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Abstract: Cancers have the ability to develop resistance to traditional therapies, and the 

increasing prevalence of these drug resistant cancers necessitates further research and 

treatment development. This paper outlines the current knowledge of mechanisms that 

promote or enable drug resistance, such as drug inactivation, drug target alteration, drug 

efflux, DNA damage repair, cell death inhibition, and the epithelial-mesenchymal 

transition, as well as how inherent tumor cell heterogeneity plays a role in drug resistance. 

It also describes the epigenetic modifications that can induce drug resistance and considers 

how such epigenetic factors may contribute to the development of cancer progenitor cells, 

which are not killed by conventional cancer therapies. Lastly, this review concludes with a 

discussion on the best treatment options for existing drug resistant cancers, ways to prevent 

the formation of drug resistant cancers and cancer progenitor cells, and future directions  

of study. 
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Abbreviations 

EMT  epithelial-mesenchymal transition 

AraC  cytarabine 

CYP  cytochrome p450 

GST  glutathione-S-transferase 

UGT  uridine diphospho-glucuronosyltransferase 

TP53  tumor protein p53 

Apaf-1  apoptotic protease activating factor 1 

MAPK  mitogen-activated protein kinase 

EGFR  epidermal growth factor receptor 

HER2  human epidermal growth factor receptor 2 

TS  thymidylate synthase 

FdUMP  fluorodeoxyuridine monophosphate 

CH2THF 5,10-methylenetetrahydrofolate 

PTEN  phosphatase and tensin homolog 

IGF1R  insulin-like growth factor 1 receptor 

CML  chronic myeloid leukemia 

BCR-ABL break point cluster-Abelson 

Pgp  P-glycoprotein 

ER  estrogen receptor 

ABC  ATP-binding cassette 

MDR1  multidrug resistance protein 1 

MRP1  multidrug resistance-associated protein 1 

BCRP  breast cancer resistance protein 

ERK  extracellular signal-regulated kinases 

DDR  DNA damage response 

MGMT  O6-methylguanine DNA methyltransferase 

BCL-2  B-cell lymphoma 2 

TRAIL  tumor necrosis factor related apoptosis-inducing ligand 

HDACi  histone deacetylase inhibitors 

hMLH1  human mutL homolog 1 

DAC  2'-deoxy-5-azacytiding 

RFC  reduced folate carrier 

1. Introduction 

Drug resistance is a well-known phenomenon that results when diseases become tolerant to 

pharmaceutical treatments. This concept was first considered when bacteria became resistant to  

certain antibiotics, but since then similar mechanisms have been found to occur in other diseases, 

including cancer. Some methods of drug resistance are disease-specific, while others, such as drug 

efflux, which is observed in microbes and human drug-resistant cancers, are evolutionarily conserved. 

Although many types of cancers are initially susceptible to chemotherapy, over time they can develop 

resistance through these and other mechanisms, such as DNA mutations and metabolic changes that 

promote drug inhibition and degradation. In this review, we outline how drug resistance via drug 

inactivation, drug target alteration, drug efflux, DNA damage repair, cell death inhibition, and the 
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epithelial-mesenchymal transition (EMT) develops in cancer in response to current treatments and how 

these problems are being addressed (Figure 1). We also consider how the cell heterogeneity inherent in 

cancerous tumors is involved in the development of drug resistance. Lastly, we conclude with a 

discussion on the emerging topic of epigenetics—how it contributes to drug resistance in cancer and  

its possible role in the development of cancer progenitor cells which are not killed by conventional 

cancer therapies. 

Figure 1. Categories of mechanisms that can enable or promote direct or indirect drug 

resistance in human cancer cells. These mechanisms can act independently or in 

combination and through various signal transduction pathways. 

 

2. Drug Resistance in Cancer 

2.1. Drug Inactivation 

Drug activation in vivo involves complex mechanisms in which substances interact with different 

proteins. These interactions can modify, partially degrade, or complex the drug with other molecules or 

proteins, ultimately leading to its activation. Many anticancer drugs must undergo metabolic activation 

in order to acquire clinical efficacy. However, cancer cells can also develop resistance to such 

treatments through decreased drug activation. One example of this is observed in the treatment of acute 

myelogenous leukemia with cytarabine (AraC), a nucleoside drug that is activated after multiple 

phosphorylation events that convert it to AraC-triphosphate [1,2]. Down-regulation or mutation in this 

pathway can produce a decrease in the activation of AraC, and this can lead to AraC drug resistance. 

Other important examples of drug activation and inactivation include the cytochrome P450 (CYP) 

system, glutathione-S-transferase (GST) superfamily, and uridine diphospho-glucuronosyltransferase 

(UGT) superfamily [3]. 

The CYP system is generally divided into two classes. Class I is composed of CYP1A1, CYP1A2, 

CYP2E1, and CYP3A4, which are well conserved, do not have important functional polymorphisms, 

and are active in the metabolism of drugs and procarcinogens. Class II is composed of CYP2B6, 

CYP2C9, CYP2C19, and CYP2D6, which are highly polymorphic and active in drug metabolism but 

not in procarcinogen metabolism [4]. Because class II gene sequences are more variable than those of 

class I, these CYP are better suited for drug metabolism and may have a role in the development of 
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drug resistance in cancer. On the other hand, CYP1A1 and CYP1A2 metabolize procarcinogens into 

carcinogenic forms in the liver, and most anticancer drugs are metabolized by this method. Although 

CYP polymorphisms have not yet been associated with carcinogenesis, it is possible that mutations or 

alterations in CYP may change these proteins’ metabolic capabilities, such as increasing the 

breakdown of drugs and their secretion by the kidneys [5]. In this case, the drug would not maintain 

proper levels in the patient, and the cancer would therefore be considered resistant to it. The use of 

CYP and their suspected role in carcinogenesis has been well studied [3,6]. 

Many anticancer drugs require metabolic activation, and thus cancer cells can develop resistance 

through decreased drug activation. In patients with advanced ovarian cancer, treatment with platinum 

and taxane-based chemotherapy is applied post-operatively. One way resistance to platinum can occur 

is through drug inactivation by methallothionein and thiol glutathione, which activate the 

detoxification system [7]. Changes to apoptosis-related proteins can also result in drug resistance. For 

instance, apoptosis is promoted by the tumor suppressor protein p53 (TP53), in response to 

chemotherapy. TP53 is mutated in 50% of cancers [8], and when mutation or deletion of this gene 

renders it non-functional, drug resistance can follow [9]. Alternatively, inactivation of P53 regulators, 

such as caspase-9 and its cofactor, apoptotic protease activating factor 1 (Apaf-1), can also lead to drug 

resistance [10]. 

Another important example of drug activation and inactivation is observed in the GST superfamily, 

which is a group of detoxifying enzymes that function to protect cellular macromolecules from 

electrophilic compounds. GSTs assist in the development of drug resistance through direct detoxification 

and by inhibiting the mitogen-activated protein kinase (MAPK) pathway [11]. Elevation of GST 

expression in cancer cells enhances detoxification of the anticancer drugs, which results in less 

efficient cytotoxic damage of the cells [12]. This increase is also associated with resistance to 

apoptosis initiated by a variety of stimuli [13]. 

Lastly, the UGT superfamily is a group of enzymes that catalyze glucuronidation. This process 

regulates the formation of inactive hydrophilic glucuronides with substrates such as steroids, bile acids, 

and xenobiotics including environmental carcinogens and cytotoxics. The UGT1 and UGT2 genes code 

17 functional UGTs in humans, and these genes provide many tissues, such as the skin, breast, prostate 

gland, gut, and placenta, with a first line of metabolic defense from pathogenic substrates. However, 

widespread down-regulation of UGT1A1 transcription and microsomal activity occurs in certain 

cancerous states [3]. The expression of UGT1A1 is negatively regulated by DNA methylation at  

its promoter region, and irinotecan, a topoisomerase I inhibitor, is functional when this gene is  

silenced [14,15]. However, epigenetic changes that increase UGT1A1 expression may enable resistance 

to irinotecan and other drugs. Overall, drug inactivation is a mechanism of cancer drug resistance that 

warrants further investigation. 

2.2. Alteration of Drug Targets 

A drug’s efficacy is influenced by its molecular target and alterations of this target, such as 

mutations or modifications of expression levels. In cancers, these types of target alterations can 

ultimately lead to drug resistance. For example, certain anticancer drugs target topoisomerase II, an 

enzyme that prevents DNA from becoming super- or under-coiled. The complex between DNA and 
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topoisomerase II is usually transient, but these drugs stabilize it, leading to DNA damage, inhibition of 

DNA synthesis, and a halting of mitotic processes. Cancer cells can confer resistance in these 

circumstances through various means. Certain cell lines have become resistant to topoisomerase  

II-inhibiting drugs through mutations in the topoisomerase II gene [16–18]. Another type of anticancer 

drug targets signaling kinases, such as members of the epidermal growth factor receptor (EGFR) 

family and down-stream signaling partners such as Ras, Src, Raf, and MEK. Several of these kinases 

are constitutively active in certain cancers, and this promotes uncontrolled cell growth. In most 

circumstances, mutations cause the over-activation of these kinases; however, the same effect 

sometimes results from gene over-expression. Human epidermal growth factor receptor 2 (HER2), a 

receptor tyrosine kinase in the EGFR family, is overexpressed in 30% of breast cancer patients [14], 

and drug resistance can result after long term use of inhibitors targeting this kinase [19,20]. The 

increased response rates to EGFR inhibitors in certain lung cancers with EGFR tyrosine kinase domain 

mutations are reported with acquired resistance within one year. An EGFR-T790M gatekeeper 

mutation was reported in half of all cases [21,22]. Other genetic alterations such as chromosomal 

rearrangements and mutations in anaplastic lymphoma kinase are seen in anaplastic large-cell 

lymphoma [14,23]. Finally, resistance to paclitaxel and other taxanes has been observed in ovarian 

cancers via drug target alterations such as mutations in beta-tubulin, among other means [7]. 

