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that are intrinsically resistant to or have acquired resis-
tance to EGFR inhibitors may still be able to respond to
CUDC-101 treatment. Mechanistically, CUDC-101 treat-
ment decreased the level of ZEB1, a zinc-finger transcrip-
tional repressor of E-cadherin (48), resulting in the
subsequent increase of E-cadherin expression through
transcriptional regulation.

MET overexpression was not observed in the erlotinib-
TR HCC827 NSCLC cells generated in this study, likely
due to differences in methods of generating resistant
clones. To mimic clinical conditions, we chose to chron-
ically expose the cells to 1 pmol/L of inhibitors, instead of
gradually increasing the concentration over a longer
period of time as has been done previously (8). However,

Figure 4. CUDC-101 reduces the migration and invasion of MDA-MB-231 and HT1080 cells. A, CUDC-101 reduces HGF- and EGF-induced MDA-MB-231
(MM-231) cell migration in an in vitro wound healing assay. CUDC-101, erlotinib (Erl), vorinostat (Vor), HGF, and EGF were added to the cells at the
indicated concentrations immediately after wounding. Live cells were visualized with Calcein AM at the indicated time points. B, quantification of

wound width. C, CUDC-101 reduces serum-induced migration and invasion of MDA-MB-231 and HT-1080 cells in the Boyden chamber migration assay
and Matrigel invasion assay. Live cells migrating or invading to the other side of the chamber were visualized with Calcein AM. D, quantification of
Calcein AM intensity in both the Boyden chamber migration assay and Matrigel invasion assay. Statistical significance was determined by a standard t test

(*, P <0.05; **, P < 0.01; ***, P < 0.001).
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we also showed that CUDC-101 could block proliferation
and MET signaling in MET-amplified NSCLC cells and
gastric cancer cells, indicating that CUDC-101 might also
be able to efficiently control EGFR inhibitor resistance
caused by MET amplification.

Initial intrinsic resistance or subsequent acquired resis-
tance to EGFR inhibitors suggests that targeting a single
node in a tumor signal transduction pathway may not
effectively control tumor growth. In this study, drug-
resistant cells arose from EGFR inhibitor-sensitive
HCC827 cells in response to prolonged exposure to sin-
gle-target EGFR inhibitors but not CUDC-101, showing
the potential advantages of simultaneously targeting mul-
tiple nodes of signal transduction in cancer therapy. In
addition, our findings indicate that erlotinib-TR HCC827
NSCLC cells remain sensitive to CUDC-101 treatment
despite activation of different resistance mechanisms,
showing the broad use of CUDC-101 in controlling
EGFR-resistant cancer cells.

In summary, we have shown that the multitarget
HDAC, EGFR, and HER2 inhibitor CUDC-101 could con-
trol the proliferation and migration of EGFR inhibitor-
resistant NSCLC cells, and reduce tumor cell migration
and invasion. Thus, as a multitarget single agent, CUDC-

References

1. Perez-Soler R, Chachoua A, Hammond LA, Rowinsky EK, Huberman
M, Karp D, et al. Determinants of tumor response and survival with

101 has the potential to be able to overcome drug resis-
tance, which will be explored in future clinical studies.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions

Conception and design: J. Wang, N.W. Pursell, A. Selmi, X. Cai, M. Voi,
C.-J. Lai

Development of methodology: ]. Wang, N.W. Pursell, M.E.S. Samson,
R. Atoyan, A. Selmi, P. Savagner

Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.):]. Wang, N.W. Pursell, M.E.S. Samson, R. Atoyan,
A.W. Ma, A. Selmi, W. Xu, P. Savagner

Analysis and interpretation of data (e.g., statistical analysis, biostatis-
tics, computational analysis): J. Wang, N.W. Pursell, A. Selmi, P.
Savagner, C.-J. Lai

Writing, review, and/or revision of the manuscript: J. Wang, N.W.
Pursell, P. Savagner

Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): J. Wang, N.W. Pursell, M.E.S.
Samson, R. Atoyan

Study supervision: J. Wang, C.-J. Lai

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received October 26, 2012; revised March 15, 2013; accepted March 15,
2013; published OnlineFirst March 27, 2013.

erlotinib in patients with non-small-cell lung cancer. J Clin Oncol
2004;22:3238-47.

