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Cysteine cathepsins are lysosomal enzymes that belong to the papain family and can induce the deg-
radation of damaged proteins through the endo-lysosomal pathway. It is highly upregulated in many
cancers by regulating gene amplification and transcriptional, translational, and post-transcriptional
modifications. Cathepsin S is part of the cysteine cathepsin family. Many studies have demonstrated
that cathepsin S not only plays a specific role in MHC class II antigen presentation but also plays
a crucial role in cancers. Cathepsin S is more stable at a neutral pH compared to other cysteine cathe-
psins, which supports the importance of cathepsin S in disease microenvironments. Therefore, the dys-
regulation of cathepsin S has participated in a variety of pathological processes, including cancer, ar-
thritis, and cardiovascular disease. Furthermore, a decrease or depletion in the expression of cathepsin
S has been implicated in the processes of tumor growth, invasion, metastasis, and angiogenesis. Taken
together, cathepsin S has been suggested as an attractive therapeutic target for cancer therapy. In this
review, the known involvement of cathepsin S in diseases, particularly with respect to recent work
indicating its role in cancer therapy, is examined. An overview of current literature on the inhibitors

of cathepsin S as a therapeutic target for cancer is also provided.
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& protease, glycosidase, lipase, nuclease®t 22 50717} A+
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shal AAE o FE AAs] Wl Pade Axe FY
A 2o slof mjg- Faskn2, 70].

Proteaset 32 H 2 A2 " ot JE = A
St o2 g S Bafste 7lee 7H EA
o] t}[72]. o] 2] ¢ protease T<s] DA e] Fafo} FAHES
24T B oyt ME A7 AY & AA 5 A7t
A AW 2L g w9 A AAd 4FE v
th29, 99, 102]. AA B protease’} Folut A7MAY, 418 #

A AdS 9 A7 I AEE A 53te BASE AAAL
ATH59, 94, 96]. Cathepsine B protease & 3FHE 15717}
EA 5, F438tE = S 7] YA (catalytic residue site) O]

w2} cysteine, aspartate, serine cathepsin®Z +FHT
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(Table 1). Cysteine cathepsin®ll < cathepsin B, C, F, H, K,
L, O, S V, W, X7t &A3} 1, aspartate cathepsin< cathepsin
D, E7}, serine cathepsin®] & cathepsin A, G7} &4t
Cysteine cathepsine 23toF 3o EA8H= cysteine &
2 &3] T2l protease papaind A A5 HHAH oM Tt
3l 24 =0 Wt endopeptidasedt exopeptidase® 7%
TH19, 97]. Cysteine cathepsin F4H4 €] pHell Al 243} &
71 Mol gag Woll EAstH, hef gad Hfo g oFs)
Ad $4 pH &7 o2 A 9 v ¢ ELA 3 cathe-
psin®] A =7} F243] 9oz} [95]. Cathepsin B, H ¥ L%}
& g & A2 cysteine cathepins 17H Z& oA o] &
om, o] cathepsin® WA ©#d Lo FAHE 24T
B, cathepsin K, W 2 S Al g4 Q1 24 o B35 917
& o4& 7HHT £ B A& cysteine cathepsin
SO 2H & T FHEAY & AWl A Gl tis)
Zlestaz o,
= =
Cysteine cathepsin S| QI £
# 9| cathepsin Sell g A77F &&3] 2 Fo|H, ¢
o gk FaAe ta] A5 At Cathepsin S T2 A&
A 1g219 1A 3k 1o, signal peptide sequence<}
pro-peptide sequence, mature form domaing X33+ 3317
o opmxAto 2 FAH pre-proenzyme©| th(Fig. 1) [51].
Cathepsin S& Hx 9} Bl Aol EAst= tAAZ, B # =T,



