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Abstract

Doxorubicin is a general chemotherapy drug widely used for a number of
cancers. However, the correlation between endogenous nitric oxide (NO®)
levels and chemoresistance to Doxorubicin remains unclear. In this study we
investigated the effect of endogenous NO® on the anticancer activity of
Doxorubicin in human colon cancer cell lines HCT116 and HTZ29 with
different pb3 status. Cells were treated with either Doxorubicin alone or in
combination with NO* synthase (NOS) inhibitor N“-monomethyl-1.-arginine
(NMA). We show that Doxorubicin differentially inhibits the growth of both
HCT116 (p53-WT) and HT29 (pb3-MUT) cells, which was mitigated by
cotreatment with NMA. Further studies reveal that inhibition of endogenous
NO* mitigates Doxorubicin-induced apoptosis in HCT116 and HTZ29 cells as
evidenced by apoptotic DNA fragmentation and sub-G; peak of apoptotic
markers detection: Apoptosis was delayed and greatly reduced in magnitude
in HT?29 cells, underscoring the importance of p53 modulation of the response.
RT-PCR analysis revealed that Doxorubicin down-regulated levels of
inhibitors of apoptosis family (cellular IAP-1 and -2). Collectively, these data
show that induction of apoptosis by Doxorubicin in human colon cancer cells
1s possibly related with modulation of endogenous NO°, IAP family gene
expression and pb3 status. The underlying mechanisms may thus represent
potential targets for adjuvant strategies to improve the efficacy of

chemotherapy for colon cancer.



gk ool Aol A AskE Adgte] FE olFw AdI A A7

T AT EoR, Yyt AE AEwe] ¥R Q] uidde] 20159 71+
125%% #kA|8kal, AFHES oF 108%E #HA| skl 9l

) ete] A7k W38 (Annual Percent Change, APC)S -13%% Abda} =7}

ALEHom HAahsta v Ao® Hol(Table 1) ¢Hgh A5 A47F gle AA S

Lol ey, A9 Y R ARE A F4H AAAA =L stu gom,

Table 1. Trends in cancer incidence rates, deaths and APC during 2015 in

Korea
Sites New cases (%) Deaths(%) APC(%)
All sites 100 100 =27
Stomach 13.6 11.1 -6.7
Colon and rectum 12.5 10.8 -1.3
Liver 7.3 14.7 -3.6
Lung 11.3 22.6 -2.1
Breast 9.0 3.1 -
Thyroid 11.7 0.4 -4.2

others 34.7 37.2 -




AAl 7= FAdAY aTS FUAIIAY AEs 95t G AlE
apoptosisel] #3F AF7F =3 AP 1 vl Doxorubicine anthracycline 7l
g9 gUdA(Fig. D= g, Hdy A, Y & gt /7Y 4 A=

st=dl AR E L 3lem, DNAS 7% Atelol 7]ojE°] DNA FTHEL%
RNA S#E2E Akl AEAE (apoptosis) & Fsto = Fetasts e
T Aoz delA Avk(Fig. 2) [18, 26]. Apoptosisi= WA EF Q3517
e 4ol 2HY Ve Es A Rdke AEE AAS
FTYAAFAAA po3e WIEF o] 7 fFHAEd dd ddse) 2
sl ME7F S+ WAE sk, MEI AN necrosis)et A AEY F5S %
2 4EA dvk AWA E4E Gl AEARE 9

dl AAHA Ze Axe wddsd A7 Helh oF 2 § AdA Fad 2

< oAl " H(Fig. 316, 17, 19].
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Fig. 1. Stricture of Doxorubicin.
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Fig. 2. Mechanism of Doxorubicin.
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ApoptosisE FEalE ¥l F Fyel DNA 42 vt gQlso] o8]

A7 = A RE, AF3A A (nitric oxide, NO*)oll o]ai A = DNAS] £=4to] HkA

S FAA7IE NO*FA 2 4(Nitric Oxide Synthase, NOS)E 7FA 1L =4,
NOS9| = inducible NOS (iNOS), endothelial NOS (eNOS)¢} neuronal NOS
(nNOS) 5ol &AL, AEx= NOSY Hds ZAFoEHN NO s EE It
A FAA 21