Modified enzyme expression levels at drug target sites can also alter drug responses in cancer cells. 

For example, thymidylate synthase (TS) inhibitors, such as fluorouracil, ultimately inhibit the 

transcription of TS [14]. Fluorouracil becomes active when it is converted to fluorodeoxyuridine 

monophosphate (FdUMP), which forms a stable complex with TS and 5,10-methylenetetrahydrofolate 

(CH2THF). This TS-FdUMP-CH2THF complex results in a slowly reversible inactivation of the 

enzyme [24]. Another example of drug target alteration has been observed in the androgen receptor. In 

about 30% of prostate cancers, the androgen receptor is genomically amplified, which enables these 

cancers to become resistant to androgen deprivation therapy with the drugs leuprolide and 

bicalutamide [14,25]. These drugs cannot inhibit all the molecular targets present, and thus these 

cancers are considered resistant to them. 

In addition to the changes in specific drug targets, drug resistance is also achieved by alteration  

in the signal transduction process that mediates drug activation. For example, the treatment of  

HER2-positive breast cancer tumors with trastuzumab (Herceptin), a humanized monocolonal 

antibody, has had high levels of efficacy in combination with chemotherapy. However, many patients 

who initially respond to trastuzumab develop resistance and relapse, despite continued treatment. 

Trastuzumab also has limited efficacy as a single agent, and some patients do not respond to treatment 

at all, despite being HER2-positive. The mechanism of resistance is thought to be associated with cell 

cycle inhibition, co-expression of growth factor receptors, activation of PI3K/Akt pathway, and loss of 

phosphatase and tensin homolog (PTEN) function [26,27]. Insulin-like growth factor 1 receptor 

(IGF1R) levels have been found to significantly increase in the trastuzumab-resistant cell line as 

compared to the non-resistant parental cell line. These results confirm that IGF1R inhibition improves 

response to trastuzumab in HER2-positive breast cancer cells, and suggest that dual targeting of IGF1R 

and HER2 may improve response in HER2-positive tumors [28]. Others have also shown that 

activation of the PI3K/Akt pathway through PI3KCA mutations, PTEN loss, or both is associated with 
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accelerated disease progression and decreased survival, indicating the adverse effect of this pathway’s 

status on trastuzumab efficacy [29]. 

In the case of chronic myeloid leukemia (CML), break point cluster-Abelson (BCR-ABL) tyrosine 

kinase is generated from the chromosomal translocation t(9;22). Imatinib is a tyrosine kinase inhibitor 

that specifically targets the BCR-ABL protein and induces remission in patients with CML. 

Unfortunately, the majority of CML patients treated with imatinib develop resistance at some point 

during therapy. Some patients may fail to respond to initial treatment with imatinib (primary resistance), 

while others stop responding with prolonged therapy after an initial response (acquired resistance). 

Several mechanisms of imatinib resistance have been proposed that account for loss of imatinib 

efficacy in patients with CML. Imatinib resistance can be caused by point mutations in the ABL gene
 

and amplification of the BCR-ABL fusion gene [30]. In addition to these BCR-ABL-dependent 

mechanisms, BCR-ABL-independent mechanisms of imatinib resistance have been proposed, which 

involve drug transporter and signaling cascades. Investigation of SOCS-3 gene methylation and 

downstream effects in BCR-ABL-positive CML cells resistant to imatinib found that this epigenetic 

effect resulted in STAT3 protein activation that led to uncontrolled cell proliferation [31]. Others 

proposed that over-expression of the efflux drug transporter P-glycoprotein (Pgp) partially contributed 

to imatinib resistance in imatinib-resistant K562 CML cells having no BCR-ABL mutations [32]. 

Additionally, researchers have determined that the BCR-ABL-independent activation of ERK1/2 

contributes to imatinib resistance in K562/R cells and that ERK1/2 could be targeted for treatment in 

CML patients with imatinib resistance due to this mechanism [33]. 

Another example of alterations in signaling mechanisms is tamoxifen resistance in breast cancer. 

Tamoxifen acts as an estrogen receptor (ER) antagonist. However, ER signaling has a complex 

interaction with other growth signaling pathways in breast cancer cells, thus enabling drug resistance 

through various mechanisms. For example, in tumors with active growth factor receptor signaling  

(e.g., HER2 amplification), tamoxifen may lose its estrogen antagonist activity and acquire more 

agonist-like activity, resulting in tumor growth stimulation [34]. Additionally, expression of EGFR and 

HER2, which are barely detected in control estrogen-treated tumors, was found to increase slightly 

with tamoxifen and markedly increase when tumors became resistant [35]. Understanding this and 

other methods of drug target alteration is important for diagnosing and developing new therapies to 

treat drug-resistant cancers. 

2.3. Drug Efflux 

One of the most studied mechanisms of cancer drug resistance involves reducing drug accumulation 

by enhancing efflux. Members of the ATP-binding cassette (ABC) transporter family proteins enable 

this efflux and are important, well-studied regulators at the plasma membranes of healthy cells. ABC 

transporters are transmembrane proteins present not only in human cells, but in all extant phyla, 

functioning to transport a variety of substances across cellular membranes. Though a transporter’s 

structure varies from protein to protein (e.g., there are 49 known members of the ABC family in humans), 

they are all classified by the presence of two distinct domains—a highly conserved nucleotide binding 

domain and a more variable transmembrane domain. [36] When a given substrate binds to the 

transmembrane domain, ATP hydrolysis at the nucleotide binding site drives a change in conformation 
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that pushes the substrate out of the cell. This efflux mechanism plays an important role in preventing 

over accumulation of toxins within the cell [37]. Not surprisingly, ABC transporters are highly 

expressed in the epithelium of the liver and intestine, where the proteins protect the body by pumping 

drugs and other harmful molecules into the bile duct and intestinal lumen. They also play a large role 

in maintaining the blood-brain barrier [38,39]. 

While efflux via ABC transporters is a normal physiological process, it is also a known mechanism 

of drug resistance in cancer cells. Three transporters—multidrug resistance protein 1 (MDR1), 

multidrug resistance-associated protein 1 (MRP1), and breast cancer resistance protein (BCRP)—are 

implicated in many drug resistant cancers. All three transporters have broad substrate specificity and 

are able to efflux many xenobiotics, including vinca alkaloids, epipodophyllotoxins, anthracyclines, 

taxanes, and kinase inhibitors, from cells. Thus, they protect cancer cells from many first line 

chemotherapies. MDR1, which produces Pgp, was the first of these to be identified and has been 

studied extensively [40–42]. Normal expression of the MDR1 gene in the colon, liver, and kidney is 

increased when these tissues become cancerous. Interestingly, in one study it was shown that treatment 

with doxorubicin induced a large increase in MDR1 expression in lung cancer cells, while no 

significant change in expression was observed in normal lung cells [43], suggesting that there are both 

intrinsic and acquired mechanisms of MDR1 over-expression. Tissues that do not normally express 

MDR1, such as lung, breast, and prostate cells, are often drug resistant due to the expression of the 

related transporters MRP1 or BCRP. BCRP protects normal cells from the effects of toxins like 

xenobiotics, maintains heme and folate homeostasis, and is expressed in stem cells. Many studies in 

various types of cancer have shown that increased expression of either of these transporters in tumor 

cells confers poor clinical outcomes. In one study of neuroblastoma, it was found that high levels of 

MRP1 expression were significantly correlated with poor clinical outcomes [44]. Similarly, expression 

of BCRP was predictive of drug response and survival rates in small cell lung cancer patients. It is 

sometimes possible to decrease drug efflux with the use of a BCRP inhibitory drug, such as Gefitinib. 

This particular drug is a tyrosine kinase inhibitor that functions to block the transporter function of 

BCRP, reversing drug resistance [45]. While few compounds have been identified to directly inhibit 

BCRP, it is clear that estrogen plays a large role in regulating its expression. One study showed that 

17b estradiol down-regulates the expression of BCRP in breast cancer cells, thereby increasing the 

concentration of chemotherapeutic drugs in the cancer cells [46]. Overall, inhibition of these 

transcripts may help to sensitize cancer cells to drug treatments. 

As mentioned previously, the constitutive activation of signaling molecules like kinases drives the 

cell cycle out of control and results in cancer. Additionally, these proteins also regulate Pgp expression 

and can thereby modulate the environment to enable the development of drug resistance. Estrogen 

down-regulates the protein synthesis of Pgp in ER-positive breast cancer cells but not in ER-negative 

breast cancer cells or doxorubicine resistant ER-negative ovarian cancer cells [47,48]. Conversely, 

over-expression of proteins involved in the MAPK pathway, such HRas, c-Raf, MEK1/2, ERK1/2, 

which act downstream of receptor tyrosine kinases, increases the expression of Pgp. While inhibitors 

of the extracellular signal-regulated kinases (ERK) pathway down-regulate Pgp expression, growth 

factors like EGF and FGF increase it [49]. Interestingly, inhibition of HSP90, a chaperone protein that 

stabilizes many signaling proteins, also down-regulates Pgp [50]. Overall, these results suggest that 

Pgp expression and stability are tightly regulated and advantageous to tumor cell progression. 
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Targeting these oncogenic kinases that are often activated in cancers may be useful in reducing Pgp 

expression and sensitizing cancer cells to other drugs. 

