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Forarg 8 714

23 #|(endoplasmic reticulum, ER):= &z 2l 2jzo] M4 Zh4 9
AT AsAY s& 9Fdete T8 AE Ao, AEA
AEYXAER stress)= oF, EHAAY AAFAE, dARE, 95 AFE F9
A5 Fdo] Qe @ Xl St 53] oA AEA

AEYAE HAZY] AL, 4%, AEH, do], ok A T3 d-Ho

N

ow  FoF vl A E7 (tumor microenvironment)ol| A= &4k A (reactive oxygen

32

species, ROS), A|AFA~F(hypoxia), U+ 3L Z(nutrient deprivation)= <13l
u] A3l oAl WkS-(unfolded protein response, UPR)©|] dojd 4 Qlt} 2
ol =wolMs AFA AEYASG ddd FAd FEAH FF
A1 3] Al (tubulin polymerization inhibitor) %! 3] A% ©olAl’ @4 #] 3l A (histone
deacetylase inhibitor)°| #3 ATE FHT W& HFIUAL

FEd T3 AlAl 7139 vascular disrupting agent (VDA)Q! CKD-516

(valecobulin) U414 2 olg] ezt zte] W8 Ad174S T3t g



oo obEE ®el Al Wkl FREAe|th o Fe|Ai CKD-516
o3 AEAEe] XA AEd s A R selsy

CKD-516 9] JthArAQl 8516 = o] &3 AF# W AFelA CKD-
516 < = (tubulin)®l] ZA3FeH=  vascular disrupting agent (VDA)Y =

ettt veo® #HSE AEFE ol &t AFlAM, S516 o AEA9}
nEFZEgotoA LA PSSR, SME APE a2
A Aol 9JFk Flo] obde glE it

S516 & HFAEANA AFZA AEHA vFARD inositol-requiring enzyme la
(IREla) &} protein kinase RNA-like endoplasmic reticulum kinase (PERK)2]
QAARSHE S7HAI AL, AEHA vlAY &A= N-acetyleysteine  (NAC)©]|
ol FEA O E Ao, S516 o o3 FEE mAATE g P o=
st Egakaol Aol AxA 2EHAE {08 Aow AyzZbErt Esh
M E AAY 2xA 2EHA AAZE S516 o 2ls wA A
ot = AdfiskA] Xsh= Ao wFof, mAlAve ool EAdAkA A o
o3l AXA AEHAVF dejus Zow AzbErh CKD-5S16 2 T
AaIsE B3RO, 71K Z2}El (carboplatin) @

(o3}
- =
ol g &HTF $FEte], BlaAEH G Azl AHE 3l

oo o2

tlo
flo

U} © 2, histone deacetylase (HDAC) #|3[[#|Q1 CKD-581 (alteminostat)~-
2 F(lymphoma) %! IS F(multiple myeloma) 3RS o =®
S ol o) 44% (16/36 $HxH)2] ShAfol A
QHg/d W W (stable disease, SD) ©|42] WEg-S YERA &ehA] SH EZHo|t)

CKD-581 < class, 1 & 5 A 33} pan-HDAC A &f Al o]t}. CKD-581 °]
o3&l At MEZo|A Wnt/B-catenin A T A Eo] F-2lsA WSIESG oW, 53]

ol AF }?:L A]@Oﬂ/q ol A



dishevelled binding antagonist of beta catenin 3 (DACT3)2] W3 o] FT X7
7 E ek ohdESE MEolA] Wnt/B-catenin @ AT A D] negative

regulator 1 DACT3 ¢ T7F= <13 Wnt/B-catenin 21 & o] 3¢ A5 B-

L

catenin 2! ¢-MYC 9] ¥dlo] AT, cyclin D1 7} cyclin-dependent kinase 4

(CDK4)8} 728 Alx F719 #d9d Axe] Id gA] FAEHQH v
2 p21 & HdH F7ksE @7 A EAE ARapoptosis) 7t

Sdolupi= Zo] PRI ThEsE o]4 vpeA TeElo A% CKD-581 o

ok o A AV BEH, FERLAALE Fdanrt vErdS & F

thakE 4504 CKD-581 ©] &¢F &35 Kol Ay nzrix =z, & g

HEFole e @yt vehdeA dobrr] fs AdEE
dagstdehk mwd Ad] B AME ®ZF(diffuse large B-cell lymphoma,
DLBCL) 719 HDAC Ad|AlEo] o744 sj7kg whA] Xk bgoln,
= 7P Be A7 %S v A3o|th CKD-581 & HEZFoA]
Ay FE29 olAEdE FE3519 2, DLBCL $xl9] T3t
A2FQI MYC # BCL-2 ¥ BCL-6 &] FdS =3t 55k 3okl o
A3 ##E = BCL-2 family @1 BCL-xL ¥ MCL-1 9] 23S =0,

=
T —"5

ol
[>
rm

e

=
o

phosphorylated histone H2AX (yYH2AX) ¢} poly (ADPribose) polymerase 1 (PARP1)<-
S7HNA AZAEATE TR & 5 AT @31, JEZF A E] CKD-
581 = 283 A3} IREla®} PERK, activating transcription factor 6 (ATF6) %
glucose-regulated protein 78 (GRP78)¥} -2 AN A AEYA A X7t F7Feh=
Aol #AEo|, AxA AEHAS #Ho] Slag ERlstilth CKD-581 &
2 F9 HEF o] FERYA FdanEs Hlow, 53] CD20 ©]
WE s SU-DHL-2 Ed9olA, DLBCL 2 F23% AgAQ S5AW
(rituximab) ¥} FAFSE Lol FF AY AdAaYE R 18 EE, CKD-
581 & HEFE ABARAM FoF 5t 3l Aoz 7igen



CKD-581 & &8 7%
g 71l il wrglow, A 3
o, A3 Fd ZIF YERs
= A=

50O = oﬂ =
shelaleith, ol PokAl Fu BAEL 2 Y Folvl, FF
: g B A5 34 44 AR
== dZH = o]' /\]zgg @sg O] , 8(4:6‘

9 /B }1\_. QSSE— ) %}\O /'l\_ A

3} S
st A3 A, HDAC AdNA, #H, thtZ4E ujwtd At B-Al
’ 1 o B-* 5’_:_

N
to
oN 2

s+ : 2012-31106



T R ettt ettt i
L RSOOSR v
J A1) Y o) (N vii
LiSt Of FIGUIES.........ooviiiiiii e s viii
LISt Of ADDYEVIALIONS ......ovvviiiiiiiiiiiiee e e e e e s e e s s s e e e s ee s bbb s e eeasseesraans ix
| T TR 1

Y L TR 6
2. AT I O bbbt et et e st re et restens 6
3. FEH A BA A s 7
4. FED AT DA BT s 7
5. AIEZZ A A ittt ettt 8
6. HUVEC T5E. B ettt sttt ere et ene st 8
B e TR 8
T O T 9
9. Mito-HyPer % ER-HyPer ofju|-vlo]g]AE o] &3t wmEFZ=glofel A

O I I g . TR 9
10. HDAC E2 A3l A B2 ettt 9
11, BT WL Z0 3 e 9
12. cDNA microarray 2 F8AF 2 A0 10
13, T B ettt ettt ne s 10
T e B e B R = 11
TR 2 11

\%
x:x_'i url_ 1



. 23
=4 % A A, CKD-516

1)8516 9 TIAIATE AT YA B e 12
2)S516 o 213k o I AE tH AT BT e 15
3) H AEANA S516 0 23 A A B e 15
4)S516 o 28t H I MEoA ] AEA AETA FE s 19
5) et o]Fo]a] FHof A2 CKD-516 2 T E T 22
6) CKD-516 2} 7}R.Z2te W 8of o3 & T A5 e, 22
2. 3| AE golHd &4 A3 A, CKD-581
1) CKD-581 ©] 2] 3 HDAC E A2 A& o 26
2) CKD-581 o 2J3F ®1ZF 3} =8 AEZS] AFE e 26

3) CKD-581 ©| ]38t DACT3 & A% {5 2 Wnt/B-catenin A1 & A2 A &29

4) CKD-581 o 213 MIFEATEAL (1t 33
5) CKD-581 & thr=4E TEEEAAM Y FdE T s 35
6) FXFoA CKD-581 ° 2]3 HDAC E}l ©hA o] of AR 3}, 39
7) CKD-581 o 2]3F ®IZF MZE AFHE] i s 39
8) CKD-581 ¢l 2Jgh HZFo] LpE o § QIAFS] TFAr s 39
9) X Fo A CKD-581 °l 2J3F DNA A e 44
10) CKD-581 ] &8 AEA] AEBAG] Z7 oo 46
11) CKD-581 ¢ €% T35 FEANANY AT e, 49
IV, L2 ettt 51
Vo ZETEE B e 59
B A R N 1Y o T PSR 71
VIL APPENAIX ...oooiiiiiiiiiiiiii 74
Vi
M 2-1]
1 = 1)



List of Tables

Table 1. CKD-581 is a potent HDAC inhibitor..........coeoviiiiieiinineieeee e 27

Table 2. KEGG pathway analysis of differentially expressed genes by CKD-581 treatment

..................................................................................................................................... 30
vii

x:x_'i o]



List of Figures

Figure 1. Endoplasmic reticulum (ER) stress Signaling.........c.ccoovvvriennseenieneennneneennns 2
Figure 2. S516 inhibits tubulin polymerization and disrupts the cellular microtubule
0TS0 70 T PP U PR URTURUPTO 13
Figure 3. S516 stimulates ROS production and loss of mitochondrial membrane
potential in Tung cancer CellS. .........coiviriiiiiiire e 16
Figure 4. S516 induces ER stress in lung cancer cells.........ccovvivriiiinniiieiienencen 20
Figure 5. Potent in vivo anti-cancer activities of CKD-516 in xenografts implanted with
Calu-6, A549 and H460 Cells.. ....coeeiieeiiie e cee e se s 23
Figure 6. Synergistic anti-cancer activity of CKD-516 with carboplatin in NSCLC
D€ 11073 &2 ) { A TP UPUP VR PRTPPPTOT 25

Figure 7. CKD-581 induces acetylation of target proteins and suppresses cell

proliferation in hematological cancer cells ...........cccooceiviiiiiiiiiiiee, 28
Figure 8. CKD-581 down-regulates Wnt/p-catenin pathway ..........c.cccooeviiiiinieeneennnn, 32
Figure 9. CKD-581 decreases the expression of cell cycle related proteins ................... 34
Figure 10. CKD-581 activates tumor suppressors and induces apoptosis in MM .......... 36
Figure 11. CKD-581 suppresses tumor growth in MM1.S xenograft model.................. 38
Figure 12. CKD-581 is a potent HDAC inhibitor........ccooviiieiiiiiieiiiec e 40
Figure 13. CKD-581 reduces the protein expression of prognostic markers for DLBCL