Table 1. Human cathepsin family members

Catalytic Proteolytic .
e oy Cathepsin Expressed cancer References
site activity
B Breast cancer, melanoma, gastric cancer, lung cancer, colon [22, 25, 32, 44, 50,
cancer, ovarian cancer, glioblastoma, hepatocellular 64, 73, 76, 77]
carcinoma, prostate cancer
Custe Endo-/Exo- C Pancreatic islet carcinogenesis, squamous carcinoma, breast [40, 79]
steine !
y peptidase cancer
H Breast cancer, colorectal cancer, melanoma, prostate cancer,
) p [17, 83, 93, 104]
hepatocellular carcinoma
Prostate cancer, gastric cancer, colorectal cancer, breast cancer [17, 36, 49, 62]
F Cervical carcinoma [100]
Basal cell carcinoma, ovarian cancer, glioblastoma, oral [24, 35, 54, 57,
squamous cell carcinoma, melanoma, breast cancer 69, 101]
L Breast cancer, lung cancer, gastric cancer, gliomas, ovarian [11, 53, 65, 87]
Endo- cancer, pancreatic cancer
peptidase -
S Renal carcinoma, hepatocellular carcinoma, glioma, gastric [25, 28, 33,
cancer, breast cancer, colorectal cancer, prostate cancer 84, 107]
A% Breast cancer, colorectal cancer [3, 80]
W —
D Thyroid carcinomas, squamous cell carcinoma, renal carcinoma, [10, 18, 61,
Aspartate glioma, breast cancer, lung cancer, ovarian carcinoma 82, 88, 105]
E Pancreatic ductal adenocarcinoma, gastric cancer, breast cancer [3, 41, 45]
Serine Malignant melanoma [47]
G Acute myeloid leukemia 1]
Signal
peptide Propeptide Mature form
Cathepsin S | ‘ c H N
1 15 114 331
Cathepsin F | |
119 270 484
Cathepsin K | l | |
1 15 114 329
Cathepsin L | ‘ | |
17 113 333
Cathepsin O | | | ‘
1 23 107 321
Cathepsin V | ‘ | |
17 113 334
Cathepsin W | | | |
1 21 127 376

Fig. 1. The schematic domains of cysteine cathepsins. Each cysteine cathepsin is composed of a signal peptide sequence, propeptide
sequence, and catalytically active mature form domain. The mature domain contains catalytic triad (CHN) of a cysteine
25, histidine 159, and an asparagine residue 175.



FA G 2 FAAAAZAA L o] ETH16, 21, 60,
78]. =3 WA Z o} G AP FFAEANME B =
A vetue i, A 38 4AAZY 7FSAAd 9 A A A
= ‘?—._1'54 o] $1TH25, 28, 107]. 438+ 4 0 2 cathepsin S& THE
79 cysteine cathepsin? 24 F4 pHY ¢z 4
pHolW s E 7] w B A&H R BRI} A HL.
uetA, 24 pH 8749 gaFodM &48E A s ge
79 cysteine cathepsin®} Th2 7| cathepsin S& & &% 5
A E HH o] A2 A5l PaE Wol EAlste
cathepsin S7t M ZHAE FZHW AEZ EHOE o] F3to] Al
Z 9 7)d gdwde] B S o AyA 0T oA
X9 HolZ Z/AITH30, 55]. A 10¢] @ FoF, W ub
of #este] MHC class I19] & A Ao A cathepsin S
Goll i A7 ASHJA T, HZo e v Fe 9
M E oA cathepsin 59 F&ol thgh A7 AFHIL Aot
[25, 33, 46, 89]. =, cathepsin S HIA A Q] FH - GA=E
o 4 RIS 24T F lomr AW A5 gl
T8 x40l 2 F Aot

