3Ɖ M^ϬϬϬϬ9ϬϳϮ
'1Ϯ M/M�dϬϬϬ1ϰ13 ŚsaͲŵiZͲϮϬbͲϱƉ M^ϬϬϬϬ3ϮϬϲ
'13 M/M�dϬϬϬϬϮϲϳ ŚsaͲŵiZͲϮ1ϬͲ3Ɖ M^ϬϬϬϬ38Ϭ1
'1ϰ M/M�dϬϬϮϮϲ9ϰ ŚsaͲŵiZͲϮ11Ͳ3Ɖ M^ϬϬϬϰϮϮ1Ϭ
'1ϱ M/M�dϬϬϬϬϮϲ8 ŚsaͲŵiZͲϮ11ͲϱƉ M^ϬϬϬϬ38Ϭ8
'1ϲ M/M�dϬϬϬϬϮϲ9 ŚsaͲŵiZͲϮ1ϮͲ3Ɖ M^ϬϬϬϬ381ϱ
'1ϳ M/M�dϬϬϬϰϰ9ϰ ŚsaͲŵiZͲϮ1Ͳ3Ɖ M^ϬϬϬϬ9Ϭ8ϲ
'18 M/M�dϬϬϬϬϮϳ1 ŚsaͲŵiZͲϮ1ϰͲ3Ɖ M^ϬϬϬ31ϲϬϱ
'19 M/M�dϬϬϬϬϮϳϮ ŚsaͲŵiZͲϮ1ϱͲϱƉ M^ϬϬϬϬ38Ϯ9
'ϮϬ M/M�dϬϬϬϬϬϳϲ ŚsaͲŵiZͲϮ1ͲϱƉ M^ϬϬϬϬ9Ϭϳ9
'Ϯ1 M/M�dϬϬϬϬϮϳ3 ŚsaͲŵiZͲϮ1ϲaͲϱƉ M^ϬϬϬϬ91ϬϬ
'ϮϮ M/M�dϬϬϬϰ9ϱ9 ŚsaͲŵiZͲϮ1ϲbͲϱƉ M^ϬϬϬϬ91Ϭϳ
'Ϯ3 M/M�dϬϬϬϬϮϳϰ ŚsaͲŵiZͲϮ1ϳ M^ϬϬϬϬ38ϰ3
'Ϯϰ M/M�dϬϬϬϬϮϳϱ ŚsaͲŵiZͲϮ18ͲϱƉ M^ϬϬϬϬϲϳϲ9
,Ϭ1 M/M�dϬϬϬϬϮϳϲ ŚsaͲŵiZͲϮ19aͲϱƉ M^ϬϬϬϬϲϳϳϲ
,ϬϮ M/M�dϬϬϬϬϮϳ8 ŚsaͲŵiZͲϮϮ1Ͳ3Ɖ M^ϬϬϬϬ38ϱϳ
,Ϭ3 M/M�dϬϬϬϬϮϳ9 ŚsaͲŵiZͲϮϮϮͲ3Ɖ M^ϬϬϬϬϳϲϬ9
,Ϭϰ M/M�dϬϬϬϰϱϲ9 ŚsaͲŵiZͲϮϮϮͲϱƉ M^ϬϬϬϬ91ϳϳ
,Ϭϱ M/M�dϬϬϬϬϮ8Ϭ ŚsaͲŵiZͲϮϮ3Ͳ3Ɖ M^ϬϬϬϬ38ϳ1
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SUPPLEMENTARY INFORMATION

,Ϭϲ M/M�dϬϬϬϰϱϳϬ ŚsaͲŵiZͲϮϮ3ͲϱƉ M^ϬϬϬϬ918ϰ
,Ϭϳ M/M�dϬϬϬϬϬϳϳ ŚsaͲŵiZͲϮϮͲ3Ɖ M^ϬϬϬϬ3ϮϮϬ
,Ϭ8 M/M�dϬϬϬ9198 ŚsaͲŵiZͲϮϮϰͲ3Ɖ M^ϬϬϬ31ϲϮϲ
,Ϭ9 M/M�dϬϬϬϬϮ81 ŚsaͲŵiZͲϮϮϰͲϱƉ M^ϬϬϬϬ38ϳ8
,1Ϭ M/M�dϬϬϬϰϰ9ϱ ŚsaͲŵiZͲϮϮͲϱƉ M^ϬϬϬϬ91ϰϮ
,11 M/M�dϬϬϬϬϬϳ8 ŚsaͲŵiZͲϮ3aͲ3Ɖ M^ϬϬϬ31ϲ33
,1Ϯ M/M�dϬϬϬϰϰ9ϲ ŚsaͲŵiZͲϮ3aͲϱƉ M^ϬϬϬ31ϲϰϬ
,13 M/M�dϬϬϬϬϰ18 ŚsaͲŵiZͲϮ3bͲ3Ɖ M^ϬϬϬ31ϲϰϳ
,1ϰ M/M�dϬϬϬϰϱ8ϳ ŚsaͲŵiZͲϮ3bͲϱƉ M^ϬϬϬ31ϲϱϰ
,1ϱ M/M�dϬϬϬϬϬ8Ϭ ŚsaͲŵiZͲϮϰͲ3Ɖ M^ϬϬϬϬϲϱϱϮ
,1ϲ M/M�dϬϬϬϬϬ81 ŚsaͲŵiZͲϮϱͲ3Ɖ M^ϬϬϬϬ3ϮϮϳ
,1ϳ M/M�dϬϬϬϰϰ98 ŚsaͲŵiZͲϮϱͲϱƉ M^ϬϬϬϬ9Ϯ1Ϯ
,18 M/M�dϬϬϬϬϬ8Ϯ ŚsaͲŵiZͲϮϲaͲϱƉ M^ϬϬϬϮ9Ϯ39
,19 M/M�dϬϬϬϰϱϬϬ ŚsaͲŵiZͲϮϲbͲ3Ɖ M^ϬϬϬϬ9Ϯ33
,ϮϬ M/M�dϬϬϬϬϬ83 ŚsaͲŵiZͲϮϲbͲϱƉ M^ϬϬϬϬ3Ϯ3ϰ
,Ϯ1 M/M�dϬϬϬϬϬ8ϰ ŚsaͲŵiZͲϮϳaͲ3Ɖ M^ϬϬϬϬ3Ϯϰ1
,ϮϮ M/M�dϬϬϬϰϱϬ1 ŚsaͲŵiZͲϮϳaͲϱƉ M^ϬϬϬϬ9ϮϰϬ
,Ϯ3 M/M�dϬϬϬϬϰ19 ŚsaͲŵiZͲϮϳbͲ3Ɖ M^ϬϬϬ31ϲϲ8
,Ϯϰ M/M�dϬϬϬϰϱ88 ŚsaͲŵiZͲϮϳbͲϱƉ M^ϬϬϬϬ9Ϯϰϳ
/Ϭ1 M/M�dϬϬϬϬϬ8ϱ ŚsaͲŵiZͲϮ8ͲϱƉ M^ϬϬϬϬ3Ϯϱϱ
/ϬϮ M/M�dϬϬϬϬϲ9Ϭ ŚsaͲŵiZͲϮ9ϲͲϱƉ M^ϬϬϬ1ϲϰϬ1
/Ϭ3 M/M�dϬϬϬϰϰϱϬ ŚsaͲŵiZͲϮ9ϳ M^ϬϬϬ31ϲϳϱ
/Ϭϰ M/M�dϬϬϬϰ9Ϭ1 ŚsaͲŵiZͲϮ98 M^ϬϬϬϬ9Ϯϳϱ
/Ϭϱ M/M�dϬϬϬϬϬ8ϲ ŚsaͲŵiZͲϮ9aͲ3Ɖ M^ϬϬϬϬ3ϮϲϮ
/Ϭϲ M/M�dϬϬϬϰϱϬ3 ŚsaͲŵiZͲϮ9aͲϱƉ M^ϬϬϬϬ9Ϯ8Ϯ
/Ϭϳ M/M�dϬϬϬϬ1ϬϬ ŚsaͲŵiZͲϮ9bͲ3Ɖ M^ϬϬϬϬϲϱϲϲ
/Ϭ8 M/M�dϬϬϬϬϲ81 ŚsaͲŵiZͲϮ9ĐͲ3Ɖ M^ϬϬϬϬ3Ϯϲ9
/Ϭ9 M/M�dϬϬϬϰϲϳ3 ŚsaͲŵiZͲϮ9ĐͲϱƉ M^ϬϬϬϬ93Ϭ3
/1Ϭ M/M�dϬϬϬϬϲ88 ŚsaͲŵiZͲ3Ϭ1aͲ3Ɖ M^ϬϬϬϬ931ϳ
/11 M/M�dϬϬϬϬϲ8ϰ ŚsaͲŵiZͲ3ϬϮaͲ3Ɖ M^ϬϬϬϬ9331
/1Ϯ M/M�dϬϬϬϬϳ1ϱ ŚsaͲŵiZͲ3ϬϮbͲ3Ɖ M^ϬϬϬϬ39Ϭϲ
/13 M/M�dϬϬϬϬϳ1ϰ ŚsaͲŵiZͲ3ϬϮbͲϱƉ M^ϬϬϬϬϳϲϰϰ
/1ϰ M/M�dϬϬϬϬϳ1ϳ ŚsaͲŵiZͲ3ϬϮĐͲ3Ɖ M^ϬϬϬϬ3913
/1ϱ M/M�dϬϬϬϬϳ18 ŚsaͲŵiZͲ3ϬϮdͲ3Ɖ M^ϬϬϬϬ39ϮϬ
/1ϲ M/M�dϬϬϬϬϬ88 ŚsaͲŵiZͲ3ϬaͲ3Ɖ M^ϬϬϬϬ93ϱϮ
/1ϳ M/M�dϬϬϬϬϬ8ϳ ŚsaͲŵiZͲ3ϬaͲϱƉ M^ϬϬϬϬϳ3ϱϬ
/18 M/M�dϬϬϬϰϱ89 ŚsaͲŵiZͲ3ϬbͲ3Ɖ M^ϬϬϬϬ93ϱ9
/19 M/M�dϬϬϬϬϰϮϬ ŚsaͲŵiZͲ3ϬbͲϱƉ M^ϬϬϬϬ3Ϯϳϲ
/ϮϬ M/M�dϬϬϬϬϮϰϰ ŚsaͲŵiZͲ3ϬĐͲϱƉ M^ϬϬϬϬ93ϲϲ
/Ϯ1 M/M�dϬϬϬϰϱϱ1 ŚsaͲŵiZͲ3ϬdͲ3Ɖ M^ϬϬϬϬ939ϰ
/ϮϮ M/M�dϬϬϬϬϮϰϱ ŚsaͲŵiZͲ3ϬdͲϱƉ M^ϬϬϬϬ938ϳ
/Ϯ3 M/M�dϬϬϬϬϲ93 ŚsaͲŵiZͲ3ϬeͲ3Ɖ M^ϬϬϬϬ9ϰϬ8
/Ϯϰ M/M�dϬϬϬϬϲ9Ϯ ŚsaͲŵiZͲ3ϬeͲϱƉ M^ϬϬϬϬ9ϰϬ1
:Ϭ1 M/M�dϬϬϬϬϬ89 ŚsaͲŵiZͲ31ͲϱƉ M^ϬϬϬϬ3Ϯ9Ϭ
:ϬϮ M/M�dϬϬϬϬϱ1Ϭ ŚsaͲŵiZͲ3ϮϬa M^ϬϬϬ1ϰϳϬϳ
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:Ϭ3 M/M�dϬϬϬϬϳϱϱ ŚsaͲŵiZͲ3Ϯ3aͲ3Ɖ M^ϬϬϬ3ϳϮ19
:Ϭϰ M/M�dϬϬϬϰϲ9ϲ ŚsaͲŵiZͲ3Ϯ3aͲϱƉ M^ϬϬϬ31ϳ1ϳ
:Ϭϱ M/M�dϬϬϬϰϱϬϱ ŚsaͲŵiZͲ3ϮͲ3Ɖ M^ϬϬϬϮ1Ϭϲ3
:Ϭϲ M/M�dϬϬϬϬϳϲ1 ŚsaͲŵiZͲ3ϮϰͲϱƉ M^ϬϬϬϬϲ8Ϯϱ
:Ϭϳ M/M�dϬϬϬϬϳϳ1 ŚsaͲŵiZͲ3Ϯϱ M^ϬϬϬϬ39ϰ1
:Ϭ8 M/M�dϬϬϬϬϬ9Ϭ ŚsaͲŵiZͲ3ϮͲϱƉ M^ϬϬϬϬ3Ϯ9ϳ
:Ϭ9 M/M�dϬϬϬϬϳϱϲ ŚsaͲŵiZͲ3Ϯϲ M^ϬϬϬϬ39ϰ8
:1Ϭ M/M�dϬϬϬϬϳϱϮ ŚsaͲŵiZͲ3Ϯ8Ͳ3Ɖ M^ϬϬϬ81ϰϳϮ
J11 M/M�dϬϬϬϬϳϱ1 ŚsaͲŵiZͲ33ϬͲ3Ɖ M^ϬϬϬ31ϳ38
J1Ϯ M/M�dϬϬϬϬϳϲϬ ŚsaͲŵiZͲ331Ͳ3Ɖ M^ϬϬϬϬ39ϲ9
J13 M/M�dϬϬϬϰϳϬϬ ŚsaͲŵiZͲ331ͲϱƉ M^ϬϬϬ31ϳϰϱ
J1ϰ M/M�dϬϬϬϰϳϬ3 ŚsaͲŵiZͲ33ϱͲ3Ɖ M^ϬϬϬϬ9ϰϲϰ
J1ϱ M/M�dϬϬϬϬϳϲϱ ŚsaͲŵiZͲ33ϱͲϱƉ M^ϬϬϬϬ39ϳϲ
J1ϲ M/M�dϬϬϬϬϳϱϰ ŚsaͲŵiZͲ33ϳͲ3Ɖ M^ϬϬϬϬϳϲϱ1
J1ϳ M/M�dϬϬϬϬϳϲ3 ŚsaͲŵiZͲ338Ͳ3Ɖ M^ϬϬϬϬ399Ϭ
J18 M/M�dϬϬϬϬϳϲϰ ŚsaͲŵiZͲ339ͲϱƉ M^ϬϬϬϬ399ϳ
J19 M/M�dϬϬϬϰϱϬϲ ŚsaͲŵiZͲ33aͲ3Ɖ M^ϬϬϬϬ9ϰ9Ϯ
JϮϬ M/M�dϬϬϬϬϬ91 ŚsaͲŵiZͲ33aͲϱƉ M^ϬϬϬϬ33Ϭϰ
JϮ1 M/M�dϬϬϬ33Ϭ1 ŚsaͲŵiZͲ33bͲϱƉ M^ϬϬϬϬϳ819
JϮϮ M/M�dϬϬϬϬϳϱϬ ŚsaͲŵiZͲ3ϰϬͲ3Ɖ M^ϬϬϬϬϰϬϬϰ
JϮ3 M/M�dϬϬϬϰϲ9Ϯ ŚsaͲŵiZͲ3ϰϬͲϱƉ M^ϬϬϬ31ϳϱ9
JϮϰ M/M�dϬϬϬϬϳϱ3 ŚsaͲŵiZͲ3ϰϮͲ3Ɖ M^ϬϬϬϬϰϬ11
<Ϭ1 M/M�dϬϬϮϮϲ98 ŚsaͲŵiZͲ3ϰϱͲ3Ɖ M^ϬϬϬϰ18ϲϬ
<ϬϮ M/M�dϬϬϬϬϳϳϮ ŚsaͲŵiZͲ3ϰϱͲϱƉ M^ϬϬϬ31ϳϲϲ
<Ϭ3 M/M�dϬϬϬϬϳϳ3 ŚsaͲŵiZͲ3ϰϲ M^ϬϬϬ31ϳϳ3
<Ϭϰ M/M�dϬϬϬϰϱϱϳ ŚsaͲŵiZͲ3ϰaͲ3Ɖ M^ϬϬϬϬ9ϱ3ϰ
<Ϭϱ M/M�dϬϬϬϬϮϱϱ ŚsaͲŵiZͲ3ϰaͲϱƉ M^ϬϬϬϬ3318
<Ϭϲ M/M�dϬϬϬϰϲϳϲ ŚsaͲŵiZͲ3ϰbͲ3Ɖ M^ϬϬϬϬ819Ϭ
<Ϭϳ M/M�dϬϬϬϰϲϳϳ ŚsaͲŵiZͲ3ϰĐͲ3Ɖ M^ϬϬϬϬ9ϱϰ8
<Ϭ8 M/M�dϬϬϬϬϲ8ϲ ŚsaͲŵiZͲ3ϰĐͲϱƉ M^ϬϬϬϬ333Ϯ
<Ϭ9 M/M�dϬϬϬϬϳϬ3 ŚsaͲŵiZͲ3ϲ1ͲϱƉ M^ϬϬϬϬϰϬ3Ϯ
<1Ϭ M/M�dϬϬϬϬϳϬϳ ŚsaͲŵiZͲ3ϲ3Ͳ3Ɖ M^ϬϬϬϬ9ϱϳϲ
<11 M/M�dϬϬϬϬϳ1Ϭ ŚsaͲŵiZͲ3ϲϱaͲ3Ɖ M^ϬϬϬ318Ϭ1
<1Ϯ M/M�dϬϬϬϬϳ19 ŚsaͲŵiZͲ3ϲϳͲ3Ɖ M^ϬϬϬϬ9ϱ83
<13 M/M�dϬϬϬϬϳϮϮ ŚsaͲŵiZͲ3ϳϬͲ3Ɖ M^ϬϬϬϬϰϬϱ3
<1ϰ M/M�dϬϬϬϬϳϮ3 ŚsaͲŵiZͲ3ϳ1aͲ3Ɖ M^ϬϬϬϬϰϬϲϬ
<1ϱ M/M�dϬϬϬϬϳϮϰ ŚsaͲŵiZͲ3ϳϮͲ3Ɖ M^ϬϬϬϬϰϬϲϳ
<1ϲ M/M�dϬϬϬϬϳϮϲ ŚsaͲŵiZͲ3ϳ3Ͳ3Ɖ M^ϬϬϬ3181ϱ
<1ϳ M/M�dϬϬϬϰϲ88 ŚsaͲŵiZͲ3ϳϰaͲ3Ɖ M^ϬϬϬϬ9ϲ11
<18 M/M�dϬϬϬϬϳϮϳ ŚsaͲŵiZͲ3ϳϰaͲϱƉ M^ϬϬϬϬ9ϲϬϰ
<19 M/M�dϬϬϬϬϳϮ8 ŚsaͲŵiZͲ3ϳϱ M^ϬϬϬ318Ϯ9
<ϮϬ M/M�dϬϬϬϬϳϮ9 ŚsaͲŵiZͲ3ϳϲaͲ3Ɖ M^ϬϬϬϬϳ39Ϯ
<Ϯ1 M/M�dϬϬϬϮ1ϳϮ ŚsaͲŵiZͲ3ϳϲbͲ3Ɖ M^ϬϬϬϬϳ399
<ϮϮ M/M�dϬϬϬϬϳϮϬ ŚsaͲŵiZͲ3ϳϲĐͲ3Ɖ M^ϬϬϬϬϰϬϰϲ
<Ϯ3 M/M�dϬϬϬϬϳ3Ϭ ŚsaͲŵiZͲ3ϳϳͲ3Ɖ M^ϬϬϬϬϰϬ9ϱ
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<Ϯϰ M/M�dϬϬϬϬϳ3Ϯ ŚsaͲŵiZͲ3ϳ8aͲ3Ɖ M^ϬϬϬϬϲ9Ϭ9
>Ϭ1 M/M�dϬϬϬϰϲ9Ϭ ŚsaͲŵiZͲ3ϳ9Ͳ3Ɖ M^ϬϬϬϬ9ϲϲϬ
>ϬϮ M/M�dϬϬϬϬϳ33 ŚsaͲŵiZͲ3ϳ9ͲϱƉ M^ϬϬϬϬ9ϲϱ3
>Ϭ3 M/M�dϬϬϬϬϳ3ϲ ŚsaͲŵiZͲ381Ͳ3Ɖ M^ϬϬϬϬϰ11ϲ
>Ϭϰ M/M�dϬϬϬϬϳ3ϳ ŚsaͲŵiZͲ38ϮͲϱƉ M^ϬϬϬ3183ϲ
>Ϭϱ M/M�dϬϬϬϬϳ38 ŚsaͲŵiZͲ383ͲϱƉ M^ϬϬϬϬϰ13Ϭ
>Ϭϲ M/M�dϬϬϬ1ϲ39 ŚsaͲŵiZͲϰϬ9Ͳ3Ɖ M^ϬϬϬϬϲ89ϱ
>Ϭϳ M/M�dϬϬϬ1ϲ38 ŚsaͲŵiZͲϰϬ9ͲϱƉ M^ϬϬϬϬϲ9ϬϮ
>Ϭ8 M/M�dϬϬϬϮ1ϳ1 ŚsaͲŵiZͲϰ1ϬͲ3Ɖ M^ϬϬϬϬϰ1ϰϰ
>Ϭ9 M/M�dϬϬϬ3339 ŚsaͲŵiZͲϰϮ1 M^ϬϬϬϬϰ1ϲϱ
>1Ϭ M/M�dϬϬϬ1339 ŚsaͲŵiZͲϰϮϮa M^ϬϬϬϬϰ1ϳϮ
>11 M/M�dϬϬϬ13ϰϬ ŚsaͲŵiZͲϰϮ3Ͳ3Ɖ M^ϬϬϬϬϰ1ϳ9
>1Ϯ M/M�dϬϬϬϰϳϰ8 ŚsaͲŵiZͲϰϮ3ͲϱƉ M^ϬϬϬϬ9ϲ81
>13 M/M�dϬϬϬ13ϰ1 ŚsaͲŵiZͲϰϮϰͲϱƉ M^ϬϬϬϬϰ18ϲ
>1ϰ M/M�dϬϬϬ3393 ŚsaͲŵiZͲϰϮϱͲϱƉ M^ϬϬϬϬ9ϲ9ϱ
>1ϱ M/M�dϬϬϬ1ϱ3ϲ ŚsaͲŵiZͲϰϮ9 M^ϬϬϬϬϰ193
>1ϲ M/M�dϬϬϬϮ81ϰ ŚsaͲŵiZͲϰ3ϮͲϱƉ M^ϬϬϬ318ϱϬ
>1ϳ M/M�dϬϬϬ1ϲϮϳ ŚsaͲŵiZͲϰ33Ͳ3Ɖ M^ϬϬϬϬϰϮ1ϰ
>18 M/M�dϬϬϬ1ϱϰ1 ŚsaͲŵiZͲϰϰ9a M^ϬϬϬϬϰϮϮ8
>19 M/M�dϬϬϬ33Ϯϳ ŚsaͲŵiZͲϰϰ9bͲϱƉ M^ϬϬϬϬϰϮ3ϱ
>ϮϬ M/M�dϬϬϬ1ϲ31 ŚsaͲŵiZͲϰϱ1a M^ϬϬϬϬϰϮϰϮ
>Ϯ1 M/M�dϬϬϬ1ϲ3ϱ ŚsaͲŵiZͲϰϱϮͲϱƉ M^ϬϬϬ318ϳ1
>ϮϮ M/M�dϬϬϬϰϳ8ϰ ŚsaͲŵiZͲϰϱϱͲ3Ɖ M^ϬϬϬϬ9ϳϰϰ
>Ϯ3 M/M�dϬϬϬ31ϱϬ ŚsaͲŵiZͲϰϱϱͲϱƉ M^ϬϬϬ318ϳ8
>Ϯϰ M/M�dϬϬϬϮ1ϳ3 ŚsaͲŵiZͲϰ83Ͳ3Ɖ M^ϬϬϬϬ9ϳϱ1
MϬ1 M/M�dϬϬϬϰϳϲ1 ŚsaͲŵiZͲϰ83ͲϱƉ M^ϬϬϬϬ9ϳϱ8