......................................................................................................................... 41
Figure 14. CKD-581 induces DNA damage and apoptosiS.........ccccvervreerierenieeneneennenn 45
Figure 15. CKD-581 decreases anti-apoptotic proteins in DLBCL .............cccceiiniennnne. 47
Figure 16. CKD-581 induces ER stress in lymphoma cell ............cccoovrveiiiiiiininiennnn 48
Figure 17. CKD-581 suppressed DH-DLBCL tumor growth in the mouse xenograft

1007014 1) TP P PP URTOPTOPTO 50
Figure 18. Proposed mechanism of CKD-516 .........cccoviviiiiiiinininc e 52
Figure 19. Proposed mechanism of CKD-581 ........cccoviviiiiiiniii e 56

viii



List of Abbreviations

4-PBA: 4-phenylbutyric acid

ABC-DLBCL: Activated B cell-DLBCL
ANOVA: Analysis of variation

ASK1: Apoptosis signal-resulting kinase 1
ATCC: American Type Culture Collection

ATF6: Activating transcription factor 6

BTZ: Bortezomib

Carboplatin: Cyclobutane-1,1-dicarboxylate-O,0’
CDK4: Cyclin-dependent kinase 4

CHOP: C/EBP homologous protein

CHOP: Cyclophosphamide, doxorubicin, vincristine, prednisone
CTCL: Cutaneous T cell lymphoma

Cys: Cysteine

DACT3: Dishevelled binding antagonist of beta catenin 3
DAPI: 4°,6-diamidino-2-phenylindole
DCFH-DA: 2’,7°-dichlorofluorescin diacetate
DCR: Disease control rate

DE-DLBCL: Double expressor DLBCL
DH-DLBCL: Double hit-DLBCL

DLBCL: Diffuse large B-cell lymphoma

DMSO: Dimethyl sulfoxide

DNA: Deoxyribonucleic acid

DPI: Diphenyleneiodonium

DSB: Double strand break

EBI: N,N'-ethylene-bis(iodoacetamide)

ER: Endoplasmic reticulum

ERAD: ER-associated degradation



FBS: Fetal bovine serum

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase
GRP78: Glucose-regulated protein 78

GRP94: Glucose-regulated protein 94

GCB-DLBCL: Germinal center B-cell DLBCL

HAT: Histone acetyltransferase

HCC: Hepatocellular carcinoma

HDAC: Histone deacetylase

HRP: Horseradish peroxidase

HUVEC: Human umbilical vein endothelial cell
IACUC: Institutional animal care and use committee
IMDM: Iscove’s modified dulbecco’s medium

IMiD: Immune-modulatory drug

IREla: Inositol-requiring enzyme 1o

JNK: c-JUN amino-terminal kinase

MAPK: Mitogen-activated protein kinase

MCL-1: Myeloid cell leukemia-1

MM: Multiple myeloma

MOI: Multiplicity of infection

MTCC: Modern cell & tissue technologies

NAC: N-acetylcysteine

NADPH: Nicotinamide adenine dinucleotide phosphate
NSCLC: Non-small cell lung cancer

NQOI1: NAD(P)H dehydrogenase

PARP1: Poly (ADP-ribose) polymerase 1

PBS: Phosphate-buffered saline

PERK: Protein kinase RNA-like endoplasmic reticulum kinase
PTCL: Peripheral T cell lymphoma

RIPA: Radioimmunoprecipitation assay buffer



ROS: Reactive oxygen species

SAHA: Suberoylanilide hydroxamic acid

SD: Stable disease

SDS-PAGE: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SP1: Site-1 protease

SP2: Site-2 protease

TBS-T: Tris-buffered saline

TCD: N-deacetyl-N-(chromone-2-carbonyl)-thiocolchicine
TRAF2: TNF receptor-associated factor 2

UPR: Unfolded-protein response

VDA: Vascular disrupting agent

XBP1: X-box binding protein-1

Xi



L A&

2~ 3 #|(endoplasmic reticulum, ER)&= a2 2 2] A o] sHA] ) T A4
A 52 B9t 53 Mxarido|t) [1]. @A S A XA oA

<
T B4 2 HEe A3 F AEd AR FEv LA el v d

v
Z

2 (unfolded protein) H=+= 2% A3 @& (misfolded protein)®] <7}l
AFA AEHA(ER stress)T @A L] ] HEAE WHASIA 7= tFeFsh
Aol oa) A 1],

232 A "HER membrane)ol] =Ast= 3 78] AE# A AlX(stress sensor)
[Inositol-requiring enzyme la. (IRE1a), protein kinase RNA-like ER kinase (PERK) %!
activating transcription factor 6 (ATF6)]= |3 w4 ¥h-&-(unfolded-protein
response, UPR)S Ao 7|:= Aoz delx v} [2]. PIAHE d@wdo] ¢ls Al
Asoll desto], AlA
gds HEAs AR FAAIE AFA WA (umen)oll WA E
g go] AW, GRP78 ©] AlA GWMAZRE "oz oA Hm, AlA
duAdse g3 AdlE @A wa, UPR o] WA ¥TH (Figure 1). UPR
o= (1) Tz HA(translation)®] A1, (2) GRP7S, glucose-regulated

A}

glucose-regulated protein 78 (GRP78, Bip)< AlA il

protein 94 (GRP94)2} 72 ER AF¥|&(charperone) ™ protein disulfide isomerase 2}
+2 folding enzyme ©] <7}, (3) "% ©@WAS A ASH7] 3 ER-associated
degradation (ERAD)°| FXE T} [1,3].

XA AEHAE o, HAAY AZAS, drES, AT Ag 59
ARSI Bdo] Stk W A7 Rausa v 4] 53] ellA &xA)
AEUAE Al AE, AE, AEH, do], o= AL T3 B E

& (hypoxia),

o, FoF w3 (tumor microenvironment)o A= AAEA
A

gHd Ak A (reactive oxygen species, ROS), GoFE nzd= <lg] u|yd3s oulz

HE-3-(unfolded protein response, UPR)®| Aol 4= T} [5,6]. whebr] AEA]

olo
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Figure 1. Endoplasmic reticulum (ER) stress signaling.

Accumulation of unfolded / misfolded proteins in the ER lumen results in UPR. Once ER

stress occurs, GRP78 is dissociated from the ER stress sensors (IRE1a, PERK and ATF6).

IRET1 is activated upon dimerization of IRE1o and IRE1[, and then autophosphorylated.

PERK is also activated by dimerization and phosphorylation. ATF6, a member of the

leucine zipper transcription factor family, is transferred to the Golgi and cleaved by S1P

(site-1 protease) and S2P to generate ATF6q, its active form. Activated ER stress sensors

initiate the relevant downstream signaling pathways.
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AEHAS AsAG 7]A-e] gk AFtel HEo] olF BHOE sk AR
W e et = Al=7F thFetAl o] H A AL Qi

= wrelME AFA AEHAG ddEd FHAR] FEY T
A1 8] All (tubulin polymerization inhibitor) %! 3] A% ©olAld @4 #] 3l Al (histone

deacetylase inhibitor, HDAC inhibitor)°l] #a o178 &S o}Fc)

L 7= % AsA

1] A 2= ZH(microtubule) o-, B-FE 2] ©]F o] A (heterodimer) 2] & ol
o3 o]Foj YFH T-F(cylindrical structure)E FA ™, ] M4 f-(micro-
filament), % %Hd--(intermediate filament)®} &7 Al 33 F(cytoskeleton) 2]
T8 84 F StUEA, AlE BY 44, AE 54, AXxEd FFI AlE

o

2 Ax Bd HAANA WFAkspindle)ys B FAA|
=% (chromosomal segregation)= Lo7Iitt, FEH Ajste EHES

&S Adsl] AE F715 ZA AT

o2
X,
ke
N
)
2
[P
kv
o
o2
Mz
S
&l
1IN)
At
2L
-
ok
>~
el
2
IN
>~
oy
=
oo
e
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o
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ey
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)
af AAAT [9]. PHE SA vk
2 A dmEs Rellste] AAREshr]l flsh I olm,
< ulFEst Hol, ZZH ol (proteasome) ¥
=2 et [10]. olzElFs FF @A
afloll A, o FRlFIEstE BEAAQ @A Es ofgFolet &b,
o] HDAC6 ¢ Adsto], thold(dynein)olet= &% ¥ (motor
protein)ol] =] AEXHERY AXEAR olFst=t], o] W nAL#LS o] 52



o
off

T2 9 o [10]. 2=, wHIEEH
&7 (aggregation) VA &E] V]sol ojEAoleta & 4 Qi [11]. webA,
FEA T3 AsA st n e ehsl= v HA/AEHE Ao
B S oJg A 3to] 2¥A AEHAE S/AZ S Uk

CKD-516 (valecobulin) &= T3 A8l|lA] 712l vascular disrupting
agent (VDA)®] T} CKD-516 & 44 1 AF @ olg el ztao] ¥4 dA | A4S
Eoto] S Fdsilen, 53 gAY dAE ddew Iyd
ol wHIZF W& 1 dM= 79%2] IR} A FHA] v (stable disease, SD)
o]l kg s Ml A4t kAl FHEZ|TE o] =LA CKD-516 ©l

olF AEAEe] XA AEe A0 B R E et

2. S|AF ZolAd &AL A3 A

%1 & A & (eukaryote) 2]  deoxyribonucleic acid (DNA)= 2} F714 ] H2A,
H2B, H3 % H4 = o]Fojz 3] AE(histone) =E}FH(octamer)ol] 774 A
=A5k, o]lE FEd 2% (nucleosome)©| 2l st} FEHLES AEvbE
(chromatin)®] 7] ©&fljol™,  <Fd3K(positive charge)E Hi= S| AEF

% 8H(negative charge)E ¥1= DNA 1] A3zl 23 DNA 9] SF=
FA sttt s|AE  gholAl(lysine) FH7]19]  ofA| € S}(acetylation)= 3] AE 2
ddstE  FA SHneutralization)Al A, d|AFEF  DNA  FHe] s AES

oFsAIIYt [12]. o2 <% wEHeEFL XA wWdte] ofs AR
(transcription factor)5 2] DNA 29 H o] J&aA =}

o] ofAE st s & WA 37 (post-translational modification)
shifolm, o]F 3|AEe] opAldste] wiellA W2 AF7F o] FolA st
S| = opAlE st AAl 7 7HA Y] EA-s| A ofAl"E Y] Y & A (histone
acetyltransferase, HAT) @ 3| A% oldd & A(histone deacetylase, HDAC)®
o8l Fdo] dt [13, 14].
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HDAC A &A= 28824 28 k= (epigenetic drug)©]™, DNA £

A, FAIEE A SHnormalization)A] 7] =
282 Sk [15]. HDAC 2 th¥sh dogtellA 93S skar 7] wel,
ol ¢FolA JC_LJJr Al ddAEA  ALEI 9tk HDAC AdAlE=
H X L (lymphoma)¥}  THEF(multiple  myeloma, MM)S] X E A=
A=A dE =91, Vorinostat < 5§ T AX 3 F(cutaneous T cell
lymphoma, CTCL)2] X5 A2 3|7} ¥9F S ™, Romidepsin < CTCL %! =% T

M| 3L % 3 F(peripheral T cell lymphoma, PTCL), Belinostat = PTCL, Panobinostat <

thab 5o A gA=2 7hzb §7F 23tk [16).
29 HDAC AsAES AXA AEHAAE wsste] <t &yt
UebES 8k3l v Qltk [17, 18]. Class I 2 pan-HDAC A &fj A= o] 9F3of A

A¥A AEUAE dovl= Aol A v [19, 200 EFE Class 1T ©fl
%3h= HDAC6 & HAIEZolA #ddd x4y dmds ofjagE A=2E
Sl AASE A Hosth= Aol dEA ATt [21].

