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Sonication Induces Apoptosis in HL-60 Cells
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Abstract

To investigate a specific mechanism of apoptosis induced by sonication, we applied 20 kHz ultrasound to
leukemia cell line HL-60 with different intensities (0-60 W/cm?) and time durations (0-100 sec). In accordance
with previous reports, ultrasound treatment in HL-60 cells induced immediate cell death and delayed cell death
which are associated with cell lysis and apoptosis, respectively, Delayed cell death of HL-60 was also detected 5
hours after sonication in our experiment, Detection of caspase activation by Western blot and sub-G1
accumulation by flow cytometry confirmed that apoptosis plays a role in delayed cell death induced by sonication
in HL-60 cells, In addition, we found that decrease in lysosomes of HL-60 cells after sonication suggesting
lysosomal rupture is involved in the mechanism of cell death induced by sonication,
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Fotol Aee AEA 24o] 7hsstr] wol
A EA O 7 e 253918 SAAA AT
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WA= AAdE GME A (delayed cell
death)o|tt, 57 ¢AE AbE2
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1. M=Zri

AZE WA A EQl HL-60= American Type
Culture Collection (ATCC, Manassas, VA, USA)<|| A
TR AE ARSI Al wikS #131o] Roswell
Park Memorial Institute Medium 1640 (RPMI1640,
WelGENE, Daegu, Korea)oll 10% fetal bovine serum
(WelGENE, Daegu, Korea)d®} 1% penicillin-
streptomycin (Gibco, Grand Island, NY, USA)&
A7rete] WA R ALRE AL, 52 g7l A
Z1E& 5% CO,, 37CE AdAsto] ufekatdr21].
Hj ¥k HL-605 Halefste] AEnks 343 $d
1.0 x 10° /mLe] YEZ Q1AkbZ22] 945 (PBS, pH
7.4) 1 mLe] ¥#AA 1.5 mL Eppendorf
A& (E-tube, Eppendorf, Hamburg, Germany)ol|
A FL 5 Ay 2 wE 2239 A E
sholct 259 Ag] $ A M| vhg-g Hzked
well=, PBS thal A #iA] 1 mLoll HL-605 #4121
FHE 2535 Aestd, 23 A7t
HL-60 A5 Wi A5 m&atA] 9L 35 ¢ YA =
SAA oA Fdek vk =7 SAE F Y
| et & EAof] ARg-sFT

2. =0t H 5Tk

Sonic dismembrator model 300 (Fisher
Scientific, Waltham, MA, USA)& Z&upakAy o
olgstrt. xFute Fulre GAE AMERSHE
doyle Aeg Hud FaF Jdd &= 20
kHz2 17g8qleh. 229 AEs A E APdad =
do7)E Aog HiE 0-60 W/emAtolo o 2d
z7 wet g2 2dstdoh. 233 A7 ¢
et Azt A Qg g8 BE 20 U
sABL7] flsked, AE7F &3] E-tube o R



HL-60 Leukemia A 3ZFrol| A ZL2-3}o]] o]l M| AP EAL H 5=

A3 A DRTE Fol 2gT F47]9
gR¥o] §4 E-tubed FYo] FAT Loz
=S Sheln 285k ATl 4L 5 e
e A

BE AL F ARt Edd EF A2 wiAle
o]-g&3kATH21]. E-tube &2 wWiYHAZTH AES
g F, 2% B EFE GAskol A AlE
A 7S ol&stlen,

Ed)
AEA e AERS AE AZ2 A
0] J=EPN|
= =

%229} 2] ¥ HL-60 A|EE PBS 1 mLol| Fi%
FEHE 94E2(12,000 rpm, 158)% F, A=
AdEe AAG L AZ LR Q3] AE JFE=Z
frEd o] £3E FSHE 3733t Bio-

Rad protein assay kit (Bio-Rad, Hercules, CA,
USA)E o|§3le F3FEAR FF=E SA
253 Ao Wi F74A Ax&a o A
AF2A g8kt

AERES Bk, o 7)o Al Z &,
s AR as oAAl 3 ks aa AA)
E81 (20 mM Tris-Cl, 137 mM NaCl, 10% glycerol,
1% Triton X-100, 1 mM Na;VO,, 1 mM NaF, 2 mM
EDTA, 200 nM aprotinin, 20 uM leupeptin, 50 mM
phenanthroline, 280 mM benzamidine-HCL)<
A7ekoeh. A SolA 1587 WA F,
A3%2)(12,000 rpm, 15%)3ke] AAEL A9)e
FFs 853hgict Bl 4% 7129 Bio-Rad
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protein assay kitZ o]-&3}e] EFF AR thl A o
FREE 2AT F, o & olE3Hol 40 pgol
A& AHsl sodium dodesyl sulfate