Apoptosist TFE3E Q9150 23te] gaFS W=t apoptosis & Aol o5}
= 9 EEe] HALNT o] @M AES gpoptosis A @l A (Inhibitor of

apoptosis protein, IAP)o]2}al &/ 3FA Atk thedst IAP7F EA8HA R, AM
N AIA vAEl [APE: cellular inhibitor of apoptosis proteins (cIAP-1 and
cIAP-2), human inhibitor of apoptosis proteins (HIAP-1 and HIAP-2),
neuronal apoptosis inhibitory protein (NAIP), X-linked inhibitor of apoptosis
protein (XIAP), survivin 5°] <&# dom, IAPE thddt wAYEFe 2o
HoAF oz AES] apoptosisE st AY AAAZA = AHH6, 15].
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1. A8A=E

2 Ago A AlE%H Doxorubicin Toronto Research Chemicals Inc. (North
York, ON, Canada)olA T43ste] dEid SFFol =2 F 400 M stocko =2
TEol 20 Tl ®B3dte] AFE3FA T NS-monomethyl-L-arginine (NMA,
CalBiochem, Salt Lake City, UT, USA)® HAwd Z=H{HFo] 3¢ & 400 mM

stocke.2 W&ol 20 Coll B#ste] A3

2. Al E ek
Q17 AT AMEZEFS HCTIE  (pb3-WD)  HT29  (p53-MUT)+=

Massachusetts Institute of Technology (Cambridge, MA, USA)®] Gerald N.
Wogan WFHOozZHE BF werom 10% $Hol& A (Fetal bovine serum,
FBS, PAA Laboratories, Pasching, Austria)® 1% 3AA(100 units/ml
Peniciline-Streptomycine, PAA Laboratories)”} ¥3t¥ Mc Coy s H5A HjA|
(Gibco, Grand Island, MD, USA)E AF&3le] 37 T, 5% CO, Z=713}ol A ] <3}
At wf 72A1 7k} Trypsin-versene mixture (Lonza, Walkersville, MD, USA)
5 o]l &3le] AExE Ff FHE e tUF AXE 1 X 10° celly/ml2 #5319

7 o v <8k A o

3. Trypan blue assay®l] &3 A¥ H&& =A

N

ME AEE SAHL Tolnai [27]19 WS HAFste] HgstA . 6-well plate



of HCTI116% HT29 AXE 2 X 10° cells/well7} == EF3 U
Doxorubicin®} NMAE HAF=Z A ste] 37 °c, 5% CO, =7 sloll A wl %
stk 48A1%F & WiX]E A ASFL phosphate-buffered saline (PBS, PAA
Laboratories) & 7} welld 1 ml& H7lstd AXE AHAD v
Trypsin-versene mixture & 7t welld 05 ml¥ A3t AELE FFAD $F,
trypan blue (Lonza)E T #Ho & H7pste] 287F A3t SRl

& 7 57| (Haemacytometer, Marienfeld-superior, Lauda-K nigshofen,

Germany)oll 1A 3slo] Fstdn 4 S o]l Aold= MEe] 5 Hustt)
4. Griess assay®l] 93 Atsld A AAAF =H
T3 wyow EAHS AHY3 AEES wlUEe] Greens[8]e] WHS

Fol Atstd A A" 54 495 AU Doxorubicin®t NMAS %74

FER Aeste] 4BAZE MG T A Fase] AARAT T 33

L
o

rE
ofk
o

100 1E 96-well plate ol &7131 59 Griess reagent (Sigma Chemical Co.

St. Louis, MO, USA)E AHgsle] A2oA 10%7F wHEA]7]aL Spectra MR
microplate reader (Dynex Technologies Inc., Chantilly, VA, USA)E ©] &3}
540 nmell X FHFE=E FAsA ol EFXE T/l 9@ sodium nitrite

(Sigma Chemical Co.)E& @A o2 s|Xsle] AL-g3}3]t).

