lfl';i~nl';i lJ'YllJl'Ylcsn e:J~nl';il~flJlU~1n e:J e:J n l6]j~~ e:J bfnMrn~CIJJ e:J~
b6]j~Gf3J~ b1~tl e:J~~UnlbU~

l~rJ
';i~.Jln.~';i. tI~ iU'Ylf'-;l';il~~

<OJ
.J
~rurulL~'lJ'Yl
<U

...

RSA5780043

1fl1\1nTl lJ'YllJl'Yl"lJ u\l nl1L~1lJLU~1~n utinLsn~~ tI~nMm~"lJ u\l
lsn~~:U~l1\1tJtI~~uih l ii,~

~

Q..oo

.::::a.

d

A

111 f11,y1Lll ~,yl'Yl t11LL~::~ddl'Yltl1

~l~.hnUnT~iiifJ b~8~ llYllllYljJ e:J~nl~i.~~tJi. U'il1n 8e:Jn i.-n~~mrmyrn::"1J e:J~b-niil ff1J::b1~1l8'i1~\~

ihdi'il

(Role of nitric oxide exposure on lung cancer stem-like phenotypes)

dthL1~~(;h~i,1li,~
•

Project Code: RSA5780043

Project Title: Role of nitric oxide exposure on lung cancer stem-like phenotypes

Investigator: Associate professor Dr.Pithi Chanvorachote

E-mail Address:pithi_chan@yahoo.com

th

th

Project Period: June 16 2014 to June 15 2017

Nitric Oxide (NO) is a gaseous biological mediator that found

in the cancer

approximated area and may have a significant impact on cancer cell biology. As one important
hallmark of cancer aggressiveness, stem cell-like property of cancer cells has garnered
increasing attentions in the cancer-related field and accepted to be an important obstacle of
success in cancer treatment. So far, the insight involving molecular basis of NO in regulation of
cancer stem-like phenotypes In lung cancer is largely unknown . The present project aims to
investigate the possible impact of NO treatment in long duration on the alterations of cancer
stem cell-like phenotypes including the presence of cancer stem cell markers CD133 and
ALDH, and stem cell-like and aggressive behaviors including tumorigenic activity, epithelial to
mesenchymal transition (EMT), growth in anchorage-independent ccndition , anoikis resistant,
chemotherapeutic resistant, migration and invasion, as well as investigate the underlying
mechanisms involving up-stream signaling of survival pathways including Rac and Ras .
Because the understanding of nature of the cancer cells in response to biological substance
may lead to the better precision and efficiency in treating the disease, the information gained
from this study could benefit the development of therapeL!tic approaches.

Keywords (3-5 words) nitric oxide, lung cancer, cancer stem cells
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~

'W Cl~n'l'nJ~1mL1\l"lJB\lm1bnC313J::b~<'1~ El

b6]'~~3J::b 1\1iifl rn~3JlJ1i LlhU6]'~63J::b 1\1~Ufh bil~3Jln~U Yill ~
•
l1JUaDtn"1f1 th~rulum1~m~13J::L1\1 i\lJu~\I~m~n,rEl3J~ L.:n\l~m~ rnnlJl:u Li.'lni.'l~U;nW'lJ a\lL u~1n a

•

II

q

qj

ctI

d

eJ n 1.'ll~1 un11fl,)lJf1• 3JanHrn~"lJ 8\1 L'lli.'l~ 3J::L1 \I ~u nl Lu~ U1J::L1 \lD El ~~\l5\1 L1i 'Yl11U"lJa1J'U i.'l~ LL ui'~

1
m1~m~n 'tUflr\l d~"ii1C31flD1:: ~\lf11Um1C31j,)~~1 r-li.'l"lJ 8,,]LU~1nEl Eln L'IJ~~ an11bD~ £JUbLDi.'l\J~nM-rn::
•
nTH n ~ L'lli.'l ~:u:: L1"]~U rll LU~ Lri BL~11J I. UC311n B eln L'll~ LUU1:: tI::L ') i.'llU1 U L-nu nI1LL~C31\l El El n"lJ e:J \l
hJ1~utl.,];rn'nLn<i1 L6]'i.'l ~:U::L1.:J~unIL ilC31

CD133

LLi.'l::

ALDH

LLi.'l::'WCl~n1j3J1ULL1-.1'tunTHn~
•

L'lli.'l ~:U::b1-.1 ~unlbu~ enii m1b D~ tlU 'U1D-Sl\l~1 m'lli.'ltf€lYiTIb~ tli.'lhhuuiiL'llULf1l1. m1b,;)1tlJ1U~Jll,)::
~

I. fm1fl~ Lm::, ~mm1C311mbuua::umJ~~~. ~a~mf1ihhJC31 . nl1bfl~aU~LLi.'l::nI1LL'W-sn1::~It1"lla\l
L'ni.'l~:U::L1\l LLi.'l::md~~lni.'lLn~L~tI1n1Jii1m1mha~"lJa\lb'lli.'l~ ~\lD1::nElmrdtl lD1~'U,
'U

Rae LLi.'l:: Ras

b~ a1iL"lJ1 hm1:U"1!1 ~"lJ El\l L'lli.'l~:U:: L1-.11 unl1~ au ~ua\l ~ a~11~,) JlI'WY1e)1';) UI LD~Wn3J
bL1iuih Lbi.'l::
'U
D1:: ~'YlTI 1l1'W1um1~nM-ll1f1 LLi.'l::"IlEl3J 1i'l~L~,;)ln m1~nM-lf1f\ld';):: bU'U,D1:: 1[1"15'\.1,1 um1~~'U,liTIm1
'IJ

1I:L1-1UeJ~lltht~lLVI<nVl~n~.yhl~Ln<nnT'n;~J'ni<nI11';W1l:L1-1
q

(Lozano et aI., 2012)

~lhtJ~lU
'U

1VI qj-:u: L;tJ~i ~ 1111 tJ nj:lJ1'U. nTHLv-dn j::-:Ul tJ"lJ eJ-1 L6Jf~ ~11: L~b (metastasis) ~ -1 LU 'Un j:U l'U. nlj~
L61H;l~aJ: L1-1 LL Vdnj:-:Ul tJlu [1-1 ~1'U.~1-1 ') "lJ eJ-111-1nl tJ -:Ul n,]El1lfl'Yll-1f1
aUfI'WlJ'"hnT1LLYftnj:-:Ul tJ"lJ eJ-1
'U

L"1J~ ~11: L1 \lii~ll:IJ ~a~fI treJ\lnUj: ill 1 'U.~1n a El n 't6J1~LLfl:L eJ'U.l"1JaJl U~1n fl fln l'D~6B'U.L'Yl~~ L~11~U

~\l ~ fll ~Ln~'W 'l~njj1l fl1111j'U.LL j\l L~ aJ~'U.
•

LLL'l:5~ jlnljeJ rh
eJ<n"lJ eJ-1 ~lh
tJ aJ:L 1-1tJ eJ <n~ <nita tJ ~\l
'IJ
'U

(Colakogullari et aI., 2006; ESME et aI., 2008; C.Y. Liu et aI., 1998)
1 U~1n El fJn L"1J~nJ ~ ~ WlljfllU flaJ'W
fI ~njj1l"lJ El-1 L6Jf&l ~11: L1-1
q

1

6ll~Ylfll~'U

(Chanvorachote, 2006) LL&l: Fas ligand

-:UlnnT~~nMl~~.h'Um'V'lu'"h

LL~:n1:~m6Jffl~:IJ:L 1-1U fl<n1~~ fJ ~ El m
•

~t:lmV\'cttJ1tb1~Ln<nm1<nlmLlJUfl:'WEl'W1'Yl6ll~
'U

(Chanvorachote, 2005) aJln·t tJn-:hi'U. '1. U~~nEl e:Jn L"1J~[I-1L~1Ifl1111Gn 1l1jt:ll 'UtlljLLYl1tlj:,n tJ"lJeJ-1
L"1l&l ~aJ:L 1\ltJ eJ<n 1~ tJ [lU 8-1 mj~l mLUUeJ:'UmJ ~~1'U.L6Jf&l ~~l1~1l11:mj~~ Lnl: (Chanvorachote,

2009) LL~fl~l-1Ljn~111 [I\l'tlH:h, tJ-11'U.m1ii[Jfl11~im~-''\.l,'lh::VI'h.:J I. 'U.~1n fl eJn 1·ll~nUL"1l&l~1I ! L1\lU eJ ~
l11'U.fllL U~

~\lLU'U.~lL VI <nVl ~n1'U.mjLn<nYl'l ~njj1ljULL j\l"lJ El\l L"1l&l~11: L1\l LiieJ\l-:Ulm6Jf~~1I:L1.:J~ LL~cn-1
q

q

~nMrn::"lJEl\lL6Jffl~1I::L1\lI11'UfllLU<n-:U:LUU~l LVI<nVl ~n~rh lvi'Lncnm1LL ,\-'dn1:-:Ul rJ"lJeJ\l L6Jffl~1I::L1\l ifl~ eJ
•
Lflih'hD<nLL&l:mjn~lJ1I'LUwi'''lJfl-1 hfl (Yang et aI., 2009 ; Eramo et aI., 2007; Li et aI., 2007; Me
et aI., 2007) i\li'U.~\I ~n M1U-:uitJTll111 LUU'hJ'tcnl 'U.mjLtJ~ rJ'U.L6Jf&l ~1I:L1\ltJn~1~LUm6Jf&l~aJ:L 1\1111U
filL UCii

11aJ~\I~nMln~~lmL&l:,yeJ:IJ&lL :n\l~n"lJ fJ\I~1i'Yl mL"1l&l ~1I:L 1\1 L~mu'U.u1: Lmm1'U.nlj~nMl nlj
'IJ

[lU 8.:JYlfl~mjaJTll111j'U.LLj.:J"lJfl\l L"1l&l ~1I:L1 \l

•

~\lm1i:ilrJfI~.:Jii'-:u:~n 'l!l-llJ 'YlUl'Yl"lJ eJ\lj::ilJ"lJ eJ\I't 'U~'1n fJ eJ n

1.6Jf~~i.6J LU'U. ~M~eJ L6Jffl ~~ El mj~~'Ul1tJLU'U.L"1lfl~1I:L 1\1111'U.fllLUCiI"lJ El\ll"1l&l~1I:L1\lU El CiI L~ EllVI'" ucn'1n El
El n I. 6Jf~L tJ 'U1: rJ: L1 fil 'UlU L~ Ell ~L']l h

Ci\l~li 'Yl tJl"lJ eJ \l L"1l &l ~11: L1\1 LL&l:~ll :lJLU'U.I.tJl~il I.'U.<n'1n El El n

L6Jl~eJ1~-:u:iilJ'YllJl'Yl ~lf1tlJ1 'UmjTl1lJ~ aJ'Wfi ~njjaJ1'ULL1\1"lJ El\lnljbnCilaJ: L1\1tJ El Cil1~

1. mj,,{lCi1~€llJTl1111LU'U~'M (Cytotoxicity Analysis) ;

'YlCil~eJUfl1111LtJ'U~~fl\l ~1~.yh1vi'bncn1 'U.cn~n mm L6Jl~ l~uri

SNAP

Lb&l:

dipropylenetriamine

(DPTA) NONOate 1<nrJ1iin-mj'YlCil~eJumjmhElcn"lJEl\lL6Jl&l~ (cell viability assay) LW::~'U.rJ'U,~&llCi1tJmj
'IJ

'YlCil~eJum1Ln<nmwmmuuEl:YlElYll'Yl6fi~LL&l:mjmmLlllJL'U.lm·6fi~ (apoptosis and necrosis evaluation
assay)

~n ni'U. Ulf11111L'll:IJ'll'U. ~l6JdJ'U.'vhl-~m6Jl&l~'lJe1-1Lu<nmmm l6Jl~ltJ1,nUnn~tlMl~ ElI.tJ

.

..

nTn1~~aUnl1tl!J·H)W1"1Ja.JL'IHilrl
u

LttJWJl"~;tu
tlrnVlllij
37
q
'IJ
q

'IJ

'Yl~~tl1JLL~l 'lllL'1l~~mUJJ~ltJ~11

t).Jf11L'iJ~b~tJ~ ,nn~1-i.'llli.llU"1Jtl\l
~11JJb,rJJbb~"~~11JJtI11~~U

,nmfuli~11

24 ilLJJ'l

t)'lmL6Jl"~L~tJ~ LtJun~l

37

~~11JJVlU1LLti,Ub6Jl"~~L'Yhnu

96-well plates

tl.Jllllb6Jj~b~tJ~ LtJun~l

LL~::UJJ~t)rn.~Jlii

(Cell Viability Assay)

MTT

24 -nlLJJ'l

~llJJb,yJJ,yU

supernatant eJeln

570 nm

4

1x10

DPTA NONOate

VI~.Jlj}lnli~11

4 -E'llJJ'l

bL~:::li DMSO ~;;~ltJ~~n

llJJ~

~~llJJL,yJJ,yU~l'lnU

DPTA NONOate

LtJun~l

0.4 mg/ml

cells/well

LLnL'1l~~

~~rnVl1Jii

37

LL~1\blJ1~

formazan

,nn~U\b~~~'l~m~lulrnVllLtJt)fL'1lU~m1mha~"1Ja'lL'1lf)l~
'IJ

m1'Yl~~t)um1Ln~mWnmLU1Jt)::y.mV'lL'Yl6fr~Lb~::nTJ~lmL1J1JLUL~16fr~ (Apoptosis and Necrosis
Evaluation Assay)

~~lrJn1Jm1'Yl~~aUm1iHii~1a~"1Ja.Jb6Jj~~ l~miftJ'lL6Jl"~~lu
VlU1LLti,uL'1lrl~Lrhnu
~11

4

1x10 cells/well

DPTA NONOate

llJJ~arnv,Jlii
q

'IJ

37

a\lmL6Jl"~L~mf LtJUL1~l

~~lIJJb"llJJ,yU~l\1nU LL~:;UJJ~arnVlJlij
•

'II

24 ,T1LJJ.J ,nmfuli

a'lml6Jl"~L6fitJ~ LtJun~1

37

~~11JJ

96-well plates

24 -E'1111\1

VI~'l,nnhX~11 DPTA NONOate LbnL6Jl"~~'Yl~~aULb~lUJJb6Jl"~~~lrJ Hoechst 33342 ~lIJJL"liJJ,yU 10
\-Ig/ml Lb~:; propidium iodide (PI) ~11JJL,ymrU 5 jJg/ml LtJU,L1~1 5 u,1fi LL~:;ril£JJlly.fy.J~amWL6Jl"U~
'II

Jl1tJ1r;rn~aJ fluorescence microscope (Olympus IX51 with DP70)

bif£J-JL'1l1il~'u,
37

100 mm cell culture plates

t).JllllL"1!m6jj!J~ LtJUL1~l

4 ekllJJ-J

'111 btJW~]oot~m'1l1il~ bfitJ1J~1il~'l~nu
LL~::

~~1IJJVlU1LLti,U,

5

5x10 cells

L~al1XL6Jl"1il~ml:; ~lmfuti~1 1

L~tJUJJL6Jl"1il~~arnVlJlii

DPTA NONOate

•

'II

~~11JJb,rJJ,j'U

~'l1l'l~-rU~11'lU~1n t)t)n'l'1lfil 1~ tJ~:;UJJ LtJU1::£J:;L1cn

control

14 1U L~ a'll1 'ltJ'Yl7l~tlutrm~H\t::m1Ln~ L"1!1il~JJ::b1.J~un1 Lit~

7

1~ rJ~1:;tJ::L1~1~UJJ~U L'1l~~~::rm
'II

sub-cultured lL~::L~JJi.'I'11 DPTA NONOate 'Yln GJ 2 1U

•

3.

4S

6'

Cl,.o

~""

O

A

mw!m:n~n~m::"1Jfh'lL'1l~~JJ:;b1-J(1mnlL\l.~

•

•

(Cancer Stem Cell-like Phenotype AnalysIs)

~m~n1tJ11.;jLL~:;~n]ootrn::"1JaWD'1il~
(Cell Morphology Characterization Assay)
u

~n'Ml1tJ11'l"1Jt).Jb6Jl"~~~'l~1u~1'lu~1nm:m'l'1lfilLtJU1:;tJ:;L1fn 7 LL~:; 14
'IJ

lULfitJunu control

~'l1li.~-ru~1'l\L~1nmlnl."1!fil YlftlJJ-#.JrilrJJll'W1tJ11.Jtrn~m::"lIt)'lL6Jl"~~1~l'Jm11i fluorescence
'II

(Olympus IX51 with DP70j

microscope

a
~
0
~
~m~'lnT'Hyj:IJ~li.j,li.j,"1.la,'jL·lHH~

(Cell Proliferation Assay)

ltt"H"llf1Gf~l~fU~1'lltl.~1naanl'I1~mLL~1LtJUj:;tI::L1~1
1'\.1, 96-well plates

~r:n:IJ~'\.I,lLLti'\.l,t"ll~GfLrhn1J

24 LLfl:: 48 il1:IJ-1

m:IJ~l~U 'lllL"llf1GfmU:IJ~l!'J~'l

~arn~llil
,

37

'\l

formazan

1x10 cells/well

a\lmL"ll~L6fitl~ ~lmftl.'lll~l'""1Ja\l

1~~

100 iJl

'l1:IJ~\I

a\l~lL"llm6fi£.J~

control

dJmlfll

570 nm

f1::f11!'J~~n

LLfl::1i DMSO

vlmi\t'\.l,1~G1~1~:lJl~1t1.1rn~lL1.JafL"ll'\.l,~

(Cell Migration Assay)

f111:IJ~tl.1LLtitl.L"ll~GfLrhnlJ

4

2x10 cells/well

24 il1:IJ-1 vlm!u scratch hHJnl'l1i pipette tip
media

14 lU

MTT f1111IL"1lmJtI. 0.4 mg/ml LUULlfll 4 il1:IJ\I

L~!'J\lL"ll~Gf~l~f1J~1'li.'~~1naanl'I1~rmLL~1LUw:r:: !'J::L1f11
1'\.1, 96-well plates

LL~:;
37

q

supernatant aan

LL~llh1.1.Jl~Hl1:IJL,y:IJLL~\I~f111:IJm1f1~i.j,

dad
~
~m~nm'lLf1~a'\.l,'Yl"1.lehH"llflf1

7

~mu.~fliJ
'IJ

3

'lJtl.l~

,:nmf'\.l,~m'lLf1~atl.~"1Ja\lL"llf1tf~Ll~l
'\l

LL~::

14 1t1.

'l1:IJ~\I

~arn~llil

37

1J11~mm

media Lfhaan

,

20-200

7

'\l

0, 24 LLf1:: 48

a\l~lL"llm6fi!'J~

control

L1JULdfll

~-rtl:IJyf\llt1'

il1m ~1a:IJrY\lril!'J1l1Vmlt1hi'

fluorescence microscope (Olympus IX51 with DP70)

m'l~n'IYlnl'lLL~1n'l::~lt1"1Ja\lL"ll~Gf:IJ::L1\1

1J'\.I,1~
~ii

8 iJm

1~tlria'\.l,LinJL...t1flGf v::

coated plate

10% FBS fl\l1'\.1, chamber vllt1.iii'1\1

1'\.1, chamber

~lU1JU ~~\lvln

Q.;

matrigel mmrn 50 IJI

U.fl::Lt!'J\lb'lf~Gf~Wn:IJ~U1LLtitl.

24 il1m
t.I

~1t1

v

u::~~
'\l

media

~ii

v::Lttl\lL"llflbftU 24-well Transwell

LL~:;

vlmftl.1~

RPMI media

5

3x10 cells mmrn 100 iJl fl\l

b"ll~Gftlll!'J

martigel e:wn '<il l m!tI. fixed
~

6" v

3.7% paraformaldehyde '<illn'\.l,UmJ:l..IL"llf1fl~lt1 Hoechst 33342

filters

o&:J

4

•

•
~

I

LL~::~b"ll~fl'Yl~lm'lmf1~atl.'Ylmu
'\l

martigel <1i'1!'J fluorescence microscope (Olympus IX51 with DP70)
(Anchorage-I ndependent

Growth

Analysis)

L"llf1~~lvlf1J~11'1.'I!~maan'1."llifLUtI.'l:: tI::L1~1
dJ'\.I,L"llflGfb~mLbfl::Lttl\ll'\.1,

6-well plates

~ii

agar aci'\l

BlueTM

LL~::

14 iu 11:IJrY\I control

1~!'Jiif111:IJ~tl.1LLtiuL"llf1GfLrhn1J

vlmrtl.U:lJL"llflGfdJu 1::tI::L1f11 14 iu L.yja~nT:rLn~
1f11flU
'\l

Survival and Proliferation Assay)

7

';)::nnrh1~
'\l

3

5x10 cells/well

1'"

'"
""11'"'
""
fl(m~nnT'Hn~
fl ~'1untl ~Hmll::'II'"
L~nTHJ~Lm::

(Anchorage-Independent Colony Growth Assay)

'VI~~~lnti~L6Jl'~~dh!.L1~l 14 1'U. ~::riltJ1)1'Wn11Ln~1f11~it1)11'J1~n~El>'l fluorescence
microscope

(Olympus

IX51

with

"1.I'U.l~"1.IEl>'llfll~uLL~::~1'U.'m1fll~it~Ln~,r'U.~::nmbJJl

DP70)

'U

4. 'W~l~iJ~LLa::nl~'Yl~l'U.~L WfI-n'U. (Plasmids and transfection).

.

'W ~1 ffiJ~"1.I El>'l11.h~'U.~ff'U.h~ L~ m"llEl>'lnlJnT~flllJfl~'W C]~n11~fl11 m'U.LL1>'1"1.1 El" L6Jl'~~~::L1" L-n'U.

,

L~~~lU1'U.L6Jl'~~~::L1"~'\..:,fllLU~ LL~::L~~m~mhEl~ "iJ::lh::nfllJ~1t1 hJ1G1U

Akt, FAK, Bcl-2, Mcl-1,

'U

m~::

Cav-1,

iNOS L~fl~nMl~~"lJEl\llU~1nmmi.6Jl'~1um~fl1lJfl~m1Lu'U.L6Jl'~~~::L1\1~'U.nlLU~
,

1'V111.b~'U.~ff'U.hiim1LL~~\I mmuEl1'J~"

~\ln~11 Ulbsn~~~~::

transfect

L~1qJL~lJl~lh::mn;,

60-70%

'VI~\I~ln

transfect

transfect

LL~1

36

LfJUL1~l

24

{i\l

i.UbL~1

12

mL~tI\I~a1u
~lmfuUl~lj

Lipofectamine

~Lllii

Lb~:;

~lllii

0.03% trypsin

serum

~un1::rt\lb6Jl'~~

plasmids m1"1l'LunTl transfect

i11m ,;)::Lu~rm media L~~a€lmL~1L~~
'U

28

1UV~ ~lffiJ~ L~ El ri'U.~'U.m1LLff~>'IElEln"lJEl\lhh~'U.

6-well plate 1u media

,t11~\1 L"ll't;l~~::nnciEltJ~1£.l

media

~ii

LL~:::L~1'J\lL6Jl'~~1u

5% FBS

~\lLU L~e:J

75-ml culture flasks

,;)lmr'U.L~e:Jm6Jl'1il~~iim1LU~rJULLU1il\lfi'U.e:Jtil"m11~111~n'U.bL~:::~m~

1U

Lbff~h'e:Jfln"lJfl\llu~q;U~1 £.lin
1640 medium

(ShRNA)

1~tl111

'U

Western blotting 1ml L"ll'~~~'tlllJ11i'Yl~fffllJ1Uimr,;)::~fl>'lb:rJ,:)lURPMI

antibiotic

mU~1fl£il"UEl£J

2 passages

5. m~iLfl~1::'VI1u~~U~1rJin western blot (Western Blot Analysis)

ti~b"ll'~~~1£.l lysis buffer ~U1:::nalJ~1tJ 2% Triton X-100, 1% sodium dodecyl sulfate
bb~::

(SOS), 100 mM NaCL, 10 mM Trls-HCI (pH 7.5), 1 mM EOTA,
protease inhibitor

dJ'U.n~l

45 ulfi U't.n.tlbL;J\I

~lmf'U.'\.i,1L"ll'~~~nn

lyse

'U

complete Mini cocktail

m'VI1U1mrnlu~~'U.~l~

l~tJn'nli BCA protein assay kit 1J.~:::u~lJili~lrnluJ~ul~I.'Yhnu LI.~::111nlJ denature hh~u~"HJ

m~ti~lu1~'U.~flrn'VI1)iJ
,

'U

95°C

LU'U.L1~1

5 ulfi

Lyja l~d)~mjLwn"lJfl\lluj~'U. ,;)lmlu transfer

lU~~UlJU

nitrocellulose membranes

~ltJ

lUj~U1il\llJU

lUj~'U.

ALDH LLi:l:: CD133, LL1il:::

antibodies

~-actin

dJUL1~1

1

10% SOS-PAGE

nitrocellulose membranes

5% non-fat dry milk

HCI, pH 7.4, 125 mM NaCI, 0.1% Tween 20)

u" membrane lUti:IJ(1)ltJ primary

LL~::'tll1u1~U 40 ~g lul'V11il~l'U.

~~::~lrJ1u

i11~\1 djEl

LL~::

block

TBST (25 mM Tris

block

lu1~UL1rJlJ1eWLL~1

~iifl113J-;llL'Wl:~ElnT1Lni'll"ll'~~~::L1,,~'U.nlLU'il b-n'U.

LU'U.L11ill 24 oil t~>'I

~aruv\1)Sj
,

'U

4 ° C j1mt"" primary

antibodies ~W>J L-n'U. Akt, phosphorylated Akt, ERK, Phosphorylated ERK, FAK, phosphorylated
FAK, Caveolin-1, BcI-2, Bax,

LL~::

~1"

T)f" dJUL11.'ll 10

membrane

~11.1

TBST 3

p53 LU'U.L11il124
Ull1

i11~\1 ~tlrn'VI1)iJ
~

LL1il::ti~~1t1

'U

4°C

L~tlfljlJ

24

i11~,,~::

horseradish peroxidase-labeled

secondary antibodies

~mtJ'\.Hl~1

il 11h'l ~e:ml,'VIJl3Jieh'l ~lmrUlbl111(fi~1t1

2

•

'\J

chemiluminescent

ll~;:;l(fiTlll:m-lidJ"1Ie:h' band 1111iiU~I,1 ")l.yj~lJnlJhh~u ~-actin
a

~

fi' ~

""

AoCIiIVI

1

..

5. nT:fllTlll::'VI e:J11Le:JUle)(fil tllll LdJ Tl1LLtIL 1~ (Microarray Analysis)

l'l!~~~l~11JfflllU~1mHJnl'l!CifLiJUL1~1
,

n "nliffI1 TRlzol®

~lmfu111dJlrn.

LL~::

14 1U

~::tlmlldJlffll(fi
'\J

~.J'VIdJlfi lL~::fllldJlJ1ff'Yl~El.J

RNA

total RNA hw

RNA

"il::tlnl~~ll'JLfl~e:J-J

~.:If11T111dJffdJUHll""1Ie:J-J

RNA (RNA integrity

•

Thermo Scientific NanoDrop 2000 spectrophotometer
number, RIN)

control

'IJ

'\J

ff1m1tllen\1~~r.JnT:fli Agilent's 2100 Bioanalyzer rit:l't.j,~::lLTl11:::~~lm.h.J RNA

~l rJ1TIldJlfl1LLm1E1
6,

6"

~

AA

m11Lflll::'VIfftl~ (Statistical Analysis)

111LL~:::bmVlJb.yj~lJf11J
,

.d

controlTliwli One-way analysis 1.l.1il:: student's

t test 1't.j,nTlllTl11:::~ LL1il::ii

~

Tllfll1dJl'ntltle:J p<0 .05

Lrte:J,1~lnTll1dJf'Yll.:1~IU:IJ::l1.:1
'IJ

cells)

1Uif~"ilUULLff~.Jl i l ~Ulll'l!~~dJ:::l1>1~'\.l,flILu~
•

(Cancer stem

i,j lJ't11Jl 'Y1 ~1f1GJ ~ e:J n11~1 LU U 111"11 e:J-J hfl n11~ e:J ~ f] VI bTl iiUIU~ LL~ ~ nl1 Lb 'j.~1n1::'il1 tI"1I e:J.J

l'l!~ ~dJ::L1.J11 e:J~ Ll~fl113JfTll1:m-li1 h 1UL~t1.J m1T1l1Jfl:lJU~:::'Wtl ~n11dJ"1I e:J.J L'l!~~dJ:::L 1-J ~ufh LU~1U
'IJ

•

if"il"ilUurT.Jfl.:l~ln~
m1L11~ rm~L11 ~.J~ ~un ~lJi.~El ~h,j1l~ l1l"11 e:J.J L'l!1il~~ii ~ms' rn.::: fl~l V L':1~ ~dJ:::L1.J~U
,
rh LU~Jllv'l une:JUdJ:::L1.J e:J1'ilLn~~1 nt-J iiln1::'Y1lJ"1I e:J.:Iffl1ihJll'W~'WlJ1UffJlll::Lll~~e:JdJ"1I e:J.:Ine:JUdJ:::L1>1

~.:It-Jiilm:::'Yl1J~ e:J l'l!~~dJ:::L1>1~mh LU~'VI~m'l!iilGfdJ:::L1.JllndJm1iiifllldJLtJUL"D~tf~urhLii~L~dJ,rU'VI~El
iil ~ ~ >I

'1 ~ Tlll:IJ L-lil1'illU n iil '1 n 1::: ~1J 111 Liil n iil LL iil::: ~ iil"1l e:J >I ffl1 LL 1 ~ ~ El dJ"1I f] >I n El U 3J::: L1.:1 ~ fl fll1 dJ LU U
•
L61J ~ GfdJ:: L1 >I it!. nl Lii~ fll'il"1111 ~nl1~U 'W lJ LiJl 'VI dJl til 'VI1l1 unl1 fl fl n (j'Yl t"1l El-J til ~IU3,!::: L1 >I~ ii
'IJ

'lh:::~'YlTIJll'Wff.J1~ lfl1.. '!nl11itlitii1~tl111:::ff.:l ~L yj fl ~nNllJ'YlUI'Yl"1l El.:l1 U~1n e:J Eln l"D~l U 1:::tl:::tlll~ e:J
'IJ

•

~nNru.:::"1J ehl Tll13,! LUm"Diil Gf~unl Lii(fi1UL'l!iil GfdJ:: L~>I 11 e:J~

LLiil:::fll1dJ1ULL 1 >1"11 e:J>lL"Diil Gf:IJ:::L 1.J~~:::~.J Lff13J

•

m1LL'W1m:::'il1 tI 1l3,!ii.J niillm:::~lJ 1dJ Liilniil eJuLuut-J~3Jl~lnm1~L"DiilGfdJ:::L1.J1~11Jff111u~1n Emn l"D~

'1 uen1n e:J e:J n ;1"D~

•

LU Uffl 1,h JlTY'l ~ ii TIll dJ ,h ~ru<V ~ fl nI1~.J iru<V rul
rn.1:::'VI11.J L'l!iil &f~.J'W lJ U
.,

1

m:lJ1 rn.~L~dJff>l,]U'1U3,!:::L1-J'VI ~1 V"1fU~~ L'l!1ilGfdJ::L1>11~1lJ'lU1:: rJ:: Ll~ltlll~.J Lff13,!1iL'l!mfdJ:::L1>111 e:J~
'U
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6"..:::i
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~
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Ln~iilnNrn.:::LU'W1:::LL~:::YHl ~n113,!"11 fl-J L'l!iil1il'Y1ffe:J~TlTl1il e:J ·.'!nlJL"D1il1il3,!::L 1.J~umL "'~L 'W3,!3,!ln"1lU
A

Q.I

Q.,.o

I..:S

mnlT1 e:J
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"'.1
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~
i.
.¥,
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L'tlG11il aJ::L 1.J lJ e:J ~ Yl Lennj L't.j,~ 1 ntH) n b"U~ '<i1:: aJ n G1 n n11~ tJ ~ tJ nl1~1 £JLLU lJ tJ::Ue:J tl ~ fl ff (anoikls
resistance) L~dJm1L'<i11GJL~lJl~"lJtI.Jn e:JU:IJ::L 1>1 (proliferation) L~dJnT,)i.f1~emfi (migration)

LL~::L vidJ

~,

~

&:t

d

.

nT~' 1n11lm 'Yl1n~rJ t.Jl'U.l'U.aUHl

~

.aI~

hh~lt~LiJ'U.ilU\l;'lJel\lL6)jf.'l~:IJ:::l1\l~ltihL'U~ ~a
l'1lmj'U.'lJ a\l

~

Q..o

A

,

lL~:::

CD133

L~:IJ:IJ1n;jlt~1:IJfl11:IJ

ALDH1A1

'1 lt~1na a n 'l6)j<3hL~:::1::: t1:::L 1 ~l ~ L6)j~ ~ i:IJ ~~nu ~11 ll~::: rJ\lYlU nTH ~ :lJnl1LL~~\l a a n'lJ el\l

h.h~'U.~LtJW~rlll\l.;ff'lJel\lm1Ln~
'U.amnnd

6'

I

(invasion) 'U.amnnlttl\lYlUl1l6)jf.'l f.'l:IJ::l1\1~\I nf.'l11:IJnTHL~~\I a an'lJ a\l

epithelial to mesenchymal transition (EMT)

~a

vimentin

LL~::

snail

t.J~m-::'Ylui\ln~'ni.ll:IJ11mn~;ju.'l~L 'VI!ielltnlt 'Ylmh::nl1L~ a 1ii.ll1~1 'VIi. lt~1nel a n 'l6)j~a n

"nU~wct\l~a

S-nitroso-N-acetylpenicillamine (SNAP)

•
LL~:::~thflillt.J~yf\lVl:IJ~i.ll:1J11f1f1n5urT\ll~L~a
~

~

1i 2-(d-carboxy-phenyl)-4. 4, 5, 5 tetramethylimidazoline-1-oxy-3-oxide (PTIO) ~''lLtJ'U.i.l115urT\l
'1 'U.~1n a el n 'l6)j~ i.l11itll::: tJU rT\I Yl fl ~ n11:IJ~ LLi.l~ \l n \lfll1 :lJ1ltLL1\11'U.nl1LL Yl1n1::1l1 t1'lJ a\l L6)j~ ~~ fI Ltl tI
•
L6)j1il ~:IJ:: b1\1~'U.nlLU~LL~::nl1lLi.l~\laan'lJa\lt'l.h~ltU\l~fflV11'U L6)j~~~'U.fhLU~ m1~\lLa-1:lJ1iL n~wt \j,
'1 'YliJ'lJa\lL6)jf.'l ~:lJ:::L1\1~ltnllU~a-l:lJl1f1 rJ altn ~u'l~LrlaVltl~ 1i i.ll1'l 'U.~1n el anL6)j<11btJlt 1:::t1:::L1~1 7 lU
•
Lri a~m~nn f.'l 'In1'U.1:::iu t:lJL~n ~Yl'lJ';h m1~\1 Li.l1m'i fl~ n11:lJ~ lLi.l~\ln\l fll1:lJ1'U.LL 1 \I'lJ el\lL6)j~~:lJ::L1\1~lt

•
•
nlLU~t~t11'U.~1naanL6)j~Ln~~.h'U.m1n1:::~'U.m1r'il\11'U.'lJ a\l hh~lt caveolin-1 (Cav-1) ~\lflnr'il1i~

.

~

m1lLi.l~\laelnmn;jlt'VI~\l1'V1i.Wil1n elan 'l6)j~ nl1~ltYllJitlli.l~\lliL~WlJ'YllJl'Yl1V1ll'lJa\lL'U.~1n elan L6)j~
1ltmWn1J~lJnl1ln~YJt 'U.l'Yll'l'lJ el\l L6)j~ ~:IJ:::L 1\1 ~'U.nl LU~

LL~:::WJ1:IJfflflqJ'lJ el\l i.ll1@i elYl ~~ n11:IJ~ LLi.l~\l

n\lfll1 :lJ1'U.LL1\11'U.m1LLwin1::1l1 t1'lJ el\ll6)j~ ~:IJ:::L1\1t-hltnTm1:::~lt11.h~'\,! Cav-1

•

'U.an1l1 nit i.ll1@il\1 6)

•
~ L6)j~ ~:IJ:: L1 \I el11l1l:::'l~11J LLf.'l:::~\l t.J f.'l@i elL6)jf.'l f.'l1 WYJ fl'Yll\l L~ til

'VI1el ~1\l'1l1:IJ

nul'U.1iJ1naanL6)j~ t~tl1inl1'Yl~~a\l model L~tJ1n'U. ~a 1i'l~L'V\~n 1i'1liJi\ln:::~ i.ll1"Dhhw~eln6)jl"D'U.

•

•

gigantol L~1tfl6)jl'U. 6fii.lYl~l~'U. LLf.'l:: ouabain

.

mitlYlurhm11i1i'1~ LVI ~n1'U.'lJ'U.l~la.iLtJ wvhr@i a l6)j~~:IJ:: L1\1U el~ ~\l Li.l1:IJ1iLn~YJt 'U.'1 'YlihLf.'l::
~

Ylfl~n11:IJ'lJ el\l L6)j1il~:IJ:::L1\1~'U.nlLU~ ~ a L~:lJn"nL1l1qJ L~1Jt~'lJel\ln8lt:lJ::: L1\1 L~:lJnTH~:lJ1l1lLl'U. L~:IJ

m1LfI~a'U.~

LLf.'l:::m1LL'Yl1niltht.u itm~ a

nlLii.~ 'l~LLri

ACBG2

1~m~:lJnl'':iLLi.l~\l aan'lJ a\l1U1~'U.~ LtJ'U.ilU\I.;ff'lJel\lL6)j~~~'U.

~lltm1n1:::~'U.m1Y\1\lllt'lJa\lhJ1~lt
•

Sox-9

~\lm1Lvi:IJ;jlt'lJa\lm1~\lli.l1:IJl i

Ln~YJt 'U.L m'lLL~::Yl ~~n11:IJ'lJ el\l L6)j~ ~:IJ::: L1\1 ~'\.tfll LU~i\ln ~ll ~:IJ~lL1jnu1::i1J el'U. ~ltnel tm"DLlllt"nU~
Hydroxyl
...

v

.

~L~:IJ;jlt 1ll.'lJm::L~tIlnltmitl5\1Yl1Jll1i'1~~\ln:::~L~:lJm1LnliJ

mme:HJ~\I

~

""
LLiil:::lJnTHWIiJ\lmm'lJa\l 1.'
lJ11iJ'U.
'"

EMT

•
~m6)j~Gfi.ll:IJ11mm::

":.J'
N-cadherin vimentin snail LLf.'l:: slug LYl:IJ'lJll.

'"
lL~:::lJmd

lli.l~\lmm'lJel\lhh~ll. E-cadherin ~~~\l ltan1l1nd'1i'11iJ~\ln::~5"'L~:lJm1lfl~ alt~LL~:::m1LL Yl1n1::"ill tI
•
'lJa\lL6)j~~:IJ:::L1,.'j t~m~:lJm1lLf.'l'!iJ"'e:Jan'lJe:J,.'j1u1~lt~L~£n'1lEl,.'j L"lill. FAK, Rac1. ll~~ RhoA yf,.'jtJ,.'jiit-lf.'l
L~:lJflll:IJ ~1:IJ11f1'lJ a,.'j L6)jfl Gf:IJ::L1,.'j1unl1L"il1illv L~1J tliJ'lJ a,.'jna ll.:IJ:: l1,.'j

lL~::1i'1 IiJ i." n:: ~~l:1J11f1 LwcttllU1
•

1iLn~ superoxide anion .nlt11ll.L6)j~Gfan~ltl

mi tJ,.'jYlUanllm1~:IJ~~tJ1"D1U1Wf.'l an6)jl"DlL ~1:IJT':ifI~,.'jL~1:IJ1iLn~YJ1 'U.'1m'lLL~::Ylfl~n11:IJ
~

tI

'lJ a\l L'1l~~:IJ:::L1,.'j~unlL UIiJlU.L'1l~~:IJ::L1\1ualiJt~L "lill.nu

~tl L~:lJm1L"il1qJl~L lliJ'lJ Eh1riall.:IJ::L1\1 LL~::L~:IJ

m1LL~IiJ"I1elan"IJa.,]tU1~ll.~LtJll.ilu.".;ff'lJa,.'jL6)j~~~ll.nlLUIiJ '1.~LLri

CD133,

CDM,

ABCG2

LL~::

OA4

.co

,A

.::i

d

(i'

~'i.ooOA

n1mlil ~f) Nanog !.La:: OctA n1~~\Uffnl'r-jr)liln"rnJ'Ylllil~hH'h1Yl111l~lilld\l"llfhIL'1flilmJ::Ld\lIil·1.mlmlil
,
l<i1fJ [J1'DluwJlil an'1fl'DlUnlil~1'\.l,nl~nd::~umd'tll.J1U"lIf)\Ilu1~u
Cav-1.
q

nlil \ln~

Akt LLlil:: ERK

ti\lL~1.l1~di9lWl 1.1,'1. 'YlilLLa::'Wr)~n111.l"lJa\lL'1flilGfl.l::L~\I~mhLUIil~.Jmh1 ~11.l1dLl iJu tf\l llilfJ ~11
~\lLtJU~dfffl~,;)lnn~1fJhr (Dendrobium

draconis)

l<i1fJ'Wu'h~1

L'1fa~ll::L 1\1tilunlLU<i1 LLa::i11Jtf\lm1LH~'<i1\1ElEl n"llf)\I lUd~'i1,~

gigantol

gigantol

iJ1Jtf\lnl~Ln~nElWl.lEl\l

C0133. ALOH1A1. Nanog LLIil:: Oct-4

l<i1fJ~1'\.tm1!il<i1m1'tll\11'i1,"lIa\llU1~'i1, Akt ~ifJ'1.til'tllm1?in'IYlnlil'1.n~u 6) ~~1U~1lmWI\l~rn~llU~
q
q
'U

ofl
"'''.'''1 ~fJ'Yllm~~n'IY1LUEh'lIilU
."r
"'1Ub'1f!illilllWI1t!
'"
"'u'"
1Un11LlJ'i1,L'1f!illilIilUnlLU<i1
nlil
0

'"

•

(dermal papilla cell; OPC)

'VI ~\lm11~~l~'Dluw·Jlil e:Jn'1fl'DU WtJil'DluwJ!il Eln'1fl'DU~l1ll"miJ f)\lnum~~ru
L~fJ~111l biJUL'1flil~
'U .,

~mhLU~"ll El-1

DPC 1u1::'VIil.Jm1LiffJ\I '1.~ l<i1 fJ~\l1::i1Jm1LL~<i1"mln"ll a.J1U1~U~L~mnU~111lL1J'U

L'1f!ilGf~'UnlLU<i11<i1fJe-llum1n1::~una'1.n
ATP-dependent
,

kinase3~ LLlil::L~1l1::~unl'nL~<i1.Jf)an"lJf)\llu1~U
~11'1.<i111~'1flU~ an11Ln<i1

1::'V\'"h\lL'1fG1~!il<i1lil\l Lb!il:::ijnl1bL~Iil\lsEln"ll8\11u1~u
WU11nl1L'VI iifJ1'it11 ~L n<i1 EMT

kinase/glycogen

synthase

uf)n"UlndrT\I'1.~~m';'l~H'j"lJEl"

1.J~'1.~1ULIil11~'1flu';)::ijm1Lnl::nu

N-cadherin vimentin snail

LL!il:: slug

L~ll;rU

~1 fJ '1.~11 fl'1flUiJ\lij t.J i:l L~ 1l~111l ~11l11Ll"lJ a\l L'1flilGf11::: L1\11um J

nl1LfI ~tl'U~

LLi:l:::nl1~n11ULdm~
mJl\1bf1fJ\I
,

.

llilfJ e-ll'UnTm1:::~v.,:l1':l

m~t!rT\I'Wuanl1L'1fi:l~~L~1U[J1'D~'Wi:ll~'\.t'1J'iJ,1<i1~lijm1L~1l;tu

'tll\11WllEl.J FAKIAkt LLlil::: Rac1
"lJe:l\l:j)lU1U filopodia

LW:: Oct-4

"Uln m1?inMl'r-juil L'1f!il~ll::L

EMT

L,;)1ruL~U
llil"lJ E'l\lntlUll::L1\1
...

Nanog

tyrosine

'U

~.Jm1L~1l;tu~"n~11~iJ'wu.inumdLn~m1LfI~m.i.~"lJa"L'1f!ilGf~1l1n;tu.

LL!il:::m1

L~llm1LL~~\le:JEln"lJtl.;)lu1~u. FAKIAKT. active Rho A-GTP LLi:l::: active Rac-GTP 'D~'W!ill~UrJ\I'tll

1~Ln~m1L~1l;tU"lJEl.;)au.Yin1wnu~ a 4 U v ~1

iJutf.JL<i11~HJ~1'.i

ouabain

"lle:J';) lu1~'Ua'Urin1wnuVi
LLlil::

LLi:l:::

~5 an~'HJ ~\lm1LLw1n1:::,;)lfJ~.;)n~11~11l11Ll

~\lLtJ'i1,e:/tl'f[llU~'W1J'1.~u11\1mfJ

a 4•

U 5•

llilfJWUll ouabain

i11Jtf\lm1LL~~\lmlfl

avo ~3 LL1il:: ~4 lu"lJrn:::~L~llm1LL~Iil\lmln"llEl.;)aurin1u"l1u<i1 ~1

~4 ';)1nn1dLU~ r.m~uLLUtlnl1LL~Iil\l EJeln"lJe:J\la'U.yjn1uL~ m'1f!il~1l::L1\1U El~L~1U

ouabain

~.Jn~11

WU11 ouabain 'tll1 ~'L'1fi:lGfll:::L 1\1tJEllilii"l.lUllil"lJ El\l n ElUll:::L 1\1L~ni:l\l Elr.il\1,r~L,;)'U LLi:l::VUtf\l m1L~~ElU~
"lJ EI\I L'1flil ~1l:::L1';)U El<i1 L~
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m1~u'WudLL~Iil\l1~L~uii.;)u 'YlUl'Yl1'VI 3-i"ll f} ·J\l UIil1n fl ElnL'1f<i11Unl1fllU mJnl1LnlilVJl
U
,

'1. 'Ylil"lJ El>'ll'1f~ ~1l:: L1\1 ~unl LU<i1
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,
~

m1ufu~1"lJEI\lL'1flil~1l:::L;bI11fJ'VI~\I~lnL~1UL UIil1n fl an '1.'11~ 'VI1El'VI~\I,;)lnL~m ~11~'U ') ~ eJ 1l1~L
, 'VI ~ n
1l11il~\ln:::~
ffl1'Dlu1'\.~~f)n'111'Du
,

gigantol
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Nitric oxide (NO) found in the Vicinity oflung cancer ceUs may playa role in the regulation of cancer cell behaviors. To explore the
possible effects of NO on cell motility, human lung cancer cells were exposed to nontoxic concentrations of NO for 0-14 days, and
the migratory characteristics of the cells were determined. The present study found that long-term treatment with NO Significantly
enhanced cell migration in a dose- and time-dependent manner. furthermore, we found that the increased migratory action was
associated with the increased expression of caveolin-I (Cav-I), which in turn activated the focal adhesion kinase (FAK) and ATP
dependent tyrosine kinase (Akt) pathways. Notably, the NO-treated cetls exhibited an increased number of filopodia per cell, as
well as an increase in the levels of cell division cycle 42 (Cdc42) protein. Together, these results indicate that extended NO exposure
has a novel elfect on cell migration through a Cav-I-dependent mechanism, a finding that strengthens OUI understanding of cancer
biology.