o2

tlo

o
i

polyarrylamide gel electrophoresis (SDS-PAGE) &
B2} o] & nitrocellulose paper (Millipore,
Bedford, MA, USA)E @ Ao]%(protein
transfer) S A)3¥3L1L 5% skim milk7} SH&-% Tris-
buffered saline + Tween 20 (TBS-T)o|| 2A]7F =<
Tk o] 3 4T A 18A3F &<t procaspase-3
Axpekl 8}A)| (Santa Cruz Biotechnology, Dallas, TX,
USA) ¢t ¥h-3-A171 & TBS-TE 4xbe] Al -3k,
ol x}3 A e} 2A7F o] W2 A A enhanced
chemiluminescence kit (Pierce technology,
Rockford, IL, USA)& ©]-&-3to] &37H3uk-e-& 3l
procaspase-3 THH 2 o] W&l-& gHla} Tt [21].

6. MIZF7|=4

Z2ut g & wjokst HL-60 A|EE E-tubed]
=20 %5, A4Ee] (4,000 rpm, 5)3
A AL vpetel 7hepeke AlETE 3553l
AEE PBSE 13] AHE F FU3 2702 oA
A Ee st vl bk
PBSZ AFF3le] 700 pL dgk&S 3 e
oA 4ToA 5& 5 AEZE A3

N
3|43k &, PBSE A|Hdt= AA S 23] whEstaL
F5Ne A skl PI&9 (50 pg/mL propidium
iodide, 0.1 mg/mL RNase A, 0.1% NP40, 0.1%
triodium citrate) 1 mLol| #jF-f-3ke] 2Lo] A 147+
o WS A At 21]. 1417 ¥ FACSCanto 11
A1 254 7] (Becton Dickinson, Franklin Lakes, NJ,
USA)E o] &3t HL-609 AEF7]EAS
A3,

7. SofAn 2tE
HL-60¢l 20 kHz Z2&7H& 45 W/em* 2=
A gskal sAIZE FF #lYFst &, acridine orange

(AO)E HF +#% 1.0 pg/mLE H7}ste] 15% &<t
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HL-60 Al 25 A8t eh. e d AEe vidol
e 2 % 96 well vieF HA] P96-1.5-N (In Vitro
Scientific, CA, USA)o.2 &7 & Fo5o] Baty
HBO 100 W AYL3F7=](Nikon, Tokyo, Japan)2}
= {3814 (Nikon, Tokyo, Japan)& o]&3ke] Y
D7 (Nikon, Tokyo, Japan)o2 &3 A&
ek, B9 AL 96 well W FANA 2
welle] FolA 5RO, 7 2Y 28 ol
MRS T AS] Ao mFE dojA A} A
ARt dojxl ARzl Image] A E o] (NIH,
Bethesda, MD, USA)Z o]&3f &3] i

=g éﬁgo{ Tr@l Hl o LH‘— AOQ]- xﬂjL_xl =]

Jé

==
sﬂoﬂ Aol = NG Y= A0S ¥ gL BAH
AE AT 22 AYL vkt o] WS HdH
BEAE 7o SR deh .

8. &4 &4

EA R o= Microsoft Office Excel 2010
(Microsoft, Redmond, WA, USA)o] A=}
Z23 Xg] 230w HL-602] AE2] 2fo]d| tidt
H|a= S Student's ttests A8k EA5H A,

ol 0.05 "wtd W& SAHLZ {3t
Aol

gl ~
1, gl olg 52t M E A
Q17 W A EF] HL-60S A2 A7-S Thas]
ao] 45 W/em? Awe] 202 Asedrh, 2t
A2 F 24 Edd 222 Jasa Av4e 54
BE AL 2 H4FGon, 283 Ae A5
Z7b29] AE Abdo] ofubi 2e WA} ATHFig

°l

10), Z23to] U 08 =347 TAFE O @e
o) AT} ApEate], e BE| gt
AR whek AT A
vebet.
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Aol o) AZH2RE AEYFZ FelHe
chal g o] okS ZAEtt HL-60ZE 60 W/em? e
xedhz AR Ad AF HL-G0RHE
S =] Y2 d o] $H¥EE Bio-Rad protein

assay kitZ o| &3} %EBJM =439S o,
Z253 Ag A7te] F7te] mel PBSe ©a A
F3=7F 571 8kt (Fig. 1B).

