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Doxorubicin (trade name adriamycin), an anthracycline antibiotic, is commonly used in the treatment
of a wide range of cancers, including hematological malignancies, many types of carcinoma, and soft
tissue sarcomas. It is closely related to the natural product daunomycin, and like all anthracyclines,
it works by intercalating DNA. Its most serious adverse effect is life-threatening heart damage. Its an-
ti-metastatic mechanisms in human prostate carcinomas are not fully understood. In this study, we
used LNCap human prostate carcinoma cells to investigate the inhibitory effects of doxorubicin on
cell motility and invasion, two critical cellular processes that are often deregulated during metastasis.
Doxorubicin treatment inhibited cell migration and invasiveness of LNCap cells without showing any
toxicity. Doxorubicin treatment also suppressed the activity and expression of matrix metal-
loproteinase (MMP)-2 and MMP-9, which were associated with up-regulated expression of tissue in-
hibitor of metalloproteinase (TIMP)-1 and TIMP-2 in LNCap cells. Doxorubicin treatment also attenu-
ated the expression levels of claudin family members (claudin-1, -2,-3 and -4), major components of
tightening of tight junctions (TJs) and increased the tightening of TJs, as demonstrated by an increase
in transepithelial electrical resistance. The present findings demonstrate that doxorubicin reduces the
migration and invasion of prostate carcinomas LNCap cells by modulating the activity of TJs and

MMPs.
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Fig. 1. Effects of doxorubicin on cell motility and invasion in
LNCap cells. (A) Chemical structure of doxorubicin. (B)
LNCap cells were grown to confluency on 30-mm cell
culture dishes; a scratch was then made through the cell
layer using a pipette tip. After washing with PBS, serum
free media containing either vehicle or doxorubicin (0.4
M) was added for different times. Photographs of the
wounded area were taken for evaluation of cell move-
ment into the wounded area. (C) The cells pretreated
with the indicated concentration of doxorubicin for 6 h
were plated onto the apical side of matrigel coated filters
in serum-free medium containing either vehicle or
doxorubicin. Medium containing 20% FBS was placed
in the basolateral chamber to act as a chemoattractant.
After 48 h, cells on the apical side were wiped off using
a Q-tip. Next, cells on the bottom of the filter were
stained using hematoxylin and Eosin Y, and then
counted. Data are shown as the mean of triplicate sam-
ples and represent invasive cell numbers compared with
those of control cells. * p<0.05 versus untreated control.
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Fig. 2. Inhibition of MMPs expression and their activities, and induction of TIMPs expression by doxorubicin in LNCap cells. (A)
LNCap cells were treated with various concentrations of doxorubicin for 48 hr. Total RNA was isolated from cells treated
with or without various concentrations of doxorubicin for 48 hr, and reverse-transcribed. Resulting cDNAs were then subjected
to PCR. The reaction products were subjected to electrophoresis in a 1% agarose gel and visualized by EtBr staining. GAPDH
was used as an internal control. (B) Cells grown under the same conditions as (A) were sampled, lysed, and 50 pg of proteins
were separated by electrophoresis on SDS-polyacrylamide gels. Western blotting was then performed using the indicated
antibodies, and an ECL detection system. Actin was used as an internal control. (C) /n vitro activity of MMP-2 and -9 in
cell culture supernatant was measured using a MMP-2 and -9 gelatinase activity assay kit. The biotinylated gelatinase substrates
were cleaved by active MMPs in the samples, and the fragments were added to a biotin-binding plate. The digested but
unbound fragments were removed by washing. Data are mean + SD from three independent experiments and are presented
as fold change compared with vector control (* p<0.05 versus untreated control).
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Fig. 3. Effects of doxorubicin on expression of claudins and values of TER in LNCap cells. (A) LNCap cells were treated with
the indicated concentrations of doxorubicin for 48 hr. Total RNA was isolated and reverse-transcribed using the indicated
primers. Resulting cDNAs were then subjected to PCR and the reaction products were subjected to electrophoresis in a
1% agarose gel and visualized by EtBr staining. GAPDH was used as an internal control. (B) The cells were sampled, lysed,
and 50 pg of proteins were separated by electrophoresis on SDS-polyacrylamide gels. Western blotting was then performed
using the indicated antibodies, and an ECL detection system. Actin was used as an internal control. (C) After 48 hr, TER
values were measured using an EVOM Epithelial Tissue Voltohmmeter, as described in the Materials and Methods section.
Results are shown as the mean + SD of three independent experiments. A Student’s t-test was used for determination of

significance (¥, p<0.05 versus untreated control).