0o 12 010

|

UM Z0M cathepsin SO Nt

Cathepsin Sell €]’ apoptosis

Apoptosis> ZE21#H3 H A ZAHE (programmed cell
death)ol ™ ThAlZ A& oA A TA 9 B $7 o A
Yojury, W3etael EHORE U At blebbing? A
A A &3 (chromatin condensation), DNA9] &4 o] Vet
08l ade Be i 248 AL 7] i
apoptosis & 24 & F Qv TR AE A7|Holn,
2l AE 9 7t § 33} (lysosomal membrane permeabilization,
LMP)& 53l 29 cathepsin®l 93} 4] apoptosis7} 22 H
T}H[38]. Cathepsin S& EFAC.Z 319 f+ =5 & apoptosisel &
OYg A dg F27F ddEo] . HdFaA EAA
cathepsin S QA A Q] érell 3] anti-apoptotic protein! Bel-2
9} BaxLe] Wdo] A%y nEZE ol o RIS B3]
apoptosisE fr=TH13]. T3, AR YA Z A cathepsin S
A AA Q] Z-FL-COCHO (ZFL)& n|EZEg olo M A4 H =
A kaol oel Bal-29 REe ZaA7IH LMPY F7HE
53l FJaE Wol &= T2 cysteine cathepsingl B, DE A%
Ae FEFOEHA, 71E FaAld U 1d4e S0
]. 3 ZFL endoplasmic reticulum (ER) stress& =3}
A ZEAE F71 &8 (pro-apoptotic protein)$l Bime| &
A& F7HNF 0 EM oxaliplatin Wi 7} apoptosisE F7HAIF]
T}H[85]. HHE, = E}% A A Z-Phe-Gly-NHO-Bz= HZF
I Wy n]EZE o} caspase B 2] &2 apoptosis
g FT3hoH112]. Cathepsm SEAE B JAA Bt oy
)

2 E

2}, cathepsin S & o] AFTHO % THAE 9 apoptosis7}
S 7kt th[23]. wehA, cathepsin S& THFE S/ GA X o
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Cathepsin Sell €] 3 autophagy
Autophagy= Al ZH 9 EAste 48 9ds A2 &

71 AASL Edfdte FAHOE, ALH|AY HEF
autophagy© A EAE & FE@T}H[43]. Autophagy”l ¥ ofut
© ¢, A7HE A 44 (autophagosome)l] =] A¢] A
I Az 27182 gade] 2%z 38 Autophagy=
Hshd ~E# 2 (oxidative stress)U ¥R AR 2 A
oA dojute], Al f FHEEY A B3, Ade =4
dto] AZ W oA Y #3 S FAFOEN AE S &
ol gttt shA|Rt, ©3]2 #E¢ autophagy] B4 3He Al E9
s fTE0H14]. ek, autophagys 7429 2~
Hhgo whek AZoA & FF e FAY Y IFS
F At o]d B @21, autophagy’t JYH= FA
o mpA dA A g aFo] Bady] Wl HaE Y
EA st 7hr RS 42 cathepsin® autophagy?te] A%
doll sl A A = ATh48, 98]. Cathepsin S& tumor-asso-
ciated macrophages (TAM)l A} & o] £7] & TAM|
A autophagys &4 3}A7/H, 242 02 M2 £33 9| TAM
S z2H3 02N F Wdo| J3FS u]z]q.[log] nq oA
Eof| A= cathepsin 59 Ao 93l autophagy’t F+ =€t
WEAEZ A cathepsin S G A A °ﬂ o3 AAH gL
7} autophagy "7 9] apoptosisE f=38tH, H Sl F4A 2=
EGFR/ERK ZAZE %3}4 autophagye 435 %3t
apoptosis7} € ©1'3TH[13, 110]. @}, cathepsin S & A ol 9
gt g4 a A autophagyd #AARES AT + Yot

of FA =z} 3

=

57

ol

Cathepsin Sl ¢|g &
& 41 A (angiogenesis) = 7|
ANE2E a0l AE= ATA FAolth Angiogenesist
Ao AR dee glo] 229 FyatE A3 =3 A
Fola YEA] HAoltte7]. 53 TU%
a3, FF 2717F 4% 122 mmol 22 EE o T4
A &A1 A4S 935t angiogenesis 774 0] 8 3TH66].
ole 2719 o] FHL® YAst=H Hag 7
%A angiogenesis®] A MEE FY A5 Mo
ATH111]. Vascular endothelial growth factor (VEGF)
2 & FAY JAAE angiogenesiss A= &
3] Holut20, 103]. stAT 1 E37F A H o=
UEtUH, &3 SN A 4] YEtyr] wE
angiogenesisE %= A& A5 Hgo| a3t} Cathepsin
St angiogenesis A T8 HEE Tk AL A U
I A E(HUVEC)ol Al VEGFol &3l R4€ d#-2 cathepsin
S AAA ol o3 7FAaer[12]. E3 cathepsin S9 TEH &
Astd AE ¥Ho g VEGFY % =