2. Z3of| ot X[AE AMZE AIE

3] 60 W/cm?
QF ThA] Hljek7] °ﬂ

HL-605 #2] A7+
Aol 253kg Aglskal, sA 1

Zk
T Az & ERg £ A
5 373

HL-605 Z59 A= wat 302 59 A2lstal
THA] SAIZE 9t vl 7ol F3let, SAIRE & AEst

AE 5 Egdt BEFE o|&ste] 53 o} e, o
743] l—/‘\i /\g
Az et A %‘HP Apdo]
255 Aol ofEAH o8 YehdS SRIskrt (Fig.
2B), TE3H 45 W/em? o] Az 283tE At
ME F7F =Tl Hske] 15% mRke®

HzE o], ST 4 FFE Flsk e

95le] SHEEAS /\]83'8}1 caspase®] 2
Western Bloto.2 &1s}¢ict. A, HL-60 A& 60
W/em? % 2832 80% FoF {
O ket To FFEAr A S T HEAS Ay
A EZAPER 7L A EE AL 2lskelTHFig. 3A).
HL-60 A EE 45 W/em® ZE2 AIZMEE 223
T 5AIZE FoF o wjekdt FHol fFAEZEAVIE
AZF71E BAPS o, 22334 d 28] HL-602]

ﬂ
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Fig. 1. Immediate cell death induced by sonication.
HL-60 cells were sonicated with different time
durations. A: Immediate cell viability assay with
trypan blue dye exclusion test was done soon after
sonication. Bar diagram shows the percentage of
average numbers of surviving cells in each group to
that of control group. Error bar represents standard
deviation from the mean. B: Optical densities of
extracellular proteins released from cytoplasm by
sonication. *p < 0.001.

A|E 3 717} sub-Gloll & == Ao] A2 =Stk (Fig.
3B). 2535 o o A + dFE
HL-609] A EF7]7} sub-Glo| A=At} &=
80% o] Ag]et ol HAL] 40% M E7} sub-
G1 A|ZEF7]0l| A== Zlo] #E =T

AAE GAEAFE A M EAEAF YR
RS A7) 93] Western Blotg Al &3l

o

a A g o] 93 caspase-39 A=

ghelal ittt WA HL-60E Ag Z=o] wet 30%
Zol 247y A g]dt T sA|7F =< ] Hjekst H AlE U
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Fig. 2. Delayed cell death induced by sonication.
Cells were exposed to 20 kHz ultrasound and
incubated for 5 hours. And surviving cells were
manually counted by microscopy with trypan blue
dye exclusion test. Bar graph shows a ratio of
average numbers of surviving cells in each group to
that of control group. Error bar represents standard
deviation from the mean. A: Viable cell count was
done 5 hours after 60 W/cm? sonication with
different time durations. B: Viable cell count was
done 5 hours after sonication for 30 seconds with
different intensities. *p < 0.05, **p < 0.01, ***p <
0.001.

g AdS 3|43 e] procaspase-39 2d
I8kl v, 223 A 2ol ¢Jsl] procaspase-39]

4 = YA er HoL
procaspaseﬁil‘i—ﬁ A<l caspase-329] Aslo|

T ARG o =2 A=
2 procaspase-32] ¥l oo|
H ”‘Ol uiﬁ}oﬂ/ﬂ caspase-3 &/435}71 O Hol
oS & 4 AATH(Fig. 3C). 53] 45 W/em?



114 AHo|chat=R| H33H 2= 2014

C
Intensity (W/an’)
0 15 30 45 60
Procas-
pase-3
Actin

T [ TTTI TTTI T

P-Width Pl-Arca Pl-Area

1
PleAre PleArea

Fig. 3. Apoptosis induced by sonication. Cells were exposed to 20 kHz ultrasound and incubated for 5 hours. A:
Apoptotic bodies are observed by fluorescence microscopy with acridine orange. Scale bar = 20 ym B: Sub-G1
accumulation is detected by flow cytometry. C: Decrease in procaspase-3 (caspase activation) is observed.

o] FEE 253tE A gk A procaspase- AO7} tzwo vl 2g3tE AHed A3l
39] &Fo] AA3| rashs AE A A28ka S92 o A E
Wol| FHaste= Aol ATk (Fig. 4A). &9}
4, s AH Q| ZA Az A AEe Hdl A7 Fag Ao
T3 AO W FF i A JFS
HL-60] 60 W/cm® A= 2&3E AtEE W Ast7] $lste], ¥ Aoz RE Aozl AME
Ag)gt T sAIRE Fet o] wiket H, AOZ GAEHY ARZI] AA] F3A IS HA 549 Joo=w
= 373}

K

AL Fejsh GaAnA Y Fe, gA2A Fe  FrolA 2e3 Aol hE AT 5 4iE BE

YRErAos Basdd. 289 A B st Aol AL ol BAS wAE ol FRL
AT 5o WekE BT Ao, 2202 o Uehie §3aA) Gool 2e3 el A,
ALF TUSE 2o9 A2 A4 e daTl A Avel JEHOR FraHT ASS

v AE3ITH(Fig. 4B).
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Fig. 4. Lysosomal rupture by sonication. HL-60 cells were exposed to 20 kHz, 60 W/cm? ultrasound and lysosomal
ruptures were observed by fluorescence microscope 5 hours after sonication. A: HL-60 cells were stained with acridine
orange. The green color represents the cytoplasm and nucleus of HL-60 and the red color represents lysosomes.
Number in figure represents sonication duration (sec). Scale bar = 25 ym. B: The ratio of red color to green color was
calculated by ImageJ and the results show that the lysosomes were decreased as the sonication duration increased.
Error bar represents standard deviation from the mean. *p < 0.01.
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Ultrasound o
Cd
generator “ T