2.4. DNA Damage Repair 

The repair of damaged DNA has a clear role in anticancer drug resistance. In response to 

chemotherapy drugs that either directly or indirectly damage DNA, DNA damage response (DDR) 

mechanisms can reverse the drug-induced damage. For example, platinum-containing chemotherapy 

drugs such as Cisplatin cause harmful DNA crosslinks, which can lead to apoptosis. However, resistance 

to platinum-based drugs often arises due to nucleotide excision repair and homologous recombination, 

the primary DNA repair mechanisms involved in reversing platinum damage [51–53]. Thus, the 

efficacy of DNA-damaging cytotoxic drugs depends on the failure of the cancer cell’s DDR 

mechanisms. Inhibition of repair pathways used in conjunction with DNA damaging chemotherapy 

could sensitize cancer cells and therefore increase efficacy of the therapy. 

The therapeutic potential of targeting DDR mechanisms is especially exciting due to the prevalent 

dependence of cancers on a compensatory repair mechanism. Dysregulation or impairment of certain 

DDR genes and mechanisms either by mutations or epigenetic silencing are common in many  

cancers [54–56]. However, other DDR mechanisms can be up-regulated to compensate for the 

dysfunctional pathways. Although increased DNA repair activity can lead to increased resistance, this 

compensation also provides two opportunities for chemotherapy. First, targeting the overactive DDR 

pathway with chemotherapeutic drugs could leave cancers especially vulnerable to DNA-damaging 

drugs. Alternatively, knowledge of the dysfunctional DDR could allow proper prescription of a  

DNA-damage causing drug, which induces damage only repaired by the defective pathway. In both 

chemotherapy strategies, it is essential to identify the over-active and under-active DDR mechanisms. 

The DNA repair via O6-methylguanine DNA methyltransferase (MGMT) illustrates many of the 

challenges and promises of targeting DDR pathways for anticancer therapy. Some chemotherapy drugs 

induce guanine O6 alkylation. MGMT repairs such an alkylated nucleotide, converting it back to 

guanine before mismatch can occur. Over-expression of MGMT has been shown to protect hematopoietic 

stem cells from alkylating agents [57]. However, many tumors also have high MGMT levels [58], 

yielding them resistant to alkylating agents. Inhibiting this DDR mechanism could therefore prevent 

resistance and make cancer cells more vulnerable to alkylating agents. 

Although drugs targeting MGMT have been developed, few have shown much promise, and none 

are FDA approved [54]. In addition to only marginal clinical efficacy, some of these drugs also show 

toxicity due to a lack of specificity for cancer cells. Accordingly, drugs currently in trial such as  

O6-benzylguanine sensitize healthy cells to cytotoxic drugs [54,59,60]. One possible way to avoid this 

problem could be to individualize chemotherapy by identifying MGMT promoter CpG methylation as a 

biomarker for increased sensitivity to O6-guanine alkylating agents. MGMT promoter methylation is 

often clinically associated with uncertain prognosis due to the genomic instability caused by silencing 

a DDR mechanism. However, studies also show that many glioma patients with epigenetically silenced 

MGMT genes have increased disease-free and overall survival rates [61]. The role of methylation in 

regulating MGMT is further discussed in the epigenetics section. 
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2.5. Cell Death Inhibition 

Cell death by apoptosis and autophagy are two important regulatory events. Although these 

processes are antagonistic to one another, they both contribute to cell death. Apoptosis has two 

established pathways: an intrinsic pathway mediated by the mitochondria that involves B-cell 

lymphoma 2 (BCL-2) family proteins, caspase-9 and Akt, and an extrinsic pathway that involves death 

receptors on the cell surface. The intrinsic and extrinsic pathways merge through the activation of 

down-stream caspase-3, which ultimately causes apoptosis. However, there is also additional cross-talk 

between the pathways. 

In several types of cancers, BCL-2 family proteins, Akt, and other antiapototic proteins are highly 

expressed and down-stream transcription modulators like NF-κB and STAT are highly active, making 

these good targets for drug development. Recombinant forms of tumor necrosis factor related 

apoptosis-inducing ligand (TRAIL) and agonistic antibodies to these receptors can induce apoptosis 

through the activation of caspase-8. Clinical trials with TRAIL failed to produce significant results, but 

TRAIL in combination with other cytotoxic drugs is showing promise [62,63]. Several other drugs, 

including BCL-2 family inhibitors, histone deacetylase inhibitors (HDACi), protease inhibitors, and 

kinase inhibitors, are also showing promise in recent drug trials [14,63–66]. In fact, many new BCL-2 

family protein inhibitors are effective in inducing apoptosis in cancer cells, but prolonged use can 

produce resistance. Additionally, it has been shown that HDACi sensitize breast cancer cells to TRAIL 

in a mouse model [63] and to a protease calpain inhibitor in cell cultures [64]. Moreover, in two 

different studies it was shown that HDACi sensitize ovarian cancer cells to the telomere analog  

GT-oligo, and GT-oligo sensitizes ovarian cancer cells to TRAIL [65,66]. Many cancer drugs also 

induce apoptosis via the activation of c-Jun N-terminal kinases (JNK), which is downstream of the 

MAPK pathway. TRAIL induces apoptosis through JNK activation [65,66], and inhibition of the JNK 

signaling pathway leads to a decrease in cisplatin-induced apoptosis. All of these results suggest that 

cancer cells, including those which are drug resistant, can be effectively treated by using one drug that 

makes the cells susceptible to death through the altered expression or regulation of cell death pathway 

members in combination with another cytotoxic drug that kills the cells in their vulnerable states. 

HDACi are epigenetic drugs, and the implications of using these types of drugs as synergistic agents  

to sensitize normal and drug-resistant cancer cells is discussed further in the epigenetic section of  

this review. 

Autophagy is caused by phagolysosomal death in an acidic lysosomal pH. Drugs such as 

chloroquine and its derivatives prevent this process by raising the pH to inactivate digestive enzymes 

in lysosomes. These drugs have primarily been used in the treatment of malaria, but they have also 

been shown to be beneficial in sensitizing cancer cells to other drugs. For instance, fluorouracil in 

combination with chloroquine is more effective at treating cancer cells than fluorouracil alone [67]. 

Additionally, hydroxychloroquine, a derivative of chloroquine, has been shown to inhibit autophagy in 

cancer cells and restore sensitivity to ER pathway inhibitors, such as tamoxifen, in ER-positive cancer 

cells [68]. Overall, chloroquine is thought to play a role in inhibiting autophagy-dependent resistance 

to chemotherapy [67], which makes it especially important in the field of drug-resistant cancers. These 

examples and the roles of apoptosis and autophagy in cancer drug resistance have been extensively 

discussed elsewhere [14]. 
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2.6. Epithelial-Mesenchymal Transition and Metastasis 

The epithelial to mesenchymal transition (EMT) is a mechanism by which solid tumors become 

metastatic. Metastasis itself is a complex phenomenon that includes changes in a cancer cell and the 

stromal cells that make up its environment. It also includes angiogenesis, which is the formation of 

new blood vessels around metastatic tumors. During EMT, cells within a tumor reduce the expression 

of cell adhesion receptors, including integrins and cadherins, which help in cell-cell attachment, and 

increase the expression of cell adhesion receptors that induce cell motility. Cell motility is also 

dependent on cytokines and chemokines, which may be released by cells in the microenvironment of 

tumors or by the tumors themselves. Additionally, higher expression of metalloproteases on the surface 

of tumors helps to clear the road for the cells to move outward, promoting metastasis. The role of EMT 

in cancer drug resistance is an emerging area of research [69,70]. 

Recent articles point toward the involvement of cancer progenitor cells, which are sometimes 

referred to as cancer stem cells, in the formation of metastatic cancer cells, and this might explain why 

cancer can relapse at distant sites after apparently successful treatment and remission [71–75]. Death 

of these cancer progenitor cells via epigenetic drug treatment may be one way to prevent remote site 

metastasis. Several factors during EMT play significant roles in the development of drug resistance, but 

these are dependent on the metastatic grade of the tumor, which is defined as the level of differentiation 

and degree of EMT. For example, in ERBB2 (HER2) positive breast cancer, tumors that express high 

levels of β1 integrins develop more resistance to antibody inhibitors such as transtuzumab [76]. This 

finding reaffirms previous studies that found that the ligation of β1 integrins protects leukemia cells 

from drug induced cell death [77]. Additionally, integrin receptors and receptor tyrosine kinases need 

to associate in order for breast cancer to progress [78,79]. 

Drug resistance in cancer cells may also develop during the signaling processes of differentiation, 

which are essential for EMT. For example, the increased expression of integrin αvβ1 in colon cancer 

positively regulates transforming growth factor β (TGFβ) expression, which is required for EMT, and 

it further serves as a survival signal for cancer cells against drugs [80]. Integrin αvβ1 interacts with 

stromal cell adhesion molecules to convey such signals [80]. Similarly, β3 integrin and src regulate 

TGFβ mediated EMT in mammary cancer [81]. Ligation of integrin β1 provides proliferative and 

survival signal-mediated FAK kinase in lung cancers [82]. Autocrine signaling provided by vascular 

endothelial growth factor (VEGF) and Flt-1 help the cancer cell survival process [80]. Selectin and 

other cell adhesion receptors, which interact with the extracellular matrix and cell adhesion receptors 

of stromal cells, also participate in the process of EMT and cell survival [83–87] (Figure 2). The 

differentiation process during EMT generates more metastatic cancer cells with different cellular 

morphology, which needs cytoskeletal re-arrangement [88]. Recent studies suggest a possible 

connection of actin binding protein L-plastin in colon cancer progression and prognosis [89]. T-plastin 

is implicated in the progression of lymphomas and their drug resistance [90]. 
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Figure 2. Depiction of the primary mechanisms that enable cancer cells to become drug 

resistant. These include drug inactivation, alteration of drug targets, drug efflux, DNA 

damage repair, inhibition of cell death, EMT, and epigenetic effects. In the case of EMT, 

stromal cells assist in this process and signal for improved drug resistance in cancer cells. 

Cell adhesion molecules on stromal cells and extracellular matrix proteins attach to the cell 

adhesion molecules on cancer cells. Stromal cells and cancer cells also secrete factors that 

regulate EMT. The depiction displays a simplified example of these cell interactions. 