14 (angiogenesis)
o EAste RO 2RH

\_
ZE
T
%
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Fo]ETH23]. ol & F3t

onment)° A cathepsin S9 F8A4 & &AT & STt

Cathepsin S©l| 9] & A EA o] (metastasis)

AAEZE FHY 24 A&3ta FTEFS oA 717 K9
A AE & NAE FAse Gl Agste] B @A

B gt A & 71d gl B & F3 71EY TF
oA WA U A EE A E VY FHE o] 5T
A, o] FA& A ol(metastasis) Bt FTH63]. Hol&

A Z ] - (invasion) T} ©]F (migration)©] g F 7}X]/]

o

4

<

8% Ao EAsH, ol & Fotol GEAL 5 2
H7) gzl FF A5 Yol FAEY HolE “Xﬂé‘}% 74
& uj§- 23kt Cathepsin S A2 Holof T A=

ANADFAEANA Ao 2 WY=L, cathepsin S ‘?ixﬂx‘ﬂ
' morpholineurea-leu-homophe-vinylsulphone (LHVS)|
e M AR AFAH L] o7} s TH27]. o F, A
MESG HLAEAMNE cathepsin SE BHALE 3 A A A <
Aol oJsf cathpesin S W7 9| A 9 7] @A 9] 7h4
ol 7h A H o] Az Hoj7p ZaskATS, 12]. £T
cathepsin S¢] H& o] H& 9 AlZE} A Z o= cathe-
psin 59 AT FHT A E | Hol7t A H 23, 109].
THetAl, cathepsin S7F A E 9] Hol& xAst=d 74t

EtAdlo] & ¢ Qi

=

Cathepsin S CIo¥FsH ZE{ZHO| Al
& proteases} FIEIIAE, A oA B AL
7HA 3 Q& cathepsin S Tk AW zte] AaA o o8
Huston, thdt A7 W Aol wet Ao

FEEA|

I'

I R
—Ll

N

cathepsin ¢ 7% 3 A7k JAFH L Q7] A7HE S
A & (autoimmune disease)> 77} A7FEL S 5 SYA|
Z QA ske] oo gk W Hhgo] St AjHog H
ALY 45 eol FrdA F ﬁigi’ﬁ A71E Agtoltt.
of 2&<s A7 fdAe A 28-S T AGA
7171 A3+ Heko] a8t Cathepsm St 9% WS Fot
o "gﬂﬂﬂ 9l F 3}, cathepsin S7F A H o2 2
HH %= o MHC 18] FLAAE A7 gl dHA
Aol 2T BACE 23T JT15]. Futel 24 &
4 & (theumatoid arthrisis)& WA A0 G54 A7tE9d 8

o2 dFo] wyH 1 Wyt YA HE 54E 7HIT 0] B
A FE Z9oJA cathepin SO ¥ o] =A Yehg=t, o=
cathepsin S A A Q1 CSI-759] ojsf AW ~iojg} Ao
Aol ZHastth[5]. £, Frie 24 3dEE &= 4
/‘Jj‘IOﬂ A %= cathepin S¢ & o] £O.1 protease®] W& of -
Fotol FriEl2A dEYe] APAEE A5 5 A7),

ﬂll

A8 3% A3 (cardiovascular disease)> Al A F8 F 9o
A A EE A8 02 cathepsin St &4 350y 5o