1. Introduction
The cancer microenvironment has been reported to have a
significant impact on cancer cells in many ways [1]. Indeed, in
such an active environment, cell Signaling molecules as well as
mediators including proinflammatory cytokines and reactive
species are found to be intensified [2]. Among them, the con
centrations of nitric oxide (NO), a reactive nitrogen species
synthesized by many celis, such as endothelial, immune, and
tumor cells, are found to be dramatically increased in lung
cancer environments [3,4]. Excessive and uncontrolled NO
production is associated with the pathogenesis oflung cancer
[5]. Additionally, clinical observation has shown that NO
levels in the lungs of lung cancer patients were increased
in comparison to those of normal subjects [6, 7]. While
cytokines have been shown to have Significant effects on
the behavior of cancer cells within microenvironment, the
effects oflong-te.rm nitric oxide exposure on lung cancer cell
motility remain unknown.

The ability of cancer cells to migrate is an important
hallmark of successful metastasis [8] . The metastasis cascade
is a multistep process that consists of five components: local
migration and invasion, intravasation, circulation, extrava
sation, and colony formation at secondary sites [9]. Tumor
celis need to be motile to invade tissues; this motility is
achieved by changing their cell-cell adhesion properties and
by reorganizing their cytoskeletons. These cellular mecha
nisms are regulated by various signaling molecules, including
the Rho family of small GTPases, caveolin-l (Cav-I), and
focal adhesion kinase (FAK) [10,11] . FAK is activated by an
initial autophosphorylation at the ryr 397 residue, and its
activation is essential for the regulation of focal adhesion
turnover and cell protrusion [12, 13] . Studies have reported
that fAK mediates cells motility through the activation of
the downstream Akt signaling pathway [141. Furthermore,
evidence has suggested that Cdc42 overexpression increased
cell motility by inducing the formation of filopodia [IlllS, 16].
Recently, caveolin-l (Cav-I), a 21-24 kDa integral membrane
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protein, has garnered increasing attention as its role in the
regulation of cancer cell behaviors has been revealed [17
26]. Increased Cav-I expression was shown to be associated
with enhanced progression of prostate, colon, and breast
cancers [26, 27]. Likewise, elevated Cav-l expression was
associated with an increased metastasis capacity and poor
survival in lung cancer patients [26, 28J. We investigated the
role oflong-term exposure to nontoxic doses of NO on lung
carcinoma cell motility and examined the possible underlying
mechanisms using pharmacological approaches. The findings
of the present study aid in the better understanding of this
microenvironment-related mediator and may help in the
development of novel anticancer strategies.

2. Materials and Methods
2.1. Cells and Reagents. Human non-smaU-cell lung cancer
cells (NCI-H460) were obtained from the American Type
Culture Collection ((ATCC) Manassas. VA, USA). Cells
were cultured in RPMJ 1640 medium supplemented with
5% fetal bovine serum. 2 mM L-glutamine. 100 IU/mL peni
cillin, and 100,ug/mL streptomycin (Gibco, MD, USA) in a
humidified atmosphere of 5% CO 2 at 3iC. For long-term
exposure experinlents. cells were cultured in medium con
taining NO donor dipropylenetriamine (DPTA) NONOate
(0, 5, and 10 ,uM) for ,7 and 14 days, respectively. The
cultming medium was replaced by medium containing the
freshly prepared NO donor every 2 days. The NO donor
dipropylenetriamine (DPTA) NONOate was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). The 3
(4,5-dimethylthiazol-2- yl)-2,5-diphenyltetrazolium bromide
(MTT), Hoechst 33342, phaUoidin tetramethylrhodamine B
isothiocyanate, sulforhodamine B (SRB), bovine serum albu
min (BSA), and dimethylsulfoxide (DMSO) were purchased
from Sigma Chemical, Inc. (St. Louis, MO, USA). Anti
bodieS for phosphorylated Akt (5473). Akt, phosphorylated
FAK (Y397), FAK, Cdc42, Cav-I,· j3-actin, and peroxidase
conjugated secondary antibodies were obtained from Cell
Signaling (Danvers, MA. USA). Lipofectamine 2000 and
PrestoBlue were obtained from Invitrogen (Carlsbad, CA,
USA) .

2.2. Plasm ids and Transfeetion. The Cav-I expression plasmid
was obtained from the American Type Culture Collection
«(ATCC) Manassas, VA, USA), and the Cav-l short hair
pin knockdown plasmid (shRNA-Cav-l) was obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Stable
transfection of cells with the Cav-l expression plasmid or
the Cav-I knockdown plasmid was achieved by culturing the
cells until they reached approximately 60% confluence. Then,
15 flL lipofectamine 2000 reagent and 2 fig Cav-l expression
plasmid, shRNA-Cav-l, or control plaSmid were used to
transfect the cells in the absence of serum. After 12 h, the
medium was r!!placed with fresh culture m!!dium containing
5% FBS. ApprOXimately 36 h after the beginning of the
transfection, the cells were digested with 0.03% trypsin. and
the cell suspensions were plated in 75 mL culture flasks and
cultured for 20 t.o 30 days with ant.ibi(ltic selection. The st~ble
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trallsfectants were pooled, and the expreSsion of the Cav
1 protein in the transfectants was confirmed by Western
blotting. The cells were cultured in antibiotic-free RPMI 1640
medium for at least two passages before experiments were
performed.

2.3. CytotOXicity Assay. Cell viability was determined using
the MTT assay. After treatment, the cells were treated with
MTT (5.0 mg/mL in PBS) and incubated for 4 h at 3TC.
Then, the MTT solution was removed, and 100,uL DMSO
was added to dissolve the formazan crystal. The intenSity
of the tormazan product was measured at 570 nm using
a microplate reader (Anthros, Durham, NC, USA). The
percentage of cell viability was calculated using the following
formula:
ceII

(A570 of treatment x 100)
. bil' ( )
lty % =
.
A570 of control

Vla

(I)

2.4. Cell Proliferation Assay.. Cells were exposed to the NO
donor at various concentrations.and were subjected to the cell
proliferation assay for 0, 24, and 48 h. Cells were seeded at
a density of 5 x 1O~ cells/well in a 96-well plMe. Cell prolif
eration was determined through incubation with PrestoBlue
at a I: 10 dilution for 1 h, and the fluorescence intensity of
the rcsazurin product (Rcsorufin) was measured at 530 nm
(excitation wavelength) and 590 nm (emission wavelength).
2.5. Cell Migration. Cell migration was determined using
a wound-healing assay. Cells were grown to a confluent
monolayer in a 24-well plate, and then a scrape was made
down the center of the well using a P200 micropipette tip. The
well was. then rinsed with phosphate-buffered saline (PBS)
and replaced with RPMI medium. At the indicated times (0,
12, and 24 h), the wound spaces were imaged under a phase
contrast microscope (lOX) (Olympus lXSl with DP70), and
the wound spaces were measured on the image field at four
points per field. Relative cell migration was calculated by
dividing the percentage change in the wound space of th.e
treated cells by that of the control cells in each experiment.
2.6. Invasion Assay. The invasion assay was performed using
a Boyden chamber precoated with 50,uL 0.5% Matrigel (ED
Biosciences, MA, USA) on the upper surface of the chamber
[29]. Cells were seeded at a density of 3 x 10 4 cells/well in
the upper chamber in serum-free conditions. RPM! medium
containing 10% FBS was added to the lower chamber of the
unit. After incubation for 24 hat 37·C, the cells in the upper
chamber were removed with a cotton swab and the cells
in the bottom unit were fixed with cold absolute methanol
for 10 min and stained with 10 f'glmL Hoechst 33342 for
10 min. The cells were then visualized cllld scored under a
fluorescence microscope (Olympus IX5I with DP70).
2.7. Morphological Characteristics of Cancer Cells. Cell mor
phology was investigated using phallOidin-rhodamine and
sulforhodamine B staining assays. After NO exposure, the
cells were fixed with 4% paraformaldehyde in PBS for 10 mill
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at 37"C, permeabilized with 0.1% Triton-XlOO in PBS for
4 min, rinsed with PBS, and then blocked with 0.2% BSA
for 30 min. The cells were then incubated with either a 1: 100
dilution of phalloidin-rhodamine in PBS or 0.4% sulforho
damine B in 1% acetic acid for 15 min; the cells were then
rinsed 3 times with PBS and mounted with 50% glycerol. The
cell morphology was imaged using a fluorescence microscope
(Olympus IXSI with DP70).
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2.B. Western Blotting. After specific treatment, cells were
0

incubated with lysis buffer containing 20 mM Tris·HCl (pH
7.5), 1% Triton X-100, 150 mM sodium chloride, 10% glyc
erol, 1mM sodium orthovanadate, 50 mM sodium fluo
ride, 100 mM phenylmethylsulfonyl fluoride, and protease
inhibitor cocktail (Roche Molecular Biochemicals) for 30 min
on ice. Th.e cell lysates were collected and determined for
protein content using the BCA protein assay kit (Pierce
Biotechnology, Rockford, IL, USA). Equal amounts ofprotein
from each sample (40 Jig) were denatured by heating at 95"C
for 5 min with Laemmli loading buffer and loaded onto
10% SDS-polyacrylamide gel electrophoresis. After separa
tion, proteins were transferred onto 0.45 flm nitrocellulose
membranes (Bio-Rad). The transferred membranes were
blocked in 5% nonfat dry milk in TBST (25 mM Tris-HCl
(pH 7.5), 125 mM NaCl, and 0.05% Tween 20) for 30 min and
incubated with the appropriate primary antibodies overnight
at 4·C. Membranes were washed three times with TBST for
10 min and incubated with horseradish peroxidase- (HRP
) labeled secondary antibodies for 1h at room temperature.
The immune complexes were detected by chemiluminescence
(Supersignal West Pico; Pierce, Rockford, IL, USA) and quan
tified using analyst/PC densitometry software (Bio-Rad).

3. Results
3.1. Effect of NO Donor on the Viability of the Human
Lung Cancer H460 Cell Line. We first characterized the
effects of NO donor on the Viability of the human lung
cancer H460 cell line. The H460 cells were cultured in
the presence and absence of DPTA NONOate (1-20 ~M).
a slow-releasing NO donor compound, for 24 h, and cell
viability was determined. Figure l(a) shows that when cells
were treated with the NO donor, at concentrations ranging
1-10 flM. neither cytotoxicity nor proliferative effects were
observed in the cells. A Significant decrease in viability was
first deteCted in cells treated with 20 ~M DPTA NONOate;
however, approximately 90% of the cells still remained viable.
Accordingly, our results indicated that at the indicated doses,
the NO donor did not cause a Significant effect on cell
viability up to 72 h of NO exposure (data not sho.,..,.n); To
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FIGURE

2.9. Statistical Analysis. The mean data from independent
experiments were normalized to the results of the control
cells. TIle values are presented as the mean ± standard
deviation (SD) from three or more-independent experiments
and were analyzed us.ing one-way ANOVA with a post~ hoc
test (Tukey's test) at a Significance level of P < 0.05 using
SPsS version 16.0.

Control

1; Effect of NO donor on cytotoxicity in lung carcinoma

H460 cells. (a) Effect of DPTA NONOate on H460 cell viability.
H460 cells were treated with various concentrations (0-20 ~M) of
DPTA NONOate for 24 h. Ihe cell viability was analyzed using
the MTT assay. (b) Proliferative effect of DPTA NONOate on

H460 cells. Cell proliferation for 24 and 48 h was determined using
= 3).• P < 0.05 versus
PrestoBlue. The data are the mean ± SD

en

the non treated control.

investigate the effect of long-term NO treatment on cell
proliferation, H460 cells were cultured in their optimal
conditions supplemented with 5 or 10 /AM NO donor, and
.their proliferative behavior was evaluated using PrestoBlue.
As Figure l(b) indicates. the NO-treated cells exhibited no
Significant changes in cell proliferation during the test period.
3.2. Long-Term NO Exposure Potentiates Migration and Inva
sion of H460 Cells. To investigate the effect of NO on cell
migration, we performed scratch wound-healing assays. Cells
were exposed to NO for 7 or 14 days and were subjected
to the migration assay for 12 and 24 h. Figures 2(a) atid
2(b) show that long-term treatment with the NO donor
Significantly enhanced the motility of the cells in dose- and
time-dependent manners as compared with the H460 control
ceUs. Treatment with 10 ~M DPTA NONOate for 14 days
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FIGURE 2: Effect of nitric oxide exposure on H460 cell migration. (a) Cells were exposed to NO donor at various concentrations for 7 or 14
days and subjected to a migration assay. Phase-contrast images were captured at 0, U, and 24 h. (b) The relative cell migration was determined
by comparing the relative change in wound space to the control cells. The data are the mean ± SD (n = 3).• P < 0.05 versus the control cells,
•P < 0.05 versus NO-treated cells at 7 days.

potentiated the migration of the cells approximately 2.5
fold as compared with the nontreated cells, as shown in
Figure 2(b).
In addition, we investigated the effect of NO on H460 cell
invasion using a precoated Matrigel Transwell unit, and we
found that treatment with the NO donor at various concen
trations (0, 5, and 10 flM) for the indicated times Significantly
stimulated H460 cell invasion through the Matrigel, as shown
in Figures 3(a) and 3(b).
3.3. NO Enhances Filopodia Fonnation in Lung Cancer Cells.

Filopodia are generated through actin polymerization and
rearrangement ofactin filaments, and the formation of filopo
dia has been linked to increased tumor cell migration. To
evaluat.e the effect of NO treatment on filopodia formation,

cells were exposed to NO as previously described, and the
presence of filopodia was determined using a phalloidin
rhodamine staining assay. In addition to this staining, the
cytoskeletaI actin was also stained with sulforhodamine B
dye. Figures 4(a) and 4(b) indicate that, when H460 cells were
cultured in the presence of the NO donor, the cells exhibited
an altered actin alignment and an increased number of
filopodia.
3.4. The Long-Tenn NO Exposure Induces CaY-I-Dependent
FAK and Akt Activation. Having demonstrated the poten
tiating effect of NO exposure on lung cancer cell motility,
we next examined the underlying mechanism, focusing on
the expression levels of the proteins known to play roles in
cell migration. Cancer cells were treated with NO donor at
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described in Materials and Methods. As expected, West
ern blot analysis of Cav-1 expression showed a substantial
increase in Cav-1 protein level in the Cav-1-transfected cells,
whereas a Significant decrease in Cav-l level was observed
in the shRNA-Cav-l-transfected cells as compared with the
control-transfected cells (Figure 6(a» . The Cav-l overex
pressing cells (H460/Cav-l), the Cav-l knockdown cells
(H460/ShCav-l) , and the control H460 cells were cultured
in the presence or absence of NO (5-10 flM) for 14 days,
and the levels of phosphorylated FAK (Tyr 397), phospho
rylated Akt (Ser 473), and their total protein levels were
determined. Figure 6(b) shows that the Cav-l overexpressed
cells (H460/Cav-l) exhibited a significantly increased level of
phosphorylated FAK and phosphorylated Akt, whereas the
total FAK and total Akt levels were not affected. In contrast.
the NO-mediated FAK and Ala phosphorylation events were
suppressed in the cells in which Cav-I was knocked down
(H460IShCav-1 cells). These results indicate that long-term
NO exposure in H460 cells induces FAK and Akt activation
in a Cav-I-dependent manner.
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FIGURE 3: Effect of nitric oxide on H460 cell invasion. The invasion
assay was performed using a Boyden chamber. (a) The cells that
invaded the underside of the membrane were stained with 10 I-Ig/mL
Hoechst 33342 for 10 min and visualized using a fluorescence micro
scope. (b) The relative cell invasion was determined as described
in Materials and Methods. The data are the mean ± SD (n = 3).
•P < 0.05 versus the control ceQs.

different concentrations for 7 and 14 days and were analyzed
by Western blotting. Expression levels of the migration
related proteins. namely, Cav-l. FAK. Akt. and Cdc42. were
evaluated. Figures 5(a) and 5(b) show that NO exposure
for 7 and 14 days significantly increased the levels of Cav
1, phosphorylated FAK (Tyr 397). phosphorylated Akt (Ser
473), and Cdc42, whereas NO exposure had no significant
effect on the levels of total FAK and total Akt. Interestingly,
the effects of NO on the mentioned proteins appeared to
be dose- and time-dependent; cells treated with 10 /AM NO
donor for 14 days exhibited the most pronounced changes
in protein levels as compared to cells treated with 5 flM NO
donor or cells that were treated for a shorter period of time.
As Cav-l has been shown to function as an adaptor pro
tein that regulates the activities ofother proteins as previously
described [21], we tested whether the up regulation of the
proteins inentioned previously was through Cav-l-dependent
mCGhanism. Using gene manipulation approaches, Cav
1 overexpressed and knockdown cells were generated . as

Worldwide, lung cancer is a leading cause of cancer-related
death in both men and women [30], and approximately
90% of non-small-cell lung cancer deaths are attributed to
cancer metastasis [28, 31). Am.~mg the multiple steps of
metastasis, migration of the cancer 'Cells has been recognized
as an important hallmark for the successful spread of cancer
throughout the body [8, 9). However, information regarding
the key mediators that control the migratory activities of
the cancer cells remains largely unknown. An increase in
NO production has frequently been observed in the tissue
surrounding the tumor and may be critical for some cancer
cells behavior [3-7). In addition, elevated NO production has
been observed in the lung tissue of lung cancer patients in
comparison with that of normal subjects [6,7). These findings
have strengthened the idea that NO present in the lung cancer
environment may affect the behavior of cancer cells.
NO is a gaseous molecule that is able to diffuse deeply
into tissues; indeed, such a substance has been shown to
regulate cell behaviors ih niany ways, includirig the relaxation
of vascular smooth muscle [3, 32J. Controversial roles of NO
have been reported for normal cell motility. NO was shown
to inhibit vascular smooth muscle cell migrat.ion [32, 33];
however, the opposite effect was observed in the microglia
cell model [32, 34]. Accordingly, both the inhibitory effect
and promoting effeCt of NO on cancer cells have been
reported [34,35) . The variable effects of NO in tumors may
depend on the localization of NO synthase and its activity,
the concentration and duration of NO exposure, and the
cellular sensitivity to NO [3-5, 32, 34, 36). While the long
term effects of NO on lung cancer cell migration are still
unknown, Hickok et al. showed that short-term treatment
with an NO donor for 4, 6, and 24 h inhibited breast cancer
cell migration through N-Myc downstream-regulated gene
I (NDRGl) expression [35,'37). However, in prostate cancer
cells. NO was shown to potentiate cell motility [37, 38] , The
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present study demonstrated the novel role of long-term NO
exposure in the regulation of lung cancer cell migration that
may be .important for the fulfillment of cancer inSights. Long
term exposure to NO enhances the cells motility via FAK
and Akt-dependent mechanisms. In addition. we prOvided
evidence indicating that such an activation of the FAK-Akt
pathway is dependent on the level of cellular Cav-l (Figure 6).
Previous studies found that the phosphorylation of FAK
at position Tyr 397 is critical for cell migration [12. 1.3}.

Furthermore. FAK action on cell motility was shown to
be involved with its downstream Akt [14. 39} . Our gene
manipulation experiments further revealed the role of Cav
1 on FAK-Akt pathway. We found that phosphorylated FAK.
as well as phosphorylated Akt. increased in response to long
term NO treatment of lung cell lines. and this response
was limited in the Cav-l knockdown cells. However. the
upregulation ofboth phosphorylation events was shown to be
intensified in the Cav-i overexpressed cells (Figure 6). 'These
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FIGIJRE 6: Nitric oxide mediated FAK-Akt activation via Cav-l-dependent mechanism. Stable Cav-I overexpressed (H460/Cav-l) and Cav-l
knockdown (H460/ShCav-l) cell lines were established as indicated in Materials and Methods. (a) The expression level of Cav-l protein in
the control H460, H460/Cav-l, and H460/ShCav-l cells was determined by Western blolling. (b) The ceUs were exposed to NO donor for
i4 days, and the expression levels of phosphorylated FAK. total FAK, phosphorylated Akt, and total Akt were determined. The immunoblot
signals were quantified by denSitometry, and the mean data from the independent experiments were normalized to the control. The data are
the mean ± SD (n = 3).• P < 0.05 versus the control.

findings suggest that Cav-I may have a novel influence on
FAK-Akt-mediated cell migration in lung cancer ceU models.
Cav-I is the principal component of caveolae membranes.
Cav-I has been reported to promote tumor cell migration and
invasion, and an increase in Cav-I expression is associated
with tumor p),etastasis in lung cancer [17-27J. Consistent with
its pro-survival role, Cav-I positively regulated the growth of
lung cancer H460 cells when these cells were treated with NO,
as previously described [18]. Since an upregulation of NO, as
well as Cav-I protein, is associated with an aggressive status
in lung cancer cells, therefore the results from this study may
lead to a better understanding of lung cancer pathology.
Likewise, the small GTPase Cdc42 was shown to regulate
actin filaments and the migration of tumor cells [10, Ill. In
fibroblasts, Cdc42 induces the rapid fOlmation and extension
of filopodia, which are required for movement processes
[11, 15. 16J. We investigated how NO exposure affected ~e

actin organization in lung cancer cells and found that NO
upregulates Cdc42 protein and enhances the formation of
filopodia in these cells. It is worth noting that we did not see
a significant change in the level of Cdc42 following ectopic
Cav-l expression (data not shown), suggesting that the NO
mediated Cdc42 increase in this study was through a Cav
I-independent mechanism. Although further investigations
may be needed to examine the underlying mechanisms by
which NO controls Cdc42 and fiJopodiaformation; this study
first revealed the novel effect NO has on cancer cell migration
througb a Cdc42-dependent mechanism_

5. Conclusion
We demonstrated the possible role of long-term NO expo
sure on the metastatic behaviors of cancer ceils, including

•
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riligration and invasion. NO exposure activated the FAK-Akt
signaling pathway through a Cav+dependent mechanism
and increased filopodia formation. Elevated NO levels have
been observed in cancer environments; thus the knowledge
gained from the present study may benefit our understanding
of cancer biology and may be useful in the development of
cancer therapies.
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Yongsanguanchai N, Pongrakhananon V, Mutirangura A,
Rojanasakul Y, Cbanvorachote P. Ninic oxide induces cancer
stem cell-like phenotypes in human lung cancer cells. Am J Physiol
Cell Physiol 308: C89-C100, 2015 . First published November 19,
20L4; doi :10,1I 521ajpcell.OO187.20 14,-Even though tremendous ad
vances have been made in the treatment of cancers during the past
decades, the success rate among patients with cancer is still dismal,
largely because of problems associated with chemolradioresistance
and relapse . Emerging evidence has indlcated that cancer stem cells
(CSCs) are behind the resistance and reCWTence problems, but our
understandlng of their regulation is limited. Rapid reversible changes
of CSC-Iike cells within tumors may resuh from the effect of biolog
ical mediators found in the tumor microenvironment. Here we show
how nitric oxide (NO), a key cellular modulator whose level is
elevated in many tumors, affects CSC-like phenotypes of human
non-small cell lung carcinoma H292 and H460 cells. Exposure of NO
gradually altered the cell morphology toward mesenchymal stem-like
shape. NO exposure promoted eSC-like phenotype, indicated by
increased expression of known CSC markers, CD133 and ALDH lA I,
in the exposed ceIL~. These effects of NO on sternness were reversible
after cessation of the NO treatment for 7 days. Furthermore, such
effect was reproducible using another NO donor, S-nitroso--N
acetylpenicillamine. Importantly, inhibition of NO by the known NO
scavenger 2-(4-carboxy-phenyl)-4,4,S,5 tetrametbylimidazoline-I
oxy-3-oxide strongly inhibited CSC-like aggressive cellular behavior
and marker expression. Last, we unveiled the underlying mechanism
of NO action through the activation of caveolin- I (Cav- J), which is
upregulated by NO and is responsible for the aggressive behavior of
the cells. including aDoikis resistance, anchorage-independent cell
growth, and increased cell migration and invasion. These findings
indicate a noyel role of NO in CSC regulation and its importance in
aggressive cancer behaviors through Cav- J upregulation.
c<)ncer stem cells; nitric oxide; caveolin-l : CD 133; ALDH I A I; non
small cell lung carcinoma
AC CORDING TO THE AMERICAN CANCER SOCTETY 2013 annual cancer
statistics, lung cancer remains one of the most corrunon ma
lignancies and is the leading cause of cancer-related deaths
worldwide (61). Increasing evidence has indicated the role of
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cancer stem cells (CSCs) in cancer aggressiveness. chemore
sistance, and relapse; they ~e being considered as the under
lying causes of the high mortiility rate of cancer (29. 47, 50,
55). The concept of a tumor having a heterogeneous cancer cell
population with a subpopularion of cells pessessing a high
tumorigMic potential and stem-like property was first de
scribed in 1997 (5). This subpopulation is commonly known as
tumor-initiating cell.., tumor-propagating cells, or CSCs and
has been identified in many types of cancer (16, 23, 40, 46,56,
58, 63). CSCs have been suggested as the rationale behind
chemo/radioresistance and cancer relapse (3, 4, 18, 39, 68) and
have been a target of new cance~ therapeutic strategies.
Nitric oxide (NO), a free radical gaseous molecule, is re
nowned for its involvement in various biological, physiologi
cal, and pathological processes (52). NO was initially identified
as a lran.8ceJJular messenger molecule synthesized by a family
of enzymes called NO synlhases (NOS), comprised of induc
ible NOS, endothelial NOS, and neuronal NOS, through the
conversion of L-arginine in the presence of oxygen and
NADPH (48,51). A number of studies pointed out that all three
isoforms of NOS are involved in the process of cancer devel
opment and progression (J, 25, 64, 66). Not only is NOS
expression detectable in various cancers, but also the NO level
is frequently upregu!ated in tumor areas (26, 36). Previous
studies indicated that NO could render cells resistant to death
induced by various stimuli (7 , 8, 67). NO also regulates cancer
cell migrJ.tion and invasion (60), and increased NOS expres
sion and activity have been reported in metastatic lung cancer
cells (57). Clinical data further support the role of NO in lung
cancer and metastasis. A high level of NO was observed in the
lung of patients with lung cancer (43 , 49), and a positive
correlation has been reported between NO, its stable end
products nitrite and nitrate, and its generator NOS with ad
vanced cancer staging and poor survival in patients with lung
cancer (2, 15,24). Animal studies further showed that genetic
ablation of NOS suppressed lung tumor formation in mice (35).
Together, these studies strongly support the role of NO in
tumorigenesis and metastasis although the underlying mecha
nisms remain obscure.
We hypothesize that NO may mediate its procarcinogenic
effects through CSCs because of their importance in cancer
aggressiveness described above. We also hypothesize that NO
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may mediate its effects througb caveolin-l (Cav-I) because its
eXpression has been linked to cancer aggressiveness (1 J, 27 ,
28, 30,42, 45, 59) and because NO has been shown to be a key
regulator of Cav-l in human lW1g cancer cells (7). Cav-l is a
scaffolding protein found in the cellular structure caveolae,
which has been shown by our group and others to regulate the
aggressiveness of cancer cells by increasing their motility and
resistance to anoikis (11, 27, 28, 30, 42, 45, 59). It has also
been shown to increase cell survival under nonadherent con
ditions via Mel-l stabilization (12) and upregulation of acti
vated protein kinase B (Akt) (6). In this study, we used
molecular and pharmacological approaches to investigate the
role of NO in Cav-l and CSC regulation and their impact on
the invasive and anoikis properties of human lung cancer cells.
We demonstrated for the first time that NO plays an important
role in the CSC-Iike transformation of lung cancer cells. Cav-I
is upregulated during the transformation and is responsible for
the anoikis resistance and invasive properties of the cells
although it is not required for the stem-like phenotype .
MA TERIALS AND METHODS

Cell culture and NO exposure. Human non-small cell lung cancer
cell lines, NCI-H292 and NCI-H460, were obtained from the Amer
ican Type Culture Collection (Manassas, VA). The cells were culti
vated in Roswell Park Memorial Institute (RPM1) 1640 medium
supplemented with 10% fetal bovine serum (FBS). 2 roM L-glutamine,
and 100 U/ml penicillin and streptomycin. Cell cultures were main
tained in a 37°C bumidified incubator with 5% CO2 . Cells were
rout1nely passaged at preconf]uent density using a 0.25% trypsin
solution with 0.53 roM EDT A. RPMl 164D medium, FBS, L-glu
tamine, penicilliflistreptomycin, phosphate-buffered saline (PBS),
trypsin, and EDTA were purchased from GIBCO (Grand Island. NY).
Cells were seeded into six-well plates at an initial plating density of
2 X 105 cells/weU. Cells were allowed to adhere to the surface of the
plates for 4 h, after which they were treated with the indicated
concentrations of freshly prepared NO donor. The treated cells were
subcultured and exposed to fresh NO every :I days. The ceLIs were
subsequently collected at days ] and 14 posttreatment for further
analysis. The NO donor dipropylenetrUunine (DPTA) NONOate and
NO scavenger 2-(4-carbolly-phenyl)-4.4,5,5 tetramethylimidazoline
l -oxy·3-oxide (PTIO) were obtained. from Santa Cruz Biotechnology
(Santa Cruz, CA) , whereas another NO donor S-nitroso-N-acetylpeni
c.illamine (SNAP) was obtained from Invitrogen (Carlsbad, CAl.
Cytotoxicity alld proliferation assays. For cytotoxicity assay, cells
were seeded onto 96-well plates at a density of I X J 04 cells/well and
were allowed to incubate overnight. Cells were then treated with
various concentrations of NO donor and analyzed for cell viability
using 3-(4,5-dimethylthiazol-2-yl)-2,5-d:iphenyltetrazolium bromide
(MIT) assay-according to the manufacturer's protocol (Sigma Chem
ical, St. Louis, MO). The cytotoxicity index was calculated by
dividing the absorbance of the treate,d ceUs by that of the control cells.
For ceU proliferation assay, cells were seede.d onto 96-well plates at a
density of 5 X lO3 cells/well and were left to setlle overnight. Cell
proliferation was determined by PrestoBlue assay according to rhe
manufacturer's protocol (Invitrogen).
Cell death assay. Nuclear costaining with Hoechst 33342 (Sigma
Chemical) and propidiurn iodide (pn (Sigma Chemical) was used to
determine apoptotic and necrotic cell death. Cells were incubated with
10 fJ.M Hoechst 33342 and 5 fJ.M PI for 30 min at 37°C. They were
visualized and imaged under a fluorescence microscope (Olympus
JX51 with ])P70).
Migration assay. Wound-healing a~say was used to determine cell
migration. Briefly, confluent monolayers of cells in a 96-well plate
were wounded at the ceOler of the well by a 200-....1 micropipet~e fip .

Four random fields of the wound space were ellamined and imaged
under a phase-contrast microscope (Olympus IX51 with DP70) at
various time points. Relative cell migration was quantified by dividing
the percentage change of the wound space in treated cells to that of tile
control cells.
[nva,ion assay. The assay was performed in modified Boyden
chambers with 8-....m-pore filter inserts in 24-well plates (Coming Life
Sciences, Corning, NY). The upper chamber of the inserts was coated
with SO ....1 of 0.5% Matrigel from BD Biosciences (San Jose, CA),
and 3 X 104 cells in serum-free medium were added on top. The lower
chambet was filled with RPMl 1640 mediullI containing 10% FBS as
a chemoattraClanl. After 24 h, the noninvading cells in the upper
chamber were removed with a cotton swab, and the invading cells in
the lower chamber were 'fixed with ice-cold methanol for 10 min and
stained with 10 fJ.glml of Hoechst 33342 for 10 min. The stained cells
were then visualized and scored under a fluorescence microscope
(Olympus IX5 I with DP70).
Anoikis assay. Cells were trypsinized into single-ceU suspension
before being seeded onto Costar six-well ultralow attachment plates
(<;:oming Life Sciences). Suspended cells were incubated at 37°C and
were harvested for analysis at various time poinl~. Cell viability wns
assessed by MTT assay as described above.
Anchorage-independent groWth assay. Anchorage-independent cell
growth was determined by soft agar colony-formation assay. Soft agar
was prepared by using a 1:1 millture' of RPMI 1640 medium contain
ing 10% FBS and I %,agarose. The mixture was aHowed to solidify in
a 24-well plate to fonn a bottom layer, after which an upper cellular
layer consisting of 3 X 10-' cells/ml in the agarose gel with 10% FBS
and 0.3% ngarose was added. After the upper layer was solidified,
RPM! medium containing 10% PBS was added to the system and
incubated at 37"C. Colony formation was determined after 2 wk using
a phase-contrast microscope (Olymp~s lX5 I with DP70). Relative
colony number and diameter were determined by dividing the values
of the treated cells by those of the control cells.
Spheroid-fonna/ion assay. Spheroids were grown using an adjusted
metllod from Kantara et al . (33). Approximately 5 X 103 ceUs/well
were seeded onto a l2-well ultralow attachment plate using RPM!
serum-free medium. Treated cells were treated every 3 days. Pha~e
contra~t images of formed primary spheroids were taken at day 7 of
treatment using a phase-contrast microscope (Olympus 001 with
DP70). Primary spheroids were resuspended into single cells. and
again 5 X 101 cells/well were seeded onto a 12-well u1tralow attach
ment plate using RPMI serum-free medium . Secondary spheroids
were allowed to form for 30 days.
Western blot analysis. Cells were incubated on ice for 45 min with
lysis buffer containing 20 mM Tris·HCI (pH 7.5),1% Triton X-IOO,
ISO roM NaCl , 10% glycerol, I mM Na:,v04, SO mM NaF, 100 roM
PMSP, and protea~e inhibitor mixture from Roche Molecular Bio
chemicals (Indianapolis, IN). Cell lysates were analyzed for protein
content lIsing BCA protein assay kit from Pierce Biotechnology
(Rockford, IL). Equal amounts of denatured protein samples (40 fJ.g)
were loaded onto 10% SDS-PAGE for ALDHIA I and Cav-I analysis
Or onto 7.5% 50S-PAGE for CD 133 analysis before being trfil1sferred
to 0.45-fJ.m nitrocellulose membranes (Bio-Rad, Hercules, CA).
Transferred membranes were blocked with medium [25 mM Tris·HCI
(pH 7.5), 125 mM NaC!, and .0..05% Tween 20 (TBST)] containing
5% nonfat dry milk powder for 30 min and incubated overnight with
specific primary antibodies against CDl33 (Cell Applications, San
Diego, CA), ALDHIAI (Santa Cruz Biotechnology), Cav-I (Cell
Signaling Technology, Beverly, MA), and f?>-actin (Santa Cruz Bio
technology). Membranes were washed three times with TEST and
incubated with the following appropriate horseradish peroxidase
labeled secondary antibodies: anti-rabbit IgG (Cell Signaling Tech
nology), al.lti,mouse JgG (Cell Signaling Technology), or anti-goat
IgG (Santa Cruz Biotechnology), for 2 h at room temperature. Th<:
immlllle complexes were detected by SuperSignai West Pico chemi
luminescent substrate (pierce Biotechnology) and exposed to film.
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Immunofluorescence. Cells were seeded onto six-well plates at a
density of 5 X 105 cells/well and allowed to adhere for 24 h. The cells
were fixed at room temperature for 10 min with 3.7% formaldehyde
and blocked for 30 min in a solution containing 0.5% saponin, 1%
FBS, and 1.5% goat serum. Cells were then incubated with CD 133
(Cell Applications) primary antibody for 2 b befOTe being washed and
i.ncubated with Alexa Fluor 488-conjugated goat anti-nlbbit IgG
(H +L) secondary antibody (Invitrogen) for 1 h. Hoechsl 33342 was
uSed to ~tain the cell nucleus. Immunofluorescence images were
acquired via confocal laser-scanning microscopy (Zeiss LSM 510).
Flow-cYlOmetry analysis. Treated and nontre;lled cells were col
lected using 1 mM EDTA at day 14 of treatment. Briefly. cells were
fixed, blocked. and then incubated on ice with CDl33 primary
antibody for 1 h. followed by 30-rnin incubation with Alexa Fluor
488-conjugated goat anti-rabbit IgG (H +L) secondary antibody on ice
with light omitted. Fluorescence intensity was scored by flow cytom
etry using a 488-nm excitation beam and a 519-nm band-pass filter
(FACSort; Becton Dickinson, Rutherford, NJ). The mean fluorescence
intensity was quantified by CcllQuest software (Becton Dickinson).
Plasmid and transfection. Transfection of Cav-l and its shRNA
plasrnids was performed as previously described (6) with the follow
ing modifications. Bliefty, subconiluent (70%) mono layers of H292
and H460 cells were transfected with pEX_Cav-l-YFP (AITC) or
shRNA-Cav-1 (Santa Cruz Biotechnology) plasmid in serum-free
RPM! 1640 medium using Lipofectarnine 2000 reagent, according to
the manufacturer's protocol (Invitrogen). After 2 h (H292) or ] 2 h
(H460), the medium was replaced with RPM! 1460 containing 10%
FBS . The cells were then cultured and selected f{)r antibiotic resis
tance for 30 days to obtain stable transfectanls. Expression of the
targeted· proteins was verifiea by Western blot assay. The cells were
cultured in antibiotic-free RPM! 1640 medium for at least two
passages before further e1l.periments .
Statistical analysis. All treatment data were normalized to non
treated contro-Is. Data are presented as the means ± SO from at least
four i.ndependent experiments. Statistical differences were determined
using two-way ANDV A and a post hoc test at a signi ficance level of
P < 0.05 .

RESULTS
Effect of DPTA NONOate on human lung cancer cell epi
thelial-mesenchymal transition. Elevated NO levels have been
associated with cancer cell beha~jors such as anoikis resis
tance, increased cell motility, and chemoresistance (8, 60, 67).
To test whether NO might affect epithelial-mesenchymal tran
s.ition (EMT) properties of lung cancer cells, we first deter
mined the appropriate noncytotoxic concentrations of NO do
nor used in this study. Human lung cancer H292 and H460
cells were treated with various concentrations of DPT A
NONOate (0-50 IJ-M), and cell viability was detennined after
24 h by MTf assay, DPTA NONOate was relatively nontoxic
at the doses below 30 IJ-M in H292 cells and below 15 IJ-M in
H460 cells (data not shown). The low-dose DPTA treatments
were stained by Hoechst 33342 and PI for apoptotic and
necrotic cell death. Thc_tack of DNA condensation/fragmen
tation and nuclear PI fluorescence indicated that cells do not
undergo apoptosis or necrosis (data not shown). To detennine
the effect of NO donor treatment on cell morphology, H292
and H460 cells were treated with the noncytotoxic concentra
tions of DPTA NONOate, and cell morphology was examined
microscopically. Figure I , A and B, shows phase-conn'ast
images of the treated cells on days 7 and J4 posttreatment. A
gradual but clearly noticeable change in cell morphology
toward the mesenchymal stem cell-like (spindle-like) pheno
type was evident in both the treated H292 and H46O . cells
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compared with nonlreated controls . The cell population lysates
were probed for EMT markers, Vimenlin and Snail, by West
ern blQtting. Figure 1, C and D , shows that the NO donor
induced Vimentin and Snail expression in a dose- and time
dependent manner. Approximately up to fourlold increases in
both Vimentiu and Snail protein levels were shown for H292
cells treated with 25 IlM DPTA for 14 days and approximately
threefold for H460 cells treated with 10 J.LM DPTA for 14 days.
We then examined the effect of NO donor on cell migration
and invasion by wound-healing assays and Boyden chamber
invasion assays, respectively. Not only· are EMT cells weB
known for their metastatic ability, but also previous studies
have shown that CSCs possess increased cell motility for more
efficient metastasis to secondary sites (10, I g, 29). Figure I, £
and F, shows that, in both cell lines, the motility rate of
NO-treated cells. was significantly increased relative to the
nontreated controls . A 2.5-fold increase in the migration rate
was observed in the H292 cells treated with 25 IJ-M DPTA for
14 days (Fig. IE), and a 2.3-fold increase was observed in the
H460 cells treated with 10 IJ-M DPTA for the same amount of
time (Fig. IF). Invasion assay similarly indicated the induction
of cell invasivity in both H292'and H460 cells by the NO donor
in a dose- and time-dependent manner (Fig. I, G and ff).
NO promotes eSC-like behaviors. Having "shown the effect
of NO donor treatment on EMT properties, we further inves
tigated whether such treatment also affects CSC-like behav
anCl H460 cells were treated with noncytotoxic
iors.
concentrations of DPTA NONOate for 7 and 14 days, and cell
behaviors including proliferation, anows resistance, colony
and spheroid formation wen~ exariJined. Stem cells are known
to be slow prohferators. Figure 2, A and B, shows that the
DPTA treatment resulted in a significant reduction in the
proliferation rate of both H292 and H460 cells.
Resistance to anoikis or detachment-induced apoptosis are
hallmarJds of CSCs. Figure 2, e and D, illustrates the viability
of H292 and H460 cells in response to cell detachment. Cells
were first treated with NO donor for 7 and 14 days and
analyzed fOr anoi.kis response at different time points . The
results showed that the treated cells exhibited a significantly
reduced anoikis response compared with the non treated con
trols, suggesting the ability of NO to induce a CSC-like
anoikis.-resis.t ant phenotype .
Finally, we tested whether NO can induce colony and
spheroid formation, which is a distingnishing feature of CSCs.
H292 and H460 cells were similarly treated with the NO donor
and analyzed for colony formation on soft agar. Colony num
ber and diameter were determined and expressed as relative
values over nontreated control levels. Figure 2£ displays the
relative colony number and diameter of the treated and non
treated H292 cells. A significant (2.1-fold) increase in the
number of C()lonies formed was recorded for the H292 cells
treated with to IJ-M DPTA NONOate for 14 days, and a
2.5-fold increase and a 3.4-fold increase were observed for the
cells treated for 7 and 14 days, respectively, with 25 IJ-M DPTA
NONOate. For H460 cells, a significant increase in the colony
number can only be seen at the high treatment dose of 10 IJ-M
at day 7 (2.7-fold) and day 14 (3.3-fold) (Fig. 2F). However,
both treated cell lines showed no significant difference in the
colony diameter compared with controls. Representative im
ages of the H292 and H460 colonies are shown in Fig. 2, G and
H, with the circular photograph representing an X J image and
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A

o
Fig. I. Effect of nitric oxide (NO) donor on
human lung cancer cell epithelial-mesenchy
mal transition (EMT). H292 (A) and H460 (B)
cells were continuously tre'ated with dipropyl
enetriamine (DPTA) NONOate, and cell mor
phology was examined by pb~-contrast mi
croscopy after 7 and 14 days of treatmenl
( X 10). H292 (C) and H460 (D) cells were
treated with DPTA NONOale (0-25 ",M) for
7 and 14 days, and analyzed for EMT mark
ers, Vimentin and Snail. by Western blotting.
The blots were reprobed with j3-actin Lo con
!irm equal loading of the sanlples. Blots were
quantified by densitometry. and mean data
from independent experiments were normal
ized and presented. Cell migration of H292
(E) and H460 (F) cells was determined by
wound-healing assay. The wound spaces from
random fields were measured and represented
as relative migration to the control cells. In
vasive behavior of H292 (G) and H460 (H)
cells was evaluated by Transwell invasion
assay. Invading cells anachcd to the lower
side of the membrane filter were counted and
represented as relative cell invasion to the
control cells. Plots are means:!:: SD (n = 4),
'I' < 0,05 vs , nontreated cetls. #1' < 0,05 vs ,
DPTA NONOate-treated cells: scale bar
50 11m,
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the square representing an X 10 image of the colonies. Figure
2, I and J; displays an X4 phase-contrast image of day 7 H292
and H460 primary spheroids, respectively. Cells were seeded at
low density onto ultralow attach plates, and primary spheroids
were allowed to fonn for 7 days. Control nontreated cells tend
to survive through E-cadherin-mediated survival, whereas
DPTA NONOate-treated cells can survive on their own as a
single cell and slowly proliferate to fonn dense sphcToids. The
primary spheroids were then resuspended into single cells, and
secondary spheroids were allowed to grow for 30 days in

Day 14

.->

0

111

Qi

ex:

10

10

0

__~_=D.::...P~TA(,!;;.;IJM~)'=-~__
Day 7

Day 14

RPM] serum-free medium. By day 30, the control non treated
spheroids were deformed and had already undergone apopto
sis, whereas DPTA NONOatc-trealed spheroids still remained
viable and intact (data not shown),
NO exposure induces esc marker expression. We used two
well-known CSC markcrs to verify the CSC-inducing effect of
NO in H292 and H460 cells. The cells were cultivated in [he
presence or absence of DPTA NONOate for 7 and 14 days, and
the expression levels of CD 133 and ALDH I A 1 were deter
mined by Western blotting. Figure 3, A-D, shows that the NO
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donor induced CDl33 and ALDHIAI expression in a dose·
and time·dependent manner. A 7 . I-fold increase in CD 133 and
a 7.5-fold increase in ALDH IA I expression were observed in
the H292 cells treated with 25 f-LM DPTA NONOate for 14
days (Fig. 3C). In H460 cells, a 4.8-fold increase and a 5.8-fold
increase in expression of the two CSC markers were observed
after treatment with 10 f-LM DPTA NONOate for 14 days (Fig.
3D). To confirm the results, we perfomled immunofluores
cence experiments assessing the expression of the CSC marker
CDB3 on the cells. H292 and H460 cells were treated with

DPTA51lM DPTA10llM

Fig. 2. NO donor enhances cuncer stem cell
(CSC}-like behaviors in IWlg canc.er cells .
H292 (A) and H460 (8) cells were treated with
DPTA NONOale for 7 and 14 days and ana·
lyzed for cell proliferation at 24, 48, and 72 h
by 3-( 4,5-climethylthiazol-2-yl)-2,5-dipbe·
nyltctrazoliom bromide (MIT) assay. H292
(C) and H460 (D) cells were created with
DPTA NONOate for 7 and 14 days and una
lyzed for aooikis by measuring the viability of
detached cells at various,.times by MIT assay .
After being treated with DPTA NONOatc
(0-25 fJM) for 7 and 14 days, H292 (E) aJld
H460 (I') cells were suspended and subjected
to colony· formation a~say . Colony number
and size were analyz~-d and calculated as rel
ative to the control ceUs. Colony X I and X 10
images..werc captured after 2 wk of growth for
H292 (G)' and H460 cells (fl). x 4 Phase
coritnlS! images of primary spheroids at Joy 7
were captured for trealed and non treated H292
(I) and H460 cells (1). All plots are mean8 :t
SO (n = 4) . • p < 0.05 vs. nontrcated cells.
#P < 0.05 vs. OPTA NONOate·tTeated cells:
scale bar = 200 J.lm.