CKD-581 (Alteminostat)<> HDAC class I ¥} class I & X5 ¢ #|3}:= HDAC
AsfAlolrt. HEZF W thaad SAE g eRE 3 A 1 A AldelA
FAAE FABA O, 44% (16/36 AP SxpellA] kA Bw o] 4]
3-SR oAl SREH o)t} [22].

d



IL AoF 3 Ay

L Ao gl A

CKD-5163} S516,CKD-5812 &% (A&, =)o 2FH Tt 71
B EZ2Z" (cyclobutane-1,1-dicarboxylate-O,0', carboplatin)¥}  tunicamycin, 4-
phenylbutyric acid (4-PBA), suberoylanilide hydroxamic acid (SAHA, Vorinostat)<
Sigma-Aldrich (St. Louis, MO)ZF-E T3}t 2] 5 A] H(Rituximab)<> Roche
(Basel, Switzerland)l A ]3Itk CKD-5163 71K Z2}€l, CKD-581, 254
T2 A A p(saline)ol] o] FEAP ARSI S516<  dimethylsulfoxide
(DMSO)Z 5] A3}t IRElast p-PERK, PERK, BCL-2, BCL-6, BCL-xL,
Dishevelled binding antagonist of beta catenin 1 (DACT1), Dishevelled binding
antagonist of beta catenin 3 (DACT3), Cyclin D1, cyclin-dependent kinase 4 (CDK4),
HRP-conjugated goat anti-mouse, anti-rabbit [gG5+> Santa Cruz Biotechnology (Santa
Cruz, CA)ZH-E T+ th. GRP783} ATF6, phosphorylated H2AX (YH2AX) &
A= Abcam (Cambridge, UK)°ll 4 - 319 tF. C/EBP homologous protein (CHOP)
¥} ubiquitin, histone H3, acetylated histone H3, histone H4, acetylated histone H4,
tubulin, acetylated tubulin, myeloid cell leukemia-1 (MCL-1), poly (ADP-ribose)
polymerase 1 (PARP1), p21, phosphorylated p53°l ti3$t @H= Cell Signaling
Technology (Beverly, MA)ZFE F¢ls%itt. MYC¥ CD20, DACT2,
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)®l| t]$t &A= Thermo Fisher
Scientific (Waltham, MA, USA)°|A %13}l t}. CellTiter-Glo luminescent cell
viability assay kit i= Promega (Madison, Wi)°ll A %] 3}Slt}. B-actin A 2 t}
& A= Sigma (St. Louis, MO)E T8 9] ato] AH&-3t3loh

2. A EufeF

A549 (B =AM ZH )9l HA60 (B]2AZH <), Calu-6 (W] 24 EH ), SU-



DHL-2 (ABC/DH) and SU-DHL-4 (GCB/DH), HH (T A3 & X)) MJ (T A% &
), MMLIS (THEE5F), RPMI8226 (CHE=%) A= American Type
Culture Collection (ATCC, Rockville, MD)*l 4] -] 3}31 T}, OCI-LY1 (GCB/DH)%}
U2932 (ABC/DE) MEF+ A8 d Fallg wrdo=gE st
T}. Human umbilical vein endothelial cells (HUVEC)<> Modern Cell & Tissue
Technologies (MCTT, Seoul, Korea)ol| 4] %1315 Th OCI-LY1 W MJ M| 3E Hjj o]
= 20%2] $-Efo}d A (fetal bovine serum, FBS)S % 7}5t IMDM H{A] (Thermo
Fisher Scientific)S AF3}% 1, HUVEC A¥+ EGM-2 A (Lonza, Basel,
Switzerland) S AFE-3lo] ittt U A AEEQ] ko= 10% FBSE
H7FsE RPMI1640 B A& o] 8313t & AXZES 37°C, 5% CO, wlF7] el
A e ¥ = A

3. FEd S8A ¥4 4

s5160] Tl THA B4l dFe F=A Lotrr] f18l, HTS-Tubulin
Polymerization Assay Kit (Cytoskeleton, Denver, CO)= ©]-&3}31 0™, #A| A= F
g Aled AWl wet Addsel.

s @okshH, 8516 W= DMSOSE gAlE FEY WS 4°Col|A

>

,37°C= 747 3t FlexStation 3 (Molecular devices, San Jose, CA)°| A4 340 nm

o
o

T S (turbidity) & AlZtell Wl S48t DMSO7F A2l A5

BE7F Adle AEE ARdtete], Fed 94 4 Adlee &

kvl

%
o

o

u

=
ol
rfo

.

O
20
38

4. FEYU 2 X T4
H460 AJ3Z¢f| S5163} N,N'-ethylene-bis(iodoacetamide) (EBI, Sigma-Aldrich, St.
Louis, MO)E x4 %2 At A7l ¥ AM3E= 150 pul Laemmli

sample buffer (12 mM Tris—Cl pH 6.8, 0.5% SDS, 2% glycerol, 1% p-mercaptoethanol,



0.005% bromophenol blue) & =591 3 10%-3F ZJF3t} o]g A oA Alg+=

goE BEY wpHoR BAE,

5. AlXE7 HY QA

HUVEC AXE AW =2 (cover glass) A olA EGM-2 HX| 2 247 Hj
et T, 100 nM S516S AAIE oF= A7 Algbell whel A 2sk3ith H4607
A549, Calu-6 A5 3} (overnight) 9+ AW A Ao A RPMIL640
A2 wekst ¥, 100 nM 85162 2417 &<t A st ofE Ayt Ed

m]m

M 3L 4% paraformaldehyde = 15+-3F 117313 © ™, B-tubulin L EE =

Al
307+ A 2]stal, thA] rhodamine phalloidin (Sigma-Aldrich) ©. % 303+ &4

o
-

Sth. =& #HA= 4,6-diamidino-2-phenylindole (DAPI)E 33t ProLong Gold
Antifade reagent (Thermo Fisher Scientific)® V}#¥ (mounting)s} it A4 o] ¢

% Z A= Nikon Eclipse 80i fluorescence microscope (Nikon, Tokyo, Japan)E A}

gl #Astolet

6. HUVEC FH 34

HUVEC A3+ matrigel (BD Biosciences, Mississauga, ON) Arol|lA EGM-2
WA 2 wjketnt. EAE I BeFo] F-F(capillary-like tube) = - 3FE Ao
= S516% 3 AIZF A e F EGM-2 A2 Aotk 1 %, Nikon Eclipse
Ti-s (Nikon, Tokyo, Japan) & v|7d o7 3235}t
7. 3L S

H460 A|3Z o) S516= 2443t 5<F A2 et - 20 uM 2°,7’-dichlorofluorescin

|

diacetate (DCFH-DA, Sigma-Aldrich, St. Louis, MO)Z 30%7F 2] &ith. DCF &
2 FlexStation 3 (Molecular Devices, San Jose, CA) = =7 5} 31t}



8.JC-1 &4

JC-1& nEZ =g ol v 3 9] (mitochondrial membrane potential)E ¥2H3}7]
A8 g AMEE T H460 HlEol 30 Hi= 100nM S5162 244t Fek A2 e
%, 308 &<t 2 ugmLIC-10%2 AT &2 Incucyte S3 live cell analysis
system (Essen BioScience, Ann Arbor, M) A]Z}3} 2 72 &}¢1 T},

9. Mito-HyPer ¥ ER-HyPer o}d|:-vlo|EAE o] &3 v|EFZEgole} A
Al ROSE ANz E4

Mito-HyPer®} ER-HyPerE ¥ 3l oldl-Hlo]#8 A= J. Sadoshima
(University California, San Diego, CA)AIA 7|5 Hbol AFE-3FSITE 10 MOI
(multiplicity of infection)®] Mito-HyPer 1= ER-HyPer ©}d|W:-H}o]#{ A= H460
A EES 2473F St FAARAT FEE AlZel= 30 = 100 nM S5165 24
A b AElskeltt. 3% 5732 Incucyte S3 live cell analysis system ©. = 4

2
PG, FFe) AigS 54 PP BAGE AT £ Aolgle A

10. HDAC 54 A3 &4 ¥4

CKD-5819] HDAC &4 A3 &AL Ao Ax3 HDAC @¥id=
(human recombinant HDAC proteins)= A}-8-3}©], Reaction Biology Corporation
(Malvrn, PA, USA)olA =81 = Q). 1/3 vl A% 32¥ 10 32 CKD-581
S Z} HDAC FF a4l Agste], =5 43t ICsy 362 GraphPad
Prism 5 % 713 (Irvine, CA, USA)= ©]-&-3}o] H 7|55t}

11. 3| AE d@Wz =&
CKD-581 2 SAHA, DMSOE Z}7Z} SU-DHL-2 =+ MM.IS Ao 647
<+ A 2]3k %, phosphate buffered saline (PBS)Z 2 A o]F=3lt) Alx+= =17}



<+ lysis buffer [10 mM Tris-HCI (pH 6.5), 50 mM sodium bisulfate, 1% Triton X-100,
10 mM MgCl, and 8.6% sucrose] 50 uL= Q1 & 472 (1500g, 10+, 4°C)35}
2 Zo a1, 1A Fek HEE AT