5. Reverse transcription polymerase chain reacion®] ¢3 mRNA 2¢3d £

A

mRNA FTolA NOSe odS g921st7] 9314 Doxorubicing 28k A
£5& 33t TRI reagent (Sigma Chemical Co.)E ©] &3] RNAZS AA 5
t}. TRI reagent & #H7Fste] A2oA H5&EZF HESAIA MEIE Z3A7]L

chloroform& #7}FsFA T} 12,000 X g& 4TColA] 1587 A8t A=Hs



FAa L

Ar

=

2% microtubedl &% Th 7]l isopropanols FH7Fstil gLl A 10

mi
SAIZL F, 12,000 X g& 4 CTollA 103+ 942 st RNAE I AAI AT

(e

—

>,

% RNA pellets 75% EtOH®= A& 3alal 12000 X g& 4 CTolA 583t
gttt F%3 RNAES DEPC-waterd] =o] AAE total RNAS A=
gtk AAS total RNA 1 g8 F3o=2 3o Z+29 primer [13]9F TOP

=]
RS

o
>,
T

ol

scriptTM one-step RT-PCR kit (Enzynomics, Daejeon, Korea)E % i1 GenePro
Thermal Cycler TC-E (Bioer technology, Hangzhou, China)E ©]&73}%
RT-PCRS 33ttt PCR 4F&2 ethidium bromide’} 23t¥ 1.5% agarose
geldl A 100 V, 30%3F 71953t Chemidoc Universal hood II (Bio-rad,

Hercules, CA, USA)e 2 W& #lsth. = o2 f-acting A3

6. Flow cytometryol|l ¢ MEZF7] &4

AEF7] 54L& Krishan [14]9] WHES Wdse 24d& Adsiath
HCT1163} HT29 M XEe| Doxorubicing & dke] 48412t &<k wjst - PBS
2 MAsta 70% EtOH=Z 4 CollA 30i7F i3ttt 1% FBS7F 3% PBS
2 A& 3sFa 500  g/ml propidium iodide (PI, Sigma Chemical Co.)¢} 10 g/ 1
RNase A (Sigma Chemical Co.)E A glste] 37ColAl 303 AX3A Tt G4
H M X+ BD FACS caliburtM flow cytometer (BD biosciences, San Jose, CA,

US)E =A3st o1, CellQuest programe AF-&3o] #4131t}

7. Doxorubicin # & 2]3 DNA ©3H3 4

HCT1162} HT29 A *Eel Doxorubicing *28te] 48A17F &<t vkt &, A
XE F$H39 GenElute Mammalian Genomic DNA miniprep kit (Sigma
Chemical Co.)Z genomic DNAE #2323 DNAE 1.8% agarose gel

oA 50 V& 2A|7+Eet A 7|9 %33l ethidium bromide (Amresco, Solon, OH,



USA)Z 1A7Hs<E 4

G stE Felskit

e 2 4T

A4 fo4e AT

t}&, Chemidoc Universal hood & ©¢|&3}¢] DNA

PASW statistics 19 (Statistical Package for the Social
Sciences, SPSS) =7

T2 WS o] &3] Hif(mean) T FFHAXSD)E

Fgay A9 FoAlS Student ftestE o] &3t &

_'IO_



m z2 3

1. Doxorubicin® NMA H#H-& A g 93 At AF9 &S A3

Doxorubicin®} NMAZ} HCT1163 HT29 AlE 2] &g v FeFe g
7] 98] Doxorubicin®} NMAZE % ¥R 48X 7F A g]dte] w3 % trypan
blue assayE o|&3to] Ax A& WHslE st Fig. 4 oA H& vl
9} Zro] HCTI116%} HT29 M 3] Doxorubicing A2t 45, 5% o&74

2 AEgo]l FaHdes & 7 J3AH EF Doxorubicing A& dle o A

lo

Ego] ¢F 30%7F HE 5 4 Mo F7HHoZ NMAE ¥z Hgsy
F°l+ Doxorubicin @5 A 2latd HlE] NMAS % EXHoZ AES
7Feks & 4= Atk ph3-WTQl HCTI116 AlE7F p53-MUTS! HT299] H]

o
ol

o
ol\

|
3] Doxorubicin®] FI73}A HES-38F 2™ (Fig. 4A), NMA A& Alolx= HCT116
AZ7F HT29 Al2Ee w8 MX AE&Y 7 9 38 ¢ F AR (Fig.