Mol Cancer Ther; 12(6) June 2013

Molecular Cancer Therapeutics

Downloaded from mct.aacrjournals.org on December 2, 2021. © 2013 American Association for Cancer Research.


http://mct.aacrjournals.org/

Published OnlineFirst March 27, 2013; DOI: 10.1158/1535-7163.MCT-12-1045

Multitarget Inhibitor in Drug Resistance Treatment

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Fukuoka M, Yano S, Giaccone G, Tamura T, Nakagawa K, Douillard JY,
et al. Multi-institutional randomized phase |l trial of gefitinib for pre-
viously treated patients with advanced non-small-cell lung cancer (The
IDEAL 1 Trial) [corrected]. J Clin Oncol 2003;21:2237-46.

Kris MG, Natale RB, Herbst RS, Lynch TJ Jr, Prager D, Belani CP, et al.
Efficacy of gefitinib, an inhibitor of the epidermal growth factor receptor
tyrosine kinase, in symptomatic patients with non-small cell lung
cancer: a randomized trial. JAMA 2003;290:2149-58.

Paez JG, Janne PA, Lee JC, Tracy S, Greulich H, Gabriel S, et al. EGFR
mutations in lung cancer: correlation with clinical response to gefitinib
therapy. Science 2004;304:1497-500.

Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA,
Brannigan BW, et al. Activating mutations in the epidermal growth
factor receptor underlying responsiveness of non-small-cell lung can-
cer to gefitinib. N Engl J Med 2004;350:2129-39.

Pao W, Miller V, Zakowski M, Doherty J, Politi K, Sarkaria |, et al. EGF
receptor gene mutations are common in lung cancers from "never
smokers" and are associated with sensitivity of tumors to gefitinib and
erlotinib. Proc Natl Acad Sci U S A 2004;101:13306-11.

Sok JC, Coppelli FM, Thomas SM, Lango MN, Xi S, Hunt JL, et al.
Mutant epidermal growth factor receptor (EGFRUVIIl) contributes to
head and neck cancer growth and resistance to EGFR targeting. Clin
Cancer Res 2006;12:5064-73.

Engelman JA, Zejnullahu K, Mitsudomi T, Song Y, Hyland C, Park JO,
et al. MET amplification leads to gefitinib resistance in lung cancer by
activating ERBB3 signaling. Science 2007;316:1039-43.

Yano S, Wang W, Li Q, Matsumoto K, Sakurama H, Nakamura T, et al.
Hepatocyte growth factor induces gefitinib resistance of lung adeno-
carcinoma with epidermal growth factor receptor-activating muta-
tions. Cancer Res 2008;68:9479-87.

Erjala K, Sundvall M, Junttila TT, Zhang N, Savisalo M, Mali P, et al.
Signaling via ErbB2 and ErbB3 associates with resistance and epi-
dermal growth factor receptor (EGFR) amplification with sensitivity to
EGFR inhibitor gefitinib in head and neck squamous cell carcinoma
cells. Clin Cancer Res 2006;12:4103-11.

Li C, lida M, Dunn EF, Ghia AJ, Wheeler DL. Nuclear EGFR contributes
to acquired resistance to cetuximab. Oncogene 2009;28:3801-13.
Zhong L, Zhao W, Wu J, Li B, Zolotukhin S, Govindasamy L, et al. A dual
role of EGFR protein tyrosine kinase signaling in ubiquitination of AAV2
capsids and viral second-strand DNA synthesis. Mol Ther 2007;15:
1323-30.

Viloria-Petit A, Crombet T, Jothy S, Hicklin D, Bohlen P, Schlaeppi JM,
et al. Acquired resistance to the antitumor effect of epidermal growth
factor receptor-blocking antibodies in vivo: a role for altered tumor
angiogenesis. Cancer Res 2001;61:5090-101.

Chakravarti A, Loeffler JS, Dyson NJ. Insulin-like growth factor recep-
tor | mediates resistance to anti-epidermal growth factor receptor
therapy in primary human glioblastoma cells through continued acti-
vation of phosphoinositide 3-kinase signaling. Cancer Res 2002;
62:200-7.