MϬϮ M/M�dϬϬϬϮ1ϳϰ ŚsaͲŵiZͲϰ8ϰ M^ϬϬϬϬϰϮϳϳ
MϬ3 M/M�dϬϬϬϮ1ϳϱ ŚsaͲŵiZͲϰ8ϱͲϱƉ M^ϬϬϬϬϲ9ϳϮ
MϬϰ M/M�dϬϬϬϰϳϲϮ ŚsaͲŵiZͲϰ8ϲͲ3Ɖ M^ϬϬϬ3189Ϯ
MϬϱ M/M�dϬϬϬϮ1ϳϳ ŚsaͲŵiZͲϰ8ϲͲϱƉ M^ϬϬϬϬϰϮ8ϰ
MϬϲ M/M�dϬϬϬ318Ϭ ŚsaͲŵiZͲϰ8ϳbͲ3Ɖ M^ϬϬϬϬϰϮ98
MϬϳ M/M�dϬϬϬϰϳϲ3 ŚsaͲŵiZͲϰ88Ͳ3Ɖ M^ϬϬϬϬ9ϳϳϮ
MϬ8 M/M�dϬϬϬϮ8Ϭϱ ŚsaͲŵiZͲϰ89Ͳ3Ɖ M^ϬϬϬϬϳϳϬϬ
MϬ9 M/M�dϬϬϬϮ8Ϭϳ ŚsaͲŵiZͲϰ91ͲϱƉ M^ϬϬϬ31899
M1Ϭ M/M�dϬϬϬϮ81Ϯ ŚsaͲŵiZͲϰ9Ϯ M^ϬϬϬϬϰ333
M11 M/M�dϬϬϬ31ϲ1 ŚsaͲŵiZͲϰ93Ͳ3Ɖ M^ϬϬϬϬϲ9ϳ9
M1Ϯ M/M�dϬϬϬϮ813 ŚsaͲŵiZͲϰ93ͲϱƉ M^ϬϬϬϬ98ϬϬ
M13 M/M�dϬϬϬϮ81ϲ ŚsaͲŵiZͲϰ9ϰͲ3Ɖ M^ϬϬϬ33ϳϱϰ
M1ϰ M/M�dϬϬϬϮ81ϳ ŚsaͲŵiZͲϰ9ϱͲ3Ɖ M^ϬϬϬϬϰ3ϰϳ
M1ϱ M/M�dϬϬϬϰϳϲ8 ŚsaͲŵiZͲϰ9ϳͲ3Ɖ M^ϬϬϬ319Ϭϲ
M1ϲ M/M�dϬϬϬϮ8ϮϬ ŚsaͲŵiZͲϰ9ϳͲϱƉ M^ϬϬϬϬϰ3ϲ1
M1ϳ M/M�dϬϬϬϮ8Ϯϰ ŚsaͲŵiZͲϰ98 M^ϬϬϬϬϰ3ϲ8
M18 M/M�dϬϬϬϮ8ϳϬ ŚsaͲŵiZͲϰ99aͲϱƉ M^ϬϬϬϬϰ3ϳϱ
M19 M/M�dϬϬϬϰϳϳ3 ŚsaͲŵiZͲϱϬϬaͲϱƉ M^ϬϬϬϮ3ϳϱ1
MϮϬ M/M�dϬϬϬϮ8ϳϰ ŚsaͲŵiZͲϱϬ3ͲϱƉ M^ϬϬϬ33838
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MϮ1 M/M�dϬϬϬϮ8ϳϱ ŚsaͲŵiZͲϱϬϰͲϱƉ M^ϬϬϬϬϰϰ1Ϭ
MϮϮ M/M�dϬϬϬϮ8ϳ8 ŚsaͲŵiZͲϱϬϲͲ3Ɖ M^ϬϬϬϬ98ϱϲ
MϮ3 M/M�dϬϬϮϮϳϬ1 ŚsaͲŵiZͲϱϬϲͲϱƉ M^ϬϬϬ38ϳ38
MϮϰ M/M�dϬϬϬϮ8ϳ9 ŚsaͲŵiZͲϱϬϳ M^ϬϬϬ3193ϰ
EϬ1 M/M�dϬϬϬϮ88Ϭ ŚsaͲŵiZͲϱϬ8Ͳ3Ɖ M^ϬϬϬϬ98ϲ3
EϬϮ M/M�dϬϬϬϮ8Ϭ8 ŚsaͲŵiZͲϱ11ͲϱƉ M^ϬϬϬϬϲ993
EϬ3 M/M�dϬϬϬϮ8Ϯ3 ŚsaͲŵiZͲϱ1ϮͲ3Ɖ M^ϬϬϬϬϳϬϬϬ
EϬϰ M/M�dϬϬϬϮ883 ŚsaͲŵiZͲϱ1ϰaͲ3Ɖ M^ϬϬϬ319ϰ8
EϬϱ M/M�dϬϬϬϮ8ϱϮ ŚsaͲŵiZͲϱ1ϳaͲ3Ɖ M^ϬϬϬϬϰϰϱ9
EϬϲ M/M�dϬϬϬϮ8ϰϰ ŚsaͲŵiZͲϱ18b M^ϬϬϬϬϰϰϲϲ
EϬϳ M/M�dϬϬϬϮ8ϰ8 ŚsaͲŵiZͲϱ18ĐͲ3Ɖ M^ϬϬϬϬϰϰϳ3
EϬ8 M/M�dϬϬϬϮ8ϲ9 ŚsaͲŵiZͲϱ19aͲ3Ɖ M^ϬϬϬ338ϱϮ
EϬ9 M/M�dϬϬϬϮ83Ϯ ŚsaͲŵiZͲϱ19ĐͲ3Ɖ M^ϬϬϬ1ϬϬϬ3
E1Ϭ M/M�dϬϬϬϮ8ϱ3 ŚsaͲŵiZͲϱ19dͲ3Ɖ M^ϬϬϬϬϰϱϬ8
E11 M/M�dϬϬϬϮ8Ϯ9 ŚsaͲŵiZͲϱ19eͲ3Ɖ M^ϬϬϬ1ϬϬ1ϳ
E1Ϯ M/M�dϬϬϬϮ8ϰ3 ŚsaͲŵiZͲϱϮϬb M^ϬϬϬ338ϱ9
E13 M/M�dϬϬϬϮ8ϰϲ ŚsaͲŵiZͲϱϮϬĐͲ3Ɖ M^ϬϬϬϬϳϰ13
E1ϰ M/M�dϬϬϬϮ8Ϯϱ ŚsaͲŵiZͲϱϮϬe M^ϬϬϬϬϰϱ3ϲ
E1ϱ M/M�dϬϬϬϮ8ϱ8 ŚsaͲŵiZͲϱϮϬgͲ3Ɖ M^ϬϬϬ319ϱϱ
E1ϲ M/M�dϬϬϬϮ8ϱϬ ŚsaͲŵiZͲϱϮϰͲ3Ɖ M^ϬϬϬϬϰϱϱϬ
E1ϳ M/M�dϬϬϬ3389 ŚsaͲŵiZͲϱϰϮͲ3Ɖ M^ϬϬϬ1ϬϬϳ3
E18 M/M�dϬϬϬ33ϰϬ ŚsaͲŵiZͲϱϰϮͲϱƉ M^ϬϬϬϬϳ1ϰϳ
E19 M/M�dϬϬϬ3Ϯ1ϱ ŚsaͲŵiZͲϱϱϮͲ3Ɖ M^ϬϬϬ1Ϭ1ϲϰ
EϮϬ M/M�dϬϬϬ3Ϯ3ϱ ŚsaͲŵiZͲϱϳϬͲ3Ɖ M^ϬϬϬϬϳϳ91
EϮ1 M/M�dϬϬϬ3Ϯϰ9 ŚsaͲŵiZͲϱ8ϰͲϱƉ M^ϬϬϬ3ϳ198
EϮϮ M/M�dϬϬϬ3ϮϱϮ ŚsaͲŵiZͲϱ8ϲ M^ϬϬϬ1ϬϮϰ8
EϮ3 M/M�dϬϬϬ3Ϯϱϱ ŚsaͲŵiZͲϱ88 M^ϬϬϬϬϰ88ϲ
EϮϰ M/M�dϬϬϬ3ϮϲϬ ŚsaͲŵiZͲϱ9Ϯ M^ϬϬϬϬϰ91ϰ
KϬ1 M/M�dϬϬϬ3Ϯϲϰ ŚsaͲŵiZͲϱ9ϲ M^ϬϬϬ1ϲ3ϱ9
KϬϮ M/M�dϬϬϬ3Ϯϲ9 ŚsaͲŵiZͲϲϬ1 M^ϬϬϬϬϰ9ϳϬ
KϬ3 M/M�dϬϬϬ3Ϯϳ3 ŚsaͲŵiZͲϲϬϱͲϱƉ M^ϬϬϬϬϰ998
KϬϰ M/M�dϬϬϬ3Ϯϳϱ ŚsaͲŵiZͲϲϬϳ M^ϬϬϬϬϱϬ1Ϯ
KϬϱ M/M�dϬϬϬ3Ϯϳϲ ŚsaͲŵiZͲϲϬ8 M^ϬϬϬϬϱϬ19
KϬϲ M/M�dϬϬϬϰ8Ϭϱ ŚsaͲŵiZͲϲ1ϲͲ3Ɖ M^ϬϬϬ1Ϭ339
KϬϳ M/M�dϬϬϬ3Ϯ91 ŚsaͲŵiZͲϲϮϮ M^ϬϬϬϬϱ11ϳ
KϬ8 M/M�dϬϬϬ3Ϯ9ϰ ŚsaͲŵiZͲϲϮϱͲϱƉ M^ϬϬϬ3389ϰ
KϬ9 M/M�dϬϬϬϰ81Ϭ ŚsaͲŵiZͲϲϮ9ͲϱƉ M^ϬϬϬ1Ϭ39ϱ
K1Ϭ M/M�dϬϬϬ3Ϯ99 ŚsaͲŵiZͲϲ3Ϭ M^ϬϬϬϬϱ1ϳ3
K11 M/M�dϬϬϬ33Ϭϱ ŚsaͲŵiZͲϲ3ϱ M^ϬϬϬϬϱϮϬ8
K1Ϯ M/M�dϬϬϬ33Ϭϳ ŚsaͲŵiZͲϲ3ϳ M^ϬϬϬϬϱϮϮϮ
K13 M/M�dϬϬϬ33ϮϬ ŚsaͲŵiZͲϲϱϬ M^ϬϬϬϬϱ313
K1ϰ M/M�dϬϬϬ33ϮϮ ŚsaͲŵiZͲϲϱϮͲ3Ɖ M^ϬϬϬ1Ϭϰϱ1
K1ϱ M/M�dϬϬϮϮϳϬ9 ŚsaͲŵiZͲϲϱϮͲϱƉ M^ϬϬϬ3ϳ9Ϭϱ
K1ϲ M/M�dϬϬϬ33Ϯϰ ŚsaͲŵiZͲϲϲ1 M^ϬϬϬϬϱ39Ϭ
K1ϳ M/M�dϬϬϬ33Ϯϲ ŚsaͲŵiZͲϲϲ3a M^ϬϬϬ3ϳϮϰϳ
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K18 M/M�dϬϬϬϰ9Ϯϲ ŚsaͲŵiZͲϳϬ8ͲϱƉ M^ϬϬϬ1ϬϱϮ1
K19 M/M�dϬϬϬϰ9ϰϱ ŚsaͲŵiZͲϳϰϰͲϱƉ M^ϬϬϬ1Ϭϱϰ9
KϮϬ M/M�dϬϬϬϬϮϱϮ ŚsaͲŵiZͲϳͲϱƉ M^ϬϬϬ3Ϯ11ϲ
KϮ1 M/M�dϬϬϬ39ϰϱ ŚsaͲŵiZͲϳϲϱ M^ϬϬϬϮ181Ϯ
KϮϮ M/M�dϬϬϬϰ9ϰ8 ŚsaͲŵiZͲ88ϱͲ3Ɖ M^ϬϬϬ1Ϭϲϲ1
KϮ3 M/M�dϬϬϬϰ9ϰϳ ŚsaͲŵiZͲ88ϱͲϱƉ M^ϬϬϬ1Ϭϲϲ8
KϮϰ M/M�dϬϬϬϬϬ9Ϯ ŚsaͲŵiZͲ9ϮaͲ3Ɖ M^ϬϬϬϬϲϱ9ϰ
WϬ1 M/M�dϬϬϬ3Ϯ18 ŚsaͲŵiZͲ9ϮbͲ3Ɖ M^ϬϬϬ3Ϯ1ϰϰ
WϬϮ M/M�dϬϬϬϬϬ93 ŚsaͲŵiZͲ93ͲϱƉ M^ϬϬϬϬ33ϰϲ
WϬ3 M/M�dϬϬϬϬϰϰϮ ŚsaͲŵiZͲ9Ͳ3Ɖ M^ϬϬϬϬϲϱ1Ϭ
WϬϰ M/M�dϬϬϬϬϬ9ϰ ŚsaͲŵiZͲ9ϱͲ3Ɖ M^ϬϬϬ1Ϭ9Ϭϲ
WϬϱ M/M�dϬϬϬϬϰϰ1 ŚsaͲŵiZͲ9ͲϱƉ M^ϬϬϬ1ϬϳϱϮ
WϬϲ M/M�dϬϬϬϰϱ1Ϭ ŚsaͲŵiZͲ9ϲͲ3Ɖ M^ϬϬϬ1Ϭ913
WϬϳ M/M�dϬϬϬϬϬ9ϱ ŚsaͲŵiZͲ9ϲͲϱƉ M^ϬϬϬϬ33ϲϬ
WϬ8 M/M�dϬϬϬϬϬ9ϲ ŚsaͲŵiZͲ98ͲϱƉ M^ϬϬϬϬ33ϲϳ
WϬ9 M/M�dϬϬϬϰϱ11 ŚsaͲŵiZͲ99aͲ3Ɖ M^ϬϬϬ1Ϭ9ϮϬ
W1Ϭ M/M�dϬϬϬϬϬ9ϳ ŚsaͲŵiZͲ99aͲϱƉ M^ϬϬϬ3Ϯ1ϱ8
W11 M/M�dϬϬϬϰϲϳ8 ŚsaͲŵiZͲ99bͲ3Ɖ M^ϬϬϬ3Ϯ1ϳϮ
W1Ϯ M/M�dϬϬϬϬϲ89 ŚsaͲŵiZͲ99bͲϱƉ M^ϬϬϬ3Ϯ1ϲϱ
W13 M/M�dϬϬϬϬϬ1Ϭ ĐelͲŵiZͲ39Ͳ3Ɖ M^ϬϬϬ19ϳ89
W1ϰ M/M�dϬϬϬϬϬ1Ϭ ĐelͲŵiZͲ39Ͳ3Ɖ M^ϬϬϬ19ϳ89
W1ϱ ^EKZ�ϲ1 M^ϬϬϬ33ϳϬϱ

W1ϲ ^EKZ�ϲ8 M^ϬϬϬ33ϳ1Ϯ

W1ϳ ^EKZ�ϳϮ M^ϬϬϬ33ϳ19

W18 ^EKZ�9ϱ M^ϬϬϬ33ϳϮϲ

W19 ^EKZ�9ϲ� M^ϬϬϬ33ϳ33

WϮϬ ZEhϲͲϲW M^ϬϬϬ33ϳϰϬ

WϮ1 ^�ͺŵiZE�ͺϬϬϱ ŵiZd�

WϮϮ ^�ͺŵiZE�ͺϬϬϱ ŵiZd�

WϮ3 ^�ͺϬϬ1Ϭϰ WW�

WϮϰ ^�ͺϬϬ1Ϭϰ WW�
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ImaŐes oĨ altered miRNAs aŌer compound 2 treatment and tŚeir tarŐet Őenes:  

FiŐure S1. miR-103a-3p and its tarŐet Őenes in detail

FiŐure S2. miR-106ď-3p and its tarŐet Őene in detail

FiŐure S3. miR-1287-5p and its tarŐet Őenes in detail

   

FiŐure S4. miR-130-5p and its tarŐet Őenes in detail
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SUPPLEMENTARY INFORMATION

FiŐure S5. miR-146a-3p and its tarŐet Őenes in detail

FiŐure S6. miR-148a-3p and its tarŐet Őenes in detail

FiŐure S7. miR-148a-5p and its tarŐet Őenes in detail

FiŐure S8. miR-18ď-5p and its tarŐet Őenes in detail
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FiŐure S9. miR-205-5p and its tarŐet Őenes in detail

FiŐure S10. miR-212-3p and its tarŐet Őenes in detail

FiŐure S11. miR-21-3p and its tarŐet Őenes in detail

FiŐure S12. miR-224-3p and its tarŐet Őenes in detail
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SUPPLEMENTARY INFORMATION

FiŐure S13. miR-23ď-5p and its tarŐet Őenes in detail

FiŐure S14. miR-30a-5p and its tarŐet Őenes in detail

FiŐure S15. miR-663a and its tarŐet Őenes in detail
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FiŐure S16. miR-7-5p and its tarŐet Őenes in detail



ANNEX I
In collaďoraƟon ǁitŚ tŚe Őroup oĨ ProĨessor PŚillip Gale (University oĨ SoutŚampton͕ UK)͕ ǁe perĨorm 
a series oĨ in vitro studies ǁitŚ anionopŚore compounds͕ squaramides and tŚiosquaramides. TŚis 
ǁill ďe puďlisŚed alonŐ ǁitŚ in silico transmemďrane transport studies oĨ tŚese compounds.
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ABSTRACT
dŚe ƚƌansƉoƌƚ oĨ biologiĐallǇ ƌelevanƚ ions aĐƌoss ƉŚosƉŚoliƉid bilaǇeƌs ŵeŵbƌanes is a viƚal 

ƉƌoĐess ƚŚaƚ ƌelies on ĐŚannel Ɖƌoƚeins͘ �lƚeƌaƟons in ƚŚeiƌ eǆƉƌession oƌ aĐƟviƚǇ aƌe ƌelaƚed ƚo a ǁide 
ƌange oĨ ƉaƚŚologies͘ ^eƌies oĨ sƋuaƌaŵide and ƚŚiosƋuaƌaŵide deƌivaƟves ǁiƚŚ diīeƌenƚ ŇuoƌinaƟon 
degƌees͕ Śave been sǇnƚŚesiǌed͘ dŚe in vitro aĐƟviƚǇ oĨ ƚŚese anion ƚƌansƉoƌƚeƌs Śas been sƚudied͘ 
dŚe ŵosƚ ĐǇƚoƚoǆiĐ sƋuaƌaŵides ƚƌiggeƌ aƉoƉƚosis in ŵelanoŵa Đell lines ǁiƚŚ /�ϱϬ values in ƚŚe loǁ 
ŵiĐƌoŵolaƌ ƌange as ǁell as ŵodiĨǇ ƚŚe inƚƌaĐellulaƌ Ɖ,͕ induĐing ƚŚe basiĮĐaƟon oĨ aĐidiĐ oƌganelles͘ 
dŚis ƉƌeliŵinaƌǇ sƚudǇ Ɖƌovides a basis Ĩoƌ undeƌsƚanding ƚŚe ŵeĐŚanisŵ oĨ aĐƟon oĨ ƚŚese ƉoƚenƟal 
anƟĐanĐeƌ ĐoŵƉounds͘ 

INTRODUCTION 
dŚe ion ƚƌansƉoƌƚ in biologiĐal sǇsƚeŵs͕ ƉaƌƟĐulaƌlǇ ĐŚloƌide and biĐaƌbonaƚe͕ is veƌǇ iŵƉoƌƚanƚ as 

iƚ Đonƚƌols ŵulƟƉle ƉƌoĐesses͘ dŚe ionoƉŚoƌes Đalled sƋuaƌaŵides and ƚŚiosƋuaƌaŵides Śave been 
develoƉed given ƚŚe gƌoǁing deŵand Ĩoƌ anion Đaƌƌieƌ ŵoleĐules ƚŚaƚ oveƌĐoŵe ƚŚe eīeĐƚ oĨ deĨeĐƟve 
ion ĐŚannels in soŵe diseases͘ 

Kn one Śand͕ sƋuaƌaŵides ŵoleĐules aƌe Ĩoƌŵed bǇ ĨouƌͲŵeŵbeƌed ƌing sǇsƚeŵs deƌived Ĩƌoŵ 
sƋuaƌiĐ aĐid͘  dŚe design and inĐoƌƉoƌaƟon oĨ dƌugs ǁiƚŚ ƚŚese ĐŚeŵiĐal enƟƟes inƚo ŵediĐinal ĐŚeŵisƚƌǇ 
Ɖƌogƌaŵs Śas been Ƌuiƚe sĐaƌĐe so Ĩaƌ͘  �esƉiƚe ƚŚis͕ sƋuaƌaŵide ĐoŵƉounds Śave been invesƟgaƚed Ĩoƌ 
a ƌange oĨ ƚaƌgeƚs and Śave sŚoǁn ƉoƚenƟal ƚŚeƌaƉeuƟĐ eīeĐƚs againsƚ a vaƌieƚǇ oĨ ƉaƚŚologies liŬe 
�Śangas disease ;ƉaƌasiƟĐ illnessͿ ;Klŵo et al.͕ ϮϬ1ϰͿ oƌ ĐŚƌoniĐ obsƚƌuĐƟve ƉulŵonaƌǇ disoƌdeƌ ;MaƌƟn 
et al.͕ ϮϬ1ϱͿ͘ /n addiƟon͕ soŵe ŵoleĐules Đonƚaining sƋuaƌaŵides ŵoieƟes Śave been Ɖƌoŵoƚed ƚo ƚŚe 
ĐliniĐ Ĩoƌ insƚanĐe Ĩoƌ ƚŚe ƚƌeaƚŵenƚ oĨ gasƚƌoduodenal ulĐeƌs ;/an ^ƚoƌeƌ͕  �Điƌo and Jones͕ ϮϬ11Ϳ͘  

Kn ƚŚe oƚŚeƌ Śand͕ ĐoŵƉounds ǁiƚŚ ƚŚiouƌea gƌouƉs Śad ƉƌeviouslǇ sŚoǁn ƚo ǁoƌŬ as Ɖoƚenƚ 
ĐŚloƌideͲbiĐaƌbonaƚe eǆĐŚange agenƚs in liƉosoŵal ŵodels ;�ussĐŚaeƌƚ et al.͕ ϮϬ1ϬͿ͘ dŚeƌeĨoƌe͕ 
ƚŚiosƋuaƌaŵides Śave been geneƌaƚed Ĩƌoŵ ƚŚe ĐoŵbinaƟon oĨ sƋuaƌaŵides and ƚŚiouƌeas ;�ussĐŚaeƌƚ 
et al.͕ ϮϬ1ϰͿ͘ Moƌeoveƌ͕  soŵe ŵoleĐules ƚŚaƚ belong ƚo ƚŚis neǁ gƌouƉ oĨ anion Đaƌƌieƌs disƉlaǇ a Ɖ,Ͳ
sǁiƚĐŚable ƚƌansƉoƌƚ beŚavioƌ͘  dŚis ŵeans ƚŚaƚ undeƌ ƉŚǇsiologiĐal ĐondiƟons ƚŚese ĐoŵƉounds Śave 
loǁ ƚƌansƉoƌƚ ĐaƉaĐiƚǇ aĐƌoss liƉid bilaǇeƌs͕ ǁŚeƌeas aƚ loǁeƌ Ɖ, beĐoŵe aĐƟve ƚƌansƉoƌƚeƌs͘ dŚis 
Ĩeaƚuƌe ŵaǇ seƌve as a ƉoƚenƟal ƚool ƚo aĐƟvaƚe ĐŚloƌide ƚƌansƉoƌƚ ǁiƚŚin aĐidiĐ enviƌonŵenƚs͕ and ƚo 
be able ƚo aĐƚ ĨavoƌablǇ in diveƌse diseases liŬe ĐanĐeƌ ;�ussĐŚaeƌƚ et al.͕ ϮϬ1ϰͿ͘ 

FiŐure A1. ^ƚƌuĐƚuƌes oĨ a ƚƌiƉod ƚŚiouƌea and sƋuaƌaŵide
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/n ƚŚis ƉƌeliŵinaƌǇ sƚudǇ͕  ǁe deĐided ƚo eǆƉloƌe ƚŚe anƟƉƌoliĨeƌaƟve aĐƟviƟes oĨ ƚŚese anion 
ƚƌansƉoƌƚeƌ ǁiƚŚ a seƚ oĨ in vitro eǆƉeƌiŵenƚs in diīeƌenƚ ĐanĐeƌ lines͕ ǁŚiĐŚ ǁill seƌve as a basis Ĩoƌ 
undeƌsƚanding ƚŚe ŵeĐŚanisŵ oĨ aĐƟon͘

MATERIAL AND METHODS

Evaluated compounds

dŚe seƚ oĨ sƋuaƌaŵides and ƚŚiosƋuaƌaŵides ǁiƚŚ diīeƌenƚ ŇuoƌinaƟon degƌees ǁeƌe sǇnƚŚesiǌed 
bǇ �ƌ͘  WŚiliƉ 'ale and Đolleagues Ĩƌoŵ ƚŚe �eƉaƌƚŵenƚ oĨ �ŚeŵisƚƌǇ͕  hniveƌsiƚǇ oĨ ^ouƚŚaŵƉƚon͕ h<͘

FiŐure A2. ^ƚƌuĐƚuƌes oĨ ŵonoͲ and bisͲsƋuaƌaŵides ;1Ͳ1ϮͿ and ƚŚiosƋuaƌaŵides ;13Ͳ1ϱͿ ƚesƚed in ƚŚis ƚŚesis͘

Cell lines and culture condiƟons 

,uŵan lung adenoĐaƌĐinoŵa Đell line ;�ϱϰ9Ϳ͕ Śuŵan ŵelanoŵa Đell line ;�3ϳϱͿ and Śuŵan 
ƉƌosƚaƟĐ ĐaƌĐinoŵa Đell line ;W�3Ϳ ǁeƌe ƉuƌĐŚased Ĩƌoŵ ƚŚe �ŵeƌiĐan dǇƉe �ulƚuƌe �olleĐƟon͕ and 
ǁeƌe Đulƚuƌed in �MEM͘  �ulƚuƌe ŵediuŵ ǁas suƉƉleŵenƚed ǁiƚŚ 1Ϭй &�^͕ 1ϬϬ hͬŵl ƉeniĐillin͕ 
1ϬϬ ʅgͬŵl sƚƌeƉƚoŵǇĐin͕ and Ϯ ŵM >Ͳgluƚaŵine͘ �ells ǁeƌe gƌoǁn in a ŚuŵidiĮed aƚŵosƉŚeƌe oĨ aiƌ 
Đonƚaining ϱй �KϮ aƚ 3ϳ Ǒ�͘

