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Abbreviations
AKT  Protein kinase B
ATP7A and ATP7B  Copper-transporting P-type 

ATPase 7A and 7B
BAK  BCL-2 homologous antagonist/

killer
BAX  BCL-2-like protein 4
BCL-2  B-cell lymphoma 2
BMP  Bone morphogenetic protein
cMOAT  Canalicular multispecific organic 

anion transporter 1
CTR1  Copper transporter
DYRK2  Dual specificity tyrosine phospho-

rylation regulated kinase 2
EGF  Epidermal growth factor
EMT  Epithelial–mesenchymal  

transition
FAS  Death receptor
FGF  Fibroblast growth factors
FOX  Forkhead box
GSH  Glutathione
HGF  Hepatocyte growth factor
IAP  Inhibitor of apoptosis
ILK  Integrin-linked kinase
JNK  c-Jun N-terminal kinase
MAPK  Mitogen-activated protein kinases
MDR1/P-gp  Multidrug-resistant protein 

1/P-glycoprotein
MET  Mesenchymal–epithelial transition
MET proto-oncogene  Receptor tyrosine kinase
miRNA  Micro-RNA
miR  Micro-RNA
MMP2  Matrix metalloproteinase-2
MMP3  Matrix metalloproteinase-3
MMP9  Matrix metalloproteinase-9

Abstract One of the most commonly used chemothera-
peutics, platinum drugs are used to treat a wide range of 
cancer types. Although many cancers initially respond well 
to those drugs, drug resistance occurs frequently and dif-
ferent molecular mechanisms have been associated with 
it. However, predictive biomarkers of cellular response in 
specific tumour types still do not exist. Epithelial–mesen-
chymal transition (EMT) is a malignant cancer phenotype 
characterized by aggressive invasion and metastasis, and 
resistance to apoptosis. Recent studies indicate that EMT 
accompanies the development of drug resistance to a num-
ber of cancer chemotherapies. The link between these two 
phenomena is still not elucidated, although several impor-
tant molecules involved in both these complex processes, 
such as transcription factors (SNAIL, TWIST, ZEB, etc.) 
and miRNAs (miRNA-200 family, miR-15, miR-186, etc.) 
have been recognized as important. This article reviews 
numerous unresolved issues regarding platinum drugs 
resistance and EMT, the complexity of the signalling net-
works that regulate those two phenomena and their impor-
tance in tumour response and spreading which are becom-
ing focuses of interest of many scientists. This article also 
presents molecules involved in platinum resistance and 
EMT as possible targets for new cancer therapy.
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NF-κB  Nuclear factor κ-light-chain-
enhancer of activated B cells

p21 
 Cyclin-dependent kinase inhibitor 1
p53  Tumour protein 53
p63  Tumour protein 63
PEBP4  Phosphatidylethanolamine binding 

protein 4
PI3-K  Phosphatidylinositol-4,5-bisphos-

phate 3-kinase
PKB  Serine/threonine protein kinase B
PTEN  Phosphatase and tensin homolog
RKIP  Raf kinase inhibitor protein
RNAi  RNA interference
ROS  Reactive oxygen species
SMAD  SMAD protein
Snail1 and 2  Zinc finger protein Snail1 and 2
SOX  SRY-related HMG-box
STAT3  Signal-transducer-and-activator-of-

transcription 3
TGFβ  Transforming growth factor β
TWIST1 and 2  TWIST-related protein 1 and 2
ZEB1 and 2  Zinc finger E-box-binding home-

obox 1 and 2

Introduction

An estimated 14.1 million new cases of cancer were diag-
nosed worldwide in 2012, and cancers in the lung, breast 
and colon are the most commonly diagnosed (Ferlay et al. 
2015). There are many protocols for cancer treatment 
depending on the type and the stage of disease. Some can-
cer types are treated only with one type of therapy, but most 
patients receive a combination of treatment regimens, such 
as surgery with chemotherapy and/or radiation therapy. In 
fewer cases, cancer underwent immunotherapy, targeted 
therapy or hormone therapy.

The effectiveness of successful chemotherapy is limited 
by development of drug resistance, which can be intrin-
sic or acquired. Intrinsic resistance is based on pre-exist-
ing factors, which occur during carcinogenesis. Acquired 
resistance can develop during and after therapy as a result 
of adaptive response of tumour to the treatment. Cisplatin 
and its analogues, carboplatin and oxaliplatin are the most 
frequently used chemotherapeutics for treatment of broad 
variety of tumours such as head and neck, breast, ovar-
ian, testicular, bladder, lung, stomach and colorectal can-
cer. Different molecular mechanisms have been identified 
in platinum drugs resistance such as increased drug efflux, 
decreased drug influx, detoxification of the drug, altera-
tions in drug metabolism, increased repair of drug-induced 
damage, mutation of drug targets, epigenetic changes, 

decreased apoptosis and the influence of microenvironmen-
tal conditions (Koberle et al. 2010; Shen et al. 2012).

Lately more attention has been given to specific changes in 
cell morphology that occur after drug treatment and following 
the development of drug resistance in cancer cells from differ-
ent tissues (Pasqualato et al. 2012). Upon single or multiple 
rounds of drug exposure, the cells acquire molecular and phe-
notypic characteristics of mesenchymal-like cells (Lamouille 
et al. 2014). Recently, we observed that paclitaxel-resistant 
and carboplatin cross-resistant ovarian cancer (OVCAR-3/
TP) cells differ from parental OVCAR-3 cells in morphology 
(unpublished data). The brief scanning of epithelial–mesen-
chymal markers has shown decreased expression of E-cad-
herin and increased expression of vimentin and fibronectin 
in drug resistant as compared to parental cell line. Further, 
decreased expression of micro-RNA (miRNA)-200 family 
members, the regulators of epithelial–mesenchymal markers, 
confirmed a mesenchymal phenotype in these drug-resistant 
cells. The inhibition of miRNA-200 family members expres-
sion in parental OVCAR-3 cell line triggered epithelial–mes-
enchymal transition (EMT) and increased drug resistance 
(Brozovic et al. 2015). Moreover, our unpublished data show 
that several cisplatin-resistant ovarian cancer cell lines are 
also characterized with mesenchymal phenotype as compared 
to parental cell lines. Similarly, EMT and alterations in drug 
response were observed in several different drug-resistant vari-
ants, as well as in metastatic potential compared to primary 
tumours (Lamouille et al. 2014). Thus, it has been hypoth-
esized that EMT, a process during which polarized epithelial 
cells transform into motile and invasive mesenchymal cells, 
is associated with the development of drug resistance, but the 
underlying mechanism has not been elucidated yet.