AT & A7) A ¢J3tH, doxorubicin AE B ¢&
Ao g ZAH 4FF Y claudin family A& (claudin-1, -2,
3, 3 4)o] AA g MAFEA Y BT ZHastq on, TER
of e AdFoR e AeS &+ AATH(Fig. 3).
oo Axts AEFA] e HHAA doxorubicindl
9 LNCap A APAH GAZY o] 54 A4 Ad
& TIMPs®] @& Z7to] o3 MMPse] Td 3 &4 oA 9
98 AYL RAFE Aot o} TERY Z7}= doxor-
ubicino] TJ¢] F&& JAFAY GAANASE Jvste A
02X 4T T AR FVNYLEAN o] S &
Yehiga & & 9t 8 F7180l 714 A7 B
TE AY AFo d8sA
ubicin®] &l AAZAN FAEHE
g SARA 282

=4

e
re
-
1o
iin)
K
rr
a
)

g

o ARrA R AR AUOE FIATAD
whol 8 E 2179 (No. 2008-0062611).

References

1. Agarwal, R, D'Souza, T. and Morin, P. J. 2005. Claudin-3
and claudin-4 expression in ovarian epithelial cells enhances
invasion and is associated with increased matrix metal-
loproteinase-2 activity. Cancer Res 65, 7378-7385.

2. Angelow, S. and Yu, A. S. 2007. Claudins and paracellular
transport: an update. Curr Opin Nephrol Hypertens 16,
459-464.

3. Gibbs, D. F.,, Warner, R. L., Weiss, S. J., Johnson, K. J. and
Varani, J. 1999. Characterization of matrix metal-
loproteinases produced by rat alveolar macrophages. Am J
Respir Cell Mol Biol 20, 1136-1144.

4. Grant-Tschudy, K. S. and Wira, C. R. 2005. Effect of oestra-
diol on mouse uterine epithelial cell tumour necrosis fac-
tor-alpha release is mediated through uterine stromal cells.
Immunology 115, 99-107.

5. Grenader, T., Goldberg, A., Hadas-Halperin, 1. and Gabizon,
A. 2009. Long-term response to pegylated liposomal doxor-
ubicin in patients with metastatic soft tissue sarcomas.
Anticancer Drugs 20, 15-20.

6. Huang, J., Yang, ], Maity, B., Mayuzumi, D. and Fisher,



10.

11.

12.

13.

14.

15.

16.

17.

18.

R. A. 2011. Regulator of G protein signaling 6 mediates dox-
orubicin-induced ATM and p53 activation by a reactive oxy-
gen species-dependent mechanism. Cancer Res 71, 6310-6319.

. Hutchinson, C. R. and Colombo, A. L. 1999. Genetic en-

gineering of doxorubicin production in Streptomyces peuce-
tius. a review. J Ind Microbiol Biotechnol 23, 647-652.

. Hutchinson, C. R. 1995. Anthracyclines. Biotechnology 128,

331-357.

. John, A. and Tuszynski, G. 2001. The role of matrix metal-

loproteinases in tumor angiogenesis and tumor metastasis.
Pathol Oncol Res 7, 14-23.

Lal, S.,, Mahajan, A., Chen, W. N. and Chowbay, B. 2010.
Pharmacogenetics of target genes across doxorubicin dis-
position pathway: a review. Curr Drug Metab 11, 115-128.
Lambert, E., Dasse, E,, Haye, B. and Petitfrere, E. 2004.
TIMPs as multifacial proteins. Ci7t Rev Oncol Hematol 49,
187-198.

Lin, X., Shang, X, Manorek, G. and Howell, S. B. 2013.
Regulation of the epithelial-mesenchymal transition by clau-
din-3 and claudin-4. PLaSOne 8, €67496.

Liu, Y., Miao, Y., Wang, J., Lin, X,, Wang, L., Xu, H. T. and
Wang, E. H. 2013. DEC1 is positively associated with the
malignant phenotype of invasive breast cancers and neg-
atively correlated with the expression of claudin-1. /nt / Mdl
Med 31, 855-860.

Minisini, A. M., Andreetta, C., Fasola, G. and Puglisi, F.
2008. Pegylated liposomal doxorubicin in elderly patients
with metastatic breast cancer. Expert Rev Anticancer Ther 8,
331-342.

Mook, O. R., Frederiks, W. M. and Van Noorden, C. J. 2004.
The role of gelatinases in colorectal cancer progression and
metastasis. Biochim Biophys Acta 1705, 69-89.

Morin, P. J. 2005. Claudin proteins in human cancer: promis-
ing new targets for diagnosis and therapy. Cancer Res 65,
9603-9606.

Rangel, L. B, Agarwal, R, D'Souza, T., Pizer, E. S., Alo,
P. L., Lancaster, W. D., Gregoire, L., Schwartz, D. R, Cho,
K. R. and Morin, P. ]. 2003. Tight junction proteins claudin-3
and claudin-4 are frequently overexpressed in ovarian can-
cer but not in ovarian cystadenomas. (lin Cancer Res 9,
2567-2575.