4B).
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Cell viability (%)

B 120 -
100 4 H
g
80
g * *
E 60 - * . *
> *
= 40 -
@
) H D
20
o
Doxorubicin (uM) - 1 2 4 4 4 4
NMA (mM) - - - - 1 2 4

Fig. 4. Dose-dependent cell viability of human colon cancer cell lines treated
with Doxorubicin and NMA. HCT116 (A) and HT29 (B) cells were treated
with either Doxorubicin alone or in combination with NMA. Cell viability
was determined by trypan blue assay after 48 h. Results are presented as a
percentage of control cells. Each value represents mean + SD of three

individual experiments. *p < 0.05 compared to the untreated group.
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2. Doxorubicin® NMA ®H-& A zlo] o3 itstd s A F Hs)

=

A E=AE &2st7] Y3 griess assay s

th. HCT116 (Fig. 5A)® HT29 (Fig. 5B) E-Fel4 Doxorubicin &% °]&

1

Doxorubicin®] ¢]3] AFsta & o] ==, NMAo| 8] 2ksd A Ao
=

& WAL 4HFE SR

[e]

N
off

h 64

it
X
2
o

2 e A A A HEo] F71e9d 2™, Doxorubicin 4 Mol NMAES w=d =2 #

#]3t 23} Doxorubicin @5 2ol Hs] Aspd A Aol A4S HY

ot
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Nitrite
(pmoles/108 cells) >
g 58 3

=
o
S

] *
*
1 *
V I |

B 40 -
w
= 300
[
(5] *
2% .
< 200 *
= ; *
< *
£ 100 D D
N D
0 -
Doxorubicin (uM) - 1 2 4 4 4 4
NMA (mM) - - - - 1 2 4

Fig. 5. NO* production on Doxorubicin—treated human colon cancer cell lines.
HCT116 (A) and HT29 (B) cells were treated with either Doxorubicin alone
or in combination with NMA. Nitrite measurement was determined by Griess
assay after 48 h. Results are presented as a percentage of control cells.
Each value represents mean £ SD of three individual experiments. *p < 0.05

compared to the untreated group.
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3. A A EFA Doxorubicind] €% NOS o3& w3}

et AlZe A NOSe walo] F7batd wilA Abstd ol Aol F7fetA
Ha, o]& Rl ME AEES A AEAE FHAe] wdo] F7EHHA
apoptosis”t 7= Ae® dEA vH20]. Fig. 4914+ Doxorubicin &%= ¢
E4 o2 HCTI1163 HT29 AMxe] M AEEo] #AE o 4 A%, Fig. b5
NM = AlE AEEo] AT wel Ashd s o] SIS o AMTh
Doxorubicin®l] 2]t 2tsd A A Wyt sksd s a4 NOSe #
Add BAZ d= AE &) #18 RT-PCRE ©] 83t mRNA FFolA
] NOS ¢d s &ttt HCT116 Al (Fig. 6A)9F HT29 Al *(Fig. 6B) &
Foll A Doxorubicin &% 9JEH 22 nNOS, iINOS % eNOSe] & =o] 7kt
S & 4 3, NOS T eNOSSF nNOSe| 2 #Fo] iNOSel| Hl&) F8istA =
7+

7]

el
N=

fr

= S =
nE T o AT
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A
Doxorubicin
- 1 2 4
(M)
B

Fig. 6. Reverse transcription polymerase chain reacion (RT-PCR) analysis of
mRNA expression levels of eNOS, iINOS and nNOS. HCTI116 (A) and HT?29
(B) cells were treated Doxorubicin. RT-PCR products were separated on 1.5%

agarose gel and stained with ethidium bromide.
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4. NF Al E A Doxorubicine] 93 AEF7] H3}

Apoptosis7} & DNAZF Aoy o] AlX= G712 7FA E3al sub-Gy7l
7} S7FekAl A9 Fig. 7A+ HCTI116 AlES] sub-Gy71¢] W3tE YErd

old], HCT116A oAl Doxorubicin®] A& %7} S71E&43 sub-Gy712 AlxE

al

7

MEzE tzwel] vls fFoj o Srteiles wAssit. HT29 Al A=

ulz7FA] 2 Doxorubicin 3% oj&H o2 FoAe 715 B Y H(Fig. 7B).