Cell viaďility assay

�ell viabiliƚǇ ǁas deƚeƌŵined bǇ ƚŚe Mdd assaǇ͘ �dŚeƌenƚ Đell lines ǁeƌe Ɖlaƚed in 9ϲͲǁell ŵiĐƌoƟƚeƌ 
Ɖlaƚes Ϯϰ Ś beĨoƌe ƚƌeaƚŵenƚ aƚ a ĐonĐenƚƌaƟon oĨ 1ǆ1Ϭϰ in 1ϬϬ μ> oĨ gƌoǁƚŚ ŵediuŵ Ɖeƌ ǁell͘ &oƌ single 
dose eǆƉeƌiŵenƚs͕ Đells ǁeƌe inĐubaƚed in ƚŚe absenĐe oƌ in ƚŚe ƉƌesenĐe 1Ϭ μM oĨ ƚŚe 1ϱ sǇnƚŚeƟĐ 
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sƋuaƌaŵides͘ �onƚƌol Đells ǁeƌe inĐubaƚed onlǇ ǁiƚŚ dƌug diluenƚ͕ �M^K͘ � ƌange oĨ ĐonĐenƚƌaƟons 
Ĩƌoŵ Ϭ͘99 ƚo Ϯϱ μM oĨ ƚŚe ŵosƚ ĐǇƚoƚoǆiĐ sƋuaƌaŵides͕ 2 and 9͕ oƌ a ƌange Ĩƌoŵ ϱ͘93 ƚo 1ϬϬ μM͕ in 
ƚŚe Đase oĨ sƋuaƌaŵide 7͕ ǁeƌe used Ĩoƌ dose ƌesƉonse eǆƉeƌiŵenƚs͘ �Ōeƌ Ϯϰ Śouƌs inĐubaƟon͕ 1ϬŵM 
oĨ Mdd ;3Ͳ;ϰ͕ϱͲdiŵeƚŚǇlƚŚiaǌolͲϮͲǇlͿͲϮ͕ϱͲdiƉŚenǇlƚeƚƌaǌoliuŵ bƌoŵideͿ diluƚed in 1 ǆ W�^ ǁas added 
ƚo eaĐŚ ǁell Ĩoƌ an addiƟonal ϰ Śouƌs͘ dŚe ŵediuŵ ǁas ƌeŵoved and a 1ϬϬ μ> oĨ �M^K ǁas added 
ƚo eaĐŚ ǁell in oƌdeƌ ƚo dissolve ƚŚe Mdd Ĩoƌŵaǌan ƉƌeĐiƉiƚaƚe͘ �bsoƌbanĐe ǁas ŵeasuƌed aƚ ϱϳϬ nŵ 
on a MulƟsŬan ŵulƟǁell Ɖlaƚe ƌeadeƌ͘  �ell viabiliƚǇ ǁas eǆƉƌessed as a ƉeƌĐenƚage oĨ Đonƚƌol and /�ϱϬ 
ƌeƉƌesenƚs ƚŚe ĐonĐenƚƌaƟon oĨ dƌug Đausing ϱϬй inŚibiƟon oĨ ƚŚe inĐƌease in absoƌbanĐe ĐoŵƉaƌed 
ǁiƚŚ Đonƚƌol Đells͘ �aƚa aƌe sŚoǁn as ƚŚe ŵean value ± S.D. oĨ ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs͘ dŚe /� 
values ǁeƌe ĐalĐulaƚed ǁiƚŚ 'ƌaƉŚWad WƌisŵΡ ϱ soŌǁaƌe͘

Vital Ňuorescence microscopy ʹ Acridine OranŐe staininŐ

dŚe living Đulƚuƌed Đells ǁeƌe sƚained ǁiƚŚ aĐƌidine oƌange ;�KͿ͘ �3ϳϱ Đells ;Ϯ ǆ 1Ϭ3 Đellsͬŵ>Ϳ gƌoǁn 
in a 1ϮͲǁell Ɖlaƚe ǁiƚŚ Đoveƌ sliƉs Ĩoƌ Ϯϰ Ś and ǁeƌe inĐubaƚed ǁiƚŚ oƌ ǁiƚŚouƚ ƚŚe  sƋuaƌaŵides 2͕ 7 
and 9 aƚ ƚŚeiƌ /�ϱϬ dose Ĩoƌ 1 Ś oƌ aƚ ƚŚe /�ϳϱ dose Ĩoƌ 1 Ś ;�M^K ǁas used Ĩoƌ Đonƚƌol ĐellsͿ͘ �Ōeƌǁaƌds 
Đells ǁeƌe ǁasŚed ƚǁiĐe ǁiƚŚ 1 ǆ W�^ and inĐubaƚed ǁiƚŚ ϱ μgͬŵ> �K soluƟon Ĩoƌ 3Ϭ ŵin aƚ Zd and 
ƉƌoƚeĐƚed Ĩƌoŵ ligŚƚ͘ &inallǇ͕  Đoveƌ sliƉs ǁeƌe ǁasŚed ƚŚƌee Ɵŵes ǁiƚŚ 1 ǆ W^� suƉƉleŵenƚed ǁiƚŚ 1Ϭй 
&�^ and ƚŚen eǆaŵined ǁiƚŚ a E/<KE eĐliƉse E8ϬϬ ŵiĐƌosĐoƉe ;Įlƚeƌ 33Ϭͬ38Ϭ nŵͿ͘

HoecŚst 33342 staininŐ 

�3ϳϱ Đells ǁeƌe seeded in a 1ϮͲǁell Ɖlaƚe ǁiƚŚ 1ϱ ŵŵ ƌound sƚeƌile ĐoveƌsliƉs aƚ a ĐonĐenƚƌaƟon 
oĨ Ϯ ǆ 1Ϭϱ Đellsͬŵ> Ϯϰ Ś beĨoƌe ƚŚe ƚƌeaƚŵenƚ͘ �Ōeƌǁaƌds͕ Đell ŵedia ǁas ƌeŵoved and ĨƌesŚ ŵedia 
ǁiƚŚ ƚŚe ĐoƌƌesƉonding dƌug dose ǁas added͘  �3ϳϱ Đells ǁeƌe inĐubaƚed in ƚŚe absenĐe ;Đonƚƌol 
ĐellsͿ oƌ in ƚŚe ƉƌesenĐe oĨ 1Ϭ μM oĨ ƚŚiosƋuaƌaŵides 2͕ 7 and 9 Ĩoƌ ϰ8 Ś͘ �Ōeƌ ƚŚis Ɵŵe͕ ŵedia ǁas 
ĐenƚƌiĨuged ƚǁiĐe aƚ ϳϬϬ g ǁasŚing ǁiƚŚ 1 ǆ W�^ ƚo ĐolleĐƚ ƚŚe ŇoaƟng Đells͕ ǁŚeƌeas ƚŚe aƩaĐŚed Đells 
ǁeƌe ǁasŚed 3 Ɵŵes ǁiƚŚ 1 ǆ W�^͘ 

�ells ;ŇoaƟng and aƩaĐŚedͿ ǁeƌe sƚained ǁiƚŚ ƚŚe nuĐleaƌ Đounƚeƌsƚain ,oeĐŚsƚ 333ϰϮ aƚ a 
ĐonĐenƚƌaƟon oĨ Ϯ ʅgͬŵ> Ĩoƌ 3Ϭ ŵin aƚ 3ϳǑ� in daƌŬ ĐondiƟons͘ dŚen͕ Đells ǁeƌe ǁasŚed ƚǁiĐe ǁiƚŚ 1 
ǆ W�^͘  �eƚaĐŚed Đells ǁeƌe ĐenƚƌiĨuged ƚǁiĐe aƚ ϳϬϬ g and ǁasŚed ǁiƚŚ 1 ǆ W�^͘  W�^ ǁas disĐaƌded 
and Đells ǁeƌe ƌesusƉended in 1Ϭ μ> oĨ glǇĐeƌol͗,ϮK ;9͗1Ϳ͘  �ells in glǇĐeƌol ǁeƌe deƉosiƚed in slides 
and ƚŚe Đells on ƚŚe ĐoveƌsliƉs ǁeƌe ƉlaĐed oveƌ ƚŚeŵ͘ Mounƚs ǁeƌe eǆaŵined ŇuoƌoŵeƚƌiĐallǇ ǁiƚŚ a 
EiŬon eliƉse E8ϬϬŵiĐƌosĐoƉe ;EiŬonͿ using ƚŚe 33ϬͲ38Ϭ nŵ Įlƚeƌ͘

Assessment oĨ cell cycle arrest

�3ϳϱ Đells ǁeƌe sǇnĐŚƌoniǌed ŵainƚained in noƌŵal Đulƚuƌe ĐondiƟon ǁiƚŚ onlǇ Ϭ͘ϱй &�^ Ĩoƌ a 
Ɖeƌiod oĨ ϮϰŚ beĨoƌe iniƟaƚe ƚŚe eǆƉeƌiŵenƚ͘ dŚen Đells ƚƌeaƚed ǁiƚŚouƚ and ǁiƚŚ ƚŚe sƋuaƌaŵides 2 
and 9 aƚ ƚŚe /�ϱϬ dose Ĩoƌ ϲ Ś͕ Ϯϰ Ś and ϰ8 Ś͘  �ells ǁeƌe ĐolleĐƚed and ƚŚen Įǆed in ϳϬй eƚŚanol aƚ ͲϮϬǑ� 
oveƌnigŚƚ͘ �Ōeƌǁaƌds͕ Đells ǁeƌe ǁasŚed in 1 ǆ W�^ and Đell Ɖelleƚ ǁas ƚŚen ƌesusƉended ǁiƚŚ ϮϬϬ μl 
oĨ MuseΡ Đell ĐǇĐle ƌeagenƚ Ĩoƌ 3Ϭ ŵin aƚ Zd in daƌŬ ĐondiƟons͘ &luoƌesĐenĐe ǁas ŵeasuƌed bǇ Ňoǁ 
ĐǇƚoŵeƚƌǇ on a &��^�alibuƌ ĮƩed ǁiƚŚ a ϰ88 nŵ �ƌ laseƌ͕  and daƚa ǁeƌe analǇǌed using �ellYuesƚ Wƌo 
soŌǁaƌe ;�eĐƚon �iĐŬinson͕ ^an Jose͕ ��Ϳ and Mod&iƚ >d Đell ĐǇĐle analǇsis soŌǁaƌe ;seƌiƚǇ soŌǁaƌe͕ 
doƉsŚaŵ͕ MEͿ͘
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RESULTS

Compounds cytotoxic eīect on cancer cell lines

^Ƌuaŵides Śad been ĐlassiĮed in Ɖƌevious ƉaƉeƌs as good anion ƚƌansƉoƌƚeƌs͘ do deƚeƌŵine ƚŚe 
eīeĐƚs oĨ Ɖeƌƚuƌbing ion Śoŵeosƚasis on oƌganelles and Đells͕ ǁe Đaƌƌied ouƚ Đell viabiliƚǇ sƚudies in ƚŚƌee 
diīeƌenƚ ĐanĐeƌ Đell lines͘ dŚe in vitro ĐǇƚoƚoǆiĐ aĐƟviƚǇ oĨ sƋuaƌaŵides 1 ƚo 1Ϯ and ƚŚiosƋuaƌaŵides 
13Ͳ1ϱ ǁas ƚesƚed on a ĐolleĐƟon oĨ diīeƌenƚ ĐanĐeƌ Đell lines Ĩƌoŵ diveƌse oƌigin͗ Śuŵan lung 
adenoĐaƌĐinoŵa Đell line ;�ϱϰ9Ϳ͕ Śuŵan ŵelanoŵa Đell line ;�3ϳϱͿ and Śuŵan ƉƌosƚaƟĐ ĐaƌĐinoŵa Đell 
line ;W�3Ϳ͘ &iƌsƚ oĨ all͕ ǁe used a single Ɖoinƚ sĐƌeening assaǇ ǁiƚŚ all ƚŚe above ŵenƟoned ĐoŵƉounds 
aƚ 1Ϭ μM ;Įguƌe �3Ϳ͘ dŚƌougŚ ƚŚe ĐoloƌiŵeƚƌiĐ ƚesƚ oĨ Mdd͕  ƚŚe levels oĨ Ĩoƌŵaǌan salƚs ƉƌoduĐed ǁeƌe 
ŵeasuƌed and ƋuanƟĮed in oƌdeƌ ƚo evaluaƚe Đell viabiliƚǇ͘ ^Ƌuaƌaŵides 2 and 9 ǁeƌe ƉaƌƟĐulaƌlǇ 
ĐǇƚoƚoǆiĐ in �3ϳϱ Đell line being ƚŚe ŵosƚ sensiƟve one͕ ǁŚile no signiĮĐanƚ eīeĐƚ ǁas obseƌved aŌeƌ 
ƚƌeaƚŵenƚ ǁiƚŚ ƚŚe oƚŚeƌ sƋuaƌaŵides oƌ ƚŚiosƋuaƌaŵides aƚ ƚŚe saŵe dose and Ɵŵe͘

FiŐure A3. Cell viaďility measured ďy MTT assay aŌer 24 Ś oĨ squaramide compounds treatment͘ ^ingleͲƉoinƚ sĐƌeening 
oĨ ĐoŵƉounds 1ʹ1ϱ ;1Ϭ μMͿ on a ĐolleĐƟon oĨ diīeƌenƚ ĐanĐeƌ Đell lines͕ Ĩƌoŵ ƌigŚƚ ƚo leŌ͕ �3ϳϱ͕ �ϱϰ9 and W�3͘

�oseͲƌesƉonse eǆƉeƌiŵenƚs ǁeƌe ƉeƌĨoƌŵed and /� values ǁeƌe ĐalĐulaƚed Ĩoƌ ĐǇƚoƚoǆiĐ 
ĐoŵƉounds ;sƋuaƌaŵides 2 and 9Ϳ as ǁell as Ĩoƌ ƚŚe nonͲĐǇƚoƚoǆiĐ one͕ sƋuaƌaŵide 7͘ dŚese 
eǆƉeƌiŵenƚs ǁeƌe Đaƌƌied ouƚ in �3ϳϱ͕ �ϱϰ9 and W�3 Đell lines Ĩoƌ Ϯϰ Ś͘ dŚe obƚained ƌesulƚs 
Đoƌƌoboƌaƚe Śoǁ sƋuaƌaŵide 2 is ƚŚe ŵosƚ Ɖoƚenƚ ĐoŵƉound͖ sŚoǁing /�ϱϬ values beloǁ 1Ϭ μM 
in ƚŚe ƚŚƌee Đell lines sƚudied͘ �oŵƉound 9 sŚoǁed values Đlose ƚo 1Ϭ μM͕ being �3ϳϱ ƚŚe ŵosƚ 
sensiƟve Đell line ƚo ƚŚis ĐoŵƉound͘ /n ƚŚe Đase oĨ ĐoŵƉound 7͕ ǁiƚŚ ŚigŚeƌ /� values͕ ƚŚe ŵosƚ 
sensiƟve Đell line ƚo ƚŚis ĐoŵƉound ǁas W�3͘
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A375
^Ƌuaƌaŵide Ϯ ^Ƌuaƌaŵide 7 ^Ƌuaƌaŵide 9

/�Ϯϱ 3͘ϳϳ±1͘89 IC25 1Ϭ͘ϱϮ±3͘ϳ1 IC25 ϲ͘ϲ3±1͘1Ϯ

/�ϱϬ 8͘8ϲ±Ϭ͘ϲ3 IC50 1ϲ͘ϲϬ±Ϯ͘38 IC50 8͘Ϭ3±1͘19

/�ϳϱ 9͘ϳ9±Ϭ͘ϰϮ IC75 Ϯ1͘1ϱ±1͘1Ϭ IC75 9͘ϱ9±1͘ϱ1

A549
^Ƌuaƌaŵide Ϯ ^Ƌuaƌaŵide 7 ^Ƌuaƌaŵide 9
/�Ϯϱ 1͘Ϯ9±Ϭ͘Ϯ3 IC25 Ϯ1͘13±1͘ϲ3 IC25 8͘ϳϰ±Ϭ͘ϲϬ

/�ϱϬ ϱ͘ϱϲ±Ϭ͘ϳ8 IC50 ϰ9͘13±ϰ͘11 IC50 11͘13±Ϯ͘ϲϱ

/�ϳϱ 8͘9ϰ±Ϭ͘Ϯϰ IC75 ϲ3͘99±Ϯ͘ϮϬ IC75 13͘Ϭ9±Ϭ͘13

PC3
^Ƌuaƌaŵide Ϯ ^Ƌuaƌaŵide 7 ^Ƌuaƌaŵide 9

/�Ϯϱ 1͘ϱϱ±Ϭ͘ϱϲ IC25 8͘ϲϳ±Ϭ͘ϳ1 IC25 1Ϯ͘13±Ϯ͘ϱϬ

/�ϱϬ 3͘Ϭ3±Ϭ͘ϱϳ IC50 1Ϯ͘ϳ9±Ϭ͘88 IC50 1ϱ͘9Ϭ±1͘1Ϯ

/�ϳϱ 19͘ϰϰ±Ϯ͘1ϲ IC75 Ϯϰ͘ϰϬ±1͘ϲϲ IC75 18͘11±Ϭ͘ϳϬ

Taďle A1.  /� values ;μMͿ oĨ sƋuaƌaŵides 2͕ 7 and 9 on �3ϳϱ͕ �ϱϰ9 and W�3 ĐanĐeƌ Đell lines͘

DysreŐulaƟon oĨ lysosomal pH

^inĐe ƚŚese ĐoŵƉounds sŚoǁed anion ƚƌansƉoƌƚ aĐƟviƚǇ in ƚŚe liƉosoŵe assaǇs ƚŚƌougŚ �lоͬEK3 
ʹ anƟƉoƌƚ oƌ ,+ͬ�lо sǇŵƉoƌƚ ;�ussĐŚaeƌƚ et al.͕ ϮϬ1Ϯ͕ ϮϬ1ϰͿ ǁe sougŚƚ ƚo deƚeƌŵine ǁŚeƚŚeƌ ƚŚeǇ 
Đould sŚoǁ ƚƌansƉoƌƚ aĐƟviƚǇ inside Đells͕ ĐonƚƌibuƟng ƚo ƚŚeiƌ ĐǇƚoƚoǆiĐiƚǇ͘ dŚe in vitro ionoƉŚoƌiĐ 
aĐƟviƚǇ oĨ ƚŚe ĐǇƚoƚoǆiĐ ĐoŵƉounds ǁas sƚudied in �3ϳϱ͕ ŵelanoŵa Đell line͕ using viƚal sƚaining ǁiƚŚ 
aĐƌidine oƌange ;�KͿ͘ dŚis Đell Ɖeƌŵeable dǇe͕ as a ǁeaŬ base͕ aĐĐuŵulaƚes in aĐidiĐ ĐoŵƉaƌƚŵenƚs͕ 
suĐŚ as lǇsosoŵes͕ ǁŚeƌe iƚ is Ɖƌoƚonaƚed and sŚoǁs oƌange ŇuoƌesĐenĐe eŵission͕ ǁŚeƌeas iƚ eŵiƚs 
gƌeen ŇuoƌesĐenĐe aƚ ŚigŚeƌ Ɖ, ;�llison and zoung͕ 19ϲ9Ϳ͘  WŚen �3ϳϱ Đells ǁeƌe sƚained ǁiƚŚ �K͕ 
gƌanulaƌ oƌange ŇuoƌesĐenĐe ǁas obseƌved in ƚŚe ĐǇƚoƉlasŵ ;&iguƌe �ϰ a͕bͿ͕ suggesƟng ƚŚaƚ ƚŚe 
oƌange ŇuoƌesĐenĐe is due ƚo aĐidiĐ oƌganelles͕ suĐŚ as lǇsosoŵes and endosoŵes͘ �ells ƚƌeaƚed ǁiƚŚ 
nonͲĐǇƚoƚoǆiĐ sƋuaƌaŵide 7 sŚoǁed no ĐŚanges ;Įguƌe �ϰ e͕ĨͿ͘ ^uƌƉƌisinglǇ͕  Đells ƚƌeaƚed ǁiƚŚ ƚŚe 
ĐǇƚoƚoǆiĐ sƋuaƌaŵides 2 and 9 also did noƚ sŚoǁ a signiĮĐanƚ disaƉƉeaƌanĐe oĨ oƌange eŵission ǁŚen 
adŵinisƚeƌed aƚ ƚŚeiƌ /�ϱϬ value ;Įguƌe �ϰ Đ͕gͿ͕ buƚ aƚ ŚigŚeƌ ĐonĐenƚƌaƟons ;/�ϳϱ valuesͿ ƚŚe oƌange 
Đolouƌ did disaƉƉeaƌ ;Įguƌe �ϰ d͕ŚͿ͘ dŚese ƌesulƚs indiĐaƚe ƚŚaƚ boƚŚ ĐoŵƉounds ǁeƌe ĐaƉable oĨ 
induĐing Ɖ, disĐŚaƌge aĐƌoss ƚŚe lǇsosoŵal ŵeŵbƌane͘ 
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FiŐure A4. Acridine OranŐe staininŐ oĨ melanoma A375 cells aŌer exposure to squaramides 2͕ 7 and 9 at tŚe IC50 Ĩor 1Ś 
or IC75 dose Ĩor 3 Ś͘ ;a͕ bͿ unƚƌeaƚed Đells͕ ;ĐͿ 2 aƚ /�ϱϬ ĐonĐenƚƌaƟon͕ ;dͿ 2 aƚ /�ϳϱ ĐonĐenƚƌaƟon͕ ;eͿ 7 aƚ /�ϱϬ ĐonĐenƚƌaƟon͕ 
;ĨͿ 7 aƚ /�ϳϱ ĐonĐenƚƌaƟon͕ ;gͿ 9 aƚ /�ϱϬ ĐonĐenƚƌaƟon͕ ;ŚͿ 9 aƚ /�ϳϱ ĐonĐenƚƌaƟon͘ �ells ǁiƚŚ ĐǇƚoƉlasŵiĐ gƌanulaƌ oƌange 
ŇuoƌesĐenĐe ǁeƌe obseƌved ;a͕ b͕ e and ĨͿ͕ Đells ǁiƚŚ disaƉƉeaƌanĐe oĨ ĐǇƚoƉlasŵiĐ oƌange ŇuoƌesĐenĐe ǁeƌe deƚeĐƚed in 
;d and ŚͿ͘

Cytotoxic squaramide compounds induce apoptoƟc cell deatŚ

�s Śas been seen in Ɖƌevious seĐƟons ƚŚe ĐoŵƉounds aƌe ĐǇƚoƚoǆiĐ͘ dŚeƌeĨoƌe͕ ǁe ǁanƚed ƚo 
analǇǌe ƚŚe Đell deaƚŚ induĐed bǇ ƚŚese sƋuaƌaŵides͘ �ƉoƉƚosis is a ƟgŚƚlǇ ƌegulaƚed Ĩoƌŵ oĨ Đell 
deaƚŚ in ǁŚiĐŚ Đells aĐƟvelǇ ƉaƌƟĐiƉaƚe in ƚŚeiƌ oǁn desƚƌuĐƟon͘ dŚis Đell deaƚŚ Đan be ƚƌiggeƌed bǇ 
diīeƌenƚ sƟŵulus suĐŚ as susƚained ĐŚanges in Ɖ,i ;�e Miliƚo et al.͕ ϮϬϬϳͿ͘ � Đell ƚŚaƚ is undeƌgoing 
aƉoƉƚosis deŵonsƚƌaƚes͕ aŵong oƚŚeƌ ŵoƌƉŚologiĐal ĐŚaƌaĐƚeƌisƟĐs͕ nuĐleaƌ ĐondensaƟon and �E� 
ĨƌagŵenƚaƟon͕ ǁŚiĐŚ Đan be deƚeĐƚed bǇ sƚaining ǁiƚŚ ,oeĐŚsƚ 333ϰϮ and ŇuoƌesĐenĐe ŵiĐƌosĐoƉǇ͘ 
dŚƌougŚ ƚŚis ƚeĐŚniƋue ǁe ƚƌied ƚo eǆaŵine all ƚŚese nuĐleaƌ alƚeƌaƟons aŌeƌ ƚŚe eǆƉosuƌe ƚo ƚŚe 
diīeƌenƚ sƋuaƌaŵides in �3ϳϱ Đells ;Įguƌe �ϱͿ͘ 
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FiŐure A5. HoecŚst 33342 staininŐ oĨ A375 cells aŌer exposure ǁitŚ squaramides 2͕ 7 and 9 at 10 μM: ;aͿ unƚƌeaƚed Đells͕ 
;bͿ sƋuaƌaŵide 7͕ ;ĐͿ sƋuaƌaŵide 2 and ;dͿ sƋuaƌaŵide 9͘ �ells ǁiƚŚ noƌŵal nuĐleaƌ ŵoƌƉŚologǇ ǁeƌe obseƌved in Įguƌe 
�ϱa and �ϱb͕ Đells ǁiƚŚ nuĐleaƌ ĐondensaƟon and aƉoƉƚoƟĐ bodies ǁeƌe sŚoǁed in Įguƌe �ϱ Đ and d͘