In this review a putative association between drug-
induced EMT and platinum drug-induced resistance will be 
presented and discussed, with special emphasis on cisplatin 
resistance, offering insights into the molecular mechanisms 
that might be involved in both.

Cisplatin

Cisplatin (cis-diamminedichloroplatinum (II)) was 
approved by the Food and Drug Administration (FDA) in 
1978 and is still used frequently in a treatment of a wide 
variety of cancer types. For most cases, the success rate of 
cisplatin is far from dramatic but is significantly improved 
when combined with other drugs, thus being “the back-
bone of combination chemotherapy”. Nowadays, cisplatin 
is used in treatment of lung, ovarian, testicular, head and 
neck, bladder and stomach cancers (Koberle et al. 2010). 
Testicular cancer is a phenomenal exception. When used in 
combination with other anticancer drugs, cisplatin cure rate 
is more than 90% (Hannan et al. 2016).
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Composed of only platinum (Pt), two chlorine (Cl) 
atoms and two-NH3 groups, cisplatin is actually a simple 
molecule. The high chloride concentration in the extracellu-
lar fluid (~100 mM) keeps cisplatin chemically inert. How-
ever, the hydrolysis of cisplatin occurs efficiently within 
cells, due to the lower chloride concentration (2–30 mM). 
One or both chlorine atoms are replaced by water mol-
ecules, resulting in the formation of positively charged 
aqua species, molecules that are highly reactive toward 
nucleophilic centres in biomolecules (Fuertes et al. 2003). 
Numerous experimental data have shown that shortly upon 
activation cisplatin forms monoadducts, then DNA intras-
trand and finally DNA interstrand cross-links, as well as 
cisplatin adducts between DNA and proteins. The cisplatin-
induced DNA damage leads to inhibition of DNA replica-
tion and transcription, which further results in cell cycle 
arrest and cell death (Siddik 2003). Moreover, cisplatin has 
a capacity to bind additional molecules in the cell such as 
amino acids, peptides such as glutathione (GSH) and pro-
teins, particularly metallothionein family (Boulikas and 
Vougiouka 2003; Siddik 2003). For years, we have been 
investigating the importance of cisplatin–DNA adducts in 
cisplatin toxicity. We have demonstrated that the level of 
cisplatin–DNA adducts in human cervical carcinoma HeLa 
cells determines its activity, decreasing cell survival corre-
lates with increasing level of cisplatin–DNA adducts (Bro-
zovic et al. 2004). One exception is the cisplatin-hypersen-
sitive CL-V5B hamster cell line which has been isolated as 
mitomycin C-hypersensitive mutant from V79B cells (Tell-
eman et al. 1995). It was shown that despite lower initial 
cisplatin–DNA adducts and attenuated early DNA damage 
response the cells are characterized with massive pro-apop-
totic signalling. The data provide an example that the ini-
tial level of cisplatin–DNA adducts and the corresponding 
early DNA damage response do not necessarily predict the 
outcome of cisplatin treatment (Brozovic et al. 2009).

For years, DNA has been considered to be a critical cis-
platin target. However, there is increasing evidence suggest-
ing that the mechanisms involved in the cytotoxicity of cis-
platin are much more complex. In our recent review paper, 
we presented data showing that non-DNA damage induced 
by cisplatin could play an important role in cisplatin activ-
ity. Cisplatin induces reactive oxygen species (ROS), and 
the formation of ROS depends on the concentration and the 
duration of cisplatin exposure (Brozovic et al. 2010). We 
also showed that expression of the integrin αvβ3 appears to 
confer resistance to cisplatin in the human laryngeal carci-
noma cell line HEp2 variant compared to parental cells that 
do not express this integrin. The mechanism underlying this 
resistance as well as cross-resistance to mitomycin C and 
doxorubicin was the GSH-mediated prevention of ROS for-
mation (Brozovic et al. 2008). According to our results and 
the results from other laboratories (Siddik 2003; Stordal 

and Davey 2008; Stordal et al. 2007), the main toxic lesion 
of cisplatin is still not known.

There are two major obstacles for successful cisplatin 
therapy: (1) development of cisplatin resistance and (2) side 
effects such as kidney toxicity, blood test abnormalities, 
nausea and vomiting. In order to decrease side effects, new, 
potent derivatives of cisplatin have been synthesized over 
the years. Only two of them are in clinical use, carboplatin 
(cis-diammine(1,1-cyclobutanedicarboxylato)platinum(II)) 
and oxaliplatin ([(1R,2R)-cyclohexane-1,2-diamine](ethan-
edioato-O,O′)platinum(II)). Carboplatin has a similar activ-
ity profile as cisplatin but it is less nephro- and neurotoxic 
(Thomas et al. 2006). Carboplatin is used to treat ovarian, 
lung, head and neck, endometrial, bladder, breast, and cer-
vical cancer, central nervous system or germ cell tumours 
and osteogenic sarcoma (Dasari and Tchounwou 2014). 
Oxaliplatin is distinct from cisplatin in its pharmacologi-
cal properties and has low cross-resistance to cisplatin, and 
it should be valuable in cisplatin refractory patients or in 
combination with cisplatin (Dasari and Tchounwou 2014). 
Oxaliplatin is used to treat metastatic colon or rectal can-
cers; it is often given in combination with other anticancer 
drugs such as the 5-fluorouracil and folinic acid containing 
cocktail (FOLFOX) or with 5-fluorouracil, folinic acid and 
irinotecan (FOLFIRINOX) used as neo-adjuvant or adju-
vant intervention in colorectal cancer patients.