¥, a2 (1500g, 1032, 4°C)shaitt. &5 ol =

Srh FHdE H(nucleus)= 50 uL 0.4N H,SO4

¥ 3
N

uLE F7FeE -, 20°ColA aFERE Fok WS AT G AT A
o e 4] (1000g, 101, 4°C)ske] S ¥ oH, 50 il SHRTE 5

of Agel AHgaer

12. cDNA microarray @ 3%} T4d F4

HH 9 MJ Al3e] CKD-5812 AlZtell wal 2] d §F, Trizol (Thermo
Fisher Scientific)s ©]83}°] total RNAE %35} 1L, RNeasy Mini Kit (Qiagen,
Hilden, NRW, Germany)= AF&3Fo] 7 Al(purification)dF$1th.  Microarray
hybridization<> Infinium® HumanHT-12 BeadChip= AF&3lo] 3=, R
version 3.5.25 ©|&3to] FA 35St dojX dHolE = quantile algorithm= ©]
83} o] normalizationﬁ]-‘}’ig‘ﬂ,glplots R package (version 3.0.1.1)94 heatmap.Z% o]
&oto] 2z E wESlth

o Z1AR AR B Fel wel AYHUAA. oF

] X =25
A2 7 Ed AxsS ol Bl a4 A3 Al (protease inhibitor, Roche) 2} &
A

A
Atk FEF G AELS NuPAGE Novex 4-12% Bis-Tris gel= AF-&-3}¢]
A719% 3+ a1, nitrocellulose "o % AT 0.05% Tween20S X33E tris-
buffered saline (TBS-T)oll =<1 5% &A $f(skim milk)= & % 7] (blocking)<-
st &1 =t 2 A FAE #AHOS=ZE HESA|FH T Chemiluminescence

Chemidoc (BioRad, Hercules, CA) ©. & 218} 31t}

10



AE o] g5, ¥ZEQ SU-DHL-29F SU-DHL-4 ¥ thdI%E¢l MM.1S

°] %ol NOD.CBI7 SCID v}§-~%5 o] &350t} YAHELE AdE

15. A4 £4

ATl 5942 one-way analysis of variation (ANOVA)E 3 3lo] &<l
slom, TF olF oA vhA BEl AgelM = two-way ANOVAE AR5}
ATE. FoALE #p<0.05, **p<0.01, ***p<0.00]1Z FEX3FATE BE AIghe
GraphPad Prism 5 X~ 2 139-& AF&35to] A3k
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. 2 3

L 7=d T8 A3fA, CKD-516

1)S516 & mAA2# A X T4

CKD-516 (Figure 2A)< A7 9F&E(prodrug)EA], €A thARA(active
metabolite)?! S516 ©= AETE [23]. webA, AFH U H™HGn vito
assay)°ll A= S516 & A3 EHE ALY S516 & G2/M 7]ollA Al
F71E A= Aem LA 2o [24], Figure 2B o4 Hol= Zl3}

=
Ao vALY FTEE A FEY T AMALS

o

n A Aol = 322 B A (paclitaxel) A3 12t ®Hl7}F &ZE o] E(vinca
alkaloid) 2% %, &3] % (colchicine) A3 9= 5, 3 71A 9 ATX7}
AT Zlo] dEA dd S516 = wEY T ¢
mzel, ol 3 7 A T, WIF dEEel= Ee Z33 A fA
Age Aoz ettt mWeEkA NN ’-ethylene-bis(iodoacet-amide) (EBI)E
o] g3to] S516 o AE XS Q3T EBI &= 50|30 B-HFEHUR-
tubulin)®] Z31% A3 x|l Apglgk A|~H|Ql(cysteine) 239, 354 ZH7E
AAA I [25, 26]. EBI & A28 EBI-B-FEH T A(adduct)E 43171
zoll, S516 ©] FH3|x fIAe AFS =A== sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) 2] X719 & oHE ] A}o] ZA
golo] 7hesitt o] AdeA S516 & w5 EHOF EBIB-FEH
AAsttt= e & T AATE (Figure 2C). @%/QEE,

o
=
S516 = B-Fede F3| AY fAd dagoRA vAlad TR

12
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Figure 2. S516 inhibits tubulin polymerization and disrupts the cellular microtubule
network.

(A) CKD-516 structure. (B) Concentration-dependent effect of S516 on tubulin
polymerization. Purified tubulin protein was exposed to 0.6-20 uM S516 or vehicle for
the indicated time points and optical density (O.D.) at 340 nm wavelength was determined.
(C) Competitive binding of S516 with EBI on H460 cells. H460 cells were exposed to
S516 (40, 8, 1.6, 0.32, 0.064, 0.0128 uM). The covalent binding of EBI to B-tubulin forms
an adduct that migrates faster than the native B-tubulin on SDS-PAGE. (D) Effect of S516
on HUVEC capillary tube formation on matrigel layer. HUVECs incubated on matrigel
for 4 h were further exposed to S516 for 1 h and examined by light microscopy. (E)
Fluorescence microscopic visualization of microtubule (green), actin (red) and nucleus
(blue) in HUVEC. Incubation with 100 nM S516 led to a destruction of the microtubules

while actin microfilaments were intact. 400-fold magnification.

14



2)S516 © & & WA EY wALE 5

S516 o ¥3 &3 &I (vascular-disrupting effect)s T T A EofA
gelst7] 913, HUVEC AIX2TE ©] 833t HUVEC MZE matrigel 7ol 4]

BAE A [FAFSE 3 E(capillary-like tube)Z W3}l E 2% & S516 =
AgetRdS wl, S516 & FE gEHoE AT A S A AT
(Figure 2D). 53k HUVEC A|3ef S516 = A 23t & A3 24 (cytoskeleton)=
A A, = ol mAlAve] AlERAl= Ao #EH AT (Figure 2E).
o] w oHEl “df(actin filament/microfilament)ol|i= W37} Q7] W,
S516 < WAl Aol MElFox #8&35k= VDAY= & & Ut

3) H AlZA S516 0 &3 &4 B A

A AT e B4 AR Bl Qs Zlo] A Q7] wiikel
[27], H MEFE o] 83FoI S51600 o3 Ak A
S516 ol 24 A3t =ZA]Z] H460 A|3Eef| 2',7-dichlorofluorescein diacetate (DCFH-
DAYE Adste, A PN E S8k 1 A3 100 == 300 nM
S516 °] frelvstAl &34 Bde SV dle gl 5 Aot
(Figure 3A).

S516 o o @Akl Aol o Alx AT|EelM dojub=A
<ol 7] 9l3ll, ER- i Mito-HyPer green fluorescent protein = W&HA| 7|+
ofdl:nfol g o] &3tk H460 AlEol|  olF  ofdH:mmlo]HAE
A (infection) A 7] 21, ¥ AXE= tHA] S516 ©f 24 A7F FF =EFAF
I Ad S516 > AFAL) mEFZEgotoA EF SAAANALE TS
7o) #FHT} (Figure 3B). TF2 07 JC-1 (MEZE=g ol v A9 FA A}

oX,
2
-{m
i
1o
r (o]
Ol
on
38
o

rl

S T, vEZ=Yot # d9e wEE #ESITh H460 A
oFE-S A Ay, WA PP/ xFA FFo H|&o] oA WA=
o] BFFAE AT} (Figure 3C). )= S516° o8] mEZ=glo} v A7 &3
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_14- - Veh .
T |, | 30mmss16 2.0
£ “] -+ 100nM S516 5 ”
S 109 _a- 30nM S516 + DP!I & 19 ... EB ER-HyPer
‘S 84 -% 100nM S516 + DPI 2 1.0 3 Mito-HyPer
8 ¢ 2
S . 0.5
g 0.0-
© 2 Veh - DPI
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Time (h) © 1004
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o
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Figure 3. S516 stimulates ROS production and loss of mitochondrial membrane

Veh

potential in lung cancer cells.

(A) ROS accumulation by S516 treatment. ROS levels were measured by DCF
fluorescence. H460 cells were treated with S516 or vehicle for 24 h. Representative
images (left). Fluorescence intensity was represented by histogram (right). Data represent
mean + SEM (significant vs. vehicle treated control cells; ***p < 0.001). (B) Subcellular
ROS production by S516. H460 cells were infected with adenoviral ER- or Mito-HyPer
expressing ROS-sensitive GFP in specific subcellular compartment, and then the infected
cells were exposed to 30 or 100 nM S516 for 24 h. Representative fluorescence images
(left). Fluorescence intensity was measured by Incucyte S3 live cell analysis system.
Relative green fluorescence intensity was represented by histogram (right). Data represent

mean + SEM of at least three independent experiments (significant vs. vehicle treated

17
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control cells; ***p < 0.001). (C) Mitochondrial membrane potential was determined by
JC-1 staining. H460 cells were treated with S516 (30 or 100 nM) or vehicle for 24 h, and
then stained with JC-1 (2 pg/mL) for additional 30 min. Representative images (upper).
Relative red/green fluorescence object counts were represented by histogram (lower). (D)
Effects of diphenyleneiodonium chloride (DPI) on subcellular ROS production and cell
death induced by S516. 5 uM DPI diminished S516-stimulated ROS production in both
ER and mitochondria (upper right), however, it did not affect cell proliferation inhibition
by S516 (upper left). Representative images of cell proliferation inhibition effects by S516
with or without DPI at 72 h (lower). Data represent mean = SEM of at least three
independent experiments (significant vs. vehicle treated control cells; ***p < 0.001,

HH#

significant vs. S516 treated cells; "*p < 0.001).
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o]t} Diphenyleneiodonium (DPI)&= NADPH AFst @4 9]
ol Al AsfAEA, A B W w3 e wkgol A=
e 28-S Atk [28] DPI = AXEA S} vEIZEoelA ssi6 o o

dn
32,
oo
ftlo
529

A A S AR o (Figure 3D, 2% 9)), AXE AF Adole
kS FA FEIT} (Figure 3D, oFel). I8 22, S516 9 HAE AHE 3=
A2XAY nEZEgolo o] AL A 93 Flo] oldS & 4= Qi)

4)S516 ° 2 WL MEAAM AXA AEHAE FE

S HRe AZANA AUSA zAA 2R FY @wA
F4e XA PP AAA Hed, o2 As) 2TA A2

FYpaEs mE vALE gue wBasHe Avh ARAAMPY
ot

ZEAY Al H45 e F Aok FEY S AMAQ N-deacetyl-
N-(chromone-2-carbonyl)-thiocolchicine (TCD)S] -5, ZHA|3E (hepatocellular
carcinoma, HCC) A3olA wAHATS ElAAH AXEA AEHAE
S sAZIvs Aol szl wE vk [32] 2P, s516 of o% A
AR e 2EA AEAS APYL Felets] A% ATE AP

ss16 o <3l 3 7FAe HAAMEECNA IRElast PERK 9] Ldo]
=7 o, ATF6 2 GRP78 2] Fdoll= J3FS T4 &%Th (Figure 4A-C).
ulEAIE, FgAtA ApehA(scavenger)Q!  N-acetyleysteine (NAC)< H460
Ao A BEF O 7 PERK o <AFEE A3ttt (Figure 4A). 12 2=,
$516 ° ofs] = Ao gha] Bl o]= <Qlgk ROS A¥4d°] IRElast

PERK E wi7/j3t A% A AEHAS FHsvts A4S & 5 Q)
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D H460 A549
+NAC +NAC

cC 8 T C S T c S T C S T

ATF6 =1 I3 1 ] — -~ —
Actin e e o W — .---..