ZhangZ,LeeJC, LinL, OlivasV, AuV, Laframboise T, et al. Activation of
the AXL kinase causes resistance to EGFR-targeted therapy in lung
cancer. Nat Genet 2012;44:852-60.

Rho JK, Choi YJ, Lee JK, Ryoo BY, Na ll, Yang SH, et al. The role of
MET activation in determining the sensitivity to epidermal growth
factor receptor tyrosine kinase inhibitors. Mol Cancer Res 2009;7:
1736-43.

Cai X, Zhai HX, Wang J, Forrester J, QuH, Yin L, et al. Discovery of 7-(4-
(8-ethynylphenylamino)-7-methoxyquinazolin-6-yloxy)-N-hydroxy-
heptanam ide (CUDc-101) as a potent multi-acting HDAC, EGFR, and
HER2 inhibitor for the treatment of cancer. J Med Chem 2010;53:
2000-9.

Lai CJ, Bao R, Tao X, Wang J, Atoyan R, Qu H, et al. CUDC-101, a
multitargeted inhibitor of histone deacetylase, epidermal growth factor
receptor, and human epidermal growth factor receptor 2, exerts potent
anticancer activity. Cancer Res 2010;70:3647-56.

Bean J, Brennan C, Shih JY, Riely G, Viale A, Wang L, et al. MET
amplification occurs with or without T790M mutations in EGFR mutant
lung tumors with acquired resistance to gefitinib or erlotinib. Proc Natl
Acad Sci U S A 2007;104:20932-7.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Sequist LV, Waltman BA, Dias-Santagata D, Digumarthy S, Turke AB,
Fidias P, et al. Genotypic and histological evolution of lung cancers
acquiring resistance to EGFR inhibitors. Sci Transl Med 2011;3:
75ra26.

Trusolino L, Bertotti A, Comoglio PM. MET signalling: principles and
functions in development, organ regeneration and cancer. Nat Rev Mol
Cell Biol 2010;11:834-48.

Trusolino L, Comoglio PM. Scatter-factor and semaphorin receptors:
cell signalling for invasive growth. Nat Rev Cancer 2002;2:289-300.
Jeanes A, Gottardi CJ, Yap AS. Cadherins and cancer: how does
cadherin dysfunction promote tumor progression? Oncogene 2008;
27:6920-9.

Meng Q, Qi M, Chen DZ, Yuan R, Goldberg ID, Rosen EM, et al.
Suppression of breast cancer invasion and migration by indole-3-
carbinol: associated with up-regulation of BRCA1 and E-cadherin/
catenin complexes. J Mol Med 2000;78:155-65.

Murakami A, Nakagawa T, Kaneko M, Nawata S, Takeda O, Kato H,
et al. Suppression of SCC antigen promotes cancer cell invasion and
migration through the decrease in E-cadherin expression. Int J Oncol
2006;29:1231-5.

Haddad Y, Choi W, McConkey DJ. Delta-crystallin enhancer binding
factor 1 controls the epithelial to mesenchymal transition phenotype
and resistance to the epidermal growth factor receptor inhibitor erlo-
tinib in human head and neck squamous cell carcinoma lines. Clin
Cancer Res 2009;15:532-42.

Witta SE, Gemmill RM, Hirsch FR, Coldren CD, Hedman K, Ravdel L,
et al. Restoring E-cadherin expression increases sensitivity to epider-
mal growth factor receptor inhibitors in lung cancer cell lines. Cancer
Res 2006;66:944-50.

McConkey DJ, Choi W, Marquis L, Martin F, Williams MB, Shah J, et al.
Role of epithelial-to-mesenchymal transition (EMT) in drug sensitivity
and metastasis in bladder cancer. Cancer Metastasis Rev 2009;28:
335-44.

Aghdassi A, Sendler M, Guenther A, Mayerle J, Behn CO, Heidecke
CD, et al. Recruitment of histone deacetylases HDAC1 and HDAC2 by
the transcriptional repressor ZEB1 downregulates E-cadherin expres-
sion in pancreatic cancer. Gut 2012;61:439-48.