NO donor for 14 days and analyzed for CDl33 expression by
immunofluorescence staining (Fig. 3, E and F). Consistent Witll
the Western blot results, the immunofluorescence results indi
cate a dose-dependent increase in CD133 expression in both
treated H292 and H460 cells. Furthermore, at day 14 treated
and nontreated H292 and H460 cells were analyzed for CD 133
cell surface intensity by flow cytometry, as shown in Fig. 3, G
and H, respectively. CDl33 on the ceU surface intensifies dose
dependently for both celt'types. These results along with the
findings on the NO effects on cell morphology and aggressive
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Fig. 3. NO donor potentiates CSC markers in
human lung cancer cells. H2n (Al and H460
(8) cells were treated with OPTA NONOate
(0-25 ....M) for 7 and 14 days and analyzed for
CSC markers. COl33 and ALOHIAI. by
Western blotting. The blots were [eprobed
with l3-actin to confirm equal loading of the
samples. The immunoblot signals in H292 (C)
and H460 (D) cells were quantified by densi
tometry. and mean data from independent ex
periments were normalized and presented,
TIle bars are means :t SO (n '" 8). 'P < 0.05
vs. non treated cells. #P < 0.05 vs. OPT A
NONOate-treated cells. The expression of
COB3 in H292 (E) and H460 (F) cells was
analyzed by fluorescence microscopy (X40).
Cells were stained with Hoechst dye to aid
vi.:!ualizatioD of the cell nucleus. The level of
the cell surface expressiou of COB3 was mea
s~ by flow c}'lometry for treated and non
treated H292 (G) and H460 (Ifl cells at day 14
of treatment ImmlUlOfluorescence and flow cy
tometry were performed using rabbit anti
CO 133 monoclonal nntibody followed by Alexa
Fluor 488-label.ed secondary antibody to visual
ize CD 133 expression; scale bar = 1.0 f.un.
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behaviors strongly support the role of NO in CSC-like prop
erties of lung cancer cells.
Reversible effect of NO on CSC-like phenotypes. Having
shown that NO drives the upregulation of CSC markers and
promotes CSC-like behaviors, we next examined whether this
effect of NO is reversible. The cells were first treated with 25
f..LM (H292) or 10 f..LM (H460) DPTA NONOate for 14 days,
after which they were further cultured in the absence of NO
donor for an additional 7 days and analyzed for CSC markers
and cellular behaviors. Figure 4, A and B, shows that the cells
with discontinued NO treatment were less resistant 10 anoikis,
having their viahility reverting to nearly the baseline level
found in nontreated control cells. These cells also poss.essed

weaker colony-forming actIVIty compared with the nonnal
NO-treated cells (Fig. 4, C and D). Moreover., the expression of
CSC markers, CD 133 and ALDH 1A I, on these cells was
significantly reduced after the discontinuation of the NO donor
(Fig. 4, E-H) . Compared with the nontreated control cells,
H292 cells treated with 25 f..LM DPTA NONOate for.l4 days
exhibited a 6.6-fold and 6.9-fold increase, respectively, in the
expression level of CD 133 and ALDH 1A 1. After discontinu
ation of the NO donor, the CSC marker expression dropped to
4.2-fold and 3.3-fold over the control levels (Fig. 4G). A
similar finding was obsyrved in the H460 cells after the
treatment and discontinuation of NO donor (Fig. 4H), support
ing the generality of the effect of NO on CSC phenotypes.
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Effects of NO dnnor (SNAP) and NO sca\lenger (PTlO) 011
CSC-like phenotypes. To confirm the effect of NO on CSC-like

phenotypes, another NO donor SNAP and an NO scavenger
pno were used. Cells were cultured in the presence or
absence of NO modulators for 14 days, and CSC-like pheno
types were examined. Figllfe SA shows that the SNAP-treated
H292 cells displayed a dose-dependent increase in anoikis
resistance compared with the non treated control. In contrast,
treatment of the cells with NO scavenger had a reversal effect
(Fig. SA), supporting the role of NO in the resistance prC!~"Css.

Discont.

Consistent with this finding, a similar effect of NO donor and
scavenger was observed in the H460 cells (Fig. SB). Colony
formation studies also showed increased colony-forming ac
tivity of the SNAP-treated cells and decreased activity of the
PTIO-Ireated cells, cffecL~ that were observed in both H292
and H460 cells (Fig. 5, C and D). Moreover, the SNAP-treated
cells displayed an increased expression of the CSC markers,
CD 133 and ALDH 1A I •. whereas tbe PTIO-treated cells
showed a reduced expression of the markers (Fig. 5, £-H).
Figure 5, I and J, displays an x4 phase-contrast image of day
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Fig, 5, Effect of NO donor S-nitroso-N
acetylpenidllamine (SNAP) and NO scaven
ger 2-(4-carboxy-phenyIH,4,5,5 tctramelh
ylimidazolinc-l-oxy-3-o)(ide (PTIO) on
CSC-Iike phenotypes. H292 (A) and H460
(8) cells were either left untreated as control
(Ctr!) or treated with SNAP (l0-50 ....Ml or
PTIO (20-50 ....M) for 14 days and analyzed
for anoikis by measurement of the viability
of detached cells by MIT assay, The treated
and control H292 (C) and H460 lD) cells
were suspended and subjected to colony
formation assay. The H292 (E:) and H460 (F)
cells were collected, and CSC markers,
CD 133 and ALDH 1A 1. were analyzed by
Welitem blotting, The blots were reprobed
with I:\-actin to confirm equal loading. The
immunoblot signals in H292 (G) and H460
(11) cells were quantified by densitometry,
and mean data from independent experiments
were normalized to the controls, x 4 Pbase
contrast images of primary spheroids at day 7
were captured for treated and nontreated
H292 (f) and H460 (I) cells. The bars are
means:!: SD (n == 4) . • p < 0.Q5 VS, non
treated conttol cells, #P < 0,05 vs. treated
cells; scale bar = 200 ....m.
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7 H292 and H460 spheroid formation, respectively, Similar to
DPTA NONOate-treated cells, SNAP-treated cells formed
dense circular spheroids, whereas control cells and PTIO
treated cells clump together to form huge irregular-shaped
spheroids surviving through E-cadherin-mediated survival. To
gether, these results indicate the promoting role of NO in
CSC-like properties of human lung cancer cells.
Cav-l regulates aggressive behaviors of CSC-like cells but
not CSC markers. Unveiling the key players underlying NO
mediated aggressive behaviors is of importance because of its
potential applications in cancer therapy. Cav-I is known to be
involved in various cancer cell behaviors including migration,
invasion, and anoikis resistance (l ),27,28,30,42, 45, 5~) and

•

SNAP

is subjected to NO regulation (7, 28). To explore tbe possible
role of Cav-l in NO-mediated CSC-like ,behaviors, Cav-l
expression was genetically modulated, and its effect on cellul.ar
behaviors in NO-treated cells was examined. Figure 6, A and B,
shows that the Cav-l level was strongly upregulated in the
NO-treated cells in a dose- and time-dependent manner, the
effect that was found in both treated H292 and H460 cells, To
test whether Cav-l is essential to the effect of NO on cellular
behaviors, knockdown by Cav-l expression or enhancement by
stable gene transfection and their effects on NO-induced cel
lular behaviors were determined . Figure 6, C and D, shows the
effects of shRNA knockdown and gene overexpression on
Cav-l protein expression. The genetically modified ceHs were
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treated with NO donor, and their cellular behaviors including
anoikis, migration, invasion, and colony formation were exam
ined. The results showed that Cav-l knockdown cells were less
resistant to anoikis and exhibited reduced cell motility and
colony-fonning activity compared with the vector-control
cells, whereas the Cav-l-overexpressing cells showed opposite
effects (Fig. 6, £-1). These results indicate that Cav-l is
required for the NO-mediated aggressive CSC-like behaviors.
Furthermore, we investigated the effect of Cav-J knock
down and overexpression on CSC markers. Cells were treated
with the NO donor for 14 days, and their expression levels of
CD133 and ALDHlAI were assessed by Western blotting. Our

....ftI

'ii

a:

Fig. 6. Effect of caveolin-\ (Cav-I) on CSC
like behaviors .. H292 (A) 'lJld H460 (8) cells
were treated with 0-25 14M DPTA NONOate
for 7 and 14 days. Cells were collected. and
Cav-I expression was determined by Western
blotting. The blots were reprobed with ~-actill
to confinn equal Loading. The immunoblot sig
nals were quantified by densitometry, and
mean data from independent experiments were
nonnalized to the controls. The bars are means :!:
SO (n = 4). 'P < 0.05 VB. nontreated control
cells. #P < 0.05 VS. treated cells at day 7.
H292 (C) and H460 (D) cells were stably
transfeclcd with Cav- I -overexpressing plas
mid (Cav-!), short bairpin (sh) knockdown
plasmid, or control (Ctrl) plasmid. and Cav-I
expression in these cells was determined by
Western blotting. Blots were reprobed with
j3-actin ,as a loading conlrol. Cav-I, sh, and
Ctr! H292 and H460 cells were treated with 25
vM and 10 j.l>M DPTA. NONOate, respec
tively, for 14 days. H292 (El and H460 (F)
transfeclanls were detached, and cell viability
was analyzed for anoikis assay. The motility of
H292 (G) and H460 (lJ transieetants was de
termined by wound-healing assay. The wound
spaces from random fields were measured and
represented as relative migmtion to the control
cells. H2,92 (N) and H460 (1) transfectants
wer~ subj~ted. to c01.ony-forl1llltion assay. Af
ter 14 days, colony numtx.'f was analyzed aJld
calculated as relative to dIe control cells. H292
(K) and H460 (L) transfectants were collected.
and COl33 and ALDHIAl were analyzed by
Western blotting. The bl'ors were reprobed
with j3-actin to confirm equal loading. The
immunoblot signals were quantified by densi
tometry. and mean data from independent ex
periments were normalized to the controls. The
bars are means:!: SD (n = 4). 'P < 0.05 vs.
control Iraosfected cells. #P < 0.05 vs. shCav
l-n-ansfected cells.
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results showed that the level of these CSC markers did not
coo'clate with the level of Cav-l (Fig. 6, K and L), suggesting
a non-Cav-l-dependent mechanism of CSC marker upregula
tion in the NO-treated cells.
DISCUSSION

The concept of CSCs as a seed of malignant cells has
garnered increasing attention and has been a subject of active
research in recent years (14, 22, 54). Although detailed knowl
edge of this cell population remains obscure, the significant
impact of this cell population in various forms of cancer has
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increasingly been reported. CSCs have been identified by their
putative markers such as ALDH and CDl33 (19, 34, 62) and
by their cellular traits sw.:h as spindle-shaped morphology,
colony formation, and other aggressive behaviors (16, 23,40,
46, 56, 58, 63).
NO is a key molecule produced from the crosstalk between
cells and inflammation within the tumor microenvironment
(13. 17,_20). Several studies have reported im.Teased expres
sion and activity of different forms of NOS in cancers (1, 64,
66). Interestingly, both pro- and antitumorigenic roles of NO
have been described; however, it is generally accepted that the
effect of NO on tumor progression is concentration dependent
(21, 32, 53, 65). Previously, we have reported that NO pro
motes cell death resistance to Fas ligand (9) and cisplatin (8) in
human lung cancer cells. In relevance to metastasis, we also
found that NO mediates anoikis resistance of lung cancer cells
(7). Together. these findings provide evidence supporting the
role of NO in tumorigenesis and metastasis, consistent with the
clinical observations showing a correlation between NO level
and a high degree of tumor metastasis (45, 60). Several studies
have demonstrated that CSCs possess an enhanced ability to
migrate, invade, form tumors, and resist anoikis (16,'23, 40, 46,
56, 58, 63). However, the linkage between NO and aggressive
cancer phenotypes in the context of CSCs has not been inves
tigated. The present study demonstrated for the first time that
NO regulates the sternness and aggressive behaviors of lung
cancer cells. The NQ donors DPTA NONOate aI:1d SNAP
upregulate the expression of CSC markers, CDl33 and
ALDH1 A I, and increase aggressive cel.tuIar behaviors, whereas
the NO scavenger P'I'IO suppresses the markers and decreases
aggressive behaviors (Fig. 5, E-G). These results suggest that NO
may mediate its effects by regulating the sternness of cancer cells.
Cav-I is a scaffold protein and essential constituent of
caveolae, a Hask-shaped invagination that occupies up to 20%
of the cell membrane (41). Several lines of evidence have
pointed out that Cav-l may contribute to the aggressiveness
and chemoresistance of human cancer ceJ1s, including lung
carcinoma, ovarian carcinoma, colon adenocarcinoma, arid
breast adenocarcinoma cells (31, 37, 38). Cav-l expression has
been linked to increased cell motility and anoikis resistance
(1], ] 2, 27, 28, 30, 42, 45 , 59), two important features of
metastatic cancer cells. In this study, we provide new evidence
that NO increases the motility and resistance to anoikis of
human lung cancer cells through a Cav-I-depcndent mecha
nism. Cav-l is upregulated in the NO-treated cells in a dose
and time-dependent manner (Fig. 6, A and B). Such upregula
tion is posjtiveJy ~ssociated with the ability of the cells to
migrate, invade, form colonies, and resist anoikis. Gene knock
down and overexpression studies confirm the positive regula
tory role of Cav-I in NO-mediated aggressive behaviors of
lung cancer cells. This finding is, however, contradictory to the
generally regarded role of Cav-l as a tumor-suppressor protein
(44). It is likely that Cav-I may have multiple functions and
may exert both positive and negative roles on cancer cell
behaviors depending on the cancer stage, i.e., metastatic or
nonmetastatic, tissue of origin, and tumor microenvironment,
i.e., presence of nitrosative and oxidative stress. In the envi
ronment with a high NO level, Cav-l is upregulated and
prometastatic. Previous studies have also shown that NO sta
bilizes Cav-J through a process of S-nitrosylation, which
inhibits ubiquitin-proteasomal degradation of the protei;, (7) .

Furthermore, Cav-l can interact with MeI-l and improve its
stabil ity, leading to anoikis resistance of lung cancer cells (12).
The effect of NO on aggressive CSC-like behaviors was
found to be reversible, which may explain the discrepancy of
the NO effect on tumorigenesis. Discontinuation of NO expo
sure after a 2-wk treatment resulted in a reversal of the
CSC-like effects of NO on cell anoikis, colony formation, cell
invasion, and migration. It is worth noting that the level of NO
in the tumor microenvironment varies depending on the ex
pression of NOS and the activity of local and infiltrating
immune cells. Therefore, the effect of NO on CSC-like behav
iors may vary depending on the availability of NO and path
ological conditions.
In summary, our data provide evidence that NO plays an
important role in the regulation of CSC-like phenotypes of
human lung cancer cells. NO induces an upregulation of CSC
markers, CDJ33 and ALDHIA1, along with the increase in
anoikis resistance, migration, invasion, and colony-formation
activities. Such induction of the aggressive CSC-like behaviors
is dependem on Cav-1 expression; however, the expression of
CSC markers is independent or inversely dependent on the
Cav-l expression. Because increased NO production has been
associated with several human cancers, NO may be one of the
key regu.!ators of CSCs and metastasis. Thisrnovel finding on
the role of NO and Cav-I in CSC regulation may have
important implications in cancer chemotherapy and prevention.
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Abstract

Background Previously, nitric oxide (NO) has been found to
affect the metastatic behavior of various types of cancer. In
addition, it has been found that alterations in integrin expres
sion may have profound effects on cancer cell swvival and
migration. Here, we a.imed at assessing the effects ofnon-toxic
concentrations of NO on human non-small cell lung cancer
(NSCLC) cells, including the expression of integrins and the
migration of these cells.
Methods The cytotoxic and proliferative effects of NO on
human NSCLC-derived H460, H292 and H23 cells were test
ed by MIT assay. The migration capacities of these cells was
evaluated by wound healing and transwell migration assays.
The expression of integrins and migration-associated proteins
was determined by Western blot analyses.
Results We found that NO treatment caused a significant in
crease in the expression ofintegrin (Xv and 131 in all three
NSCLC-derived cell lines tes·ted . Known migration
associated proteins acting downstream of these integrins, in
cluding focal adhesion kinase (FAK), active RhoA (Rho
GTP) and active cell division control 42 (Cdc42-GTP), wcre
found to be significantly aCtivated in response to NO. In ad
dition, we found that NO-treated cells showed an increa<;ed
motility and that this motility was associated with a significant
increase in the number of filopodia per cell. We also found that
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NO-treated cells exhibited increased active protein kinase G
(pKG), protein kinase B (AKn and FAK expression levels.
Using a pharmacological approach, we fmmd that the integrin
modulating effect of NO is most likely brought about by a
PKG/AKT-dependent mechanism, since the observed chang
es in integrin expression were abolished by AKT inhibitors,
but not by FAK inhibitors.
Conclusion Our data suggest a novel role ofNO in the regu
lation of integrin expression and,..concomitantly, the migratory
.
capacity ofNSCLC cells.

Keywords Nitric oxide· Integrin . Migration' Lung cancer

I Introduction
Micro-environmental factors may have profound effects on
cancer cells, including their metastatic behavior [1-3]. Since
metastasis is one of the most crucial factors determining the
survival of cancer patients, ample.attempts have been made to
identify key molecular mediators tbat control metastasis. Non
smaU cell lung cancer (NSCLC) is a highly metastatic malig
nancy. and the disease is estimated to be the leading cause of
cancer-related death [4--8J. The endogenous gas nitric oxide
(NO) is known to playa role in the progression of different
types of cancer [9J and it has been found that the expression of
several fonn<; ofNO synthases (NOSs) is stronglyupreguJated
in, among others, NSCLC cells [10). In additIOn, it has been
found that NO levels in the lungs of patients with lung
cancer are higher than those in non-cancer subjects [II J.
Previously, we and others have found potentiating effects
of NO on the survival [12J, the acquisition of oancer stem
cell-like characteristics [13] and chemotherpy resistance
[14J of NSCLC cells. In addition, it has been reported
by others that excessive and uncontrolled NO production
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is positively correlated with the metastatic behavior of
various types of cancer [J 0, 15].
\ An essential early stcp in cancer cell dissemination is
the turnover of cell-extracellular matrix (ECM) adhesion
molecules, which results in cancer cell migration. New
interactions between migrating cancer cells and the ECM
are gefierated in (he frOtH, and disassembled in (he rear, in
response to stimulating micro-environmental factors. The
key proteins governing cell adhesion are integrins, which
comprise a diverse family of transmembrane glycoprotein
receptors that mediate dynamic interactions between the
ECM and the actin cytoskeleton during cell motility [16].
Additionally, integrin interactions with ECM components
are known to generate several signals controlling cell sur
vival and motility [17, 18]. In tenus of motility, integrins
activate the FAKfSrc pathway; which leads to increases in
the activity of Rho GTPase family members, including
active RhoA (Rho-GTP), active Rae 1 (Rac-GTP) and ac
tive cell division control 42 (Cdc42-GTP) [16], resulting
in cytoskeletal dynamic shifts, the form~tion of
lamellipodia and the formation of filopodia, respectively
[19]. Accumulating evidence suggests that the motile be- .
havior of cancer cells is accompanied by switches in cel
lular integrin patterns, with some integrins decreasing and
others increasing [20]. Specifically, increases in integrins
(Xv, (X5, ~ I and R>3 have been shown to enhance the mi
gration and metastasis of cancer cells [21 - 24].
So far, the effect of NO on the regulation of integrin
expression in lung cancer cells and its contribution to
their motility has remained largely unknown . Here, we
investigated the role of NO iTl the regulation of integrins
and cell migration in human NSCLC-derived cells (H460,
H292 and 1-123). Using molecular and pharmacological
approaches, we found that NO plays an important role
in NSCLC cell migration by in~.reasing the expression of
specific integrins. In addition, we found that the NO
induced integrin expression switches in these cells are
mediated primarily by an AKT-dependent mechanism .

2 Materials and methods
2.1 Cells and reagents
Human non-small cell lung cancer (NSCLC)-derived cell
lines H460, H292 and H23 were obtained from the
American Type Culture Collection (ATCC®, Manassas, VA,
USA). The cells were cultured in RPMll640 medium supple
mented with 10 % fetal bovine serum (FBS), 2 mM L-gluta
mine and I 00 units/ml of each penicillin and streptomycin
(Gibco, MD, USA) at 37°C with 5 % CO 2 in a humidified
incub(ltor. NO donor dipropylenetriamine (DPTA NONOate)
was purchased from Santa Cruz Biotechnology (Santa Cruz,
~ Springer

CA, USA). 3-(4,5-dimetbylthiazol-2-yl)-2,5-diphenyltettazo
liumbromide (MIT), dimethyl sulfoxide (DMSO), Hoechst
33342, propidiwn iodide (PI), Phalloidin-Rhodamine and bo
vine serum albumin (BSA) were purchased from Sigma
Chemical, [nco(St. Louis, MO, USA). Perifosine (AKT inhib
itor), FAK. inhibitorl4 (FAK inhibitor) and antibodies directed
against integrin (xv, IXS, /31, /33, PKG, p-AKT (Thr308), AKT,
p-FAK (Tyr397), FAK and l3-actin, and its respective second
ary antibodies were pW'chased from Cell Signaling (Danvers,
MA, USA). Antibodies directed against Rho-GTP, Rac-GTP
and Cdc42-GTP were purchased from New East Bioscience
(King of Prussia, PA, USA).

2.2 Cytotoxicity assay
Cell viability was determined by MTT assay. Human
NSCLC-derived cells (H460, H292 and H23) were seeded
4
at a density of Ix I 0 cells/well in 96-weU plates and
treated with NO donor «(}:-250 11M) for 24 h. Next, the
cells were incubated with MTT (400 Ilg/ml) for 4 h at
37°C, after which the supernatant solution was removed
and 100 III DMSO was added to dissolve the crystal
forrnazan product. The resulting formazan intensities were
measured by spectrophotometry at 570 nm using a micro
plate reader (Antbros, Durham, NC, USA). The percent
age of cell viability was calculated as absorbance of NO
treated cells relative to non-tre~d cells.

2.3 Proliferation assay
To evaluate proliferative effects, hwnan NSCLC-derived
cells (H460, H292 and H23) were seeded at a density of
2x l0 3 cells/well in 96-well plates and treated with NO
donor (0-100 11M) for 0, 24 and 48 h. Next, cell prolif
eration was determined through incubation with MTT
(400 Ilg/ml) for 4 h at 37°C, after which the optical
densities (OD) of the formazan products were measured
at 570 nrn using a microplate reader (Anthros, Durham,
NC, USA). The proliferation rates were determined using
the following equation: OD 01 indicated lime I OD al time o·
The relative proliferation rates were determined by com
paring the proliferation rates of treated cells with those of
untreated control cells.

Fig.l Effect ofmtric oxide on cytotoxicity. Human NSCLC-derived ceU ~
lines (H460, H292 and H23 cells) were treated witb NO donor
(0-250 11M) for 24 h. a Cell viabilities analyzed by MTT assay.
b Relative proliferation rates al 0, 24 and 48 h. c Apoptotic and necrotic
cell death after NO treatment examined by Hoechsl 333421P1 co-staining.
d Percentages of apopl:otic and necrotic nuclei in NO-treated cells. Data
represent mean ± SD (n = 3). * P < 0.05 versus non-treated control
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Fig. 2 Nitric oxide enhances human NSCLC cell migration, Human
NSCLC-derivcd cell lines (H460. H292 and H23 cells) were treated
with NO donor (0-50 ~M) for 24 h. After treatment, the migratory
abilities were assessed by wound healing. and transwell migration
assays. a Phase-contrast images (20 x ) captured at 0, 12 and 24 h. b
Relative migrations determined by comparing wound spaces to those of
non-treated controls. c Cells migrated into the lower transweU chamber
stained with Hoechst 33342 and visualized by fluorescence microscopy
(20x). d Relative migrations deu-'l1Uined by comparisons to non-treated
controls. Data represent mean ± SD (n 3). * p < 0.05 versus non-treated
control'

=

2.4 Nuclear staining assay

Human NSCLC-derived cells (H460, H292 and H23) were
4
seeded in 96-well plates at a density 1x I 0 cells/well. incubat
ed overnight, and treated with NO donor (0- . j 00 J,LM) for 24 h.
Next, the cells were rinsed in phosphate-buffered saline (PBS)
and subsequently incubated with 10 /-lglml Hoechst 33342
and 5 /-lglml propidium iodide (PI) for 30 min. Nuclear
condensation and DNA fragmentation of apoptotic cells
and PI-positive necrotic cells were visualized and scored
using a fluorescence microscope (Olympus IX5; 40x)
equipped with a OP70 digital camera system (Olympus.
Tokyo. Japan).
2.5 Wound healing assay
For the wound healing assay, human NSCLC-derived cells
(H460, H292 and H23) were seeded in 96-well plates at a
4
density of 3x I 0 cells/well and treated with NO donor (0
SO ~M) for 24 h. Next, the monolayer cells were allowed to
migrate after scratching 'wounds ' with a P200 micropipette
tip. Detached cells were removed by rinsing once with PBS,
after which RPMll640 serum fi'ee medium was added. At
indicated time points (0, 12 'and 24 h), phase contrast images
of the wound spaces were captured under a bright field micro
scope (20x) and the wound spaces were measured using
Olympus OP controller software. The relative migrations were
calculated by dividing the percentages change in space of the
NO-treated cells by those of the non-treated cells in each
experiment.
2.6 TranswcU migration assay
After NO treatment, transwell migration assays were per
formed using a Boyden chamber (BO Bioscience, MA,
USA). To this end. human NSCLC-derived cells (H460,
H292 and H23) were seeded at a density 3xl04 cellslwell in
the upper chamber supplemented with RPMl I 640 serum free
medium, while RPMI-I640 complete medium containing
10 % PBS was added to the lower chamber compartment.
After incubation for 24 h at 37°C, the non-migrating cells in
the upper chamber were gently removed with a cotton swab,
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whereas the cells that had migrated to the lower compartment
were fixed with cold absolute methanol for J0 min and stained
with 10 /-lg/ml Hoechst 33342 for 10 min. Finally, these cell.,
were visualized and captured using a fluorescence microscope
(Olympus IXS; 20x).

2.7 Morphology change assay
To characterize the effect ofNO on cell morphology, NO-treated
NSCLC (H460) cells were fixed with 4 % parafonnaldehyde
for 10 min after which the cell membranes'were permeabilized
by 0.1 % Triton-X for 5 min. Next, the cells were rinsed with
PBS and blocked for unspecific binding with 0.2 % BSA in
PBS for 30 min, incubated with a I: I 00 dilution of phalloidin
rhodamine in PBS for 30 min, rinsed in PBS three times and
mounted in 50 % glycerollPBS. Cell morphology changes
were visualized and captured using a fluorescence microscope
(Olympus lXS; 40x).
2.8 Western blot analysis
After NQ treatment, NSCLC-derived cells cH460, H292 and
H23) were incubated with lysis bufler containing 20 mM Tris
HCI (PH 7.5), I % Triton X-IOO, 150 mM sodium chloride,
10 % glycerol, 1 mM sodium orthovanadate, 50 mM sodium
flUOride, 100 mM pherty ImerhYl~lJlfotlyl fluoride an.d protease
inbibitor cocktail (Roche Molecu,iar Biochemical) for 30 min
on ice. The cellular Iysates were collected and their protein
content was detemlined using a BCA protein assay kit (Pierce
Biotechnolo!:,'Y, Rockford, lL. USA). Equal amounts of pro
tein [TOm each sample were separated by SOS-PAGE and
transterred to 0.45 11m nitrocellulose membranes (Bio-Rad).
The resulting blots were blocked for I h with 5 % non-fat dry
milk in TBST (Tris-buffer saline with 0.1 % TWeen containing
25 mM Tris-HCI (PH 7.5), 125 ruM NaCI and 0.1 % Tween
20) and incubated with the appropriate primary antibodies at
4 °C overnight. After three washes in TB~T. the blots were
incubated with horseradish peroxidase (HRP)-conjugated sec
ondary antibodies for 2 h at room temperature. Finally, protein
bands were detected using an enhancement chemilumines
cence substrate (Supersignal West Pico; Pierce, Rockford,
IL, USA) and quantified using the analystIPC densitometry
software package (Bio-Rad).
2.9 Statistical analysis

Data from three or more independent experiments are present
ed as mean ± standard deviation (SO). Multiple comparisons
for significant differences between multiple groups were per
fonned USing analysis of variance (AN OVA), followed by
individual comparisons with Scheffe's post-hoc test.
Statistical significance was considered at p < 0.05.
~ Springer
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• Fig. 3 Nitric oxide activates migration-associated proteins. Human
NSCLC-derivcd cell lines (H460, H292 and H23 cells) were treated
with NO donor (0-50 ~M) for 24 h. After treatment (a) Filopodia of
H460 cells were stained with phalloidin-rhodamine and visualized by
fluorescence microscopy (40 x ), (b) The numbers of filopodia per cell
were analyzed and compared to the non-treated control, (c) The
expression levels of Rho GTI>ase proteins in H460, H292 and H23 cells
were determined by Western blotting and (d) relative protein levels were
quantified by densitometry. Data represent mean ± SD (n = 3). " p < 0.05
ven:us non-treated control

3 Results
3.1 Effect of nitric oxide on the viability of human NSCLC
ceUs
To obtain the appropriate doses of the nitric oxide (NO) donor
to be used, we first detennined the viabilities of NO-treated
human NSCLC-derived H460, H292 and H23 cell.,. To this
end, the cells were treated with various concentrations (0
250 J.!M) of NO donor for 24 h after which the respective cell
viabilities were determined by MTf assay. We found that NO
donor concentrations of 0-50 11M had neither cytotoxic nor
proliferative effects on the cells tested (Fig. la-b). A signifi
cant decrease in cell viability was first observed in cells treated
with J00 J.LM NO donor. To confinn the non-cytotoxic coo
centration of NO, the occurrence of apoptotic and necrotic
cells was determined by nuclear staining. We found that
neither apoptotic nor necrotic cells appeared in cultures
treated with 0-50 J.!M NO donor, whereas 100 J,lM NO
donor treatment led to a significant increase in apoptotic
and necrotic cells compared to the non-treated control
cells (Fig. Ie-d).

455

together, these results indicate that NO enhances the mi
gratory behavior of human NSCLC cells. The susceptibil
ity of the cells tested varied somewhat, possibly due dif
ferences in ce/1 biological characteristics.

33 Nitric oxide increases filopodia formation
and migration-associated protein e.x pression
Filopodia are known to play an essential role in cellular move
ment and, as SUCh, they are used as indicators of motile cells.
Filopodia at the protrusion areas, i.e., the fronts of the cells,
have been found to contain integrins and other molecules fa
cilitating anchorage formation [25,26]. To test whether NO
can mediate filopodia fomlation, NSCLC H460 cells were
treated with NO donor as previously described, after which
the presence of filopodia was determined using a phalloidin
rhodamine staining method. By doing so, we found that NO
treated cells indeed exhibited significant increases in filopodia
numbers at the protrusion edges of the cells (Fig. 3a-b).
[n addition, we aimed to confirm the effect of NO on
cell migration by assessing the expression..of migration
associated proteins. To this end, human NSCLC-derived
H460, H292 and H23 cells were treated with NO donor
after which the Rho-GTP, Rac-GTP and Cdc42-GTP pro
tein levels were determined by Western blotting. We
found that treatment of the ceRs, with NO caused signifi
cant increases in the Rho-GTP and Cdc42-GTP protein
levels, whereas the Rac-GTP protein level was found to
be slightly decreased (Fig. 3c-d).

3.4 Nitric oxide mediates integrin expression switching
3.2 Nitric oxide increases the migration of human NSCLC
cells
Wound healing assays and transwell migration assays were
performed to detennine the effect of NO on lung cancer cell
migration. For the wound healing assays, human NSCLC
derived H460, H292 and 'H23 cells were exposed to non
toxic concentrations of NO donor (0-50 11M) for 24 h. Then
the cells were subjected to the wound healing assay and
allowed to migrate for 24 h. By doing so, we found that NO
treatment significantly enhanced the motility of all NSCLC
cells tested in a dose-dependent manner (Fig. 2a-b). The sub
sequent transwell migration assay results confimled that
NO increased the migration capacity of all cells tested ,
i.e., the cells migrated through the filter membrane to
the lower chamber compartment after treatment with NO
for 24 h. The migration of the H460, H292 and H23 cells
showed a dose-dependent pattern. Significant values were
first observed in 10, 25 and 25 J.!M NO-treated H460.
H292 and H23 cells, respectively (Fig . 2c-d) . Taken

Integrin expression switching is generally accepted as a deter
mining factor in cell motility [16, 20, 27]. In particular, in
creased expression of specific integrins, including av,
~I
and (33, has been shown to enhance the motility ofcancer cells
[21-24]. Therefore, we set out to investigate the effect of NO
on integrin ex.pression. To this end, NSCLC-derived H460,
H292 and H13 cells were cultured in the presence of NO
donor (0-50 11M) for 24 h, after which the expression of
integrins av,
(31 and (33 was detennined by Western blot
ting. We found that NO treatment led to dmmatic increases in
the expression of integrins av and (3 J in all three cell lines,
whereas the expression of integrin (33 was only found to be
slightly increased in the H292 and H23 cells (Fig. 4). NO
treatment had no significant effect 00 integrin ro. Based on
the presumption that augmentation of specific integrins, espe
ciallyav, a5, (31 and (33, is associated with a high migratory
activity, we conclude from our results that NO induces the
migration of NSCLC cells, at least in the part by increasing
the expression of integrins av and (31.
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Fig. 4 Effects of nitric oxide on int.egrio expression. Human NSCLC
derived cell lines (H460, H292 and H23 cells) were treated with NO
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131 expression via

integrin expression, the activation of PKG, AKT and
FAK in response to NO treatment was assessed in
NSCLC-derived H460 , H292 and H23 cells. Through
Western blot analysis we found that NO treatment led
to a significant increase in active PKG and in p-AKTI
AKT and p-FAKIFAK ratios in a dose-dependent manner
in these cells (Fig. 5).

3.5 Nitric oxide induces integrin ~v and
a PKG/AKT-dependent mechanism

Active PKG is known to act as a target of cGMP in
duced by NO [28]. Also, AKT has been shown to act
as a downstream phosphorylation target of PKG [29]. In
order to unravel the mechanism by which NO regulates
~ Springer
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As AKT and FAK have in the past been shown to control
the expression of integrins [30-32], we next used AKT and
FAK inhibitors to 'aSsess their regulatory effects in NSCLC
derived cells. First, we applied the AKT inhibitor (perifosine
5 ~) to H460 ceUs to test it'; effect on the expression of the
integrins av and ~ I. We found that treatment of these cells
with NO significantly increased the expression of both
integrins (Fig. 6), and that the AKT inhibitor concomitantly
inhibited the activation of AKT mediated by NO .
Interestingly, we found that the AKT inhibitor also diminished
the effect of NO on integrin (Xv and /31 expression induction,
suggesting that NO mediates these integrin alterations via an
AKT-dependent mechanism . It is worth noting that treatment

of the H460 cells with the AKT irthibitor also diminished the
effect of NO on FAK activation, implying that the FAK signal
in this condition was also mediated through an AKT
dependent mechanism. In addition, we found that the AKT
inhibitor abolished the migration-enhancing effect of NO.
Whereas we found that FAK inhibitor 14 (10 ~) signifi
cantly suppressed FAK activity, no significant effect was ob
served on the NO-mediated integrin expression switch
(Fig. 7). Additionally, we found that the activation of AKT
in response to NO was not affected by the FAK inhibitor.
Interestingly, however, we also found that the FAK inhibitor
significantly decreased the migratOlY response of H460 cells
to NO. Taken together, we conclude that our data indicate that

~ Springer

blotting. b Relative prote in levels quantified hy densitometry. c: Phase
contrast images of wound healing captured at 0, 12 and 24 h. d

Relative migration determined by cmnparing wound spaces to those of
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NO mediates integrin expression induction through an AKT
dependent mechanism and that FAK acts downstream to the
NOIPKGIAKT caScade in controlling NSCLC cell migration.

NO is synthesized through NOS, which is abundantly present
in lung cancer tissues [II]. Also, tumor-associated immune
cells have been found to induce high micro-environmental
NO levels [33, 34). Some studies have indicated that NO
may be cytotoxic to cancer cells since NO can direclly induce
oxidative stress and DNA damage signals that may result in
apoptosis [35]. However, more recent studies have shown that
NO at physiological or lower levels is non-cytotoxic, and may
eVen potentiate cellular functions [36J. In case of lung cancer,
NO has been found to attenuate its response to cisplatin [14.
37] and to Fas ligand-induced apoptosis [38). Additionally,
NO has been found to mediate anoikis resistance through
Caveolin-I up-regulatiol1 [12, 39]. lntegrin switching or

4 Discussion
In this study we show that NO, an endogenous gas, fimctions
as an integrin expression modulator in NSCLC cells. Our
results additionally suggest that increases in the expression
of integrins (Xv and f3 I augments the migratory activity of
H460, H292 and H23 cells via AKT activation that, in tum,
results from PKG activation. a known molecular target of NO.
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Fig. 8 Schematic overview of

nillic oxide mediated integriu
switching via an AKT-dependent
mechanism. Nitric oxide
increases p-AKT, which induces
expression upregulalion of
integrins !Xv and /31. High
inlegrin levels recruit and activate
FAK 10 medialt: effector
molecules such as Cdc42-GTP
and Rbo-GTP, thereby promoting
the migratory process in NSCLC
cells

Up-regulatlon of Integrln

Filopodia lonnatlon

t~yr3'7
Actin pOlymerization

,.",u@iEu(.j'
alterations in integrin patterns on the surface of cancer cells
has been shown to positively influence their migration and
invasion [19, 20). Integrins are transmembrane glycoprotein
receptors that transmit signals from the ECM to intracellular
signaling pathways. They regulate a number of cellular pro
cesses including survival. proliferation, adhesion and motility
[\6, 27] . Some integrins, including integrins !Xv and (31, have
been shown to potentiate the motility of ceUs [21, 24, 40]. In
conformity with these data, we found that increases in NO
mediated integrin expression levels correlated with increases
in the migration ofNSCLC cells.
Based on its importance in both cell migration and prolif
eration, AKT has been denoted as a critical target for antican
cer therapy. AKT signaling has been linked to chemotherapy
resistance and cancer metastasis [41]. In IWlg cancer, the PI3K
pathway upstream of AKT has been found to be frequently
deregulated due to genetic'instability resulting in increases in
PI3K and, subsequently, AKT signaling (42). Enhanced acti
vation of AKT has frequently been encountered in NSCLC
cells, and,has been shown to be correlated with chemo- and
radiotherapy resistance [43]. Activated AKT in primary
NSCLC tumors has been suggested to act as a poor prognostic
factor [41). In addition to these findings, wc here provide data
indicating that NO-induced alterations in integrin expression
are AKT dependent We found that treating NSCLC cells with
NO resulted in PKG activation, which in turn resulted in AKT
activation. Conversely, we found that AKT inhibition resulted
in suppression ofNO-mediated integrin expression changes in
these lung cancer cells, pointing at the importance of the AKT
pathway in regulating integrin expression.
~ Springer

In cellular protrusions FAK is activated through phosphor
ylation at its Tyr 397 position. Active p-FAK stimulates down
stream pathways resulting in actin polymerization and
filopodia formation [44]. In addition, several GTPases have
been found to regulate migration,:'~ssociated cytoskeleton dy
namics. Cdc42-GTP. for example; promotes f.tlopodia forma
tion and extends forward protrusions. Likewise, Rho-GTP
regulates stress fiber accumulation and controls rearward con
tractions, whereas Rac-GTP regulates actin rearrangements
and induces lamellipodia formation [20] . Here, we found that
these GTPases are also involved in NSCLC motility and that
Cdc42-GTP and Rho-GTP are significantly increased in NO
treated NSCLC cells. Consistent with previously reported
findings, we noted that upregulation of Cdc42-GTP in NO
treated NSCLC cells correlated with increases in the numbers
of filopodia.
In conclusion, we show here for the first time that NO
induces the expression of integrin !Xv and {31 in human
NSCLC cells through PKGI AKT signaling (Fig. 8), As
integrin expression switching has been found to correlate with
chemotherapy resistance, enhanced metastasis and a poor
prognosis in many cancers, the fU1dings reported here may
be instl.1lmental for uncovering the role of NO in imposing
an aggressive behavior upon lung cancer cells, at least in part
through integrin expression regulation.
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Abstract. Nitric oxide (NO) is an important cell signaling
molecule of which level is frequently elevated in many
tumors including lung . Cellular phenotypes and behaviors
are influenced by NO found in proximity to tumor, namely
the tumor microenvironment . In lung cancer, a high level of
NO is linked to advanced stage and poor survival of
patients. This review describes the promorory role of NO in
aggressive behavior of lung cancer cells with a focus on
apoprosis and anoikis resistance, cell migration and
invasion and cancer stem cells , all of which are key
determinants of cancer relapse and metastasis. We
specifically address the effects of NO on the modulations of
structure, stability,junction and activity of key proteins, and
discuss how these changes could affect aggressive behavior.
Such knowledge will encourage additional experimental and
clinical investigations that contribute to the understanding
on molecular basis of cancer pathophysiology which could
lead to targeted cancer therapy.
Lung canceli is one of the most common cancers and the
leading cause of cancer-related death worldwide that kills
more than one million people each year (1). Major hurdles
for lung cancer treatment are the poor responses to
chemotherapy and late diagnosis at locally advanced or
metastatic stage (2-4). Increasing evidence has indicated that
nitric oxide (NO) signaling is implicated 10 the
pathophysiology of many types of cancer, particularly in
tumorigenes is and cancer progression in various tissues,
including the brain , breast, prostate, pancreas and lung (5,6).
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A relativel~ short- ived free radical l'IO is renowne(\ for
its role as a messenger or effector signaling molecule , is
generated endogenously from the metabolism of L-argi nine
to L-citrulline tlirough a complex reaction catalyzed oy
various NADPH-dependent enzymes calleo nitric oxide
synthHse @OS) (7). NOS exists in three isoforms, each with
a distinct function and working conditions: neuronal NOS
(nNOS or NOSI) , inducible NOS (iNOS or NOS2) and
endothelial NOS (eNOS or NOS3) (8). Up-regulation of
NOS and elevated NO activity is frequently detected in
tumor microenvironments (9, 10). NO can be derived from
tumor cells themselves and from neighboring cells. Due to
its lipophilic nature, NO from neighboring cells, e.g.
endothelial cells in the microvasculature or immune cells and
stromal cells in tumors, can freely diffuse across cellular
membranes and ultimately affect tumor phenotypes and
behavior (9, 11) . Depending mainly on the concentration and
duration of NO exposure, NO appears to exert dichotomous
roles in cancer (promotory or inhibitury), a relatively low
(micromolar range), but sustained level of NO generally
promotes tumors (J.2,J3).
In patients with lung cancer, a high level of exhaled NO
and its metabolites nitrite and nitrotyrosine, as well as the
serum nitrite/nitrate, an estimate of in vivo NO, were
observed compared with healthy cuntrols (14-L6) . It was
further demonstrated that the high level of serum
nitrite/nitrate was associated with advanced-stage lung
cancer and poor survival rate of patients (16), suggesting that
NO might be involved in aggressive tumor phenotypes and
metastasis. In thi s review, we summarize the current findings
and understanding of NO in aggressive phenotypes of human
lung cancer and di sc uss its effect on key proteins in relation
to chemotherapeutic resistance and each step of metastasis.