oft

Ao e Ao By o qE e o 2 2H

3 22 AZddg o] THo 2 Ho| fE s T3
= = Ho whSo 93] FF o atheromaS ¥ A3
056]. Y MEE A&H O proteases B F 37| w ol
atheroma®} FH 22 oA cathepsin 5S¢ #d o] 0] &
& Ed oA cathepsin SO WA S ZFAANAE o, TH A
atheroma®| Z7|7} 248t $9AsZF0] A ATHI1).
—rrEHE‘j“EL AlA oz S yetA e Add 4
o7, dolA detxd Sl gyt W set g
*“%‘ < o] gdto HERFEHF &4 AZ oA cathepsin S9
dHo] gt BuFglen, BRldsH T 58 ZHoA
cathepsin S A3 Al AW Wgo] AA = UATH5S, 74].
B2 ATE Bt 4o YA cysteine cathepsind]
9&S Fdst o, 53] cathepsin S 73 Al
H 2.3}T}[86]. A A O2 cathepsin S7F ZHE Ed o]
AT B ofyel T dojgt 2717 o
A=, 75.4“—19—3 FAEAEE FEE Foll T A
etk ek, & AT Ao 9lofA cathepsin SO
Ao] Fastr31]. £, Aol APAL, FEdAE
| A cathepsin S oA Aol o3} Holet FAFHFo] HastH,
ol &= A ol x thE FuA HAA A Hold
ot &313 BT, 84, 85].

|

Cathepsin S HMME 0|28 &2 Sat

Cathepsin 5 402 0}—‘1 1’/} kff} Aea sgee] A
o] &3] PH I lth[37]. © L2 17ty "éﬁr 7+ A
AAAE BEHH, AAAA (electrophlhc)% A 9o
cathepsin S¢ &4 79 9 cysteine 2710 23 QQOP"% g
AEE A E371 Y th(Table 2) [52]. A 7HA] A=
cathepsin S A AAl= Frtg 24 #A, A 435, &
zstolmat 2 AW A5 @ol A& 2 B ol
d AZAE AHEE.

Broad-spectrum cathepsin 2} A] A
Cysteine cathepsin AAZ A5 H4H E 4
O 2 cysteine 27| Ff At €L E FEFOR
cysteine cathepsin®] @A 7}4E3 58S A DTH[4]

ol

E-64D+= cathepsin C& A 9|3 E & cysteine cathepsin® 7]
e gAsH, Az Mojek AAS weT{75]. HIZFGA
S A & O cysteine cathepsin A A Al JPM-OEt= &
o]F o4 mdoA AN Mol & AARTH39]. =T 7]
Z A8EE F4AQ cyclophosphamide®t 37 A 2] st
%9 2717t £ £14[6]. Z-Phe-Gly-NHO-Bz&= 3¢, A
A HE, ATFAA AzAEE fEste WY, A T2
Y AEME F40] YeuA @eth113].

Cathepsin S A9 3 (selective) A A
Cathepsin ST AgA o= AdAst= 9d & FA

ro



Table 2. The cathepsin S inhibitors used in cancer/ clinical trials
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Type Compounds Target Mechanism of action

Z-Phe-Gly-NHO-Bz Cathepsin S, B, L Irreversible

Broad-spectrum E-64D All cysteine cathepsins except C Irreversible

JPM-OEt All cathepsins Irreversible

Fsn0503 Cathepsin S Irreversible

LHVS Cathepsin S Irreversible

Selective ZFL Cathepsin S Reversible
a-ketoamides Cathepsin S —
LY3000328 Cathepsin S —

LHVS, Morpholineurea-leu-homophe-vinylsulphone; ZFL, Z-FL-COCHO.

Fsn05032] 7, AA¢AEe] o] & d

ESREEEPEE DR EERER R
=3

el =%, 244 A

H
cathepsin S¢ && F7}ol| wat A 34 o W‘E}‘%ﬂ 1, O]t
m

Fsn05039}9) ¥ e el oa) Az A

of g WA FEAT WS ZAATHP]. B o]

2 WA ol M= Fsn05039] o3 EHAIA o] A= n &
3 3] M| A A2 A (anti-VEGF) ol 2] 3t angiogenesis ] Al
a3E AR 17k Al Al

T}H106]. Cathepsin S¢ ®
3x

71
LHVSE H ¢ Aze dolE Ast AZAE S =TT

Extracelluar matrix

lC.l......ll.l..l......l..“.'.l.lilI..I.l..l....,."ll.l..l....-.li.l.Il.-.l-.l
X ’

[N

Wl

900000000006000060000000000000600.000000000000000000600006000000000600006000000000