Control 5516 NAC NAC+S516 4-PBA 4-PBA+S516

H460

Figure 4. S516 induces ER stress in lung cancer cells.

(A) Western blot analyses of ER stress marker proteins in H460 cells, (B) A549 cells, (C)
and Calu-6. Three cell lines were treated with S516 or tunicamycin (T) in the presence or
absence of | mM NAC or 0.25 mM 4-PBA for 24 h. (D) Expression levels of ATF6 in
H460 and A549 lung cancer cells treated with S516 (S) or tunicamycin (T) with or without
1 mM NAC for 24 h. (E) Effect of NAC or 4-PBA on microtubule shortening by S516 in
three different lung cancer cells. Three lung cancer cells were treated with S516 and/or

NAC or 4-PBA for 2 h.

21



S516 o ost wiAMA spEfel Ak AsAl (NAC)Y AEA
A~ E# A A3A| (4-phenylbutyric acid, 4-PBA)7} J &S FiA| dolw 7] 9,
100 nM S516 ¥ 1 mM NAC E+ 025 mM 4-PBA & 23S 3 7FA A2
Zkzy Aelstal, p-REdS WodAste] mAAwe wWItE #EElt
S516 & 3 7419 BE #HE AEZEolA nAALwe] dolE FobAA sk
|5 HI, NAC ©lu 4-PBA &= ©o|& AdlsA] X3kt (Figure 4E).
aYER, 8516 o =FE HY AEoME XA AEHAY EgAbAo
o mAlaTe] a7t FEHE Aol okl NitiE mAlAde] gha) gt
nEZEFol BE sXA|AS] AR A o8 AxA AE#H AT
dojup= Row AZhE

CKD-516°] FoF A7 vA+= JT&

e
o]
E
N
o
ot
=
Q
=R
c
o)
H
r
>
(V)]
a
Ne)

H460 #|¢t-2 o] 25k o]Fol A mpg-2 RElS AFR3FGIt CKD-516 = 4 A
g A B FARSE A 3 7HA] Hok BEleA BEE S A AAEAt
UEFSTE (Figure SA-C). ©]&3 A 3= CKD-516 ©] #H ko didh X g2a9s
7HA AL Qs HojFth

6) CKD-516 3} 7}R Z2td & o3 F¢ axd ¥
AXH AEYAE W 3}EE(platinum-based agent)E E$FSF A X =4
FerAlel gk AEe] Feds EAu (7] HEREEHES 2 Ad W
SpERA HAaAFEA G ARl €Y AREEY. WME 3EES H el A
5 Fdvs 2ol 4y 33 I¥EE, CKD-516
7hR 2R o] ol deadrt deAE LotR A &3lth H460 ©fF
o]z Wk mElE o] gk AFelA CKD-516 ¥ FFRETRS thA o
gt AYE Bolon, 1EF (100 mgke) 7HEETHR ] M= A7E

of

-

F
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Figure 5. Potent in vivo anti-cancer activities of CKD-516 in xenografts implanted

with (A) Calu-6, (B) A549 and (C) H460 cells. CKD-516 was intraperitoneally injected

once every four days. All data represent mean = SEM (significant vs. vehicle treated group;

p < 0.05, ***p < 0.00]).
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o Carboplatin 50 mg/kg
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Figure 6. Synergistic anti-cancer activity of CKD-516 with carboplatin in NSCLC
xenograft.

(A) Enhanced anti-cancer activity by combination injection of CKD-516 (3 mg/kg) with
carboplatin (50 mg/kg) in xenografts implanted with H460 cells. Both CKD-516 and
carboplatin were intraperitoneally injected. (B) No body weight loss by combination
injection of CKD-516 with carboplatin. High dose (100 mg/kg) of carboplatin showed
severe body weight loss. All data represent mean + SEM (significant vs. each treatment

groups; ***p < 0.001, significant vs. vehicle group; “*p < 0.001).
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2. 3| AE golAld &4 A 3A|, CKD-581

1) CKD-581 ©f| 23t HDAC &4¢ A3

CKD-581 €] HDAC #4A Adlss glstixt, d#l¥ HDAC &
A A (isozyme)s = ©]-23FY] in vitro HDAC assay & T 33F3Th CKD-581 <
HDAC 5% &49 tii-is Aals3lon, 53] HDACL, 2, 3, 6, 9, 10, 11 9]
sl A= 30 nM o]ete] FEelE AekAl Asisklth (Table 1). ©] A=A
CKD-581 & 733t pan-HDAC A&jAUS & o= Uoh

SAHA + A4 3% T AM|3E & 3ZF(cutaneous T cell lymphoma, CTCL)9]
7 A 2 37} ¥ HDAC A &fA|o]lth [12, 14]. CKD-581 ¥} SAHA += MM.1S
AsEoA s|~FE H3 ¢ H4 & opEsE F7RAIZTE Ed Fadl
obAld s F7HA7I= A= FAEAT (Figure 7A). o]2sh Ai+=
581 ©] class I 3} 11 HDAC &4° 4S8 A3sto =z, thba45 A3 ofA
Bl A o] ol " stE FEas Holsth

2) CKD-581 9 9Jst 9% 3 thdIZF MELY AP

HIE AEX (HH, M) o+ A3 (MM.1S, RPMI8226)°l tf gt
CKD-581 2] A¥AFE A3E H7lsl7] $l8l, CellTiter-Glo luminescent cell
viability assay system = AF23}SITF CKD-581 < HXEZFY Tha4F AL E9
APES FRoEA O R FEE T CKD-581 9 ICs @ HH 9 MJ, MM.1S,
RPMI8226 oA Z}Z} 32.9+1.3, 93.3+4.2, 38.8+1.3, 53.3£5.0 nM ©]lt}. o]=
CKD-581 ©] "X Fy gitZyE AE EFoM dAE AES FEI=

S X+t (Figure 7B).
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CKD-581

HDAC enzyme assay I1Cso (nM)
HDACI1 0.50+0.11
HDAC2 2.224+0.39
Class I
HDAC3 0.61+0.09
HDACS 49.82+18.24
HDAC4 1502+109
Class Ila HDAC9 0.95+0.69
HDACI11 26.91+19.12
HDAC6 2.62+0.32
Class IIb
HDACI10 1.14+0.76

Table 1. CKD-581 is a potent HDAC inhibitor.
HDAC enzyme activity was measured using recombinant HDAC isozymes. Data

represent mean = SEM of at least three independent experiments.
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Figure 7. CKD-581 induces acetylation of target proteins and suppresses cell
proliferation in hematological cancer cells.

(A) Acetylation of histone H3, H4 and tubulin. MM1.S cells were treated with 30-1000
nM CKD-581 or SAHA for 6 h, and total cell lysates were obtained. Acetylation of
proteins was determined by immunoblottings. (B) Comparison of inhibitory effects of
CKD-581 and SAHA on proliferation of four hematological cancer cell lines. Data

represent mean = SEM of at least three independent experiments.
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3) CKD-581 °| & DACT3 & A=F fF% % Wnt/p-catenin AT HE9
A 3

dAE AEelA S CKD-581 9 oFefsrd 7ds otwr] 48, F 7HA 9
2] 3
=

[Kl
ofN n

M EE ©] €315t} Infinium® HumanHT-12 BeadChip & ©]-83}9{, CKD-
5815 AlZbell whet 6,12,24 A17E A2l sk hMZ 2] mRNA Ud dH o] WHslE
microarray & A1 stth WA EC] 4 v o] FUlebAY FHAasE fAA

Adst & ol FHAAEY 9 P(functional role)= olH 7] 29ld KEGG

il
o

pathway &4 ST KEGG pathway =241 Z 3=  Wnt/B-catenin
Mo ddo] fomstA WMstelitt= AS AAISHATE (Table 2). Wnt/B-catenin
S G o Ay =7]ME3Hstemness)E FASk=H A A&
Ad F shufoltd [34-38]. DACT3 += Wnt/B-catenin A & =] negative
regulator & <& A o1 [39, 40], DACT3 9] #de ZTu|EAE F 71X
UM EZoA B A FEA o ®E F7HE AT (Figure 8B).
k2 E M Z A CKD-581 © 2l DACT3 7} =d Sl A
Z7VslEA 2olr 7] e, DACT3 family o tj3dh Weo] B38S
DACT3 ¢ 3-8 30-300 nM CKD-581 °f 9J&] fo&tA Z7lEom, o
5 7FA12] DACT family member Q1 DACT1 ¥} DACT2 °] W& o= W37}
ATt (Figure 8C). DACT3 o &2 3|AES W3k(modification)ol] 2] 3
AP Zo] 4#A 1o [39], T3 CKD-581 5+ ofyz} 1000-3000
nM SAHA = 9] DACT3 9] &de S7HA7I= 2S & 5 AU (Figure

.1

ol

2
8C). ol=lst A= AAlENA HDAC AdiAlE0] +524 22 DACT3 9
WS F3 Wnat/B-catenin AT AL 4T 5 QS A|A S
o2, thibEsF Al XolA Wnt/B-catenin A& AE] Y A5l
B-catenin ¥ ¢-MYC ©] ®3}o| ths] #zelitt. 7|t uhel o], HDAC
AHA S-S F 7HA thEEFFEFE AEQ MM.IS 9 RPMS8226 ol 4] B-catenin ¥}
c-MYC & &S A Z Y (Figure 8D). ©]&]3t A5 EF A5 1559

N
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0, 1
Impact  #Genes in #Input #Pathway YoInput  %Pathway Corrected

Pathway Name Genes in pathway Fact Path Genesin Geneson Genesin  Genesin gamma
actor athway Pathway Chip Pathway Input p-value
Phosphatidylinositol DGKQ 41.84 76 1 76 1.04 132 2.9F-17
signaling system
Pathways in cancer WNT10A 7.67 330 1 328 1.04 0.30 0.004
Basal cell carcinoma WNT10A 7.66 55 1 55 1.04 1.82 0.004
‘Whnt signaling pathway WNTI0A 531 152 1 150 1.04 0.66 0.03
MAPK signaling pathway HSPAIB, ZAK 5.23 272 2 266 2.08 0.74 0.03

Table 2. KEGG pathway analysis of differentially expressed genes by CKD-581 treatment.
Wnt signaling pathway is significantly altered in HH cell treated with CKD-581 for 6h.
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Figure 8. CKD-581 down-regulates Wnt/B-catenin pathway.