Chemotherapy Resistance in Lung Cancer
Chemotherapy is a major treatment modality for cancer,
including lung cancer (2). Intrinsic chemotherapy re sistance
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is often observed in non-small cell lung cancer (NSCLC)
cells, while acquired resistance over the course of treatment
is often reported in small-cell lung cancer (SCLC) (17).
Most, if not all, chemotherapeutic agents induce cancer cell
death through the induction of apoptosis (l8, J 9). Thus, the
apoptotic machinery is important in dictating the success of
chemotherapy, failure to induce apoptosis leads to
chemotherapy resistance (20) . NO has been shown to possess
both pro- and anti-apoptotic activities, depending on the
cellular context , redox status and dosage of NO (21). NO at
high concentrations induces apoptosis via oxidative stress
and caspase activation (22, 23). On the other hand,
accumulating evidence has indicated that the physiological
level of NO inhibits apoptosis in several cell types, including
lung cancer cells, as detailed below.
NO alld apoptosis resistance. Apoptosis is a process of
programmed cell death that may be initiated either through

2

the intrinsic mitochondrial pathway or extrinsic death
receptor pathway (Figure I). In general, the intrinsic pathway
is activated in response to a variety of death signals, e.g.
DNA damage, oxidative or nitrosative stress and cytotoxic
agents, leading to the permeabilization of outer membrane
of mitochondria, which is controlled by the balance of the
pro-apoptotic (e .g. BCL2-associated X (BAX), Bcl-2
homologous killer (BAK), Bcl-2-associated death promoter
(BAD) and BH3 interacting-domain death agonist (BID»)
and anti-apoptotic (e.g. B-ceJl lymphoma 2 (BCL2), B-cell
lymphoma-extra large (BeL-xL) and myeloid leukemia cell
differentiation protein (MCL I) BCL2 family proteins, and
subsequent release of cytochrome c (24). The released
cytochrome c binds to caspase adaptor molecule apoptotic
protease activating factor I (APAF I) and recruits initiator
caspase-9, forming a complex called the apoptosome that
promotes activation of effector caspases (e.g. caspase-3,
capase-6 and caspase-7) to induce apoptosis. The extrinsic
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pathway is activated through the binding of death-inducing
ligands such as Fas (CD95), tumor necrosis factor-alpha
(TNFa) or TNF-related apoptosis-inducing ligand (TRAIL)
to their respective cell surface death receptors, resulting in
the recruitment and activation of initiator caspase-B to death
inducing signaling complex (DISC), which subsequently
acti'lates effector caspase. to cleave cellular substrates (25).
NO was shown to suppress apoptosis induced by various
gents through both intrinsic and extrinsic pathways. In t e
intrinsic pathway, NO was shown to render lung cancer cells
to resistance to apoptosis induced by cisplatin chemotherapy
through mechanisms that involves BCL2 up-regulation by
preventing its degradation through ubiquitin-proteasome
pathway that is mediated by S-nitrosylation a major post
translational protein modification resulting from a coupling
of nitroso moiety to reactive cysteine thiol (SH), of BCL2
(Figure 2) (26). In the extrinsic pathway, S-nitrosylation of
FLIP (FLICE-inhibitory protein) is an important mechanism
rendering FUP resistant to ubiquitination and proteasomal
degradation by Fas death ligand and ultimately inhibits
apoptosis (Figure 2) (27). It has been shown that defects in
Fas-mediated apoptosis affects not only immune cells, but
also the responses of tumor cells to chemotherapy and
irradiation . Recently, S-nitrosylation of FLIP was additionally
revealed to link to nuclear factor kappa-light-chain-enhancer
of activated B cells (NFxB) activation through the disruption
of FUPI retinoic acid inducible gene-1 (RIP J) complex and
RIP 1 redistribution to cell membrane. Impairment of RIP I
translocation impaired anti-apoptotic function of FLIP,
indicating that S-nitrosylation of FLIP is necessary to confer
apoptosis resistance (28). Since increase expression of BCL2 ,
FLIP and NO are frequently observed in chemotherapy
resistant lung ceJls, S-nitrosylation of BCL2 and FLIP could
be a key mechanism of chemotherapy resistance.
Regarding the adaptive responses of lung cancer cells to
chemotherapy, our group found that relatively long-term
(7 -14 days) exposure of the cells to NO resulted in
significant up-regulation of survival-related proteins
including ATP-dependent tyrosine kinase (AKT), caveolin
I (CAY I) and anti-apoptotic BCL2 (29). Up-regulation of
AKT and BCL2 was further found to render lung cancer
cells to apoptosis resistance induced by various
chemotherapeutic agents, including cisplatin, etoposide
and doxorubicin, while up-regUlation of CAY 1 was related
only to doxorubicin and etoposide resistance.

Cancer Metastasis
Cancer metastasis is a multistep process of which a restricted
proportion of tumor cells spread from the primary tumor to
form a secondary tumor at distant sites. It is the leading
cause of cancer-related death and is a prime target for cancer
therapy (30) . To metastasize. tumor cells must sequentially
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follow the principal steps: (i) cell detachment from the
primary tumor; (ii) local invasion of host stroma into the
lymphatic and blood circulation (intravasation); (iii) survival
of cells in the circulation (anoikis resistance); (iv) adhesion
of cells to capillary walls; (v) cell invasion and penetration
out of t.he circulation (extravasation); and colonization and
formation of secondary tumors (31, 32). NO has been shown
to be involved in all of the essential steps of lung cancer
metastasis as detailed below.
rtVO and anoiki~. During metastasis, the loss of cell
interaction with neighboring cells and the extracellular
matrix (ECM) triggers apoptotic cell death called anoikis,
which is an important biological mechanism inhibiting
cancer cell dissemination (33). Thus, anoikis resistance may
facilitate distant metastasis. This consensus is supported by
clinical evidence demonstrating a strong correlation between
circulating tumor cells with anoikis resistance in advanced
cancer and poor survival of patients (34, 35).
Numerous direct and indirect studies suggested that
increased NO ~roduction sUlwresses anoikis throug th.e
alteration of, pro-survival signals, apoptosis-regulator)j
signals, certain membrane microdomains, and oncogenes.
With regard to pro-survival signals, NO regulates PI3K/AKT
and suppresses anoikis through mechanisms that likely
involve S-nitrosylation of phosphatase and tensin homolog
deleted on chromosome 10 (PTEN) (36). S-Nitrosylation of
PTEN also induce its ubiquitination and subsequent
degradation, leading to the loss of PTEN that is known to
confer anoikis resistance on lung carcinoma (37).
As a form of apoptosis, anoikis is regulated th ough the
common pathways of apoptosis, whibh indude th intrinsic
mitochondrial and extrinsic death receptor pathways. s
mentioned above. NO a fected anti-apoptotic protein FLIR
and
BCL2 stability
through
its S-nitrosylation.
Overexpression of FLIP and BCL2 was reported to render
cells resistant to anoikis (38, 39) and is commonly observed
in lung carcinoma (40, 41), suggesting the role of NO in
anoikis resistance through these proteins.
CAY I, an essential constituent of cell membrane
invaginations, has been implicated in metastasis and poor
prognosis of lung cancer (42). Our studies have shown that
the level of CAY I in lung carcinoma H460 cells gradually
decreased in a time-dependent manner after cell detachment
and that ectopic expression of CAY 1 prevented anoikis
through the stabilization of anti-apoptotic protein MCL 1
(43). CAYI interacts with MCLI and interferes with its
degradation, which occurs during anoikis, through ubiquitin
proteasomal pathway. NO is a critical regulator of CAY I
stability and anoikis resistance. We showed that NO induced
S-nitrosylation of CAY I, which subsequently prevented its
proteasomal degradation and induction of anoikis under cell
detachment conditions (Figure 3) (44).
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INO and cell migration and invasion. The ability of lung
cancer cells to migrate and invade allows them to change their
position within tissues and into other tissues . Cell migration
and invasion are thereby critical steps of cancer metastasis .
To intravasate into and extravasate out of lymphatic and blood
circulation , primary tumor ce lls must migrate and invade
through the epithelial basement membrane , surrounding
stromal structures consisting of the ECM, and vascular
basement membrane (45). Only a small fraction of primary
cells become invasive and eventually metastasi ze at any given
time, and NO has been shown to affect such fraction through
regulation of multiple proteins . We focus on the promoting
effects of micromolar levels of NO on cell motility.
An elevated level of CAY I expression is reported to
correl ate well with enhanced invasive ability of lung
carcinoma. Redistribution of CAY I to lung cancer cells led

to the formation of filopodia, a spike-like projection enriched
with F-actin filaments at the leading edge of cells that
fa c ilitates cell movement (42) . We found that prolonged
exposure of lung cancer H460 cells to NO altered cell
morphology, e .g. cell enl argement, and ce .11 migration in
accordance with an increase in filopodia formation and CAY I
expression (46). We further revealed that CAY I mediates
focal adhesion kinase (FAK) and its downstream AKT
pathways, affectingJung cancer cell protrusion and migration.
Prolonged NO exposure also ac tivated epithelial
mesenchymal transition (EMT) in various lung cancer cell
lines, namely H292, H23 , A549 and H460 (47). EMT is a
multi step cellular process that allows epithelial cells, which
normally interact with the basement membrane , to undergo
changes leading to a mesenchymal phenotype, which lacks
membrane bounding and allows enhanced cell migration and
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invasion (48). EMT is characterized by the progressive loss
of epitheliaJ markers, such as vimentin, tight junction protein
I (ZOl) and E-cadherin, and gain of mesenchymal markers,
such as zinc finger protein SNAI2 (SLUG), zinc finger
protein SNAI I (SNAIL), N-cadherin and ~-catellin.
Prolonged NO exposure induced dramatic increase in
vimentin and SNAIL, independently of CAY I, suggesting the
additional mechanism of NO-mediated cell motility .

Cancer Stem Cells
Cancer stem cells (CSCs ; also known as tumor-initiating cells)
are defined as a rare subpopulation of tumor cells that are
capable of self-renewal and generate a progeny of differentiated
cells that constitute a large majority of cells in the tumor (49).
The existence of CSCs has been identified in many types of
cancer, including that of the brain, breast, colon, prostate and
lung (50). Currently, CSCs are being considered as the
underlying causes of chemo/radioresistance, cancer relapse and
high mortality rate of lung cancer, due to their reported role in
aggressive behavior of human cancer cells and tumorigenesis
(51, 52). Hallmarks of CSCs include unlimited cell
proliferation, evasion of apoptosis, increased cell migration and
invasion, and capability of initiating tumor formation.

NO and CSCs. The role of NO in CSCs has been suggested in
breast cancer in that NO induced CD44 expression and signal
transducer and activator of transcription 3 (STAT3) activation,
indicative of breast CSCs (53). The previous findings that NO
increased lung cancer aggressiveness, together with its
suggested role in breast CSCs, led to the hypothesis that NO
may mediate its hmg procarcinogenic effects through CSCs.
Our findings revealed that prolonged NO exposure induced
two well-known lung markers of CSCs, namely CD 133 and
aldehyde dehydrogenase I family, member Al (ALDHIAI)
in multiple lung cancer cell lines, e.g. H460 and H292, in a
dose- and time-dependent manner in agreement with the
greater anchorage-dependent growth, spheroid formation and
anoikis resistance, indicating the induction of CSC-like
behavior by NO (54). Such effects of NO , however, were
reversible after cessation of NO treatment. Furthermore,
CAY I was found to be critical in NO-mediated
aggressiveness of CSCs, although its level did not correlate
well with CDI33 and ALDHIAI. CAY I has been shown to
interact and regulate the transporter ATP-binding cassette sub
family G member 2 (ABCG2) another potential marker of
lung CSCs (55,56) . Thus, it is plausible that CAY I might
regulate NO-mediated CSCs through ABCG2.

Concluding Remarks

spanning from tumor initiation of cellular transformation to
tumor progression through the metastatic cascade and
resistance to radio/chemotherapy. In this review, we
summarize the role of NO and its key target proteins in
relation to chemotherapeutic and anoikis resistance, and cell
migration and invasion of lung cancer cells . Understanding the
roles of NO in such aggressive behavior of lung cancer cells is
important because they are key determinants of cancer
metastasis and relapse that remain therapeutic challenges .
Ultimately, we summarize the relatively novel findings on the
implication of NO in lung CSC regUlation, which could be the
underlying causes of all NO-mediated aggressive behavior.
NO seems to manifest its effects through key target proteins
through the post-translational protein modification of S
nitrosylation. S-Nitrosylation controls the function and activity
of numerous tumor-associated proteins and its dysregulation
could lead to cancer pathology, inspiring the new idea of
targeted cancer treatment based on S-nitrosylation.
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Chanvorachote P, Luanpitpong S. Iron induces cancer stem cells
and aggressive phenotypes in human lung cancer cells. Alii J Physiui
Cell Physioi 310: C728-C739, 2016. First published Febluary 24,
2016; doi: 1O.IlS2/ajpceII.00322.20 IS.-Evidence has accumulated
in support of the critical impact of cancer stem cells (CSCs) behind
the chemotherapeutic failure, cancer metastasis, and subsequent dis
ease recurrence and relapse, but knowledge of how CSCs are regu
lated is still limited. Redox status of the cells has been shown to
dramatically influence cell signaling and CSC-like aggressive behav
iors. Here, we investigated how subtoxic concentrations of iron, which
have been found to specifically induce cellular hydroxyl radical,
' affected CSC-Iike subpopulations of human non -s mall cell lung car
cinoma (NSCLC). We reveal for the first time thal subchronic iron
exposure and higher levels of hydroxyl radical correlated well with
increased CSC-like phenotypes. The iron-exposed NSCLC H460 and
H292 cells exhibited a remarkable increase in propensities tv form
CSC spheroids and to proliferate, migrate, and invade in parallel with
an increase in level of a well-known CSC marker, ABCG2. We
further observed that such phenotypic changes induced by iron were
, not related to an epithelial-to-mesenchymal transition (EMT). Instead,
the sex-determining region Y (SR Y)-box 9 protein (SOX9) was
substantially linked to iron treatment and hydroxyl radical level.
Using gene manipulations, including ectopic SOX9 overexpression
and SOX9 short hairpin RNA knockdown, we have verified that
SOX9 is responsible for CSC emichment mediated by iron. These
, findings indicate a novel role of iron via hydroxyl radical in CSC
regulation and its importance in aggressive cancer behaviors and
likely metastasis tlU'ough SOX9 upregulation.
cancer stem cells; lung cancer; iron; hydroxyl radical; SOX9

to normal cell metabolism and
biosynthesis, necessary for cell growth and proliferation. In
cancers, iron homeostasis has been tilted in various tumor cells
towards an increase in intracellular iron availability (22). Iron
enables the functions of several vital enzymes, including mi
tochondrial enzymes that are involved in the production of
cellular energy and detoxifying enzymes such as glutathione
peroxidase and catalase, which are responsible for the antiox
, idant machinery of the cells (50). On the other hanli, iron has
, been widely known as a redox-modulating molecule, owing to
its high reactivity to easily gain and lose electrons. The free
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intracellular ferrous iron (Fe 2 " ) can generate hydroxyl radical
(OR), a highly reactive oxygen species (hROS), via the Fenton
reaction through its reacting with hydrogen peroxide (H 2 0z),
especially when excess iron is available (9). Not only could it
damage the nearby biomolecules, e.g ., lipids and DNA, which
can result in mutations that lead to the development of cancer,
OH' could also act as a signaling molecule in certain cellular
pathways. We have previously shown that an increased cellular
OH' by iron can accelerate the migratory and invasive capa
bilities of lung cancer cells (33), pointing out the role of this
specific reactive oxygen species (ROS) in the regulation of
aggressive cancer cell behaviors, which could be linked to
tumor progression and metastasis.
Lung cancer is the leading cause of cancer-related death that
kills more than one million people worldwide each year (47).
Increasing evidence has highlighted the role of cancer stem
cells (CSCs) presenting in lung tumors in chemoresistance,
cancer metastasis, and subsequent disease recurrence and re
lapse (30, 36, 43). Thus, it is believed that CSCs are the
underlying cause of the high mortality rate, making them a
dominant target of novel cancer therapeutic strategies. We
hypothesized that iron may affect CSCs and their aggressive
phenotypes through its ability to modify redox status of the
cells. Several mechanisms of CSC regulation have been pro
posed; most of these are common regulatory pathways critical
for normal developmental process. For instance, an epitheJial
to-mesenchymal transition (EMT), a highly conserved cellular
process that transforms epithelial cells into mesenchymal cells,
has perhaps received the most attention since EMT is a com
mon occurrence in metastasis of lung and other tumors (41,
51), although certain studies have shown that cancer stemness
and EMT are not always associated (8, 17, 36). Likewise,
sex-determining region Y -box (SOX) family is being recog
nized (12, 15); SOX9 in pmticular is important in the lungs as
it involves in tracheal differentiation and formation and has
been shown to be upregulated in advanced lung carcinoma (25,
36, 52). In this study, we investigated the role of iron (ferrous
sulfate, FeS04) via OR formation in EMT activation and
SOX9 expression and CSC phenotype. Using gene expression
and knockdown strategies as well as pharmacological inhibi
tors , we demonstrated the jmportant role of SOX9 in esc
acquisition and maintenance of the lung cancer cells induced
by iron, thus revealing the existence of a novel mechanism of
iron and ROS-mediated CSC regulation, which could be im
portant in carcinogenesis and metastasis.
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1. Intracellular iron (Fez 1-) in FeS04-exposed lung
carcinoma cells for 24 h

Table

Irun (Fe 2

' )

Cunlen!. pglccll

H460

Nonlreatmenl
FeSO. 75 fLM
FeSO. 150 fLM
I FeSO. 150 fLM

+

0.2728
0.4045
0.4285
0.3261

DFX OJ mM

H292

:!: 0.0121
:!: 0.0015*
:!: 0.0072*

0.2439
0.2874
0.4451
0.2802

::':: 0.00721'

::':: 0.0069
:!: 0.0066
::':: 0.0145*
::':: 0.0178t

1-------------------------------------------
"' P < 0.05 vs. nontreated control. tP < 0.05 vs. FeSO.-exposed cells at
150 fLM.

MATERlALS AND METHODS

Cell culture and iron exposure. Human non-sma.11 cell lung cancer
(NSCLC) NCI-H460 and NCI-H292 cell lines were obtained from the
American Type Culture Collection (ATCC, Manassas, V A). The cells
I were cultured in Roswell Park Memorial
Institute (RPM!) 1640
medium supplemented with 10% fetal bovine serum (FBS), 2 mM
L-glutamine, and 100 V/ml penicillin and 100 I-lg/ml streptomycin
(GIRCO, Grand Island, NY) and were maintained in a 37°C humid
ified incubator with 5% C02. Cells were seeded onto six-well plates
, at an initial plating density of 2 X 105 cells/well and were treated with
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the indicated concentrations of freshly prepared FeS04 (Sigma-Al
drich, SI. Louis, MO) every 3 days. For subchronic exposure, which
is referred to as an in vitro exposure for a period of three or more days
(53), the cells were subsequently collected at 3 and 7 days posttreat
ment for further analysis. Deferoxamine (DFX; Sigma) was used as an
iron chelator, while sodium formate (NaFM; Sigma) and dimethyl
thiourea (DMTV; Sigma) were used as a scavenger of OH·. Intracel
lular iron (Fe 2+ ) content in FeS04-exposed cells as evaluated by Iron
Assay Kit (Abcam, Cambridge, UK) is shown in Table 1.
Cytotuxicity and proliferation assays. Cells were seeded onto
96-well plates at a density of 1.5 X 104 cells/well and were treated
with various cuncentrations uf FeS04 and analyzed for cell viabil
ity using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo
lium bromide) assay. Cells were incubated with 500 I-lg/ml of MTT
for 4 h at 37°C, and the intensity of formazan product was
measured at 550 nm using a microplate reader (Synergy HI,
BioTek, Winooski, VT). Relative cell viability was calculated by
dividing the absorbance of the treated cells by that of the control
cells. Cell proliferation was confirmed by cell counting lIsing a
Scepter automated cell counter (EMD Millipore, Billerica, MA).
OH detection. Generation of hROS was determined according to
the method previously described using 3' -p-(hydroxyphenyl) fluores
cein (HPF; Sigma) as a probe (34). Briefly, ceUs were incubated with
the probe (10 fJ.M) for J. h at 37°C in Hanks' buffered salt solution
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Fig. I. Subchronic exposure to iron donor induces
human lung cancer cell proliferation. A and B:
non-small cell lung cancer (NSCLC) H460 (A)
and H292 (B) cells were treated with various
concentrations (0-300 fLM) or iron donor ferrous
sulfate (FeSO.) for 24 h and cell viability was
evaluated by MTI (3-(4.5-dimethylthiazol-2-yl)2,5-diphenyltelrazolium bromide) assay to iden
lify their subtoxic concentrations. C and D:
NSCLC H460 (C) and H292 (D) cells were sub
chronically exposed to various subtoxic concen
trations (0-150 fLM) of FeS04 for 7 days and cell
proliferation was evaluated by MTI assay. E and
F: representative histograms of cell volume dis
tribution comparing subchronic iron-exposed
H460 (E) and H292 (F) cells for 7 days wilh the
nontrealed conlrol cells using an automated ce.ll
counter. Data are means::':: SD (n = 4). 'P <
0.05 vs. nontreated control. #P < 0.05 vs. FeSO.
exposed cells at 75 fLM.
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(HBSS) and analyzed for fluorescence intensity using a fluorescence

I plate reader at 485-nm excitation and 520-nm emission (Synergy HI).
For electron spin resonance (ESR) measurements. cells were incu
bated with 5.5-dimethyl-l-pyrroline-N-oxide (DMPO. 10 mM) for 10
, min at 37°C in the presence or absence of OR modulators. ESR
signals were measured using a Bruker EMX spectrometer (Bruker
Instruments. Billerica. MA) and a flat cell assembly. Hyperfine cou
plings were measured (to 0.1 G) directly from magnetil: field separation using potassium tetraperoxochromate and 1.I-diphenyl-2-picryl
hydrazyl as reference standards. An Acquisit program (Bruker Instru
ments) was used for data acquisition and analysis.
Migration assay. Wound-healing assay was used to determine cell
migration . Briefly, confluent monolayers of cells in a 24-well plate
were wounded at the center of the well by a 200 f.,ll micropipette tip.
Six random fields of the wound space were examined and imaged
I under a phase contrast microscope (Eclipse Ti -U with NiS-Elemenls.
Nikon. Tokyo. Japan) at various time points. Relative l:ell migration

I

was quantified by dividing the percentage change of the wound space
in treated cells to that of the control cells.
Invasion assay. Cell invasion was determined using a 24-well
Transwell unit with polycarbonate (PVDF) filters (8 f.,lm pore size).
The membrane was coated with a mixture of laminin (SO f.,lg/ml). type
IV collagen (SO f.,lg/ml). and gelatin (2 mg/ml in 10 mM glacial acetic
acid). Cells at a densily of 1 X 104 cells/well were seeded into the
upper chamber of the Transwell unit in serum-free medium . The lower
chamber of the unit was added with a medium containing 10% FBS.
Cells were allowed to invade for 24 h. after which the cells on the
upper side of membrane were removed with a cotton swab. Cells that
invaded the underside of the membrane were stained with 10 f.,lg/ml
Hoechst 33342 for 10 min and visualized under a fluorescence
microscope (Eclipse Ti-U).
Tumor sphere assav. Tumor sphere assay was performed under
nonadherent and serum-free conditions as previously described as
stem cell-selective conditions (16. 30). Briefly. cells were resuspended

H460
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B

~

~

0

0

~

~

Fig. 2. Subchronic exposure to iron donor in
duces human IW1g cancer migration antI invasion
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in 0.8% methylcellulose (MC)-based serum-free medium (Stem Cell
Technologies, Vancouver, BC, Canada) supplemented with 20 nglml
epidermal growth factor (BD Biosciences, San Jose, CA), basic
fibroblast growth factor, and 4 mglml insulin (Sigma) and plated at
500 cells in an ultra-low attachment 96-well plates. Cells were then
cultw'ed for 2 wk and were visualized under a phase contrast micro
scope (Eclipse Ti-U).
Western biOi analysis. Cells were incubated on ice for 45 min with
lysis buffer containing 20 mM Tris'HCl (pH 7.5), I % Triton X-I 00,
150 mM NaC!. 10% glycerol, I mM Na3V04, 50 mM NaP, 100 mM
PMSF, and cocktail protease inhibitor mixture (Roche Molecular
Biochemicals, Indianapolis, IN). Cell lysates were analyzed for pro
tein content using BCA protein assay kit from Pierce Biotechnol
ogy (Rockford. IL). Equal amounts of denatured protein samples
(50 fJ-g) were loaded onto 7.5-12% SDS-PAGE before transferring
onto 0.45 fJ-m PYDF membranes (Bio-Rad. Hercules. CAl. Trans
ferred membranes were blocked for 1 h in 5% nonfat dry milk in
TBST (25 mM Tris·HCl. pH 7.5. 125 mM NaCl, and 0.05% Tween
20) and incubated overnight with specific primary antibodies against

ABCG2 (Cell Signaling Technology; CST, Beverly, MA). CD133 (Cell
Applications. San Diego, CA), EMT (CSn, SOX9 (EMD Millipore).
and l3-actin (Santa Cruz Biotechnology). Membranes were washed three
times with TBST and incubated with appropriate horseradish peroxidase
(HRP)-labeled secondary antibodies for 2 h at room temperature. The
immune complexes were detected by lrnmunobilon chemiluminescent
substrate (EMD Millipore) and digital imager (ImageQuant LAS. GE
Healthcare, Pittsburgh, PA).
Side population ana/ysi.v. Cells were labeled with 5 fJ-g/ml Hoechst
33342 in DuJbecco's modified Eagle's medium-F-12 medium con
taining 2% FBS in the presence or absence of 25 fJ-M ABCG2
inhibitor fumitremorgin C (FTC; EMD Biosciences. San Diego. CAl
at 37°C for 90 min. Side population (SP) analysis was performed
using BD FACSAria cell sorter (BD Biosciences. Franklin Lakes, NJ)
using UV laser and Hoechst Blue (450/20) and Red (675 LP) hlters.
SP fraction was calculated based on the disappearance of SP cells in
the presence of FTC.
Gene expression analysis by RT-qPCR. Total RNA was prepared
using TRlzoJ reagent (Invitrogen, Carlsbad, CA). cDNA was prepared
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using 2 ILg of RNA and reverse transcribed using SuperScript 1lI
First-Strand Synthesis System and Oligo(dT) primers (Invitrogen).
qPCR analysis was carried out on 7500 Fas t Real-time peR machine
(Applied Biosystems, Foster City, CA) using Puwer SYBR Green
PCR Master Mix (Applied Biosystems). The PCR reaction consisted
of I X SYBR Green PCR master mix, 200 nM forward and reverse
Iprimers, and I f.d of template cDNA. The total volume was adjusted
to 20 ILl with nuclease-free water. Initial enzyme activation was
performed at 95 °C for 10 min, followed by 40 cycles of denatur
ation at 95°C for 15 s and primer annealing/exten sion at 60°C for
11 min. Melting curve analysis was performed to determine primer
specificity. The relative expression of each gene was normalized
against the housekeeping gene glyceraldehyde 3-phosphate dehy 
drogenase (GAPDH) product.
Plasmid (md lramfeclion. Cells were transfected with SOX9 (Ori
gene, Rockville, MD) or green fluore scent protein (GFP; Invitrogen)
using Lipofectamine 2000 reagent, according to the manufacturer's
protocol (Invitrogen) in RPMI medium in the absence of serum and
antibiotics . After 12 h of incubation, the medium was replaced with
complete culture medium containing 10% FBS. The cells were then
cultured and selected for G418 (400 I.l,g/ml) resistance for 30 days to
obt.1in stable lransfeclants. Expression of SOX9 was verified by
Western blot assay. The cells were cultured in antibiotic-free RPMI
1640 medium for at least two passages before further experiments
~ere performed.
Lenlivirus production and inhibition of SOX9 by RNA ifllerference.
I
Lentiviral plasmids carrying short hairpin (sh) RNA sequence against
human SOX9 were obtained from Addgene (Cambridge, MA; plasmid
40644) (20), and shSOX9 lentivirus production was performed using
~EK293T packaging cells (ATCC) in conjugation with pCMV .dR8.2
dvpr lentiviral packaging and pCMY-YSY-G envelope plasmids (Ad
dgene, plasmids 8454 and 8455) (48). Cells were incubated with
shSOX9 viral particles in the presence of hexadimethrine bromide for

36 h and were cultured and selected for puromycin (I ILg/ml) resis
tance for 30 days. The infected cells were analyzed for SOX9
expression prior to use by Western blotting.
Statistical analysis. Data are means ± SD from at least three
independent experiments. Statistical analysiS was performed by
one-way ANOYA and Turkey's post hoc test at a significance level
of P < 0.05 .
RESULTS

Ejfect of iron on viability and aggressive behaviors of
human lung cancer cells. Elevated intracellular iron has been
shown to generate OB" via the Fenton reaction that may be
toxic to the cells. To test whether iron might affect a lung CSC
subpopulation, we first determined the appropriate noncyto
toxic concentrations of iron donor, FeS04 . Human lung cancer
H460 and H292 cells were treated with various concentrations
of FeS04 (0-300 ]JvM) and cell viability was determined after
24 h by MIT assay. FeS04 was relatively nontoxic at all of the
tested doses in H460 and H292 cells (Fig. I, A and B). The
absence of apoptotic and necrotic cell death was confirmed by
Hoechst 33342 and propidium iodide (pn costaining (data not
shown). As we sought to determine the dynamics of lung CSCs
and aggressive phenotypes, we performed subchronic iron
exposure in this study. Excessive cell growth and increased cell
motility are important behaviors determining the capability of
tumor cells to disseminate and metastasize (5, 19). Figure 1, C
and D, shows that subchronic treatment of FeS04 (0-150 ]JvM)
for 7 days promoted lung tumor cell growth as determined by
MIT assay, the results of which were verified by automated
cell count as shown in Fig. 1, E and F. Wound healing assay

~=======H=4=========~I~
60
1 =========H2=9=2========
A

o

N
N

o

W
N

B

N
,t.
(j)

o

:J

»
c

co
c

Fig. 4. Effects of iron chelator on iron-induced
dancer stem cell (esC) sphere fonnation. A and
8: subchronic iron-exposed H460 (A) and H292
(8) cells, using FeSO. (150 fLm) for 7 days with
or without iron chelator deferoxamine (DFX;
0.25 mM), were cultured under non attached. se
rum-starved conditions in methylcellulose-based
medium. Tumor spheroids were visualized under
a phase contrast microscope after 2 wk of culture.
Scale bars, 500 fLm (tup) and 250 fLm (but/urn). C
and D: quantitative analysis of tumor spheroids of
H460
and H292 (D) cells. Data are means :':
SD (n = 3). *p < 0.05 vs. non treated control.
lIP < 0.05 vs. FeS04-exposed cells at 150 f.l,M.

~

.....
(j)

N

o.....
(j)

o

c

150

o

+OFX

D
4

«()

*

Q;

Q;

.0

*

E

E

:;2

Z2
<l)

iii

'<ii

Qj

Qj

0::

0::

::>

::>

>

.~

o

+OFX

4 .-- - - - - - - - - - - - ,

~----------------------~

.0

150

o

o
150

+OFX

AlP·Cell Physio/. doi : 10. ll 52/ajpce11.00322.2015 . www.ajpcell.org

o

150

+DFX

C733

IRON INDUCES LUNG CANCER STEM CELLS

generate differentiated progeny (2, 14). Capability of tumor
cells to form three-dimensional spheroids under nonattached
and serum-starved conditions of tumor sphere formation assay
was shown to be a gold standard for evaluation of CSCs and
their self-renewal (31, 36). As CSCs are known to contribute to
aggressive phenotypes of human cancer cells, we hypothesized
that subchronic iron exposure may affect CSCs. Figure 3, A
and B, shows that subchronic iron-exposed H460 and H292
cells formed larger and higher numbers of floating spherical
colonies compared with passage-matched nontreated controls.
Quantitative analysis of lung spheroids in size and number is
shown in Fig. 3, C and D, and Fig. 3, E and F, respectively.
These results indicated: I) the existem:e of lung CSCs in H460
and H292 cell lines; and 2) the acquisition and maintenance of
lung CSCs in response to subchronic iron treatment in a
dose-dependent manner. All H460 and H292 cells that were
passaged from tirst-generation tumor spheres preserved the
ability to fonTI second-generation spheres (data not shuwn),
thus contirming their self-renewal and repopUlation capability.

indicated a remarkable increase in cell motility of subchronic
(7 days) iron-exposed H460 and H292 cells; a much smaller
wound was observed in the iron treatment group (Fig. 2, A and
B). Quantitative analysis of the changes in wound space after
24 h is shown in Fig. 2, C and D. Transwell invasion assay
similarly indicated an increase in cell invasiveness in iron
exposed cells (Fig. 2, E and F).
I The major species of ROS include superoxide ("0 2 - ), H20 2,
'allll OH". To ensure that the indicated nontoxic concentrations
of FeS04, e.g., at up to 150 Il-M, were sufficient to generate
PH" in H460 and H292 cells, intracellular ROS in response to
FeS04 was determined using HPF as a specific fluorescent
'probe. HPF is a cell-pelmeable probe that is highly sensitive
towards hROS such as OH", while mllch less sensitive towards
other ROS such as H2 0 2 and '02- (46). Figure 2, G and H ,
shows that FeS04 (75-150 Il-M) significantly induced hROS,
likely OH", within I h after posttreatment in both cells.
Irun induces esc spheroid furmatiun and biumarkers. A
fundamental property of CSCs is the ability to self-renew and
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Addition of the iron chelator DFX inhibited the effect of iron
on spheroid formation, thus assuring the involvement of iron in
the process (Fig. 4, A-D).
To confirm the induction of lung CSCs by iron and to track
CSC dynamics, time and dose profiles of the levels of two
well-known lung CSC biomarkers. ABCG2 and CD 133 (7 ,
23), were generated. H460 and H292 cells were subchronically
treated with FeS04 (0-150 /-LM) for 3 or 7 days , and the
expression of ABCG2 and CD133 was evaluated by Western
blotting. Figure 5, A-D, shows that FeS04 gradually increased
ABCG2 levels in H460 and H292 cells in a dose- and time
dependent manner, while it had minimal effect on CD 133
levels. Notably, the iron induction of CSC markers occurred
rapidly within 3 days after exposure of higher-dose iron (150
/-LM FeS04). Side population (SP) analysis, which has been
identified as a common phenotype of CSCs based on their
distinct low Hoechst staining pattern from high ABCG2 ex
pression (23, 35), revealed that a proportion of SP cells was
-6% in control cells and 15 % in FeS04-exposed cells (Fig.
5E). These results together with the above findings on CSC
like aggressive behaviors of iron-exposed cells strongly sup
port the role of iron in CSC acquisition and maintenance of
lung cancer cells.

Effect of iron on EMT. Activation of EMT is an essential
developmental process that enables reprogramming of epithe
lial cells towards a mesenchymal phenotype to enhance intrin
sic ceJl motility, which is required dUling gastrulation and
organogenesis (27 , 49). In normal adult tissues, EMT was
shown to be involved in wound repair and tissue regeneration.
In cancers, tumor cells that underwent EMT have been shown
to acquire aggressive phenotypes and EMT has been further
associated with CSC regulation (37, 39). Having demonstrated
that iron induced lung CSCs, we next evaluated for EMT-like
cell morphology and profiled EMT regulatory proteins in
iron-exposed cells at 3 or 7 days by Western blotting. The
results revealed that FeS04 treatment had minimal effect on
H460 and H292 lung cell morphology (Fig. 6, A and B) in
agreement with the observed nonsignificant changes in expres
sion levels of epithelial markers (for example, E-cadherin) and
mesenchymal markers (slug, vimentin, and f?>-catenin) upon
FeS04 treatment (Fig. 6, C and D). Further, gene expression
analysis revealed the minimal and mostly insignificant changes
of EMT markers in response to the treatment for up to 7 days
(Fig. 6, E and F). Altogether, these results suggest that EMT
was not critical in the regulatory role of iron in lung CSCs in
the tested system.
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epiUlelial -to-mesenchymal trnnsition (EMT) of
human lung cancer cells. A and B: cell morphol
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Data are means ± SO (n = 3). *P < 0 .05 vs.
non treated control.
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Effect of iron on SOX9 expression. Increasing evidence has
pointed to the involvement of SOX family proteins in regula
tion of many aggressive cancers, for instance, SOX2 in prostate
cancer, SOXIO in melanoma, und SOX9 in lung adenocarci
noma (12, 25, 45). Additionally, we have previously shown
that SOX9 regulates lung CSCs and promotes lung metastasis
in vivo (36). We hypothesized that SOX9 may be regulated by
iron, which may represent a key mechunism of CSC regulation
by iron. To test this possibility. H460 und H292 cells were
subchronically treated with FeS04 (0-150 fJ-M) for 3 or 7 days
and their effect on SOX9 wus determined by Western blotting.
Figure 7, A-D, shows that SOX9 levels increased in response
to FeS04 in a dose- and time-dependent manner in both cells.
To confirm the role of SOX9 in lung CSCs, the cells were
stubly transfected with SOX9 or GFP control plasmid and their
effects on SOX9 expression and tumor sphere formation assay
were determined. Western blot analysis revealed a substantial
increase in the expression of SOX9-overexpressing cells (Fig.
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7, E and F). Figure 7, G and H, reveals that SOX9-overex
pressing cells exhibited larger and greater number of tumor
spheroids compared with control cells, thus validating the
promoting role of SOX9 in the CSC acquisition in H460 and
H292 cells.
OH mediates iron-induced CSCs through SOX9-dependenl
mechanism. The presence of iron is known to generate OR
formation via the Fenton reaction. To substantiate the involve
ment of OH' in iron promoting effect on lung CSCs, intracel
lular OR was manipulated using pharmacological inhibitors of
OR and ESR measurements were performed using DMPO as
a spin-trapping reagent to aid the detection of short-lived
oxygen free radieuls. In response to FeS04 treatment, an ESR
signal consisting of a 1:2:2: 1 quartet which is a characteristic
of DMPO-OH' adduct was observed (Fig. 8A). Addition of OH'
inhibitor NaFM and DMTU to the iron-treated H460 cells
inhibited the ESR signal (Fig. 8, A and B), indicating the
scavenging of OR under the test condition. Next, cells were
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Fig. 8. Effects of hydroxyl radical (OH,) scavenger on
iron-induced OH generation, lung tumor sphere forma
tion, and SOX9 overexpression. A: NSCLC H460 cells
were incubated in PBS containing the spin trapper
5,5-dimethyl-I-pyrroline-N-oxide (DMPO ; 10 mM)
with or without iron donor FeS04 (75 f.l.M) and OH'
scavenger sodium formate (NaFM; 2.5 mM) or DMTU
(2.5 mM). Electron spin resonance (ESR) spectra were
then recorded 10 min after the addition of the test
agents. The spectrometer senings were :L~ follows:
receiver gain at 2.5 X 10', lime constants at 0.04 s,
modulation amplitude at 1.0 G, scan time at 42 s, and
magnetic field at 3,475 :!: IOU G. B: analysis of ESR
measurements. C: subchronic iron-exposed H460 cells,
using FeSO. (75 fJ-M) for 7 days in the presence or
absence of OH scavenger DMTU (1-2.5 mM), were
cultured under non attached and serum-starved condi
tions in methylcellulose-based medium, and tumor
spheroids were visualized under a phase contrast mi
croscope after 10 days of culture. Scale bars, 30U j.Lm
(lap) and ISO fJ-m (bottom) . D: quantitative analysis of
tumor spheroids. E: Western blot analysis of SOX9
expression in subchronic iron-exposed H460 cells, us
ing FeSO. (0-150 f.l.M) for 7 days, in the presence or
absence of OH scavenger DMTU (0.5-2.5 mM), Data
are means:!: SD (n = 4). *p < 0.05 VS. nontreared
control. #P < 0.05 vs. FeSO.-exposed cells,
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subchronically treated with FeS04 for 7 days in the presence or
absence of various concentrations of DMTU (0-2.5 mM) and
the formation of tumor spheroids was determined. Figure 8, C
and D, shows that tumor sphere induction by iron was inhibited
by the addition of DMTU in a dose-dependent manner, indi
cating the role of OH' in acquisition of CSCs after iron
treatment. Western blot analysis of SOX9 further demonstrated
that its level was suppressed under FeS04 and DMTU cotreat
ment, thus strengthening the conclusion that the effect of iron
was mediated by OR" formation.
To further confirm the role of SOX9 in lung CSC induction
by iron, SOX9 expression was inhibited by RNA interference
using shRNA against SOX9 (shSOX9) . NSCLC H460 cells
were treated with shSOX9 viral particles or control shRNA
particles (shCon), and iron exposure experiments were per
formed . Figure 9, Band C, shows that FeS04 inductive effect
on lung CSCs was substantially lower in shSOX9 knockdown
cells, in close association with SOX9 expression levels (Fig.
9A), indicating the critical role of SOX9 in iron effect. Alto
gether, our results demonstrated that the effect of iron was
mediated by OR" formation through a mechanism that involved
SOX9 regulation.

DISCUSSION

Tumor heterogeneity comprises many different popUlations,
including the majority normal tumor cells, CSCs (also known
as tumor-initiating cells) and neighboring cells, such as im
mune cells, cancer-associated fibroblasts and endothelial cells,
that provide the tumor microenvironment (2, 44). Growing
evidence supports that a CSC subpopulation is the root of
tumor growth and progression and that persistent CSCs sur
viving conventional chemo- and/or radiotherapy are behind
disease relapse and recurrence. Several studies have shown that
conventional therapy not only spares CSCs, but also enriches
them, and that this was linked to subsequent poor survival of
patients (1, 7, 30). It is mandatory to determine the regulatory
mechanisms of CSCs to understand their aggressive behaviors
and identify the potential novel targets of cancer therapy .
Increased oxidative stress and ROS production in the tumor
microenvironment were implicated in carcinogenesis and me
tastasis of several cancers, including lung (11, 21, 23). Differ
ential effects of specific ROS, namely, superoxide C02 - ),
H2 0 2 , and OR", on cell migration and invasion, which are
initial steps of cancer metastasis, were reported by our group,
i.e., '02 - and H 2 0 2 suppressed migration and invasion, while
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Fig. 9. Effects of SOX9 knockdown on iron-induced SOX9 expression and
lung tumor sphere formation . SOX9 knockdown experiments were performed
in NSCLC H460 cells using shRNA (shSOX9) viral particles or control short
hairpin RNA (shCON) particles. A: subchronic iron-exposed shSOX9 and
shCON cells. using FeS04 (0-150 fJ-M) for 3-7 days. were evaluated for
SOX9 expression using Western blotting. Blots were rcprobed with ~-actin to
continn equal loading of samples. B: subchronic iron-exposed shSOX9 and
shCON cells. using FeS04 (0-150 fJ-M) for 7 day s, were cultured under
nonattached and serum-starved conditions in methylce llulose-based medium.
and tumor spheroids were visualized under a phase contrast microscope after
2 wk uf culture. Scale bars , 300 fJ-m (top) and 150 \-Lm (lJollom). C: quantitative
analysis of tumor spheroids in number. Data arc means ± SD (n = 4). *p <
0.05 vs. non treated contrul. #P < 0.05 vs. FeS04-exposcd sheON cells.

OR promoted it, suggesting a linkage of OR formation and
increased risk of tumor aggressiveness (33) . In normal stem
cells, redox status appeared to dictate their self-renewal and
differentiation (26) , However, effects of specific ROS on
normal stem cells and CSCs remain elusive. In this study, we
revealed for the first time that the change in redox status of
NSCLC by iron donor FeS04 towards OR generation aug
mented their aggressive behaviors, in part, through the enrich
ment of CSC phenotype. Subchronic iron-exposed H460 and

C737

H292 cells acquired a greater proportion of CSC subpopulation
compared with nontreated cells, as demonstrated by the larger
size and number of tumor spheroids under CSC-selective
conditions and the upregulation of CSC marker ABCG2 (Figs.
3-5), in parallel with increased cell proliferation and motility
(Figs. J and 2), the effects of which were inhibited by iron
chelator DFX (Fig. 4) and OR scavenger DMTU (Fig. 8),
indicating the regulatory role of OR. Our findings are sup
ported by several studies that demonstrated iron deprivation by
various methods, e.g., using iron chelators or targeting trans
ferrin receptor with antibodies, as a potential strategy for
cancer therapy (9, 22, 50). For instance, a decrease in tumor
engraftment with iron chelator deferasirox treatment was ob
served in a mouse model of acute myeloid leukemia, suggest
ing a possible linkage of iron to leukemia CSCs although with
no known mechanisms (29). Additionally, the following clin
ical observations suggest a possible involvement of iron in
pathogenesis of several chronic lung diseases : 1) increased risk
of pulmonary fibrosis in patients with iron overload syn
dromes, e,g., idiopathic pulmonary hemosiderosis (IPH) (13);
2) iron accumulation in lung allografts after transplantation,
which places them at increased risk of subsequent fibrosis and
organ failure (6); and 3) disruption of iron homeostasis in lung
tissues of cystic fibrosis patients, as indicated by increased
expression of fenitin. iron importer divalent metal transporter
(DMTl), and iron exporter ferroportin I (FPN 1) (18). Remark
ably. epidemiological studies suggest that the presence of iron
in asbestos fibers, which likely leads to a local iron overload,
is important for asbestos-induced mesothelioma and lung car
cinoma (24, 40). SOX9 was originally known for its functions
in embryonic development, specifically chondrogenesis, bone
formation, and testis and lung development (4, 28). It has
garnered increasing attention both in functions and as a prog
nostic factor in cancers. SOX9 has been reported to act as an
oncogene in several cancers, including breast, colorectal, pan
creatic, prostate, and glioma (32, 38). On the other hand. it
has been shown to act as a tumor suppressor in bladder
cancer and melanoma (3, 42). Recently, we and others have
demonstrated the importance of SOX9 in lung cancer, that is
SOX9 promoted lung cancer cell invasion and inhibition of
SOX9 abolished lung CSCs in vitro (l0, 36) and tumor cell
growth and experimental metastasis in vivo (25, 36) . Over
expression of SOX9 was found in the majority of lung
adenocarcinoma of patient samples, particularly in their
advanced stage (25, 36). Here, we showed that SOX9
upregulation was responsible for lung CSC promotion by
subchronic iron exposure in NSCLC cells, which was me
diated by OH' generation (Fig. 8), Our finding is in agree
ment with the previous study that reported an upregulation
of SOX9 in human retinal pigment epithelial cells in re
sponse to l-wk iron overload dominated by ferric ammo
nium citrate (250 f-LM) (54).
A recent study by Capaccione et at (10) indicated that
SOX9 was a Notch-l target gene in human lung cancer and that
overexpression of SOX9 could reverse mesenchymal pheno
type induced by Notch-l back to epithelial phenotype, a similar
process to EMT. Although we found herein that subchronic
iron exposure mediated SOX9 upregulation (Figs. 7-9), we
observed minimal effect of iron on EMT as demonstrated by an
insignificant change of cellular phenotypes and epithelial and
mesenchymal markers (Fig. 6). These inconsistent findings
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might be due to the particular mechanisms of iron and cellular
oxidative stress on SOX9 that bypassed EMT, which require
further investigation.
In conclusion, our study provides compelling evidence that
iron and OR regulation of lung CSCs and tumor aggressive
ness is mediated, at least in part, through SOX9 upregulation ,
which could be important in understanding tumor progression
and metastasis. These new findings suggest a linkage between
aberrant iron homeostasis, elevated OH' formation, and in
creased risk of tumor formation and metastasis and further
strengthen the potential application of iron deprivation in
cancer therapy and the clinical significance of SOX9 as a key
determinant and prognosis factor of advanced lung carcinoma.
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Abstract
Background: Epithelial to mesenchymal transition (EMT) has been shown to be a crucial enhancing mechanism in
the process of cancer metastasis, as it increases cancer cell capabilities to migrate, invade and survive in circulating
systems. This study aimed to investigate the effect of essential element zinc on EMT characteristics in lung cancer
cells.
Methods: The effect of zinc on EMT was evaluated by determining the EMT behaviors using migration, invasion and
colony formation assay. EMT markers were examined by western blot analysis. Reactive oxygen species (ROS) were
detected by specific fluorescence dyes and flow cytometry. All results were analyzed by ANOVA, followed by indi
vidual comparisons with post hoc test.