The problem is even bigger due to the fact that drug 
selection with cisplatin triggers the activation or silencing 
of many different genes. The complex self-defence system 
formed is not only a basis for cisplatin resistance but also 
cross-resistance to drugs which are structurally different and 
may have a different mechanism of action. Resistance to cis-
platin is based on several molecular mechanisms (Fig. 1). 
Reduced accumulation is one of them and can be a result of 
decreased influx or increased efflux of the drug. Changes in a 
cell or organelles membrane, either functional or structural, 
or changes in transporters or channels could be a reason for 
decreased influx. Increased efflux could result from increased 
activity of export pumps, increased secretion or exocytosis of 
platinum drugs. Increased drug detoxification, decreased drug 
binding, increased formation of ROS, increased DNA repair, 
increased tolerance of DNA damage, and altered cell signal-
ling pathways leading to altered transcription of target genes, 
changes in cell cycle-related events and the inhibition of cell 
death may be involved in drug resistance as well (Brozovic 
et al. 2010; Galluzzi et al. 2012).

Epithelial–mesenchymal transition (EMT)

Epithelial–mesenchymal transition is a process in which 
epithelial cells downregulate epithelial and acquire mesen-
chymal features, as described for the first time by Elizabeth 
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Hay (Fitchett and Hay 1989). By investigating the primitive 
streak of chicken embryos, she noticed that epithelial cells 
have the ability to transit to a mesenchymal state and can 
return to an epithelial state (Fitchett and Hay 1989; Hay 
1995). During EMT, the epithelial cells lose their apical–
basal polarity and cell junctions, reorganize the cytoskel-
eton, and regulate the signalling pathways responsible for 
cell shape and motility, accompanied with downregulation 
of epithelial markers, e.g. E-cadherin, and upregulation of 
mesenchymal markers (e.g. vimentin, fibronectin). Cells 
become migratory and invasive, resistant to apoptosis/
anoikis, increase secretion of degradative enzymes, digest 
underlying extracellular matrix and secrete a new one 
(Banyard and Bielenberg 2015; Tsai and Yang 2013).

Based on biological context in which EMT occurs, 
EMT can be divided into three types (Kalluri and Wein-
berg 2009). Type I generates primary mesenchyme and has 
the potential to undergo a MET in order to form secondary 
epithelia. This type is important during implementation, 
embryo formation and organogenesis when different types 

of cells are formed (Zeisberg and Neilson 2009). Type II 
has a role during wound healing and fibrosis (Mutsaers 
et al. 2015) and is linked with the inflammation process 
which occurs during wound healing. Once inflammation 
is attenuated the regeneration process starts, the fibroblasts 
and other cells are generated in order to reconstruct the tis-
sue. Type III is a process that occurs in neoplastic tissue, 
the tissue that acquires genetic and epigenetic changes. It is 
widely accepted that EMT Type III is responsible for can-
cer invasion and metastasis where cells in order to be inva-
sive and mobile has to gain mesenchymal phenotype.

Due to the fact that most of primary cancers are epithe-
lial in origin and that most of them will eventually metas-
tasize, EMT Type III is an important process that must be 
investigated in detail. The EMT inducers could be differ-
ent autocrine growth factors such as EGF, HGF, FGF and 
TGFβ, which are secreted by tumour cells. In advanced 
tumours, growth factors are induced by hypoxia, which 
develops in tumour as it gains a volume, and their over-
expression promotes EMT (Heldin et al. 2012; Jiang 

Fig. 1  Molecular mechanisms of cisplatin resistance in cancer cells. 
They are multifactorial and may involve: (1) the reduced cisplatin 
influx (e.g. downregulation of copper transporter CTR1), increased 
drug efflux (e.g. overexpression of cMOAT and copper transport-
ers ATP7A and ATP7B) resulting in decreased intracellular cisplatin 
content; (2) increased level of GSH and increased activity of GSH-
related enzymes and increased level of metallothioneins resulting 
in reduced bioavailability of cisplatin; (3) alterations in mismatch 
repair and alterations in nucleotide excision repair resulting increased 
capacity of DNA repair; (4) alterations in antiapoptotic factors (e.g. 

BCL-2 and IAPs), alterations in pro-apoptotic factors (e.g. p53, cas-
pases, FAS, BAX and BAK), alterations in the MAPK cascade path-
way, alterations in the PI3-K/AKT signalling pathway, alterations in 
transcription factors (p53, p21, NF-κB pathway) resulting in failure 
to induce cell death; (5) alterations in cell cycle-related factors with 
various results depending on the altered factor(s). There are also addi-
tional molecular mechanisms described in the literature as important 
in cisplatin resistance such as epigenetic changes, EMT status, altera-
tions in stress chaperones, alterations in different miRNAs, etc
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et al. 2011; Quail and Joyce 2013; Thiery et al. 2009). It 
is believed that EMT is triggered in order to escape this 
unpleasant environment. The inflammatory mediators, 
activated by tumour, mediate the expression of transcrip-
tion factors SNAIL and ZEB that function as repressors 
of the epithelial phenotype and promotor of EMT, fibro-
sis and metastasis (Banyard and Bielenberg 2015; Lopez-
Novoa and Nieto 2009). SNAIL and ZEB bind directly to 
E-cadherin and repress its function (Lamouille et al. 2014; 
Schmalhofer et al. 2009). TWIST can regulate E-cadherin 
expression indirectly (Khan et al. 2013). Also other tran-
scription factors such as SMAD, BMP, GATA, SOX, FOX 
can drive cells to EMT (Banyard and Bielenberg 2015; Lee 
et al. 2006; Su et al. 2015). The regulation of these EMT 
transcription factors, their roles in EMT and functional 
relationships with SNAIL, TWIST or ZEB transcription 
factors are still not well defined. In addition, several miR-
NAs regulate expression of target genes responsible for 
EMT such as miRNA-200 family members (Brozovic et al. 
2015), miR-9 (Ma et al. 2010), miR-10a (Yan et al. 2015), 
miR-221/22 (Stinson et al. 2011a, b), miR-29a (Gebeshu-
ber et al. 2009), miR-103/107 (Martello et al. 2010) and 
miR-21 (Han et al. 2012a, b).