& Cytoplasm
Cat S inhibition
EGFR/ERK
"..t € + Lysosome
®
Autophagy
ROS X0
Cy‘tochrome. Co
00
Caspase-3

Apoptosis

Fig. 2. The roles of cathepsin S inhibition in cancer cells. Inhibition of cathepsin S induces lysosomal membrane permeabilization
(LMP). Damaged mitochondria increases mitochondrial ROS, releases cytochrome c to cytoplasm and activates caspase-3,
eventually induces apoptosis. Moreover, inhibition of cathepsin S induces autophagy through the activation of EGFR/ERK
signaling pathway, and then induces mitochondria-mediated apoptosis. In addition, inhibition of cathepsin S enhances an-
ti-cancer-induced apoptosis via Bim upregulation. Furthermore, inhibition of cathepsin S suppresses secretion of VEGF and
the degradation of extracellular matrix proteins, resulting in inhibition of angiogenesis and invasion. Abbreviation. Cat S,
cathepsin S; ER, endoplasmic reticulum; CHOP, C/EBP homologous protein; Bim, BCL2 like 11; BAX, BCL2 associated X;
ROS, reactive oxygen species; EGFR, epidermal growth factor receptor; ERK, extracellular signal - regulated kinases; XO,
xanthine oxidase; VEGF, vascular endothelial growth factor.
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[110]. Cathepsin S¢] 744 AAAQ] ZFL2 ) FLAH Zof
A 2N A i AZAES FEote, HG AZAA au-
tophagy W7/ 9] M ZAVES fFEFTH34, 110]. BT ofY
A LA EA A ER stress FEE &3 Bim9 Hdo] F7}5
o] oxalipatin M7} Al ZAE B3-S FeA7]1L, HEZEY
oblld A= Fddae F71E S8 Bol-29t c-FLIPS
o] A F L 7] E F4A TRAILA th3k Al ZAHE 917
A& SN ZITH84, 85]. Cathepsin S HAE Sl H el Al
A 45 A oA Eolulo] E(a-ketoamide) 3T E -2 Al
IAES 4557 dBYPA 2 Ho|E AAFgo =N HIF
o, Heh, IRGH 2E gEgd A zeA et aHRE Ue
W12, 13, 92]. = ThE cathepsin S 9 A A%l LY3000328-2
plasma®l Al cathepsin S¢| &A43t& YA H O & FTHAA7H,
Ao FAEE Wk B FEAH e Hrlshe 9 18 AIE
& #3389 TH68]. Cathepsin S A A= A Frie| 24 &
A, AX 2 AR B2 AFE Y3 A A do] AL
slom, yoprt 454 dg 8l FF AR A eE HUt
g Zos AZdEn.

4 =

Cathepsin S& 459 cysteine protease® Hlg o]} B
AZY QA Z, FAGAZE 22 FUAANAEAA TE
o] ¥t Cathepsin 59| F82 S22 MHC class 112] &4 4]
of #dH EW Al&(invariant chain)s £33t 202, A
o AAZE AEAA 7ee sheH Wy TR webA,
cathepsm St A7td9dES A gster 0 T EE A
Atk ¥k obyz2l, cathepsin S TR UHA

A 0] %

FojA Ldo] £7] Bl TF P& FXskn A4 &
& A FE JMAA G} wekA, A A cathepsin SE EF
ALE e AL =4S of&dtd g 71 =4S F
gt FAaH7} JEbdth(Fig. 2). Cathepsin S& B2 &
¢ 83 E = apoptosis®] =9} autophagy "7 Al ZAE
o 7 % A Aol AA7F dEbdth 3, cathepin

52 gAOE Lt AR EAL o]&3ld 7|Z oA d
O3 AAS FHE 1 o 743 Fgaes 7Yy & 4 9ok
w2} cathepsin St ThFe Bl Adtol ] AW A
I3 qIE 2 & e Z4Ee vlojenpAR, 48 X33

o 482 AESE © 9lo) ol AT EHo| A AT
W7,
LAl 2

2 A7HE 20169 % AR ARz AsR) Ao
g A TG A Y& (NRF-2016R1A2B2013393) 1o} =3}
Aom olo FA=YUYTE.
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