Rathos, M. J., Khanwalkar, H., Joshi, K., Manohar, 5. M.
and Joshi, K. S. 2013. Potentiation of in vitro and in vivo
antitumor efficacy of doxorubicin by cyclin-dependent kin-
ase inhibitor P276-00 in human non-small cell lung cancer

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Journal of Life Science 2014, Vol. 24. No. 6 705

cells. BMC Cancer 13, 29.

Schneeberger, E. E. and Lynch, R. D. 2004. The tight junc-
tion: a multifunctional complex. Am J Physiol Cell Physiol
286, C1213-1228.

Shang, X., Lin, X,, Alvarez, E., Manorek, G. and Howell,
S. B. 2012. Tight junction proteins claudin-3 and claudin-4
control tumor growth and metastases. Negplasia 14, 974-985.
Singh, A. B., Sharma, A. and Dhawan, P. 2010. Claudin fam-
ily of proteins and cancer: an overview. / Oncal 2010, 541957.
Soler, A. P., Miller, R. D, Laughlin, K. V., Carp, N. Z,
Klurfeld, D. M. and Mullin, J. M. 1999. Increased tight junc-
tional permeability is associated with the development of
colon cancer. Carcinogenesis 20, 1425-1431.

Turksen, K. and Troy, T. C. 2011. Junctions gone bad: clau-
dins and loss of the barrier in cancer. Biochim Bigphys Acta
1816, 73-79.

Utech, M., Britwer, M. and Nusrat, A. 2006. Tight junctions
and cell-cell interactions. Methods Mol Biol 341, 185-195.
Uzui, H., Harpf, A,, Liu, M., Doherty, T. M., Shukla, A. and
Chai, N. 2002. Increased expression of membrane type 3-ma-
trix metalloproteinase in human atherosclerotic plaque: role
of activated macrophages and inflammatory cytokines.
Circulation 106, 3024-3030.

Vihinen, P., Ala-aho, R. and Kahari, V. M. 2005. Matrix met-
alloproteinases as therapeutic targets in cancer. Curr Cancer
Drug Targets 5, 203-220.

Wang, Z, Yu, Y, Dai, W, Lu, ], Cui, ], Wu, H,, Yuan,
L., Zhang, H, Wang, X., Wang, J., Zhang, X. and Zhang,
Q. 2012. The use of a tumor metastasis targeting peptide
to deliver doxorubicin-containing liposomes to highly meta-
static cancer. Biomaterials 33, 8451-8460.

Weber, T. G, Poschinger, T., Galban, S., Rehemtulla, A. and
Scheuer, W. 2013. Noninvasive monitoring of pharmacody-
namics and kinetics of a death receptor 5 antibody and its
enhanced apoptosis induction in sequential application with
Doxorubicin. Negplasia 15, 863-874.

Yoon, C. H.,, Kim, M. ], Park, M. J,, Park, I. C, Hwang,
S. G, An, S, Choi, Y. H., Yoon, G. and Lee, S. J. 2010.
Claudin-1 acts through c-Abl-protein kinase Cdelta (PKCd)
signaling and has a causal role in the acquisition of invasive
capacity in human liver cells. / Biol Chem 285, 226-233.
Zuryh, A., Litwiniec, A, Gackowska, L., Pawlik, A,
Grzanka, A. A. and Grzanka, A. 2012. Expression of cyclin
A, Bl and D1 after induction of cell cycle arrest in the Jurkat
cell line exposed to doxorubicin. Cel/ Biol Int 36, 1129-1135.



706

BBUWLIX| 2014, Vol. 24. No. 6

: Doxorubicin0®f] 2|8t x|LZst 23 LU MMPse &M AFNIE E8F LNCap MEM AN E9|
0l5M I ERMO| AH|

P
I

HLE O

(Fotfgtn do)zhst Aastud, FrsdTr @ EFuto] CaANEAY, B dALAE 5,
FRYstn i n wlkr]dwd)

4

£ AT A& anthracycline A€ FEF A Q1 doxorubicin®] GAE o] A 55 LNCap AHA ¢A
ZZ o] &5t oA B A& A Ee FHAA AT & A7 Aol 93t doxorubicin
LNCap M 29 o] 543 A&4< @AA QA A7 21, matrix metalloproteinase (MMP)-2 2 -99] W@ 3} &

A& A& g} FA ol tissue inhibitor of metalloproteinase (TIMP)-1 % -29] &2 ZF7}A % T Doxorubicin

T3 tight junctions (TJs)9] 2718 AFAH L FHAALH, o]& TJs F8& FAUAY claudin family 1AHE 9]
g oA ek Addol AT wekA LNCap AlZ oA doxorubicinel] &3 A ole] AAlo = H 4% TJ9] A4

Sk MMPs9| &4 A7L #ed Aoz FHHAT