Upon losing adhesion and becoming mobile, the cells 
become invasive. In order to invade through the extracel-
lular matrix and the basement membrane of blood ves-
sels, the upregulation of several enzymes such as MMP2, 
MMP9 and MMP3 must occur (Radisky and Radisky 
2010). By entering the blood stream, detached cells 
become sensitive to cell-detachment-induced apoptosis also 
known as anoikis. Mesenchymal-like cells are protected 
from anoikis by the activation of several signalling path-
ways such as PI3 K/AKT, NF-κB, Wnt/β-catenin and p53/

p63 (Guadamillas et al. 2011). Although this process has 
been widely researched, there is a need to investigate them 
further in order to identify key molecules which may reg-
ulate the process on the level where an alternative escape 
pathway is not possible. That will be a clue for coordina-
tion and regulation of EMT and the metastatic process.

The literature reveals two major areas of investigation in 
EMT: (1) the correlation between stemness and EMT (Fab-
regat et al. 2016; Ye et al. 2015; Ye and Weinberg 2015) and 
(2) the association between EMT and the development of 
drug resistance. The later part will be discussed in detail in 
this review. Moreover, there are increasing evidences sup-
porting the hypothesis about close relationship between 
EMT, stemness and drug resistance and there is a need to 
figure out how those phenomena correlate with each other 
and how they are triggered by drug treatment (Fig. 2). 

Due to the carcinogenesis the phenotype of tumours is 
changed, compared to normal tissue. Also, the heteroge-
neity and unstable genetic background of tumour cells as 
well as their origin regulate the specific expression of EMT 
markers. Moreover, tumour cells are not only in either an 
epithelial or mesenchymal state. Dependent from the stage 
of disease and its primary site, the isolated tumour cells 
display variable expression of EMT markers and in the line 
with that they can express epithelial together with mesen-
chymal markers, they can be more or less mobile, invasive 
and drug resistant (Banyard and Bielenberg 2015). Like-
wise, most of the data about EMT/MET are based solely 
on in vitro studies due to the inability to monitor transition 
in in vivo models. Lately, it was shown that lung tumour 
cells disseminate and form metastases while persisting in 
their epithelial phenotype (Fischer et al. 2015). This find-
ing correlates with previously published data where it was 

Fig. 2  Dynamic transition 
between epithelial and mes-
enchymal states. Some of the 
events and expression markers 
commonly seen in multiple 
tumour cell types have been 
listed. More details are available 
in Banyard and Bielenberg 
(2015)
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shown that breast carcinoma cells do not actually undergo 
EMT. Rather, they are able to express some genes that are 
normally only present in mesenchymal cells, but they still 
express epithelial genes (Yu et al. 2013b). Although both 
epithelial and mesenchymal tumour cells have the poten-
tial to disseminate, it is plausible that the larger fraction of 
highly proliferative epithelial cells overgrows the minor 
EMT tumour cell population in generating macrometastatic 
lesions (Fischer et al. 2015). In addition, Yu et al. dem-
onstrated that tumour cells circulate in blood in clusters, 
not as single cells (Yu et al. 2013b). Drug-induced EMT 
in vivo seems to correlate with in vitro data. However, there 
is need to understand in more detail mesenchymal–epi-
thelial transition since it is still not clear whether all drug-
induced mesenchymal cells can go through this process. 
Thus, according to the novel findings obtained in vivo it 
seems that EMT/MET theory needs revision. Still, it must 
be emphasized and will be discussed further is general 
conclusion that cells which show more drug-induced mes-
enchymal type features are more resistant to the therapy 
compared to the cells with epithelial characteristics. This 
conclusion is based on both in vivo studies which correlate 
well to each other as well as on many in vitro observations.

The drug‑induced epithelial–mesenchymal 
transition and cisplatin resistance

The question “which came first, the chicken or the egg?” 
has baffled people for centuries and has always been the 
archetypal philosophical debate. Although it seems that 
the answer on the question is finally solved by determin-
ing that ovocleidin-17, a protein important for formation of 
egg shells, could be found only in a chicken’s ovaries and 
proved that the chicken was first (Freeman et al. 2010). So, 
which one is coming first, drug resistance or drug-induced 
EMT? Or are both phenomena developing in parallel? Well, 
this remains to be solved not only from the basic sciences 
point of view, but also due to the emphasis on EMT-tar-
geted therapies in cancer treatment (Diessner et al. 2014).

There are several reports showing that EMT is vis-
ible in different drug-resistant cell lines. We reported 
that ovarian cancer cell lines resistant to paclitaxel and 
cross-resistant to carboplatin (OVCAR-3/TP) are charac-
terized with mesenchymal features compared to parental 
OVCAR-3 cell line (Brozovic et al. 2015). Recently Hohn 
et al. demonstrated that two different cisplatin-resistant 
urothelial carcinoma variant cell lines, RT-112R and J-82R, 
acquired morphological changes characteristic of EMT 
(Hohn et al. 2016). Furthermore, it was reported that ovar-
ian cells that survive 3–5 days of cisplatin treatment dis-
played EMT with increased invasiveness (Baribeau et al. 

2014; Latifi et al. 2011). Also, early upon 24-h treatment 
with a non-cytotoxic concentration of cisplatin (2 μg/mL), 
prostate cancer DU145 cells displayed elevated migra-
tory ability and an EMT-like phenotype (Liu et al. 2015b). 
The genome-wide gene expression profiling of 3D sphe-
roids assembled from cisplatin-sensitive OVCAR-8 and 
cisplatin-resistant ovarian cancer OVCAR-8R cell lines 
(exposed to sub-lethal concentrations of cisplatin) identi-
fied over 3000 differences between spheroids. Importantly, 
cisplatin-resistant cells were significantly enriched for a 
mesenchymal gene expression signature (Chowanadisai 
et al. 2016). The significance of these in vitro studies is 
emphasized by results obtained recently in vivo where it 
was shown that highly proliferative non-EMT tumour cells 
are sensitive to cisplatin, and the appearance of recurrent 
EMT-derived metastases was observed upon exposure to 
chemotherapy (Fischer et al. 2015). This finding under-
lines the importance of resolving the basis of possible co-
occurrence of both phenomena, and to identify the exact 
target of EMT. That could enable the development of 
EMT-targeting therapies and its synergy with conventional 
therapy.