/n Įguƌe �ϱ unƚƌeaƚed �3ϳϱ Đells Śave ƚǇƉiĐal ƌounded nuĐlei ;&iguƌe �ϱaͿ͘ &olloǁing ƚƌeaƚŵenƚ 
ǁiƚŚ ƚŚe sƋuaƌaŵides 2 and 9 ;1Ϭ μM Ĩoƌ ϰ8 ŚouƌsͿ ƚŚe Đells sŚoǁed nuĐleaƌ ĐondensaƟon ;Įguƌe �ϱĐ 
and dͿ and ƚŚe ĨoƌŵaƟon oĨ aƉoƉƚoƟĐ bodies ǁas obseƌved͕ ĐonĮƌŵing ƚŚaƚ ƚŚese ĐoŵƉounds induĐe 
aƉoƉƚoƟĐ Đell deaƚŚ͘ ,oǁeveƌ͕  ǁiƚŚ ƚŚe nonͲĐǇƚoƚoǆiĐ sƋuaƌaŵide 7 ƚŚe aƉƉeaƌanĐe oĨ ƚŚe nuĐleus 
ǁas noƌŵal ;Įguƌe �ϱbͿ͘

Cell cycle pŚases distriďuƟon aŌer treatment

/n Đase ƚŚe dƌoƉ in viabiliƚǇ obseƌved in Ɖƌevious eǆƉeƌiŵenƚs ǁas Đaused bǇ Đell ĐǇĐle aƌƌesƚ͕ 
ǁe ĨuƌƚŚeƌ analǇǌed ƚŚe sƋuaƌaŵides 2 and 9 eīeĐƚs on Đell ĐǇĐle disƚƌibuƟon͘ �ulƚuƌed �3ϳϱ Đells 
ǁeƌe ƚƌeaƚed aƚ diīeƌenƚ Ɵŵes ǁiƚŚ ƚŚe ŵosƚ Ɖoƚenƚ ĐoŵƉounds and analǇǌed bǇ Ňoǁ ĐǇƚoŵeƚƌǇ 
;Įguƌe �ϲͿ͘ � sligŚƚ ŵodiĮĐaƟon in ƚŚe ƉƌoƉoƌƟon oĨ Đells in '1 and ^ ƉŚases ǁas deƚeĐƚed ǁiƚŚ boƚŚ 
sƋuaƌaŵides aƚ Ϯϰ and ϰ8 Ś͘  ,oǁeveƌ͕  ƚŚe ŵosƚ signiĮĐanƚ ĐŚanges ǁeƌe obseƌved in ƚŚe ƉeƌĐenƚage 
oĨ aƉoƉƚoƟĐ ƉoƉulaƟon ǁiƚŚ an inĐƌease oĨ 1ϱ͘ϳ8й and ϱ1͘ϳ8й aƚ ϰ8 Ś oĨ ƚƌeaƚŵenƚ ǁiƚŚ sƋuaƌaŵides 
2 and 9 ƌesƉeĐƟvelǇ͘ dŚese ƌesulƚs indiĐaƚe ƚŚaƚ ƚŚe ĐoŵƉounds aƌe essenƟallǇ ĐǇƚoƚoǆiĐ sinĐe ƚŚeǇ 
do noƚ Đause Đell ĐǇĐle aƌƌesƚ͘ �onseƋuenƚlǇ͕  ƚaŬing inƚo aĐĐounƚ ƚŚe Ɖƌevious ƌesulƚs͕ ƚŚe obseƌved 
deĐƌease in viabiliƚǇ ǁould be Đaused ŵainlǇ bǇ aƉoƉƚoƟĐ Đell deaƚŚ͘ 
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FiŐure A6.  &loǁ ĐǇƚoŵeƚƌǇ analǇsis oĨ ƚŚe  oĨ �3ϳϱ Đells ǁiƚŚouƚ ƚƌeaƚŵenƚ ;ĐonƚƌolͿ oƌ aŌeƌ ϲ Ś͕ Ϯϰ Ś and ϰ8 Ś sƋuaƌaŵides 
2 and 9 ƚƌeaƚŵenƚ aƚ ƚŚe /�ϱϬ dose͘ Euŵbeƌs ƌeƉƌesenƚ ƚŚe ƉeƌĐenƚage oĨ Đells in eaĐŚ Đell ĐǇĐle ƉŚase͘ sioleƚ Đoloƌ 
ƉeƌĐenƚage oĨ Đells in '1 ƉŚase͖ sƚƌiƉed baƌs ƉeƌĐenƚage in 'ϮͬM ƉŚase͖ ƌed Đoloƌ ƉeƌĐenƚage oĨ Đells in ^ ƉŚase and blue 
Đoloƌ ƉeƌĐenƚage oĨ aƉoƉƚoƟĐ Đells͘ �aƚa sŚoǁn aƌe ƌeƉƌesenƚaƟve oĨ ƚŚƌee indeƉendenƚ eǆƉeƌiŵenƚs ǁiƚŚ siŵilaƌ ƌesulƚs 
obƚained in eaĐŚ͘
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DISCUSSION
dŚe ƚƌansƉoƌƚ oĨ anion ĐŚloƌide aĐƌoss Đell ŵeŵbƌanes ƌegulaƚes ŵulƟƉle biologiĐal ƉƌoĐesses 

suĐŚ as inƚƌaĐellulaƌ Ɖ,͕ ŵeŵbƌane ƉoƚenƟal and Đellulaƌ voluŵe ƚŚaƚ aƌe essenƟal in ŵulƟƉle 
ƉŚǇsiologiĐal ƉƌoĐesses suĐŚ as Đell ŵigƌaƟon͕ ƉƌoliĨeƌaƟon and diīeƌenƟaƟon ;'ale͕ WĠƌeǌͲdoŵĄs and 
Yuesada͕ ϮϬ13Ϳ;,abela eƚ al͕͘ ϮϬϬ9Ϳ͘ dŚis iŵƉoƌƚanƚ ƉƌoĐess is noƌŵallǇ ƌegulaƚed bǇ ƚƌansŵeŵbƌane 
ion ĐŚannels͘ MalĨunĐƟon oĨ anǇ oĨ ƚŚese ĐŚannels ƌesulƚs in ƚŚe develoƉŵenƚ oĨ diseases Ŭnoǁn as 
ĐŚanneloƉaƚŚies͕ as in ƚŚe Đase oĨ ĐǇsƟĐ Įbƌosis ;�sŚĐƌoŌ͕ ϮϬϬϬͿ͘ dŚeƌeĨoƌe͕ inƚeƌesƚ in develoƉing 
anionoƉŚoƌes ƚŚaƚ Đan ƌesƚoƌe ĐŚloƌide ƉeƌŵeabiliƚǇ Śas ƌeĐenƚlǇ inĐƌeased ;>i eƚ al͕͘ ϮϬ1ϳͿ͘ /n addiƟon͕ 
in ƚŚe lasƚ deĐades͕ ion ĐŚannels and ƚƌansƉoƌƚeƌs Śave eŵeƌged as dƌiveƌs oĨ ƚŚe ĐanĐeƌ Ɖƌogƌession 
sinĐe ĐanĐeƌ Đells suīeƌ a ŵeƚaboliĐ sŚiŌ assoĐiaƚed ǁiƚŚ inĐƌeased aĐid ƉƌoduĐƟon and uƉƌegulaƟon 
oĨ aĐidͲeǆƚƌuding ƚƌansƉoƌƚeƌs in Ɖlasŵa ŵeŵbƌane  ;Eeƌi and ^uƉuƌan͕ ϮϬ11Ϳ͘ dŚis alƚeƌed ƚƌansƉoƌƚ 
ƌesulƚs in alŬaliǌaƟon oĨ Ɖ,i in ĐanĐeƌ Đells ĐoŵƉaƌing ƚo noƌŵal ones͘ /n ƚŚis sense͕ iƚ Śas been sŚoǁn 
Śoǁ anionoƉŚoƌes ƚŚaƚ aƌe able ƚo ŵodiĨǇ Ɖ, and ioniĐ gƌadienƚs beƚǁeen inƚƌaĐellulaƌ ĐoŵƉaƌƚŵenƚs 
Đause ĐǇƚoƚoǆiĐiƚǇ in ĐanĐeƌ Đells͕ aīoƌding ƚŚe ƉossibiliƚǇ oĨ using ƚŚese ŵoleĐules as anƟĐanĐeƌ 
agenƚs ;^oƚoͲ�eƌƌaƚo eƚ al͕͘ ϮϬ1ϱͿ͘ 

Kuƌ seƚ oĨ sƋuaƌaŵides and ƚŚiosƋuaƌaŵides Śave been idenƟĮed as Ɖoƚenƚ anion ƚƌansƉoƌƚeƌs 
in liƉosoŵal ŵodel bǇ EaƚŚalie �ussĐŚaeƌƚ and Đolleagues ;�ussĐŚaeƌƚ eƚ al͕͘ ϮϬ1Ϯ͕ ϮϬ1ϰͿ͘ �isƚuƌbing 
ion Śoŵeosƚasis on oƌganelles and Đells Đan ƚƌiggeƌ Đell deaƚŚ ;zu͕ �anǌonieƌo and �Śoi͕ ϮϬϬ1͖ <o eƚ 
al͕͘ ϮϬ1ϰͿ͘ /n ƚŚis ƌegaƌd͕ ĐoŵƉound Ϯ and 9 deĐƌeased Đell viabiliƚǇ͕  esƉeĐiallǇ in Śuŵan ŵelanoŵa 
Đell line͕ ǁŚeƌeas ƚŚe ƌesƚ oĨ ĐoŵƉounds eǆŚibiƚed ƌeduĐed ƚoǆiĐiƚǇ͘ dŚus͕ ƚŚe ŵosƚ Ɖoƚenƚ ones͕ 
ƉƌesenƟng /� values beloǁ 1Ϭ μM in all ƚesƚed Đell lines͕ ŵigŚƚ Śave a ƉoƚenƟal ĨunĐƟon as anƟĐanĐeƌ 
ĐoŵƉounds͕ as ǁell as Ɖƌodigiosin oƌ sǇnƚŚeƟĐ ƚaŵbũaŵine analogues͕ anion ƚƌansƉoƌƚeƌs ƚŚaƚ Śave 
sŚoǁn in viƚƌo anƟĐanĐeƌ aĐƟviƚǇ ;JonaƚŚan >͘ ̂ essleƌ eƚ al͕͘ ϮϬϬϱ͖ ̂ oƚoͲ�eƌƌaƚo eƚ al͕͘ ϮϬ1ϱͿ͖ and ƚŚose 
ƚŚaƚ baƌelǇ aīeĐƚ Đell viabiliƚǇ ŵigŚƚ be suiƚable Đandidaƚes as ƉoƚenƟal dƌugs Ĩoƌ ƚŚe ƚƌeaƚŵenƚ oĨ 
ĐŚanneloƉaƚŚies ;>i eƚ al͕͘ ϮϬ1ϳͿ͘

Kn ƚŚe oƚŚeƌ Śand͕ ƚŚe ƚƌeaƚŵenƚ oĨ ƚŚe �3ϳϱ Đell line ǁiƚŚ ƚŚe ŵosƚ ĐǇƚoƚoǆiĐ sƋuaƌaŵides͕ 2 and 
9͕ Đaused a loss oĨ ƚŚe oƌange ƉunĐƚaƚe ĐŚaƌaĐƚeƌisƟĐ oĨ �K͕ ǁŚiĐŚ is assoĐiaƚed ǁiƚŚ aĐidiĐ oƌganelles 
suĐŚ as lǇsosoŵes oƌ endosoŵes͘ >Ǉsosoŵes͕ essenƟal oƌganelles Ĩoƌ degƌadaƟon and Đellulaƌ 
Śoŵoeosƚasis͕ ƌegulaƚe ƚŚe Įnal sƚeƉs oĨ ƚŚe ĐaƚaboliĐ auƚoƉŚagiĐ ƉƌoĐess͘ /ƚ Śas been desĐƌibed ƚŚaƚ 
ĐŚanges in lǇsosoŵal Ɖ,͕ ƌelaƚed ƚo an iŵƉaiƌŵenƚ oĨ lǇsosoŵal enǌǇŵe aĐƟviƚǇ͕  ƌesulƚ in diveƌse 
ƉaƚŚologiĐal siƚuaƟons ;�oǇa͕ ϮϬ1ϮͿ͘ /n ƚŚis sense͕ alƚeƌed lǇsosoŵal Ɖ,͕ Đaused bǇ sƋuaƌaŵide 
ĐoŵƉounds͕ ŵigŚƚ geneƌaƚe an auƚoƉŚagǇ iŵƉaiƌŵenƚ ƚŚaƚ ŵaǇ Đonƚƌibuƚe ƚo ƚŚe obseƌved ĐǇƚoƚoǆiĐiƚǇ͘ 
WŚiliƉ 'ale ƌeseaƌĐŚ gƌouƉ Śave ƉeƌĨoƌŵed addiƟonal analǇsis ǁiƚŚ sƋuaƌaŵides ƚŚaƚ aƌe ĨoĐused on 
lǇsosoŵal Ɖ, alƚeƌaƟon and iƚs ĐoƌƌesƉonding ĨunĐƟon͘ Zesulƚs obƚained in ƚŚese ƚesƚs ĐonĮƌŵed 
ƚŚaƚ soŵe sƋuaƌaŵides disƌuƉƚ auƚoƉŚagǇ ƌaising lǇsosoŵal Ɖ, and inŚibiƟng ĐaƚŚeƉsins ĨunĐƟon 
;lǇsosoŵal enǌǇŵesͿ ;�ussĐŚaeƌƚ eƚ al͕͘ ϮϬ1ϳͿ͘ dŚis eīeĐƚ ǁould be Đonsisƚenƚ ǁiƚŚ ƌeĐenƚ sƚudies 
Đaƌƌied ouƚ ǁiƚŚ sǇnƚŚeƟĐ ƚaŵbũaŵine analogues͕ ĐŚloƌideͬbiĐaƌbonaƚe ƚƌansƉoƌƚeƌs ǁiƚŚ anƟĐanĐeƌ 
ĐaƉaĐiƚǇ ƚŚaƚ Đause lǇsosoŵal alŬaliǌaƟon and auƚoƉŚagiĐ bloĐŬade ;Zodilla eƚ al͕͘ ϮϬ1ϳͿ͘  

/n liƚeƌaƚuƌe͕ ƚŚeƌe aƌe Ɖƌevious ƉaƉeƌs ǁŚeƌe iƚ is sŚoǁn ƚŚaƚ dǇsƌegulaƟon oĨ ioniĐ Śoŵeosƚasis͕ 
ƉaƌƟĐulaƌlǇ ƚŚƌougŚ ĐŚloƌide inŇuǆ͕ Đan ƉƌoŵƉƚ Đell deaƚŚ bǇ aƉoƉƚosis ;^aŚa et al.͕ ϮϬ1ϲͿ͘  �Ōeƌ 
ƚƌeaƚŵenƚ ǁiƚŚ ƚŚe ŵosƚ Ɖoƚenƚ ĐoŵƉounds͕ 2 and 9͕ iƚ ǁas Ɖossible ƚo deƚeĐƚ ĐŚaƌaĐƚeƌisƟĐ eleŵenƚs 
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oĨ aƉoƉƚoƟĐ dell deaƚŚ in �3ϳϱ Đells͕ suĐŚ as aƉoƉƚoƟĐ bodies and subͲ'1 ƉeaŬ bǇ ,oeĐŚsƚ sƚaining 
and Ňoǁ ĐǇƚoŵeƚƌǇ͕  ƌesƉeĐƟvelǇ͘ Moƌe inͲdeƉƚŚ sƚudies ƌevealed ƚŚaƚ ƚŚe ŵoveŵenƚ oĨ ions Đaused 
bǇ sƋuaƌaŵides ƌesulƚs in ĐǇƚoĐŚƌoŵe c ƌelease Ĩƌoŵ ƚŚe ŵiƚoĐŚondƌia inƚo ƚŚe ĐǇƚosol͕ ƉƌoŵoƟng 
ĐasƉaseͲdeƉendenƚ aƉoƉƚosis ;�ussĐŚaeƌƚ et al.͕ ϮϬ1ϳͿ͘ 

Kveƌall͕ ƚŚis iniƟal sƚudǇ ƉƌoƉose ƚŚaƚ sƋuaƌaŵides 2 and 9 eǆeƌƚ ĐǇƚoƚoǆiĐ aĐƟviƚǇ induĐing aƉoƉƚosis 
along ǁiƚŚ alŬaliǌaƟon oĨ Đellulaƌ aĐidiĐ ĐoŵƉaƌƚŵenƚs in a ŵelanoŵa Đell line͘ dŚese Įndings suggesƚ 
ƚŚaƚ ƚŚese sǇnƚŚeƟĐ anion ƚƌansƉoƌƚeƌs ŵaǇ Śave a ƌole as novel anƟĐanĐeƌ agenƚs͘ 
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a b s t r a c t

Current pharmacological treatments for lung cancer show very poor clinical outcomes, therefore, the
development of novel anticancer agents with innovative mechanisms of action is urgently needed.
Cancer cells have a reversed pH gradient compared to normal cells, which favours cancer progression
by promoting proliferation, metabolic adaptation and evasion of apoptosis. In this regard, the use of iono-
phores to modulate intracellular pH appears as a promising new therapeutic strategy. Indeed, there is a
growing body of evidence supporting ionophores as novel antitumour drugs. Despite this, little is known
about the implications of pH deregulation and homeostasis imbalance triggered by ionophores at the cel-
lular level. In this work, we deeply analyse for the first time the anticancer effects of tambjamine ana-
logues, a group of highly effective anion selective ionophores, at the cellular and molecular levels.
First, their effects on cell viability were determined in several lung cancer cell lines and patient-
derived cancer stem cells, demonstrating their potent cytotoxic effects. Then, we have characterized
the induced lysosomal deacidification, as well as, the massive cytoplasmic vacuolization observed after
treatment with these compounds, which is consistent with mitochondrial swelling. Finally, the activation
of several proteins involved in stress response, autophagy and apoptosis was also detected, although they
were not significantly responsible for the cell death induced.
Altogether, these evidences suggest that tambjamine analogues provoke an imbalance in cellular ion

homeostasis that triggers mitochondrial dysfunction and lysosomal deacidification leading to a potent
cytotoxic effect through necrosis in lung cancer cell lines and cancer stem cells.

� 2016 Elsevier Inc. All rights reserved.

1. Introduction

Correct ion exchange through cellular membranes is an essen-
tial process for maintaining osmotic balance and intracellular pH
(pHi) [1], which are key parameters controlling many biological
processes. In fact, variations in cellular concentrations of certain
ions coordinate the signals that converge on cell cycle checkpoints
[2], regulating the proliferative capacity of cells and their differen-

tiation. Similarly, the triggering of the apoptotic programmed cell
death also depends on ion fluxes mediated by cellular ion channels
[3]. Therefore, when cellular pH is not preserved at a favourable
level, different pathologies may appear, as it is the case of cancer.
Cancer cells undergo a pH deregulation during the process of car-
cinogenesis, resulting in the acidification of the extracellular pH
(pHe) and the alkalinisation of the pHi. This adaptive reversed
pH gradient is decisive for survival and propagation of tumours,
promotes metabolic adaptation, evasion of apoptosis and facili-
tates the metastatic dissemination of tumour cells. Consequently,
pH is recently being considered as another hallmark of cancer [4].

Among different cancers, lung cancer remains a major public
health problem since it is the leading cause of mortality related
to this disease, accounting for more than 1.5 million deaths in
2012 [5]. Early diagnosis and advances in first-line treatments

http://dx.doi.org/10.1016/j.bcp.2016.11.022
0006-2952/� 2016 Elsevier Inc. All rights reserved.
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are not entirely effective in reducing this high mortality since con-
ventional treatments have limited success. Therefore, the identifi-
cation of novel anticancer compounds focused on different
mechanisms of action is eagerly needed [6,7].

Based on the specific altered pH of cancer cells, modulation of
intracellular pH has recently been proposed as a new therapeutic
strategy against cancer. In this regard, a diverse group of aniono-
phores, lipid soluble compounds that facilitate the transport of
anions across cell membranes, have recently emerged as promising
anticancer compounds [8,9]. Indeed, prodigiosin, a tripyrrolic nat-
ural product with anticancer properties, represents one of the first
described anionophores [10–13]. It has been reported that its bio-
logical activity is partly due to its ability to deacidify acidic com-
partments within cells, which may cause a drop in pHi, and
therefore the onset of apoptosis in cancer cells [9,11,14]. Emulating
that characteristic, different anionophores have been designed and
evaluated [15]. We have focused our attention on the bioactive
marine alkaloids tambjamines, a class of natural anionophores that
has shown interesting cytotoxic effects [16,17]. We have recently
synthesized novel synthetic tambjamine analogues bearing aro-
matic substituents in the enamine moiety, as well as explored dif-
ferent substitution patterns on characteristic alkoxy group of the
central pyrrole ring. These compounds proved to be very efficient
anion exchangers in liposome models, promoting both chloride
and bicarbonate transport [18–20]. As a result of this anionophoric
activity, compounds bearing 4-alkoxy-2,20-bipyrrole moieties have
shown to possess interesting anticancer activities in a wide panel
of cancer cell lines [19]. Moreover, a different type of tambjamine
analogues, in which the characteristic 2,20-bipyrrole unit is
replaced by a 2-pyrrolylindole, have recently shown the ability to
hyperpolarize the cellular membrane as well as differentiate and
induce cell death in lung cancer stem cells [20], which are promis-
ing properties for their potential use in cancer therapy.

Despite the identification of this class of anion selective iono-
phores as novel potential anticancer drugs, very little is known
about the effects at the cellular level of the facilitated anion trans-
port and the implications of unbalanced homeostasis and pH
deregulation in the cytotoxicity exhibited by anionophores. In
the present work, we analyse in detail for the first time the cellular
and molecular mechanisms of action that lead to the cell death
triggered by these potent anionophores in several lung cancer cell
lines and cancer stem cells (CSC).

2. Materials and methods

2.1. Compounds synthesis

Tambjamine analogues (Fig. 1a) were synthesized as previously
reported [19]. Drugs were dissolved at 10 mM in DMSO and stored
at �20 �C. Subsequent dilutions for biological assays were made in
culture medium.

2.2. Cell lines and culture conditions

Human lung cancer cell lines A549 (adenocarcinoma), DMS53
(small cell carcinoma), H460 (large cell carcinoma) and SW900
(squamous carcinoma) were obtained from the American Type Cul-
ture Collection (ATCC, Manassas, VA, USA), and maintained in
DMEM (A549) or RPMI medium (Biological Industries, Beit Hae-
mek, Israel). All media were supplemented with 100 U/mL peni-
cillin, 100 lg/mL streptomycin, and 2 mM L-glutamine, all from
Biological Industries and 10% foetal bovine serum (FBS; Gibco,
Paisley, UK). Cancer stem cells were obtained from resected patient
tumour samples or isolated from cancer cell lines and character-
ized through evaluation of stem cell surface markers (CD166,

CD44, CD90, CD133 and EpCAM) by flow cytometry. Moreover,
tumorigenic properties of tumour spheres were assessed through
subcutaneous transplantation in NOD.CB17-Prkdcscid/NcrCrl mice
(Jackson Laboratories, Bar Harbor, ME, USA) and tumour growth
curves were monitored. For detailed procedures and results see
Supplementary information in Ref. [20]. CSC were cultured as a cell
suspension in RPMI medium supplemented with 50 lg/mL Epider-
mal Growth Factor, 20 lg/mL basic Fibroblast Growth Factor, 1�
Insulin-Transferrin-Selenium, 0.4% BSA and 2% B27TM (Gibco). Cells
at passage 10–25 were grown at 37 �C under a 5% CO2 atmosphere.