 

The role of stromal cells in causing drug resistance has also been investigated. B-Raf is an 

intermediate kinase in the down-stream signaling pathway initiated by receptor tyrosine kinases. 

Resistance against B-Raf inhibitor drugs was observed in melanoma cells when they were co-cultured 

with fibroblast cells [91], indicating that stromal cells may influence the development of drug 

resistance. This is one reason why so many drugs fail clinical trials in in vivo animal models despite 

high efficacy against cancer in cell cultures. 

EMT and cancer metastasis involve numerous variables. Metastatic cancer cells are often a 

heterogeneous population, in which cell differentiation is not uniform. This difference is one of the 

reasons why some patients are more responsive to treatments than the other. It appears that EMT, 

while favoring the formation of more metastatic cancer cells, also provide signals for increasing 

survival which may cause drug resistance in some if not all the cells present in a tumor. Since this is a 

very complex and dynamic mechanism, thorough investigation is necessary to fully understand each 

step in the regulation of drug action and thus, drug resistance. 

2.7. Cancer Cell Heterogeneity 

In addition to the development of drug resistance in cancer progenitor cells and adult cancer cells by 

the mechanisms previously discussed, another aspect of cancer relapse is the enrichment of drug 

resistant cancer cells already present in the heterogeneous cancer cell population. Recent studies show 

that a fraction of cells within this heterogeneous population have stem cell properties and are usually 
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drug resistant. In addition, another small fraction of adult cancer cells also possess drug resistance 

capabilities. The treatment of cancers, by definition, kills only drug sensitive cancer cells, and thus the 

drug resistance cancer cells survive and can expand and contribute to pathology over time. Some of 

these resistant cancers cells may be in the circulation and can form tumors in distant organs. However, 

heterogeneity is observed in cancer cells both in circulation and in solid tumors. 

A recent study on acute myeloid leukemia determined two coexisting dominant clones. One was 

drug sensitive and the other drug resistant. It is possible that re-occurrence of this disease in patients 

after successful therapy may be the result of cancer cell growth from the drug resistant clone [92]. This 

possibility exists in all forms of cancer, as all tumors are heterogeneous, due to aberrant DNA repair 

mechanisms and cell death pathway dysregulation. A clonal composition study of breast cancer 

revealed that breast cancers may have monogenomic or multiple genomic tumors [93]. Polygenomic 

tumors contain many different types of clonal subpopulations, all of which may have different drug 

sensitivities and resistance characteristics [93]. 

An analysis of pancreatic cancer samples showed that tumor progression involves telomere 

dysfunction and cell cycle deregulation and that these changes occur in the early stage of 

carcinogenesis [94]. However, the metastatic process is not as well defined, and with heterogeneity as 

an outcome, the possibility of different drug sensitivities and drug resistance characteristics among 

clonal subpopulations arises [94]. Taken together, the drug resistance of cancer progenitor cells and the 

acquired drug resistance of cancer cells following EMT or other mechanisms pose a very complex 

challenge for the development of better therapies to reduce the relapse of cancers. 

3. Role of Epigenetics in Cancer Drug Resistance 

An important set of mechanisms that cause resistance to cancer treatment and that have not been 

readily discussed are epigenetic modifications, which can also influence carcinogenesis. The two main 

types of epigenetic changes are DNA methylation and histone modification via acetylation or 

methylation. DNA methylation consists of methyl groups binding to cytosines at CG-dinucleotides 

within regions known as CpG islands, primarily found in upstream gene promoter regions. However, 

methylation can occur at other loci throughout the genome. Conversely, histone modifications alter 

chromatin conformation. For example, histone acetylation opens the chromatin, while deacetylation 

closes it. These mechanisms ultimately regulate the expression of genes throughout the chromosome, 

and in cancer, this normal regulation is broken. For example, tumor suppressor genes are often 

silenced via hypermethylation, and oncogenes are over-expressed via hypomethylation. However, 

epigenetic mechanisms are usually reversible, and researchers may be able to take advantage of this 

opportunity to develop treatments that can counteract drug resistant cancers. 

This review initially focused on how established mechanisms cause resistance in cancer cells. 

Interestingly, many of these well-studied mechanisms may also be influenced by epigenetic changes. 

More recent studies suggest that epigenetic alterations, such as histone methylation and acetylation, 

may play a role in the development of drug resistance. One study proposed that hypermethylation of 

the MDR1 promoter is associated with transcriptional repression and chromatin structural changes [95]. 

Others have also suggested that DNA methylation is associated with acquired multidrug resistance. In 

experiments expanding on this idea, demethylation of the MDR1 promoter in cancer cell lines was 
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found to be strongly associated with the acquisition of a multidrug resistant phenotype [96]. Overall, 

methylation at this promoter controls MDR1 transcription, increases drug resistance, and decreases drug 

accumulation, making it an excellent target for epigenetic treatment. Specifically, anti-methylation drugs 

might be useful in sensitizing multidrug resistant cancer cells to other types of drugs. 

Epigenetic mechanisms can also influence DNA damage repair. For example, DNA mismatch 

repair processes can be lost due to hypermethylation of the human mutL homolog 1 (hMLH1) gene 

promoter, and this can lead to cancer development. In one study, tumor-bearing mice were treated with 

nontoxic doses of the demethylating agent 2-deoxy-5-azacytidine (DAC). While the re-expression of 

hMLH1 is associated with a decrease in hMLH1 promoter methylation, the DAC treatment was not 

found to have an effect on the rate of tumor growth. However, it did sensitize the tumors to other 

drugs, including cisplatin, carboplatin, temozolomide, and epirubicin [97]. DAC may have a role in 

increasing the efficacy of chemotherapy for patients with tumors characterized by high hMLH1 

promoter methylation and low hMLH1 expression. Similarly, another experiment showed that 

demethylation of the hMLH1 promoter by DAC restores mismatch repair proficiency and drug 

sensitivity to 5-fluorouracil in colorectal cancer cells [98]. 

The DNA repair enzyme MGMT inhibits the killing of tumor cells by alkylating chemotherapy 

agents. Methylation of MGMT causes gene silencing and decreased MGMT production. Epigenetic 

alteration of MGMT expression has been associated with a modified chromatin configuration. Cells can 

acquire resistance to N-methyl-N-nitrosurea, a methylating chemotherapy agent, by either reactivating a 

previously silenced MGMT gene, or by repressing the hMSH6 mismatch repair gene. The number of 

active MGMT molecules at the time of methylation determines the capacity of a cell for MGMT 

repair. Treatment with chemical methylating agents alters gene expression patterns by increasing 

genomic DNA methylation, which ultimately leads to increased repair or tolerance of O6-methylguanine 

and the emergence of chemotherapy resistance [99]. Other researchers have studied gliomas to 

determine whether MGMT promoter methylation is related to the responsiveness of a tumor to 

alkylating agents, and found that this methylation was associated with tumor regression and prolonged 

survival rates [100]. 

Human breast cancer cells can also exhibit drug resistance via epigenetic mechanisms. For example, 

methotrexate resistance in MDA-MB-231 breast cancer cells is caused by an inherent defect in drug uptake 

and a lack of reduced folate carrier (RFC) expression. In one study, the treatment of MDA-MB-231 

cells with the DNA methylation inhibitor DAC improved methotrexate uptake but also restored RFC 

expression, which promoted methotrexate efflux. These results suggest that DAC counteracts some 

methotrexate-resistance mechanisms while improving others [101]. In another study, an inverse 

relationship was found between tamoxifen resistance and methylation of the ERβ gene. In general, 

tamoxifen-resistant tumors showed denser ERβ gene methylation than control tumors [102]. 

Epigenetically mediated forms of drug resistance are also observed in other cancers. For instance, 

melanoma cells, which are notoriously unresponsive to chemotherapy, can acquire resistance to the 

chloroethylating drug fotemustine. One study determined that this acquired resistance is associated 

with high MGMT activity and that the MGMT gene in fotemustine resistant cells was hypermethylated. 

However, these cells were effectively sensitized when treated with DAC [103]. Additionally, some 

prostate cancers exhibit androgen resistance that may be due to transcriptional inactivation of the 

androgen receptor gene caused by DNA methylation. Cytosine DNA methyltransferase inhibitors have 
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been found to restore androgen responsiveness in androgen-refractory tumor cells, though, and these 

cells are then responsive to growth inhibition by anti-androgens [104]. Overall, epigenetic alterations 

have been increasingly recognized as a cause of drug resistance in many different kinds of cancer. 

Thus, epigenetic therapy could be utilized as a priming therapy to sensitize drug-resistant cancer cells 

in conjunction with conventional and targeted chemotherapy. 

In addition to the development of drug resistance, epigenetics plays a significant role in cancer 

progenitor cell (or cancer stem cell) formation and cancer progression [73,74]. Cancer progenitor cells 

are not killed by conventional cancer therapies and are a major cause of cancer relapse. Addressing this 

problem could reduce relapse as well as provide a means by which to handle drug resistant cancer 

cells. Thus, this is an important topic to consider. Cancer progenitor cell formation is a complex 

process. The current paradigm suggests that a combination of environmental and genetic changes, such 

as random mutations, increased signaling processes, stromal influences, hormonal imbalances, and 

germ-line mutations make adult and stem cells susceptible to progenitor cell formation. However, it is 

reasonable to suspect that a common trigger ignites the progression of these susceptible cells, and we 

have proposed that epigenetic alterations may serve as this common trigger to stimulate the 

development of normal cells with a cancer predisposition into cancer progenitor cells [73,74]. For 

example, MDR1 expression increases in early cancer progenitor cells of the myeloid lineage.  