1w
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Fig. 7. Sub—-G; analysis on Doxorubicin—treated human colon cancer cell
lines. HCT116 (A) and HT29 (B) cells were treated with either Doxorubicin
alone or in combination with NMA. Sub—-G; population was determined using
flow cytometry. Results are presented as a percentage of control cells. Each
value represents mean = SD of three individual experiments. *p < 0.05

compared to the untreated group.
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5. &AL A E A Doxorubicin®] 23+ Apoptosis 2

DNA ©¥H3st= apoptosis®  AEFAQ  SAoH[23], =FTAEAA
Doxorubicin A 2ol & sub-G;712] A¥E Hl=<9} DNA w37} F7psita
B s Q28] Fig. 8ol uWExo] HCT1163% HT29 Ax  RFolA
Doxorubicing * g]8}#] 2 djZw ol H]3| Doxorubicing * ] oA DNA
GA 7 gelE gl o Doxorubicing® ¥ %7} 7184 % DNA @#H3} =3

T =
e st

“ [€)
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HCT116

1 2 4 Doxorubicin (uM)

Fig. 8. DNA fragmentation assay for apoptosis detection. Agarose gel

electrophoresis of fragmented cellular DNA induced by Doxorubicin treatment.
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6. A AlEZAA Doxorubicin®] <€)% Inhibitor of Apoptosis Protein
d #sl

HCT1163F HT29 A ¥4 Doxorubicin®] 2]&] apoptosis® =A<l sub-G
arrest?t DNA @3 3}E 2138131 th Doxorubicindl ¢] 3 apoptosis7} IAP &
o] Wslel: FHo] &=A [IAP F survivin, XIAP, cIAP-13} cIAP-29] W&
Z W3S mRNA F5olA &2st7] 9l RT-PCRS a3t} Fig. 9AA
Hol& ufel o] HCTI116 Al3Eo| A= Doxorubicinel €3 survivin®} cIAP-17}

Aaste As Rl L, HT29 M A= XIAP7E FHashs 3s Fig. 9BE
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Survivin (447 bp)

XIAP (819 bp)

|
|

cIAP-1 (551 bp)

cIAP-2 (1068 bp)

B-actin (250 bp)

Doxorubicin
(UM)

]
-
N
N

Survivin (447 bp)

XIAP (819 bp)

CIAP-1 (551 bp)

cIAP-2 (1068 bp)

R-actin (250 bp)

o3}

Fig. 9. RT-PCR analysis of mRNA expression levels of survivin, XIAP,
cIAP-1 and CcIAP-2. HCT116 (A) and HT29 (B) cells were treated
Doxorubicin. RT-PCR products were separated on 1.5% agarose gel and

stained with ethidium bromide.
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V. 12 &

B A5 ZelA HCT1163 HT29 Al¥el Doxorubicing A3t 4,
L EA 0w AEEo] FAHEASTES Gttt ®g Doxorubicin NMA
= 948 93-S 7 $ols= Doxorubicin @5 A gto] Hld) NMAY % ¢
EHoE AEFC] T/ES FRAsAG(Fig. 4). H5o]4 NOS JAAZ &L
2 NMAE AE il 5485 dede dstdad Ads dAsts 2oz o4y
A de=(2], o] wiitell Doxorubicin® AMEAY AALH S AR AR
Az, ph3o]l glE Aol AERY ph3o] HAAAA Aol AEA
Doxorubicin®] 9] AEZAEEo] o @Wol A= A ZAAT7]¢ &
Doxorubicin #8] A] pb3-WT<Ql HCTI116 A X7} pb3-MUTQI HT29 A ¥xH. T}
A2 AEES] Hs7 & olfr= pb3el EHd Aolghe AS o F AU
Doxorubicin®| 4tstd 2 AR S S7HA I AFA3E[5, 1219 Zo] 2 o
7 A3 (Fig. 594 % Doxorubicin< Atstd Aol AAFS S7HAI A oW, NMATE
o|2] g+ Doxorubicin® #-8& AMAA AHstdi A =5 Weldes a3
BA, Tk A4 pb3-WT<Ql HCTI116 Al (Fig. 5A)7F pb3-MUTS!I HT29 Al
3 (Fig. 5B)9t ¥lauafj Al Doxorubicine] ¢ gk Abstd A A &Fo] S7F5 3 NMA
of ogk AbstAA A FaFo] AA vERE A2 pd3o] Widld ks A
Aol #olst= NOSO wds xdsty] w119 Aoz Arsdh. Fig. 4%
Fig. 55 %3] Doxorubicin®] o3 F=% 23tz A WAL oA ¥ HESS
A& stal, NMAT Doxorubicin® Atstd 4 A FEE& JAste] SAxE] A=
S/ A TS Gt o= AsA LT Al 4hsd 2EHAE F