2.3. Cell viability assay

Cell viability was determined by the MTT assay [21]. Cells
(1 � 105 cells/mL) were seeded in 96-well microtiter plates and
incubated for 24 h to allow cells to attach. Afterwards, they were
treated for 24 h with 10 lM of each compound for single point
experiments and dose-response curves were performed ranging
from 0.78 to 100 lM to calculate the inhibitory concentrations
(IC) of 25%, 50% and 75% of cell population. The drug concentra-
tions corresponding toIC25, IC50, and IC75 values were used in sub-
sequent experiments. Cisplatin and DMSO were used as positive
and negative controls, respectively. In the case of positive control,
concentrations ranging from 1.56 to 200 lM were tested. For inhi-
bition assays, the apoptotic inhibitor Z-VAD-FMK (10 lM) (BD Bio-
sciences, San Jose, CA, USA) or the autophagic inhibitor 3-
Methyladenine (3-MA) (5 mM) from Sigma-Aldrich (St Louis, MO,
USA) was added 30 min prior to compound 2 addition. After
24 h, 10 lM of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo
lium bromide diluted in 1� PBS (MTT, Sigma-Aldrich) was added
to each well for an additional 4 h. The medium was removed and
the MTT formazan precipitate was dissolved in 100 lL of DMSO.
Absorbance was read on a Multiskan multiwell plate reader
(Thermo Fisher Scientific Inc., Waltham, MA, USA) at 570 nm. For
each condition, at least three independent experiments were per-
formed in triplicate. Cell viability was expressed as a percentage
of control cells, and data are shown as the mean value ± S.D. The
IC25, IC50 and IC75 values were calculated with GraphPad PrismTM

5 software (Graph Pad Software, San Diego, CA, USA).
For single-point cell viability assays in monolayer cells (passage

10–20) and sphere-forming cells (passage 1–2), they were plated at
the desired density (1–2 � 103 or 2–3.5 � 103, respectively) in
200 lL per well in 96-well plates. One day (24 h) after seeding,
compound 2 was added in three replicates at 10 lM for each cell
line or patient’s derived cultures. Patient samples acquisition pro-
tocol and informed consent were approved by the local ethics com-
mittee. Cell viability was measured after 24 h, using the CellTiter
96TM AQueous One Solution Cell Proliferation Assay (Promega,
Madison, WI, USA) and following the manufacturer’s instructions.
Absorbance at 490 nm was detected using a VICTOR3TM Multilabel
Plate Reader (Perkin Elmer-Cetus, Norwalk, CT, USA). Cell viability
was normalized to the respective control cells and presented as a
percentage of them. For each condition, three independent exper-
iments were performed and mean ± SD is shown.

2.4. Ion-selective electrode transport assays

A chloroform solution (20 mg/mL) of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) (Sigma-Aldrich) was evaporated
in vacuo using a rotary evaporator and the resulting lipid film was
dried under vacuum for at least 2 h. After that, it was rehydrated by
addition of a sodium chloride solution (489 mM NaCl and 5 mM
phosphate buffer, pH 7.2 or 451 mM NaCl and 20 mM phosphate
buffer, pH 7.2) followed by careful vortexing. The obtained lipid
suspension was subjected to nine freeze-thaw cycles and twenty-
nine extrusions through a 200 nm polycarbonate Nucleopore

24 A.M. Rodilla et al. / Biochemical Pharmacology 126 (2017) 23–33
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membrane using a LiposoFastBasic extruder (Avestin Inc., Ottawa,
Canada). In order to remove the unencapsulated chloride, the
obtained vesicles were dialyzed against a NaNO3 solution
(489 mM NaNO3 and 5 mM phosphate buffer, pH 7.2) or a Na2SO4

solution (150 mM Na2SO4 and 20 mM phosphate buffer, pH 7.2),
respectively. For the NO3

- /Cl- assays, vesicles prepared as described
above (rehydrated with 489 mM NaCl), were suspended in a solu-
tion 489 mM NaNO3 and 5 mM phosphate buffer, pH 7.2 to a final
lipid concentration of 0.5 mM in a total volume of 5 mL. Using a
chloride selective electrode (CRISON 96 52 C I.S.E. electrode) the
chloride efflux was monitored over time. After 60 s, an aliquot of
the transmembrane anion carrier in DMSO was added (the amount
of DMSO was always less than 20 lL in order to avoid influence of
the solvent molecules in the assay). After five minutes (t = 360 s), a
pulse of detergent was added (TritonTM X-100 10% dispersion in
water, 20 lL), thus vesicles were lysed. The obtained final reading
was considered as the 100% of the chloride encapsulated and used
as such. For (HCO3

- /Cl-) assays, the vesicles were rehydrated with
451 mM NaCl and suspended in the Na2SO4 solution. Again, the
final lipid concentration in each experiment was 0.5 mM and the
total volume in each experiment 5 mL. A volume of the carrier
molecule was added at the beginning of the experiment (t = 0 s).
A minute later (t = 60 s), an aliquot of NaHCO3 (in 150 mM Na2SO4

buffered to pH 7.2 with 20 mM sodium phosphate salts) was added
for a final concentration of 40 mM. The chloride efflux was mea-
sured during 5 min and then the detergent was added (t = 360 s).
The data were used as described previously.

2.5. Acridine orange staining

A549 cells (1 � 105 cells/well) grown in a 12-well plate with
cover slips for 24 h were treated with or without the IC50 value
of the studied compounds for 1 h (DMSO was added in control

cells). Afterwards, cells were washed twice with 1� PBS and
stained with 5 lg/mL acridine orange (AO) solution for 30 min at
room temperature. Finally, they were washed three times with
1� PBS/10% FBS and fluorescence was immediately examined in
a NIKON eclipse E800 microscope (filter 330/380 nm) (Nikon Eur-
ope BV, Badhoevedorp, The Netherlands). Three independent
experiments were conducted and representative images are
shown.

2.6. Phase contrast microscopy

For cytoplasmic vacuolization, A549 cells (1 � 105 cells/mL)
were seeded in a 6-well plate and allowed to grow for 24 h. Subse-
quently cells were treated with the IC75 values of each compound
during 6 h and images were observed under inverted phase con-
trast microscope (Axio Observer Z1, Gottingen, Germany). For cell
monitoring, A549 cells (1 � 105 cells/mL) were seeded in 96-well
microtiter plates and incubated for 24 h to allow cells to attach.
Afterwards, they were treated for 24 h with 10 lM of each com-
pound. Then, images were captured following a time course from
0 (before adding drug) to 24 h with a Leica inverted phase-
contrast microscope DMIRBE equipped with digital capture soft-
ware (Leica Microsystems, Wetzlar, Germany).

2.7. Immunofluorescence microscopy

A549 cells (2 � 105 cells/mL) were cultured in a 12-well plate
containing glass coverslips and were incubated with the IC75 of
the studied compounds for 6 h. Cells were then washed twice with
1� PBS and fixed with 4% paraformaldehyde for 20 min. Fixed cells
were permeabilized with 0.2% TritonTM X-100 and then blocked
with 1% BSA in 1� PBS for 1 h. Cells were incubated overnight at
4 �C with anti-LC3 (1:500 dilution, Cat#PM036) from MBL Interna-

Fig. 1. Synthetic tambjamine analogues significantly decrease cell viability. (A) Chemical structure of synthetic tambjamine analogues. (B) MTT cell viability assay was
performed after 24 h of treatment with synthetic tambjamine analogues at 10 lM in A549, DMS53, H460 and SW900 cell lines. (C) Concentrations ranging from 0.8 to 100 lM
of compounds 2 and 7 were used in dose-response curve experiments for ICs value calculation in A549 cell line. At the same time, in case of positive control, concentrations
ranging from 1.6 to 200 lM of cisplatin (CDDP) were tested. (D) Cell viability was tested in adherent (Adh) and cancer stem cells (CSC) derived from lung cancer patients
(FIS302, FIS303) or cancer cell lines (A549, SW900) after 10 lM of compound 2 for 24 h. Results show the mean value ± SD of at least three independent experiments.
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tional Corporation (Woburn, MA, USA) or anti-TOMM20 (1:200
dilution, Cat#612278) from BD Biosciences. In case of using anti-
EEA1 (1:1000 dilution, Cat#ab2900) and anti-LAMP1 (1:1000 dilu-
tion, Cat#ab24170) both from Abcam (Cambridge, MA, USA) cells
were permeabilized with 0.2% Saponin, for 15 min, and then
blocked with 0.2% gelatin-20% normal goat serum in 1� PBS for
1 h at room temperature.

Cells were then washed with 1� PBS and incubated with Alexa
FluorTM 555-conjugated donkey anti-mouse (Cat#A31570, Molecu-
lar Probes, Eugene, OR, USA) or Alexa FluorTM 555-conjugated don-
key anti-rabbit (Cat#A31572, Molecular Probes) at 1:400 dilution
for 1 h at room temperature. At the same time, the nuclear marker
TO-PROTM-3 iodide (1:400, Cat#T3605, Molecular Probes) was
added. Afterwards, coverslips were washed with 1� PBS and were
placed on the slides using MowiolTM (Sigma-Aldrich). The
immunofluorescence images were captured using a Leica TCS-SL
filter-free spectral confocal microscope (Leica Microsystems). Rep-
resentative images from three independent experiments are
shown.

2.8. mCherry-Mito7 stable transfection in A549 cells

A549 cells (3 � 105 cells/mL) were seeded in 60 mm plates and
allowed to grow up to 80% confluence. Before transfection, growth
mediumwas replaced by Opti-MEMTM mediumwithout FBS (Gibco)
and 8 lg of plasmid DNA (mCherry-Mito-7 was a gift from Michael
Davidson (Addgene plasmid # 55102) [22] was transfected using
20 lL of lipofectamineTM reagent (Invitrogen, Carlsbad, CA, USA)
per condition. After 5 h of transfection, the medium was replaced
by complete medium. Stable selection was performed by adding
G418 (Calbiochem, La Jolla, CA, USA) to the medium at 800 lg/
mL final concentration 2 days after the transfection. After 3 weeks,
the brightest cell population was selected by cell sorting using a
Moflo Astrios XPD Cell Sorter (Beckman Coulter, Miami, FL, USA).
When a stable mCherry-Mito7 overexpressing A549 cell line was
established, cells were seeded in a l-Slide chambered coverslip
(Ibidi, Martinsried, Germany), and allowed them to attach and
grow during 72 h. Afterwards, cells were exposed to IC75 of the
studied compounds and a far-red nuclear counterstain, DRAQ5
(Abcam) was applied at a 1:5000 dilution. The images were cap-
tured every 20 min for 3 h using a Leica TCS-SL filter-free spectral
confocal microscope (Leica Microsystems). Representative images
from three independent experiments are shown.

2.9. Transmission electron microscopy

A549 cells (2 � 105 cells/mL) grown in 100 mm plates and were
incubated with the IC75 of the studied compounds for 6 h. Cells
were fixed in a solution containing 2% paraformaldehyde, 2.5% glu-
taraldehyde in 0.1 M phosphate buffer (pH 7.2) at room tempera-
ture for 1 h and then collected as cell pellets. Pellets were kept in
a post-fixed solution containing 1% osmium tetroxide, 0.8% potas-
sium ferrocyanide in 0.1 M phosphate buffer (pH 7.2) at 4 �C. After
that, cells were dehydrated in graded acetone, embedded in Spurr’s
resin and cured at 60 �C for 48 h. Semithin sections (1 lm) were
cut with a glass knife, mounted on slides, stained with 1% methy-
lene blue and viewed using a light microscope to select the region
of interest. Ultrathin sections (60–70 nm) were cut using a dia-
mond knife, mounted on 200 mesh copper grids and double-
stained with 2% aqueous uranyl acetate for 30 min and Reynold’s
lead citrate for 10 min. Specimens were examined in a transmis-
sion electron microscope Jeol 1010 (Jeol, Tokyo, Japan) and digital
images were acquired using a Gatan Orius SC1000 CCD Digital
Camera (Gatan, Inc., Pleasanton, California, USA). Two independent
experiments were performed and photographs were taken from at
least three different semithin sections from each experiment.

2.10. MitotrackerTM staining

A549 cells (1 � 104 cells/well) were seeded in 8-well sterile l-
Slide (chambered coverslip) (Ibidi), and allowed to attach and grow
during 72 h. Then, cells were preincubated with MitoTrackerTM Red
CMXRox 500 nM during 1 h, washed with 1� PBS and exposed to
IC75 value of compound 2 for 3 h. Immunofluorescence images
were captured using a Leica TCS-SL filter-free spectral confocal
microscope (Leica Microsystems). Representative images from
three independent experiments are shown.

2.11. Immunoblot analysis

A549 cells (1 � 105 cells/mL) were seeded and allowed to grow
for 24 h. Afterwards, they were exposed to compounds (IC25, IC50

and IC75 values) for 24 or 48 h. Total protein extracts were obtained
from cells by the addition of lysis buffer (0.1% SDS, 1% NP-40, 0.5%
sodium deoxycholate, 50 mM NaF, 40 mM b-glycerophosphate,
200 lM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluo-
ride, serine and cysteine protease inhibitor cocktail (Roche Man-
nheim, Germany) in 1� PBS). Protein concentration was
determined by BCA protein assay (Pierce, Rockford, IL, USA) using
BSA as a standard. After that, 40 lg of protein extracts were sepa-
rated by 8–15% SDS-polyacrylamide gel electrophoresis and trans-
ferred to ImmobilonTM-P membranes (Millipore, Bedford, MA, USA).
Membranes were blocked in 5% dry milk or 5% BSA, both diluted in
1� TBS–Tween (50 mM Tris–HCl pH 7.5, 150 mMNaCl, 0.1% Tween
20) for 1 h and then incubated overnight with primary antibodies,
according to the manufacturer’s instructions. Antibodies were
obtained from the following sources: anti-caspase 3 (Cat#9662),
anti-caspase 9 (Cat#9502), anti-PARP (Cat#9542), anti-phospho-
p38 MAPK (Thr180/Tyr182, Cat#4511), anti-p38 MAPK
(Cat#8690), from Cell Signaling Technology (Beverly, MA, USA);
anti-LC3 (Cat#PM036) and anti-p62/SQSTM1 (Cat#PM045) both
from MBL International Corporation; anti-actin (I-19, Cat#sc-
1616) from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and
anti-vinculin (Cat#V-4505) from Sigma-Aldrich. Antibody binding
was detected with goat anti-mouse IgG-HRP (Cat#sc-2005), goat
anti-rabbit IgG-HRP (Cat#sc-2004) and donkey anti-goat IgG-HRP
(Cat#sc-2020) all from Santa Cruz Biotechnology, and the ECL
detection kit (Amersham, Buckinghamshire, UK). Actin or vinculin
was used as gel loading controls. Results shown are representative
of Western blot data obtained from at least three independent
experiments with similar observations. Images were captured on
an Image QuantTM LAS 500 (GE Healthcare Little Chalfont, UK) and
band densitometries were retrieved using the software ImageJ ver-
sion 1.43u software (National Institutes of Health, Bethesda, Mary-
land, USA).

2.12. Statistical analyses

Results are expressed as the mean ± SEM of at least three inde-
pendent experiments. One-way ANOVAs were carried out with the
Statgraphics centurion statistical package and post hoc Tukey anal-
yses were performed. Statistically significant differences, p < 0.05
and p < 0.01, are represented by * and **, respectively.

3. Results

3.1. Compounds cytotoxic effects on cancer cell lines and cancer stem
cells

The effect on cell viability of several tambjamine analogues
(Fig. 1a), selected from a previous screening [19], was evaluated
in different lung cancer cell lines representative of the four major
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histological subtypes (A549, adenocarcinoma; SW900, squamous
cell carcinoma; H460, large cell carcinoma; DMS53, small-cell car-
cinoma) (Fig. 1b). Cell viability was measured by the MTT assay
and a significant decrease (more than 50%) was observed after
24 h with 10 lM of all the tested compounds. From these experi-
ments two derivatives (compounds 2 and 7) were selected as the
most potent compounds. Then, dose-response experiments were
conducted in A549 cells and compared to a positive control, cis-
platin as a current chemotherapeutic treatment in lung cancer.
The IC50 values obtained for compound 2 and 7 were 3.38 ± 0.98
and 1.67 ± 0.29 lM and IC75 values were 4.72 ± 0.76 and
3.57 ± 0.49 lM, respectively; while IC50 value for cisplatin (CDDP)
was more than 200 lM (Fig. 1c).

Cell viability after treatment with the most potent compound,
tambjamine 2, was also evaluated in cancer stem cells (CSC)
derived from patients or isolated from cancer cell lines (Fig. 1d).
The derived tumour spheres were deeply characterized, showing
enrichment in stem cell surface markers as well as great tumori-
genic properties in scid mice transplantation experiments (see
Supplementary information Ref. [20]). Our results show a signifi-
cant decrease in cell viability, either in CSC derived from cell lines
(A549 and SW900) or derived from tumour patient samples
(FIS302 and FIS303).

3.2. Tambjamine derivatives are effective anion transporters that
deregulate lysosomal pH

The activity as transmembrane anion carriers of the two most
cytotoxic compounds, 2 and 7, was assayed in model POPC

liposomes. Chloride loaded liposomes were suspended in an iso-
tonic chloride free solution, and chloride efflux facilitated by these
compounds was monitored using a chloride selective electrode. At
the end of the experiments, vesicles were lysed by the addition of
detergent and the final electrode reading considered as 100% chlo-
ride release. Quantification of the transport activity was carried out
by repeating the experiments using several concentrations of the
studied compounds and performing hill analyses of the results
(Fig. 2a and b). The resulting EC50 value represents the amount of
compound needed to release 50% of the encapsulated chloride in
the time scale of the experiments (300 s). The EC50 values obtained
for 2 and 7were 50 nM and 60 nM respectively in the assay involv-
ing NaNO3 as external solution and 240 nM and 880 nM respec-
tively in the assay involving NaHCO3 as external solution. The
impact on the EC50 values of the external anion is consistent with
an exchange mechanism in which chloride efflux from the interior
of the vesicle is accompanied by influx of the external anion, thus
precluding the formation of an electrochemical gradient. The rela-
tive higher lipophilicity of nitrate compared to bicarbonate makes
this latter anion more difficult to extract into the membrane
hydrophobic core and hence the higher EC50 observed. This trans-
port mechanism has been studied by us in detail and the result
demonstrates that 2 and 7 are very potent anionophores promot-
ing effective transmembrane anion transport in vesicles at low
loadings [19].

On the other hand, lysosomal pH modifications in A549 cells
were analysed using acridine orange staining [23]. This dye accu-
mulates into acidic organelles, like lysosomes or late endosomes,
and emits orange fluorescence as a result of its protonation under

Fig. 2. Potent transmembrane anion transport activity of tambjamine analogues in liposomes and cellular models. (A) Chloride efflux upon addition of compound 2 or 7 at
different concentrations to vesicles composed of POPC. Squared symbols correspond to the results obtained using NaNO3 as external buffer, triangular symbols correspond to
the results obtained using NaHCO3/Na2SO4 as external buffer. Each trace represents an average of at least three different experiments (See Section 2.2. for details). (B) Impact
of external buffer (NaNO3, squared symbols, or NaHCO3/Na2SO4, triangular symbols) in the chloride efflux promoted by 2 or 7 (0.1 lM, blue and red symbols, respectively). (C)
Acridine orange staining on A549 cells treated with vehicle (DMSO), 10 lM compound 2 or 7 for 1 h. Images are representative of three independent experiments. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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these acidic pH conditions, whilst it emits green fluorescence in
other parts of the cell, as observed in control cells (Fig. 2c). When
A549 cells were treated with IC50 values of compounds 2 or 7 for
1 h, the orange fluorescence in the vesicle compartments disap-
peared, indicating an increase in the pH of these organelles. This
result is in agreement with the ionophoric activity of these com-
pounds facilitating the transmembrane transport of anions such
as bicarbonate across cellular membranes and this pH alteration
should result in lysosomal dysfunction.

3.3. Cytoplasmic vacuolization due to mitochondrial swelling induced
by tambjamine analogues

After treatment with compounds 2 or 7, massive cytoplasmic
vacuolization was observed by phase contrast microscopy after
6 h exposure with their IC75 values (Fig. 3a). To better understand
this phenomenon, cells were monitored during 24 h after 10 lM
treatment with each compound (Fig. 3b). Cytoplasmic vacuoliza-
tion was observed as soon as 3 h of compounds addition and was
maintained up to 24 h. In the case of compound 2, cell death due
to cellular swelling and/or burst was observed within the 24 h per-
iod. This is indicative of necrotic cell death reflecting the potent
cytotoxic activity of this compound.

In order to determine which cellular organelle was undergoing
this vacuolization process, several subcellular markers were used
for immunofluorescence detection (Figs. 4 and 5). First of all, the
autophagosomal marker LC3 was evaluated and, although a high
increase on protein levels was observed, it did not colocalize with
the vacuoles (Fig. 4a). Then, the lysosomal marker LAMP1 and the

early endosomal marker EEA1 were used and different protein
localization was observed in treated cells, but again neither colo-
calized with the vacuolated organelle (Fig. 4b and c). Moreover,
the hydrophilic polysaccharide dextran-red was administered to
treated cells to monitor macro/pinocytosis, but we did not obtain
vesicle staining (data not shown). Finally, a mitochondrial protein
called TOMM20 was employed and proved to stain the membranes
of the vacuoles, indicating that mitochondrial swelling was occur-
ring after compound treatment (Fig. 5a) and ruling out vacuoliza-
tion of autophagosomes, lysosomes or endosomes.

To further characterize that the vacuolated organelle was mito-
chondria, a plasmid with the mitochondrial targeting sequence
from subunit VIII of human cytochrome c oxidase was transfected
into cells in order to monitor mitochondria. Control cells showed
typical red mitochondrial staining, whereas in cells treated with
compound 2, mitochondrial swelling was clearly observed
(Fig. 5b). Transmission electron micrographs were obtained from
control and cells treated with compounds 2 or 7 to analyse these
results in deep, and mitochondrial swelling was also observed
(black arrows, Fig. 5c). Moreover, many autophagy-related struc-
tures such as autophagosomes, autolysosomes and dense lyso-
somes are also visualized in treated cells. This process was also
studied using MitoTrackerTM Red CMXRos, a fluorescent dye whose
accumulation depends on mitochondrial membrane potential [24],
to track mitochondria (Fig. 6). Control cells showed typical fila-
mentous mitochondria, but in treated cells mitochondria gradually
swelled to a larger size structure and finally lost fluorescence. This
indicates that mitochondrial membrane potential is lost during the
swelling process after compound treatment.

Fig. 3. Cytoplasmic vacuolization induced by tambjamine analogues. (A) Phase contrast microscopy images of A549 cells treated with IC75 of compounds 2 or 7 for 6 h. (B)
Time-course photographs of A549 cells treated with 10 lM of compound 2 or 7 during 24 h. Scale bars 100 lm (A) and 50 lm (B). Images are representative of three
independent experiments.
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3.4. Molecular cell death mechanisms

Finally, to understand the molecular cell death mechanisms
triggered by these compounds, cells were treated with compound
2 and several proteins involved in stress response, autophagy and
apoptosis were analysed. Activation of p38 Mitogen-Activated Pro-
tein Kinase (MAPK) in A549 cells was observed in a dose-response
manner (Fig. 7a). This signal has been reported to activate apopto-
sis after some stresses. After 24 h of treatment with high concen-
trations of compound 2, we were able to observe a small
activation of caspase 9 and 3, as well as PARP cleavage (Fig. 7b).

Likewise, small activation of apoptotic markers was observed after
48 h treatment. To further analyse whether this apoptotic activa-
tion was involved in the cytotoxic effect induced by tambjamines,
a pan-caspase inhibitor (10 lM Z-VAD-FMK) was added before
treatment with compound 2. Under these conditions, cell viability
was not recovered (data not shown). Therefore, this result sug-
gested that although apoptosis is being triggered by these tamb-
jamine analogues, this process is not entirely responsible for the
cytotoxic effect induced by these compounds.

This led us to study the autophagic process after compound
treatment and to investigate whether it was involved in the

Fig. 4. Tambjamine analogues treatment did not induce swelling of autophagosomes, lysosomes or early endosomes. Immunofluorescence in A549 cells treated with IC75 of
compound 2 for 6 h. It was performed with different antibodies that recognize several cellular organelles (red) and were compared to the distribution of cytoplasmic vacuoles
observed by phase contrast microscopy. (A) Distribution of the autophagosomal marker LC3, (B) distribution of lysosomal marker LAMP1 (C) distribution of the early
endosome marker EEA1. The nucleus was counterstained with TO-PROTM-3 (blue). Scale bar 20 lm. Images are representative of at least three independent experiments. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Mitochondrial swelling after tambjamine analogues treatment. (A) Immunofluorescence of mitochondrial marker TOMM20 in A549 cells treated with IC75 of
compound 2 for 6 h. The nucleus was counterstained with TO-PROTM-3 (blue). (B) A549 cells overexpressing mCherry-Mito7 plasmid, which targets mitochondria (red), were
treated with IC75 of compound 2 for 3 h. Mitochondrial staining was compared to vacuolization observed in phase contrast photographs. Scale bar 20 lm. (C) Transmission
electron micrographs from control and treated A549 cells with compound 2 and 7 for 6 h. Mitochondrial swelling (black arrows) as well as double-membrane vesicles
accumulation (autophagosomes and autolysosomes) were observed. Scale bar 2 and 5 lm. Images are representative of at least three independent experiments. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Mitochondrial swelling and loss of mitochondrial membrane potential after tambjamine analogues treatment. Confocal images of A549 cells treated with 500 nM
MitoTrackerTM Red CMXRos during 1 h and then compound 2 for 3 h. Mitochondria with normal membrane potential are stained in red. Nucleus was counterstained with
DRAQ5 (blue). Scale bar 20 lm. Images are representative of at least three independent experiments. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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observed cytotoxicity. At very low concentrations of compound 2
(IC25), an impressive appearance of the lipidated LC3 form (LC3-
II), indicative of autophagosome formation (Fig. 7c), was detected.
On the other hand, p62, a protein that is itself degraded by autop-
hagy, was not degraded but accumulated after treatment, indicat-
ing a blockade of the autophagic flux. To elucidate whether
autophagy was involved in the induced cell death, an inhibitor of

autophagosomes formation (5 mM 3-MA) was added prior com-
pound administration (data not shown). Cell viability was not
recovered after 3-MA administration, suggesting that autophago-
somes formation and their accumulation are not crucial for the
cytotoxic effect induced by tambjamines. Finally, at higher doses
and 24 h of treatment, tambjamines also provoked cytoplasmic
swelling, which finally led to plasma membrane breakdown

Fig. 7. p38 MAPK activation, apoptosis induction and autophagy blockade after tambjamine analogues treatment. A549 cells were treated with compound 2 IC25, IC50 and IC75

values for 24 h and protein extracts were used to determine changes in protein levels. Detection and quantification of: (A) the stress kinase p38 MAPK and its phosphorylation
levels; (B) apoptotic markers caspase 9, 3 and PARP substrate and (C) autophagic markers LC3II and p62. Protein levels were normalized with their respective loading controls
(actin or vinculin) in each blot. Fold changes in protein expression levels were quantified and referred to non-treated cells. Data show the mean ± SEM of three independent
experiments. Statistically significant results are indicated as *p < 0.05 and **p < 0.01.
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indicative of necrosis, as observed in the phase contrast images
(Fig. 3b) and the Supplementary video.