Results: The present study has revealed for the first time that the zinc could induce EMT and related metastatic
behaviors in lung cancer cells. Results showed that treatment of the cells with zinc resulted in the significant increase
of EMT markers N-cadherin, vimentin, snail and slug and decrease of E-cadherin proteins. Zinc-treated cells exhibited
the mesenchymal-like morphology and increased cancer cell motility with significant increase of activated FAK, Racl,
and RhoA. Also, tumorigenic abilities of lung cancer cells could be enhanced by zinc. Importantly, the underlying
mechanism was found to be caused by the ability of zinc to generate intracellular superoxide anion. Zinc was shown
to induce cellular superoxide anion generation and the up-regulation of EMT markers and the induced cell migra
tion and invasion in zinc-treated cells could be attenuated by the treatment of MnTBAp, a specific superoxide anion
inhibitor.

Conclusion: Knowledge gains from this study may highlight the roles of this important element in the regulation of
EMT and cancer metastasis and fulfill the understanding in the area of cancer cell biology.

Keywords: Zinc, Epithelial-to-mesenchymal transition, Superoxide anion, Lung cancer, Metastasis, Reactive oxygen
species

Background
Metastatic potential of lung cancer cells has been
accepted to be an important cause of high rate of death
worldwide [1]. Knowledge indicates that the process
of cancer cell transition from epithelial to mesenchy
mal phenotypes or epithelial to mesenchymal transition
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(EMT) plays a dominate role in facilitating metastasis
and progression in many types of cancer [2-4]. EMT
phenotypic cancer cells elicit highly metastatic potentials,
such as aggressive migratory, invasive and increased tum
origenicity [2-5]. During EMT, epithelial cells undergo
remarkable morphological conversion from stone-like
epithelial morphology to elongated-like mesenchymal
morphology and the crucial hallmarks of EMT are the
loss of E-cadherin, a cellular junction protein typically
expressed in epithelial cells, and the increase of mesen
chymal markers (e.g. N-cadherin, vimentin, snail and
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slug) [2-5J. Zinc is a trace element implicated in many
important cellular processes including structural, func
tional and signaling of the cells [6. 7J. Zinc is detected in
plasma at the concentrations ranging from 10 to 18 flM
[6. 7J and the concentration of zinc in plasma or tissues
is found to be elevated in pathological condition of can
cer [8-11J. Importantly, evidence indicates that several
zinc influx transporters such as Zrt/lrt-like protein (ZIP)
6 [12). ZIP7 [13] and ZIPlO [14] were shown to be up
regulated in cancer cells and their high levels correlate
with aggressive behaviors and poor prognosis. Such data
has suggested the roles of zinc in regulation of cancer cell
biology. However, effects of zinc on the EMT process of
cancer cells are largely unknown.
Recently. the involvement of ROS in EMT process
has been continuously revealed [15-17J. Together with
the fact that zinc has been shown to regulate cellular
redox status of the cells [18-20). it is possible that zinc
may affect the cancer cell behaviors via ROS-dependent
mechanism. Indeed. the exogenous zinc has a capabil
ity to induce ROS production via NADPH oxidase and
mitochondria-dependent mechanism [18-20J. Zinc
exposure was found to induce translocation of NADPH
oxidase subunits to plasma membrane, which is the sig
nature event for NADPH oxidase activation and such an
event was inhibited by the addition of NADPH oxidase
inhibitor [7. 19. 20]. Together, we hypothesize that zinc
may affect the process of EMT in lung cancer cells. Also,
we attempt to clarify the mechanisms involved in zinc
induced EMT. The findings from this study could help
fulfill the understanding in tumor cell biology and could
provide important information useful for zinc manage
ment in cancer patients.
Methods
Cells and reagents
Human lung cancer epithelial H460 cell was obtained
from the American Type Culture Collection (ATCC.
Manassas, VA). H460 cell was cultured in RPMI
1640 medium in a 5 % CO 2 environment at 37°C. The
media was supplemented with 2 mM L-glutamine,
10 % fetal bovine serum and 100 units/ml of penicil
lin/streptomycin (Gibco, Gaithersburg. MA, USA) .
Zinc sulfate, dimethyl sulfoxide (DMSO), 2.7-dichloro
fluorescein diacetate (DCFH 2 - DA), dihydroethidium
(DHE), hydroxyphenyl fluorescein (HPF), DMNQ
(2,3-dimethoxy-l,4- naphthoquinone) ,3- (4,5- Dimethylth
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and
Hoechst 33342 were obtained from Sigma Chemical, Inc.
(St. Louis, MO. USA). Mn (III) tetrakis (4-benzoic acid)
porphyrin chloride (MnTBAP) was obtained from Cal
biochem (San Diego, CA, USA). Antibodies for N-cad
herin, E-cadherin, vimentin, snail. slug. phosphorylated
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FAK (Y397). FAK, and ~-actin and peroxidase-labeled
secondary antibodies were obtained from Cell Signaling
Technology, Inc. (Denver. MA). Mouse monoclonal anti
bodies for active Rho-GTP and Racl-GTP were obtained
from NewEast Biosciences (Malvern, PA, USA). Immo
bilon Western chemiluminescent HRP substrate was
obtained from Millipore, Corp (Billerica, MA, USA) and
Thermo Fisher Scientific Inc. (Rockfort, IL, USA).
Cytotoxicity assay
Cell viability was determined by MTT colorimetric assay.
Briefly, cells in 96-well plate were incubated with 500 flg/
ml of MTT for 4 h at 37°C. The supernatant was then
removed and dimethylsulfoxide (DMSO) was added to
dissolve the formazan product. The intensity was spec
trophotometrically measured at 570 nm using an ELISA
reader (Anthros. Durham. NC. USA). All analyses were
performed in at least three independent replicate cul
tures. The optical density ratio of treated to non-treated
control cells was calculated and presented in terms of
relative cell viability.
Apoptosis assay
Apoptotic cell death was detected by Hoechst 33342
staining. After specific treatments, cells were stained
with 10 flM of the Hoechst 33342 for 30 min at 37°C. The
apoptotic cells having condensed chromatin and/or frag
mented nuclei stained by Hoechst 33342 were visualized
and scored under a fluorescence microscope (Olympus
IX51 with DP70).
Cell morphology characterization
Cell morphology was investigated by seeding the cells
at a density of 5 x 104 cells/well onto a 12-well plate for
48 h. The cells were treated with various concentrations
of zinc sulfate for 24 h. The cells were then washed with
PBS, fixed with 4 % paraformaldehyde in PBS for 10 min
at 37°C, rinsed three times with PBS, and mounted with
50 % glycerol. Cell morphology was then assessed by a
phase contrast microscope (Eclipse Ti- U. Nikon, Tokyo,
Japan).
Immunofluorescence
Cells were seeded at a density of 1 x 105 cells/well onto
covers lips in six-well plate and incubated overnight. After
the treatment, the cells on coverslips were fixed with 4 %
paraformaldehyde for 30 min and permeabilized with
0.1 % Triton-X for 20 min. Thereafter, the cells were incu
bated with 3 % bovine serum albumin (BSA) for 30 min to
prevent nonspecific binding. The cells were washed and
incubated with rabbit anti-Vimentin antibody for 1 h at
room temperature. Primary antibody was removed and
the cells were washed and subsequently incubated with
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Alexa Fluor 488 (Invitrogen) conjugated goat anti-rabbit
IgG (H + L) secondary antibody for 1 h at room tempera
ture. Samples were washed with PBS then visualized and
imaged by fluorescence microscope (Olympus IX 51 with
DP70, Olympus America Inc., Center valley, PA).
Western blot analysis
After specific treatments, cells were incubated in lysis
buffer containing 20 mM Tris-HCl (pH 7.5), 1 % Triton
X-IOO, 150 mM sodium chloride, 10 % glycerol, 1 mM
sodium orthovanadate, 50 mM sodium fluoride, 100 mM
phenylmethylsulfonyl fluoride, and a protease inhibitor
cocktail (Roche Molecular Biochemicals) for 90 min on
ice. The ceillysates were collected, and the protein con
tent was determined using the BCA protein assay kit
(Thermo scientific, IL, USA). Equal amounts of proteins
from each sample (60 Ilg) were denatured by heating at
95 ·C for 5 min with Laemmli loading buffer and subse
quently loaded onto a 10 % SDS-PAGE. After separation,
proteins were transferred onto 0.45 11M nitrocellulose
membranes (Bio-Rad, Hercules, CA). The transferred
membranes were blocked for 1 h in 5 % nonfat dry milk
in TBST (25 mM Tris-HCl pH 7.5, 125 mM NaCl, and
0.05 % Tween 20) and incubated with the appropriate pri
mary antibodies at 4 ·C overnight. Then, the membranes
were washed twice with TBST for 10 min and incubated
with horseradish peroxidase-labeled isotype-specific
secondary antibodies for 2 h at room temperature. The
immune complexes were detected by enhancement with
chemiluminescence substrate (Supersignal West Pico;
Pierce, Rockfore, IL) and quantified the level of proteins
using imageJ software.
Migration assay
Migration was determined by wound healing and tran
swell assays. For the wound healing assay, a monolayer of
cells was cultured in a 96-well plate, and a wound space
was made with a 1-mm-wide tip. After rinsing with PBS,
the cell monolayers were incubated with the indicated
treatments and allowed to migrate for 24 h. Micrographs
were taken under a phase contrast microscope (Olympus
DP70, Melville, NY), and the wound spaces were meas
ured using Olympus DP controller software. Quantitative
analysis of cell migration was performed using an average
wound space from those random fields of view, and the
percentage of change in the wound space was calculated
(average space
using the following formula: % change
at time 0 h) - (average space at time 24 h)/(average space
at time 0 h) x 100. Relative cell migration was calculated
by dividing the percentage change in the wound space of
treated cells by that of the control cells in each experi
ment. For the transwell assay, the cells were seeded at a
densitY of 5 x 104 cells/well onto the upper chamber of

=

a transwell (811m pore size) in a 24-well plate in serum
free medium and incubated with various concentrations
of zinc. RPMI medium containing 10 % FBS was added
to the lower chamber. Following the incubation, the non
migrated cells in the upper chamber were removed by
cotton-swab wiping, and the cells that migrated to the
underside of the membrane were stained with 10 Ilg/ml
of Hoechst 33342 for 10 min and visualized and scored
under a fluorescence microscope (Olympus IX51 with
DP70).
Invasion assay
An invasion assay was performed using a 24-well tran
swell unit with polycarbonate (PVDF) filters (811m pore
size). The membrane was coated with 0.5 % matrigel on
the upper surface of the chamber overnight at 37 ·C in
a humidified incubator. The cells were plated at a den
sity of 2 x 104 cells per well into the upper chamber of
the transwell unit in serum-free medium. Medium con
taining 10 % FBS was added to the lower chamber of the
unit. After incubation with specific test agents for 24 h at
37 ·C, the medium in the upper chamber was aspirated,
and the cells on the upper side of the membrane were
removed with a cotton swab. The cells that invaded to the
underside of the membrane were stained with 10 Ilg/ml
of Hoechst 33342 for 10 min, visualized and scored under
a fluorescence microscope (Olympus IX51 with DP70).
In vitro 3D tumorigenesis assay
In vitro 3D tumorigenesis was performed in a matrigel
coated 96-well plate. A plate was coated with 0.5 % aga
rose and left for solidification. The cells were suspended
in culture medium containing 4 % matrigel and various
concentrations of zinc, and plated at a density of 3 x 102
cells/well onto a agarose-coated plate. Medium contain
ing various concentrations of zinc were replaced every
3 days . After 10 days, the cells were visualized and scored
by image analyzer under microscope (Olympus IX51
with DP70). Whole area of each well was captured in one
picture and the colonies with more than 25 11m of diam
eter were quantified.
ROS detection
Intracellular ROS were determined by fluorescence
microplate reader and by flow cytometry using the ROS
specific probe, superoxide anions, hydrogen peroxide
and hydroxyl radicals were determined by DHE, DCFH 2
DA and HPF, respectively. For fluorescence microplate
reader, cells were seeded overnight in 96-well plate.
Before zinc treatment cells were incubated with 10 11M
of dihydroethidium (DHE), dichlorofluorescein diac
etate (DCFH 2 -DA) or hydroxyphenyl fluorescein (HPF)
for 30 min at 4 ·C, after which they were washed and
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treated with various concentrations of zinc (0-50 11M)
for 1 and 3 h. After incubation, the fluorescence intensity
was immediately analyzed by fluorescence microplate
reader (SpectraMax M5, Molecular Devices Corp., Sun
nyvale, CA, USA) using a 488-nm excitation beam and a
6IO-nm band-pass filter for DHE, using a 480-nm exci
tation beam and a 530-nm band-pass filter for detecting
DCF fluorescence or using a 490-nm excitation beam
and a 5I5-nm band-pass filter for HPF. For flow cytom
etry, cells were seeded overnight in six-well plate. Before
zinc treatment cells were incubated with 10 11M of DHE,
DCFH 2 -DA or HPF for 30 min at 4 dc, after which they
were washed and treated with 50 11M of zinc for 1 and
3 h. After incubation, cells were washed, re-suspended in
phosphate-buffered saline (PBS), and immediately ana
lyzed for fluorescence intensity by FACScan flow cytom
eter (Beckton Dickinson, Rutheford, NJ) using a 488-nm
excitation beam and a 6IO-nm band-pass filter for DHE,
using a 480-nm excitation beam and a 530-nm band-pass
filter for detecting DCF fluorescence or using a 490-nm
excitation beam and a 515-nm band-pass filter for HPF.
Mean fluorescence intensity was quantified by Cell Quest
software (Becton-Dickinson) analysis of the recorded
histograms. Relative fluorescence was calculated as a
ratio of the treated to the non-treated control fluores
cence intensity.
Statistical analysis
All treatment data were normalized to non-treated con
trols. Data are expressed as the mean ± SD from three
or more independent experiments. Multiple compari
sons were examined for significant differences of multiple
groups, using analysis of variance (ANaYA), followed by
individual comparisons with post hoc test. Statistical sig
nificance was set at p < 0.05.
Results
Effects of zinc on viability of human lung cancer H460 cells
In order to investigate the effect of zinc on EMT pheno
types in human lung cancer cells, we first evaluated the
non-cytotoxic concentrations of zinc. Cells were cultured
in the presence or absence of zinc (0-100 11M) for 24 h,
and cell viability was determined by MTT assay at 24 h.
The results indicated that treatment of the cells with zinc
at the concentrations ranging from 5 to 50 11M caused no
significant cytotoxicity (Fig. la). The significant decrease
in cell viability was first detected in response to 100 11M
of zinc treatment with approximately 86 % of the cells
remaining viable.
Proliferative effect of zinc at above concentrations
was further evaluated by treating the cells with zinc for
0-72 h. Figure Ib indicates that zinc at the concentrations
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of 0-50 11M had no inductive effect on cell proliferation.
To confirm the effect of zinc on cell toxicity, cells were
similarly treated with zinc for 24 h, and apoptosis was
evaluated by Hoechst 33342 staining assay. Figure lc, d
show that apoptotic cells containing condensed and/
or fragmented nuclei were not detectable in response to
zinc treatment at the concentrations of 5-50 11M.
Zinc induces epithelial to mesenchymal transition
in human lung cancer H460 cells
The effect of zinc on EMT in H460 cells was next inves
tigated. The alteration of cell morphology as well as hall
marks of EMT were used to monitor the effect of zinc on
EMT process in lung cancer cells. Cells were treated with
zinc at non-toxic concentrations for 24 h. The morphol
ogy of the cells was captured and presented in Fig. 2a The
results showed that the zinc-treated cells exhibited mor
phology of mesenchymal-like cells with the elongated
shape and loss of cell polarity. These results also sug
gested that the mesenchymal-like morphology is some
how dose-dependent as the more elongated cells could
be found in the cells treated with high concentrations of
zinc. In addition, the expression of mesenchymal marker
vimentin was significantly increased in response to zinc
treatment (Fig. 2b).
The switch of E-cadherin to N-cadherin and increase
of EMT proteins including vimentin, slug, and snail have
been shown to be important hallmarks of EMT in can
cer cells [2-5]. We next determined such cellular EMT
markers in the lung cancer cells treated with zinc by
western blot analysis. Obviously, treatment of the cells
with zinc could reduce E-cadherin in a dose-depend
ent manner. Together with the fact that the significant
increase of N-cadherin was found when treating the cells
with 5-50 11M of zinc, these data strongly indicated that
zinc could be able to mediate E-cadherin to N-cadherin
switching in these cells. In addition, the upstream tran
scription factors of EMT namely snail and slug were
determined in the zinc-treated cells. These factors were
shown to bind to E-box elements in the promoter region
of E-cadherin, resulting in the transcriptional repres
sion of E-cadherin and induction of mesenchymal mark
ers [2-4]. Figure 2c, d indicate that zinc significantly
increased the levels of slug and snail. Also, the EMT pro
tein vimentin was found to be induced by zinc. Taken
together, our results suggested that zinc could induce
EMT in lung cancer cells.
Zinc facilitates H460 cell migration and invasion
One important phenotype of EMT cells is the increase in
cell motility. Studies have demonstrated that EMT could
enhance aggressiveness of tumor cells by increasing
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their ability to migrate and invade [2-4]. To evaluate
the effect of zinc on cancer cell motility, cells were left
untreated or pretreated with zinc at non-toxic concen
trations for 24 h and subjected to migration and inva
sion assays as described in "Methods" section. Wound
healing migratory assay showed that zinc significantly
facilitated migratory activity of the cells with the relative
cell migration increased approximately 1.3- to loS-fold in
comparison to that of non-treated control cells (Fig. 3a,
b). Also, the transwell migration assay was performed to
confirm the migratory effect of zinc. Figure 3c shows that
zinc treatment significantly increased the number of cells
passed through the membrane of well, suggesting that
such element induced cell migration.
Next, we performed experiments to test the abil
ity of the cancer cells in invading through matrigel. The

transwell was pre-coated with matrigel and the zinc
treated cells were seeded on top. The cells were allowed
to invade for 24 h and the invaded cells at the lower part
of the membrane were determined. Figure 3d shows that
zinc significantly promoted the invasion of H460 cells in
a dose-dependent manner.
Enhanced tumor cell migration and invasiveness are
shown to be down-stream behaviors of FAK signal [21
24]. We next determined the effect of zinc treatment on
motility regulatory proteins including FAK, activated
(phosphorylated at Try397) FAK, active forms of RACl,
and RhoA by western blot analysis. The results showed
that treatment of the cells with 0-50 11M of zinc for 24 h
dramatically increased the activation of FAK {Fig. 3e, 0.
Also, its down-stream functioning proteins active Racl
and RhoA were found to increase, accordingly. These
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results suggested that zinc treatment increase EMT-asso
ciated cell behaviors trough FAK-dependent pathway.
Zinc enhances tumorigenicity in human lung cancer H460
cells

Having shown that zinc could enhance cell migration
and invasion, we next tested whether zinc may augment

the ability of cancer cell to initiate a new tumor. It is well
known that the EMT process facilitate tumor formation
at the metastatic site [25-27] and this potential is respon
sible for cancer progression [25-27]. Previous studies
have shown that in vitro 3D tumorigenesis assay reflexes
ability of the cancer cells in in vivo cancer condition [28].
Cells were left un-treated or pre-treated with various
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Fig.3 Effect of zinc on lung cancer cell migration and invasion. Cells were pre-treated with zinc (0-50 \.AM) for 24 h. The treated cells were sub
jected to migration and invasion assays. a For wound healing assay, the confluent monolayers of the cells were wounded by using a 1 mm-wide
tip and cultured with the medium containing indicated treatments. After 24 h of incubation, wound spaces were analyzed and represented as a
relative migration level. b The relative migration level was determined by comparing the relative change of zinc-treated cells to untreated control
cells. Values are means of independent triplicate experiments ± SO. 'p < 0.05 versus untreated control. c For transwell migration assay, migratory
cells were stained with Hoechst 33342 for 30 min, determined under a fluorescence microscope and represented as average number of migra
tory cells in each field relatively to control cells. d Cell invasion was evaluated using a transwell coated with matrigel as described under"Methods"
section. After 24 h, the cells that invaded across the membrane were stained with Hoechst 33342 for 30 min and visualized under a fluorescence
microscope. Value was represented as average number of invaded cells in each field relatively to control. Values are means of independent triplicate
experiments ± SO. 'p < 0.05 versus untreated control. e The expression levels of motility-regulatory proteins were determined by western blotting.
The blots were re-probed with i)-actin to confirm equal loading of the samples. f The blots were quantified by densitometry and mean data from
three independent experiments were normalized to the results. The bars are the mean ± SO of independent triplicate experiments. *p < 0.05 versus
untreated control

concentrations of zinc (0-50 ~M) for 24 h and subjected
to tumorigenesis assay as described in "Methods" sec
tion. After 10 days of 3D culturing, the colony number
and diameter were determined, Figure 4 shows that zinc
treatment enhances tumorigenic ability of the lung can
cer cells as indicated by the significant increase in the
number and size of colonies in zinc-treated groups. The
number of colonies increased approximately 1.38- and
1.76-fold in response to zinc at 25 and 50 ~M, respec
tively (Fig. 4b).
Zinc induces intracellular superoxide anion generation
in H460cells

Studies have demonstrated the roles of ROS on cancer
EMT phenotypes [15-17J . Because zinc has been previ
ously shown to affect the redox balance of the cells and
exhibit the prO-OXidant activity in normal and cancer

a

Zinc 0 IJM

10 IJM

cells [7, 18-20], we next evaluated whether the effect of
zinc in regulation of EMT in these lung cancer cells is
through ROS-dependent mechanism. To examine the
specific ROS levels induced by zinc, cells were incu
bated with various ROS specific probes as mentioned
in "Methods" section for 30 min before treatment with
0-50 ~M zinc and intracellular ROS levels were deter
mined by flow cytometry and fluorescence microplate
reader. Figure Sa, d show that zinc significantly increased
cellular superoxide anion, while it had minimal effect
on hydrogen peroxide (Fig. 5b, e) and hydroxyl radical
{Fig. 5c, 0. Consistent with microplate reader determina
tion, flow cytometric analysis revealed that intracellular
superoxide anion Significantly increased up to twofold
in response to zinc treatment (Fig. 5g) and zinc had no
detectable effect on hydrogen peroxide and hydroxyl
radical (Fig. 5h, i). We further confirmed the superoxide
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anion-inducing effect of zinc using specific superoxide
anion inhibitor MnTBAP. Results indicated that treat
ment with the zinc caused the superoxide anion up-reg
ulation in the cells and such event could be abolished by
the addition of MnTBAP, confirming that the major ROS
induced by zinc treatment in our system was superoxide
anion (Fig. 5j, k).
Zinc mediates EMT phenotypes in lung cancer cells
through superoxide anion-dependent mechanism

In order to investigate the role of superoxide anion on
EMT induction, cell morphology, EMT markers, migra
tory behaviors, and colony formation were evaluated
in the cells treated with zinc and specific inhibitor of
superoxide anion. Cells were cultured in the presence
or absence of MnTBAP for 1 h prior to zinc treatment
and EMT phenotypes were determined. Also, to clarify
role of superoxide anion, the superoxide anion inducer
DMNQ was used. The results show that treatment of the
cells with DMNQ or zinc alone was able to switch the
morphology of lung cancer cells from epithelial to fibro
blast-liked mesenchymal feature (Fig. 6a). Addition of
MnTBAP to the zinc-treated cells could be able to atten
uate such morphologic transformation.
Immunocytochemistry showed the increased vimen
tin found in DMNQ- and zinc- treated cells. And the
increased vimentin signal induced by zinc was sup
pressed by the addition of MnTBAP (Fig. 6b). Consist
ently, the results of western blot analysis revealed that
EMT markers including N-cadherin, vimentin, snail. and
slug were found to be significantly increased in response
to DMNQ and zinc treatment and such phenomenon
could be reversed by the addition of MnTBAP (Fig. 6c, d) .
As DMNQ was used as a superoxide anion donor, the
intracellular superoxide anion generated by DMNQ was
determined. Cells were incubated with DHE as men
tioned in "Methods" section for 30 min and treated with
5 11M of DMNQ. DHE intensity was determined by flow
cytometry. The result indicated the 1.5-fold superoxide
induction in DMNQ-treated cells as shown in Fig. 6e.
The migration and invasion of the cells were further
evaluated. The results were consistent with the expres
sion levels of EMT proteins that DMNQ and zinc could
be able to induce cell migration and invasion and such
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inductions could be abolished by superoxide anion inhib
itor (Fig. 7a-d). Also, the colony size and number which
were increased in response to zinc treatment were found
to be significantly attenuated by the treatment of MnT
BAP (Fig. 7e, f). Taken together, these results pointed out
that zinc induces EMT process, migratory behaviors, and
tumorigenic potential in the lung cancer cells via super
oxide anion-dependent mechanism.
Discussion
Accumulating data have guided for a long time that zinc,
an essential element composition of numerous proteins
[6-8, 29]. may play important parts on the basis of can
cer cell biology. The plasma zinc level was found to be
significantly elevated in certain cancer tissues [8-11).
Zinc-containing compounds seem to be associated with
carcinogenesis in lung cancer other cancers [30, 31). In
detail, zinc chromate was found to increase cytotoxicity,
chromosome damage and DNA double strand breaks in
human lung epithelial cells, suggesting the roles of zinc
containing compounds in cell toxicity and carcinogenesis
[30). Besides, the increase of zinc influx transporters such
as ZIP6 [12). ZIP7 [13) and ZIPlO [14] has been linked
to the aggressive behaviors and poor prognosis of breast
cancer [12-14, 32).
Until recently, the knowledge of zinc on the molecular
mechanisms of cancer metastasis is still not fully under
stood especially those regulating EMT. EMT is consid
ered a critical augmenting process of cancer metastasis
as it facilitates cancer dissemination in many ways [2-4).
In the process of EMT, cellular phenotypes are altered
together with the distinguished expressions of protein
markers being changed from epithelial toward mesen
chymal types [2-5]. The process facilitates the loss of cell
adhesion, increases motility, and survival in detached
condition [2-5]. During EMT, an elongated fibroblast
like morphology of the cells is frequently observed.
However, indicators like the switching between E-cad
herin and N-cadherin, as well as EMT transcription fac
tors snail and slug are more acceptable as hallmarks of
EMT [2-5). In particular, lung cancer H460 cells were
shown to undergo EMT in response to various stimuli
[33, 34). EMT features of H460 cells were characterized
by (i) the change of cell morphology from epithelial to

(See figure on next page.)
Fig.5 Zinc induces intracellular superoxide anion generation in H460 cells. a-i The cells were incubated with specific ROS probes. namely. DHE.
DCFH 2-DA. or HPF at 4 O( for 30 min prior to the treatment with zinc (0-50 IJM) for 0-3 h and the fluorescence intensity was analyzed by a micro
plate reader and flow cytometry. Mean intensity was normalized to untreated control cells and represented as relative ROS levels. Values are means
of independent triplicate experiments ± SD. 'p < 0.05 versus untreated control. j-k The cells were incubated with DHE at 4 O( for 30 min prior to
pre-treatment with 50 IJM MnTBAP (superoxide anion inhibitor) for 1 h in the presence or absence of zinc (50 IJM) for 3 h and the fluorescence
intensity was analyzed by a microplate reader and flow cytometry. Mean intensity was normalized to untreated control cells and represented as
relative ROS levels. Values are means of independent triplicate experiments ± SD. 'p < 0.05 versus untreated control
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(See figure on previous page.)

Fig.6 Effect of superoxide anion on EMT. a H460 cells were incubated with 5 ~M DMNQ (superoxide anion inducer) or 50 ~M MnTBAP (superoxide
anion inhibitor), in the presence or absence of zinc (50 ~M) for 24 h prior to morphology examination using phase contrast microscope; scale bar
100 ~m. b Cells were treated with 5 ~M DMNQ or 50 ~M MnTBAP in the presence or absence of zinc (50 ~M) for 24 h. Expression of vimentin were
analyzed by immunofluorescence staining; scale bar 100 ~m. c Cells were treated with 5 ~M DMNQ or 50 ~M MnTBAp, in the presence or absence of
zinc (50 ~M) for 24 h. The cells were collected and analyzed for EMT markers by western blotting. The blots were re-probed with ~-actin to confirm
equal loading. d The immunoblot signals were quantified by densitometry and mean data from independent experiments were normalized to
the results. The bars are the mean ± SD of independent triplicate experiments. 'p < 0.05 versus untreated control cells. Ip < 0.05 versus 50 ~M
zinc-treated cells. e Cells were incubated with DHE at 4 'C for 30 min prior to the treatment of DMNQ (5 ~M) or zinc (50 ~M), and the fluorescence
intensity was analyzed by flow cyrom etry at 3 h. Mean intensity was normalized to untreated cont rol cells and represented as relative superoxide
anion levels. Values are means of independent triplicate experiments ± SD. 'p < 0.05 versus untreated contro l

fibroblast-liked mesenchymal shape, (ii) the increased
EMT markers N-cadherin, vimentin, snail, and slug,
together with the reduction of epithelial marker E-cad
herin, and (iii) EMT behaviors, including increased
migration, invasion and tumorigenic potential [33-38] .
In consistent with such studies, our results showed that
zinc-treated lung cancer cells displayed the elongated
mesenchymal-like shape with the Significant increase of
EMT markers namely N-cadherin, vimentin, snail and
slug (Fig, 2). Also, we found that the E-cadherin was dra
matically reduced in response to zinc treatment,
Previous studies indicated that EMT facilitates the cell
motility by decreasing cell-cell interaction via E-cad
herin, while increases in N-cadherin-mediated steady
state of active Racl [21, 22], Similar to N-cadherin,
Vimentin was shown to increase FAK and Racl activi
ties [23, 24] , We found that zinc could induce EMT,
resulting in the increase of cancer cell migration and
invasion. The proteins regulating cell motility like FAK,
Rho A and Racl were found to be activated in response
to such up-stream Signals (Fig. 3), Also, the EMT event
was shown to be a key factor that enhances ability of
cancer cells to metastasis by increasing the survival
after cell detachment and ability to form tumors [34,
39], It has been previously reported that the ability of
cancer cells in forming new tumor can be enhanced
by EMT as a result from snail augmentation [25-27],
We have supported this fact by the demonstration that
treatment of the cells with zinc induced EMT with sig
nificant increase of snail increased number and size of

tumor colonies in 3D culturing anchorage-independent
condition (Fig, 4),
In the previous work, we have reported that the widely
used chemical agent triclosan could be able to enhance
EMT and aggressive behaviors in anoikis-resistant lung
cancer cells [34]. However, role of endogenous element
zinc on such effects has not been clarified. This current
study has reported for the first time that zinc signifi
cantly induced EMT and tumorigenic potential in lung
cancer cells through the enhancement of cellular super
oxide anion level. Superoxide anion has been implicated
in various biological and pathological processes [40-42] .
Evidence has shown that the level of superoxide anion is
frequently upregulated in cancer cells and regulates can
cer cell proliferation, migration and metastasis [42-46] .
Interestingly, we have first revealed the role of such a
specific ROS in regulation of EMT in cancer cells, as the
EMT could be induced by addition of superoxide anion
generator (Figs, 6, 7). The EMT mediated by zinc treat
ment was abolished by the superoxide anion inhibitor.
These findings not only provide the evidence of endoge
nous element in regulation of cancer biology, but also add
the fact involving specific ROS roles on EMT process of
cancer cells. The involvement of ROS signaling on cancer
metastasis and EMT has garnered increasing attentions
[15-17, 47]. The EMT-related transcription factor snail
was shown to be sensitive to the balance of cellular ROS
status [47,48].
Interestingly, zinc was previously addressed to have
the potential to interfere with redox status of the cells by

(See figure on next page.)

Fig.7 Zinc promotes EMT-related cancer aggressive behaviors of H460 cells through superoxide anion-dependent mechanism. a For cell migra
tion, cells were incubated with 5 ~M DMNQ (superoxide anion inducer) or 50 ~M MnTBAP (superoxide anion inhibitor), in the presence or absence
of zinc (50 ~M) for 24 h before the assay. After 24 h o f incubation, wound spaces were ana lyzed and represen ted as a relative migration level. b
The relative cell migration was determined by comparing the relative cha nge of those in untreated cells. c-d For invasion, cells were incubated
with 5 ~M DMNQ or 50 ~M MnTBAP in the presence or absence of zinc (SO ~M) for 24 h and cells invasion was evaluated using a transwell coated
with matrigel as described under "Methods' section. Value was represented as averag e number of invaded cells in each field relatively to control.
e For tumorigenicity, cells were incubated with 5 ~M DMNQ or 50 ~M MnTBAP in the presence or absence of zinc (50 ~M) for 24 h prior to grow
in matrigel. After 10 days, colonies were visualized under microscope; scale bar 500 ~m. f Value was represented as average diameter and number
of colonies in each field relatively to control cells using image analyzer. Values of all experiments are means of independent triplicate experi 
ments ± SD. 'p < 0.05 versus untreated control. cp < 0.05 versus SO ~M zinc-treated cells
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jE-cadherin

jTumorigenicily
Metastatic tumor

Flg.8 Schematic mechanism of zinc-induced EMT in lung cancer cells. Zinc exposure was found to increase the intracellular superoxide anion
and induce EMT phenotypes in lung cancer cells by up-regulating of EMT markers (snail. slug. N-cadherin and vimentin) and down-regulating
of E-cadherin protein. Reorganization of adhesion and cytoskeleton proteins resulted in mesenchymal morphology and facilitated aggressive
behaviors, including migration, invasion and tumorigenicity in zinc-treated cells. Importantly, zinc-induced lung cancer EMTwas clearly inhibited by
superoxide anion inhibitor (MnTBAP), suggesting that the induction of the aggressive EMT phenotypes was dependent on zinc-induced superoxide
anion generation

inducing oxidative stress [18-20]. In neurons, intracel
lular zinc is shown to trigger the ROS production during
the process of neuron damage [49, 50]. Besides, the eleva
tion of intracellular zinc was shown to induce superoxide
anion production from the function of 12-lipoxygenase
(l2-LOX) enzyme [49, 50]. Interestingly, zinc was demon
strated to promote Hep-2 cancer cell apoptosis by stimu
lating oxidative stress [18]. Our results showed that zinc
could increase superoxide anion in the human lung can
cer cells (Fig. 5). The superoxide anion in such cases was
suggested to be generated through NADPH oxidase sys
tem [19, 20]. Although studies have indicated that hydro
gen peroxide can also mediate EMT in human malignant
mesothelioma and human ovarian cancer cells [51, 52],
treatment of the zinc in our system caused no effect on
the cellular level of hydrogen peroxide (Fig. 5). We further
investigated the role of superoxide anion on EMT using
the superoxide anion inducer DMNQ. DMNQ is known
to induce superoxide anion generation via NADPH oxi
dase activity [53, 54]. We found that treatment of the cells
with DMNQ significantly increased the protein hallmarks
of EMT as well as metastatic potentials (Figs. 6, 7). Such
roles of superoxide anion on EMT were linked with the
results of zinc, suggesting that zinc mediates the EMT

phenotypes via the production of cellular superoxide
anion. These results were confirmed by the ROS inhibitory
experiment. Addition of MnTBAP in the zinc-treated cells
was shown to abolish superoxide anion induction as well
as EMT phenotypes in response to zinc treatment (Figs. 6,
7), strongly indicating that the effect of zinc on EMT was
regulated via superoxide-dependent mechanism.
Conclusions

In summary, our finding provided the evidence that zinc
played a key role in the regulation of EMT and metastatic
behaviors. Such inductions of the aggressive EMT pheno
types were dependent on zinc-induced superoxide anion
generation as indicated in the summarized schematic fig
ure (Fig. 8). This information helps fulfill the knowledge
regarding the role of zinc in tumor cell biology.
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Improvement in the expansion method of adult stem cells may augment their use in regenerative therapy. Using human dermal
papilla cell line as well as primary dermal papilla cells as model systems, the present study demonstrated that ciprof1oxacin treatment
could prevent the loss of sternness during culture. Clonogenicity and stem cell markers of dermal papilla cells were shown to
graduaJly decrease in the culture in a time-dependent manner. Treatment of the cells with nontoxic concentrations of ciprofloxacin
could maintain both stem cell morphology and clonogenicity, as well as all stem cells markers. We found that ciprofloxacin exerted
its effect through ATP-dependent tyrOSine kinase/glycogen synthase kinase3,6 dependent mechanism which in turn upregulated
,6-catenin. Besides, ciprofloxacin was shown to induce epithelial-mesenchymal transition in OPCs as the transcription factors
ZEBI and Snail were significantly increased. Furthermore, the self-renewal proteins ofWntl,6-catenin pathway, namely, Nanog and
Oct-4 were significantly upregulated in the ciprofloxacin-treated cells. The effects of ciprofloxacin in preserving stem cell features
were confirmed in the primary dermal papilla cells directly obtained from human hair follicles. Together, these resuJts revealed a
novel application of ciprof1oxacin for stem cell maintenance and provided the underlying mechanisms that are responsible for the
sternness in dermal papilla cells.

1. Introduction
Based on the fact that dermal papilla cells (DPCs) interaction
with epithelial stem cells can induce generation of new hair
follicles [1-3], the cell therapy using DPCs has emerged as
a potentially new approach for hair transplantation [4, 5J.
DPCs have been intensively investigated to possess many
advantages for cell therapy approaches. However, many stud
ies also demonstrated the loss of their stem ness and inductive
activity during the in vitro passages [4,6-8] .
The hair follicle is composed of epithelial and mesenchy
mal compartments. DPCs, the major cell population existing
in the mesenchymal compartments, are located at the base

of the hair follicle and function as a Signaling center in
the hair follicle morphogenesis and growth cycle [9]. These
cells instruct the epithelial stem cells through speCific signals
to proliferate and differentiate into multiple layers of the
growing hair shaft [1-3]. Interestingly, DPCs have been char
acterized as multipotent stem cells and the stemness of such
cells is tightly associated with the ability to induce hair fol
licle formation. With comprehenSive knowledge of the stem
cell biology, the evidence suggested that CD133, a protein
marker of human stem cells, contributes to the hair inductive
property of DPCs in transgenic mice [10, 11]. In addition, an
ablation of stem cell-related transcription factors including
Sox2 in DPCs leads to the impairment of the hair shaft
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outgrowth [12) . Although the molecular features that regulate
sternness as well as hair inductive function in these spe
cialized DPCs are still largely unknown. the Wnt/ f3-catenin
signaling appears to lend strong support to hair follicle mor
phogenesis and regeneration [13-15) . Indeed. f3 -catenin was
shown to regulate crucial signaling pathways in hair follicle
formation in response to several stimuli. including fibroblast
growth factor (FGF) and insulin-like growth factor (IGF) [13).
In transgenic mice model. the suppression of f3-catenin in
the DPCs resulted in the inhibition of hair follicle formation
[13). as epithelial-mesenchymal transition (EMT) lately has
been shown to play an important role in the stem cell
behaviors and the activation of Wnt/f3-catenin signaling was
shown to activate the transition of the epithelial cells toward
mesenchymal stem cells. Together with the concept that
transcription factors presenting in the cell undergoing EMT
like Snail were found to be important for the accomplishment
of stem cell functions [16-18). it is likely that these f3-catenin
and EMT could impact the sternness and stem cell activity in
the DPCs.
Ciprofloxacin (CIP) has been used as an antibiotic pro
phylaxiS for the prevention of bacterial infection in patients
receiving stem cell transplant and in stem cell research [19.
20). Also. this considerably safe drug is widely used in the
treatment of certain infection in cell culture [21). So far. the
molecular basis of CIP on human cell biology has not been
fully investigated. espeCially in the area of stem cell research.
The present study therefore aimed to elucidate the possible
role of CIP for its possible effect on the sternness of DPCs
using human dermal papilla cell line and primary human
dermal papilla cells as models.

2. Material and Methods
2.1. Cells and Reagents. Immortalized dermal papilla cells
(DPCs) were obtained from Applied Biological Materials
Inc. (Richmond. BC. Canada). The cells were cultured in
Prigrow III medium (Richmond. BC. Canada) supplemented
with 10% fetal bovine serum (FBS) and 100 units/mL of
penicillin/streptomycin (Life technologies. MD. USA) at 37'C
in a 5% CO 2 atmosphere. For primary human DPCs. they
were obtained from PromoCell (Heidelberg. Germany). 'lhe
cells were cultured in medium containing bovine pituitary
extract 4 ftLimL. fetal calf serum 0.05 mUmL. basic fibroblast
growth factor 1 ng/mL. recombinant human insulin 5 ftg/Ml
and phenol red 0.62 nglmL from PromoCell (Heidelberg.
Germany). and 100 units/mL of penicillin/streptomycin at
37'C in a 5% CO 2 atmosphere. Ciprofloxacin (CIP) and
dimethylsulfoxide (DMSO) were purchased from Sigma (St.
Louis. MO. USA) . Hoechst 33342 and propidium iodide (PI)
were obtained from Molecular Probes Inc. (Eugene. OR.
USA) . 3-(4.5-Dimethylthiazol-2-yl) -2.5-diphenyltetrazolium
bromide (MTT) and Alexa Fluor 488/594 conjugated sec
ondary antibody were from Invitrogen (Carlsbad. CA. USA).
Rabbit monoclonal antibodies for integrinf31. phosphorylated
ATP-dependent tyrosine kinase (Akt. Ser 473). Akt, phospho
rylated glycogen synthase kinase3f3 (GSK3f3. Ser 9), GSK3f3.
ZEBl, Nanog. Oct-4. Slug, Snail. Vimentin, N-cadherin.
phosphorylated extracellular signal-regulated kinase (Erk).
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Erk, f3-actin. and peroxidase conjugated anti-rabbit IgG were
obtained from Cell Signaling (Denver, MA, USA). Rabbit
CD133 antibody was bought from Cell Applications Inc.
(San Diego. CA. USA). Rabbit pro collagen type I antibody,
goat aldehyde dehydrogenase 1Al antibody (ALDH1Al). and
peroxidase conjugated anti-goat IgG were obtained from
Santa Cruz Biotechnology Inc. (Dallas. Texas. USA). Immo
bilon Western Chemiluminescent HRP substrate was from
Millipore Corp. (Billerica, MA) and Thermo Fisher Scientific
Inc. (Rockford, IL) .

2.2. Cell Viability Assay. MTT viability assay was used to
evaluate cell viability. Cells were seeded at a density of 1 x 10 4
cells/well and cultivated for 12 h in 96-well plate. Afterward.
the cells were incubated with various concentrations of CIP
(0-10 ,ug/ mL) for 24 h. The cells were then incubated with
5 mg/mL MTT for 4 h at 37' C. Then, the supernatant was
removed and replaced with 100 ftL of DMSO to dissolve the
formazan crystal. The intensity of MTT product was mea
sured at 570 nm using a microplate reader (Anthos. Durham,
NC). Cell viability was calculated by the following formula
and presented as a percentage to untreated control value
. b'I' ()
A570 of treatment
00
C eII via I Ity % =
f
x1 .
A570 0 control

(1)

2.3. Nuclear Staining Assay. Hoechst 33342 and PI costaining
was used to detect apoptotic and necrosis cell death. Cells
were seeded at a density of 1 x 10 4 cells/well and cultivated
for 12 h. Subsequently. the cells were treated with various
concentrations of CIP (0-10 ftg/mL) for further 24 h. After
treatments. the cells were stained with 10 ftM of Hoechst and
5 ftg/mL of PI for 30 min at 37'C and visualized by fluo
rescence microscope (Olympus IX 51 with DP70, Olympus
America Inc .• Center valley. PA).

2.4. Cell Morphology and Aggregation Behavior Evaluation.
DP cells were seeded at a density of 6 x 10 3 cells/well onto 24
well plate and incubated for 12 h. The cells were treated with
various concentrations of CIP (0-10 ftg/mL) for 72 h. and
cell morphology was observed at O. 24. 48. and 72 h. The
aggregation behavior of the cells was determined at 72 h.
Morphology and aggregation behaviors of cells were pho
tographed by a phase-contrast microscope (Olympus IX51
with DP70, Olympus America Inc .• Center valley, PA).