(A) Heatmap analysis of gene expression profiles of 34k genes. HH and MJ cells were
treated with vehicle or 100 nM CKD-581 for 6, 12 and 24 h, and total RNA samples were
obtained and reverse transcribed to cDNA. Expression level of mRNA was analyzed with
the Infinium® HumanHT-12 BeadChip. (B) Heatmap analysis of Wnt/B-catenin target
genes altered by 4-fold or above. (C) MML.S cells were treated with 30-300 nM CKD-
581 or 1000-3000 nM SAHA for 24 h, and total cell lysates were subjected to
immunoblotting for DACT1, 2 and 3. (D) MM1.S and RPMI8226 cells were treated with
various concentration of CKD-581 or SAHA for 24 h, and immunoblotted for B-catenin
and c-Myc. Data represent mean + SEM (significant vs. control; *» < 0.05, **p<0.01,
**%p < 0.001). S, 1000 nM SAHA.
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B3 HDAC A Aol ¢33k Wnt/B-catenin 215 Ao 74 At} [36,
41].

B-catenin o] HHHL CCNDI U c-mye ¥ £ B2 FAAe 2dS
771t [42]. CCNDI #-3AF AHE<Ql Cyclin DI 2 AFEo] FoFof A
A EZ7E A dAE Adste AES X
D cyclin < CDK4 Yi= CDK6 9} &4 =3Al(active complex)E 34d shi=dl,
olZlo] AEZF7IE Gl oA S 7|2 AFetes fFEsich [43, 44]. H

w

ARES vdEFE AEEClA  CKD-581 ©] X8 Azt
Ao % cyclin DI ¥ CDK4 9o @dzds FaAAts AS Hojeo
(Figure. 9A, B). SAHA 3+ 115 %o A CDK4 ¢} cyclin D1 9 &z =it}
ojg]gt A= CKD-581 ©] deek A EZ=olA4 DACT3 9 S

T80 2 M, Wnt/B—catenin A& AE-S A TS A A st}

(s

O
ot

1o

4) CKD-581 o &3t AZAEAL F %

B-catenin 2} c-Myc<> p53 9] ol8l] ¥ MAEAEALS] A 24 X (key
regulator)©] 7] wZell, Wnt/B-catenin A THLE] A= dAHEAA
AZAEALE TR oz 58 5 Ut} [46, 47]. IHEE, I TF
AEZE FHEA AA = Axzapgate] G o5 #Easgich fAE
4 A3 CKD-581°] MM.1S 9 RPMI8226 AlXEA 5% o]EA O sub-
Gl 9 H &S 7SS HolFT} 1000 nM CKD-581 2 24 A7+ =23t
MM.1S AlZEoA= thzxa3 Blaste] sub-Gl 2] H]E©°] 5.45+0.16%°] A
26.61+1.80%% S7}5+H 2™ (p<0.001), RPMI8226 A= 9.99+0.15% 1| A
17.10£0.25%% S 7}eFATE (p<0.001, Figure 10A).

Sub-Gl1 H|&¢] F7p7F AlZApEAbe] o5 ZRIAE &lstr]  flE,
AEAEALRSL HEE T A A (tumor suppressor)®] W3LE WY EXE S

ol FAsATh ps3 o AAF 2EARAM G gL @M W $ A (post-
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Figure 9. CKD-581 decreases the expression of cell cycle related proteins.

(A) MML1.S cells were treated with 30-1000 nM CKD-581 or 30-3000 nM SAHA for 24
h. (B) RPMI8226 cells were treated with CKD-581 (30-1000 nM) or 1000 nM SAHA for
24 h (left). RPMI8226 cells were also treated with 300 nM CKD-581 for 0.5-6 h (right),
and total cell lysates were obtained and subjected to immunoblottings for CDK4 and
Cyclin DI1. Data represent mean = SEM (significant vs. control; *p < 0.05, **p<0.01,
*E*p < 0.001).
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transcriptional modifications) g & ZHE I, ps3 o EA3= DNA
T (repair)o| vt A ZAFEARe] #HEA =] Ql=, p21 o]y Bax, PUMA 2} &
cheFet fFHxke] W 2ESCh (48] ol#jd fHA F, p21 = CDK &
Afgdozn Az F7]9 M3y v 523 9TS sl Figure 10B ol A]
Hol= uigl #o], CKD-581 & thd=FE AEZEelA p21 o TdZFS
Z7HN R oM, p21 o WAL ps53 (Ser®)e] Qlakskel A F7betit (Figure
10B). o]} HEo], thdIrF AlXEoME 24 AI7FS] CKD-581 &l 2|3l
caspase-3 2| &7 dojt Aol FRIF SIS H, 1000 nM SAHA °f oJail =
njekdt Ao Al stuto] WAE AT (Figure 10C). 34 © 7, CKD-581 &
T& oA A BEHE F Rnow, o2 Qg thlEsE AlEA

AZAEA7E 2 Aoz 4323 4 9t}

rlr

5) CKD-581 9] =% TEEDAAY Fdas

CKD-581 9] &¢tavs FERDANA FHristr] &, thdzaF o
o]2] wh9-~5 A 2} th CKD-581 (40, 60 mg/kg) B+ vehicle & AF Yo F
A MMLIS fAI27F o] 4| SCID wh¢-A5e] 54 Folskqith. CKD-581
Folole= F% A717F vehicle Foltoll I3 FoetA A%t (p<0.001,
Figure 11A, B). CKD-581 ool A5 S7F5o] <3t Wk o) (Figure 110),
Fetow AFHE HA TS AT 28EE, AT TP A A

CKD-581 ¢ &¢F matz <lsf Hopxl F4o FAZE wkgd 4=

ofN

2
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Figure 10. CKD-581 activates tumor suppressors and induces apoptosis in MM.

(A) MML.S and RPMI8226 cells were treated with various concentration of CKD-581 for
24 h, and sub-G1 population was analyzed using flow cytometry. (B) MMI1.S and
RPMI8226 cells were treated with 300 nM CKD-581 in a time-dependent manner, and
total cell lysates were subjected to immunoblottings for phosphorylated p33 (ser'), p53
and p21. (C) MM1.S and RPMI8226 cells were treated with CKD-581 or SAHA for 24 h.
Cleaved caspase-3 was detected by immunoblotting. Data represent mean = SEM

(significant vs. control; *p < 0.05, **p<0.01, ***p < 0.001).
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Figure 11. CKD-581 suppresses tumor growth in MM1.S xenograft model.

(A) NOD.CB17 SCID mice were implanted with MM1.S (1x10° cells/mouse). When
tumors grew to about 100 mm?, the mice were intraperitoneally injected with vehicle or
CKD-581 (40 and 60 mg/kg) bi.wk. (B) Dot graph showed individual tumor size after 35
day-treatment. (C) Body weight change was monitored before sacrifice. Data represent

mean + SEM (significant vs. vehicle group; ***p < 0.001).
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6) BZFoA CKD-581 ¢ &3 HDAC E}l @@ 9] ofy s}
thilk=FFo Al CKD-581 ©] 3¢t a35 Hel A3 7l z, = v
HEFoE & ma7E dehvesA dotrry] 9 AP
Agstdet. kg Ad B AXE HEZF(diffuse large B-cell lymphoma,
DLBCL) 7]&£2] HDAC AdAlEo] of&7bA] A4 A8 &7HE WA xst

UEE F M Be A7 wEL W Ago]] wEe o

, DLBCL ©|4] CKD-581 ©] HDAC Aal|#A|ZA ZrFsl=A &Rlst7]
A, A e o] opAldstE Rttt HDAC & Thefsh oz o)
obAE sle]] ot} | AE Wil o] ol Est= oA HDAC class 1 ©l]
o A, FEU otAEst: MIE oA HDAC class 11 °f <]3|
21T} [49]. CKD-581 < SU-DHL-2 M| EFolA 3| A&}

T LSkt (Figure 12A). 1822, CKD-581 <
b aFo A et w72 YJEXFo| A= HDAC class I, I & E5F

[e]

24 B 22459 oMH"EEE SRS & ¢ ATk

7) CKD-581 o] &J3t HEZF AMX AEY f &

CKD-581 ©f °]3+ M|3ZAPE {3+ CellTiter Bright-Glo assay & ©]-83}%]
erolr gkt 3 71 9] DH-DLBCL A5 (SU-DHL-2, SU-DHL-4, OCI-LY1)%}
319l DE-DLBCL A (U2932)E AFE3FIT)E [50, 51]. CKD-581 & RE=
SAEZoA =20 SAHA Hrh B ICs b5 HATH (Figure 12B).

8) CKD-581 o &J3 Y X F 9 & oF QA Z4
HEF] o & QxEe] Wdel] CKD-581 ©] 4&& WA= A Yopr7]
e, W EFEES 3 2 /1A #d Al did A4S Wy

L

(Figure 13A-D). CKD-581 = GCB-DLBCL A5 MYC ¥} BCL-2 9] o3&
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Figure 12. CKD-581 is a potent HDAC inhibitor.
(A) Acetylation of tubulin or histone H3. SU-DHL-2 cells were treated with vehicle
control (C), CKD-581 (10-300 nM), or 300 nM SAHA (S) for 6 h. (B) Comparison of
inhibitory effects of CKD-581 and SAHA on cell viability of four DLBCL cell lines. SU-
DHL-4, OCI-LY1, SU-DHL-2, and U2932 cells were incubated with CKD-581 and
SAHA for 72 h, and cell viability was assessed by a CellTiter Bright-Glo assay. Data

represent mean = SEM (n = 3).
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Figure 13. CKD-581 reduces the protein expression of prognostic markers for
DLBCL.