Over-expression of MDR1 was also found to be associated with the expression of CD34 antigen, a 

marker for progenitor cells of this lineage. Interestingly, this correlation was observed in 

myelodysplasias and myeloblast leukemia [16]. Cancer cells are opportunistic in silencing tumor 

suppressor genes by methylation, increasing expression of telomeres by methylation, and enhancing 

the expression of oncogenes by hypomethylation. These are the characteristics which may drive 

predisposed stem cells to form cancer progenitor cells. This idea is partially supported by the fact that 

cancer progenitor cells are usually drug resistant. Higher expression of the MDR1 gene could be one 

mechanism by which they acquire drug resistance. In contrast, mature leukemia cells are drug sensitive 

and show low levels of MDR1 expression. However, mature leukemia cells may have a population of 

cancer progenitor cells that highly express MDR1, and this MDR1 expression again increases when 

these cells become drug resistant. As discussed, epigenetics can regulate the expression of the MDR1 

gene, and this reversible epigenetic mechanism could be a prime target for drug therapies. 

Reversing the epigenetic changes that assist in cancer progenitor cell formation should effectively 

kill these cells and should consequently stop tumor growth and decrease the chance of relapse. 

Tumorigenesis requires metastatic potential, and cell differentiation is essential for the stage-specific 

formation of increasingly metastatic tumor forms or grades. Since cell growth must slow down before 

a cell differentiates, we have proposed that epigenetic switches, which can simultaneously enhance 

differentiation and repress growth, regulate the stage-specific development of more metastatic  

cancer [73–75]. Therefore, epigenetic modifications may also play a key role in tumor formation and 

tumor metastasis, further making them ideal targets for therapy in the context of drug resistance. 

Theoretically, a combination of epigenetic drugs with conventional chemotherapy should be more 

effective in treating tumors and drug resistant cancers. Several recent studies have shown encouraging 

results to support this hypothesis [73–75]. One study has shown that HDACi treatment demethylates 

and re-expresses tumor suppressor genes [105], leading to the sensitization of cancer cells to other 

cytotoxic drugs. Additionally, HDACi in combination with the calpain protease inhibitor calpeptin has 
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been shown to enhance growth inhibition of breast and ovarian cancer cells [64,106]. Furthermore, the 

combination of HDACi and TRAIL in mouse models was found to reduce tumor size by inducing 

apoptosis [37], and the combination of HDACi and GT-oligo increases ovarian cancer cell death [65]. 

We have proposed that demethylation and re-expression of tumor suppressor genes render cancer cells 

susceptible to other cytotoxic drugs [73–75,107]. Drug resistant cancer cells may be similarly 

sensitized by demethylation to other cytotoxic agents as well. Recent clinical studies suggest that 

pretreatment with epigenetic drugs can reduce cancer relapse and be more effective for treating drug 

resistant cancers [108]. For example, one study determined that lung cancer patients who were treated 

with the epigenetic drugs DAC and HDACi prior to conventional chemotherapy had lower incidences 

of relapse [108]. Two other studies demonstrated that MAPK pathway inhibitors in combination with 

HDACi suppressed cAMP mediated resistance in melanoma cells [109] and that pre-treatment of 

platinum drug resistant ovarian cancer cells with HDACi and methylation inhibitors sensitized these 

cells to cisplatin-mediated cell death [110]. In this last study, epigenetic drug treatment resulted in the 

re-expression of RGS10, an important regulator of cell survival and chemoresistance in ovarian cancer. 

Hypermethylation and histone deacetylation silences this gene in drug resistant ovarian cancer cells, 

and re-expression of this gene made these cells susceptible to platinum drugs. Overall, these results 

indicate that pretreatment using epigenetic drugs in combination with conventional therapies may be 

beneficial for reducing cancer relapse and improving drug resistant cancer treatment. The role of 

epigenetic drugs in treating a myriad of diseases has been discussed extensively elsewhere [111,112] 

and is an important area of research to be further pursued. 

4. Conclusions 

Cancer drug resistance is a complex phenomenon that is influenced by drug inactivation, drug target 

alteration, drug efflux, DNA damage repair, cell death inhibition, EMT, inherent cell heterogeneity, 

epigenetic effects, or any combination of these mechanisms. The current paradigm states that 

combination therapy should be the best treatment option because it should prevent the development of 

drug resistance and be more effective than any one drug on its own [73–75,107,111,112]. Therefore, 

such treatment regimens should be considered and developed to counteract the increasing prevalence 

of drug resistance in cancers. Cancer progenitor cells are often drug resistant as well. These progenitor 

cells can persist in patients seemingly in remission, and they are able to remain stationary or migrate to 

other sites during metastasis. Thus, cancer progenitor cells can cause cancer relapse at the original 

tumor site or in distant organs. The next step in anticancer therapy development should target the 

elimination of such cancer progenitor cells. Additionally, the existence of a small population of drug 

resistant cancer cells poses another complexity that is difficult to address [92–94]. These drug resistant 

cancer cells also contribute to cancer relapse after apparent remission. It will be interesting to 

determine how much contribution cancer progenitor cells or drug resistant cancer cells render to 

generate drug resistance. Therefore, it is important to continue efforts to understand the underlying 

mechanisms of cancer drug resistance and to identify therapies that can treat cancers no longer 

susceptible to current treatments. Epigenetic drugs may assist in this endeavor as they are thought to be 

capable of sensitizing drug resistant cancer cells to other drugs [73–75,107,111,112], and recent 
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studies have supported these propositions [108,110]. Further research in this direction is needed to 

improve overall understanding and treatment of drug resistant cancers. 

Acknowledgments 

Work of Sibaji Sarkar was partially supported by a grant from ACS. Genevieve Housman, Sarah 

Heerboth, Karolina Lapinska, Mckenna Longacre, and Nicole Snyder were supported by UROP at BU. 

Shannon Byler was supported by MSSRP, BUSM. 

Author Contributions 

Sibaji Sarkar developed the idea and organized the design of the review. All other authors also 

contributed to the idea. All authors participated in writing and editing the manuscript. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Zahreddine, H.; Borden, K.L. Mechanisms and insights into drug resistance in cancer.  

Front. Pharmacol. 2013, 4, 28. 

2. Sampath, D.; Cortes, J.; Estrov, Z.; Du, M.; Shi, Z.; Andreeff, M.; Gandhi, V.; Plunkett, W. 

Pharmacodynamics of cytarabine alone and in combination with 7-hydroxystaurosporine  

(UCN-01) in AML blasts in vitro and during a clinical trial. Blood 2006, 107, 2517–2574. 

3. Michael, M.; Doherty, M.M. Tumoral drug metabolism: Overview and its implications for cancer 

therapy. J. Clin. Oncol. 2005, 23, 205–229. 

4. Plastaras, J.; Guengerich, F.; Nebert, D.; Marnett, L. Xenobiotic-metabolizing cytochromes P450 

convert prostaglandin endoperoxide to hydroxyheptadecatrienoic acid and the mutagen, 

malondialdehyde. J. Biol. Chem. 2000, 275, 11784–11790. 

5. Shen, H.; He, M.; Liu, H.; Wrighton, S.; Wang, L.; Guo, B.; Li, C. Comparative metabolic 

capabilities and inhibitory profiles of CYP2D6.1, CYP2D6.10, and CYP2D6.17. Drug Metab. 

Dispos. 2007, 35, 1292–1300. 

6. Rodriguez-Antona, C.; Ingelman-Sundberg, M. Cytochrome P450 pharmacogenetics and cancer. 

Oncogene 2006, 25, 1679–1691. 

7. Mehta, K.; Fok, J.Y. Targeting transglutaminase-2 to overcome chemoresistance in cancer cells. 

In Drug Resistance in Cancer Cells; Mehta, K., Bates, S.E., Siddik, Z.H., Eds.; Springer: New York, 

NY, USA, 2009; pp. 95–114. 

8. Rivlin, N.; Brosh, R.; Oren, M.; Rotter, V. Mutations in the p53 tumor suppressor gene.  

Genes Cancer 2011, 2, 466–474. 

9. Aas, T.; Børresen, A.; Geisler, S.; Smith-Sørensen, B.; Johnsen, H.; Varhaug, J.; Akslen, L.; 

Lønning, P. Specific P53 mutations are associated with de novo resistance to doxorubicin in 

breast cancer patients. Nat. Med. 1996, 2, 811–814. 



Cancers 2014, 6 1785 

 

10. Soengas, M.S.; Alarcón, R.M.; Yoshida, H.; Giaccia, A.J.; Hakem, R.; Mak, T.W.; Lowe, S.W. 

Apaf-1 and caspase-9 in p53-dependent apoptosis and tumor inhibition. Science 1999, 284,  

156–159. 

11. Townsend, D.M.; Tew, K.D. The role of glutathione-S-transferase in anticancer drug resistance. 

Oncogene 2003, 22, 7369–7375. 

12. Manolitsas, T.P.; Englefield, P.; Eccles, D.M.; Campbell, I.G. No association of a 306 bp 

insertion polymorphism in the progesterone receptor gene with ovarian and breast cancer.  

Br. J. Cancer 1997, 75, 1397–1399. 

13. Cumming, R.C.; Lightfoot, J.; Beard, K.; Youssoufian, H.; O’Brien, P.J.; Buchwald, M. Fanconi 

anemia group C protein prevents apoptosis in hematopoietic cells through redox regulation of 

GSTP1. Nat. Med. 2001, 7, 814–820. 

14. Holohan, C.; van Schaeybroeck, S.; Longley, D.B.; Johnston, P.G. Cancer drug resistance: An 

evolving paradigm. Nat. Rev. 2013, 13, 714–726. 

15. Gagnon, J.; Bernard, O.; Villeneuve, L.; Têtu, B.; Guillemette, C. Irinotecan inactivation is 

modulated by epigenetic silencing of UGT1A1 in colon cancer. Clin. Cancer Res. 2006, 12,  

1850–1858. 