There are two main approaches to investigate the link 
between drug-induced EMT and platinum drugs resist-
ance: (1) manipulation of a molecule of interest (gene or 
miRNA) in parental cells and observing any phenotypi-
cal changes including drug response and EMT and (2) 
manipulation of a molecule of interest in drug-resistant 
EMT cell lines and observing any phenotypical changes 
including drug response and MET. There are few facts 
which should be kept in mind to fully understand the data 
obtained by those two approaches. When EMT and drug 
resistance occur upon the change in expression of gene 
or miRNA of interest in parental, epithelial-like model 
then the role of examined molecule(s) in both phenomena 
is clear. However, drug-resistant models, such as tumour 
cells or patients’ samples which received treatment or 
therapy, are far more complex, carrying multiple changes 
in the genome. Therefore, the manipulation of target mol-
ecule which was recognized as important in parental mod-
els must not necessarily be important in a drug-resistant 
model as well. Our own group noticed that issue during the 
investigation of the role of miRNA-200 family members in 
cisplatin and paclitaxel resistance of ovarian cancer cells. 
The inhibition of miRNA-200 family members in parental 
cell model decreased sensitivity of those cells to carbopl-
atin and paclitaxel but an increase in miRNA-200 family 
members in drug-resistant cell line did not sensitize them 
to the same therapy. Moreover, it actually made cells even 
more resistant to carboplatin in comparison with the drug-
resistant cell line transfected with a negative control (Bro-
zovic et al. 2015).
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Manipulation of target molecule in parental cells

The role of transcription factors in epithelial–mesenchymal 
transition and cisplatin resistance

SNAIL and TWIST, two zinc finger transcription factors, 
are known as important inducers of EMT and therefore 
involved in different phases of tumorigenicity (Lamouille 
et al. 2014). The association of those two EMT regulators 
with different molecular mechanisms of platinum drugs 
resistance was also investigated. It has been reported that 
depletion of TWIST and SNAIL sensitize human lung can-
cer A549 cells to cisplatin, identifying them as promising 
targets for cancer therapy. This cisplatin sensitization was 
caused by activation of JNK/mitochondrial pathway (Zhuo 
et al. 2008a, b). The importance of JNK pathway in cispl-
atin-induced cell death was reviewed previously (Brozovic 
and Osmak 2007). TWIST expression seems to be a use-
ful marker in patients with cervical cancer, having an unfa-
vourable clinical outcome compared to patients with low to 
negative TWIST content (Shibata et al. 2008). It is interest-
ing to note that silencing of TWIST1 by RNAi downregu-
lated the multidrug resistance transporter P-glycoprotein 
(P-gp, ABCB1) expression in HeLa cervical cancer cells, 
suppressed cell proliferation, inhibited rhodamine-123 
efflux activity and sensitized cells to cisplatin treatment. 
These findings suggest that TWIST1-mediated modulation 
of P-gp expression plays an important role in sensitiza-
tion of cervical cancer cells to cisplatin (Zhu et al. 2012). 
This finding is very interesting and unique since it is well 
accepted that cisplatin is not a substrate for P-gp (Stordal 
et al. 2012; Ween et al. 2015). Actually it was hypothesized 
that there is a possibility that P-gp, independent of its drug 
efflux activity, can induce changes in cell regulatory path-
ways that confer a partial loss of cisplatin sensitivity (Giba-
lova et al. 2012).

More direct evidence about the association between 
EMT regulators and genes involved in cisplatin resistance 
was provided by Hsu et al. who demonstrated a direct regu-
lation of ERCC1 gene transcription by SNAIL in human 
head and neck squamous cell carcinoma HNSCC lines. 
They showed that activation of ERCC1 by SNAIL is criti-
cal in the development of cisplatin resistance in HNSCC 
cells (Hsu et al. 2010). The role of SNAIL in induction of 
EMT and cisplatin resistance was further confirmed in two 
human head and neck squamous cell carcinoma cell lines, 
SAS and HSC-4 where it was demonstrated that SNAIL 
suppressed E-cadherin expression and increased motility, 
invasiveness and chemo-resistance (Masui et al. 2014).

By investigating the general impact of EMT regu-
lation on cell and patient survival after cisplatin treat-
ment, the role of several transcription factors, protein 
kinases, cell surface molecules and miRNAs were further 

investigated. Recently TWIST2, a highly homologous pro-
tein of TWIST1, has attracted increasing attention since it 
has been reported to correlate with poor prognosis of colo-
rectal cancer, as well as HNSCC (Gasparotto et al. 2011; 
Yu et al. 2013a). Li et al. (2012) showed that TWIST2 is 
associated with the invasion and metastasis of salivary ade-
noid cystic carcinoma, cervical malignant conversion, cer-
vical cancer metastasis and cisplatin resistance.

Another well-known transcription factor, ZEB1, is asso-
ciated with aggressive behaviour, metastasis, treatment 
resistance and poor prognosis in different tumour types 
(Sanchez-Tillo et al. 2011). ZEB1-mediated EMT appears 
to be important in drug resistance in pancreatic cancer. 
ZEB1 silencing correlated with an increase in E-cadherin 
expression and cisplatin sensitivity in several pancreatic 
cancer cell lines (PANC-1, Hs766T, AsPC-1, MIAPaCa-2, 
Mpanc96). Qualitative analyses of E-cadherin and ZEB1 
expression in primary tumours revealed an in vitro data 
suggesting that ZEB1 and other regulators of EMT may 
maintain drug resistance in human pancreatic cancer cells 
and inhibition of ZEB1 and reverse of EMT should be 
evaluated as possible therapeutic targets (Arumugam et al. 
2009).