Peinado H, Ballestar E, Esteller M, Cano A. Snail mediates E-cadherin
repression by the recruitment of the Sin3A/histone deacetylase 1
(HDAC1)/HDAC2 complex. Mol Cell Biol 2004;24:306-19.

Kim NH, Kim SN, Kim YK. Involvement of HDAC1 in E-cadherin
expression in prostate cancer cells; its implication for cell motility and
invasion. Biochem Biophys Res Commun 2011;404:915-21.
Kakihana M, Ohira T, Chan D, Webster RB, Kato H, Drabkin HA, et al.
Induction of E-cadherin in lung cancer and interaction with growth
suppression by histone deacetylase inhibition. J Thorac Oncol 2009;
4:1455-65.

Sliwkowski MX, Lofgren JA, Lewis GD, Hotaling TE, Fendly BM, Fox
JA. Nonclinical studies addressing the mechanism of action of tras-
tuzumab (Herceptin). Semin Oncol 1999;26:60-70.

Chen G, Kronenberger P, Umelo IA, Teugels E, De Greve J. Quan-
tification of epidermal growth factor receptor T790M mutant tran-
scripts in lung cancer cells by real-time reverse transcriptase-
quantitative polymerase chain reaction. Anal Biochem 2010;398:
266-8.

Yang S, Huang XY. Ca2+ influx through L-type Ca2+ channels con-
trols the trailing tail contraction in growth factor-induced fibroblast cell
migration. J Biol Chem 2005;280:27130-7.

Ortiz-Lopez L, Morales-Mulia S, Ramirez-Rodriguez G, Benitez-King
G. ROCK-regulated cytoskeletal dynamics participate in the inhibitory
effect of melatonin on cancer cell migration. J Pineal Res 2009;46:
15-21.

Rao Y, Wang H, Fan L, Chen G. Silencing MTA1 by RNAI reverses
adhesion, migration and invasiveness of cervical cancer cells (SiHa) via
altered expression of p53, and E-cadherin/beta-catenin complex.
J Huazhong Univ Sci Technolog Med Sci 2011;31:1-9.

Zhang HJ, Wang HY, Zhang HT, Su JM, Zhu J, Wang HB, et al.
Transforming growth factor-betal promotes lung adenocarcinoma
invasion and metastasis by epithelial-to-mesenchymal transition. Mol
Cell Biochem 2011;355:309-14.

www.aacrjournals.org

Mol Cancer Ther; 12(6) June 2013

Downloaded from mct.aacrjournals.org on December 2, 2021. © 2013 American Association for Cancer Research.

935


http://mct.aacrjournals.org/

936

Published OnlineFirst March 27, 2013; DOI: 10.1158/1535-7163.MCT-12-1045

Wang et al.

39.

40.

a1,

42,

Zou HY, Li Q, Lee JH, Arango ME, McDonnell SR, Yamazaki S, et al. An
orally available small-molecule inhibitor of c-Met, PF-2341066, exhi-
bits cytoreductive antitumor efficacy through antiproliferative and
antiangiogenic mechanisms. Cancer Res 2007;67:4408-17.

Wang J, Ramakrishnan R, Tang Z, Fan W, Kluge A, Dowlati A, et al.
Quantifying EGFR alterations in the lung cancer genome with nano-
fluidic digital PCR arrays. Clin Chem 2010;56:623-32.

VermaA, Warner SL, Vankayalapati H, Bearss DJ, Sharma S. Targeting
Axl and Mer kinases in cancer. Mol Cancer Ther 2011;10:1763-73.
Linger RM, Keating AK, Earp HS, Graham DK. TAM receptor tyrosine
kinases: biologic functions, signaling, and potential therapeutic target-
ing in human cancer. Adv Cancer Res 2008;100:35-83.

. Araki K, Shimura T, Suzuki H, Tsutsumi S, Wada W, YajimaT, et al. E/N-

cadherin switch mediates cancer progression via TGF-beta-induced
epithelial-to-mesenchymal transition in extrahepatic cholangiocarci-
noma. Br J Cancer 2011;105:1885-93.

. Hazan RB, Phillips GR, Qiao RF, Norton L, Aaronson SA. Exogenous

expression of N-cadherin in breast cancer cells induces cell migration,
invasion, and metastasis. J Cell Biol 2000;148:779-90.