16. Stavrovskaya, A.A. Cellular mechanisms of multidrug resistance of tumor cells. Biochemistry 

(Mosc.) 2000, 65, 95–106. 

17. Hinds, M.; Deisseroth, K.; Mayes, J.; Altschuler, E.; Jansen, R.; Ledley, F.; Zwelling, L. 

Identification of a point mutation in the topoisomerase II gene from a human leukemia cell line 

containing an amsacrine resistant form of topoisomerase II. Cancer Res. 1991, 51, 4729–4731. 

18. Zwelling, L.; Hinds, M.; Chan, D.; Mayes, J.; Sie, K.; Parker, E.; Silberman, L.; Radcliffe, A.; 

Beran, M.; Blick, M. Characterization of an amsacrine-resistant line of human leukemia cells. 

Evidence for a drug resistant form of topoisomerase II. J. Biol. Chem. 1989, 264, 16411–16420. 

19. Slamon, D.; Godolphin, W.; Jones, L.; Holt, J.; Wong, S.; Keith, D.; Levin, W.; Stuart, S.; 

Udove, J.; Ullrich, A. Studies of the HER-2/neu proto-oncogene in human breast and ovarian 

cancer. Science 1989, 4905, 707–712. 

20. Slamon, D.; Leyland-Jones, B.; Shak, S.; Fuchs, H.; Paton, V.; Bajamonde, A.; Fleming, T.; 

Eiermann, W.; Wolter, J.; Pegram M.; et al. Use of chemotherapy plus a monoclonal antibody 

against HER2 for metastatic breast cancer that overexpresses HER2. N. Engl. J. Med. 2001, 344, 

783–792. 

21. Bell, D.; Gore, I.; Okimoto, R.; Godin-Heymann, N.; Sordella, R.; Mulloy, R.; Sharma, S.; 

Brannigan, B.; Mohapatra, G.; Settleman, J.; et al. Inherited susceptibility to lung cancer may be 

associated with the T790 drug resistance mutation in EGFR. Nat. Genet. 2005, 37, 1315–1316. 

22. Kobyashi, S.; Boggon, T.; Dayaram, T.; Janne, P.; Kocher, O.; Meyerson, M.; Johnson, B.;  

Eck, M.; Tenen, D.; Halmos, B. EGFR mutation and resistance of non-small cell lung cancer to 

gefitinib. N. Engl. J. Med. 2005, 352, 786–792. 

23. Chen, Y.; Takita, J.; Choi, Y.; Kato, M.; Ohira, M.; Sanada, M.; Wang, L.; Soda, M.; Kikuchi, A.; 

Igarashi, T.; et al. Oncogenic mutations of ALK kinase in neuroblastoma. Nature 2008, 7215, 

971–974. 

24. Zhang, N.; Yin, Y.; Xu, S.J.; Chen, W.S. 5-Fluorouracil: Mechanisms of resistance and reversal 

strategies. Molecules 2008, 13, 1551–1569. 



Cancers 2014, 6 1786 

 

25. Palmberg, C.; Koivisto, P.; Hyytinen, E.; Isola, J.; Visakorpi, T.; Kallioniemi, O.; Tammela, T. 

Androgen receptor gene amplification in a recurrent prostate cancer after monotherapy with the 

nonsteroidal potent antiandrogen Casodex (bicalutamide) with a subsequent favorable response 

to maximal androgen blockade. Eur. J. Urol. 1997, 31, 216–219. 

26. Dieras, V.; Vincent-Salomon, A.; Degeorges, A.; Beuzeboc, P.; Mignot, L.; de Cremoux, P. 

Trastuzumab (Herceptin) and breast cancer: Mechnisms of resistance. Bull Cancer 2007, 94, 

259–266. 

27. Berns, K.; Horlings, H.; Hennessy, B.; Madiredjo, M.; Hijmans, M.; Beelen, K.; Linn, S.; 

Gonzalez-Angulo, A.; Stemke-Hale, K.; Hauptmann, M.; et al. A functional genetic approach 

identifies the PI3K pathway as a major determinant of trastuzumab resistance in breast cancer. 

Cancer Cell 2007, 12, 395–402. 

28. Browne, B.C.; Crown, J.; Venkatesan, N.; Duffy, M.J.; Clynes, M.; Slamon, D.; O’Donovan, N. 

Inhibition of IGF1R activity enhances response to trastuzumab in HER-2-positive breast cancer 

cells. Ann. Oncol. 2011, 22, 68–73. 

29. Razis, E.; Bobos, M.; Kotoula, V.; Eleftheraki, A.G.; Kalofonos, H.P.; Pavlakis, K.; Papakostas, P.; 

Aravantinos, G.; Rigakos, G.; Efstratiou, I.; et al. Evaluation of the association of PIK3CA 

mutations and PTEN loss with efficacy of trastuzumab therapy in metastatic breast cancer. 

Breast Cancer Res. Treat. 2011, 128, 447–456. 

30. Gorre, M.E.; Mohammed, M.; Ellwood, K.; Hsu, N.; Paquette, R.; Rao, P.N.; Sawyers, C.L. 

Clinical resistance to STI-571 cancer therapy caused by BCR–ABL gene mutation or 

amplification. Science 2001, 293, 876–880. 

31. Al-Jamal, H.A.; Asmaa, M.J.; Yong, A.C.; Asan, J.M.; Hassan, R.; Johan, M.F. Silencing of 

suppressor of cytokine signaling-3 due to methylation results in phosphorylation of STAT3 in 

imatinib resistant BCR-ABL positive chronic myeloid leukemia cells. Asian Pac. J. Cancer Prev. 

2014, 15, 4555–4561. 

32. Hirayama, C.; Watanabe, H.; Nakashima, R.; Nanbu, T.; Hamada, A.; Kuniyasu, A.; Nakayama, H.; 

Kawaguchi, T.; Saito, H. Constitutive overexpression of P-glycoprotein, rather than breast cancer 

resistance protein or organic cation transporter 1, contributes to acquisition of imatinib-resistance 

in K562 cells. Pharm. Res. 2008, 25, 827–835. 

33. Nambu, T.; Araki, N.; Nakagawa, A.; Kuniyasu, A.; Kawaguchi, T.; Hamada, A.; Saito, H. 

Contribution of BCR-ABL-independent activation of ERK1/2 to acquired imatinib resistance in 

K562 chronic myeloid leukemia cells. Cancer Sci. 2010, 101, 137–142. 

34. Shou, J.; Massarweh, S.; Osborne, C.K.; Wakeling, A.E.; Ali, S.; Weiss, H.; Schiff, R. 

Mechanisms of tamoxifen resistance: Increased estrogen receptor-HER2/neu cross-talk in 

ER/HER2-positive breast cancer. J. Natl. Cancer Inst. 2004, 96, 926–935. 

35. Massarweh, S.; Osborne, C.K.; Creighton, C.J.; Qin, L.; Tsimelzon, A.; Huang, S.; Weiss, H.; 

Rimawi, M.; Schiff, R. Tamoxifen resistance in breast tumors is driven by growth factor receptor 

signaling with repression of classic estrogen receptor genomic function. Cancer Res. 2008, 68, 

826–833. 

36. Chang, G.; Roth, C. Structure of MsbA from E. coli: A homolog of the multidrug resistance ATP 

binding cassette (ABC) transporters. Science 2001, 293, 1793–1800. 



Cancers 2014, 6 1787 

 

37. Sauna, Z.; Ambudkar, S. Characterization of the catalytic cycle of ATP hydrolysis by human  

P-glycoprotein. The two ATP hydrolysis events in a single catalytic cycle are kinetically similar 

but affect different functional outcomes. J. Biol. Chem. 2001, 276, 11653–11661. 

38. Borst, P.; Elferink, O. Mammalian ABC transporters in health and disease. Annu. Rev. Biochem. 

2002, 71, 537–592. 

39. Schinkel, A.; Smit, J.; van Tellingen, O.; Beijnen, J.; Wagenaar, E.; van Deemter, L.; Mol, C.; 

van der Valk, M.; Robanus-Maandag, R.; te Riele, H.; et al. Disruption of the mouse mdr1a  

P-glycoprotein gene leads to a deficiency in the blood-brain barrier and to increased sensitivity to 

drugs. Cell 1994, 77, 491–502. 

40. Gottesman, M.M.; Fojo, T.; Bates, S.E. Multidrug resistance in cancer: Role of ATP-dependent 

transporters. Nat. Rev. Cancer 2002, 2, 48–58. 

41. Szakas, G.; Annereau, J.; Lababidi, S.; Shankavaram, U.; Arciello, A.; Bussey, K.; Reinhold, W.; 

Guo, Y.; Kruh, G.; Reimers, M.; et al. Predicting drug sensitivity and resistance: Profiling ABC 

transporter genes in cancer cells. Cancer Cell 2004, 6, 129–137. 

42. Hilgendorf, C.; Ahlin, G.; Seithel, A.; Artursson, P.; Ungell, A.; Karlsson, J. Expression of 

thirty-six drug transporter genes in human intestine, liver, kidney, and organotypic cell lines. 

Drug Metab. Dispos. 2007, 35, 1333–1340. 

43. Abolhoda, A.; Wilson, A.; Ross, H.; Danenberg, P.V.; Burt, M.; Scotto, K.W. Rapid activation of 

MDR1 gene expression in human metastatic sarcoma after in vivo exposure to doxorubicin.  

Clin. Cancer Res. 1999, 5, 3352–3356. 

44. Haber, M.; Smith, J.; Bordow, S.; Flemming, C.; Cohn, S.; London, W.; Marshall, G.; Norris, M. 

Association of high-level MRP1 expression with poor clinical outcome in a large prospective 

study of neuroblastoma. J. Clin. Oncol. 2006, 24, 1546–1553. 