4. Discussion

Diverse synthetic tambjamine analogues have recently shown
potent anticancer activity in a panel of cancer cell lines, including
humanmelanoma, lung carcinoma, colorectal adenocarcinoma and
mammary adenocarcinoma cells [19,20]. In this study, we extend
the results obtained with those compounds bearing 4-alkoxy-
2,20-bipyrrole moieties [19] to several lung cancer cell lines and
CSC, as well as characterize in deep for the first time the cellular
and molecular events that are participating in the cell death
induced by these potent compounds.

Cell viability was significantly reduced by most of the tested
compounds in all human lung cancer cell lines studied, and com-
pound 2 showed to be especially potent against patient-derived
CSC. This tumour subpopulation possesses tumour-initiating and
self-renewal capacities, and contributes to acquired chemotherapy
resistance in cancer [25], thus these results are very promising for
lung cancer treatment and the prevention of tumour recurrences.
In this view, other anionophores such as the recently reported
2-pyrrolylindole tambjamine analogues or the cation selective
ionophore salinomycin, also induce CSC-specific toxicity [20,26],
indicating that the application of these kind of compounds might
be a very promising therapy.

Once the cells internalize these synthetic tambjamine ana-
logues, several cellular processes occur, converging in the potent
cytotoxic effect observed. On one hand, a huge cytoplasmic vac-
uolization was detected after compound treatment, which was
due to mitochondrial swelling, as demonstrated by several specific
markers of this organelle. Moreover, after significant organelle
swelling, loss of mitochondrial membrane potential was induced
by compound 2. Mitochondria in eukaryotic cells are the essential
machinery to provide energy with an aerobic environment. It has
previously been described in cells with acute cellular injury that
mitochondrial depolarization and mitochondrial membrane per-
meabilization lead to a large amplitude swelling and cellular ATP
depletion [27,28]. Therefore, mitochondrial dysfunction observed
after tambjamine analogues treatment may cause an energetic fail-
ure contributing to their cytotoxic effect.

Autophagy is a catabolic process whereby cellular components
are enclosed in double-membrane vesicles referred to as
autophagosomes, targeting them for lysosomal degradation. This
process serves as an essential cytoprotective response to patho-
logic stresses [29]. Accumulation of defective mitochondria trig-
gers its selective degradation, process known as mitochondrial
autophagy or mitophagy, maintaining a healthy population of
these organelles [30,31]. A very significant amount of the
autophagosomal marker LC3II protein accumulates after treatment
with tambjamine analogues, even at very low concentrations. This
indicates that the process of autophagy is being triggered by the
treatment with these tambjamine analogues and that the induced
mitochondrial damage may launch the process of mitophagy in
order to remove damaged organelles. This phenomenon is fre-
quently found as a result of mitochondrial stress, such is the case
of treatment with the mitochondrial chain uncoupler carbonyl cya-
nide m-chlorophenylhydrazone (CCCP)[32], or salinomycin, an
ionophore which affects mitochondrial potential [33]. On the other
hand, it has recently been reported that pHi changes modulate
both autophagy and mitophagy [34], thus the changes in cellular
pH caused by these compounds could also be contributing to trig-
ger this pathway [20].

The loss of the typical acridine orange fluorescence in acidic
organelles after exposure to our compounds indicates lysosomal

alkalization. This increase in lysosomal pH is consistent with an
anion carrier activity across cellular membranes, similarly to that
observed in model liposomes. Interestingly, it has recently been
reported that obatoclax, another anionophore related to the
prodiginine family which has been evaluated in clinical trials for
different cancer conditions, rapidly localizes to the lysosomes
and also induces lysosomal alkalization [35,36].

Lysosomes contain many different types of hydrolytic enzymes
that usually exert their maximal enzymatic activity at low pH [37].
Typically, an increase in lysosomal pH could derive from H+ leak-
age, a defective proton pump or lysosomal permeabilization [38].
This could lead to a failure in their proper functioning, resulting
in blockade of autophagy [39,40]. After tambjamine analogues
treatment, increase in the lysosomal pH derived from lysosomal
membrane permeabilization may inactivate its hydrolytic enzymes
and therefore it may block autophagy. This feature mainly occurs
because this organelle is essential in the final step of the autopha-
gic process, wherein autophagosomes fuse with lysosomes and
subsequent protein digestion occurs [41]. The autophagic sub-
strate, p62, also known as sequestosome 1 (SQSTM1), binds ubiq-
uitinated proteins for subsequent degradation in lysosomes,
where it is also degraded [42]. Our results show that there is no
p62 degradation, indicating an impairment in the autophagic flux
and consequent accumulation of unprocessed autophagosomes or
autolysosomes [43]. Moreover, the autophagy inhibitor 3-MA,
which inhibits autophagy by blocking autophagosomes formation
via the inhibition of type III phosphatidylinositol 3-kinases
(PI3K), is not able to reverse the cytotoxic effect induced by tamb-
jamines. Thus this autophagy might be contributing to the cyto-
toxic effect, but it is not responsible for it. Nevertheless,
mitochondrial dysfunction along with a defect in autophagy cata-
bolism due to lysosomal deacidification might be detrimental to
tumour cells since they produce low rates of ATP and impaired
recycling of nutrients for energy production, as well as an imbal-
ance in vesicular biogenesis and turnover. This cellular stress is
reflected by p38 MAPK activation, which may initiate apoptosis
[44], although again this process is not crucial for the observed
cytotoxicity elicited by these compounds. Therefore, the imbalance
in cellular ion homeostasis that triggers mitochondrial dysfunction
and lysosomal deacidification may be inducing cell death by necro-
sis after tambjamine analogues treatment. In this regard, the lyso-
somal permeabilization induced by obatoclax in apoptosis-
resistant anaplastic thyroid cells has been demonstrated to be suf-
ficient to induce necrosis in this resistant model, representing an
interesting therapeutic approach [36].

Overall, these new tambjamine analogues show promising
anticancer properties in lung cancer and could represent a
good therapeutic option for apoptosis-resistant tumours. These
results shed light into the cellular and molecular mechanisms
resulting from the action of these compounds. Lysosomal and
mitochondrial dysfunction led to necrosis as the main cell
death mechanism responsible for the cytotoxicity of these
compounds, which might be shared by other active small
molecule anionophores.
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ABSTRACT: Facilitated anion transport potentially repre-
sents a powerful tool to modulate various cellular functions.
However, research into the biological effects of small molecule
anionophores is still at an early stage. Here we have used two
potent anionophore molecules inspired in the structure of
marine metabolites tambjamines to gain insight into the effect
induced by these compounds at the cellular level. We show
how active anionophores, capable of facilitating the trans-
membrane transport of chloride and bicarbonate in model
phospholipid liposomes, induce acidification of the cytosol and
hyperpolarization of plasma cell membranes. We demonstrate
how this combined effect can be used against cancer stem cells
(CSCs). Hyperpolarization of cell membrane induces cell differentiation and loss of stemness of CSCs leading to effective
elimination of this cancer cell subpopulation.

■ INTRODUCTION

Transmembrane ion channels and pumps are sophisticated
cellular machineries involved in many biological processes. As
such, ion channels constitute one of the main drug targets in
medicinal chemistry. An estimated 13% of currently approved
drugs have ion channels as their main therapeutic target, being
used for the treatment of a variety of disease conditions.1 The
most successful strategy to modulate transmembrane ion flux is
to use small molecules activators or blockers of endogenous
proteins. Nevertheless, there is an intense interest in designing
artificial ion channels and ionophores.2,3 In particular, cation
selective ionophores are widely used as antibiotics and research

tools. In the past few years, the development of small molecules
capable of facilitating the transmembrane transport of anions
has emerged as an active research field.4−6 A number of
molecules inspired by naturally occurring anionophores such as
prodiginines or by synthetic molecules containing amide,
(thio)urea, or (thio)squaramide hydrogen-bond donors have
been characterized as efficient anion transporters.7−10 The
potential biological applications of these compounds have been
less explored. In a seminal work, Magda, Sessler et al. linked the
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anionophoric activity of prodigiosin-like molecules with their
anticancer activity.11 Further work by different research groups
delineated relationships between the transmembrane transport
of anions and the cytotoxicity induced by some of these
compounds.12 Very recently, Gale, Sessler, Shin, and co-
workers have demonstrated how diamide-strapped calix[4]-
pyrroles induced apoptosis via a caspase-dependent pathway as
a result of the facilitated sodium and chloride influx promoted
by these derivatives.13

Potentially, facilitated transmembrane transport of chloride
and bicarbonate (the most abundant anions in biological
environments) could impact on cellular ion homeostasis, pH
levels, and membrane potentials. These are key parameters for
cell survival, and there is a growing body of evidence showing
their relationships with cancer development and progression.14

Dysregulated pH has been recognized as a hallmark of cancer.
Cancer cells show a reversed pH gradient compared to normal
differentiated cells, with intracellular pH (pHi) higher than
extracellular pH.15 This reversed gradient is regulated by ion
channels and pumps and facilitates cancer progression being
permissive for some of the acquired characteristics of cancer
cells, such as sustained proliferative signaling or resistance to
cell death.16 Membrane potential (Vm) also plays key roles in
cancer development and cell differentiation.17 Nonproliferating,
terminally differentiated somatic cells, such as muscle cells and
neurons, are characterized by their hyperpolarized Vm, whereas
proliferative cells, especially rapidly proliferating tumor cells,
displayed depolarized Vm. Interestingly, cancer stem cells
(CSCs), a tumor cell subpopulation that exhibits tumor-
initiating capacity, self-renewal in serial transplantation assays
and contributes to acquired chemotherapy resistance in
cancer,18 need to maintain a depolarized Vm in order to
preserve their stemness capacities.19,20 Therefore, pH modu-
lation to avoid cancer cells acquired advantages as well as
suppression of stemness properties through the modulation of
plasma membrane potential might be promising new
therapeutic strategies for cancer treatment. High-throughput
screening of selective inhibitors of CSC growth and survival has
identified the potassium ionophore salinomycin as a promising
drug candidate, although its mechanism of action is unclear.21

The potential of a synthetic chloride channel to regulate cell
membrane potential has also been reported.22

Here we report the biological activity of transmembrane
anion transporters inspired in the structure of marine

metabolites tambjamines. We demonstrate how these mole-
cules induce pHi acidification and cytotoxicity related to their
anion transport abilities. We also show how the facilitated
transport activity triggers plasma membrane hyperpolarization
leading to cancer stem cell differentiation and effective
elimination of this cell population.

■ RESULTS AND DISCUSSION

Synthesis and Anion Transport through Lipid
Bilayers. Compounds 1−3 (Figure 1) were selected for this
study. These compounds are inspired in the structure of marine
secondary metabolites tambjamines.23 They are readily
prepared by acid-catalyzed condensation of 5-(1H-indol-2-yl)-
3-methoxy-1H-pyrrole-2-carbaldehyde and the appropriate
amine. These compounds are isolated as stable yellow-orange
solids in good yields as hydrochloride salts and fully
characterized (see Supporting Information for details). The
spectroscopic data evidenced the strong hydrogen-bond
interaction between these compounds and the chloride anion.
These interactions are also evident in the solid-state structures
of compounds 1 and 2 (Figure 1). The two heterocycles and
the enamine moiety are essentially coplanar. A chloride anion is
found interacting with the pyrrole and enamine N−H groups,
whereas the indole moiety is found rotated 180° and interacting
with a second chloride anion. A conformational analysis of
these molecules both in solution and computationally is
provided in the Supporting Information. In their preferred
conformation these molecules bind the anion through the
hydrogen-bond cleft involving the three N−H groups of the
molecule.
The chloride anion binding ability of 1 and 2 was explored by

means of 1H NMR titration experiments using perchlorate salts
of these derivatives and tetrabutylammoniun chloride in
DMSO-d6. Under these conditions chloride readily replaces
the less coordinating perchlorate anion, and association
constants could be calculated at 3301 and 3778 M−1 for 1·
HClO4 and 2·HClO4 respectively. Treatment of DMSO-d6
solutions of 1·HClO4 and 2·HClO4 with tetraethylammonium
bicarbonate resulted in deprotonation of the compounds. Lack
of solubility prevented the study of these processes in pure
water. Nevertheless, the apparent pKa values of 1 and 2 were
calculated in DMSO:water 1:1 mixtures at 9.64 and 9.62. This
result as well as computational studies suggested that

Figure 1. Studied compounds. (a) molecular structures of compounds 1−3. (b) X-ray structures of compounds 1 and 2 as hydrochloride salts.
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deprotonation is not likely to occur under physiological
conditions (see Figures S89−S92). On the other hand, in
their neutral form, these derivatives are also able to bind anions
under these conditions albeit with lower affinity (see Figures
S49−S53).
The anion transport properties of 1−3 were assayed in 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
vesicles using a chloride selective electrode to evaluate the
chloride efflux promoted by these compounds. Thus, liposomes
loaded with NaCl were suspended in an isotonic, chloride-free
external medium. Chloride release promoted by 1−3 was
monitored over time, and at the end of the experiment the
vesicles were lysed by the addition of detergent, being the final
electrode reading used as 100% release of chloride. Repeating
these assays in the presence of variable amounts of compound
allowed Hill analyses and calculation of EC50 values (the
concentration of carrier needed to achieve the release of 50% of
encapsulated chloride) for comparative purposes (Table 1).

Compounds 1 and 2 proved to be extremely active trans-
membrane transporters, whereas compound 3 displayed
modest activity as anion carrier. This difference in trans-
membrane transport activity is likely due to the significantly
lower calculated lipophilicity of 3 with respect to 1 and 2 (See
Table S3). The key role of lipophilicity in the design of effective
anion transporters has been studied in several families of
compounds including tambjamine analogs.24,25

Compounds 1 and 2 were selected as their calculated
lipophilicity matched the optimal log P range for these
compounds in order to maximize their transport activity.
Compound 3 was predicted to display very limited activity. The
experimental results fully supported this hypothesis. The nature
of the external anion impacted dramatically in the rate of
chloride efflux promoted by these compounds (see Figures
S122−S123). Both a Hill parameter close to 1 and the
differences in EC50 values found when the chloride efflux is
measured in the presence of nitrate, bicarbonate, or sulfate
suggested that these compounds function as discrete carriers
promoting anion exchange through the lipid bilayer. The
relatively higher hydrophilicity of bicarbonate compared with
nitrate resulted in lower chloride efflux at higher carrier
loadings. This was unsurprising as anion exchange has already
been reported as the main mechanism accounting for the

activity as anion carriers for tambjamine derivatives. Experi-
ments using different metal chlorides such as KCl, RbCl, and
CsCl were also performed, and no significant differences were
observed (Figures S124−S126). Thus, influence of the metal
cation in the transmembrane transport event can be ruled out.
Carboxyfluorescein leakage assays also rule out the possibility
of these compounds functioning as membrane disruptors
promoting unspecific chloride leakage (Figure S136). This set
of assays demonstrated that 1 and 2 are very efficient
transmembrane transporters. Compound 3 represents an
adequate control molecule, being structurally very similar to 1
and 2 yet displaying significantly lower level of transmembrane
transport activity (Table 1).

Anionophores Induce Intracellular pH Changes and
Cellular Toxicity. In order to evaluate the ability of
anionophores 1−3 to modulate pHi, first vital staining with
acridine orange (AO) was used. When this cell-permeable dye
accumulates in acidic compartments, such as lysosomes, it
shows a characteristic orange fluorescence emission, while it
emits green fluorescence at higher pH, such as in the cytosol.
Human lung adenocarcinoma (A549) cells were stained with
AO, and typical granular orange fluorescence was observed,
corresponding to cellular acidic compartments (Figure 2a).
Treatment with active anion transporters 1 and 2 induced
complete loss of orange fluorescence, whereas treatment with
compound 3 did not modify AO emission, compared to
nontreated cells. These results evidenced an increase in the pH
of acidic organelles upon treatment with the active anion
transporters 1 and 2, as opposite to control compound 3.
We were also interested in studying variations in cytoplasmic

pH levels. This parameter has been claimed to modulate cell
proliferation and apoptosis.26 Therefore, it could be more
relevant to gain insight into the mechanisms accounting for the
cytotoxicity of these compounds. Thus, changes in pHi of A549
cells after treatment with 1−3 were quantified using the pH-
sensitive fluorescent dye SNARF-1. In its ester form, 5-(and-6)-
carboxy seminaphthorhodafluor-1-acetoxymethylester
(SNARF-1-AM) can diffuse across the cellular membrane
into the cytoplasm. Hydrolyzation of this compound by cellular
esterases yields the cell-impermeable fluorescent dye carboxy-
SNARF-1. This dye can be used for quantitative determinations
of pHi because it exhibits a significant pH-dependent emission
shift in the appropriate range. First, fluorescent signal ratios at
576 and 664 nm were determined under different pH
conditions, which allowed us to construct a calibration curve.
Then, fluorescence of SNARF-1 was measured in A549 cells.
Upon treatment with 10 μM concentration of active
anionophores 1 and 2, pHi dropped significantly. A lowering
of 0.33 ± 0.10 and 0.70 ± 0.22 pH units was measured for
compound 1 and 2, respectively, after 1 h (Figure 2b). Such
change of pHi is known to be sufficient to trigger apoptotic
processes in cells.26 Under these conditions, compound 3 only
induced minor changes of pHi inducing an increase of 0.02 ±
0.14 pH units. These results are in agreement with the
involvement of the transmembrane transport activity in the
lowering of pHi observed.
To assess whether chloride transport participated in the

cytotoxic effect exhibited by 1 and 2, cell viability was measured
in A549 cells resuspended in Hank’s balanced salt solution
(HBSS) either containing chloride or without this anion
(Figure 2c,d). Moderate yet significant differences between cell
viability in both buffers upon treatment with 1 and 2 were
observed, with reduced cytotoxicity in absence of chloride.

Table 1. Transport Activities for Compounds 1−3

EC50 NO3
−/Cl−a

compound (μM) (mol %)d Hill coefficient

1 0.101 ± 0.007 0.020 ± 0.001 1.12 ± 0.10
2 0.041 ± 0.003 0.008 ± 0.001 1.17 ± 0.14
3 17.212 ± 1.172 3.442 ± 0.234 1.13 ± 0.10

EC50 HCO3
−/Cl−b

compound (μM) (%) Hill coefficient

1 0.243 ± 0.023 0.048 ± 0.005 1.16 ± 0.15
2 0.137 ± 0.004 0.027 ± 0.001 1.49 ± 0.07
3 n.d.c n.d.c n.d.

aVesicles loaded with 489 mM NaCl dispersed in 489 mM NaNO3 (5
mM phosphate buffer, pH 7.2). bvesicles loaded with 451 mM NaCl
dispersed in 150 mM Na2SO4 (20 mM phosphate buffer, pH 7.2)
upon addition of a NaHCO3 pulse to make the extravesicular
bicarbonate concentration 40 mM. cnot determined (carrier loadings
over 5% promoted <50% chloride efflux). dmolar percentage
carrier:POPC
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Under these conditions, calculated inhibitory concentration 50
(IC50) values in the presence of chloride dropped to 8.8 and 9.6
μM from the calculated 12.4 and 12.11 μM in HBSS without
chloride for compounds 1 and 2, respectively. This result as
well as the reduced toxicity of inactive transporter 3 (see Figure
S136) again supported the involvement of anion transport in
the cytotoxic effect exerted by 1 and 2.
Membrane Potential Changes in Liposomes and

Voltage Changes in Single A549 Cells. We decided to
explore the potential of these compounds to induce changes in
the membrane polarization. We first explore this possibility in
model liposomes. Thus, membrane potential-sensitive dye
safranin O was used. The fluorescence of this compound is
affected by changes in membrane potential.27 POPC vesicles
containing NaCl were suspended in a Na2SO4 solution. As
demonstrated using chloride-selective electrode assays, com-
pounds 1−3 are unable to promote sulfate transport (see
Figures S119 and S120), and under these conditions only
chloride permeation can occur. Addition of active transporters
1 and 2 at 0.1% molar carrier:lipid resulted in a marked
decrease in safranin O fluorescence (Figure 3b). Control
experiments using the essentially inactive transporter 3 or
DMSO resulted in no significant change of fluorescence. These
results are consistent with a decrease of the membrane
potential induced by 1 and 2. Likewise, little change in safranin
O fluorescence was observed when these experiments were
carried out with no chloride electrochemical potential (Figure
3a).
We next aimed to assess the ability of anion transporters to

induce voltage changes in A549 cells. A549 cells were
transfected with the VSFP2.32 genetically encoded voltage

indicator, which permits monitoring membrane voltage changes
by recording changes in FRET efficacy between a pair of
fluorescent proteins.28,29 To determine the voltage range within
VSFP2.32 reports, voltage changes in A549 cells, VSFP2.32
expressing cells, were patch-clamped, and a voltage ramp (from
130 to −170 mV) was applied. A progressive decrease in FRET
was observed as the cell membrane was hyperpolarized to
negative voltages from −30 mV and down to −170 mV (Figure
3c). We next evaluated the effects of compounds 1−3 on
membrane voltage. The superfusion of transporter 1 induced a
robust decrease in the FRET signal (Figure 3d). The decrease
in the FRET signal indicates that treatment with this
compound hyperpolarized A549 cells. These cells normally
exhibit a resting Vm close to 0 mV that upon facilitated influx
of anions shifts to more negative values. Similar to the
transporter 1, transporter 2 also produced a decrease on FRET
signal (Figure S141), although with slightly different kinetics.
Thus, transporter 1 had a higher magnitude of the signal (0.18
± 0.03 vs 0.15 ± 0.02) and faster τ time constant (5.16 ± 0.79
vs 7.65 ± 0.58 s) than transporter 2. Finally, we attempted to
demonstrate that the critical feature of these compounds in
order to induce Vm changes was their anion transport abilities.
Thus, transporter 3, possessing much reduced potency as
transmembrane anion transporter, was then assayed in the
FRET illumination protocol, in order to monitor possible
voltage alterations (Figure 3e). This compound induced
significantly lower decreases in the FRET signal (0.03 ±
0.01) than transporter 1 and 2, thus demonstrating again that
hyperpolarization of the cell membrane was induced as a result
of the transmembrane transport facilitated by active anion
transporters.

Figure 2. Transmembrane anion transport impact intracellular pH (pHi) levels and reduce cell viability. (a) AO staining on human lung
adenocarcinoma (A549) cells. From left to right: Untreated (control) cells; cells treated with compounds 1, 2, and 3 (10 μM). Disappearance of
orange fluorescence due to basification of acidic organelles is evident upon treatment with active anionophores. (b) pHi measurements using
SNARF-1 staining. A significant decrease in pHi is observed after treatment with 10 μM of compound 1 or 2. * p < 0.05; ** p < 0.01. (c,d) Cell
viability after treatment with compound 1 and 2 in the presence (HBSS) or absence (HBSS without Cl−) of chloride ion. Higher cytotoxicity is
observed in the presence of chloride ion. * p < 0.05; ** p < 0.01.
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Cytotoxicity of Anion Transporters. The effects of anion
transporters 1−3 on A549 cancer cells as well as cell lines
derived from primary tumors from two nonsmall cell lung
cancer patients (FIS302 and FIS303) were examined. We were
interested in determine the cytotoxicity against both differ-
entiated and cancer stem cells. Thus, cells were cultured in
adherence or as spheroids and were treated 10 μM
concentrations of each of the selected compounds. The results
are shown in Figure 4. For all cell lines, viability after 24 h was
significantly diminished in A549, FIS302, and FIS303 spheroids
compared with the cells grown in monolayer by compounds 1
(p = 0.012, p < 0.0001, and p < 0.0001, respectively) and 2 (p =
0.018, p = 0.004, and p < 0.0001, respectively). On the other
hand, treatment with the much less active transporter 3 did not
significantly affect the viability of the treated cells. For
comparative purposes doxorubicin, a classic chemotherapeutic
drug, was also included in this study. These results indicate that
active anion transporters selectively inhibited CSC viability.
Similar results were also observed in a variety of other lung
cancer cells lines (H1650, H1993, PC9) (Figure S137). For
noncancerous cell lines, higher concentrations of compounds 1
and 2 are needed in order to decrease cell viability, but the
differences with cancer cells were not statistically significant
(data not shown). However, noncancerous cell lines are
immortalized, and as such they share relevant features with
cancerous cell lines. For this reason, we have performed an in
vivo efficacy study in a lung cancer mouse model using these

molecules and the results showed that therapeutic doses (6 mg/
kg) of both anion transporters were not toxic in mice, while a
decrease in tumor volume was observed (unpublished data).