2.5. Cell Cycle Analysis. Cells were seeded at a denSity of 3 x
10 4 cells/well onto 6-well plate and incubated overnight.
The cells were cultured in the presence or absence of CIP
(10,ug/mL) for 72 h. After indicated treatment. the cells were
incubated in the absence of growth factors for 24 h. The
cells were then incubated with complete media for 12 h,
trypsinized and fixed with 70% absolute ethanol at -20' C
overnight. The cells were washed with cold PBS and incubated
in PI solution containing 0.1% Triton-X. 1 ftg/mL RNase. and
1 mg/mL propidium iodide at 37' C for 30 min. The cells at
the early passages (passages 2-3) without serum-starvation
were used as an untreated control at 0 h. DNA in whole cells
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was stained with PI. and cell cycle profile was analyzed using
flow cytometry (FACSort. Becton Dickinson. Rutherford. NJ.
USA).

2.6. Immunofluorescence. Cells were seeded at a density 00 x
4

10 cells/well onto coverslips in 6-well plate and incubated
overnight. The cells were cultured in the presence or absence
of ciprofloxacin (10 flg/mL) for 72 h. The cells at the early
passages were used as an untreated control at 0 h . The
coverslips were fixed with 4% paraformaldehyde for 20 min
and permeabilized with 0.1% Triton-X for 10 min at room
temperature. Thereafter, the coverslips were incubated with
3% bovine serum albumin (BSA) for 30 min at room tem
perature to prevent nonspecific binding. l11e coverslips were
washed and incubated with COl33 or procollagen type I rab
bit monoclonal antibodies at 1: 100 dilution overnight at
4'C. After primary antibody incubation. the coverslips were
washed with PBS and subsequently incubated with Alexa
Fluor 488 or 594 conjugated secondary antibodies for 1 h at
room temperature. Samples were examined with Confocal
Laser Scanning Microscopy (Zeiss LSM 510) to analyze
expression of COl33 and procollagen type 1.

2.7. Western Blot Analysis. Cells were seeded at a density of
5 x 10 4 cells/well onto 6-well plate for 12 h and cultured in
the presence of various concentrations of ClP (2.5-10 flg/mL)
for 72 h. After washing the cells with PBS, cell Iysates were
prepared by incubating the cells in ice-cold lysis buffer con
taining 20 mM Tris·HCI (pH 7.5). 0.5% Triton X, 10% glycerol,
150 mM sodium chloride. 50 mM sodium fluoride, 1mM
sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride.
and commercial protease inhibitor cocktail (Roche Molecular
Biochemicals) for 45 min on ice. Subsequently, cell lysates
were collected and determined for protein content by the
Bradford method (Bio-Rad. Hercules. CA). Equal amounts
of proteins of each sample (50 flg) were boiled in Laemmli
loading buffer at 95'C for 5 min. The proteins were subse
quently loaded on 10% SOS-polyacrylamide electrophoresis.
After separation. proteins were transferred onto 0.45 flm
nitrocellulose membranes (Bio-Rad). Following blocking
with 5% nonfat milk in TBST (25 mM Tris·HCl (pH 7.5).
0.05% Tween-20. and 125 mM NaCI] for 2 h, membranes
were then incubated with appropriate primary antibodies
for 10 h at 4'C. Membranes were washed three times ,'lith
TBST for 15 min and incubated with horseradish peroxidase
coupled secondary antibodies for 1 h at room temperature.
The immune complexes were detected with Chemilumines
cence substrate (SuperSignal West Pico. Pierce. Rockford, IL)
and quantified using analyst/PC densitometry software (Bio 
Rad).

2.8. Statistical Analysis. Oata were obtained from at least four
independent experiments and presented as means ± standard
deviation (SO) . Statistical analysis was performed using one
way ANOVA with post hoc test at a significance level (eI:) of
0.05. 1hese analyses were performed using SPSS Version 19
(SPSS Inc., Chicago, IL).

3

3. Results
3.1. Effect of CIP on Viability of DPCs. To study the role of
CIP on the stem cell property of OPCs, we first characterized
cell viability and cell death response to CIP treatment in
DPCs using MTT and Hoechst 33342/propidium iodide (PI)
costaining assays. Treatment of the cells with CIP at the
concentrations of 0-10 flg/mL for 24 h caused no significant
change in cell viability compared with control levels (Fig
ure l(a». Consistent with the HoechstlPI apoptosis assay, our
results indicated that the treatment drug at such concen
trations caused neither apoptosis nor necrosis detected by
Hoechst and PI, respectively (Figure l(b). This information
may help to clarify that the following effects of CIP on DPCs
were not a consequence of cytotoxic effect or cell stress.

3.2. CIP Maintains Stem Cel/-Like Characteristics in DPCs.
DPCs have been reported to function as multipotent stem
cells and the stem ness of OPCs was linked to their ability
to induce hair follicles [1O-12J . However. DPCs lose their
hair follicle inductive ability during culture (4, 6-8]. We
found that. after culturing the OPCs for 5 days, the shape
and appearance of OPCs are spontaneously altered toward
fibroblast-like morphology. The primitive DPCs usually
appearing as spindle-shaped cells changed to flat multipolar
cells with elongated shapes (Figure 2(a». Besides, the DPCs
at the beginning showed an aggregative growth pattern in
culture and such pattern was lost during the extended time
of culturing. In order to test whether CIP affects the change
in morphology of these OPCs. the cells were treated with
CIP at the concentrations of 0-10 flg/mL for 0-72 h, and
morphology of the cells as well as aggregative pattern was
determined. Figure 2(a) shows that most of untreated control
cells exhibited fibroblast-like morphology at 48 and 72 h.
Meanwhile. the morphology of CIP treated cells remained
unaltered (Figure 2(a». Because the hair follicle inductive
property of the DPCs has been shown to relate with their
aggregate behaviors [22], we further investigated the effect of
ClP treatments on the aggregative growth pattern of the cells.
The DPCs at early passages (passages 2-3) were cultured in the
presence or absence of CIP for 72 h and the aggregate size and
number were determined. Figures 2(b), 2(c), and 2(d) show
that CIP at the concentration of 5 and 10 flg/mL Significantly
increased the size as well as the number of cell aggregation in
comparison to those of untreated control at 72 h.
As mesenchymal cells have been shown to be slow
cycling cells, we next investigated the effect of CIP on the
proliferation and the cell cycle distribution of OPCs. The
DPCs were cultured in the presence or absence of CIP for
72 h and subjected to cell cycle evaluation. The cells were
incubated in the absence of growth factors for 24 h. Then.
the cells were incubated with complete media for 12 hand
the cell cycle progression was analyzed by PI and flow
cytometer. Also, the DPCs at the early passages \-vithout
serum-starvation were used as a control. Figures 2(e) and 2(f)
show that, at 12 h after the cells receive growth factors, the
untreated control cells at 72 h proceeded to M phase of the cell
cycle. Importantly, treatment of the cells with 10 flg/mL CIP
attenuated the cell cycle progression as the cells cannot enter
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to M phase. Further, the ceJl cycle distribution was quantified
as described in Section 2.5. The results confirmed the above
findings that the treatment of the cells with ClP significantly
decreased the cell population in G2/M phase (Figures 2(e)
and 2(f)).

3.3. CIP Prevents the Downregulation of Stem Cell Markers
in DPCs. Having shown that culture of the DPCs caused
the spontaneous decline of stem cell-like phenotypes, we
next clarify the mentioned conception by detecting stem cell
markers in such cells. Because the CD133 and procollagen
type I expressions have been recognized as the dermal papilla
cell and fibroblast indicators, respectively [11, 23, 24], we
analyzed the expression of such proteins in the DPCs treated
with CIP at the concentrations of 10 fAg/mL for 72 hand
the control cells. Immunocytochemistry showed that the
expression of CD133 with CIP was suppressed in the DPCs
cells after being cultivated for 72 h in comparison to that of
control cells (DPCs at the early passages at 0 h, Figure 3(a)).
Treatment of the cells with elP could dramatically prevent
such a loss of CDl33 expression in the cells (Figure 3(a)).
These results suggested that CIP preserve the sternness of
DPCs during culture. Also, the expression level of fibroblast
marker procollagen type I was significantly increased in

the untreated DPCs cells at 72 h, whereas the increase in
fibroblast marker could be prevented by ClP at the concen
tration oflO .ug/mL (Figure 3(a)).
We further exploited the information to show that ClP .
prevents the loss of sternness in cultured DPCs. By utilizing
CDl33, integrin 131, and ALDHIAI as dermal papilla markers
and procollagen type I as a fibroblast marker, the cells cul
tured in the presence or absence of CIP were analyzed for
the proteins by western blot analysis. Figure 3(b) shows that
the expression of procollagen type I was upregulated in a
time-dependent manner, whereas treatment with ClP could
prevent the increase of such a protein. As expected, all
mesenchymal related proteins including CDt33, integrin 131,
and ALDHIAI were gradually decreased in the untreated
control cells in a time-dependent fashion and treatment of the
cells with ClP inhibited the reduction of the protein markers
(Figure 3(b)) . We also performed the dose-dependent exper
iment to assure the effect of the drug on DPCs stemness. The
results indicated that ClP increased the stem cell markers
in these cells while it decreased fibroblast marker in a dose
dependent manner (Figure 3(c)) .

3.4. CIP Activates Wntl f3-Catenin Signaling and Epithelial
Mesenchymal Transition (EMT) in DPCs. Activation of
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Wnt/ f3-catenin signaling was shown to playa critical role in
stem cell maintenance [25-27] and hair regeneration [13-15] .
In addition. the hair follicle inductive effect in cultured OPCs
could be prolonged by exposing the cells to Wntlf3-catenin
activator [14. 15]. Based on these data. it is promising that
CIP may exert its positive role in stem ness in DPCs through
this pathway. The Signaling proteins related to Wntlf3-catenin
including activated Akt (phosphorylated Akt at Ser 473). total
Akt. inactivated glycogen synthase kinase3f3 (phosphorylated
GSK3f3 at Ser 9). parental GSK3f3. and f3 -catenin were
determined by western blot analysis.
The results showed that activated Akt was Significantly
enhanced by treatment of the cells with CIP at 2.5-10 fAg/mL
in a dose-dependent manner (Figure 4(a». Consequently.
the downstream GSK3f3 was inactivated by the treatment of
CIP as indicated by an increase in phosphorylated GSK3f3
(Figure 4(a». As GSK3f3 was shown to inhibit the degrada
tion process of f3-catenin. we found corresponding results
that phosphorylated GSK3f3 leads to an increase of cellular
f3-catenin in CIP treated OPCs (Figure 4(a» . These data
suggested that CIP maintains stemness in OPCs at least in
part by increased cellular f3-catenin via Akt/GSK3f3 pathway.

Recently. the process of the cell transition from epithelial 
mesenchymal phenotypes (EMT) has garnered increased
attention in cell biology as it is linked with the stem ceII
like properties in various cells [16-18]. Furthermore. the
transcription factors upregulated during EMT like Snail were
shown to maintain the stem cell-like phenotypes in many
cells [16-18]. In order to clarify whether this EMT plays a
part in stem cell maintenance of ClP. the EMT-activating
transcription factors including ZEBI. Slug, and Snail were
determined in the CIP treated cells by western blotting. After
incubation with ClP for 72 h. the cellular levels of ZEBI and
Snail were Significantly upregulated; however. we found only
minimal change in case of Slug (Figure 4(b». Moreover. we
have determined the levels of downstream gene targets of
Snail including N -cadherin and vimentin [28.29] . The results
indicated that sllch proteins are significantly upregulated in
the ClP-treated cells (Figure 4(c». It is worth noting herein
that p-Erk (Thr 202/Tyr 204). an activation downstream
target of Snail [30], was also found to be increased in CIP
treated cells. Taken together, our results revealed the novel
molecular mechanism by which CIP mediates the stem cell
like phenotypes in the OPCs through f3-catenin and EMT.
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FIGURE

3.5. CIP Increases the Self-Renewal Transcription Factors in
DPCs. Self-renewal is an important signature of stem cells
[31-33]. To provide supportive data on the effects of CIP on
DPCs sternness, critical transcription factors that maintain
pluripotency and self-renewal in stem cells, including Nanog
and Oct-4, were determined [34,35]. After treatment of the
cells with 5 and 10 {lglmL of crp (Figure 4(b)) , the cells
exhibited dramatic increases of Nanog and Oct-4 in a dose
dependent manner, suggesting that the treatments induced
the self-renewal machinery in these cells.
3.6. CIP Maintains the Stem Cell-Like Phenotypes of Primary
Human DPCs. To determine the extent to which primary
human DPCs will respond to the crp treatment by the
same manner, we treated the isolated human OPCs with
0-10 {lg/mL CIP and evaluated stem cell characteristics,
accordingly. Figures 5(a) and 5(b) indicate that treatment of
the cells with 0-10 {lg/mL crp caused no direct cytotoxicity
in these cells. We next tested the signature characteristics of
stem ceBs to assess whether ClP sustained the stem ness in
these primary cells. The cells were cultured in the presence or
absence of CIP for 72 h and the expression of stem cells as well
as fibroblast markers was determined as described previously.
Western blot analysis revealed that the levels of CDl33,
integrin 131, and ALOHIAI were Significantly increased in
response to crp treatment in a dose-dependent manner,
whereas the expression of procollagen type I was Significantly
suppressed (Figure 5(c). Furthermore, the Wnt! f3-catenin

and EMT were evaluated by western blotting. Figure Sed)
shows that treatment of the cells with CIP significantly
increased the level of activated Akt level. inactivated GSK3f3,
and f3-catenin. Besides, the EMT transcription factors ZEBI
and Snail were found to be upregulated in response to the
treatment (Figure 5(e)) . Taken together, these data supported
our earlier findings that CIP maintains the stem ness of DPCs
via f3-catenin and EMT.

4. Discussion
DPCs have been shown to exhibit phenotypic plasticity
by differentiating to different cell types [36] . Interestingly,
multipotency of OPCs is accepted to be an important factor
determining an ability to induce hair follicle formation [10
12] . Although advancement in research facilitates the culture
of these speCialized cells, previolls study has shown that the
hair inducing property of OPCs is gradually declined during
culture r4, 6, 7). In an attempt to evaluate the possible ways
to maintain the DPCs signature in vitro, we have discovered
for the first time that CIP was able to prevent the loss of
OPCs stemness during culture. Treatment of the DPCs with
nontoxic concentration of crp prevented the spontaneous
alteration of cell morphology toward fibroblast-like cells
(Figure 2(a)). Also, our immunocytochemistry as well as
protein analysis revealed that the cultured OPCs decreased
the stem cell markers, and that could be prevented by an
addition ofCIP (Figures 3(a) and 3(b)). ln addition, we found
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the increase of procolJagen type I in the OPCs. suggesting
that the OPCs can instinctively differentiate to fibroblast-like
cells (Figure 3(b». This observation is in agreement with the
previous reports indicating that OPCs differentiate toward
fibroblast-like cells [23,24].
Regarding stem cell research. CD133, a transmembrane
glycoprotein, has been Widely used as a standard biomarker
of stem cells [37]. We found that OPCs at the early passages
exhibited high level of C0l33; however. the eA-pression of this
protein was found to decline in a time-dependent manner
during the time of cultivation. indicating that the cells have
lost their sternness. Together with other stem cell markers,
CIP was shown to sustain sternness of OPCs as indicated by
the steady level of C0l33. ALDHlA. and il1tegrin 131 (Fig
ure 3(b». Besides, the presence of ALOHIAI, a detoxifying
enzyme highly expressed in stem cells, was shown to regulate
stem cell function [38]. Thus the increase of the proteins in
response to CIP treatment could support our finding that CIP
maintains the sternness of the cells.
In the past decade. considerable progress has been
obtained in elucidating stem cell signaling pathways. in par
ticular Wnt/f3-catenin that is critical for maintaining stem
cell features as well as function [25-27]. Previously, studies
reported that an ablation of f3-catenin in DPCs causes the
suppression of hair growth and regeneration [13] . The 13
catenin functions as a cotranscription factor of T-cell factor/
lymphoid enhancing factor (TCF/LEF) and consequently
regulates expression of proteins facilitating stem cell func
tions [39]. The cellular level of f3-catenin is tightly controlled
by GSK3f3. The phosphorylation of f3-catenin by the func
tion of GSK3f3 resulted in ubiquitination and proteasomal

degradation of f3-catenin. The activated Akt is shown to
inhibit such a function of GSK3f3 by phosphorylating the
GSK3f3 at serine 9 [39] . Therefore. the activation of Akt
increases cellular level of f3-catenin. As a consequence, 13
caknin accumulates in cytoplasm and translocates into
nucleus leading to stimulation of target genes . Here. we
showed that the levels of activated Akt and inactivated GSK3f3
were upregulated conSistently with the increase of f3-catenin
in CIP treated cells (Figures 4(a) and 5(d». These results
suggested that the sternness sustaining effect of ClP is due to
the activation of Akt/f3-catenin pathway.
Indeed. the DPCs require sternness in terms of molec
ular signals rather than pluripotency for the production of
cytokines and growth factors functioning in the keratinocyte
recruitment and proliferation. In this regard. activation of
Wnt! f3-catenin Signaling was shown to induce hair follicle
formation and hair growth through stem cell Signals that
drive cytokine syntheSiS [7, 13. 40, 41]. For the focus points
of this study, the upregulation of sternness signals including
f3-catenin, Nanog, Oct4, Slug, and Snail described the mech
anism of ciprofloxacin in driving the OPCs to functioning in
enhanCing the growth of hair (Figures 4 and 5).
Recent evidences have suggested that f3-catenin interacts
with many Signaling pathways involved in pluripotency and
EMT [25-27,35.42]. Furthermore. WntlI3-catenin Signaling
activation was shown to increase the expression of EMT
proteins and pluripotent activating transcription factors [43
47]. Consistent with previous reports that the transcription
factors Snail and ZEBl play an important role in EMT process
[16. 18], we found Significant increase of such proteins in
the OPCs treated with CIP (Figures 4(b) and 5(e». and
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the increase of EMT markers was found to be corresponding
to the stem cell-like morphology and aggregative behavior.
Our findings also lend strong support to the view that
AktfGSK3f3-dependent f3-catenin upregulation is important
for the OPCs to maintain their stem ness. We unveiled that the
transcription factors which are downstream targets ofWntf 13
eaten in, namely, Nanog and Oct4, were upregulated in the
CIP-treated cells.
In closing, we systemically evaluated the positive role of
CIP treatment for the maintenance of stemness in cultured
OPCs. We identified a novel finding on the stemness regu
latory effect of CIP in OPCs, that is, through AktlGSK3f3
dependent f3-catt::nin signal resulting in an upregulation of
transcription factors associated with EMT and self-renewal
(Figure 6). This information may open the door to further
investigations and make this new application of the drug in
culture be useful for the cell therapeutic approaches.
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Cancer stem cells (CSCs). a subpopulation of cancer cells with high aggressive behaviors. have been
identified in many types of cancer including lung cancer as one of the key mediators driving cancer
progression and metastasis. Here. we have reported for the first time that ciprofioxacin (ClP). a widely
used anti-microbial drug. has a potentiating effect on CSC-lil<e features in human non-small cell lung
cancer (NSCLC) cells. CIP treatment promoted CSC-like phenotypes. including enhanced anchorage
independent growth and spheroid formation. The known lung esc markers: CD133. CD44. ABCG2 and
ALDH1AI were found to be significantly increased. while the factors involving in epithelial to mesen
chymal transition (EMT): Slug and Snail. were depleted. Also. self-renewal transcription factors Oct-4 and
Nanog were found to be up-regulated in ClP-treated cells. The treatment of CIP on eSC-rich populations
obtained from secondary spheroids resulted in the further increase of CSC markers. In addition. we have
proven that the mechanistic insight of the ClP induced stemness is through Caveolin-1 (Cav-1 )-depen
dent mechanism. The specific suppression of Cav-1 by stably transfected Cav-1 shRNA plasmid
dramatically reduced the effect of CIP on CSC markers as well as the ClP-induced spheroid formation
ability. Cav-l was shown to activate protein kinase B (Akt) and extracellular signal-regulated kinase
(ERK) pathways in CSC-rich population; however. such an effect was rarely found in the main lung cancer
cells population. These findings reveal a novel effect of CIP in positively regulating CSCs in lung cancer
cells via the activation of Cav-l. Akt and ERK. and may provoke the awareness of appropriate therapeutic
strategy in cancer patients.
© 2016 Elsevier Ireland Ltd. All rights reserved.
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t. Introduction
Ciprofloxacin (CIP). a member of antibiotic drug in fluo 
roquinolone family. has been widely used in several clinical aspects
such as urinary tract infection and inflammatory bowel disease
r1.21. Also. it is used to manage the chemotherapy-associated febrile
neutropenia in cancer patients [::l J. Recently. it has been reported
that ClP is able to show an anti-tumor efFect in various human
cancer cell lines [4- ·8J. Moreover. a proliferative inhibition effect of
ClP was observed in the human colonic and non-small cell lung
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cancers (NSCLC) [4 6J. and cytotoxicity and apoptosis induction
abilities were found in the human prostate and pancreatic cancers
[7. 8J. However. the potential of ClP in potentiating cancer aggres
siveness is largely unknown.
Approximately 80% of all lung malignancies were claimed to be
NSCLC. This type of lung cancer frequently relapses with the me
dian progression time at approximately 5-24 months [9J. Recent
evidence has suggested that cancer stem cells (CSCs). a subpopu
lation of cancer cells with high aggressive behavior. are responsible
for the cancer progression and relapse [1O..·12J. CSCs were reported
to be less responsive to chemotherapy and could be identified in
NSCLC population [13 .14 J. Likewise. clinical data indicated that lung
cancer patients exhibiting high level of CSC markers are related to
low recurrence-free survival [15 .16J. According to several studies.
CSCs can initiate tumor development and have the ability to
maintain tumor growth through the specific properties including
self-renewal. tumorigenic and multilineage potentials [1 7 19J .
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CSCs can be identified by expression of their specific surface
markers, such as C0133, C044, aldehyde dehydrogenase (ALDH)
and some others [17]. ALDH is a detoxified-enzyme and responsible
for therapeutic resistance [20]. In addition, CSCs can be recognized
by an elevated expression of ATP-Binding Cassette (ABC) trans
porter superfamily which relates to a high level of drug resistance.
ABC is activated in response to environmental factors and functions
to control the chemical homeostasis [21]. Additionally, CSCs ex
press some genes known to govern the stem cell functions
including Octamer-binding transcription factor 4 (Oct-4), Nanog
and sex determining region V-box 2 (Sox-2) which are found to be
overexpressed in the CSCs in many types of cancers [19.22 - -271.
Previous reports showed that within NSCLC population. there was a
subpopulation ofC044 positive cells possessing active pluripotency
genes including Oct-4, Nanog and Sox-2. These cells were reported
to be cisplatin-resistant, have the ability to form spheroid. and
cause tumor growth in mice and in vitro [2GJ. Further evidences
have suggested the association of CSC phenotype and survival
pathway namely protein kinase B (Akt) signaling. C0133 positive
CSCs that were isolated from glioblastoma [28] and prostate can
cers [291 exhibited increased phospho-Akt levels associating with
the maintenance of CSC-like phenotype. Moreover, Akt was re
ported to phosphorylate transcription factor of the stem cell. Oct-4,
and further to increase the proliferation of CSCs [30] . Caveolin-l
(Cav-l), a scaffolding protein of cell membrane called caveolae,
was shown to potentiate cancer cell aggressiveness. Cav-l was
shown to regulate aggressive behaviors of lung cancer cell by
increasing cell migration, invasion, anoikis resistance and
anchorage-independent growth [31 - 33 J. Additionally, Cav-l was
shown to induce the expression of activated Akt in NSCLC cells [341.
Studies suggested that CSC population might be increased in
response to cancer microenvironment factors [351 . In NSCLC, nitric
oxide was shown to induce CSC-like phenotypes [31 J. Also, the
cancer cells can be induced to gain more stemness phenotype or
can be transformed into stem cell-like cancer cells [31 J. If this is the
case, targeted elimination of CSCs may not be sufficient for cancer
therapy. The better understanding in CSC biology and identifying
new influencing factors in controlling CSC population may be
beneficial for the supportive care and development of strategy for
cancer treatment. Therefore, the aim of this study is to investigate
the effect of CIP on CSCs in human NSCLC cells.

2_ Materials and methods
2.1. Cell culture and C1P treatment

Human NSCLC cell lines (NCI-H460) were obtained from the
American Type Culture Collection (Manassas, VA). Immortalized
human dermal papilla cells COPCs) were obtained from Applied
Biological Materials Inc. (Richmond, BC). H460 cells were cultured
in Roswell Park Memorial Institute (RPMI) 1640 medium sup
plemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine
and 100 U/mL penicillin and 100 Ilg/mL streptomycin. OPCs were
cultured in Prigrow III medium (Richmond. BC, Canada) supple
mented with 10% FBS, 2 mM L-glutamine and 100 U/mL of peni
cillin and 100 Ilg/mL streptomycin. Cells were cultivated in a 37 °C
humidified incubator with 5% C02 and were routinely sub
cultured using a 0.25% trypsin solution with 0.53 mM EOTA. RPMI
1640 medium, FBS. L-glutamine, penicillin/streptomycin,
phosphate-buffered saline (PBS). trypsin and EOTA were bought
from GIBCO (Grand Island. NY). CIP were obtained from Sigma (St.
Louis, MO). Cells were seeded into 6-well plates at density of
5 x 104 cells/well and allowed to adhere to the plates overnight.
At 24 h of plating, cells were treated with the indicated concen
trations of CIP everyday. Every 2 days, cells were subcultured. The

cells were collected for further analysis at days 1. 3 and 7 after
treatment.

2.2. Cell viability assay
MTT viability assay was used to measure cell viability. Cells were
plated onto 96-well plates at density 1 x 104 cells/well for viability
assay. The cells were allowed to adhere for 24 h and further treated
with various concentrations of ClP (0-10 Ilg/mL). At 24 of CIP
exposure, cell viability was analyzed using 3-( 4.5-dimethylthiazol
2-yl)-2.5-diphenyltetrazolium bromide (MTT) assay according to
the manufacturer's protocol (Sigma Chemical. St. Louis. MO). Cell
viability was calculated by dividing the absorbance of the treated
cells by the control cells and presented as a percentage to untreated
control value.
2.3. Cell death assay

Hoechst 33342 (Molecular Probes Inc., Eugene, OR) and PI (Mo
lecular Probes Inc.) co-staining was used to determine apoptotic and
necrosis cell death [35J . After the treatments, cells were stained with
10 ~IM of Hoechst and 5 )!g/mL of PI for 30 min at 37 °C, then cells
were visualized and imaged by fluorescence microscope (Olympus
IX 51 with OP70, Olympus America Inc., Center valley, PAl.
2.4. Anchorage-independent growth assay

Anchorage-independent cell growth was investigated by soft
agar colony-formation assay. The bottom layer of 0.5% agarose was
prepared by using a 1:1 mixture of RPMI1640 medium containing
10% FBS and 1%agarose. After that the bottom layer was allowed to
solidify for 30 min. An upper cellular layer consisting of 0.3%
agarose gel with 10% FBS and containing 1 x 10 3 cells/ml was
added. After the upper layer was solidified, RPM I medium con
taining 10% FBS was added over upper layer and incubated at 37°C
for 14 days. Colony formation was observed and imaged using a
phase-contrast microscope (Olympus IX51 with OP70). Relative
colony number and size were calculated by dividing the values of
the treated cells by the control cells.
2.5. Spheroid-fonnation assay

Spheroids culture assay used in this study was slightly modified
from Kantara et al. and Yongsanguanchai et al. [31,37]. When ClP
treatment was completed, cells were detached into single cells
using 1 mM EOTA and 2.5 x 103 cells/well were grown in 24-well
ultralow-attached plate. RPMI serum-free medium was used to
culture spheroids. At day 7 of primary spheroid culture, primary
spheroids were resuspended into single cells using 1 mM EOTA, and
again 2.5 x 10 3 cells/well were seeded onto a 24-well ultralow
attached plate. Secondary spheroids were allowed to form for 21
days. Phase-contrast images of the secondary spheroids were taken
at days 7. 14 and 21 of the treatment under a phase-contrast mi
croscope (Olympus IX51 with OP70).

2.6. Migration assay
Cell migration was investigated by wound-healing assay.
Confluent monolayers of cells were wounded at the center of the
96-well plate by a 200-~(L micropipette tip. Five random fields of
the wound space were observed and imaged under a phase
contrast microscope (Olympus IX51 with OP70) at 24 and 48 h af
ter plated. Relative migration level was calculated by dividing the
percentage change of the wound space in ClP-treated cells to the
non-treated cells.
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2.7. Western blot analysis
When the treatment was completed. cells were washed with
PBS. The cell Iysates were prepared by incubating the cells in ice
cold lysis buffer containing 20 mM TrisHCl (pH 7.5). 0.5% Triton X.
10% glycerol. 150 mM sodium chloride. 50 mM sodium fluoride.
1 mM sodium orthovanadate. 1 mM phenylmethylsulfonyl fluoride
and protease inhibitor cocktail (Roche Molecular Biochemicals.
Indianapolis. IN) for 45 min on ice. Protein content was then
analyzed using BCA protein assay kit from Pierce Biotechnology
(Rocl<ford. IL). Equal amounts of proteins (40 ~g) were boiled in
Laemmli loading buffer at 95 °C for 5 min. The proteins were loaded
onto 10% SDS-polyacrylamide electrophoresis for separation. and
transferred onto 0.45 ~m nitrocellulose membranes (Bio-Rad.
Hercules, CAl. The membranes were blocked with 5% skim milk in
TB51(25 mM TrisHCI (pH 7.5). 0.05% Tween-20. and 125 mM NaCl)
and incubated overnight at 4 °C with specific primary antibodies.
Primary antibody for CD133 was bought from Cell Applications Inc.
(San Diego. CA). Antibodies for CD44. ABCG2. Cav-l. Oct-4. Nanog.
Sox-2. Akt. p-Akt (Ser 473). ERK. p-ERI< (Thr 202{Tyr 204). Slug.
Snail and p-actin were obtained from Cell Signaling (Denver. MA).
ALDHIAI antibody was purchased from Santa Cruz Biotechnology
Inc. (Dallas. TX). Membranes were washed three times with TBST
and incubated with horseradish peroxidase-coupled secondary
antibodies for 2 h at room temperature. Peroxidase conjugated
anti-rabbit IgG and anti-mouse IgG were obtained from Cell
Signaling (Denver. MA. USA). Peroxidase conjugated anti-goat IgG
was obtained from Santa Cruz Biotechnology Inc. The immune
complexes were detected with chemiluminescent substrate
(SuperSignal West Pico. Pierce. Rockford. IL) and exposed to film .
The data were quantified using analyst/PC densitometry software
(Bio-Rad).

2.8. Plasmid and transJection
Transfection of shRNA-Cav-l plasmid was performed as previ
ously reported [31] . Briefly. subconfluent (70%) monolayers of
H460 cells were transfected with shRNA-Cav-l (Santa Cruz
Biotechnology Inc.) plasmid in serum-free RPMI 1640 medium
using Lipofectamine 2000 reagent. according to the manufacturer's
protocol (Invitrogen. Eugene. OR) for 12 h. The medium was then
replaced with RPM I 1460 containing 10% FBS. To obtain stable
transfectants. the cells were cultured and selected for antibiotic
resistance for 30 days. Expression of the Cav-1 proteins was verified
by Western blot assay. The cells were prepared for further experi
ments by culturing in antibiotic-free RPM I 1640 medium for at least
two passages.

2.9. Flow cytometry analysis
After the treatment. the cells were collected. washed and
blocked. Then the cells were incubated on ice with mouse anti
CD44 antibody for 1 h. The primary antibody was removed and
the cells were incubated on ice for 30 min with Alexa Fluor 647
conjugated goat anti-mouse IgG (H+L) secondary antibody (Life
Technologies. Eugene. OR) for CD44. Fluorescence intensity was
detected by flow cytometry using a 647-nm excitation beam and a
668-nm band-pass filter (FACSort; Becton Dickinson. Rutherford.
NJ). The mean fluorescence intensity was quantified by CellQuest
software (Becton Dickinson).

2.10. Statistical analysis
The treatment data were normalized with the non-treated
controls group. The results were expressed as the mean

3

values ± standard deviation (SD) from at least three independent
experiments. The statistical comparisons were carried out using
one-way ANOYA with post hoc test (SPSS. SPSS Inc.. Chicago. IL.
USA). Statistical significance was accepted within the 95% confi
dence limit (p < 0.05).
3. Results

3.1. Effect oJ ciprojloxacin on cell behaviors related to cancer stem
cell and epithelial-mesenchymal transition
CSCs have been identified inside tumors and suggested as the
rationale behind cancer recurrence [10-12.15]. To study the role of
ClP on the CSC properties. we first investigated the appropriate
non-cytotoxic concentrations of CIP used in this study in human
lung epithelial carcinoma H460 cells. Cells were treated with
various concentrations of CIP (0-10 ~g/mL). and cell survival was
determined after 24 h by MTT assay. C1P was relatively non-toxic at
doses 0.5-5 ~g/mL (fig. 1a). At the 10 ~g/mL of CIP treatment. a
significant decrease in cell viability was observed with -85% of the
cells remained viable. To study the role of CIP in apoptosis induc
tion. cells were Similarly treated with C!P. then apoptotic and
necrotic cell death were determined after 24 h by Hoechst 33342
and PI staining assay. respectively. Consistent with the cell viability
assay. lack of chromatin condensation and nuclear fluorescence
were observed at the doses 0.5-5 Ilg/mL indicating the cells that
did not undergo apoptosis or necrosis (Fig. 1b). The treatment dose
of 10 Ilg/mL caused an increase in cell apoptosis over control level.
as indicated by an increased nuclear fluorescence staining and
chromatin condensation/fragmentation.
CSCs have been identified by their cellular traits such as
spheroid and colony formation [17.31,38]. As the ability of the
cancer cells to form spheroids together with grow and survive in an
anchorage-independent condition has been widely accepted as a
hallmark ofCSCs. we therefore investigated the role ofCIP on these
behaviors. Cells were treated with the non-cytotoxic concentra
tions of CIP for 7 days and analyzed for colony formation on soft
agar. Colony number and diameter were determined and expressed
as relative values over non-treated control levels. Fig. 1d displays
the relative colony number and diameter of the treated and non
treated cells at day 14. A significant increase in the number of
colonies formed was recorded for 2.5 and 5 Ilg/mL of the treatments
(Fig. 1c. d). However. the treated cells showed no significant dif
ference in the colony diameter compared with control.
To confirm the aforementioned effect of CIP on CSCs. the lung
cancer cells were similarly treated with the CIP and analyzed for
spheroid formation. Cells were pretreated with the non-cytotoxic
concentration of C1P for 7 days. and were subjected to spheroid
formation assay in ultra low-attached plates. The treated cells were
seeded at low density in RPMI serum-free medium. and primary
spheroids were allowed to form for 7 days. The primary spheroids
were then resuspended into single cells. and secondary spheroids
were allowed to grow for 21 days. Treatment of CIP Significantly
increased cell ability to form spheroids which was first detected at
day 14 ([:ig. '1 e). At day 21. spheroid numbers were counted and
expressed as relative values over non-treated control levels. CIP
treatment significantly increased in the spheroid number in dose
dependent manner (Fig. 1f). These results indicate the role of CIP
in induction of CSC-like behaviors in lung cancer cells.
Because previous studies have shown that CSCs fundamentally
elicited the process of the cell transition from epithelial to
mesenchymal (EMT) character that consequently enhanced their
ability to metastasize to distant sites. and the induction of EMT has
been reported to increase the stem cell-like phenotype [31,39.40J.
Therefore. we further investigated the effect of CIP on EMT by
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determining EMT behavior. such as cell migration. The cells were
treated with the non-cytotoxic concentrations of C1P for 7 days and
subjected to wound healing assay for 24 hand 48 h. Fig. 1g and h
indicate that the C1P-treated cells exhibited less motility behavior
in comparing to that of the control cells. A significant decrease in
the migration level was shown at the doses 2.5 and 5 Ilg/mL of C1P
treatment for 24 and 48 h. These results indicate the role of C1P in
regulation of CSC induction despite a reduction of EMT.
3.2. Ciprofloxacin increases cancer stem cell markers in lung cancer
and dermal papilla cells

Having shown that CIP enhanced CSC phenotypes in lung cancer
cells. we next confirmed such observation by using well-known
lung CSC markers 1131. Cells were treated with C1P in dose-and

time-dependent experiments and the expression level of CD133.
CD44. ABCG2 and ALDHl A1 were determined by Western blotting.
Fig. 2a and Fig. 2b show that C1P treatment at day 3 and 7 caused an
increase in CDt33. CD44. ABCG2 and ALDH1Al expression over the
control level. By day 7. the expression of those proteins increased in
the CIP treated groups compared with those of non-treated control
group (Fig. 2c o d). These results along with the finding on the C1P
effect on CSC behaviors strongly support the role of C1P in inducing
CSC-like properties of lung cancer cells.
Because the self-renewal is an important signature ofCSCs [41 Jo
we next determined whether the treatment of CIP could affect the
self-renewal-related proteins in the lung cancer cells. Transcription
factors that have been shown to maintain pluripotency and self
renewal in CSCs [19.22-- 26 J. including Oct-4. Nanog and Sox-2
were investigated in the C1P-treated and non-treated cells by
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Western blot analysis. Fig. 2e and f show that the ClP increased Oct
4 and Nanog expressions in a dose-dependent manner. while Sox-2
expression was decreased in response to CIP treatment. These re
sults suggest that the treatment of CIP was able to increase the self
renewal machinery in lung cancer cells by up-regulating such
transcription factors.
We next tested whether the treatment of the cells with CIP
could affect the transcription factors that are related to EMT pro
cess. The transcription factors that are up-regulated during EMT
such as Slug and Snail [42J were investigated in the ClP-treated and
non-treated cells by Western blot analysis. Fig. 2g and h show that
CIP treatment at day 7 caused a decrease in Slug and Snail.
Having shown that CIP enhanced sternness in lung cancer cells.
we further confirmed such observation in the well-known multi
potent stem cells. human dermal papilla cells (OPCS). Cells were
treated with CIP and the expression level of C0133 and ALDHIAl
were determined by Western blotting. Fig. 2i and j show that ClP
treatment caused an increase in C0133 and ALOHIA1 expression
over the control level. These results in OPCs strongly support the
role of CIP in enhancement of CSC-like properties in lung cancer
cells.
3.3. Ciprof/oxacin induces cancer stem cell phenotypes via caveolin 
I-dependent mechanism

Revealing the key players underlying CIP-mediated CSC-like
phenotypes is of importance. Cav-l is known to associate with
aggressive lung cancer cell behaviors [31-34.43.44]. even though
its regulatory role on stem cell biology is still unknown. To study
the possible role of Cav-l in ClP-induced CSC-like phenotype. we
investigated the Cav-l expression in response to ClP treatment by
immunoblotting. Fig. 3a to d show that the Cav-l strongly up
regulated in the ClP-treated cells in both dose- and time
dependent manners.
Furthermore, the knockdown of Cav-l by stable transfection of
Cav-l-shRNA plasmid resulted in significant decrease in Cav-l
(Fig. 3e, f). and abolishment of CSC induction caused by ClP treat
ment (Fig. 3g. h). It is worthy noting herein that in the absence of
CIP. shRNA Cav-l transfection significantly down-regulated the CSC
markers including C0133. C044. ABCG2 and ALDHIA1. To confirm.
Cav-l knockdown cells and vector transfected control cells were
subjected to spheroid formation assay in the absence or presence of
CIP. Fig. 3i and j show that Cav-1 knockdown cells exhibited almost
no ability of to form spheroid. As expected. the spheroid formation
were also significantly decreased in Cav-l knockdown cells after
treatment with CIP when compare to control cells (Fig. '3 i, j). These
results suggest that the induction effect of CIP on sternness of lung
cancer cells was through Cav-l pathway.
3.4. Ciprof/oxacin enhances sternness in cancer stem cell-rich
population through Cav- I and Akt

Besides showing the effect of ClP on the total population of lung
cancer cells which majorly composes of non-CSC population and a
minor of CSC population [45.46 ]. we next tested the effect of CIP
treatment on CSC-rich population. The CSC-rich population was
established by growing the cells in a single-cell suspended condi
tion to form primary and secondary spheroids. By day 7 of sec
ondary spheroids, the cells were collected and characterized for
stem cell markers. Fig. 4a and b shows that the expressions of
C0133, C044, ABCG2 and ALDHIA1 were dramatically increased in
comparison to that of the wild type total cells.
CSC-rich population was treated with CIP at 5 j.tg/mL for 7 days
and the expressions of C0133. C044, ABCG2 and ALDHIAl were
determined by Western blot analysis. Fig. 4c and d show that CIP

treatment caused the increase in C0133, C044, ABCG2 and
ALDHIA1 expressions over the control level. Also, the immunocy
tochemistry experiments assessing the expression of C044 detec
ted by flow cytometry showed that ClP treatment exhibited an
increase in cell surface expression ofC044 (Fig. 4e. f). Next, the self
renewal transcription factors in CSC-rich population were deter
mined. In the presence of CIP. the expressions level of Oct-4 and
Nanog were increased (Fig. 4g. h); but the treatment decreased the
expression level of Sox-2. CSC-rich group treated with CIP was
further determined for EMT markers including Slug and Snail by
Western blotting assay. Fig. 4 i and j show that the ClP treatment
resulted in a significant decrease of Slug and Snail expression.
These results support with our earl ier data showing the inhibition
of ClP on EMT phenotype which further confirmed the indepen
dence of EMT process in CIP-induced CSC-like phenotype.
Because previous reports revealed the critical roles of Akt and
ERK in CSC phenotype induction and maintenance [2 8 -30.47].
additionally Cav-l was shown to increase Akt and ERK survival
activities [4 8.4~J, we next investigated the effect of ClP on Akt and
ERI< pathways. The effect of CIP on Cav-l expression in CSC-rich
population was then characterized. fig. Sa and b show that ClP
treatment significantly induced Cav-l expression over control level.
We next investigated the effect of CIP on Akt and ERK expressions in
total population and CSC-rich population. CSC-rich and the wild
type total population were treated with ClP and the expression
level of total Akt. activated Akt (phosphorylated Akt at Ser 473),
total ERK and activated ERK (phosphorylated ERK at Thr 202/Try
204) were investigated by Western blot analysis. Fig. Sc and d show
that the ClP induced activated Akt and activated ERK expression
only in CSC-rich population. Interestingly, in the wild type popu
lation. CIP treatment showed a negative effect on Akt and no effect
on ERK. These data suggest the potentiating role ofClP in regulating
CSC-like phenotypes. at least in part. by the induction ofCav-1. Akt
and ERK-dependent pathways in CSCs.