4 Immediate
cell lysis

Human ©

leukemia cells @ @ Non-lysed cells

(include lysosomal
membrane damaged cells)

©©©
ol

. Nuclear Live

© Lysosome Late apoptosis
(due to lysosomal enzyme leakages
from damaged lysosomal membranes)

Fig. 5. Schematic diagram of the mechanism of tumor cell death induced by ultrasound in HL-60. Plasma membrane
of a tumor cell is damaged by mechanical force of ultrasound. Some cells are highly damaged along with membrane
rupture followed by immediate lysis and cell death (fate 1). However, the cells with intact plasma membrane survive at
that moment irrespective of lysosomal leakage (fate 2). After several hours, ruptured lysosomes in a damaged tumor
cell induce apoptosis and consequently cause delayed cell death.

C Z2ETel o7 =94 A AE AEAPE o]2ttal 4 A AH(11]. o

= dgve AT Z2t AEAES  APNHE HL60IH ZEshe] o8] Aol SHAE
olEA Be ATFE, URE £US HEHL AL Abdo] fEHE AL FAsg
Hobgs whe, &4o] 8)%o) Ase AESE AT A AT AZAEAE Folgehe of
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Ba7) 9111[9,10,12], o] AFoINE GAEEA
s *1]2—?71-‘4 A A caspased] &3} &2l
53te][23] 25 Tbol 93 HL-60 AlXZe A<
A|ZAPE Ol A EZAPEAE HATHS SIS

21 E7 % procasepase-3 Tl A ukE ek HA o)A
45 W/cm? o]de] Ameol 53 A el AHH
caspase Aol dA3 Frtste Aol
#Z = AH(Fig. 3C). o)A 253 A ot
tAlE ] Add AtEWES Egdt EF
A o2 gl Azel|A] 45 W/em? o] 7
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T
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AAE AEAEY] Axo= EX Zr oA

7
%] (threshold)7} &A1& F & 22 AYzHert,
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Brh A EA o W A EAE
w2, S Wﬂiiﬂr BAAE el g 3tbel| <%
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~
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fl
o
Ho
ol
QL
N

AEAPE AN 253k Ae] A=) A 2Fol7t
EAs=A A 3t F7F AFE APst= Ao
otk oA 2EHRE T & A=A

A Eoll = JFS ]
A5 BHE e F Qe 259 S
intensity window) <

A|ZAPEALY] frimo] g3l A o] At
ATZAA7E H2 EuEd(24]. &H A=
bRl s, Hrkstraddas, AdEHas
5o teFet B a4E o 7}xl¢ d= AE Y

27102 AARE, G2Ag 5o AL 75 lA
TR% 9SS FFIH25]. o] LA ] o
R e, G A W] TR ;{;/\Eo]

AZAZ frEEcH oledt a0 §32 4
A E Ao AXAEAE FEd
G A QUrh24]. gaiiAle) e AlE FAR
AAA o FutolH, FaliAle] whe A<
Q47F AEAAG] w #uh T3 ATEEA %A
T A2 o2 AlEa7|ke] el wlsiA A2t

0|

£ FAEE 2 A0E FelA UrHol Heb
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&3l 24 o “‘Oﬂc FIFE = T UeA otr izt
HL-60 Al Zo 223 g A & &34 S
w3t} Fig, 4Bo] Ao A YeRd R} o]
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AMEAEA Fo] geoloz & A Jorg,
253 Ao gt gl 2ol stdo] A E 9
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Ak, oAl FF 253 Al o3 &3 Al
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oyl AFoA Aol ARE FHdY, 259
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AT AdFo mE2d 239+
M ZANA GAE AMES FESHT
aEy 2Es Shak ShA|E AbE
Yol A|A] ek Agtolrt, ofdl o] Aol A
W A EF HL-609] 2538 A2E of et
A ZEAEARS] AR 717dE A8t HL-60 Al E el
20 kHz 2S32 0-60 W/em? 252 0-100% 59F
A 2)3k & 5A17F 5 caspase A3} A EF7]9] sub-
Gl 4 o] #FE| 5o ofsf AEAEAL
FEES AT 5 Ak FFAnF o= HL-60
AEo] gallaAE HEs 2, 253 o)
Bl aA 9 TFavt dojube A B3I whebA]
Zuto] gk MEAEAL Fo Qlojx] Tt
9/]"?} Sl oA e Bdo] g 7HA Tt #d
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