, °]&= <&l NF-xB& NRF2, p21¢] @&dlo] F7letaA Alx 545 ved
A AF}25]4H Doxorubicine] Atstd a4 BA S Fskal, o|HA A
Abstd 227 HCT1163 HT29 Alze] Akstd ~E#f2~E Fo] MX AESES
Aeet Aoz Az,
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B3 wEE I, eNOSS nNOSE Ca* o9& HA=E F3 ¢4
# A ArH3]. wekA] INOSETE eNOS9F nNOSe] wrdo] A7 7 (Fig.

d A2 gt o=z AZtHEAY. & disEw U3 AlEo Doxorubicin A
g A eNOS 2del F7shA g INOSe| Hdol+= Wyt fla, Ca* x4do]
eNOS o] d3Fs 71t A2 #1217 o] & st Doxorubicin®]
HCT1163 HT29 AlxEollA Ca™ o&4d 25 ZAstAA INOSET eNOS9}
nNOS¢| 23S 7k Ao = Azhd.

O17g¢k Ml3zEel A Doxorubicinell &gt MxZF7] wsts #@st A3(Fig. 7)<
M AEZ Doxorubicin 2] Al sub-G,71¢] AlX WXE7} F7F8ta g
P S7bstel wet sub-Gy719 AlE R=E7F S7kettheE A A el fAbst
FE EAT24]. 28y NOS AAII NMAE AHgg A3, HCT116%
HT29 MXlA sub-G,71¢] A3 W7} Doxorubicin @5 *2]A1¢] sub-G,7]

urh F2ge By

ta
fr
pord

o= <

ol\

-

7ha

off i
o L
N

o,

et AlE oA Doxorubicin®] ¢ 3+ Inhibitor of Apoptosis Protein®] &

H3sl2 shelst A3 (Fig. 9), pb3 4=+ wa o x}o]7} Doxorubicin®] apoptosis

HT29 AXolA & o&Xq o=z Nx AE&Es 7
TANA L, po3 FHAS el wEl AT AEEY game AEAAs A4
Fo S w9 AolE EHATh ol g W= eNOSO nNOSe o
72 WA Abstd o] Ago] Frkete]l AE AEE] TS FUAL AEF
714 sub-Gy719] AlE W19 F7kell %= pb3 xAke] Adejol] wat F7h& ol
ol & H AT DNA ©# 3= HCT1163 HT29 A% EFo)A do

ol doiME 2T AolE Hel b

al
P32 o A=l o] apoptosis®t FHE F L FHAAZR dHA Ak pd3

AAe wde 48 Axe] DNAZL AAETE Bl o AES AYH

apoptosisE FE3HAIRE, pd3 FHAZE AE W EABEA ekAY pb3 Fx Aol
Eo] waystel gHow WANA %W 4% DNAC tad ArET 7]

o] AhE AE5x 23 apoptosis7t BAHOE AojhA] ghot 93¢ ¢ A
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Z WS FEoA Av17]. B A+ Al HCTI116 (p53-WT)¥ HT29

<

(p53-MUT)®] #ke]= apoptosis®t W5 gt ##o] = pb3 At & Afo]
of 93 AAS &4 = AT @k, Doxorubicing 217F thaer A FEA W
ANA A3 A 4ol BAS F7FAA apoptosisE FEHS AR ph3 A AFe] J &
= & 7 e, in vivo A3E& F3l pdb3 FAAS WA AL

st 2o 9%k Doxorubicin®] &% a3 Foid #s AFE APA] A T A
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