4. Discussion
The CSCs theory has a primary reason for the relapse and
resistance of cancer after therapy [10- 16,39.50,51 J. Therefore, CSCs
have recently gained an increaSing attention in cancer research
field. CSCs have ability to generate new tumor through their stem
cell properties, importantly self-renewal potential and differentia
tion into multiple cell lineages [1 7 · 19 ]. CSCs of lung cancer are well
recognized by the ir specific markers such as C0133, C044. ABCG2
and ALDHl Altogether with the CSC aggressive behaviors including
spheroid and colony formation [13,17,21,31]. ClP. a known
topoisomerase-ll inhibitor. is an FOA-approved anti-microbial drug
11.2 1. CIP is frequently used for the treatment of febrile
neutropenia-caused by chemotherapy 13]. Because the information
regarding the effect of ClP on CSC biology is rarely known. we have
revealed for the first time that ClP positively regulates the sternness
and CSC aggressive behaviors of lung cancer cells. ClP increased
spheroid and colony formation in an anchorage-independent
manner (Fig. 1c-f). along with up-regulated the expressions of
the known CSC markers (Fig. 2a-d, Fig. 2i, j and Fig. 4c-f). Addi
tionally. the self-renewal proteins. namely. Oct-4 and Nanog were
significantly up-regulated in the CIP-treated cells (Fig. 2e. f and
Fig. 4g. h). Indeed. Oct-4. a member of the POU domain transcrip
tion factor family. is a specific protein regulating mammalian
development 125.27.521. Likewise, Nanog also plays a critical role in
regulating the pluripotent of inner cell mass during embryonic
development [53]. As the augmented expression of Oct-4 and
Nanog were previously demonstrated in NSCLC to accentuate the
ability of cells to form spheroid. increase tumorigenicity in mice.
and cause drug resistant [26]. The induction of these transcription
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were prepared and analyzed for Cav-! by immunoblotting. The blots were reprobed with ~-actin antibody to confirm equal loading of samples. The immunoblot signals were
quantified by densitometry. and mean data from independent experiments were normalized to the result obtained in cells in the absence of CIP. C. d dose effect of CIP on Cav-!
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factors along with CSC phenotypes. may support the possible role of
ClP treatment in potentiating stemness of lung cancer cells.
Sufficient evidence has indicated the role of Cav-l protein on
aggressiveness and chemoresistance in several cancers 154.55.1.

including lung cancer [31 33.431. Cav-l over-expression and cav
eolar structure maintained pi uri potency marker expression in
mouse embryonic stem cells. including Oct-4. Sox-2. FoxD3 and
Rexl r561. Previous study showed that nitric oxide exposure to lung
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cancer cells promoted CSC-Iike phenotype through Cav-l
augmentation [311. In-vivo study of a carbon nanotube-induced
carcinogenesis. Cav-l was identified as a key protein for defining
the lung CSC formation. Cav-l was up-regulated in lung CSCs and
further induced tumorigenesis and metastasis via p53

dysregulation [571 , These findings suggested that Cav-l is the
specific marker for CSCs and influences self-renewal property and
multi-differentiation of CSCs. In this study. Cav-l is up-regulated in
response to ClP-treated cells in both total and CSC-rich population
(Fig. 3a -cl Jnd Fig. Sa, b), The Cav-l knockdown experiment
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provides evidence indicating that ClP increased sternness of the
cells is through Cav-l-dependent mechanism (Fig. 3g-j). as the
CSC-potentiating effect of C1P was abolished in Cav-l knockdown
cells.
We provided further details of the mechanistic fundamental of
CIP on sternness regulation. According to the reports. CSC phe
notypes were shown to be dependent on the activation status of
Akt and ERK 128-30,47]. CD133 positive cells isolated from
glioblastoma [28] and prostate cancer [29] were shown to have
an increased p-Akt levels. An inhibition of Akt activity resulted in
a decrease in the level of Oct-4 and an attenuation of stem cell
proliferation [301. Moreover, previous studies demonstrated that
ERK maintains pluripotency of stem cell survival in trophoblast
cells [47]. Our current data showed that C1P increased Akt and
ERK phosphorylation (Fig. 5c, d) only in CSC-rich population,
suggesting the specificity of CIP on the regulation of CSCs. In
embryonic stem cells, epidermal growth factor was shown to
stimulate cell proliferation via Cav-l activation [58]. According to
the study, Cav-l was linked to P13K/Akt-ERK pathway and had an
essential role in cell proliferation [58 ]. It has been previously
reported that Cav-l directly interacts and inhibits serine/threo
nine protein phosphatases PP1 and PP2A through scaffolding
domain binding site interactions [481. This leads to an increased
phosphorylation of specific PPA/PP2A substrates, including
phosphorylated Akt. These results were confirmed in mutant Cav
1 with the scaffolding domain deleted cells and plasmid vector
expressing wild type Cav-l cells. The deletion of Cav-1 scaffolding
domain decreases phosphorylated Akt compared to the wild type

Cav-l [48] . Together with our finding indicating that CIP up
regulated Cav-1 (Fig. Sa, b) and Akt/ERK activation (Fig. 5c. d),
CIP may increase CSC phenotypes via Cav-l-Akt/ERK dependent
pathway.
CSCs were reported to increase EMT characteristic that even
tually enhanced their ability to metastasis [31,39]. Induction of EMT
has been reported to increase the stem cell-like phenotype in
certain cells [401. Surprisingly, we found that CIP treatment
significantly suppressed cell migration (Fig. 1f, h) and down
regulated EMT markers (Fig. 2g, h and Fig. 4i, j). Consistent with
our findings, the activation of EMT while suppressing CSC charac
ters were observed in some conditions [59-63].
It was known that ClP has the ability to accumulate in serum
after an oral and an intravenous (Lv.) administrations [64.65]. CIP
concentration in serum after a single oral administration of750 mg
was reported to be 4.3 jJg/mL [64 J. For a high-dose treatment
(800 mg every 12 h for 8 days, Lv.), ClP can reach a serum con
centration of 13 jJg/mL [65]. In order to mimic the concentration of
CIP in serum, CIP at range 0.5-10 jJg/mL were used in this study.
Therefore, C1P concentrations used in this study are comparable
with the range of serum concentrations during the clinical use. This
indicates that the prescripted CIP to cancer patient can increase the
risk of CSC induction.
5. Conclusion

In closing, we systemically evaluated the positive role of CIP
treatment for the sternness induction in lung cancer cells. We have
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identified a novel finding on the sternness regulatory effect of CIP
that it is through Cav-l and the downstream Akt and ERK pathways
(Fig. 6), These results also provide the initial evidence for provoking
further investigations that may lead to the awareness ofCIP used in
cancer patients.
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As cancer stem cells (CSCs) contribute to malignancy, metastasis, and relapse of cancers, potential of compound in inhibition of
CSCs has garnered most attention in the cancer research as well as drug development fields recently. Herein, we have demonstrated
for the first time that gigantol, a pure compound isolated from Dendrobium draconis, dramatically suppressed stem-like phenotypes
of human lung cancer cells. Gigantol at nontoxic concentrations significantly reduced anchorage-independent growth and survival
of the cancer cells. Importantly, gigantol Significantly reduced the ability of the cancer cells to form tumor spheroids. a critical
hallmark ofCSCs. Concomitantly, the treatment of the compound was shown to reduce well-known lung CSCs markers, including
CD133 and ALDHIAI. Moreover, we revealed that gigantol decreased stem ness in the cancer cells by suppressing the activation of
protein kinase B (Akt) signal which in turn decreased the cellular levels of pluripotency and self-renewal factors Oct4 and Nanog.
In conclusion, gigantol possesses CSCs suppressing activity which may facilitate the development of this compound for therapeutic
approaches by targeting CSCs.

1. Introduction
Recent researches in the field of cancer have shown that,
within the malignant tumor as well as in the blood of
advanced stage cancer patients, there are special cancer cells
called cancer stem cells (CSCs) [1]. Such CSCs have been
shown to reproduce themselves and sustain the tumor [2,
3] . Moreover, researchers accept that these CSCs account
for most aggressive behaviors of the disease including
chemotherapeutic resistance, metastasis, and cancer relapse
[4-6]. The concept that CSCs are a critical factor driving
cancer cell aggressiveness and metastasis has led to the
intensive investigations of the novel therapeutic strategies as
well as drugs targeting the CSCs [4, 5].
CSCs have been shown to maintain their sternness
through the sustained level of several transcription factors
as well as the stem cell-related Signals. In lung cancer, the

expression of Nanog and octamer-binding transcription fac
tor 4 (Oct4) was shown to enhance malignancy through the
CSCs induction [7, 8]. Oct4 and Nanog and their activation
targets are found to be overexpressed in the CSCs in many
types of cancers [9-13] and their expressions associate with
the pathogeneSis, tumor development, and progression of
cancers. The function of Nanog was shown to involve the
self-renewal property of the stem cells [14,15]. Likewise, the
activation of Oct4 gene or Oct4 transfection has been shown
to promote dedifferentiation and CSCs-like phenotypes [16,
17]. Although the defined upstream molecular mechanisms of
such stem cell mediators remain underinvestigated, Signal of
Akt serine/threonine protein kinase has been Widely accepted
to play an important role in regulating the self-renewal as
well as other stem cell-like phenotypes in CSCs [18, 19]. In
non-small-cel1 lung cancer, Akt Signaling was reported to
involve with the self-renewal of stem-like cells [20-23]. The
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phosphorylated Akt was shown to phosphorylate the Oct4
which resulted in the increase of tumorigenic potential [24].
Also, Nanog was shown to be a downstream target of the Akt
pathway [25, 26] .
In line with the previous studies indicating the anticancer
[27] and antimigration [27] activities of gigantol, a bibenzyl
compound isolated from the Thai orchid, Dendrobium dra
conis, we aimed to investigate its possible effect on inhibition
of CSCs phenotypes as well as related molecular signals in
lung cancer cells. The findings gained from the present study
may encourage the development and further investigation on
gigantol for its use for cancer therapeutic approaches.

2. Materials and Methods
2.1. Chemicals and Antibodies. Gigantol was isolated from
Dendrobium draconis as previously described, and its purity
was determined using HPLC and NMR spectroscopy with
more than 95% purity was used in this study [28]. 3-(4,5
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide
(MTT), Hoechst 33342, propidium iodide (PI), bovine
serum albumin (BSA), and dimethyl sulfoxide (DMSO) were
purchased from Sigma chemical, Inc. (St. Louis, MO). The
following were purchased: CDl33 (cat. number CAl217) (Cell
Applications, San Diego, CA), ALDHIA1 (cat. number SC
22589) (Santa Cruz Biotechnology), total Akt (cat. number
9272) (Cell signaling Technology), phosphorylated Akt
(Ser473) (cat. number 4060) (Cell signaling Technology),
Oct4 (cat. number 2750) (Cell signaling Technology), Nanog
(cat. number 4903) (Cell signaling Technology), a-tubulin
(cat. nwnber 2144) (Cell signaling Technology), f3-actin
(cat. number SC-130656) (Santa Cruz Biotechnology),
peroxidase-labeled secondary antibodies: anti-rabbit IgG
(cat. number 7074) (Cell-signaling Technology) or anti
mouse (cat. number 7076) (Cell-signaling Technology), and
Perifosine (Cell-signaling Technology).

2.2. Cell Culture. Human non-small-cell lung cancer cell
lines, NCI-H460, and human keratinocyte HaCaT cells were
obtained from the American Type Culture Collection (Man
assas, VA). NCI-H460 was cultivated in Roswell Park Memo
rial Institute (RPMI) 1640 medium supplemented with 10%
fetal bovine serum (FBS), 2 mM L-glutamine, and 100 U/mL
penicillin and streptomycin. HaCaT cells were cultivated in
Dulbecco's Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
and 100 U/mL penicillin and streptomycin. Cell cultures
were maintained in a 37°C humidified incubator with 5%
CO 2 , Cells were routinely passaged at preconfluent denSity
using a 0.25% trypsin solution with 0.53 mM EDTA . RPMI
1640 medium, FBS, L-glutamine, penicillin/streptomycin,
phosphate-buffered saline (PBS), trypsin, and EDTA were
purchased from GIBCO (Grand Island, NY).

2.3. Cytotoxicity Assays. For cytotoxicity assays, cells were
seeded onto 96-well plates at a density of 1 x 10 4 cells/well
and were allowed to incubate overnight. Cells were then
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treated with various concentrations of gigantol and ana
lyzed for cell viability using 3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide (MTT) assay according to the
manufacturer's protocol. The cytotoxicity index was calcu
lated by dividing the absorbance of the treated cells by that
of the control cells (27,29] .

2.4. Cell Death Assay. Nuclear costaining with Hoechst 33342
and propidium iodide (PI) was used to determine apoptotic
and necrotic cell death. Cells were incubated with 10 /AM
Hoechst 33342 and 5/AM PI for 30 min at 37'C. They were
visualized and imaged under a fluorescence microscope
(Olympus lX51 with DP70) [27, 30J .

2.5.

Anchorage-Independent Growth Assay. Anchorage
independent growth cell growth was determined by soft agar
colony-formation assay. Soft agar was prepared by using a
1: 1 mixture of RPMI 1640 medium containing 10% FBS and
1% agarose. The mixture was allowed to solidjfy in a 24-well
plate to form a bottom layer, after which an upper cellular
layer consisting of 3 x 10 3 cells/mL in the agarose gel with
10% FBS and 0.3% agarose was added. After the upper layer
was solidified, RPM1 medium containing 10% FBS was added
to the system and incubated at 37' C. Colony formation was
determined after 2 weeks using a phase-contrast microscope
(Olympus 1X51 with DP70). Relative colony number and
area were determined by dividing the values of the treated
cells by those of the control cells.
2.6. Spheroid Formation Assay. Approximately 2.5 x
10 3 cells/well were seeded onto a 24-well ultralow attachment
plate using RPM1 serum-free medium . Treated cells were
treated every 3 days. Phase-contrast images of formed
primary spheroids were taken at day 7 of treatment using
a phase-contrast microscope (Olympus 1X51 with DP70).
Primary spheroids were resuspended into single cells,
and again 2.5 x 10 3 cells/well were seeded onto a 24-well
ultra low attachment plate using RPMI serum-free medium.
Secondary spheroids were allowed to form for 30 days [6, 31] .
2.7. Western Blot Analysis. Cells were incubated on ice for
45 min with lysis buffer containing 20 mM Tris-HCI (pH 7.5),
1% Triton X-100, 150 mM NaCI, 10% glycerol. 1 mM Na 3 V0 4 ,
50 mM NaF, 100 mM PMSF, and protease inhibitor mixture
from Roche Molecular Biochemicals (Indianapolis, IN). Cell
lysates were analyzed for protein content using BCA protein
assay kit from Pierce Biotechnology (Rockford, 1L). Equal
amounts of denatured protein samples (60 fAg) were loaded
onto 10% SDS-PAGE for CDl33 and ALDHlAl analysis
and equal amounts of denatured protein samples (100/Ag)
were loaded onto 10% SDS-PAGE for Akt, phosphorylated
Akt, Oct4, and Nanog analysis before being transferred
to 0.45-/Am nitrocellulose membranes (Bio-Rad, Hercules,
CA). Transferred membranes were blocked with medium
(25 mM Tris-HCI (pH 7.5), 125 mM NaCl, and 0.05% Tween
20 (TBST» containing 5% nonfat dry milk powder for
30 min and incubated overnight with speCific primary anti
bodies against CDl33, ALDHIA1, Akt, phosphorylated Akt
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FIGURE I: Cytotoxic effect of gigantol on hum,m lung cancer H460 cells. (a) H460 cells and (b) HaCaT cells were treated with various
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(Ser473). Oct4. Nanog, a-tubulin, and f3-actin. Membranes
were washed three times with TBST and incubated with
the following appropriate horseradish peroxidase-labeled
secondary antibodies: anti-rabbit IgG or anti-mouse, for 2 h
at room temperature. The immune complexes were detected
by SuperSignal West Pico chemiluminescent substrate (Pierce
Biotechnology) and exposed to film.

2.B. Statistical Analysis. All treatments data were normalized
to nontreated controls. Data are presented as the means ±
SD from at least three independent experiments. Statistical
differences were determined using two-way ANOVA and a
post hoc test at a Significance level of P < 0.05.

3. Results
3.1. Cytotoxicity ofGigantol on Lung Cancer H460 and Normal
Keratinocyte HaCaT Cells. Previous studies found that CSCs
within tumors drive tumor growth and recurrence [2] . To
test whether gigantol has an effect on CSCs phenotypes, we
first characterized the noncytotoxic concentrations of the
tested compound. Human lung cancer cells and normal ker
atinocyte stem cells were treated with various concentrations
of gigantol (0, 1. 5, 10, 20, and 50 /AM), and cell viability was
determined after 24 and 48 h by MTT Viability assay. Gigantol

was considered nontoxic at the doses below 20 /AM for both
the lung cancer H460 and keratinocyte cells (Figures l(a) and
l(b». In addition, analysis of the mode of cell death (apoptosis
and necrosis) using Hoechst33342/propidium iodide staining
assay showed that treatment of the compound at 0-20/-IM
caused neither apoptosis nor necrosis to H460 cells. The
significant increase of apoptosis was only found in the H460
cells treated with 50 /-1M gigantol (Figures J(c) and J(d» .

3.2. Gigantol Suppresses CSC-Like Phenotypes. As the ability
of the cancer cells to form spheroids as well as growth
and survival in anchorage-independent condition has been
widely accepted as a hallmark of CSCs, we next tested
the effect of gigantol on such behaviors. H460 cells were
treated with noncytotoxic concentrations of gigantol (0
20/-lM) for 48 h, and the cells were subjected to anchorage
independent growth and spheroid formation assays. For
anchorage-independent growth. the colony number and
colony size were determined and presented as relative values
in comparison to those of nontreated control. Figure 2(a)
shows that treatment of the cells with gigantol resulted in
the Significant decrease of colony number and colony size
in a dose-dependent manner. A significant suppression was
first detected at 5/-1M of gigantol with approximately 30%
reduction in terms of colony number and 20% reduction in
terms of size.
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To confirm the above effect of gigantol on CSCs. the
lung cancer cells were Similarly t.reated and subjected to the
spheroid formation assay. Cells were pretreated with gigantol
for 48 h. detached. resuspended. and seeded at low density
onto ultralow attachment plates. The primary spheroids
were allowed to form for 7 days (Figure 3(a». The primary

spheroids were then detached and resuspended. The sec
ondary spheroids were allowed to grow for 30 days in RPMI
serum-free medium (Figure 3(d». In the nontreated control
cells. the cells have an ability to form aggregates and spheroids
in the primary detection. Although the number and size
of spheroids were found to be Significantly diminished in

-
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the secondary spheroids, there are a number of spherOids
remaining in such a condition referring to the presence of
CSCs in H460 populations. Interestingly, treatment of the
cells with nontoxic concentrations of gigantol dramatically
reduced both number and size of tumor spheroids (Figure 3),
suggesting that the compound has a suppressing effect on the
CSCs populations in these cells.

esc

3.3. Gigantol Reduces
Markers. Having shown that
gigantol suppressed the CSCs phenotypes in the lung cancer
cells, we next confirmed such observation by determining
the well-known lung CSC markers. The cells were cultivated
in the presence or absence of gigantol for 48 h, and the
expression levels of COB3 and ALOHIAI were determined
by Western blotting. Figure 4 shows that treatment of the cells
with gigantol significantly suppressed CD133 and ALDHIAI
expressions in a dose-dependent manner, confirming that
gigantol suppresses CSCs phenotypes in lung cancer cells.
3.4. Gigantol Suppresses Oct4 and Nanog Reduction through
Akt-Dependent Mechanism. The activity of phosphorylated
Akt has been shown to link with the proliferation and self
renewal properties of normal and cancer stem cells [12, 24,
32-35]. Evidence has suggested that Akt activity resulted in
the increase of cellular levels of self-renewal pluripotency
transcription factor Oct4 and Nanog [25, 36, 37]. We further

tested whether gigantol suppressed the CSCs through such a
pathway. Cells were treated with the nontoxic concentrations
of gigantol for 48 h, and phosphorylated Akt, total Akt, Oct4,
and Nanog were determined by Western blotting. Figure 5
shows that the treatment of the cells with gigantol caused
decrease of phosphorylated Akt in a dose-dependent manner,
whereas total Akt was not altered in comparison to those
of nontreated control. Also, its downstream transcription
factors including Oct4 and Nanog were found to be signif
icantly reduced follOWing the reduction of phosphorylated
Akt. Previous study showed that perifosine (known as Akt
inhibitor) reduced the number of mammospheres [38]. To
confirm that gigantol regulates Nanog and Oct4 mediated
by Akt-dependent mechanism, we used perifosine to study.
H460 cells were treated with noncytotoxic concentrations of
perifosine (0-10 rtM) for 48 h, and the stem cell-regulating
proteins were analyzed using Western blot analysis. Figure 6
shows that treatment of the cells with perifosine Significantly
reduced phosphorylated Akt with only minimal change of
total Akt. Importantly, such an Akt inhibitor Significantly
suppressed CDl33 expression in a dose-dependent manner.
Also, the downstream transcription factors including Oct4
and Nanog were found to decrease as a consequence of
phosphorylated Akt reduction. Therefore, our results have
demonstrated that gigantol possesses the CSCs redUCing
effect and could be beneficial for the treatment oflung cancer
by targeting CSCs.
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4. Discussion
Lung cancer has been recognized as a major cause of cancer
related death because of high incidence and relapse [39J.
Recent studies have shown that the CSCs presenting in the
lung cancer may facilitate the malignancy and progression
of the disease [7] . Important hallmarks of CSCs are abilities
to resist chemotherapeutic drugs, spread, and generate the
new tumors [4, 40J . In searching for the potential compounds
targeting CSCs, many researchers have focused on the com
pounds that can suppress stem cell-related pathways. Clhe
phosphorylated Akt, a well-known survival and proliferating
signal, has been long shown to play an important role in
regulating stemness in many cell models [18, 41] . In case of
drug development, DCl20, a novel Akt inhibitor, was shown
to suppress nasopharyngeal carcinoma cancer stem-like cells
[42]. Also, the short hairpin RNA of Akt is able to suppress
the proliferation and self-renewal of lung cancer stem cells
[18]. These data highlight the possibility that compounds
inhibiting Akt pathway and related downstream stem cell
pathways may benefit the treatment of lung cancer.
We have demonstrated herein for the first time that gigan
tol, a pure compound isolated form Dendrobium draconis,
exhibited CSCs suppressing activity in human lung cancer
cells. Treatment of the cancer cells with gigantol resulted in
the decrease ofCSCs indicated by the reduction of cancer cell
growth in an anchorage-independent condition as well as the
decrease of spheroid formation (Figures 2 and 3). As CD133
and ALDH1Al have been widely accepted as stem cell marker
in lung cancer [6, 43-46], we evaluated the expression of
both proteins and found that both proteins were Significantly
downregulated in gigantol-treated cells. Also, gigantol was
shown to suppress stem ness through the inhibition of Akt
dependent Oct4 and Nanog reduction (Figure 5). Oct4 and
Nanog are the transcription factors frequently found in the
stem cells and their functions contribute to the self-renewal
and pluripotency of stem cells. Previous studies showed that
high expression or ectopic forced expression of Oct4 and
Nanog in lung cancer cells transforms the lung cancer cells to
CSC-like phenotypes [7, 35,47, 481 .1he high expression level
of Nanog in many cancers is also recognized as an indicator
of a poor prognosis [49]. Evidence suggested that Oct4 and
Nanog are involved in the maintenance of pluripotency and
self-renewal in CSCs. Overexpression of Oct4 and Nanog
enhanced colony-forming efficiency and promoted the differ
entiation properties [35,50]. The knockdown of both tran 
scription factors was reported to decrease proliferation and
invasion and reverse the epithelial-mesenchymal transition
(EMT) of CSCs [7,51]. In terms of upstream Signaling path
way, Akt has been shown to modulate stem cell homeostasis
in the differentiation process of embryonal carcinoma cells
(ECCs). Previous studies revealed that phosphorylated Akt
plays the critical role in the self-renewal of embryonic stem
cells through Oct4 [24, 52]. In addition, phosphorylated
Akt is important for the proliferation and maintenance of
pluripotency of CSCs as well as sphere formation [53].
In conclusion, we reported a novel finding on the effect of
gigantol in suppression of stemness and other CSC-like phe
notypes in human lung cancer cells. We have demonstrated

Cytoplasm

"",--

,

(

FIGURE 7: The scheme represents the effect of gigantol on human
lung cancer ce.lls. The present study reveals that gigantol has an
ability to redu(e CSCs markers induding CD!33 and ALDHIAI
in the cancer (ells by suppressing the activation of protein kinase
B (Akt) signal which in turn de(reased the cellular levels of
pluripoten(y and self-renewal factors Od4 and Nanog.

that the compound suppresses CSCs features by suppressing
the Akt signal leading to the decrease of stem cell factors
Oct4 and Nanog (Figure 7) . Because CSCs have been tightly
linked to the progression of cancer, aggressiveness, and
metastasis, the findings of this study could be beneficial to
the development of this compound to be useful for cancer
therapeutic approaches.
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Abstract
Alteration of cancer cell toward mesenchymal phenotype has been shown to potentiate tumor aggressiveness by increasing
cancer cell metastasis. Herein, we report the effect of triclosan, a widely used antibacterial agent found in many daily
products, in enhancing the epithelial-to-mesenchymal transition (EMn in aggressive anoikis resistant human H460 lung
cancer cells. EMT has been long known to increase abilities of the cells to increase migration, invasion, and survival in
circulating system. The present study reveals that treatment of the cancer cells with triclosan at the physiologically related
concentrations significantly increased the colony number of the cancer cells assessed by tumor formation assay. Also, the
mesenchymal-like morphology and decrease in cell-to-cell adhesion were observed in triclosan-treated cells. Importantly,
western blot analysis revealed that triclosan-treated cells exhibited decreased E-cadherin, while the levels of EMT markers,
namely N-cadherin, vimentin, snail and slug were found to be significantly up-regulated. Furthermore, EMT induced by
triclosan treatment was accompanied by the activation of focal adhesion kinase/ATP dependent tyrosine kinase (FAK/Akt)
and Ras-related C3 botulinum toxin substrate 1 (Rac1), which enhanced the ability of the cells to migrate and invade. In
conclusion, we demonstrated for the first time that triclosan may potentiate cancer cells survival in detached condition and
motility via the process of EMT. As mentioned capabilities are required for success in metastasis, the present study provides
the novel toxicological information and encourages the awareness of triclosan use in cancer patients.
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Introduction
The well-known broad-spectrum anti-bacterial agent triclosan
(2,4,4' -trichloro-2' -hydroxydiphenyl ether; TCS) (Figure IA) has
been wmmercially used in a variety of products to inhibit the
growth of bacteria, fungi, and mildew [1,2]. TCS has been used
under the regulation of the Food and Drug Administration (in
cosmetics, deodorant, hand soaps, toothpaste) as well as the
Environmental Protection Agency (in materials preservative
inwrporaled into household pla5tics and textiles) [2,3]. The
concentrations used of TCS in different products may vary;
however, its levels in most personal care products range from 0.1
2% [1,3]. The fact that the significant levels ofTCS arc detectable
in the plasma of TCS-exposed human at the concentration
ranging from 0.02 and 20 ~g/ml (0.069 and 69 ~M) leads to the
possible conception that this agent may possibly impact human
physiology [4].
Focusing on cancer, up-to-date information has pointed out that
TCS has insignificant effects on carcinogenesis and direct gene
mutation [2,5,6]. However, considering that TCS is a substance
that people can be exposed to for a long period in their life, it is
important to fully understand the possible effects of this agent not
only on carcinogenesis but also the possible impact on cancer cell
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behaviors. Recent studies have indicated that the transition of
cellular phenotype from epithelial to mesenchymal named
epithelial-to-mesenchymal transition (EM1) is a critical factor in
facilitating metastasis of many cancers [7-9]. EMT has received
considerable attention in cancer-related researches and EMT has
been recognized as a hallmark of cancer stemness as well as
aggressiveness [10]. EMT process has resulted in the alteration of
cell behaviors which, in most cases, enhances ability to metasta
size, induding potentiated migration of the cells from its primary
tumor, and increased resistance to apoptosis [11-13].
Most evidence has suggested that the sub population of cancer
cells that exhibit anoikis resistant property is the majority of cells
undergoing successful metastasis [! 4-18]. Anoikis resistant cells
are also known as circulating tumor cells (CTCs) [19]. In clinical
practice, CTCs have been considered tu be a potential biumarker
that rellects cancer aggressiveness of many types of cancer
including breast, prostate, colorectal, bladder, gastric, liver and
lung cancers [20-24]. The presence and quantity of CTCs in
peripheral blood are shown to correlate well with poor prognosis
in cancer patients [19,20]. The population of CTCs exhibit
heterogeneous cell phenotypes including epithelial, mesenchymal,
and those phenotypes in a transitional state from epithelial to
mesenchymal [20,24-27]. As the process of EMT resulted in the
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mesenchymal phenotypes with increase metastasis potencies
induding anoikis resistance and invasive ability of cells
[14,20,23] factors or stimuli that facilitate this EMT in CTCs
may alter the phenotypes of CTCs population and affect the
metastasis potentials of the cells. As CTCs are found in systemic
circulation [19,24,28], the cells are likely to be exposed to several
chemicals existing in the blood. Based on such a concern, several
compounds have been investigated and reported to have an EMT
inducing property such as TGF-~ [29,30], epidermal growth
factor [31,32], celecoxib [33] gefitinib [34] and hexavalent
chromium [35].
Although the presence of certain concentrations of TCS has
been reported in human circulations, the information regarding
effects of such an agent on EMT process of CTCs is still largely
unknown. The present study aims to investigate the eITects as weU
as the possible effects of this compound on the aggressive
population of lung cancer cells. Better understandings obtained
from this study may contribute to the safer use ofTCS and provide
new assessment approaches for cancer-related toxicity.

measured using automated cell counter. Viable cells were used for
further experiments.

3. Cell viability assay and cell proliferation assay
Cells viability was determined by MIT assay. Cells were seeded
4
at a density of I x 10 cells/well onto 96-well plate overnight. After
that they were treated with various concentrations of TCS for
24 h. Following the treatment, the medium was then replaced with
MIT solution (5.0 mg/ml in PBS) and incubated at 37°C for 4 h.
Then the medium was replaced with 100 III DMSO to solubilize
the formazan product and the intensity of the formazan product
was measured at 570 nm using a microplate reader (Anthros,
Durham, NC, USA). Cell viability was expressed as the percentage
calculated from the optical density of treated cells relative to the
controlled cells. Meanwhile, cell proliferative effect was deter
mined also using MTT assay. Cells were seeded at a density of
2 x 10 3 cells/well in !:l6-well plate and incubated overnight. After
that, the cells were trrated with various concentrations ofTCS for
0, 24, 48, and 72 h. Cell proliferation was measured by MTT
assay as described in cell viability assessment.

Materials and Methods
4. Nuclear staining assay

1. Cells and reagents

Apoptotic and necrotic cell death were determined by
Hoechst33342 and PI co-staining. Cells were seeded at a density
of 1 x 104 cells/well onto 96-well plate and incubated overnight.
Cells were then treated with TCS for 24 h. After specific
treatments, cells were incubated with 10 Ilg/ml of Hoechst33342
and 5 ~g/ml of PI for 30 min at 3rC. The apoptotic cells having
condensed chromatin and/or fragmented nuclei and PI-positive
necrotic cells were visualized and scored under a fluorescence
microscope (Olympus IX5 I with DP70, Olypus America Inc.,
Center valley, PA, USA).

NCI-H460 was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). The cancer cells were
cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 100 IU/ml penicillin,
and 100 Ilg/ml streptomycin (Life technologies, MD , USA) in
37°C wi.th 5% CO 2 humidified incubator. Tridosan was obtained
from Sigma (St. Louis, MO, USA). TCS was diluted with sterile
medium to achieve the working concentrations with O. I % DMSO
in the final solution. As regards the sources of reagents,
Hoechst33342, propidium iodide (PI), phalloidin tetramethylrho
damine B isothiocyanate, bovine serum albumin (BSA) and
dimethylsulfoxide (DMSO) were purchased from Sigma (St. Louis,
MO, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Gibco (Life technologies,
MD, USA). Matrigel was obtained from BD Biosciences, Inc.
(Woburn, MA, USA). BCA assay kit and Supersignal west pico
chemiluminescent was obtained from Thermo Scientific, Inc.
(Rockford, IL, USA). Rabbit monoclonal antibodies for E
cadherin, N-cadherin, vimentin, slug, snail, Akt, phosphorylated
Akt (S473), focal adhesion kinase (FAK), phosphorylated FAK
(Y397), ~-actin, peroxidase conjugated anti-rabbit IgG and
peroxidase conjugated anti-mouse IgG were obtained from Cell
Signaling (Denvers, MA, USA). Mouse mono donal antibodies for
Active Racl-GTP and Active Rho-GTP were obtained from
NewEast Biosciences (Malvern, PA, USA). Immobilon Western
chemiluminescent HRP substrate was obtained from Millipore,
Corp (Billerica, MA, USA) and Therl1lo Fisher Scientific Iul".
(Rockford, IL, USA).

5. Cell cycle analysis
After the treatment of the cells with TCS for 48 h, the eells were
trypsinized and fixed with 70% absolute ethanol at -20°C
overnight. the cells were then washed with cold PBS and
incubated in PI solution containing O. I % Triton-X, 1 ~g/ml
RNase, and 1 mg/ml propidium iodide at 37°C for 30 min. DNA
in whole cells were stained with PI and cell cycle profile was
analyzed using flow cytometry (FACSort, Becton Dickinson,
Rutherford, Nj, USA) .

6. Colony formation assay
UpOll treatment with TCS, anchorage-independent growth was
examined via colony formation assay in accordance with the
method of Kuleske et al. [38] with minor modifications. Briefly,
cells were treated with TCS at non-toxic concentrations for 24 h
and then treated with I mM EDTA to prepare single cell
suspension. The cells were suspended in RPMI-l640 containing
lO% FBS and 0.33% agarose, then 250 III containing I x I 0 3 cells
were embedded as a second layer in a 24-well plate over a 500 III
base layer containing 10% FBS and 0.5% agarose. The cells were
fed every 3 days by adding 250 ).Il of complete medium. After 7
and 10 days, the resulting t:olonies were photographed at x4
magnification. Colony number and colony size were determined
on the 10,h day of culture.

2. Anoikis resistant cells
Anoikis resistant cell culture was carried out according to
method of Sakuma et al. [36] and Khongmanee et al. [37] with
minor modifications. In brief, attached H460 cells were trypsinized
when cells reached 80- 90% contluence with 0.05% trypsin/0.02%
EDTA. Then cells were cultured in ultralow attachment 6-well
plate (Corning Costar, MA, USA) in RPMI-l640 medium while
other conditions as described for attachment culture were
maintained. Cells were cultured at a density of 2 X 105 eells/ml
for 48 h. Suspended cells were then collected and prepared into a
single cell suspension by I mM EDTA treatment. Then cells were
washed with complete RPMI-1640 medium. Cell viability was
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7. Filopodia characterization
Filopodia was characterized by phalloidin-rhodamine staining
assay as described in Kowitdamrong et al. [39]. Cells were treated
with TCS at non-toxic concentrations for 24 h in detach condition
and seeded at a density of 2 x 10 3 cells/well onto 96-well plate for
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Figure 2. Effects of TCS on anchorage-independent growth of anoikis resistant H460 cells. (A) Cells were pretreated with TCS (0-7.5 11M)
for 24 h and subjected to soft agar colony formation assay, as described in "Materials and Methods". Representative fields from three independent
experiments were photographed after the cells were cultured for 7 and 10 days. Scale bar is 1,000 11m. (B-C) Colony number and colony size were
determined by image analyzer on the 10th day of culture. Values are means of the three independent triplicate samples ::t:: SE. ·P<0.05 versus non
treated control.
doi:1 0.1371/journal.pone.D11 0851.g002

4 h. The cells were then washed with PBS, lixed with 4%
paraformaldehyde in PBS for 10 min at 3rC, permeabilized with
0.1 % Triton-X I 00 in PBS for 4 min, and blocked with 0.2% BSA
for 30 min. Following that, the cells were incubated with I: 100
phalloidin-rhodamine in PBS for IS min and washed with PBS 3
times. Filopodia was then imaged by a fluorescence microscope
(Olympus IX51 with DP70).
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8. Migration assay
Migration was determined by Boyden chamber assay as
previously as described in Kowitdamrong et a!. [39]. Cells were
pretreated with TCS at non-toxic concentrations for 24 h in
detached condition. Then the cells were seeded at a density of
5 x 104 cells/well onto an upper 24-transwell plate of the transwell
filter (8-I1M pore) in the medium containing 0.1 % serum and
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the underside of the membrane were stained with 10 Ilg/ml
Hoechst33342 for 30 min. The cells were then visualized and

500 III of complete medium was added to the lower chamber.
After 24 h, the non-migrated cells in the upperside membrane
were removed by cotton-swab wiping. The cells that migrated to

PLOS ONE

I www.plosone.org

5

October 2014

I Volume

9

I Issue

10

I ell0851

•

Triclosan and Epithelial-To-Mesenchymal Transition

(A)

(lcDa)
140

N-cadherin

135

E-cadherin

57

Vimentin

30- .'':,....

..

~

.

'..

.'

Slug

29

Snail

45

p-actin

o

2.5

7.5

5

Triclosan (11M)

(B)

3.0

*

2.5
'0
>
~

.-

2.0

[

1.5

o

v
..v

.->
~
v

.-<

1.0

~

0.5

0.0

o

2.5

7.5

5

Triclosan (11M)
tJl N-cadherin

Ii!)

E-cadherin

~ Vimentin

Slug II Snail

Figure 4. Effects of TCS on E-cadherin and EMT markers. (A) Anoikis resistant H460 cells were treated with TCS (0- 7.5 J.lM) for 24 h in
detached condition. The level of N-cadherin, E-cadherin, vimentin, slug and snail were determined by western blotting. Blots were reprobed with ~
actin to confirm equal loading. (B) The immunoblot signals were quantified by densitometry and mean data from independent experiments were
normalized to the results. The data present means of the three independent triplicate samples::!: SE. ·P< 0.05 versus non-treated control.
doi:10.1371/journal.pone.D11 0851 .g004

scored under a fluorescence m icroscope (Olympus IX5 1 with
DP70).
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9. Invasion assay
The invasion assay was carried out using 24-tra nswell chambers
as previously as described in Kowitdamrong et al. [39]. Transwells
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were coated with 50 III of 0.5% matrigel on the upper surface of
chamber and incubated overnight at 37°C in a humidified
incubator. Mter treatment with TCS at non-toxic concentrations
for 24 h in detached condition, cells were seeded at a density of
4
5 x 10 cells/well onto the upper chamber in medium containing
O. I % serum and 500 III of complete medium was added to the
lower chamber. Mter 24 h, the non-invaded cells in the upperside
of membrane were removed by cotton-swab wiping. Invaded cells
at the basolateral side of membrane were flJ{ed with cold absolute
methanol for 10 min and stained with 10 )lg/mL Hoechst33342
for 30 min. CeUs were then visualized and scored under a
fluorescence microscope (Olympus IX51 with DP70).

survival at the dose of 10 )lM with approximately 80% of cells
remaining viable, while treatment of the cells with TCS at 0
7.5 11M caused no significant toxic effect. Hoechst33342/PI
staining assay confirmed that apoptosis and necrosis were not
detectable in the TCS-treated cells at 0-7.5 )lM. The apoptotic
cells with fragmented or condensed nuclei were only detected in
the cells treated with 10 )lM TCS (Figures I D and E). Therefore,
the concentrations of TCS at 0-7 .5 IlM were used for following
experiments.
Having shown the toxic effect of TCS on anoikis resistant cells,
we next investigated the elTeets of TCS on cell proliferation and
ce.ll cycle. Cells were treated with non-toxic concentrations ofTCS
for 0-72 h and proliferation of the cells was determined as
described in Materials and Methods. Proliferation response of
anoikis resistant cells to TCS was shown in Figure IF. TCS
treated cells showed no significant difference in terms of cell
proliferation in comparison to the non-treated control cells. These
rcsults were confirmed by cell cycle analysis using PI and flow
cytometry. The results indicated that TCS treatment caused no
significant elTects on the cell cycle (Figures I G and 1 H). Together,
the results suggested that TCS possessed no proliferative elTl:ct on
anoikis resistant H460 cells in normal culturing condition.

10. Western blot analysis
After specific treatments, cells were incubated in a lysis buffer
containing 20 mM Tris-HCI (PH 7.5), 1.5% Triton X-IOO,
150 mM sodium chloride, 10% glycerol, 1 mM sodium orthova
nadate, 50 mM sodium fluoride, I mM phenylmethylsulfonyl
lluoride, and a commercial protease inhibitor mixture (Roche
Applied Science, Indianapolis, IN, USA) for 2 h on ice. Cell
Iysates were collected and protein content was determined using
the Bradford method (Bio-Rad Laboratories, Hercules, CAl. Equal
amounts of protein from each sample were denatured by heating
at 95°C for 5 min with loading bulTer and subsequently loaded
onto a 7.5% SDS-polyacrylamide gel electrophoresis for the
detection of EMT markers and E-cadherin expression or 10%
SDS-polyacrylamide gel electrophoresis for the detection of
migratory-related protein expression. After separation, the pro
teins were transferred onto 0.45 )lM nitrocellulose membranes.
The transferred membranes were blocked in 5% non-fat dry milk
in TBST (25 mM Tris-HCL (PH 7.5), 125 mM NaCI, 0.05%
Tween 20) for I h, and then incubated with a specific primary
antibody (1: 1,000 dilution) overnight at 4°C. The membranes
were washed three times with TBST for 5 min and incubated with
Horseradish peroxidase-coupled isotype-specific secondal), anti
bodies (I :2,000 dilution) for 2 h at room temperature. The
membranes were washed three times with TBST for 5 min and
the immune complexes were detected by enhancement with a
chemiluminescent substrate and quantified using analyst/PC
densitometry software (Bio-Rad Laboratories, Hercule-s, CA,
USA).

2. TCS promoting cell growth in anchorage-independent
manner
Because anchorage-independent growth of the cancer cells has
been shown to augment metastasis, we next investigated the effect
of TCS on cancer cell growth in such condition. In doing this,
anoikis resistant cells H460 were treated with TCS for 24 h before
they were subjected to colony formation assay. The cells were then
seeded in agarose layer to prevent cell-cell interaction and
attachment. Colony number and colony size were obtained by
photographing and counting after the cells were cultured for 7 and
10 days. The colony formation was shown in Figure 2A. Colony
number and colony size of each treatment were calculated as a
percentage of the control group and shown in Figure 2B and C,
respectively. The results indicated that TCS at the concentrations
of 5 and 7.5 IlM significantly increased colony formation of
anoikis resistant H460 cells. However, TCS at both concentrations
significantly reduced colony size in comparison to that of 110n
treated control group. Such observations indicated that TCS
promoted anchorage-independent survival of the cells, but
decreased the growth rate of the ceUs in detached condition.
Our results consists with the previous findings that the increase in
anchorage-independent survival with low proliferative ability has
been observed in the cancer cells undergoing EMT [11,12,41,42] .

11. Statistical analysis
Data were obtained from three inde-pendent experiments and
presented as means::':: standard error (SE). Statistical analyses were
performed using one-way ANOVA and post hoc test (Turkey's
test) at a significance level of P-values < 0.05. SPSS 17.0 was used
for all statistical analyses.

3. TCS inhibiting cell-cell interaction
Loss of cell-cell adhesion was found in the cells during the
process of EMT as a results from cadherin switching [7,8]. To
examine the elTect of TCS on cell-cell adhesion of anoikis resistant
H460 cells, we seeded cells in 24-well low attach plate at the
density of 1.5 x 10 5 cells/well and treated them with non-toxic
concentrations of TCS. The cell-cell interaction was observed in
formation of cell aggregation and photographed using a phase
contrast microscope. Aggregate size and number were determined
and calculated relative to the non-treated control. Figure 3A
shows t11at -rCS treatment significantly altered the aggregate
behavior of the cells to single cell suspension. Addition of TCS
resulted in the significant reduction of both number and size of
multi-cellular aggregates in a dose-dependent manner (Figure 3B
and C). These results suggested that TCS promoted loss of ceU-cell
adhesion of anoikis resistant H460 cells which is a dominant
characteristic of the cells undergoing EMT.

Results
1. Effects of TCS on anoikis resistant H460 cells
Anoikis resistant cancer cells were used as a model for studying
CTCs [36,37,40]. Anoikis resistant lung cancer cells were
generated as described in Materials and Methods. It was found
that detached H460 cells spontaneously fomled multicellular
aggregates after culture for 48 h (Figure IB). To elucidate the
possible effect ofTCS on CTC lung cancer cells, cytotoxic effect of
the compound on the ceUs was first characterized. TCS at the
concentrations ranging from 0.069 and 69 )lM was found in the
plasma of TCS-exposed subjects [4] . Therefore, the anoikis
resistant cells were incubated with TCS at the concentrations of
0-10 )lM for 24 h and cell viability was assessed by MTT assay.
Figure I C shows that TCS treatment significantly decreased cell
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4. TCS increasing the expression of EMT markers

concentration in the products as well as the route and frequency of
administration [2,3]. The low and high concentrations of TCS in
human plasma have been reported at 0,02 and 20 ~/ml (0.069
and 69 JlM) respectively [4]. Previous studies reported the possible
effects of TCS in the induction of hepatocellular adenoma and
carc inoma formations in rodent model [2]. Recently, Ma et al.
(2013) found that TCS reduced global DNA methylation (GDM)
in HepG2 cells and they proposed the reduction as the possible
mechanism ofTCS promoting tumor in rodents [49]. Since global
DNA hypomethylation is associated with aberrant gene expres
sion, loss of imprinting, chromosome instability and anomalies, it
has been shown to playa key role in controlling EMT and cancer
metastasis [50]. Thus, TCS induced global DNA hypomethylation
raises a question whether TCS can promote cancer metastasis in
the carcinogenesis safety aspect of this compound.
Anoikis resistant H460 cells were found to form multicellular
aggregation in suspended condition and still express a high level of
E-cadherin which is consistent with previous studies [36,40].
Together with this finding, the sub-population of CTCs was
clinically found as multicellular aggregates with epithelial marker
expression [25,51]. The transition of the cells towards mesenchy
mal phenotypes through EMT has been shown to enhance the
ability of CTCs cells to be more aggressive in many cancers
[' 4,20]. In this study, we employed anoikis resistant H460 ceJls as
a model of CTCs and found that TCS enhanced EMT of such
cells and promoted the ability of the cells to migrate and invade.
Our results indicated that TCS treatments significantly
increased the cells' ability to survive in anchorage-independent
condition (Figure 2) while decreased the proliferation rate of the
cells. Such results were consistent with the previous study reporting
that the cancer cells undergoing EMT possess the ability tu survive
in detached condition with decreased rate of growth [11,12,41,42].
The possible explanation on this phenomenon is that EMT-related
transcription factors are responsible for the attenuation of cell
proliferation through the impairment of cell cycle progression
[41,42]. Cadherin switching from E-cadherin to N-cadherin is
considered as the hallmark event of EMT [7,48,52] . Also,
mesenchymal phenotypes of cells can be confirmed by the
increased expression of vimentin which is a type-III intermediate
filament highly expressed in mesenchymal cells [15,53] and the
enhanced expression of snail and slug which are the transcription
factors that regulate cadherin switching and that drive cells into
EMT process [11,52,54,55]' In the present study, we found that
treatment of the anoikis resistant ceUs with TCS significantly
mediated cadherin switch and increased vimentin, snail, and slug
(Figure 4). Because TCS was shown to decrease the level ofGDM
in cancer cells [49] and global DNA hypomethylation was related
to EMT and stem-like phenotype [50] , the possible mechanism of
TCS to induce snail and slug expression in this case may be, at
least in part, due to such effects of TCS on global DNA
hypomethylation.
Several studies have reported that FAK plays an important role
in dynamic turnover of focal adhesion of cells, increases ftIopodia
formation and also modulates cell migration. FAK activation was
reported to lead to the phosphorylation of Akt, which resulted in
cell movement [39,56]. FAKI Akt phosphorylation also activated
the GTP-binding of several Rho-family GTPases such as Rae!
and RhoA. Rac I is essential to stimulate thf' formation of
membrane ruming, lamellipodia and focal-complex formation,
while RhoA induces the formation of stress fibres and focal
adhesion [56,57]. We found that TCS-induced EMT significantly
promoted FAKI Akt activation as well as Rae I activation.
However, TCS possessed no eITect on the level of RhoA-GTP.
These results were consistent with previous reports that N

We next investigated the effeet of TCS treatment on EMT
markers including N-eadherin, vimentin, snail, and slug. Anoikis
resistant H460 cells were treated with non-toxic concentrations of
TCS for 24 hand EMT markers were evaluated by western
blotting. Figures 4A and B show that the expression level of E
eadherin was significantly decreased in response to TCS treatment
in a concentration-dependent manner. In addition, TCS signifi
cantly enhanced the increase of N-cadherin, vimentin, slug, and
snail. The expression of snail was significantly enhanced by TCS
treatment at 5 and 7.5 ~M in a dose-dependent manner, while the
expression of slug was only significantly induced by the treatment
with TCS at 7.5 ~M. These resuits suggested that TCS increased
EMT phenotypes in these cells.