Other transcription factors such as forkhead box (FOX) 
transcription factors are also involved in the regulation of 
drug-induced EMT. FOX family members are involved in 
cell cycle regulation, tissue-specific gene expression, cell 
signalling and tumorigenesis (Bieller et al. 2001). They are 
downstream targets of the serine/threonine protein kinase B 
(PKB)/AKT. The AKT kinase regulates cellular prolifera-
tion and survival. Increase in survival factor phospho-AKT 
and decrease level of its suppressor PTEN in A2780 ovarian 
cancer cells reduces drug resistance in A2780 ovarian can-
cer cells (Singh et al. 2013). The phosphorylation of FOXs 
by AKT inhibits transcriptional functions of FOX and con-
tributes to cell survival, growth and proliferation (Zhang 
et al. 2011). One of the FOX members, the FOXC2, medi-
ates the cisplatin resistance of ovarian cancer cells by acti-
vation of the AKT and MAPK signalling pathways and may 
be a potential novel therapeutic target for overcoming cis-
platin resistance in human ovarian cancer (Li et al. 2016). 
Few recent studies have been focused on an additional FOX 
member, FOXQ1. Several groups revealed the correlation 
between increased FOXQ1 expression with poor progno-
sis for breast cancer, hepatocellular carcinoma (HCC) and 
colon cancer (Kaneda et al. 2010; Liang et al. 2013; Qiao 
et al. 2011). FOXQ1 promoted HCC metastasis via EMT 
by trans-activating ZEB2 and VersicanV1 expression (Xia 
et al. 2014). FOXQ1 was shown to regulate EMT also in 
breast cancer (Qiao et al. 2011). FOXM1 and FOXQ1 have 
been recently identified as promising prognostic biomark-
ers in colorectal cancer patients (Weng et al. 2016), and 
the overexpression of FOXM1 in tumours predicts cancer 
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progression and poor prognosis (Chiu et al. 2015). In addi-
tion, it was found that downregulation of FOXQ1 resulted 
in increase in epithelial markers and decrease in several 
mesenchymal markers both in vitro and in vivo. Moreo-
ver, the expression of FOXQ1 correlated with resistance to 
some drugs, among them cisplatin in a number of human 
non-small cell lung cancer (NSCLC) cell lines (Feng et al. 
2014). The importance of additional FOX protein, FOXC1, 
was confirmed in vivo with its aberrant expression contrib-
uting to EMT in human breast cancer (Yu et al. 2013b). 
STAT3, another transcription factor, is involved in cytokine 
signalling, the regulation of cell cycle, apoptosis, cell inva-
sion and angiogenesis (Yu and Jove 2004), and the STAT3 
pathway is activated following cisplatin treatment. Expres-
sion of STAT3 was found to be associated with cisplatin 
resistance in epithelial ovarian cancer (Sheng et al. 2013).

NANOG is a transcription factor that plays an important 
role in various cancers and is overexpressed in a variety of 
cancers. Its overexpression is associated with high tumori-
genicity, drug resistance and poor prognosis. The possible 
role of NANOG in EMT and cisplatin resistance was exam-
ined in several epithelial ovarian cancer cell lines (HEY 
and SKOV3) with increased NANOG expression relative 
to normal epithelial ovarian Moody cells. The silencing of 
NANOG increased expression of E-cadherin and decreased 
the expression of vimentin and SNAIL and resulted in 
reduced cell migration and increased sensitivity to cisplatin 
(Liu et al. 2016).

DYRK2 belongs to a family of protein kinases whose 
members are presumed to be involved in cellular growth 
and/or development (Nihira and Yoshida 2015). DYRK2 
may predict progression-free survival in patients with 
recurrent NSCLC treated with platinum-based chemo-
therapy (Yamashita et al. 2009). Recently, it has been 
found that DYRK2 plays a role in EMT by degrading 
SNAIL in breast cancer (Mimoto et al. 2013). Further, it 
was found that expression of DYRK2 inversely correlates 
with SNAIL expression in ovarian cancer and that DYRK2 
protein expression was post-translationally reduced in the 
cisplatin-resistant ovarian serous adenocarcinoma 2008 
cell line. These results implicate a role of DYRK2 in the 
development of cisplatin resistance, suggesting further 
that DYRK2 might be a predictive marker for a favourable 
prognosis in the treatment of this type of cancer (Yamagu-
chi et al. 2015).

The role of miRNA in epithelial–mesenchymal transition 
and cisplatin resistance

During the last several years, a large amount of data have 
been collected focusing on the function of miRNAs in 
the pathogenesis of tumours, their role in EMT and/or 
drug resistance and their potential for clinical application 

(Martello et al. 2010; Wang et al. 2010; Zhang et al. 2016). 
The miRNA-200 family has recently been shown to prevent 
EMT by suppressing the expression of ZEB1 and ZEB2, 
two transcriptional repressors of E-cadherin (Gregory et al. 
2008; Park et al. 2008). Moreover, the expression pattern 
of miRNA-200 family members correlates well in differ-
ent types of cancer. Reintroduction of the miR-200c fam-
ily member into highly invasive NSCLC cells resulted in 
a loss of the mesenchymal phenotype, and in the inhibi-
tion of in vitro cell invasion and metastatic formation. The 
authors showed a highly significant inverse correlation 
between miR-200c expression and the invasive ability of 
a panel of NSCLC cells, indicating that its expression is a 
critical determinant for the establishment of a more aggres-
sive phenotype. In addition, overexpression of miR-200c 
restores the sensitivity of resistant NSCLS cells to cisplatin 
(Ceppi et al. 2010). miR-181a may function as an oncogene 
and may induce cisplatin resistance in cervical squamous 
cell carcinoma cells, SiHa and Me180, through apoptosis 
reversion (Chen et al. 2014).

Other factors involved in epithelial–mesenchymal 
transition and cisplatin resistance

The integrins play a role in both platinum resistance (Bro-
zovic et al. 2008; Seguin et al. 2015; Stojanovic et al. 2016) 
and in EMT (Demirkan 2013). CD29 gene encodes an inte-
grin β1 chain, which forms a complex with an α chain to 
produce the integrin α3β1 and α4β1 (Seguin et al. 2015). 
Overexpression of CD29 (integrin β1) decreased expres-
sion of E-cadherin and increased fibronectin and vimentin 
expression in hepatocellular carcinoma HepG2 cells sug-
gesting that high CD29 expression could lead to EMT. 
Moreover, overexpression of CD29 increased the resist-
ance of Hep G2 cells to cisplatin treatment. Therefore, 
the CD29-mediated EMT seems to be involved in chemo-
resistance of HCC tumour cells as well. This result was 
confirmed in the normal liver THLE-3 cell line despite the 
fact that at the constitutive level the protein expression of 
E-cadherin was high compared to the low content detected 
in Hep G2 cells. The overexpression of CD29 triggered 
EMT and significantly increased the resistance of THLE-3 
cells (Jiang et al. 2015).