(A) SU-DHL-4, (B) OCI-LY1, (C) SU-DHL-2, and (D) U2932 cells were treated with
vehicle control (C), various concentrations (10-300 nM) of CKD-581, or 300 nM SAHA
(S) for 24 h, and total cell lysates were subjected to immunoblottings for MYC, BCL-2
and BCL-6. Data represent mean + SEM of three independent experiments (n = 3,
significant vs. control; *p < 0.05, **p < 0.01, ***p < 0.001).
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aRdor ZaAE RS U4 5 Ql%a (Figure 13A-B), ABC-DLBCL
A= MYC 3} BCL-6 ¢ WdE& ol Z2S AT (Figure 13C-D).
BCL-2 % BCL-6 & &&dS oF7F Fo|&=

-

¢

r|

£ CKD-581 ©] DLBCL oA &3] Z=7}5
FF A (onco-protein) o] HHS @A OE FAATIT= A B
oF, CKD-581 ©] &< &uiza ukdof

AE Qg @k muel BEAel gt Row AZwE

il
N

=

9) YIXF X CKD-581°] 3 DNA &4

CKD-581 ° 23 DNA &4 off-5 olr7] 2]3l, poly (ADP ribose)
polymerase 1 (PARP1)3} phosphorylated histone H2AX (yH2AX)oll thst A&
&35SI th. PARP1 -3l (cleavage)i= DNA Al<& A THDNA strand break, DSB)¥}
caspase-3 © gt Fafof ols] A& ETE PARP1 = 89 $} 24 kDa =7]°]
7o 7 WaljEm, AEZAEALS] tEARl AEE deEA At [52] EF
yH2AX += DNA ©]% A& A H(DNA double-strand break)®] #|3o]t} [52].
Ago] AFEE EE DLBCL MXEA 24 AlZF F<2ke] 300 nM CKD-581

2] yH2AX £} PARPI w35 S7HAIZ T (Figure 14A-D).
3k, BCL-xL ¥ MCL-1 > BCL-2 family | &3} AX AFEAF A
Axp=oln, thekst QtelA #HIdEE Ao d#A Uk [53]. AP
=< BCLxL o4t MCL-1 ¢ &40o] MYC °f 93§t B Alx H=F9]
HAS =FEvE S Bkt [54, 55]0 Rl BCL«xL ¥ MYC ¢
B Al HEFS fbstar, =3 #ddE MCL-1 & MYC of &%
B AM3x HZFo <oF3l(development)s FZIst} [56, 57]. 1 ¥R ofye},
MCL-1 ¢ &3S gHA03 o &<k 318 Qo] st
A e #AHo] ) [58, 59]. L EE, BCLxL ¥ MCL-1 9 23

=
U= Z2 DLBCL ¥ 22 B AXY H2FS Ag5sted =wo 9 F

W
O
2
b

—
I
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Figure 14. CKD-581 induces DNA damage and apoptosis.
(A) SU-DHL-4, (B) OCI-LY1, (C) SU-DHL-2, and (D) U2932 cells were treated with
vehicle control (C), CKD-581 (10-300 nM), or 300 nM SAHA (S) for 24 h, and total cell

lysates were subjected to immunoblotting for YH2AX and PARP1 (PARP). Data represent

mean £ SEM (n = 3, significant vs. control; *p < 0.05, **p < 0.01, ***p < 0.001).
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S Zojth BCLxL A&f#| (AT-101, ABT-263)2} MCL-1 A& A (AZD5991,
MIK665, AMG 176)5-> DLBCL X &A|Z2 7|23 o, dA AJAHS
&k I}k [60, 61]. HDAC A& 47} ©]5 BCL-2 family © 935 A

A

N
rlr

golr 7] 9l8ll, CKD-581 ¥ SAHA & 24 AlZF &<t DLBCL AlXZ=ol
A28t th BCLxL & 4 7HA] AEXEoA % w3 go] =943, MCL-1 &
=3 1} SU-DHL-2 AXAqt &
1E 85 W (Figure 15A-D). CKD-581 & -9 AL Eo]A BCL-xL ¥
MCL-1 ¢ B3 & FEoE4 o= w3910 (Figure 15A-D), 58t SU-DHL-2
A e8] W 7|2 BT B8kl MCL-1 o Zd% W53t} (Figure
15D). Z1¥1}, CKD-581 = SU-DHL-4 AXEeA:= MCL-1 & e J&FS 54
3R =l (Figure 15A), ©] 232 2 w] CKD-581 9] &< & 37} SU-DHL-4
A E AN E MCL-1 S A28 BCL-2 Y BCLxL ¥ 72 v} BCL-2 family
i ge] e wiZfEE= Adde 752 7 Ak oo d3E2 CKD-
581 ©] DLBCL °l|A4] DNA ©]% A}& A TH(DNA double-strand break)= -3},
olF Fall HAIES] Abdo] dojdth= s AA gt

L}

i)

o]l_r:

AL
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rlr

10) CKD-581 ¢ &3t A¥ A AEH AL F7}

dul HDAC AdAEC] A£EA AEHAS wWifse AZEAEAES
fredtrhs Zol &#A 371 wiEel [19, 21], CKD-581 °f &%
A ZAEA 2 AF A AEH AT Bojsh=A] Gobr gttt

SU-DHL-4 #HXF ANXe] CKD-581 & 24 A+ Ags T LA

AEYA AR HIE WY EEYHS Tl &5kt IREla®t PERK,
ATF6 2 GRP78 T} Z& A3A AEYA AXE gl AE0] W3l B o,

CKD-581 ©f &3 &xx AEHAT 71388 <& 5 ATt (Figure 16A). p-
PERK ¢} ATF6 + CKD-581 11§ % A Al 4ste 2oz ®Bed, ole
I}

caspase-3 2 /A3t A & 5 Q= kel o] AEAEARE dojo 2 A
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Figure 15. CKD-581 decreases anti-apoptotic proteins in DLBCL. (A) SU-DHL-4, (B)
OCI-LY1, (C) SU-DHL-2, and (C) U2932 cells were treated with vehicle control (C),
CKD-581 (10-300 nM), or 300 nM SAHA (S) for 24 h, and total cell lysates were
subjected to immunoblotting for BCL-xL and MCL-1. Data represent mean + SEM (n =

3, significant vs. control; *p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 16. CKD-581 induces ER stress in lymphoma cell.

(A) Western blot analyses of ER stress marker proteins in SU-DHL-4. SU-DHL-4 cells
were treated with 10-1000 nM CKD-581 in the presence or absence of 0.25 mM 4-PBA
for 24 h. (B) SU-DHL-4 cells were treat with 300 nM CKD-581 for 0.5-6 hr.
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o9 Alzddoe] &4EHGV] wWiEed How AzbETh EsE A
~E#A AAQl 4-PBA A 2lol|l & ATF6 ©F GRP78 2| a7t dojub=
Aog Hol AXA AEHAL ARI} 7raxE Ao 7 AzZFE T CHOP 9
A, s AXA AEHA AXES WslEt wEA 77t 24 Al

I
Aol= 3|8 TASHE A S =Z Kol (Figure 16B), mitogen-activated protein
kinase (MAPK) family 52 T& Alsdde]| os] wdo] xAy= Fo=
AZHE Y [62].

11) CKD-581 8] HXF FE EdoAre F¢awy
FEoA49 CKD-581 9 &g ysE &Qlstr] 98, SU-DHL-4 9+ SU-DHL-
2 o]F o] vk BES ARE-SHSITE NOD.CB17 SCID #h-¢-2~of 7 F7<]

Z - (positive control) ©. % AFEEFQITE o] W], 2 EAH-S
A 27k Folsldth. CKD-581 & SU-DHL-4 ©|F ©]2]
B A AgtAe]7]= shANE, Fo8 FF A AdAadE BT (Figure
17B). "+, SU-DHL-2 ©]% ©o]4] E=o|x CKD-581 < 10 mgkg 2| 5A 3
FARE Ax2 FoF Y AAadE B (Figure 17C). 1322, CKD-
NS Aow 7yt
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Figure 17. CKD-581 suppressed DH-DLBCL tumor growth in the mouse xenograft
models.

(A) CD20 expression in DH-DLBCL cells. CD20 expression levels were compared in SU-
DHL-4 and SU-DHL-2 cells by immunoblotting. (B, C) Xenograft tumor growth assays.
NOD.CB17 SCID mice were implanted with (B) SU-DHL-4 (1 x 10° cells/mouse) or (C)
SU-DHL-2 (1 x 10° cells/mouse) cells. When tumors grew to about 150 mm?, the mice
were intraperitoneally injected with vehicle, CKD-581 (20 and 40 mg/kg), or rituximab
(10 mg/kg) according to the treatment schedule. Data represent mean + SEM (n = 10, SU-
DHL-4; n = 6, SU-DHL-2) significant vs. vehicle group; *p < 0.05, **p < 0.01, ***p <
0.001).
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Cancer cell Tumor vessel

Microtubule disruption Microtubule disruption
ROS generation Tumor vessel collapse
ER stress induction Hypoxia in tumor
Necrosis
Anti-cancer
activity

Figure 18. Proposed mechanism of CKD-516.

CKD-516 disrupts the cellular microtubule network in cancer cell. And it causes ROS
generation and ER stress. In the other hand, CKD-516 induces collapse of tumor blood
vessels, leading to hypoxia and consequent necrosis of tumor tissue. Consequently, CKD-

516 acts on both cancer cell and tumor vessel, it results in anti-cancer activity.
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CKD-516 2] 714 dAFEL FEH A S Aol gAxE

-E—é-(mltosw)% = g3 23, 24] 2 in vive T EdoA T4 TS
gy gow st FoF FALY HE [63, 64, 78-80]° #I Aol
of A3t

=Ho = §516 o] B-HFEY i%-?%(subunit)ﬂ =31 Az
RS [81]. In vitro Al @ elAl S516 & HUVEC A|XEXE ©] &
Al ATE gel ARE A 8RR, o] =% CKD-516 o] Ag
AAE Azl stk &+ k.

S516  ©fl H Ao BT AAAEIL, AEA
~EY A7 S EAY (Figure 4). 284 S516 0 9 e FALEHA
(NAC)olH Alv] A AFFE (4-PBA)el 9&l] 355 A gformz &/gdrkas)
AFA AEHAE S516 o 9F SHAE AFES wilEHA] et Ale o
T Anh BEF E2 9 =FeolAd A EUEAEY (combretastatin) B
FEAEC] GPNAE s AxA AEHAE doXive A
B3k o) [82, 83], VDA °f 2J3h o]e|gh 50| HAES] AbE I oW

Awyel dEAE FAW wpt gdvh vlAswe 2EHRY GwAl

tr
L
i

o

.

FEol FTod dFgE o (7] dAZelA AP mAY/AEHY
S e R olE faEE ARE F3l EelEct [10]

jzElF AR wZFAY fulFA™e] A wHI/EAXAHY
Tl A (aggresome)> HDAC6 9+ S/ thold % whaldo] Agstod,
A ATS wet g AF(ysosome) O FE o] F gttt [10]. TS AT
Gl A mALRe Tl gEFolet= Zlo] &dHA T [11].
a8 ug, H AEeA] #EE S516 o o8t AXA| AEHAE vAAT
ol @ o]Z % nFAAH wMAE] Agoz QlF Aozt

Hhe AAFez g7 #E"E AFge] WA ddolw  [84],
FtRZeelS B AAEFH QY] 1 2 @ Aot} [85]. CKD-516 = |9t o]
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oA ZtRZHE] Fdw

o}
“
4e& 1) VDA S AE 54 F4AE A8se FF 249

i)
i
o\
fu)
>,
b
)
Eg\
a9

[t

a

o))
5
Ay
ol
ok

w3}
B2l Afols) 2) v M 4%} DNA e B 249 Atole] % 2
alet.