45. Yanase, K.; Tsukahara, S.; Asada, S.; Ishikawa, E.; Imai, Y.; Sugimoto, Y. Gefitinib reverses 

breast cancer resistance protein-mediated drug resistance. Mol. Cancer Ther. 2004, 3, 1119–1125. 

46. Doyle, L.A.; Yang, W.; Abruzzo, L.V.; Krogmann, T.; Gao, Y.; Rishi, A.K.; Ross, D.D. A multidrug 

resistance transporter from human MCF-7 breast cancer cells. Proc. Natl. Acad. Sci. USA 1998, 

95, 15665–15670. 

47. Imai, Y.; Ishikawa, E.; Asada, S.; Sugimoto, Y. Estrogenmediated post transcriptional  

down-regulation of breast cancer resistance protein/ABCG2. Cancer Res. 2005, 65, 596–604. 

48. Mutoh, K.; Tsukahara, S.; Mitsuhashi, J.; Katayama, K.; Sugimoto, Y. Estrogen-mediated post 

transcriptional downregulation of P-glycoprotein in MDR1-transduced human breast cancer cells. 

Cancer Sci. 2006, 97, 1198–1204. 

49. Katayama, K.; Yoshioka, S.; Tsukahara, S.; Mitsuhashi, J.; Sugimoto, Y. Inhibition of the 

mitogen-activated protein kinase pathway results in the down-regulation of P-glycoprotein.  

Mol. Cancer Ther. 2007, 6, 2092–2102. 

50. Fukuyo, Y.; Hunt, C.R.; Horikoshi, N. Geldanamycinand its anticancer activities. Cancer Lett. 

2010, 290, 24–35. 

51. Bonanno, L.; Favaretto, A.; Rosell, R. Platinum drugs and DNA repair mechanism in lung 

cancer. Anticancer Res. 2014, 34, 493–502. 



Cancers 2014, 6 1788 

 

52. Olaussen, K.; Dunant, A.; Fouret, P.; Brambilla, E.; Andre, F.; Haddad, V.; Taranchon, E.; 

Filipits, M.; Pirker, R.; Helmut, P.; et al. DNA repair by ERCC1 in non-small-cell lung cancer 

and cisplatin-based adjuvant chemotherapy. N. Engl. J. Med. 2006, 355, 983–991. 

53. Selvakumaran, M.; Pisarcik, D.; Bao, R.; Yeung, A.; Hamilton, T. Enhanced cisplatin 

cytotoxicity by disturbing the nucleotide excision repair pathway in ovarian cancer cell lines. 

Cancer Res. 2003, 63, 1311–1316. 

54. Curtin, N.J. DNA repair dysregulation from cancer driver to therapeutic target. Nat. Rev. 2012, 

12, 801–817. 

55. Esteller, M. Epigenetic lesions causing genetic lesions in human cancer: Promoter hypermethylation 

of DNA repair genes. Eur. J. Cancer 2000, 36, 2294–2300. 

56.  Goode, E.; Ulrich, C.; Potter, J. Polymorphisms in DNA repair genes and associations with 

cancer risk. Cancer Epidemiol. Biomarkers Prev. 2002, 11, 1513–1530. 

57. Maier, P.; Spier, I.; Laufs, S.; Veldwijk, M.R.; Fruehauf, S.; Wenz, F.; Zeller, W.J. 

Chemoprotection of human hematopoietic stem cells by simultaneous lentiviral overexpression 

of multidrug resistance 1 and O(6)-methylguanine-DNA methyltransferase(P140K). Gene Ther. 

2010, 17, 389–399. 

58. Blanc, J.L.; Wager, M.; Guilhot, J.; Kusy, S.; Bataille, B.; Chantereau, T.; Lapierre, F.; Larsen, C.J.; 

Karayan-Tapon, L. Correlation of clinical features and methylation status of MGMT gene 

promoter in glioblastomas. J. Neurooncol. 2004, 68, 275–283. 

59. Rabik, C.; Fishel, M.; Holleran, J.; Kasza, K.; Kelley, M.; Egorin, M.; Dolan, M. Enhancement 

of cisplatin cytotoxicity by O6-benzylguanine involves endoplasmic reticulum stress.  

J. Pharmacol. Exp. Ther. 2008, 327, 442–452. 

60. Gegi, M.; Diserens, A.; Gorlia, T.; Hamou, M.; de Tribolet, N.; Weller, M.; Kros, J.; Hainfellner, J.; 

Mason, W.; Mariani, L.; et al. MGMT gene silencing and benefit from temozolomide in 

glioblastoma. N. Engl. J. Med. 2005, 352, 997–1003. 

61. Dong, X.; Liu, R.; Chen, W. Correlation of promoter methylation in MGMT gene with glioma 

risk and prognosis: A meta-analysis. Mol. Neurobiol. 2014, doi:10.1007/s12035-014-8760-3. 

62. Frew, A.J.; Lindemann, R.K.; Martin, B.P. Combination therapy of established cancer using a 

histone deacetylase inhibitor and a TRAIL receptor agonist. Proc. Natl. Acad. Sci. USA 2008, 

105, 11317–11322. 

63. Soria, J.; Smit, E.; Khayat, D.; Besse, B.; Yang, X.; Hsu, C.; Reese, D.; Wiezorek, J.; Blackhall, F. 

Phase 1b study of dulanermin (recombinant human Apo2L/TRAIL) in combination with paclitaxel, 

carboplatin, and bevacizumanb in patients with advanced non-squamous non-small-cell lung 

cancer. J. Clin. Oncol. 2010, 28, 1527–1533. 

64. Mataga, M.; Rosenthal, S.; Heerboth, S.; Devalapalli, A.; Kokolus, S.; Evans, L.R.; Longacre, M.; 

Housman, G.; Sarkar, S. Anti-breast cancer effects of histone deacetylase inhibitors and calpain 

inhibitors. Anticancer Res. 2012, 32, 2523–2530. 

65. Sarkar, S.; Faller, D.V. T-oligos inhibit growth and induce apoptosis in human ovarian cancer 

cells. Oligonucleoties 2011, 21, 47–53. 

66. Sarkar, S.; Faller, D.V. Telomere-homilogous G-rich oligonucleotides sensitize human ovarian 

cancer cells by combination therapy. Nucleic Acid Ther. 2013, 23, 167–174. 



Cancers 2014, 6 1789 

 

67. Sasaki, K.; Tsuno, N.H.; Sunami, E.; Tsurita, G.; Kawai, K.; Okaji, Y.; Nishikawa, T.; Shuno, Y.; 

Hongo, K.; Hiyoshi, M.; et al. Chloroquine potentiates the anticancer effect of 5-fluorouracil on 

colon cancer cells. BMC Cancer 2010, 10, e370. 

68. Cook, K.L.; Wärri, A.; Soto-Pantoja, D.R.; Clarke, P.A.G.; Cruz, M.I.; Zwart, A.; Clarke, R. 

Hydroxychloroquine inhibits autophagy to potentiate antiestrogen responsiveness in ER+ breast 

cancer. Clin. Cancer Res. 2014, 20, 3222–3232. 

69. Shang, Y.; Cai, X.; Fan, D. Roles of epithelial-mesenchymal transition in cancer drug resistance. 

Curr. Cancer Drug Targets 2013, 13, 915–929. 

70. Singh, A.; Settleman, J. EMT, cancer stem cells and drug resistance: An emerging axis of evil in 

the war on cancer. Oncogene 2010, 29, 4741–4751. 

71. Chaffer, C.; Brueckmann, I.; Scheel, C.; Kaestli, A.; Wiggins, P.; Rodrigues, L.; Brooks, M.; 

Reinhardt, F.; Su, Y.; Polyak, K.; et al. Normal and neoplastic nonstem cells can spontaneously 

covert to a stem-like state. Proc. Natl. Acad. Sci. USA 2011, 108, 7950–7955. 

72. Chaffer, C.; Weinberg, R. A perspective on Cancer Cell Metastasis. Science 2011, 331,  

1559–1564. 

73. Sarkar, S.; Horn, G.; Moulton, K.; Oza, A.; Byler, S.; Kokolus, S.; Longacre, M. Cancer 

development, progression and therapy: An epigenetic overview. Int. J. Mol. Sci. 2013, 14, 

21087–21113. 

74. Byler, S.; Goldgar, S.; Heerboth, S.; Leary, M.; Housman, G.; Moulton, K.; Sarkar, S. Genetic 

and epigenetic aspects of breast cancer progression and therapy. Anticancer Res. 2014, 34,  

1071–1077. 

75. Byler, S.; Sarkar, S. Do epigenetic drug treatments hold the key to killing cancer progenitor 

cells? Epigenomics 2014, 6, 161–165. 

76. Lenisak, D.; Xu, Y.; Deschenes, J.; Lai, R.; Thoms, J.; Murray, D.; Gosh, S.; Mackey, J.R.; 

Sabri, S.; Abdulkarim, B. Beta1-integrin circumvents the antiproliferative effects of trastuzumab 

in human epidermal growth factor receptor-2-positive breast cancer. Cancer Res. 2009, 69, 

8620–8628. 

77. Sarkar, S.; Svoboda, M.; de-Beaumont, R.; Freedman, A. The role of AKT and RAFTK in beta1 

integrin mediated survival of precursor B-acute lymphoblastic leukemia cells. Leuk. Lymphoma 

2002, 43, 1663–1671. 

78. Wendt, M.K.; Smith, J.A.; Schiemann, W.P. Transforming growth factor-β-induced epithelial-

mesenchymal transition facilitates epidermal growth factor-dependent breast cancer progression. 

Oncogene 2010, 29, 6485–6498. 

79. Carraway, K.L., 3rd; Sweeney, C. Co-opted integrin signaling in ErbB2-induced mammary 

tumor progression. Cancer Cell 2006, 10, 93–95. 

80. Bates, R.C.; Mercurio, A.M. The epithelial-mesenchymal transition (EMT) and colorectal cancer 

progression. Cancer Biol. Ther. 2005, 4, 365–370. 