The influence of manipulation of EMT inducing mol-
ecules in parental cells on cell response to cisplatin and 
EMT features is summarized in Table 1.

Manipulation of target molecules in drug‑resistant cells

The experimental approach used to study the link between 
drug-induced EMT and cisplatin resistance where manip-
ulation of molecules of interest in drug-resistant mod-
els results with drug sensitization and eventually MET is 
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more interesting than to explore this link in parental cells. 
The reason is obvious. The changes that occur in tumour 
cells during development of resistant phenotype are com-
plex, and it is more challenging to find driving change(s) 
responsible for EMT/MET and drug resistance. By using 
this approach, the importance of EMT in cisplatin resist-
ance was confirmed in several ovarian cancer cell models. 
It is important to explore this type of tumours because of 
the high mortality rate resulting from the diagnosis of most 
cases in the advanced stages. Cisplatin and paclitaxel are 
widely used to treat ovarian cancer. Comparing cisplatin-
sensitive A2780 ovarian adenocarcinoma cell line and 
its cisplatin-resistant variant, A2780cis, it was found that 
genes known to regulate EMT directly contribute to cispl-
atin resistance (Haslehurst et al. 2012). Primary tumours 
demonstrate an EMT gene signature, especially upregu-
lated SNAIL and SLUG expression, and this signature 
can be used to differentiate between chemo-sensitive and 
chemo-resistant human ovarian tumours. These data can 
provide important clues about chemotherapy resistance in 
ovarian cancer (Haslehurst et al. 2012). The association 
of SNAIL with cisplatin resistance was further confirmed 
in NSCLC A549 cell model. The knockdown of SNAIL in 
A549 cisplatin-resistant cell line, but not ZEB1, SLUG and 
TWIST, reversed EMT and sensitized cells to cisplatin. 
Moreover, the authors demonstrated that AKT/β-catenin/
SNAIL pathway plays an important role in regulation of 
aggressive, mesenchymal-like phenotype of A549/cDDP 
cells (Wang et al. 2014). In addition, FOXM1 reduced sen-
sitivity of several epithelial ovarian cancer cell lines to cis-
platin, as well as paclitaxel in vitro. The authors suggested 
that chemo-resistance induces EMT in ovarian cancer cells, 
enhancing also invasion. The importance of FOXM1 in 
drug resistance and EMT was highlighted in vivo by using 
mouse xenografts and by measuring FOXM1 expression 
level and its correlation to short progression-free intervals 
of 106 ovarian cancer patients (Chiu et al. 2015). Fur-
ther, it was found that cisplatin-resistant atypical teratoid/
rhabdoid tumour ATRT-CisR cells display higher expres-
sion of STAT3 which occurred simultaneously with higher 
expression of SNAIL having further impact on cell motil-
ity, tumour invasion and chemo-resistance. The knockout 
of STAT3 in cisplatin-resistant cells showed that STAT3 
directly regulates SNAIL transcription and promotes plati-
num resistance. Therefore, STAT3/SNAIL pathway plays 
an important role in drug resistance and impacts EMT (Liu 
et al. 2015a).

Whether small non-coding RNA molecules could be a 
link between drug-induced EMT and cisplatin resistance 
was examined in drug-resistant models as well. The down-
regulation of miRNA-200 family members was detected 
in many cisplatin resistant compared to parental cell lines 
and patients (Humphries and Yang 2015). But, there are 

also reports showing increased level of miRNA-200 fam-
ily members in cisplatin resistant compared to parental 
cell lines. Hence, miR-141 level was upregulated in the 
resistant ovarian cancer A2780 DDP cell line compared 
to the parental A2780 cell line. The overexpression of this 
miRNA in the sensitive cell line resulted in enhanced resist-
ance. It was noted that miR-141 levels could be higher in 
resistant than in sensitive non-serous ovarian carcinomas. 
Downregulation of miR-141 in the A2780 DDP cell line 
increased cisplatin sensitivity. Although the level of miR-
200c in the same cell system was high, the overexpression 
of miR-200c did not significantly influence cell response 
to cisplatin indicating different role of two miRNAs (van 
Jaarsveld et al. 2013). The authors demonstrated that the 
NF-kB pathway, which can be regulated by KEAP1, is 
activated upon miR-141 overexpression and that inhibi-
tion of this pathway partially reverses miR-141-mediated 
cisplatin resistance (van Jaarsveld et al. 2013). These 
results are contrary to our results. We noted decreased 
level of miR-141 and miR-200c in paclitaxel-resistant 
and carboplatin cross-resistant ovarian cancer OVCAR-3/
TP and MES-OV/TP variants (Brozovic et al. 2015), 
and in carboplatin-resistant OVCAR-3/7CBP and MES-
OV/7CBP cell lines, derived from parental OVCAR-3 and 
MES-OV cell lines by 72-h exposure to increasing doses 
of carboplatin (unpublished data). In cisplatin-resistant 
tongue squamous cell carcinoma (TSCC) cell lines Cal27 
and SCC25, the upregulated expression of miR-200b and 
miR-15b obtained by miRNA mimics effectively changed 
the mesenchymal-like in epithelial-like phenotype of cis-
platin-resistant Cal27-res and SCC25-res cells and sensi-
tized them to chemotherapy. The inhibition of miR-200b 
and miR-15b in the sensitive lines with antisense oligonu-
cleotides induced EMT and conferred chemo-resistance. 
In vivo enhanced miR-200b or miR-15b expression sup-
pressed metastasis of TSCC xenografts established by 
Cal27-res cells. Clinically, reduced miR-200b or miR-15b 
expression was associated with chemotherapeutic resist-
ance in TSCCs and poor patient survival (Sun et al. 2012). 
In the same TSCC cisplatin-resistant cell line, also the 
role of miR-181b was recognized as an important factor in 
the inhibition of EMT and the reversal of cisplatin resist-
ance (Liu et al. 2013). Similar data were found in another 
drug-resistant model, the cisplatin-resistant human lung 
adenocarcinoma A549/cDDP cell line. The manipulation 
of A549/cDDP with miR-27a inhibitors resulted in the sen-
sitization of cisplatin. Moreover, it was shown that high 
expression of miR-27a in lung adenocarcinoma is associ-
ated with chemotherapeutic resistance and poor prognosis 
(Li et al. 2014). Using the same cell model, A549/cDDP 
cells the other group of authors confirmed the results 
obtained on TSCC cisplatin-resistant cell line (Sun et al. 
2012), namely that miRNA-15b is involved in regulation 