Figure 3. Transmembrane anion transporters induce changes in membrane potential. (a,b) Changes in safranin O fluorescence. The anion carrier
(0.1 mol % with respect to phospholipids) was added at t = 120 s, after that the experiments were monitored over 600 s. Each trace represents the
average of three trials. Compounds 1, red trace; 2, blue; 3, gray; control DMSO, green. (a) Vesicles loaded with NaCl (28.8 mM NaCl, and 5 mM
phosphate buffer, pH 7.2, ionic strength 40 mM) were immersed in NaCl (28.8 mM NaCl, and 5 mM phosphate buffer, pH 7.2, ionic strength 40
mM, and safranin O 0.2 μM). (b) Vesicles loaded with NaCl (28.8 mM NaCl, and 5 mM phosphate buffer, pH 7.2, ionic strength 40 mM) were
immersed in Na2SO4 (9.6 mM Na2SO4, 5 mM phosphate buffer pH 7.2, ionic strength 40 mM, and safranin O 0.2 μM). (c−e) FRET changes of the
VSFP2.32 voltage biosensor. (c) Voltage ramp (shown in the middle panel, from 130 to −170 mV), (d) transporter 1, and (e) transporter 3. Shown
are the time-resolved changes in mCerulean and Citrine fluorescence emission signals in single A549 cells expressing the VSFP 2.32. The emission
intensities of mCerulean (blue trace), Citrine (yellow trace), and the ratio FCitrine/FmCerulean (red trace) were recorded simultaneously. Traces are
representative of five separate experiments.

Figure 4. Cytotoxicity assays on cancer stem cells and adherent cells.
A549, FIS302, and FIS303 adherent and CSCs. Cells were treated with
10 μM of each compound (1, 2, or 3). Doxorubicin (10 μM) was used
as control. Mean and standard deviations of three independent
experiments are shown (* p < 0.05, **p < 0.01).
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Anion Transporters Affect Expression of Cancer Stem
Cell (CSC) Surface Markers. Stemness properties of CSCs
have been associated with the expression of several cell surface
markers.30 Thus, the effect of compounds 1−3 on the
expression of lung stem cell surface markers of A549 CSCs
as well as FIS302 and FIS303, two patient-derived CSCs, was
assessed by immunofluorescence and flow cytometry. Since cell
viability in the presence of 10 μM concentrations of
compounds 1 and 2 for 24 h is very low, cells were incubated
with 2.5 μM of each compound in order to analyze potential
alterations of lung stem cell surface markers before cell death.
Incubation of A549 cells with 2.5 μM of 1 and 2 for 24 h led to
an increase of the epithelial cell adhesion molecule CD326-
(EpCAM) expression by 70% and downregulation of CD166
by 20% compared to control cells treated with DMSO. No
significant changes were observed in the expression of CD44.
Compound 3 induced no significant changes in the three
surface markers studied here compared to control cells (Figure
5a). FIS302 patient-derived CSCs treated with compounds 1
and 2 showed a 30% decrease in CD166 and CD44 expression
(Figure 5b). No significant changes were observed in the
expression of EpCAM, CD44, and CD166 in the cells treated
with compound 3 (Figure 5b). FIS303 patient-derived CSCs
treated with compound 1 showed a 50% reduction in CD166
expression. The treatment with compound 2 led to a 30%
reduction in CD166 expression. Both compounds 1 and 2 led
to a 30% decrease in CD44 expression (Figure 5c). Similar to
FIS302 cells, no significant changes were observed in the
expression of EpCAM, CD44, and CD166 in cells treated with
compound 3 (Figure 5c). Taken together, downregulation of
CD166 and upregulation of CD326 (EpCAM) populations in
A549 CSCs, and downregulation of CD166 and CD44
populations in FIS302 and FIS303 patient-derived CSC,
suggests that the CSCs properties of A549, FIS302, and
FIS303 cells are affected by compounds 1 and 2. Further
evidence came from inmunofluorescence assays (Figure 6).

Thus, the size of the tumor spheres decreases when treated
with compounds 1 and 2 compared to spheres treated with
compound 3 or DMSO, and disaggregation was evident (Figure
6).

■ CONCLUSIONS

In summary, we have studied two highly active transmembrane
anion transporters 1 and 2 capable of facilitating trans-
membrane transport of chloride and bicarbonate in model
liposomes. These compounds induce pHi acidification and
hyperpolarization of cellular membranes. We have shown that
this combined effect led to loss of stemness characteristics of
CSCs and selective elimination of this cell population. The fact
that the structurally related yet poorly effective transporter 3
did not exert any of these effects led us to conclude that
facilitated anion transport plays a crucial role in the biological
action of these compounds. We conclude that small molecule
anionophores could represent valuable chemotherapeutics for
the manipulation of CSCs behavior.
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Figure 5. Compounds 1 and 2 affect expression of cancer stem cell surface markers. (a) A549, (b) FIS302, (c) FIS303 CSCs. CSCs were treated
with 2.5 μM compound 1, 2, or 3 for 24 h, and the expression of CD326 (EpCAM), CD166, and CD44 was analyzed by flow cytometry. The
expression of these markers was relativized to those in control cells. Data represent the average of three independent experiments. Bars correspond
to standard deviations.

Figure 6. Compounds 1 and 2 induce tumor CSCs spheres disaggregation. E-cadherin expression in FIS302 tumor spheres growing in suspension
assessed by immunofluorescence. Merged projection of both cell nuclei with pattern of DAPI-staining (blue channel) and E-cadherine staining (red
channel). Scale bar is 50 μm. (a) Untreated control cells. (b) CSCs treated with compound 1. (c) CSCs treated with compound 2. (d) CSCs treated
with compound 3.

Journal of the American Chemical Society Article



Ϯ1ϳ

■ AUTHOR INFORMATION
Corresponding Authors
*rperez@ub.edu
*rquesada@ubu.es
Author Contributions
●These authors contributed equally.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by grants from the Spanish
government and the EU (FIS PI13/00089, FIS PI12/02838,
FIS PI12/00956 and RD12/0036/0025), a grant from La
Marato ́ de TV3 Foundation (20132730), a grant from SEPAR
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Tecnolog̀ics, Campus de Bellvitge, Universitat de Barcelona),
Sandra Tejedor (Centro de Investigacioń Prińcipe Felipe), Luiś
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Novel Indole-based Tambjamine-Analogues
Induce Apoptotic Lung Cancer Cell Death through
p38 Mitogen-Activated Protein Kinase Activation
Pilar Manuel-Manresa1, Luís Korrodi-Greg�orio1,2, Elsa Hernando3, Alberto Villanueva4,
David Martínez-García1, Ananda M. Rodilla1, Ricard Ramos5, Margarida Fardilha2,
Juan Moya5, Roberto Quesada3, Vanessa Soto-Cerrato1, and Ricardo P�erez-Tom�as1

Abstract

Lung cancer has become the leading killer cancer worldwide,
due to late diagnosis and lack of efficient anticancer drugs. We
have recently described novel natural-derived tambjamine analo-
gues that are potent anion transporters capable of disrupting
cellular ion balance, inducing acidification of the cytosol and
hyperpolarization of cellular plasmamembranes. Although these
tambjamine analogues were able to compromise cell survival,
their molecular mechanism of action remains largely unknown.
Herein we characterize the molecular cell responses induced by
highly active indole-based tambjamine analogues treatment in
lung cancer cells. Expression changes produced after compounds
treatment comprised genes related to apoptosis, cell cycle, growth
factors and its receptors, protein kinases and topoisomerases,
among others. Dysregulation of BCL2 and BIRC5/survivin genes
suggested the apoptotic pathway as the induced molecular cell

death mechanism. In fact, activation of several proapoptotic
markers (caspase-9, caspase-3, and PARP) and reversion of the
cytotoxic effect upon treatment with an apoptosis inhibitor (Z-
VAD-FMK) were observed. Moreover, members of the Bcl-2 pro-
tein family suffered changes after tambjamine analogues treat-
ment, with a concomitant protein decrease towards the prosurvi-
val members. Besides this, it was observed cellular accumulation
of ROS upon compound treatment and an activation of the stress-
kinase p38 MAPK route that, when inhibited, reverted the cyto-
toxic effect of the tambjamine analogues. Finally, a significant
therapeutic effect of these compounds was observed in subcuta-
neous and orthotopic lung cancer mice models. Taken together,
these results shed light on the mechanism of action of novel
cytotoxic anionophores and demonstrate the therapeutic effects
against lung cancer. Mol Cancer Ther; 16(7); 1224–35. �2017 AACR.

Introduction
Lung cancer is the most common cancer that threatens

human health, accounting for more than 19% of all cancer
deaths in 2012 (1). Health systems have standardized clinical
procedures for treating lung cancer patients being surgery,
conventional platinum-based doublet chemotherapy (e.g.,

carboplatin/taxol or pemetrexed), and targeted therapies
(e.g., erlotinib and other novel anti-EGFR-mutated receptors)
the main options (2). Nevertheless, conventional chemother-
apy shows low efficacy with important treatment-related tox-
icity. Therefore, development of novel efficient drugs is urgent-
ly needed. In this regard, the diversity of marine environment
provides an extraordinary array of biologically active metabo-
lites for the development of new anticancer therapeutics. In
late 2007, trabectedin (Yondelis, PharmaMar) became the first
marine anticancer drug to be approved in the European Union
(3). Over the past decade, there has been an increase in the
number of new anticancer lead compounds from marine life
that have entered in human clinical trials (4). Nowadays, more
than 592 marine compounds are included in the pipeline of
modern pharmaceuticals discovery programs, showing prom-
ising antitumor and cytotoxic activities (5). The natural alka-
loids tambjamines were originally isolated from marine inver-
tebrates including bryozoans, nudibranchs, and ascidians (6).
Tambjamines possess a wide spectrum of pharmacological
properties and seem to be involved in the chemical defense
mechanisms of the organisms from which they derive (6).
Structurally, these alkaloids are characterized by a 4-methox-
ybipyrrole moiety shared by other families of natural products
such as the prodiginines (7). It is already well known that
prodiginines have proapoptotic activity against several cancer
cells including lung, breast, and hematopoietic, showing
the ability to overcome the multidrug resistance phenotype
(8–10). Tambjamines, like prodiginines, are very efficient
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anion exchangers (anionophores) in model liposomes pro-
moting both chloride and bicarbonate transport, which are the
most abundant anions in biological environments (7, 11, 12).
Their anionophoric activity has an impact on cellular ion
homeostasis, intracellular pH levels, and cell survival (11,
12). Recently, we have demonstrated that synthetic tambja-
mine analogues induce intracellular pH acidification and cyto-
toxicity in lung cancer cells and human-derived cancer stem
cells (CSC), and how this is related to their anion transport
abilities (13). Cancer stem cells are defined as immortal cells
within a tumor that have the ability to perpetuate themselves
through self-renewal, to spawn differentiated progeny (non-
CSCs) and contribute to acquired chemotherapy resistance in
cancer (14). Moreover, their facilitated transport activity trig-
gers hyperpolarization of plasma membrane in lung cancer
cells and differentiation and cell death in CSCs, leading to an
effective elimination of this tumor subpopulation (13).

Although substantial work has already been done concerning
chemical characterization of tambjamines and the impact of their
anionophoric properties in cell survival and differentiation, their
molecular mechanism of action still remains unclear. Here, we
report a detailed study of how cancer cells respond to several
highly active indole-based tambjamine analogues at the transcript
and protein levels. Moreover, we have elucidated the molecular
cell death mechanism induced by these compounds as well as
assessed their therapeutic effect in vivo in several lung cancer
mouse models.

Materials and Methods
Synthesis of compounds

Compounds 1 to 11 were synthesized by condensation of 5-
(1H-indole-2-yl)-3-methoxy-1H-pyrrole-2-carbaldehyde with
the appropriate amine using acetic acid as catalyst. Detailed
synthetic procedures and characterization data are provided in
the Supplementary Information (S1–S36).

Cell lines and culture conditions
The human lung cancer cell lines, adenocarcinoma (A549,

CCL185), squamous carcinoma (SW900, HTB59), small-cell car-
cinoma (DMS53, CRL2062), and large-cell carcinoma (H460,
HTB177) were obtained from ATCC. All cell lines were tested and
authenticated byATCCusing short tandem repeat analysis. All cell
lines were cultured (passage number 10–25) following ATCC
recommended media (Biological Industries) supplemented with
10% heat-inactivated FBS (Gibco, Thermo Fisher Scientific Inc.),
100 U/mL penicillin, 100 mg/mL streptomycin, and 2 mmol/L
L-glutamine, all from Biological Industries. Cells were grown at
37�C in a humidified incubator (Thermo Fisher Scientific Inc.)
with 5% CO2 atmosphere. The cells were mycoplasma tested
using a standard PCR technique after thawing.

Establishment of lung cancer patient–derived primary cultures
This protocol was approved by the local Ethics Committee

(PR003/13) and the studies were conducted in accordance with
the Declaration of Helsinki ethical guidelines, upon signed
informed consent. Freshhuman lung cancer tissueswere obtained
from 20 patients with primary lung cancer (age range 55–81
years) undergoing lobectomy or pneumonectomy at Bellvitge
University Hospital from April 2013 to March 2014. Histologic
diagnosis was determined based on microscopic features of
carcinoma cells. Freshly obtained tumor tissue (within 1–2 hours

after surgical removal) was washed in RPMI1640 medium (Bio-
logical Industries) containing100U/mLpenicillin and100mg/mL
streptomycin. Blood vessels and connective tissue were carefully
removed and the cancerous area was then minced into small
pieces less than 1 mm3 using a scalpel. Chopped tissue was
resuspended in RPMI1640 medium containing collagenase II
(Sigma-Aldrich) at a concentration of 200 U/mL and digested
for 2 to 4 hours at 37�C in a humidified incubator. The enzymatic
digestion was stopped when most of the cells were in a single cell
suspension. Following two washes in RPMI1640, cells were
transferred into standard tissue culture coated flasks (TPP, Trasa-
dingen) and cultured in the defined keratinocyte-serum free
medium (DK-SFM, Gibco, Thermo Fisher Scientific Inc.) supple-
mented with 100 U/mL penicillin, 100 mg/mL streptomycin, 2
mmol/L L-glutamine, 20 ng/mL EGF (Sigma-Aldrich, Merck
KGaA), 10 ng/mL basic-FGF (Sigma-Aldrich, Merck KGaA), 2%
B27 (Gibco, Thermo Fisher Scientific Inc.), and 0.25 mg/mL
amphotericin B (Sigma-Aldrich, Merck KGaA). All lung cancer
patient derived cultures were maintained at 37�C in a humidified
incubator (Thermo Fisher Scientific Inc.) with 5% CO2. Culture
medium was changed every 2–3 days. Cells were passaged after
detachment with TrypLE Express (Invitrogen, Thermo Fisher
Scientific Inc.), when the cells reached 80%–90% confluence. We
were able to establish two lung cancer primary cultures (PC), one
derived from an adenocarcinoma tumor (PC#8) and the other
derived from a squamous cell carcinoma (PC#13), which were
used for subsequent viability assays. Lung cancer patient–derived
PCs were characterized by immunofluorescence, according to
their epithelial or mesenchymal biomarker expression, using
cytokeratin-8 (catalog no. IF13, Oncogene, Merck KGaA) for the
epithelial phenotype and vimentin (catalog no. 3932, Cell Sig-
naling Technology Inc.) for the mesenchymal phenotype.

Cell viability assays
Cell viability was evaluated using the methylthiazoletetrazo-

lium (MTT, Sigma-Aldrich, Merck KGaA) colorimetric assay. Cells
were harvested (104 cells/well) in 96-well plates in a final volume
of 100 mL and allowed to grow overnight. At the following day,
vehicle solution (DMSO, Sigma-Aldrich, Merck KGaA) or exper-
imental compounds were added at a single point (10 mmol/L) or
at different ranging concentrations (0.8–100 mmol/L for com-
pounds 1 and 2, 1.6–200 mmol/L for cisplatin) to the assay plate.
Cells were incubated for 24 hours and after the treatment period,
10 mL of MTT (5 mg/mL) were added and the plates were
incubated for 4 hours at 37�C. Crystals were dissolved in 100 mL
of DMSO, after which the reading was taken spectrophotomet-
rically at 570 nm using a multiwell plate reader (Multiskan FC,
Thermo Fisher Scientific Inc.). Cell viability and inhibitory con-
centration (IC) values were obtained using GraphPad Prism V5.0
for Windows (GraphPad Software). All data are shown as the
mean value � SD of three independent experiments. Statistical
analysis (one-way ANOVA) was carried out with the Statgraphics
plus 5.1. Statistical package (Manugistics). Cisplatin was bought
from Alfa Aesar (Thermo Fisher Scientific Inc.).

Gene expression analysis
The A549 cell line was seeded at a density of 2� 105 cells in 60-

mm plates and allowed to grow for 24 hours. Subsequently, cells
were exposed to the IC50 of the tambjamine analogues 1 or 2 for 6
or 16 hours. Total RNA was extracted and purified using
the column-based RNeasy Mini Kit (Qiagen), according to the

p38 MAPK Cell Death Induced by Anionophores
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manufacturer's protocol. Total RNA concentration and purity was
checked in a nano spectrophotometer (Implen GmbH) and
integrity was analyzed using an Agilent 2100 Bioanalyzer (Agilent
Technologies). For the reverse transcription, 1 mg of total RNAwas
used for cDNA synthesis using amixture of randomhexamers and
oligo-dT primers and following the RT2 First Strand Kit protocol
(Qiagen). The Human RT2 RNA Quality Control PCR Array
(PAHS-999ZA format A, Qiagen) was used to assess the cDNA
quality and to check for genomic DNA contamination in an ABI
PRISM 7700 Sequence Detection System (Applied Biosystems,
Thermo Fisher Scientific Inc.). For gene expression analysis,
cDNAs of control and treated cells were mixed with RT2 SYBR
ROX mastermix (Qiagen) and dispensed in the RT2 Profiler PCR
Array of Human Cancer Drug Targets (PAHS-507A format E,
Qiagen). After 2-minute centrifugation at 300 � g, the array was
placed in an ABI PRISM 7900HT real-time PCR system (Applied
Biosystems, Thermo Fisher Scientific Inc.) and the analysis was
carried out according tomanufacturer's instructions. Dissociation
curves (melting curves) were carefully analyzed using SDS soft-
ware v2.3 and RQ Manager v1.2 (both from Applied Biosystems,
Thermo Fisher Scientific Inc.) to choose only the highly specific
reaction products in the downstream analysis. The threshold cycle
(CT) values obtained were analyzed in Qiagen Data Analysis
Center (Qiagen) to retrieve the fold-regulation values for each
gene. The network of most altered genes upon compounds
treatment was produced in Cytoscape open-source software
(Cytoscape Consortium; ref. 15) with data extracted from Gene
Network Central (GNC-Pro, Qiagen).

Western blot analysis
A549 cellswere seeded in100-mmculture plates (106 cells) and

allowed to grow for 24 hours. Afterward, they were exposed to
compounds1, 2 (IC25, IC50, and IC75 values), or3 (10mmol/L) for
24 hours. Total protein extracts were obtained from cells by the
addition of lysis buffer containing 0.1% SDS, 1% NP-40, 0.5%
sodium deoxycholate, 50 mmol/L sodium fluoride, 40 mmol/L
b-glycerophosphate, 200 mmol/L sodium orthovanadate, 1
mmol/L phenylmethylsulfonyl fluoride, and protease inhibitor
cocktail (Roche Diagnostics) in 1� PBS. Protein concentration
was determined by BCA protein assay (Pierce, Thermo Fisher
Scientific Inc.) using BSA (Pierce, Thermo Fisher Scientific Inc.) as
a standard. For Western blot analysis, 30 mg of protein extracts
werefirst separated by SDS-PAGEand transferred to Immobilon-P
polyvinylidene difluoride (PVDF) membranes (EMD Millipore,
Merck KGaG). Membranes were blocked in either 5% dry milk or
BSA, both diluted in TBS–Tween (50 mmol/L Tris–HCl pH 7.5,
150 mmol/L NaCl, 0.1% Tween-20) for 1 hour and then incu-
bated overnight with primary antibodies, according to the man-
ufacturer's instructions. Antibodies were obtained from the fol-
lowing sources: anti-caspase-3 (catalog no. 9662), anti-cleaved-
caspase-3 (catalog no. 9661), anti-caspase-9 (catalog no. 9502),
anti-PARP1 (catalog no. 9542), anti-Bak (catalog no. 6947), anti-
Bax (catalog no. 2772), anti-Bcl-2 (catalog no. 4223), anti-Mcl-1
(catalog no. 4572), anti-phospho-p38 MAPK (Thr180/Tyr182,
catalog no. 4511), anti-p38 MAPK (catalog no. 9212), and anti-
Survivin (catalog no. 2808) were all obtained from Cell Signaling
Technology Inc.; anti-Actin (I-19, catalog no. sc-1616) from Santa
Cruz Biotechnology Inc and anti-Vinculin (catalog no. V-4505)
from Sigma-Aldrich,Merck KGaA. Antibody bindingwas detected
with goat anti-mouse IgG-HRP (catalog no. sc-2005), goat anti-
rabbit IgG-HRP (catalog no. sc-2004), or donkey anti-goat IgG-

HRP (catalogno. sc-2020), all fromSantaCruzBiotechnology Inc.
and the ECL Detection Kit (Amersham, GE Healthcare). Actin or
vinculin were used as gel loading controls. The results shown are
representative ofWestern blot analysis data obtained from at least
three independent experiments. Images were captured on an
Image Quant LAS 500 (GE Healthcare) and band densitometries
were retrieved using the Image Studio Lite software (v5.0, LI-COR
Biosciences).

Inhibitor assays
Determination of viable cells (A549 cell line) after different

inhibitors treatment was performed using the dual DNA interca-
lating Fluorescent Dyes Kit MUSE Cell Count & Viability Assay
(EMD Millipore, Merck KGaG). In brief, 2 � 105 cells/well in
DMEM medium were seeded in a six-well plate. After 24 hours,
tambjamine analogues 1 and 2 at higher IC75 value were added,
and incubated for 6 hours in a 5% CO2 cell culture incubator
(Thermo Fisher Scientific Inc.). A pan-caspases inhibitor (Z-VAD-
FMK; BD Bioscience) or a p38 MAPK inhibitor (SB202190; Cell
Signaling Technology Inc.) was added at 20 and 30 mmol/L
respectively, 2 hours before compound 1 or 2 exposure. After-
ward, cells were collected andwere incubated with the Cell Count
& Viability reagent for 5 minutes. Viability of treated cells was
analyzed using the flow cytometry based MUSE Cell Analyzer
(EMD Millipore, Merck KGaA) according to the manufacturer's
protocol. Viability was calculated as a percentage related to
control cells and results shown were obtained from at least three
independent experiments. Statistical analysis (one-way ANOVA)
was carried out with the Statgraphics plus 5.1. Statistical package
(Manugistics).

Evaluation of reactive oxygen species formation
Quantitativemeasurements of reactive oxygen species (ROS) in

A549 cells were performed using the MUSE Oxidative Stress Kit
(EMD Millipore, Merck KGaG), based on dihydroethidium
(DHE), a well-characterized reagent that has extensively been
used to detect reactive oxidative species in cellular populations.
In brief, 2� 105 cells/well inDMEMmediumwere seeded in a six-
well plate. Twenty-four hours after seeding, tambjamine analo-
gues 1 and 2 at higher IC75 value were added, and incubated for 6
hours in a 5%CO2 cell culture incubator (ThermoFisher Scientific
Inc.). A positive control, named tert-butyl hydroperoxide (TBHP,
Sigma-Aldrich, Merck KGaA) was used at 2.5mmol/L for 2 hours,
and the nontransporter tambjamine analogue (compound 3) was
used as a negative control at 10 mmol/L for 6 hours. Afterward,
cells were harvested and processed with the Oxidative Stress Kit
according to the manufacturer's protocol. The percentage of ROS-
positive and -negative cells was calculated and results shownwere
obtained from at least three independent experiments. Statistical
analysis (one-way ANOVA) was carried out with the Statgraphics
plus 5.1. Statistical package (Manugistics).