5. TeS-mediated EMT enhancing cells migration and
invasion
An important hallmark of aggressive cancer cells is their high
ability to migrate and invade [43,44]. EMT is recognized as an
important factor facilitating cell motility [12,45]. Cells were
treated with TCS at non-toxic concentrations for 24 h and th e
migration and invasion behaviors of the cells were determined as
described in Materials and Methods. Figure 5A indicates that
TCS-treated cells exhibited increased polarity and filopodia.
Filopodia of the TCS-treated cells was stained with phalloidin
rhodamine as shown in Figure 5B. TCS-treated cells exhibited
filopodia protrusions accumulating at the border of cells in a dose
dependent fashion. Additionally, migration and invasion assay
revealed that TCS increased cell migration and invasion
(Figures 5C and D). The above findings suggested that EMT
induction upon TCS treatment promoted fLlopodia formation and
potentiated migratory and invasive abilities of anoikis resistant
H460 cells.
Furthermore, the down-stream effector proteins which are
responsible for cell motility were determined using western
blotting. The cells were treated with indicated concentrations of
'rCS for 24 h and subjected to western blot analysis. The
expression levels of migratory-related proteins including activated
FAK (phosphorylated FAK, Tyr 397), FAK, activated Akt
(phosphorylated Akt, Ser 473), Akt, activated Rae! (Racl-GTP),
and activated RhoA (RhoA-GTP) were investigated. Figures 6A
and B show that TCS treatment significantly increased the level of
phosphorylated FAK, activated Akt, and active Racl-GTP.
However, TCS possessed no significant effect on activated RhoA
level. These results suggested that TCS-induccd EMT promoted
the motility of anoikis resistant H460 ('ells through the activation
of FAKI Akt signaling pathway as well as Rac I activation .

Discussion
Lung cancer has garnered most attentions in cancer research
field since this type of cancers is considered as a major causl' of
cancer-related mortality [46] . Indeed, the high metastasis rate in
such a cancer makes it the most life-threatening and in most cases
metastasis is detected at the time of first diagnosis [47]. Because
the ability of cancer cells to metastasize can be augmented by the
process 01' EMT [9,12,48], the present study reporting the positive
n:gu]atory effect of TCS on the EMT of human cancer cells
highlights the possible novel toxicity caused by this compound.
TCS has been widely used for over 30 years in health care
products as well as in medical devi('es. TCS is readily and
completely absorbed following oral administration. TCS has been
identified in urine, plasma, and breast milk of humans with a wide
range oflevels depending upon the individual's daily intake, its the
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cadherin and slug were able to activate Akt pathway involving in
cell survival and migration [7,58]. In addition, N-cadherin
increased steady-state levels of activated Rac I, which resulted in
the increase of actin remodeling (7). Moreover when cells undergo
EMT, free p l20-catenin in cytoplasm was recruited to N-cadherin
on cell surface, which resulted in the activation of Rae I and the
subsequent inhibition of RhoA activation [59].
In stunmary, our fmdings highlighted the effects of TCS in
inducing EMT process in anoikis resistant human lung cancer
cells. TCS-treated cells exhibited increased EMT phenotypes
including increased anchorage-independent survival, low cellular
proliferation and loss of ceU-celi adhesion. Importantly, TCS
promoted the cadherin switch and increased vimentin , snail, and
slug. In addition, we found that such TCS-medialed ErvIT
enhanced the ability of the cells to migrate and invade through
FAK/Akt and Racl-dependent mechanisms. Consequently, such

findings show the potential effect of TCS in promoting EMT in
CTCs which may result in cancer aggressiveness. Furthermore,
this study provides some new toxicological information regarding
TCS, which should lead to caution in the use of TCS III cancer
patients.
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Abstract. As lung cancer is the most common malignancy
worldwide and high mortalities are the result of metastasis ,
novel information surpassing the treatment strategies and
therapeutic agents focusing on cancer dissemination are of
interest. Lung cancer metastasis involves increased motility,
survival in circulation and ability to form new tumors .
Metastatic cells increase their aggressive features by utilizing
several mechanisms to overcome hindrances of metastasis,
including epithelial to mesenchymal transition (EMT) , increased
in cellular survival and migratory signals. Sufficient amounts
of natural product-derived compounds have been shown to have
promising anti-metastasis activities by suppressing key
molecular features upholding such cell aggressiveness. The
knowledge regarding molecular mechanisms rendering cell
dissemination together with the anti-metastasis information of
natural product-derived compounds lnay lead to development
of novel therapeutic strategies.
Lung cancer causes mortality in the estimated number of 1.5
million every year (1,2). It has been widely accepted that in
most aggressive malignancies, metastasis becomes the
highlighted topic of research interests . In lung cancer, the
metastasis-related death is found to be as high as 90% of all
lung cancer mortality and approximately 70% of lung cancer
patients are found with local lymph node metastasis or
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distant spreading of cancer at the time of first diagnosis (3) .
According to such contexts, metastasis is an important
impediment for the successful therapy of lung cancer and,
thus , understanding of the underlying molecular basis in
regulation of lung cancer dissemination may lead to
discovery of novel effective targeted therapies.
Lung cancer is generated from normal lung epithelial cells
that undergo multiple genetic damages and finally transform
to uncontrolled proliferating cells with abnormal growth and
aggressive behaviors in the airway of lungs . Lung cancer
consists of two major types: non-small cell lung cancer
«NSCLC) ; 85 % of all lung cancer cases) and small-cell lung
cancer «SCLC); about 15%) (4, 5). According to the
histological classification, NSCLC can be divided into three
major subtypes: squamous cell carcinoma, adenocarcinoma
and large-cell carcinoma (4). The importance of classification
is revealed to treatment strategy and prediction of cancer
outcome. At the present day, surgery, radiation, chemotherapy
and targeted therapy are used in lung cancer treatment;
however, despite the fact that multiple approaches have been
used for lung cancer treatment, the clinical outcomes of the
current therapies are still not at satisfactory level.
Many widely prescribed chemotherapeutic agents have
been discovered by investigating the potential compounds
from plants, marine organisms, microorganisms and animals
or developing from the natural product-derived lead
compounds (6). In line with such a concept , several natural
product-derived compounds have been currently evaluated
and their anti-cancer activities have been focused on newly
discovered mechanisms with the hope that they can be used
or, at least, lead to better strategies against cancer (Table l).

Mechanism of Metastasis
Until now, the mechanism of metastasis of lung cancer is still
not understood at a sufficient level. Although the appearance
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and phenotype of the metastatic cancer cells found in other
parts of the body is similar to that of primary tumor cells,
metastatic lung cancer cells have several different molecular
features . With the same feature of certain proteins and
chromosome defects found in original lung cancer cells, the
metastatic cells possess specific signals that enhance their
ability to metastasize. Such mechanisms allow the cells to
disseminate from their original site . In general, lung cancer
cell metastasis involves the common following steps as found
in most solid tumors. which are (i) detachment from
extracellular matrix (ECM), (ii) local migration and invasion ,
(iii) intravasation into blood or lymphatic systems, (iv)
survival in circulatory system (resistant to anoikis), (v)
extravasation at metastatic site and (vi) proliferation and
formation of new tumor. The illustration of complicated
processes of metastasis is shownin Figure 1.
The metastatic cells require special properties to overcome
hindrances, with the most important being their ability to
survive in detached conditions, invade and generate new
tumors. Recent studies have shown that adaptive cell features
changing from epithelial-like to mesenchymal phenotypes
named "epithelial to mesenchymal transition" (EMT) (7-9)
and cancer stem cells (CSCs) (8, 10-13) play critical roles in
facilitating cancer cell dissemination. In addition. the
augmentation of survival mechanisms, including Protein
kinase 8 (AKT), ERK and anti-apoptotic protein members
of the 8cl-2 family, have been intensively shown to increase
metastasis ability of lung cancer cells (14-18) .

Anoikis Regulatory Mechanism
Anoikis is the molecular event of programed cell death
triggered by the loss of appropriate cell contact to extracellular
matrix or basement membrane. The process of anoikis involves
the lack or diminishment of integrin-mediated survival signals
(19). This death is found in most adherent cells, including solid
tumor cells (20); therefore, anoikis has been recognized as a
key impediment of cancer metastasis. Molecules like focal
adhesion kinase (FAK), anti-apoptotic protein MCL-I and
caveolin-I (CAY-I) have been shown to inhibit anoikis in lung
cancer cells. Regarding FAK, it is a focal adhesion-associated
protein, encoded by PTK2 gene (protein tyrosine kinase). FAK
acts as an essential early protein that co-localizes with integrins
on the cytoplasmic domain and facilitates migration through
transmission of integrin signaling . FAK is recruited and
activated by signaling from integrin. The major
phosphorylation site of FAK is identified as tyrosine 397 (Tyr
397) . After FAK auto-phosphorylation, activated FAK forms a
complex with SRC family kinases , which generate multiple
downstream signaling through phosphorylation of other
proteins to regulate cell survival (21) . In lung cancer cells, FAK
was shown to enhance cell survival in detached conditions via
PI3K1AKT and MAPK-ERK pathways (22).
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Recently, CAY-J protein, a main component of caveolae, has
been demonstrated to negatively control anoikis response in
NSCLC cells (23, 24). In mechanistic detail, CAY-I was
shown to inhibit anoikis in lung cancer cells by its binding
on and stabilizing of anti-apoptotic MCL-J protein (25) . The
direct interaction of CAY-I protects MCL-I from ubiquitin
proteasomal degradation (25). Other possible mechanism of
CAY-J on anoikis resistance is that the protein can up
regulate the insulin-like growth factor-I receptors and
enhance its downstream AKT signaling (26). Together with
the facts that CAY-l was shown to be highly expressed in
metastatic and advanced stage cancer (27-29) and its
expression was linked with poor prognosis (30, 31),
suppressing this protein may be a potential way to overcome
anoikis resistance and, as a consequence, inhibit metastasis.
Mounting evidence has demonstrated the activity of
natural products in attenuation of cancer metastasis. Among
several potential nature-derived compounds, curcumin [1], a
compound isolated from the rhizome of turmeric (Curcuma
longa), has garnered considerable attention over the past
decade. Curcumin has been shown to sensitize anoikis in
lung cancer cells by mediating 8cl-2 down-regulation (32).
The study provided evidence that treatment of lung cancer
cells with non-toxic concentrations of curcumin enhanced the
degradation of 8cl-2 protein via ubiquitin-proteasomal
degradation that, finally, resulted in the sensitization of
anoikis (32) .
The compound derived from Angelica dahurica root,
imperatorin [2], was shown to increase anoikis response of
lung cancer cells and inh.i it anchorage-independent growth
of lung cancer cells by d(!)wn-regulation of MCL-l protein
(33) . Likewise, · onin
[3], a compound obtained from
Artocarpus gom ezianu, nd ecteinascidin 770 [ET-770, 4]
isolated from marine tunicate Ecteinascidia thurstoni, were
demonstrated to have anoikis sensitizing activity by
decreasing the MCL-l protein their no d oxic wncentrations
in NSCLC cells (34 . 35) . Recently, renieramycin M [RM, 5].
a bistetrahydroisoquinolinequinon~ separated fro marine
blue sponge Xestospongia sp ., was eported as potential
anti-metastatic agent by sensitizing anoikis-resistant lung
cancer cells to anoikis by suppre sing s rvival prote· s p
ERK and p-AKT, along with anf-apoptotic proteins cl-2
and MCL-l (36). Interestingly, I T-770 [4] and I ~ [5]
consisted of similar chemical skeJeto . T he corresponaing
cytotoxicity and anti-cancer mechanism toward lung cancer
potentially derived from the bistetrahydroisoquinoline core .
A natural flavone isolated from the root of Scutellaria
baicalensis known as Oroxylin A [6] was found to sensitize
A549 cells to anoikis by inactivating the c-Src/AKTIHK II
pathway (37). Furthermore, a mixture of flavonoids extracted
from Korean Citrus aurantium was also reported to induce
apoptosis of NSCLC (A549) cells involving protein cleaved
caspase-3 and p-p53 (38).
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6

New tumor
Initiation

invasion

Figure I. Cancer metastatic prucess. Metastasis is a complicated multistep prucess beginning with cancer cell delUchment frum extracellular matrix
(ECM) , migratiun, invasiun ami extravasation tv the circulation. When the cancer cells reach secondary sites, they adhere , intravasate and begin
dividing to form new tumors.

EMT and Migratory Suppression
EMT is a process of epithelial cells undergoing phenotypic
change to mesenchymal cells. In general, EMT occurs during
embryonic development, wound repair and pathological
events, such as fibrosis and cancer (39).
EMT is classified into three different SUbtypes: J) Type J
EMT: This type occurs during embryonic development and
organogenesis; 2) Type 2 EMT: This type associates with
tissue repair and fibrosis; 3) Type 3 EMT: This type
associates with cancer progression and metastasis.
EMT characteristics can be identified by the change of
cell morphology and expression of EMT markers. During
EMT, epithelial cells undergo remarkable morphological
conversion from cobblestone-like epithelial morphology to
elongated-like mesenchymal morphology. The crucial
hallmark of EMT is the loss of E-cadherin, a cellular
junction protein typically expressed in epithelial cells. In
addition, EMT-phenotypic cells increase the expression of
mesenchymal markers, such as N-cadherin and vimentin, as
well as up-regulate transcriptional factors, namely Snail and
Slug (39-42). The alteration of cell components, including
adhesion molecules and cytoskeleton, makes the cells lose
their polarity and acquired high migratory ability, thus
facilitating cancer cell metastasis.
Focusing on cancer metastasis, accumulating evidences
have indicated the roles of EMT in cancer aggressiveness
and metastasis; EMT is being considered as the underlying
cause of the high mortality rate of cancer (7-9). EMT elicits

distinct behaviors leading to cancer cell metastasis, including
increased cell motility (migration and invasion) and anoikis
resistance . Previous studies have demonstrated that loss of
E-cadherin expression has been shown to decrease cell
polarity and promote individual cell migration and invasion
(43-46). Accordingly, the increased expression of N-cadherin
results in a less stable cell-cell adhesion, which promotes cell
motility and invasion by maintaining the steady-state level
of active Racl (45,46). Similar to N-cadherin, vimentin,
type III intermediate filament protein, plays a predominant
role in the changes in cell shape, adhesion and motility by
maintaining FAK activity and Rac J activation (47,48).
During EMT process, lung cancer cells enhance their
expression of mesenchymal transcription factors, such as,
Slug, Snail and Twist. Besides, the increase of proteins like
vimentin, fibronectin and alpha-smooth muscle actin (a
SMA), as well as the reduction of E-cadherin, have been
shown to induce cell morphology change toward spindle shape
and detachment of the cells form their basement. Focusing on
cancer invasion, the augmented N-cadherin found in EMT
cells encourages invasive and metastasis behaviors (49). EMT
was also shown to increase cell invasive ability by triggering
matrix metalloproteinases (MMPs), such as MMP-2, MMP-3
and MMP-9 (50). In NSCLC, the low vimentin level was
found to be a predictor of better survival in primary NSCLC
(51). EMT phenotypes in primary cells of lung cancer have
been shown to link with anoikis and chemotherapeutic
resistance (52, 53). Focusing on cancer cells and their
environment interplays, EMT can be induced by several
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Table I. Natural producl-derived compounds as po/ellIial ullIi-lung cancer agenTs.

Entry

Compound

1
HO

Natural source

Origin!
Part lise

Anti-lung cancer
mechanism

Curcuma Zonga

Plant/

Anoikis
sensitizing

Rhizome

OH
Cu(cumin,1

otO
\v

2

0

h

0

Angelica
dahurica

Plant/

Artocarpus
gomezianus

Plant!

Ecteinascidia
thurstoni

Tunicate/

Xestospongia
sp.

Sponge/
WhoJe
body

Anoikis
sensitizing

Scutellaria
baica/ensis

Plant/root

Anoikis
sensitizing

Root

Anoikis
sensitizing

1

Imperatorin. 2

3

:7 1
::,...

OH
OH

Bark

Anoikis
sensitizing

::,...

Artonin E, 3

4

HOm
::,... I NH

MoO

0:t':

MoO

~ HO
AcO

y

Me

~

H

Whole
body

Anoikis
sensitizing

M~'
_'''
::,... 1 N '"~~
:
'-

eN

Ecteinascidin 770, 4

5
Me
MeO

Renieramycin M. 5

6
HO

MeO
Oroxylin A, 6

Table I. ConTinued
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Table I. Continued

Entry

Compound
OH

7

0

H3 CO
H

Y

0H

I '"
~

I

Natural source

Origin/
Part use

Anti-lung cancer
mechanism

Dendrobium
ellipsophyllum

Plant!

EMTand

Arial part

migratory
suppressing

OCH
3

""

4.5.4'-Trihydroxy
3.3'-dlmethoxyblbenzyl (TDBl. 7

Anoikis
sensitizing
OH

8
H3

~

CO
H

; "'"

.

""-

Dendrobium
draconis
OCH 3

Plant!

EMTand

Aria! part

migratory
suppressing

~

Gigantol, 8

Dendrobium
pulchellum

Anoikis
sensitizing

esc phenotype
suppressmg

Dendrobium
pulchellum

9

Plant/

EMTand

Arial part

migratory
suppressing

Moscalilin, 9

Anoikis
sensitizing

10

OCH 3

Y,

OC~

""-

Dendrobiwn
pulchellum

Plant

EMTand

Aria! part

migratory
suppressll1g

Chrysotobibenzyl. 10

Anoikis
sensitizing
Table I. Cuntinued
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Table l. Continued

Entry

Compound

11

Anti-lung cancer
mechanism

Natural source

Origin/
Part use

Dendrobium
pulchellum

Plant!

EMTand

Arial part

migratory
suppressing

Anoikis
sensitizing
OCHs

12

~

OH

Dendrobium
pulchellum

Plant/

EMTand

Arial pal1

migratory
su ppressing

Crepidatin, 12

Anoikis
sensitizing
13

Antrodia
cinnamomea

Fungus/
solid-state
cultured
mycelium

EMTand

Elephantopus
scabe

Plant!

EMTand

Leaves

migratory
suppression

AnimaV

EMTand

Peptide
from skin

migratory
suppression

migratory
suppression

2,3,5-Trimethoxy-4-cresol (TMC), 13

o

14

Deoxyelephantopin, 14

o

15

HO

R
Bufalin,15

Bufo
gargarizans

Chan Su
Traditional
Chinese
Medicine
Table l. Contillued
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Table 1. Continued

Entry

Compound
UH

16

(ry0H

HO~~
"
I "'"
~

I

Natural source

Origin/
Part use

Anti-lung cancer
mechanism

Camellia
sinensis

Plant/leave

EMTand
migratory
suppression

"'0

O~OH

H

~

OH

H
Epicatechin-3-gallale. 16

17

HOW~
I I
HO

~

ScuteLlaria
baicalensis

PlantIRoot

Scutellaria
beticalensis

PlantIRoot

EMTand
migratory
suppression

,

H
Baicalein, 17
-~----

r-

18
HO

~

EMTand
migratory
suppression

Wogonin,16

extracellular signals, including transforming growth factor-~ I
(TGF-~ 1), interleukin-6 (IL-6) and nitric oxide, cancer
associated immune cells and fibroblasts (54-56).
As EMT phenotypes have been strongly linked to anoikis
resistance and other aggressive behaviors of cancer cells,
compounds that can suppress EMT is of interest for the
development of anti-metastasis approaches. Several natural
products have been shown to have abilities to suppress EMT
in lung cancer cells. A bibenzyl 4,5,4'-trihydroxy-3,3'
dimethoxybibenzyl [TDB, 7], isolated from Dendrobium
ellipsophyllum, has been demonstrated to inhibit EMT and
sensitize lung cancer cells to anoikis (57). Treatment of lung
cancer cells with non-toxic concentrations ofTDB significantly
suppressed EMT markers, namely vimentin and Snail, while
increased the level of E-cadherin. Also, such a decrease in
EMT phenotypes was shown to induce anoikis and decrease
cell growth in detached conditions by reduction of activated
protein kinase B (p-AKT) and activated extracellular signal
regulated kinase (p-ERK) (57). Gigantol [8], extracted from
Dendrobium draconis, and known bibenzyl compounds,
including moscatilin [9], chrysotobibenzyl [10], chrysotoxine
[11] and crepidatin [12], isolated from Dendrobium pulchellum,

have been demonstrated to suppress EMT in a lung cancer cell
model and such suppression resulted in the induction of anoikis
and decreased growth in an anchorage-independent manner
(58,59). The EMT inhibition of moscatilin [9] was recently
described via mesenchymal cell markers' suppression,
including vimentin, Slug and Snail (60). In addition, 2,3,5
trimethoxy-4-cresol [TMC, 13], a substituted phenol obtained
from Taiwanese edible fungus Antrodia cinnamomea, was
reported as an effectively lung cancer migratory suppressing
agent by reducing protein expression of AKT, MMP-2 and
MMP-9 in conjugation with enhancing E-cadherin and TIMP
I protein expression in A549 cancer cell line at subtoxic
concentrations (61). Similar results were observed from the
anti-metastatic study in A549 cells of deoxyelephantopin [14],
a sesquiterpenelactone from Elephantopus scabe. This complex
natural lactone suppressed the activation of p-ERKII2 and p
AKT and exhibited down-regulation of NF-kB, IkBa MMP-2,
MMP-9, uPA and uPAR. In addition, deoxyelephantopin [14]
was associated with the up-regulation of TIMP2 without
changing the TIMPI protein level (62). Moreover, bufalin [15],
a cardiotonic steroid originally isolated from serous fluid of
Chinese toad, found as a component in Chan Su (a traditional
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Chinese medicine), was recently investigated for its anti
metastasis effects on NCI-H460 lung cancer cells where
suppression of MMP-2, MMP-9, MAPKs and NF-kB was
observed (63) . Several natural flavonoids have been
investigated as potential anti-metastasis agents toward various
lung cancer cell lines. Epicatechin-3-gallate [16], a natural
flavonoid found in green tea, was repOited to reverse the TGF
pI-induced EMT and up-regulated epithelial markers, such as
E-cadherin (64) . Moreover, flavone components in Scutellaria
baicalensis, including baicalein [17] and wogonin [18],
induced down-regulation of MMP-2 and MMP-9 in both A549
and HI299 cells (65).

Cancer Stem Cells (CSCs)
Accumulative evidence have pointed out the importance of
small sub-populations within tumors with stem cell properties
named "Cancer Stem Cells (CSCs)" on the process of
carcinogenesis, cancer progression and metastasis (66) . In lung
cancer, the specific side-population has been isolated from
lung cancer cell lines with CSC properties (67,68) .
The properties of CSCs are similar to those of normal stem
cells within tissues. CSCs have the ability to self-renewal and
can produce differentiated progeny through their pluripotency
(69). It has been demonstrated that these CSCs in lung cancer
resist to chemotherapeutic agents and have high tumorigenic
potential (12,70). Also, the lung CSCs were shown to have
augmented ability to move to other tissues (8 , 12,71) . The
most important characteristic of CSCs is their ability to
generate a new tumor. As a result of their self-renewal and
differentiation capabilities, CSCs are believed to initiate
tumor, as well as generate new tumors, at distant parts of the
body. Nowadays, this new paradigm of CSCs has become the
most interesting topic in research, clinical assessments and
drug discovery and development, in particular, in lung cancer.
Due to their stem cell-like properties of tumorigenic
potential and pi uri potency, CSCs are believed to be key
players of cancer metastasis and relapse (8, 10- 13). Several
CSC makers have been used to identify the CSC popUlation
in lung cancer, including cellular expression of CD44,
CDI33 and CDI66 (67-71). Also aldehyde dehydrogenase
(ALDH) activity and expression have been shown to indicate
sternness in lung cancer (67-71) . In NSCLC, the CD44
possitive cells have been shown to have enhanced stem cell
like properties (72) .
Currently, CSCs, as well as their behaviors, were shown to
be regulated through the interaction with their
microenvironment. In detail, the activity of self-renewal and
differentiation can be modulated in response to the signals
form environment (72) . Focusing on lung cancer, evidence
has shown that hypoxic conditions increased the population
of CSCs through the activation of insulin-like growth factor
I (IGF I) receptor (73) . Also , the important biological
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mediator nitric oxide was found to enhance stem cell-like
phenotypes in NSCLC cells (56). The study by
Yongsanguanchai et at. revealed that exposure of lung cancer
cells with a long-term low dose of nitric oxide gradually
increased the CSC makers and phenotypes in a time-and
dose-dependent manner. Interestingly, this study demonstrated
that induction of CSCs by nitric oxide is reversible . By
withdrawal of nitric oxide after long-term treatment, the
increase in CSCs was found to reverse to the baseline level
comparable with the non-treated cells (56), thus suggesting
the dynamic response of the CSCs to their environment.
In terms of molecular views, the molecular pathway found
in normal stem cells, such as Wnt (74, 75), Notch (76, 77),
Hedgehog (78) and PI3KJ AKT, have been shown to regulate
stem cell properties in lung cancer. The role of Wnt signal
has been intensively elucidated in lung CSC regulation. Wnt
was shown to control the expression of stem cell
transcription factor Oct4 in lung CSCs (74). Also, the
regulatory effect of Wnt has been demonstrated in several
lung cancer cells, while the blockage of Wnt signal in lung
CSCs was shown to inhibit growth and exhibit anti-cancer
activity (79-81) . For Notch signaling, its function was
positively linked with the proliferation of CD I 33-possitive
lung CSCs (76). The inhibition of Notch in CD133-possitive
lung cancer cells resulted in growth halt and sensitive
response to chemotherapy (76) . Accordingly, cisplatin
treatment of lung cancer cells resulted in enriched CD 133
possitive population through Notch signaling (82). The
central cell survival signal AKT has been indicated as a
principle regulator for sternness in lung CSCs. Studies in
several NSCLC cell lines and primary human tumors grown
in nude mice have shown that AKT is an essential upstream
activator of Sox-2 in regulation of lung cancer stem-like
phenotypes (83). Besides, the microRNA-31 was shown to
inhibit lung CSCs through the suppression of PI3KJAKT
(84). These evidences suggested the potential molecular
targets for targeted therapy focusing on lung CSc.
In NSCLC, the plant-derived compound isolated form
Dendrobium draconis, gigantol [8] was shown to reduce
cancer stem cell-like phenotypes through AKT suppression
(85). Gigantol at its non-toxic concentrations was shown to
suppress CSC phenotypes and CSC makers CD 133 and
ALDHIAI in lung cancer cells. Moreover, the suppressed
CSC phenotypes were found as a consequence of AKT
inhibition, which, in turn, decreased the cellular levels of
pluripotency and self-renewal factors Oct4 and Nanog (85) .

Conclusion
The current molecular technologies, as well as the discovery
of new paradigms in cancer cell biology, have emphasized the
potential of targeted therapy for treatment of cancers. Although
several questions remain unanswered, including the key
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pathways in controlling EMT and CSCs and the effect of
environmental factors, the defined regulatory pathways
underlying lung cancer metastasis form the critical basis for the
development of novel strategies in overcoming lung cancer.
Nature has been long recognized as a very important and
attractive source of new therapeutic compounds due to the
chemical diversity found in plants, animals, marine organisms
and microorganisms allowing us to select the compounds for
our specific targets. This review concludes the currently
focused molecular mechanisms in the area of lung cancer
metastasis and provides information of potential natural
derived compounds for anti-metastatic approaches. The
provided information may support further investigations and
development for using such compounds in cancer therapy.
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Cisplatin at Sub .. toxic Levels Mediates Integrin
Switch in Lung Cancer Cells

-
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Abstract. Backg round: Res istance to chemotherapewic p rovide in sights f or better Hllderst(lflding of callcer cell
agents, as well as enhanced metastasis, have been frequently
adaptation after exposure to cispiarin .
reported ill lung cancer. Materials arid Meth ods:
Cytotox icit), and proliferative effeCTS of cisplatin on H460
The incidence a~ well as mortality rates of patients with lung
lung cancer cells were eva luated by th e MIT assay.
cancer have increased alloually. The main causes of cancer
Migration capaci.ty was evaluated .by the wound healing
related dealb in lung cancer are chemotherapeutic res istance
assay. The number of fi lopodia p er cell were detected by
and meta tasis ( 1). Evidence suggests that celtain cancer cells
rhodamine-phalloidin staining assay. Th e changes ofp rotein
receivi ng chemotilerapeutic agents alter their behaviors towards
levels of inlegrills , alld migratioll -related proteills in
a more aggre-ssive phenotype (2 , 3) . Moreover, studie indicate
response to cisplatin at sub-toxic concelltra tions were
that chemotherapeutic drugs enhance the metastatic capacity of
cancer ceLls (4 , 5) . Among well-known chemotherapeutic
determin ed by western blotting . Results: Herein we
agents, cisplatin. a cis-diammillechloroplatinum (ll) is a potent
demons trate f or the firs t time that exposure to low
cytotoxic compound for the treatment of m any oJid !Urno r" ,
concentrations of cisplatin results in increase of cell motility
including lung cancer ( 6) . Allhough tllis drug has been hown
with the alteratioll of inregrin expression . Cisplatin-treated
cells exhibited a signifi cant increase ;1/. the number of to be highl y effective in certain patients, cancer relapse amI
metasla is are frequently observed (I) . A bener unde r1:tunding
fil op odia per cell in correlation \1 itl! enhal/ ced migration.
of th€! mo lecular basi of these phenomena. as well as ot the
Migration reg ulatory proteins. namely activaled for ms of
possible effects of ci platin on cisplatin-resislanl lung cancer
f ocal-adhesion kinase (FA K) and ATP-depelldent tyros ine
kinase (A KT), were fo l/Ild to sigllificantly be lip-reg ulated ill
cells may help improve strategic u es of cisplaiin.
In te restingly, numerou studi es h a ve revealed lh a t the
cisplatin-treated cells ill comparison to those of th e non
metaStatic
potential o f cancer cells can be potentiated by the
treated cOIll)·ol. Active Rho A-GTP and Rac-GTP were fO lllld
to be increased in accordance with activatioll of FAKIA KT
distinct expression pattern of adhesion molecules named
signals . Furth ermore, we fo und thar sLlch migra ti on
integrin s (7-9) . An integrin molecule is composed of two
non-covalentl y transmembrane glycoprotein subunits termed
enhancement may be in p art due to th e illtegrin s witch
a and ~ (8). Integrins are important biological molecul s that
mediated by cisplatin treatmen t. Cisplatin induced a
help maint ai n "fi rm adhesion of the cell to extracellular
dramatic alteration in th e integrin expression p attern by up
matrix and slich adhes ion provides fundament al survival
regulating integrin a4 ' a vo /3,. and /35 which were previoLlsly
signals to the cells (1 0 ). It is widely accepted that an increase
reported to increase cell motilit I . while it had fl O effect Ort
integrin a 5' and /33' Conclusion : As the illregrin switch is a
of certai n integrins, especially integrin a 4, as, avo and ~I '
enhances motility of cancer ceUs .
hallmark of highly agg ressive' cancer, these fi ndings may
So far, the effect of low concentrations of ci splatin on
inLegrin switch in lung cancer cells is largely unknown. We .
thu s, investigated the effect of this widely prescribed
Correspondellce to: Pithj Chanvorachote. Department of Pharmacology
chemotherapeuti c age nt on integrin expression pattern in
and Physiology. Faculty of Pharmaceutical Sciences, Chul aiongkom
non-smaLl cell lung cancer cells. The knowledge gained from
Universjty, Pathumwan. Bangkok. Tha iland \0330. Tel: +662 21 88344 ,
the present study may benefi t better understandi ng of cancer
Fax: +662 2188340, e-mail: pithLchan@yahoo.cOll1
cell biology and adaptive response of the cell during
Key Words: Integrin , luog cancer, migratio n. cisplatin . metastas is.
chemotherapy .
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Materials and Methods
Cells ami reagellls. Human lung cancer e pithelial H460 cells were
obtained from the American Type Culture Collection (Manassa ,VA .
USA). and culture in RPMJ-I640 medium containing 10% fetal bovine
serum. 2 mM L-glutamine and 100 unit · ml of penici.llin/Slrcplomycin
(Gib~o , G~ithersburg , MA , USA) at 37'C with 5% CO 2 in a
hUffiJdl.fied Olcubator. Cisplatin, dimethyl ulfoxide (DMSO). 3-(4 .5
dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT), Hocch t
33342, propidium iodide (PI) , phaUoidiu-lelntmeulylrhodarnine B
isolbiocyanate , and bovine serum albumin (BSA) were obtained from
Sigma Chemical, lllc . (St. Louis. MO, USA). Antibodies for illl gri ns
04' as. a v , ~I ' ~3 and ~5' ATP-dependent tyrosine kin ase (AKT) ,
phospolylated ATP-dependent tyrosine kinase (p-AKT) (5473) , focal
adhesion kinase (FAK). phospholylated foc'al adhesion kinase (p-FAK)
(y397), ~- actin and peroxidase- labele d econdary antibodies we re
obtained from Cell Signaling Technology. Inc. (D~nvers, MA , USA )
and Rho-GTP, Rac-GTP were obtained from NewEast Bioscience .
(King of Prussia, PA, USA).
Cell viability liS ay. Cell viability was determined by MTT
colorimetric assay. l nitially, cells were sceded at a dens ity of [04
cell/well in 96-we ll overnight. After that. cells were treated with
different concentrations of cisplatin for 24 h. The medium wa
replaced with 500 /-4l/ml of MIT for 4 h at 37·C . The upernatanl was
then removed and 100 III DMSO was added to solubilize the forruazall
product and the .intensity of formazan product was measured by
spectrophotometry at 570 nm using an ELISA reader (Anthros ,
Durham. NC. USA). The percentage cell viability was calculated as
the absorbance of cisplati,n-treated cells relative to control cells.
Apoptosis assay. Cells were seeded at a dens ity of 104 cells/ well
Onto 96-welJ pl Rte and incubated overnight for ce ll :Hlachment. After
the indicated treatments of cispilltin (0.25-10 ~), cell were washed
and incubated with 10 flglml Hoechst33 342 and 5 flg(ml propidium
iodide (PI) for 30 min. NucleRr condensation and DNA
fragmentation of apoptotic cells and PI-po ilive netrotic cell were
visualized by fluorescence microscopy (Olympus IX51 with a DP70
digital camera system, Tokyo, Japan) .
Proliferatioll assay. Cells were ex.posed to c isplatin at indicated
concentrations (0.25 -1 ~) and we re subjected to the cell
proliferation assay after 0 , 24, 48 , and n h . Cells were seeded at a
density of 2x 103 cellJweU in a 96-well plate. Cell proliferation wa s
determined through incubation with 500 fl g/ml MTT for 4 h , and
the absorbaJlce of forruazan product which wa di.s 'olved by DMSO
was measured by spectrophotome,try at 570 nm using an enzymc
linked immunosorbellt assay reader (Anthros. Durham. NC.USA).
Migration determination. Migration was determined by wound
healing assays . For the wo und-healing assay, a mono laye r of cells
was cultured. in a 96-well plate, and a wound was made with a 1
mm-wide tip. After rinsing with PBS, th e cell monolayer ' were
treated witb cisplatin (0.25-) ~) and allowed to migrate for 24 h.
Micrographs were taken under a ph.ase contrast microscope
(Olympus IX51 with a DP70 dig ital camera ystem, Tokyo, Japan),
and the wound spaces were measured using Olympus DP controller
software. Quantitative analysis of cell migration was performed
using an average wound space from random field s of vicw. and the
percentage of chauge in the wound space was calcula ted ~s ing the
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following formul a: % change=(average space at time 0 h)-(average
pace at time 24 h)/(average space at time 0 h)xlOO. Relative cell
migration was calculated by dividing the percentage change in the
wound space of treared cells by that of the control cells in each
experiment.

Morphological characteristics oj cancer cells. Cell morphology was
inv estigated using phalloidin-rhodamine assay. "After treated with
c i platin at indicafed concentration , the cells were fixed with 4%
parufo rmaldebyde in PBS for 10 miu al 37'C, permeabilizcd with
0.1 % TrilOlI-XIOO in PBS for 5 min. rin ed with PBS and then
blocke d for unspecific binding by incub.a tion with 0.2 % BSA in
PBS for 30 min. The (lxed cells were then incubated \\Ilth a J; 100
dilution of phalloidin-rhodamine .in PBS for 20 min, then rin Sed
with PBS Ihree times and mounted with 50% glycerol in PBS. The
cell morphology wa captured us ing a Nikon eclipse Ti-U
nuore ce nce microscope, Nikon Corporation. Tokio, Japan .
Westem blot analysis. After s pecific treatments , ceUs were
incubated ill lysis buffer containing 20 mMTris-HCl (pH 7.5), 1%
Triton X-IOO, ISO mM s odium chloride, 10% glycerol , I mM
sod ium orthovanadate. SO mM sodium fluoride, 100 mM
phcnylmcthylsulfonyl tluoride , and a protease inhibitor cocktail
(Roche Molecular Biochemicals , Mannheim, Germany) for 40 min
on ice . The cell lysates were collected, and the protein con lent was
determined usi ng the Bradford method (Bio-Rad Laboratories) .
Equal amounts of protein. from each ample were denatured by
heating at 95 ' C for 5 mlu wilh Laemmli loading buffer and
5ubseq ocntly loaded onto a 10% s odium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). After separation,
proteins were transferred onto 0.45 )lM nitrocellulose. membranes
(Bio-Rad). The transfcrrcd membranes were blocked for J h i(l 5 %
nonfat dry mjlk in TBST (25 mMTris-HCl pH 7.5. 125 mM NaCI.
and 0.05 % Tween 20) and incubatcd with the appropriate primary
antibodies (allti-integrin 04' 05 '
131' ~3 and f}s. AKT, p-AKT
(S473), PAK, p-FAK (YJ97), Rho-GTP, RlIc-GTP and ~-ac t.in) at
4'C overnight. The membrane s were washed rwice with TBST for
to min and incubated with ho r~eradish peroxidasc-!ubeled isotype
specific secondary antibodic. for 2 h at room te mpe rature. The
immune complexes were detcclCd by e nhance ment with
chemiluminescence s ubstrate (Super ignat Wt:St Pico: Pierce) and
quantified using analys.tlPC donsitometry software (Bio-Rad).

av.

S/(ltistical analysis . All data are expressed as the means.±S,E.M. from
three or more independent experime nts. Mul ti ple comparisons were
examined fo r signilicatlt differences of multiple groups, using analysis
of variance (ANOYA) , followed by individual comparisons with the
Scheffe's post-lrac test. Statistical significance was set at p<O.05.

Result..
Effect of cisplatin 0/1. th e viability of the H460 human lung
caflcer ceillille. We first detennined the cytotoxic effect of
cisplatin on H460 human lung cancer ceU line. The cells were
cultured i~ the presence or absence of cisplatin (0-50 J.1M) for
24 h, and cell viabiliry was detemlined by the MIT assay.
Figure lA shows that when cells were treated with cisplatin
at concentrations ranging 0.1-2 ).1M. neither cytotoxicity nor
proliferative effects were observed . A significant decrease in
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terms of cell viability wa first detected i.n cell treated with
5 fJM, with appro)(imately 90% of the ceU remajning viable .
Consistent with the above finding , apoptosis und necrotic
cell death determined by Hoechst33 342fPI as ay were not
found in response to 0-1 ~f cisplatin treatme nt. Si gnificant
apoptotic nuclei exhibiti ng condensedJfrngmented nu cle i
were detected in cells treated with 10 ¢VI (Figure I ' -E). To
investigate the effect of cisplatin on cell proliferation. H460
cells were t.reated with sub-toxic concentrations of cisplatin
(0.25-1 1lM) for 24 h, then the treated cells were seeded in
96-we\l plate and were determined for proliferation at 0,24.
48. and 72 h (Figure I B) . A signjficant decrease in cell
proliferative capacity wa detected at 48, and 72 h in cells
treated with 1 J.lM of cisplatin.

Effect of cisplafin on H460 m.igration . To investigate the effect
of cisplatjn on ceU migration, we performed scratch would
healing assays. Cells were exposed to non-tox.ic concentrations
of cisplatin (0.25-1 11M) for 24 h and were subjected to
migration as ay for a further 24 and 48 h. Figure 2A shows
that treatment with cisplatin enhanced migration of the cells
in a dose-dependent manner compared to the H460 control
cells. Treatment with 0.5 and I pM c isplatin significantly
potentiated the migrat.ion of the cells at 24 h, while treated
with 0.25 f.1M cisplatin significantly enhanced motility of cell
at 48 h of the assay (Figure 2B) . Treatment with cisplatin I.
fJM increased the migration of cells by approximately 1.5- and
2.5-fold compared to that of the non-treated ceUs in the 24 and
48 h assays , respectively. These .re -ults indicate that sub-toxic
concentrations of cisplatin enhance mi gration behavior of
these cells.
Cisplatin enhanced filop odia form ation ill H460 lung
cancer cells . Filopodia, cellular protrusion s at. the edge of
motile cells, are produced by actin polymerizat ion and
rearrangement of actin filam e nts. and the formation of
filopodia has been shown to play an essential role in cell
movement (II). To confirm the en.hancement effect of
cisplatio treatment on cell motility. cell were treated with
non-toxic concentrations of cisplatin for 24 h as previously
described, and the filop odia were de termined using a
phalloidin-rhodamine tainin g assay. Fi gure 3 show s that
cisplatin-treated cells exhibited a significant increase in
filopodia protrusions accumulating at the cellular edge in a
do ·e-depende.nt manner as compared with the H460
control ceUs.
Cisplatin mediates imegrin switch and activates migrario/l.
signaLing pathways. The switching in the expression pattern
of integrins toward.s increasing the level of integrins a4 . ((5'
a v ' and ~l was shown to enhance motility in cancer ce ll s.
Together with the above observations demonstrating the
potentiating effect of cisplatin exposure on lung cancer cell

movement. we next examined the underLying mechanisms by
evaluating migration regulatory proteins as well as integrins.
Cell s were treated wjth cisplmin for 24 h. and the expre sion
of protein including phosphorylated FAK CTyr 397),
pbo phorylated AKT (Ser 473). Rh.oA-GTP, Rac-GTP, and
integrins a4' a s. avo ~l' B3and Bs were evaluated by weStern
blot analysis . Figure 4 shows that. treatment with cisplalin
caused a significant increase of activated FAK, RhoA-GTP,
Rac-GTP, and actjvated AKT in dose-dependent manner 3S
compared to those of non-treated control cells.
Figure 5 shows that cisplatin caused substantial up
regulation of integrins Ct4' ~l and ~5 ' Importantly. the
expre 'sion of integrin a v was found to be dramatically
increased in response to cisplatin treatment. However. such
cisplatin exposure had no effect on integrins a5' and ~3' Our
resuJts not only confirm the previous findings indicating that
the up-regulatio.n of these integrin s a4' a v and ~l enhance
motility of cancer cells. but also provide evidence indical'ing
that treatment with cisplatin can mediate su ch an integrin
switch, leading to increased migratory activity of .lung
cancer ceU s.

Disl'Ussion
Most lung cancer deaths are attributed to cancer metastasis
and resistance to chemotherapeutic agents (J 2). lncreassing
evidence has uggested that among the many steps of cancer
metastasis . movement of the cancer cells from their original
tumors ilnd their motility during the process of cUJlcer
di semination are an important hallmark for the successful
cancer spread. However, information regarding the possible
inducing f actor and mediators that potentiate the migratory
activities of cancer cell ' re mains largely unknown . Certain
cancer cells develop mechanj sms to overcome tbe dca lh
signal s provided by anticancer agents and such a population
remai.ns after chemotherapy (13). These chemoresistant
cancer cell have frequently been shown to be a key player in
metastasis as well as in cancer relapse (14-16) . This concept
led us to tllC hypothesis of whether c.hemothempeutic agent
such as cjsplatin could increase the metastatic potential of
lung cancer cells. Previously. we demonstrated that sub-toxic
concentrations of cisplati.n conferred resistance to anoik.is in
human lung cancer cells (5). Herein. we provide further
infonnation regarding the ellect of sllch sub-t() xic
concentrations of cisplatin 011 migration of lung cancer cells.
lntegrins are a family of transmembrane glycoprotein
receptors that mediate ce.ll-matrix and cell-cell interactions
which play a pivotal role in cell behavior such as cellular
adhesion and cellular movement. I.ntegrins consist of a and ~
subunit ; there are 18 a and eight ~ subun.it . which provides
heterodimerization at least distinct 24 subtypes (17) . In
cancer biology. an increase in the expression of integrin a 4 ,
as. a and ~l are correlated with more aggressiveness
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behavior of cancer cells (18-22 ). Studies of human cancer
pathogenesis re vealed that integrin subtype was altered ,",vilb
tumOr stage (23) and swilche in integrin expre 'sion
frequently enhance the aggress iv behavior of cancer cells

(24,25).
Evidence has indicated that molecules such as FAK and
AKT play important roles in triggering cell movement (26.
27) . In motile cells, PAK at the edge of cells incorporating
integrin is activated by pho phorylation at Tyr 397 (26 , 28 ).
The active form of FAK in turn activates AKT, leading to actin
polymerization and fIlopodia formation . Accordingly. we
found that treatment with ci splatin enhanced activation of
FAK-AKT signals (Figure 4) in correlation with increased
filopodia in ceU (Pigure 3). For downstream regulation of cell
migration . the role of small GTPase Rac and RhoA on actin
rearrangements have been demonstrated in a number of studies
(29-32) . The active form of Rae (Rac-GTP) induces plasma
membrane protrusion and regulates Iamellipodia formation
(33). In addition, active RhoA (RhoA-GTP) promotes stress
fiber accumulation and induces new focal adhesions (34). We

also observed the involvemenr of theses downstream signals
in cisplatin-treated cells . Both active forms of Rae and Rho A
were fo und to be Significantly increased in cisplutin-treated
cells in a dose-dependent manner (Figure 4).
Collectively, the present study reveals the possible
adaptive mechaltisms of cancer cells exposed to low or
insuffi cient doses of cisplatin. The cisplatin-treated cancer
cells adapted themselves toward increased expression of
migratory-related integrins, namely integrins 04' a v o ~I' ~5
and in combination with activation of the migratory proteins
FAK . AKT. Rho A and Rac . The information gained from
this study raises concerns regarding the awareness of such
adaptation to inadequate cisplatin concentratjoDs, as well as
the need for better strategic use for chemotherapy for highly
metastatic cancer.
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