Author's personal copy



615Arch Toxicol (2017) 91:605–619 

1 3

of cisplatin resistance and EMT and that this regulation is 
mediated by PEBP4 (Zhao et al. 2015). miR-186 expres-
sion is also important in cell response to cisplatin and 
EMT. The EMT phenotype, detected in several cisplatin-
resistant epithelial ovarian cancer cell lines and cisplatin-
resistant ovarian cancer tissues, correlated with decreased 
miR-186 expression, increased TWIST1 expression, cispl-
atin resistance and poor prognosis (Zhu et al. 2016). The 
ectopic expression of miR-15a and miR-16 had an impact 
on cell response to cisplatin and change in phenotype 

of human ovarian cancer A2780 and A2780-CP20 cell 
lines. miR-15a and miR-16 activated the expression of 
the ATP7B, a copper-transporting P-type ATPase pump, 
known to transport cisplatin (Dmitriev 2011). The multi-
ple mechanisms that promote ovarian cancer progression 
and chemo-resistance such as EMT, drug transport and 
enhanced clonal growth could be inhibited by miR-15a and 
miR-16 (Dwivedi et al. 2016). Further, miR-206 overex-
pression in human lung adenocarcinoma cisplatin-resistant 
cells A549/DDP and H1299/DDP inhibited the EMT and 

Table 2  Manipulation of target molecules in cisplatin-resistant cells, its impact on EMT and cell response to cisplatin

OC ovarian cancer, NSCLS non-small cell lung cancer, ATRT atypical teratoid/rhabdoid tumour, HNSCC head and neck squamous cell carci-
noma, LC lung cancer, n.d. nondetermined

Cell type-cisplatin 
resistant

Molecule Molecular changes Signalling path-
ways or targets

Resulted EMT 
feature toward

Resulted drug 
response

References

OC-endometrioid 
adenocarcinoma-
A2780cis

SNAIL, SLUG Silencing Epithelial-like Increased sensitiv-
ity to cisplatin

Haslehurst et al. 
(2012)

NSCLC-adenocar-
cinoma A549/
cDDP

SNAIL Silencing AKT/β-catenin/
SNAIL

Epithelial-like Increased sensitiv-
ity to cisplatin

Wang et al. (2014)

OC-endometrioid 
adenocarcinoma 
IGROV1 CP1, 
IGROV1 CP2

FOXM1 Silencing WNT/β-catenin Epithelial-like Increased sensitiv-
ity to cisplatin

Chiu et al. (2015)

ATRT-ATRT-CisR STAT, SNAIL Silencing STAT3/SNAIL Epithelial-like Increased sensitiv-
ity to cisplatin

Liu et al. (2015a)

OC-A2780 DDP miR-141 Downregulation KEAP1/NF-κB n.d. Increased sensitiv-
ity to cisplatin

van Jaarsveld et al. 
(2013)

HNSCC-tongue 
-Cal27-res, 
SCC25-res

miR-200b
miR-15b

Overexpression Epithelial-like Increased sensitiv-
ity to cisplatin

Sun et al. (2012)

HNSCC-tongue 
DDP-resistant 
Cal27

miR-181a Overexpression miR-181a/TWIST1 Epithelial-like Increased sensitiv-
ity to cisplatin

Liu et al. (2013)

LC-adenocarci-
noma A549/
cDDP

miR-27a Silencing miR-27a/RKIP Epithelial-like Increased sensitiv-
ity to cisplatin

Li et al. (2014)

LC-adenocarci-
noma A549/
cDDP

miR-15b Overexpression miR-15b/PEBP4 Epithelial-like Increased sensitiv-
ity to cisplatin

Zhao et al. (2015)

OC-endometrioid 
adenocarcinoma 
A2780/ACRP

miR-186 Overexpression miR-186/TWIST1 Epithelial-like Increased sensitiv-
ity to cisplatin

Zhu et al. (2016)

OC-endometrioid 
adenocarcinoma 
A2780-CP20, 
high-grade 
ovarian serous 
adenocarcinoma 
OVSAHO

miR-15a
miR-16
miR-15a/miR-16

Overexpression miR-15a and miR-
16/ATP7B

Epithelial-like Increased sensitiv-
ity to cisplatin

Dwivedi et al. 
(2016)

LC-adenocarci-
noma A549/DDP 
(from lymph 
node) NCI-
H1299/DDP

miR-206 Overexpression MET/PI3 K/AKT/
mTOR

Epithelial-like Increased sensitiv-
ity to cisplatin

Chen et al. (2016)
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cisplatin resistance by targeting MET, receptor tyrosine 
kinase, by suppressing its downstream PI3 K/AKT/mTOR 
signalling pathway. The antitumor effect of miR-206 was 
also assessed in a cisplatin-resistant in vivo mice model. 
Low expression of miR-206 and high levels of MET were 
strongly associated with the poor cisplatin sensitivity of 
lung adenocarcinoma patients (Chen et al. 2016).

The influence of manipulation of EMT inducing mole-
cules in cisplatin-resistant cells on cell response to cisplatin 
and EMT features is summarized in Table 2.

Conclusions

Despite years of research and broad clinical use, the devel-
opment of drug resistance to platinum drugs remains a 
major problem. Recent research has focused on the emerg-
ing role of EMT in cancer progression, metastasis and the 
development of drug resistance to cisplatin and other drugs. 
Several important functionally significant regulators have 
been identified, such as the transcription factors SNAIL, 
TWIST, ZEB and others, along with the expression of spe-
cific miRNAs (the miRNA-200 family, miR-15, mir-186 
and others). However, a significant investment in this hot 
area of research is needed to explore and develop these key 
regulators as potential targets for drug development and 
to translate these findings into successful therapies in the 
clinical setting.
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