. Yamauchi M, Yoshino I, Yamaguchi R, Shimamura T, Nagasaki M,

Imoto S, et al. N-cadherin expression is a potential survival mechanism
of gefitinib-resistant lung cancer cells. Am J Cancer Res 2011;1:
823-33.

47.

49.

50.

51.

52,

. Sierra JR, Tsao MS. c-MET as a potential therapeutic target and

biomarker in cancer. Ther Adv Med Oncol 2011;3:521-35.

Tang DD, Bai Y, Gunst SJ. Silencing of p21-activated kinase attenu-
ates vimentin phosphorylation on Ser-56 and reorientation of the
vimentin network during stimulation of smooth muscle cells by 5-
hydroxytryptamine. Biochem J 2005;388:773-83.

. Grooteclaes ML, Frisch SM. Evidence for a function of CtBP in

epithelial gene regulation and anoikis. Oncogene 2000;19:3823-8.
Liu L, Greger J, Shi H, Liu Y, Greshock J, Annan R, et al. Novel
mechanism of lapatinib resistance in HER2-positive breast tumor cells:
activation of AXL. Cancer Res 2009;69:6871-8.

Mahadevan D, Cooke L, Riley C, Swart R, Simons B, Della Croce K,
et al. A novel tyrosine kinase switch is a mechanism of imatinib
resistance in gastrointestinal stromal tumors. Oncogene 2007;26:
3909-19.

YeX, LiY, Stawicki S, Couto S, Eastham-Anderson J, Kallop D, et al. An
anti-AxlI monoclonal antibody attenuates xenograft tumor growth and
enhances the effect of multiple anticancer therapies. Oncogene
2010;29:5254-64.

Braunger J, Schleithoff L, Schulz AS, Kessler H, Lammers R, Ullrich A,
et al. Intracellular signaling of the Ufo/AxI receptor tyrosine kinase is
mediated mainly by a multi-substrate docking-site. Oncogene 1997;
14:2619-31.

Mol Cancer Ther; 12(6) June 2013

Molecular Cancer Therapeutics

Downloaded from mct.aacrjournals.org on December 2, 2021. © 2013 American Association for Cancer Research.


http://mct.aacrjournals.org/

Published OnlineFirst March 27, 2013; DOI: 10.1158/1535-7163.MCT-12-1045

AAC American Association
for Cancer Research

Molecular Cancer Therapeutics

Potential Advantages of CUDC-101, a Multitargeted HDAC, EGFR,
and HER2 Inhibitor, in Treating Drug Resistance and Preventing
Cancer Cell Migration and Invasion

Jing Wang, Natalie W. Pursell, Maria Elena S. Samson, et al.

Mol Cancer Ther 2013;12:925-936. Published OnlineFirst March 27, 2013.

Updated version

Supplementary
Material

Access the most recent version of this article at:
doi:10.1158/1535-7163.MCT-12-1045

Access the most recent supplemental material at:
http://mct.aacrjournals.org/content/suppl/2013/03/21/1535-7163.MCT-12-1045.DC1

Cited articles

Citing articles

This article cites 52 articles, 24 of which you can access for free at:
http://mct.aacrjournals.org/content/12/6/925.full#ref-list-1

This article has been cited by 1 HighWire-hosted articles. Access the articles at:
http://mct.aacrjournals.org/content/12/6/925.full#related-urls

E-mail alerts

Reprints and
Subscriptions

Permissions

Sign up to receive free email-alerts related to this article or journal.

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.

To request permission to re-use all or part of this article, use this link
http://mct.aacrjournals.org/content/12/6/925.

Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from mct.aacrjournals.org on December 2, 2021. © 2013 American Association for Cancer Research.


http://mct.aacrjournals.org/lookup/doi/10.1158/1535-7163.MCT-12-1045
http://mct.aacrjournals.org/content/suppl/2013/03/21/1535-7163.MCT-12-1045.DC1
http://mct.aacrjournals.org/content/12/6/925.full#ref-list-1
http://mct.aacrjournals.org/content/12/6/925.full#related-urls
http://mct.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://mct.aacrjournals.org/content/12/6/925
http://mct.aacrjournals.org/