In vivo evaluation of indole-based tambjamine analogues
therapeutic effect

For the purpose of this article, two murine models have been
designed: the subcutaneous and the orthotopic model systems.
Five-week-old female Crl:NU-Foxn1numice strain (Envigo) were
used in this study. All animal studies were approved by the
Autonomic Ethic Committee (Generalitat de Catalunya) under
the protocol 9111. To generate the subcutaneous xenograft mod-
el, mice were subcutaneously implanted with 4.5 � 106 DMS53
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cells suspended in a 1:1 solution of RPMI1460:Matrigel (BD
Bioscience). For the orthotopic model, subcutaneous xenografts
of DMS53 in exponential growth from three different animals
were aseptically isolated and placed at room temperature in
DMEM supplemented with 10% FBS plus 50 U/mL penicillin
and 50 mg/mL streptomycin and the surgical resection tumors
were implanted in Crl:NU-Foxn1nu mice following previously
reported procedures (16, 17). Briefly, mice were anesthetized
with a continuous flow of 1% to 3% isoflurane/oxygen mixture
(2 L/minutes) and subjected to right thoracotomy. Mice were
situated in left lateral decubitus position and a small transverse
skin incision (around 5–8 mm) was made in the right chest wall.
Chest muscles were separated by a sharp dissection and costal
and intercostal muscles were exposed. An intercostal incision of
2–4 mm on the third or fourth rib on the chest wall was made
and a small tumor piece of 2 to 4 mm3 was introduced into
the chest cavity. The tumor specimen was deposited between
the second and the third lung lobule. Next, the chest wall incision
was closed with surgery staples, and finally chest muscles and
skin were closed. Mice were inspected twice a week, and moni-
tored for the presence of breathing problems.

Mice bearing homogeneous subcutaneous tumors (approxi-
mately 150–200 mm3) were randomly allocated to three treat-
ment groups (n ¼ 7/treatment). For DMS53 orthotopic-derived
model, mice were randomly allocated (n ¼ 6/treatment) and the
treatment started 30 days after tumor implantation. Compounds
1 and 2 were diluted in 7.5% DMSO/0.8% Tween-80. All treat-
ments were intraperitoneally administrated at a dose of 6 mg/kg
in alternating days during 20 days. Tumor growth was recorded
two to three times per week starting from the first day of treatment
(day 0) and tumor volume (in mm3), estimated according to the
formulaV� 0.25(ab2)/2, where a is the length or biggest diameter
and b is the width or smallest diameter). After the final dose of the

treatment, animals were sacrificed and tumors were dissected out
and weighed.

Liver and kidney samples were fixed in 4% paraformaldehyde
overnight, embedded in paraffin, and cut into sections (5 mm).
Paraffin-embedded sections were deparaffinized in xylene and
gradually rehydrated for hematoxylin and eosin staining. Stained
liver and kidney sectionswere gradually dehydrated andmounted
for hepatotoxicity and nephrotoxicity examination, respectively.

Results
Indole-based tambjamine analogues are cytotoxic against lung
cancer cells

To measure the inhibitory effect of novel tambjamine analo-
gues (1–11; Supplementary Fig. S1) on tumor cell proliferation,
we have first performed a single-point MTT assay at 10 mmol/L in
four commonly used lung cancer cell lines (A549, DMS53,
SW900, and H460). After 24 hours of treatment, most of the
compounds showed significant cell viability decrease, being
compounds 1 and 2 the most promising anticancer agents (Fig.
1A). Then, IC50 values of the selected compounds were calculated
in the same cell lines as well as in both adenocarcinoma and
squamous patient-derived PCs (Fig. 1B and Supplementary Figs.
S37 and S38). The two selected compounds had similar potency
against all the cell lines in the study, showing IC50 values below10
mmol/L. When compared with cis-diamminedichloroplatinum
(II) (CDDP), commonly known as cisplatin, the standard che-
motherapeutic agent used for lung cancer treatment in the clinic,
the IC50 values of this compound were all much higher than the
ones of compounds 1 and 2. Interestingly, lung cancer patient–
derived PCsweremore sensitive to our compounds, showing IC50

values below5mmol/Lwhereas for cisplatin theywere higher than
45 mmol/L (Fig. 1B). This IC50 value for cisplatin is in accordance

Figure 1.

Effect of indole-based tambjamineanalogues on cell survival.A,Single point screeningof synthetic tambjamine analogues 1 to 11 (10mmol/L) on apanel of lung cancer
cell lines (A549, DMS53, SW900, and H460). B, IC50 values of selected compounds (1 and 2) on lung cancer cell lines and lung cancer patient-derived primary
cultures (PC#8 and PC#13). For comparison purposes, cisplatin (CDDP) was used as the standard clinical chemotherapeutic agent. Viability was measured
using the MTT assay after 24 hours of treatment. Results were obtained from at least three independent experiments, and bar represents the mean � SD.
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with published data (18, 19). Therefore, the selected tambjamine
analogues displayed better cytotoxic activity against a panel of
lung cancer cell lines and PCs than the current clinical standard
treatment.

Indole-based tambjamine analogues alter the expression of
several cellular key genes

To identify gene expression changes at the cellular level, we
have used a profiler array consisting of 84 genes that are known
cancer drug targets. The selected compounds1 and2were tested in
the adenocarcinoma cell line A549 at their respective IC50 values
during two incubation periods (6 and 16 hours, for raw data
please check Supplementary File S1). Both compounds have
produced changes in several genes fromdiverse functional groups
(Table 1). In general, the observed alterations (higher than 1.5-
fold regulation in at least two conditions) weremore evident at 16
hours with a clear tendency to genes downregulation. In total, 26
genes were modulated, in which 20 were downregulated by
compounds1or2 exposure.Downregulated genes included those
related to: apoptosis, cell cycle, growth factors and receptors,
protein kinases, topoisomerases, to name a few. Especially rele-
vant for cell viability were genes related to cell death like the
antiapoptotic B-cell lymphoma 2 (BLC2) and the inhibitor of
apoptosis (IAP) family member BIRC5/Survivin, as well as those
related to cell cycle (e.g., CDK1 and CDK2). The remaining six
genes were upregulated and related to drug metabolism, protein
kinases, transcription factors, cathepsins, and heat shock proteins
(Table 1). Concerning genes that are altered more than three-fold
regulation in at least two conditions, we have obtained CDC25A,
FIGF/VEGFD, IGF1, NFKB1, and PTGS2/Cox-2. Six randomly

selected genes were reconfirmed by another methodology (Sup-
plementary Table S1; Supplementary Fig. S39). Similar results
were obtained using another lung cancer cell line from squamous
carcinoma SW900 (77% gene match; Supplementary Table S2;
raw data are present in Supplementary File S1), suggesting that
they may be implicated in tambjamine mechanism of action.
Interestingly, three genes that were previously altered more than
three-fold in A549 cell line (FIGF, IGF, and NFKB1) were not
altered, IGF andNFKB1or inversely regulated, FIGF, in the SW900
cell line. We further analyzed the altered genes using protein–
protein interaction data and functional data extracted from Gene
Network Central (GNC-Pro, Qiagen). The results showed that
compound-modulated genes formed a highly connected network
(Fig. 2), suggesting that these genes work as a functional module
at the molecular level. The network also showed that NFKB1 and
TP53 are hubs (densely connected nodes), which integrate signals
from the other nodes. Although these genes are hubs in our
system, we did not observe any consistent transcriptional change
in both cell line models.

Indole-based tambjamine analogues induce apoptosis in lung
cancer cells

Because we have obtained alterations in genes related to apo-
ptosis and cell cycle and these processes are deeply involved in cell
viability, we checked if these mechanisms are activated in our
cellular model. We were unable to detect any cell-cycle arrest for
either compounds tested, whereas cisplatin produced the well-
documentedG2–Mphase arrest (Supplementary Fig. S40; ref. 20).
To elucidate if apoptosis is the molecular mechanism of cell
death induced by these compounds, the expression levels of

Table 1. Genes modulated after indole-based tambjamine analogues treatment

1 2
Gene name Protein name 6 h 16 h 6 h 16 h Functional gene grouping

Downregulated
ABCC1 ATP-binding cassette, sub-family C, member 1 �1.11 �1.61 �1.48 �2.32 Drug metabolism
AURKA Aurora kinase A �2.53 �2.37 �2.69 �4.13 Protein kinases
AURKB Aurora kinase B �1.96 �2.43 �2.16 �5.03 Protein kinases
BCL2 B-cell CLL/lymphoma 2 �2.17 1.10 �1.83 �1.90 Apoptosis
BIRC5 Baculoviral IAP repeat containing 5, Survivin �2.08 �2.37 �2.53 �4.72 Apoptosis
CDC25A Cell division cycle 25 homolog A �2.30 �1.75 �3.72 �4.11 Cell cycle
CDK1 Cyclin-dependent kinase 1 �1.97 �2.71 �2.41 �3.94 Cell cycle
CDK2 Cyclin-dependent kinase 2 �1.81 �1.73 �1.24 �3.21 Cell cycle
ERBB3 Receptor tyrosine-protein kinase erbB-3, HER3 �2.42 �1.35 �2.81 �2.18 Growth factors and receptors
ESR2 Estrogen receptor 2 �1.65 �1.20 �2.87 �1.78 Hormone receptors
FIGF C-fos induced growth factor, VEGFD �2.25 �1.65 �3.57 �3.74 Growth factors and receptors
HDAC8 Histone deacetylase 8 �1.87 1.11 �1.52 �2.01 Histone deacetylases
HSP90AA1 Heat shock protein 90 kDa alpha, member 1 �1.84 �1.62 �1.43 �2.47 Heat shock proteins
IGF1 Insulin-like growth factor 1, Somatomedin C �4.89 �17.47 �3.48 �42.18 Growth factors and receptors
NTN3 Netrin 3 �1.81 �2.11 �2.85 �1.17 Structural protein
PARP2 Poly (ADP-ribose) polymerase 2 �1.29 �1.63 �1.63 �2.20 Poly ADP-ribose polymerases
PDGFRA Platelet-derived growth factor receptor alpha �3.55 �1.59 1.10 �2.48 Growth factors and receptors
PLK1 Polo-like kinase 1 �2.24 �2.46 �2.36 �4.13 Protein kinases
PLK4 Polo-like kinase 4 �1.36 �2.51 �1.20 �2.02 Protein kinases
TOP2A Topoisomerase (DNA) II alpha 170 kDa �2.06 �2.78 �2.09 �4.30 Topoisomerases, type II

Upregulated
CTSL1 Cathepsin L1 1.30 1.92 2.03 2.07 Cathepsins
CTSS Cathepsin S 1.24 2.69 1.71 2.08 Cathepsins
HSP90B1 Heat shock protein 90 kDa beta, member 1 2.00 1.95 1.63 1.97 Heat shock proteins
NFKB1 Nuclear factor NF-kappa-B p105 subunit 3.88 1.23 3.14 �1.01 Transcription factors
PRKCE Protein kinase C, epsilon 1.52 �1.04 2.53 1.95 Protein kinases
PTGS2 Prostaglandin-endoperoxide synthase 2, COX-2 6.46 �1.23 19.29 2.90 Drug metabolism

NOTE: TheA549 lung adenocarcinoma cell linewas treatedwith the IC50 values of compounds 1or2and the expression of 84genes related to cancer drug targetswas
analyzed by qRT-PCR (Qiagen RT2 Profiler Array). Fold regulation values of the most altered genes are presented.
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apoptosis-related proteins were analyzed byWestern blot analysis
because a decrease in the anti-apoptotic proteins Bcl-2 and survi-
vin was detected in the gene expression array. The adenocarcino-
ma cell line A549 was treated with compounds 1 or 2 at the IC25,
IC50, and IC75 concentrations for 24 hours. The results showed
that, at higher concentrations, compounds activated the proteol-
ysis of both initiator pro-caspase-9 (CASP9 gene) and executioner
pro-caspase-3 (CASP3 gene; Fig. 3A). Moreover, activation of the
final apoptotic executioner PARPwas also induced. Similar results
were also obtained in the small cell carcinoma cell line DMS53
(Supplementary Fig. S41). In addition, we checked the levels of
the apoptotic complexes Bak/Mcl-1 (BAK/MCL1 genes) and Bax/
Bcl-2 (BAX/BCL2 genes). The pro-apoptotic effectors of the mito-
chondrial pathway (Bak and Bax) showed an increase in their
protein levels after 24hours treatment.On the contrary,Mcl-1 and
Bcl-2 that are prosurvival members of the Bcl-2 family of proteins
presented a decrease on their protein levels after treatment (Fig.
3A–C). The results for Bcl-2 protein expression corroborated the
gene expression decrease previously observed in the profiler array
(Table 1). Also in accordance with those results, downregulation
of the key oncogene BIRC5/Survivin was observed at the protein
level byWestern blot analysis. A549 cells treatedwith compounds

1 or 2 (IC25, IC50, and IC75) during 24 hours showed a dose-
dependent decrease of survivin, indicating that this proteinmight
play an important role on the cell death fate after compounds
exposure (Fig. 3A).

To further investigate the involvement of caspases activation on
compounds-mediated apoptosis, A549 cells were treated 2 hours
with a broad-spectrum caspase inhibitor, Z-VAD-FMK, and then
with compounds 1 or 2 for 6 hours. Cell viability was then
assessed by flow cytometry and results showed that the decrease
in cell viability induced by compounds treatment was significant-
ly reversed by the pan-caspase inhibitor Z-VAD-FMK (Fig. 3D),
corroborating that apoptosis is involved in compounds-induced
cell death.

Cytotoxic effect of compounds is triggered via a ROS-activated
stress kinase pathway

The unbalance of ionic homeostasis produced by tambjamine
analogues (13) could be initiating ROS production. Therefore, we
tested whether compounds 1 and 2 could promote ROS accu-
mulation in cells. Interestingly, after 6 hours treatment with
compounds 1 or 2 (at higher IC75 value), there is a significant
ROS formation compared with the nontreated condition or when

Figure 2.

Indole-based tambjamine analogues effect on cellular signaling pathways. A directed-network of differentially expressed genes after compounds 1 or 2 treatment in
A549 cells was constructed from the RT-PCR array results and data extracted from Gene Network Central (GNC-Pro).
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the nontransporter tambjamine analogue (compound 3) is used
(Fig. 4A). The effect of compounds is similar to the commonly
used ROS stressor TBHP. The p38 MAPK signaling is one of the
stress sensor pathways downstream of ROS formation that plays
an essential role in inflammation, cell differentiation, growth, and
death. Thus, we have investigated by Western blot analysis, the
phosphorylation of p38 MAP kinase after treatment with indole-
based tambjamine analogues 1, 2, or 3 in A549 cells. After 24
hours treatment with compounds 1 or 2 (IC25, IC50, and IC75),
p38MAPK (MAPK14 gene) phosphorylation increased in a dose–
response manner without any alteration in the total protein
expression levels (Fig. 4B). Conversely, compound 3 (nontran-
sporter) had no effect on the p38 MAPK activation. The ROS
inducer TBHP was shown before to also activate the p38 MAPK
pathway (21). To further investigate whether activation of p38
MAPK was related to cell death, A549 cells were pretreated with
the p38 MAPK inhibitor SB202190 (30 mmol/L) for 2 hours
before compounds treatment. A significant reversion of cell death
induced by compounds 1 and 2 was observed upon inhibitor

pretreatment, which indicates that compounds-mediated cell
death is upstream regulated by the p38 MAPK signaling pathway
(Fig. 4C).

Therapeutic effect on in vivo mice models
To corroborate the anticancer activity of the indole-based

tambjamine analogues seen in several lung cancer cell lines and
patient-derived PCs, we evaluated the therapeutic effect of
compounds 1 and 2 in established DMS53 human small cell
lung carcinoma growing subcutaneous and orthotopically in
nude mice models. The DMS53 cell line was selected for their
ability to grow well in the flank (for subcutaneous model) and
in the lung (for orthotopic model) after cell inoculation. Mice
bearing DMS53 xenografts were treated with compounds 1 or 2
(6 mg/kg in saline with 7.5% of DMSO/0.8% Tween-80) or
vehicle control (7.5% of DMSO/0.8% Tween-80) in alternating
days during 20 days. As shown in Fig. 5A and B, compound 2
produced a significant decrease in tumor growth in subcuta-
neous models. Furthermore, treatment with compound 2

Figure 3.

Analysis of the apoptotic pathway after indole-based tambjamine analogues exposure. A, After 24 hours of treatment with the IC25, IC50, and IC75 values of
compounds 1 or 2, the expression of several apoptotic markers was analyzed by Western blot analysis in A549 cell line. B and C, Bcl-2 family protein complexes
(Bak/Mcl-1 and Bax/Bcl-2, respectively) ratios are represented in bar graphs. D, A549 cells were treated with 20 mmol/L of Z-VAD-FMK for 2 hours followed
by compounds 1 or 2 for 6 hours. Cell viability was measured using the flow cytometry–based MUSE Cell Analyzer Kit. Results were obtained from at least three
independent experiments. Bars represent the mean � SD. Statistically significant results are indicated as � , P < 0.05; �� , P < 0.01 and ��� , P < 0.001.
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significantly (P < 0.05) reduced lung cancer tumor progression
in the orthotopic lung model (Fig. 5C). Importantly, as a single
agent the treatment with compounds 1 or 2 did not produce
any obvious toxicity (hepatotoxicity and nephrotoxicity; Fig.
5D), diarrhea, or significant body weight loss (Supplementary
Fig. S42).

Discussion
Chemotherapeutic agents based on natural compounds are a

potent source of anticancer drugs. Tambjamine analogues of

natural compounds tambjamines have already demonstrated a
good pharmacological activity and to have remarkable anticancer
effects (6, 7, 11–13). In this study, we analyzed the cytotoxic effect
and consequent induced cell death and elucidated the molecular
mechanism of action of novel synthesized indole-based tambja-
mine analogues in lung cancer cells. We have observed a signif-
icant cytotoxic effect (less than 10 mmol/L at 24 hours) of the
selected compounds in several lung cancer cell lines. Moreover,
the selected compounds showed IC50 values remarkably lower
than cisplatin, the main chemotherapeutic agent used in the
treatment of lung cancer patients.

Figure 4.

Indole-based tambjamine analogues
induce ROS, causing cellular stress by
p38 MAPK activation. A, A549 cells
were treated with compounds 1, 2, or 3
(negative control) for 6 hours or with
TBHP (positive control) for 2 hours.
ROS formation was measured
using the flow cytometry–based
MUSE Oxidative Stress Kit. B,
Phosphorylation levels of the stress
kinase p38 MAPK were assessed by
Western blot analysis in A549 cells
exposed to the IC25, IC50, and IC75

values of compounds 1, 2, or 3 for 24
hours. C, A549 cells were treated with
30 mmol/L of SB20219 for 2 hours
followed by compounds 1 or 2 for
6 hours. Cell viability was measured
using the flow cytometry–based MUSE
Cell Analyzer Kit. Results were
obtained from at least three
independent experiments. Bars
represent the mean � SD.
Statistically significant results
are indicated as � , P < 0.05;
�� , P < 0.01, and ��� , P < 0.001.
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Wehave recently demonstrated how tambjamine analogues are
able to alter the plasma membrane potential and decrease the
intracellular pH in the A549 lung adenocarcinoma cell line (13).
Changes in the ion homeostasis of the plasma membrane poten-

tial have already been associated with apoptosis-induced cell
death in several cell types (S49, Jurkat, HL60, and thymocytes;
refs. 22, 23). These observations, in addition toour transcriptomic
results and the failure to arrest cell cycle, led us to further

Figure 5.

Therapeutic effect of indole-based tambjamine-analogues in lung cancer in vivomouse models. A, Growth curve of subcutaneous tumor volumes after compound
treatment show significantly differences between compound 2 versus control. B, The weight of subcutaneous tumors compared with control animals is
significantly lower after compound 2 treatment. C, Compound 2 treatment reduce significantly the tumor weight in orthotopic DMS53 mouse xenograft model.
Statistical analysis was performed using the nonparametric tests. � , P < 0.05. D, Representative illustrations of liver and kidney histology using
hematoxylin–eosin staining, at 100� and 400� magnifications (scale bars correspond to 200 and 50 mm, respectively). Histopathologic examination of mice
liver and kidney detected no obvious pathologic changes after compound 1 or 2 treatment.
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investigate the molecular events related to the apoptotic process
after cell treatment with these compounds.

The mitochondrial apoptotic pathway is closely regulated by
the dynamic equilibrium of a group of proteins belonging to the
Bcl-2 family with pro-apoptotic (e.g., Bax and Bak) and anti-
apoptotic (e.g., Bcl-2 and Mcl-1) functions (24–26). The disrup-
tion of this equilibrium leads to the mitochondrial outer mem-
brane permeabilization (MOMP) with the consequent release of
cytochrome-c from the mitochondria and activation of initiator
caspase-9. The initiator caspase-9 then activates the effector cas-
pase-3 that cleaves regulatory and structural molecules (e.g.,
PARP), culminating in the death of the cell (24, 26). In this study,
the activation of the intrinsic mitochondrial pathway and the
cleavage of pro-caspase-9 and pro-caspase-3, as well as their
substrate PARP were observed in lung cancer cells. In addition,
the unbalance of the apoptotic pairs (Bcl-2/Bax and Mcl-1/Bak)
towards the pro-apoptotic proteins unveils the final fate of these
cells (27). In our system, the expression levels of prosurvival
members of the Bcl-2 family (Bcl-2 and Mcl-1) decreased in a
dose-dependent manner and the pro-apoptotic proteins (Bax and
Bak) increased after the treatment. In terms of Bcl-2, this decrease
further corroborates our transcriptomic results and shows that this
alteration is occurring at the gene level. The IAP proteins (IAPs, e.
g., XIAP and survivin) are proteins that maintain the small
leakages of cytochrome-c or small activations of death receptors
controlled by inhibiting the initiator and effector caspases. Survi-
vin is a member of the IAP family that prevents mitochondrial-
dependent apoptosis through the inhibition of caspase-9 and
caspase-3 by direct or indirect binding (24, 28). Interestingly, after
compounds treatmentwehave seen adownregulation of survivin,
at both the transcript and protein levels, which also contributes to
the triggering of the apoptotic cell death. Furthermore, using a
pan-caspase inhibitor, we were able to significantly reverse the
cytotoxic effect of our compounds. These results clearly indicate
that compounds induce cell death through apoptosis by activat-
ing apoptosis-related proteins (caspase-9 and caspase-3) and
decreasing the levels of anti-apoptotic proteins (Bcl-2, Mcl-1, and
survivin).

The ionophoric activity of tambjamine analogues has an
impact on cellular ion homeostasis and intracellular pH levels
(13), thus, it is feasible that their actions will produce a cellular
stress. Several recent works have shown that unbalanced ionic
homeostasis is deeply involved in ROS generation (29–31). In
our hands, treatment with the selected compounds induced a
clear ROS production and this could be mediated by the anion
transport because our previous work has shown that these
compounds also induce cellular acidification (13). Conversely,
the nontransporter compound neither produced pH changes
nor generated ROS.

The MAPKs are crucial signaling players in the integration of
stress signals and their conversion to cellular responses (32). One
major MAPK signaling pathway that is important for detecting
cellular stress, including intracellular acidosis and ROS, is the p38
MAPK cascade (32–34). The p38MAPK-mediated apoptosis leads
to caspase activation (35, 36), and several chemotherapeutic
drugs have been shown to promote this cascade in order to
produce apoptotic cancer cell death (36–42).Moreover, reversion
of the apoptotic-mediated cell death produced by chemothera-
peutic drugs that de-polymerize (nocodazole, vincristine, and
vinblastine) or stabilize (taxol) microtubules was achieved by
using p38 MAPK-specific inhibitors (e.g., SB203580 and

SB202190). Likewise, genotoxic agents (cisplatin and oxaliplatin)
and topoisomerase II inhibitors (doxorubicin) were also able
to activate p38 MAPK route (43, 44). Nowadays, a dual-role of
this route is known with the action as tumor suppressor or
tumor promoter largely depending on the type of cancer and
tumor stage (45). Interestingly, our results have shown a robust
p38 MAPK activation and using the specific p38 MAPK inhib-
itor, SB202190, we were able to significantly restore cell via-
bility. Reversion of cell death using the pan-caspase inhibitor
or the stress kinase inhibitor is very similar, which foresight
that our compounds mediate cell death by apoptosis mainly
through the p38 MAPK route.

Moreover, several transcription factors have been implicated in
the regulation of both anti-apoptotic proteins, survivin, andBcl-2:
Sp1, p53, NF-kB, and STAT3 (38, 46–48). Although Sp1, NF-kB,
and STAT3 are generally implicated in transactivation of Bcl-2 and
survivin genes, p53 was shown to be responsible for transcrip-
tional repression of these genes. In addition, these transcription
factors are all substrates of the p38MAPK signaling pathway (49).
In fact, several articles connect p38 MAPK activation with a
downregulation of survivin and Bcl-2 expressions (39, 40, 50–
53). Nevertheless, caution should be taken because other path-
ways are also involved in the activation/repression of these
transcription factors and so, crosstalkwithother routes is possible.
Further experiments are underway to understand the regulation of
these genes, which have a profound impact in the fate of the cells
by apoptosis. Our study has also shown the therapeutic effect of
our compounds in a preclinical setting using subcutaneous and
orthotopic mousemodels for lung cancer, which indicates a good
potential for pharmaceutical development.

In conclusion, we have shown the cytotoxic effect of novel
indole-based tambjamine analogues towards lung cancer cells in
vitro and in vivo. We have also identified several gene-expression
profile alterations produced by our compounds in lung cancer
cells and have shown that the main molecular route of induced
cell death is apoptosis, whichmight be activated by the p38MAPK
through ROS cellular stress induction. Ultimately, by understand-
ing the mechanism of action through which these natural-based
small molecules mediate their effect in cancer cells will provide a
way to improve future studies of drug efficacy and pharmacody-
namics, as well as establish drug–response biomarkers and syn-
ergistic drug combinations.
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