7Heks] WS, CKD-Sl6 & p-FRW 2999 250 AF F9l
Aenon agstel, ofe WY MEEN T FHEL marh Ee
XA AEUAG ALY QS wAliwe] gl o8] frun,
ol st WS dek AL IS FEFTHE 2S¢ 5 Ak

U}5 0 &, CKD-581 & HDACclassI ¥ 1S E5F A= 5 AHAEHS
7}2 HDAC A8l Alolth CKD-581 & 97 1 A4S 53
3kafol A 9] Qb3 k58 (pharmacokinetics) 2! ©F& 812 (pharmacodynamics)
Aol JAHAT [22]. ©] =&olM= CKD-381 & H&ToR odH=
FoA e okg W 7]l s ATkl
=g 4 AlE(plasma)ol A EAet= Aol dFoltt [86]

=<
ZREHolE  AdAY WS ZA A (immune-modulatory  drug, IMiD), Y@E&

o
[

%Al (monoclonal antibody)E 2] 7= Q13| oz xke] AYEE(survival
rate)< FAEUOY, TFAoE e FHY AR QW AFES A
A} [87-89]. 1 P2 A S X B Ao that HoAo] thFEa ok

o] =X CKD-581 ©] Wnt/B-catenin AT HGS A3l 0 F A
AZAEAE FETS BHojFQrh. Wnt/B-catenin AT AL FHolo
38 (progression)ol] F st 9G3HS drh= Zlo] &H A ATt [90-92]. EW
A5 Wnt/B-catenin Al T G 0] el 3} Ho|(metastasis),
siete Ao st Ul (chemo-resistance), W &9 2 (immune-oncology
therapy)ell st F2 Xz EMYS BTt [42, 93-98]. €% HDAC
AAEZ o-Mye LA FaATIH AEY MEAEAE FEITE

Zol A glow [99], DACT3 9] Ld 3| AES] ofAld s wE sl
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9s] xHEHAYE=E A T dEA Aok [39]. 2EY oA
thdaFFolAl HDAC AfAlel 293 %= DACT3 #HEd e mjof
21T B Rl s A 74 7 A

< Wnt/B-catenin A1 3 29| negative regulator 1 DACT3 &] =& o]
CKD-581 ©|u} SAHA $} 7% HDAC AdiAel s zddts A&
A 3 DACT3 & wd o] thdass: Axe A& 39

ATAAATE A2 BT o]E sk A= CKD-581 ¥ 72> HDAC A 3 A<

L
rif

o] 9} B Eo], CKD-581 < p53 2| <143} (Ser')E F7FA Z Tk Ser's ol A
QAAFsE ® ps3 I p21 o HEH2 oA o A AK(prognostic factor) =
g&9ct [100, 101]. =gk B AFAEo] Ser® oA 2] ps3 AAksIF
SHMEZL] AEAEARSE A#do] Utk AS Hasth I8P R, CKD-
581 o] ps3 o|u} p21 } Z2 Fo& AAAE A3 A= AL TF AR

SHolM A4

DLBCL & A "FxXF F 2oF 30%E 2}A|$Ht} [102]. DLBCL o4 2] SA] =
S5 AgAolt. gEAIYE ©@E FoEk Z3E Holw [103], CHOP
(cyclophosphamide, doxorubicin, vincristine, prednisone)¥}2] W& (R-
CHOP)©. 2% DLBCL 3A}eA £ Azads HAth [104]. 137
&, 2l5AI %2 DLBCL & X33 NHL A5 8 1 2k 2 A5A=
&7 = Ak [105]. 2814, DLBCL 34} 30-40%+i= x7] & ojsh wks
Z, WSOl QAXAY ®Wel Ao & mFHAl "Huk [106].
g EAIT A BCLxL ©] @3 ¥EE DLBCL oAt AldtA o=
SHAZE ATk [58]. Y EE, olF #AE ST AER QW ol
2 23t}

e
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CKD-581 | - acetylation DACT3
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Apoptosis 1 (c-myc, CCND1)

Figure 19. Proposed mechanism of CKD-581.

CKD-581 is a HDAC inhibitor. Therefore, it induces hyperacetylation of histone proteins.
Acetylated histone proteins loosen the interaction between DNA and histone proteins.
Because loosened chromatin is accessible to RNA polymerase, which increases gene
expression. DACT3 is the markedly altered gene by CKD-581. DACT3 blocks Wnt/[3-

catenin signaling pathway, causing anti-cancer activity.
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flo

CKD-581 - DH-$} DE-DLBCL E}Y] & ¥ %7} =-(aggressive) DLBCL
Mol ME S Adlstsitr 3 CKD-581-2 c-Myc ¥ Al ZAPEALE

o w%E ngon, AEAUAE

A

2= BCL-2 family 59 #HdA&S
Tate Zo]l FlEHgdr # =
WEs= DLBCL oA gEAIRY AR o AT dAgdE
KT} (Figure 17C). 18] 22, CKD-581 & CD20 ©|1} B Zl)

Aol FdaIHE HY £ e Foer AREY, HZF ESJ

gEAYS T A A HEF SAE 9 AR FE 240
=]
=

e
A5ads AAst7] 1gelth [107, 108]. CKD-581 ©] AEZ Fi= o]
TE RS AR Y ;

, HDAC A&A7} Z2EolE AdAd o8t ZEA3
ddel  S4s de Sdua HusEgly] wiel (109, 110],
= ®H %29 (bortezomib) ¥ 7S ¢FES CKD-581 #2] W& ok&Eg 243 <&

2
Stk H3H, Bruton’s tyrosine kinase (BTK) A|3l|#] SJA] 2 A3t W gokzd

f
i

A=, ol "EZFAA 5 uUA(acquired resistance)E =HT T S
W ol7] dwzoltt [111]. HDAC A& A= UPR © 9Jd] IRE1 ¢ #adS
- 58Fo], B-cell receptor (BCR) AZE &A3IA|ZItt. HDAC #3A| 2+ BTK
AsfiAlel W& UPR ¥ BCR AZE EF Afdo=mAr FTF 4=
AsfstA ©ok 18P E CKD-581 2 ol#d oAy F7{FY FA 9
HE& e oR DLBCL A5AZ /MtdE 4 91& Fo|th

_I_z
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Abstract

Endoplasmic reticulum stress-related anti-cancer effects of
microtubule- or histone deacetylase-targeting agents and its

mechanistic basis

Soo Jin Kim

Advisor: Prof. Keon Wook Kang

The endoplasmic reticulum (ER) is an important organelle, playing major roles in
synthesis of proteins and lipids, calcium storage and signal transduction. ER stress is
closely related with the pathogenesis of inflammatory and degenerative diseases such as
cancer, neurodegenerative disease and metabolic disease. Moreover, many previous
studies reveled that survival, growth, angiogenesis, metastasis and chemoresistance in
cancer cells are partly due to ER stress. Oxidative stress, hypoxia and nutrient deprivation
lead to unfolded protein response (UPR) in the tumor microenvironment. This thesis
describes the ER stress-related anti-cancer activities of tubulin polymerization inhibitor
and HDAC inhibitor.

CKD-516, a tubulin polymerization inhibitor, was reported to be safe and tolerable
in a single and irinotecan combination phase 1 clinical studies. And disease control rate
(DCR) in metastatic colorectal cancer patients co-treated with CKD-516 and irinotecan
was 79%.

In the present study, S516 was used in cell-based experiments, because S516 is an
active metabolite of CKD-516. S516 showed vascular disrupting activity to disrupt
HUVEC capillary-like tubes. And reactive oxygen species (ROS) was increased by S516
in endoplasmic reticulum and mitochondria. However, cancer cell death was not induced

by ROS generation in response to S516.
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S516 activated ER stress markers, inositol-requiring enzyme 1o (IRE1a) and protein
kinase RNA-like endoplasmic reticulum kinase (PERK). ROS scavenger, N-
acetylcysteine (NAC), partially blocked ER stress, indicating that ER stress was likely
caused by ROS, induced by microtubule disturbance in lung cancer cells. CKD-516
suppressed tumor growth in lung cancer xenograft models, and combination of CKD-516
with carboplatin was more efficacious without body weight decrease. Therefore, CKD-
516 combined with carboplatin would be suitable for the treatment of NSCLC.

CKD-581 (alteminostat), a HDAC inhibitor, was reported to be safe and tolerable in
phase 1 study, and 44% (16 of 36) patients with lymphoma or multiple myeloma (MM)
achieved stable disease status or better. CKD-581 as a pan-HDAC inhibitor, inhibits class
I and II HDACs. CKD-581 modulated Wnt/B-catenin signaling pathway in hematologic
cancer cell lines. In particular, dishevelled binding antagonist of beta catenin 3 (DACT3)
expression was markedly increased by CKD-581 treatment in HH and MJ cells. The
expression levels of B-catenin and c-Myc were decreased by DACT?3, a negative regulator
of Wnt/B-catenin signaling pathway. And cell cycle related factors, such as cyclin D1 and
cyclin-dependent kinase 4 (CDK4), were also decreased by CKD-581. In addition, p53
phosphorylation, p21 expression and apoptosis were increased by CKD-581 treatment in
MM1.S and RPMI8226 cells. I further showed that CKD-581 potently suppressed tumor
growth of MM.S cells in xenografts.

Another hematologic cancer was used to test the anti-cancer activity of CKD-581.
Diffuse large B cell lymphoma (DLBCL) is the most common type of lymphoma, and
there is still no HDAC inhibitor clinically approved for DLBCL. CKD-581 induced
acetylation of histone and tubulin in lymphoma. The poor prognostic markers in DLBCL
patient such as MYC, BCL-2 and BCL-6 were decreased by CKD-581 in SU-DHL-4,
OCI-LY1, SU-DHL-2, U2932 cells. And the expression levels of other BCL-2 family
members, BCL-xL. and MCL-1 were also reduced in lymphoma cell lines treated with
CKD-581. Apoptosis in DLBCL was also assessed by determining YH2AX expression and
cleavage of poly (ADP ribose) polymerase 1 (PARP1). CKD-581 increased the protein
levels of YH2AX and cleaved form of PARP1 in DLBCL cell lines. In addition, activation
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of IREla, PERK, activating transcription factor 6 (ATF6) and glucose-regulated protein
78 (GRP78) was seen in cells treated with CKD-581.

In a DLBCL SCID mouse xenograft model, CKD-581 exhibited anti-cancer
effects comparable with those of rituximab (CD20 mAb). Overall, CKD-581 would
be beneficial for lymphoma treatment.

Here, anti-cancer activities of CKD-516, a tubulin polymerization inhibitor and
CKD-581, a HDAC inhibitor were assessed in NSCLC and two hematological
malignancies, respectively. I also studied possible mechanistic basis for their anti-cancer
activities focusing on ER stress responses. These two anti-cancer drug candidates are now

in clinical trials, and could be promising therapeutic options.
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