81. Galliher, A.J.; Schiemann, W.P. β3 integrin and Src facilitate transforming growth factor-β 

mediated induction of epithelial-mesenchymal transition in mammary epithelial cells.  

Breast Cancer Res. 2006, 8, R42. 



Cancers 2014, 6 1790 

 

82. Shibue, T.; Weinberg, R.A. Integrin β1-focal adhesion kinase signaling directs the proliferation 

of metastatic cancer cells disseminated in the lungs. Proc. Natl. Acad. Sci. USA 2009, 106, 

10290–10295. 

83. Witz, I.P. The selectin-selectin ligand axis in tumor progression. Cancer Metastasis Rev. 2008, 

27, 19–30. 

84. Paschos, K.A.; Canovas, D.; Bird, N.C. The role of cell adhesion molecules in the progression of 

colorectal cancer and the development of liver metastasis. Cell. Signal. 2009, 21, 665–674. 

85. Laubli, H.; Borsig, L. Selectins promote tumor metastasis. Semin. Cancer Biol. 2010, 20, 169–177. 

86. Desgrosellier, J.S.; Cheresh, D.A. Integrins in cancer: Biological implications and therapeutic 

opportunities. Nat. Rev. Cancer 2010, 10, 9–22. 

87. Bendas, G.; Borsig, L. Cancer cell adhesion and metastasis: Selectins, integrins, and the 

inhibitory potential of heparins. Int. J. Cell Biol. 2012, 2012, doi:10.1155/2012/676731. 

88. Barkan, D.; Kleinman, H.; Simmons, J.L.; Asmussen, H.; Kamaraju, A.K.; Hoenorhoff, M.J.; 

Liu, Z.Y.; Costes, S.V.; Cho, E.H.; Lockett, S.; et al. Inhibition of metastatic outgrowth from 

single dormant tumor cells by targeting the cytoskeleton. Cancer Res. 2008, 68, 6241–6250. 

89. Ning, Y.; Gerger, A.; Zhang, W.; Hanna, D.L.; Yang, D.; Winder, T.; Wakatsuki, T.; Labonte, M.J.; 

Stintzing, S.; Volz, N.; et al. Plastin polymorphisms predict gender- and stage-specific colon 

cancer recurrence after adjuvant chemotherapy. Mol. Cancer Ther. 2014, 13, 528–539. 

90. Bégué, E.; Jean-Louis, F.; Bagot, M.; Jauliac, S.; Cayuela, J.M.; Laroche, L.; Parquet, N.; 

Bachelez, H.; Bensussan, A.; Courtois, G.; et al. Inducible expression and pathophysiologic 

functions of T-plastin in cutaneous T-cell lymphoma. Blood 2012, 120,143–154. 

91. Staussman, R.; Morikawa, T.; Shee, K.; Barzily-Rokni, M.; Qian, Z.R.; Du, J.; Davis, A.; 

Mongare, M.M.; Gould, J.; Frederick, D.T.; et al. Tumor micro-environment elicits innate 

resistance to RAF inhibitors through HGF secretion. Nature 2012, 487, 500–504. 

92. Parkin, B.; Ouillette, P.; Li, Y.; Keller, J.; Lam, C.; Roulston, D.; Li, C.; Shedden, K.; Malek, S.N. 

Clonal evolution and devolution after chemotherapy in adult acute myelogenous leukemia.  

Blood 2013, 121, 369–377. 

93. Navin, N.; Krasnitz, A.; Rodgers, L.; Cook, K.; Meth, J.; Kendall, J.; Riggs, M.; Eberling, Y.; 

Troge, J.; Grubor, V.; et al. Inferring tumor progression from genomic heterogeneity. Genome Res. 

2010, 20, 68–80. 

94. Campbell, P.; Yachida, S.; Mudie, L.; Stephens, P.; Pleasance, E.; Stebbings, L.; Morsberger, L.; 

Latimer, C.; McLaren, S.; Lin, M.; et al. The patterns and dynamics of genomic instability in 

metastatic pancreatic cancer. Nature 2010, 467, 1109–1113. 

95. Baker, E.K.; El-Osta, A. The rise of DNA methylation and the importance of chromatin on 

multidrug resistance in cancer. Exp. Cell Res. 2003, 290, 177–194. 

96. Kantharidis, P.; El-Oska, A.; de Silva, M.; Wall, D.M.; Hu, X.F.; Slater, A.; Nadalin, G.; Parkin, J.D.; 

Zalcberg, J.R. Altered methylation of the human MDR1 promoter is associated with acquired 

multidrug resistance. Clin. Cancer Res. 1997, 3, 2025–2032. 

97. Plumb, J.A.; Strathdee, G.; Sludden, J.; Kaye, S.B.; Brown, R. Reversal of drug resistance in 

human tumor xenografts by 2'-deoxy-5-azacytidine-induced demethylation of the hMLH1 gene 

promoter. Cancer Res. 2000, 60, 6039–6044. 



Cancers 2014, 6 1791 

 

98. Arnold, C.N.; Goel, A.; Boland, C.R. Role of MLH1 promoter hypermethylation in drug 

resistance to 5-flurouracil in colorectal cancer cell lines. Int. J. Cancer 2003, 106, 66–73. 

99. Bearzatto, A.; Szadkowski, M.; Macpherson, P.; Jiricny, J.; Karran, P. Epigenetic regulation of 

the MGMT and hMSH6 DNA repair genes in cells resistant to methylating agents. Cancer Res. 

2000, 60, 3262–3270. 

100. Esteller, M.; Garcia-Foncillas, J.; Andion, E.; Goodman, S.N.; Hidalgo, O.F.; Vanaclocha, V.; 

Baylin, S.B.; Herman, J.G. Inactivation of DNA-repair gene MGMT and the clinical response of 

gliomas to alkylating agents. N. Engl. J. Med. 2000, 343, 1350–1354. 

101. Worm, J.; Kirkin, A.F.; Dzhandzhugazyan, K.N.; Guldberg, P. Methylation-dependent silencing 

of the reduced folate carrier gene in inherently methotrexate-resistant human breast cancer cells. 

J. Biol. Chem. 2001, 276, 39990–40000. 

102. Chang, H.G.; Kim, S.J.; Chung, K.W.; Noh, D.Y.; Kwon, Y.; Lee, E.S.; Kang, H.S.  

Tamoxifen-resistant breast cancer show less frequent methylation of the estrogen receptor beta 

but not the estrogen receptor alpha gene. J. Mol. Med. 2005, 83, 132–139. 

103. Christmann, M.; Pick, M.; Lage, H.; Schadendorf, D.; Kaina, B. Acquired resistance of 

melanoma cells to the antineoplastic agent fotemustine is caused by reactivation of the DNA 

repair gene MGMT. Int. J. Cancer 2001, 92, 123–129. 

104. Izbicka, E.; MacDonald, J.R.; Davidson, K.; Lawrence, R.A.; Gomez, L.; von Hoff, D.D.  

5,6 Dihydro-5'-azacytidine (DHAC) restores androgen responsiveness in androgen-insensitive 

prostate cancer cells. Anticancer Res. 1999, 19, 1285–1291. 

105. Sarkar, S.; Abujamra, A.L.; Loew, J.E.; Forman, L.W.; Perrine, S.P.; Faller, D.V. Histone 

deacetylase inhibitors reverse CpG methylation by regulating DNMT1 through ERK signaling. 

Anticancer Res. 2011, 31, 2723–2732. 

106. Housman, G.; Mataga, A.M.; Devalapalli, A.; Heerboth, S.; Evans, L.R.; Sarkar, S. 

Demethylation and re-expression of tumor suppressor genes by HDAC inhibitors and calpain 

inhibitors in cancer cells: A study related to synergistic type growth inhibition and reduction of 

motility. The Epigenetics World Congress, MA, USA, April 2011; Abstract 206. 

107. Sarkar, S.; Goldgar, S.; Byler, S.; Rosenthal, S.; Heerboth, S. Demethylation and re-expression 

of epigenetically silenced tumor suppressor genes: Sensitization of cancer cells by combination 

therapy. Epigenomics 2013, 5, 87–94. 

108. Juergens, R.; Wrangle, J.; Vendetti, F.; Murphy, S.C.; Zhao, M.; Coleman, B.; Sebree, R.; 

Rodgers, K.; Hooker, C.M.; Franco, N.; et al. Combination epigenetic therapy has efficacy in 

patients with refractory advanced non-small cell lung cancer. Cancer Discov. 2011, 1, 598–607. 

109. Johannessen, C.M.; Johnson, L.A.; Piccioni, F.; Townes, A.; Frederick, D.T.; Donahue, M.K.; 

Narayan, R.; Flaherty, K.T.; Wargo, J.A.; Root, D.E.; et al. A melanocyte lineage program 

confers resistance to MAP kinase pathway inhibition. Nature 2013, 504, 138–142. 

110. Cacan, E.; Ali, M.W.; Boyd, N.H.; Hooks, S.B.; Greer, S.F. Inhibition of HDAC1 and DNMT1 

modulate RGS10 expression and decrease ovarian cancer chemoresistance. PLoS One 2014,  

9, e87455. 

111. Sarkar, S.; Longacre, M.; Tatur, N.; Heerboth, S.; Lapinska, K. Histone deacetylases (HDACs): 

Function, mechanism, & inhibition. In Encyclopedia of Analytical Chemistry; Meyers, R.A., Ed.; 

John Wiley: Chichester, UK, 2014; pp. 1–9. 



Cancers 2014, 6 1792 

 

112. Heerboth, S.; Lapinska, K.; Snyder, N.; Leary, M.; Rollinson, S.; Sarkar, S. The use of epigenetic 

drugs in diseases: An overview. Genet. Epigenet. 2014, 6, 9–19. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


