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ABSTRACT 
 

Drug resistance remains a major obstacle to the successful treatment of cancer. Cancer cells 

acquire a pleiotropic resistance phenotype to cisplatin (CisPt), conferring cross-resistance to 

other xenobiotics and heavy metals. This pleiotropic resistance occurs in a single-step reducing 

CisPt accumulation and altering cellular phenotypes. miRNAs are involved in differentiating and 

maintaining cell phenotype, and therefore we have investigated their influence on cisplatin 

resistance. This was accomplished by silencing the miRNA biosynthesis pathway, preventing the 

maturation of new miRNAs in response to treatment with CisPt and reversing CisPt resistance. 

Next we assessed miRNA expression and functional differences between parental and resistant 

cell lines for a complete miRNA family, miR-181. Functional assays were performed to 

determine if family members caused an increase or decrease in viability when treated with CisPt. 

When expression was increased, miR-181a*/c/c* increased cell viability while miR-181a/d 

decreased viability. To identify other miRNAs that mediate CisPt-resistance, we conducted 

parallel high-throughput screens for CisPt-sensitizing miRNA mimics, and for RNAi-silenced 

kinases that decreased viability in the same cells. We validated the top hits from our screen, and 

showed that the miR-15/16/195/424/497 family mediates CisPt-resistance, by targeting CHK1 

and WEE1 mRNA. Lastly, we explored the involvement of GCF2, a negative transcription 
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factor, in silencing RHOA, leading to disorganization of the cytoskeleton, and decreased CisPt 

accumulation. These studies demonstrate 1) the critical involvement of the miRNA biosynthesis 

pathway in maintaining the CP-r phenotype 2) functional assays are critical for determining the 

influence of a specific miRNA on a phenotype or pathology. In addition this dissertation 

identified two miRNA-cell cycle kinase (WEE1, CHK1) mRNA pairings, and a pathway 

involving the transcriptional repressor GCF2 and RHOA in acquired CisPt resistance.  
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MULTIDRUG RESISTANCE OVERVIEW 

 

1. Multidrug Resistance  

All cells, from bacteria to those in mammals, contain highly evolved pathways for defending 

their integrity against the effects of xenobiotics. This natural defense mechanism can interfere 

with the successful drug treatment of various pathologies, and once activated creates a 

multidrug-resistant cellular state. This phenotype includes resistance to the original drug, but also 

provides resistance to structurally and functionally unrelated drugs 1-5.  Causes of resistance to 

drug treatment can be acquired or can be intrinsic to a cell 3. This dissertation will address 

resistance due to a phenotypic change caused by selection with a chemotherapeutic drug.  

 

A major challenge to the successful treatment of cancer is the ability of cancer cells to acquire 

the multidrug-resistant (MDR) phenotype, preventing response to chemotherapeutic agents.  

Cisplatin, [(cis-diamminedichloroplatinum(II)] (CisPt), is a drug commonly used against 

malignancies including ovarian, testicular, and cervical tumors 3,5,6. Cisplatin resistance results 

from cellular defense mechanisms including a highly complex pleiotropic phenotype that confers 

resistance by some or all of the following: reducing drug accumulation, inhibition of apoptosis, 

up-regulation of DNA damage repair mechanisms, alterations in cell cycle checkpoints, altered 

protein localization including cell surface transporters, and disruption of the cytoskeleton 

affecting drug compartmentalization within the cytoplasm 3,5,7,8. This results in cells that are 

permanently resistant not only to cisplatin, but also show cross-resistance to multiple toxic 

compounds that enter cells on existing transporters (the way CisPt does). The highly pleiotropic 
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cisplatin-resistant (CP-r) phenotype occurs in a single step, the molecular basis of which has yet 

to be identified 3. 

 

2. Cisplatin  

While Platinum (Pt) salts do not naturally occur in the environment and are not bioavailable, the 

resistance pathways employed are those that evolved to respond to other toxic metals and semi-

metals such as As, Cd, and Sn. CisPt and its analogs are platinum-based complexes that function 

as DNA-damaging agents 5.  

 

 

Figure 1. Chemical structures of cisplatin, cis-diamminedichloroplatinum(II) and its two most 

commonly used analogs, carboplatin, diammine(1,1-cyclobutyldicarboxylato)platinum(II) and 

oxaliplatin, [(1R,2R)-cyclohexane-1,2-diamine](oxalato)platinum(II). The ‘leaving groups’ are 

shown on the right of each molecule, and the non-leaving amines are shown at left. 

 

CisPt is a broad-spectrum chemotherapeutic commonly used to treat malignant solid tumors 

including ovarian, testicular, cervical, and lung cancers 3,5,9. CisPt undergoes aquation, losing a 

chloride to a water molecule that can be easily replaced when binding to DNA. The other 



 

4 
 

chloride follows suit and the drug is crosslinked to DNA bases forming a platinum-DNA adduct. 

This attachment torques the DNA, initiating DNA repair mechanisms. When the extent of the 

damage is overwhelming to repair mechanisms, the cell enters an abortive mitosis 1,2,6,10,11. This 

failure to repair DNA completely pushes the cell towards apoptosis 2,10.  It should be noted that 

while CisPt-DNA adducts are the classic mode of action, CisPt has also been shown to bind 

RNA and more recently siRNA and non-protein bound miRNA mimics and miRNA inhibitors 12.  

 

3. Cross-resistance 

CisPt has been used in the clinic since the 1970s. As resistance to cisplatin has been one of the 

major reasons for treatment failure, analogs of cisplatin, other chemotherapy, and co-treatments 

have been tried without solving the problem of MDR 3-5,8,13-16. This might not be surprising given 

that all analogs act through a common mode of action. Carboplatin [diammine(1,1-

cyclobutyldicarboxylato)platinum(II)]  is now the most commonly used analog. It is more stable 

than cisplatin due to its bidentate cyclobutyldicarboxylato ligand, requiring higher doses but 

producing lower side effects 3,5. Over the last 40 years, other analogs such as oxaliplatin, 

tetraplatin, ZD0473, satraplatin, BBR3463, JM118, and Pt-1Cs3 have all been developed and 

tested in the clinic, but also show reduced efficacy against cells showing an MDR phenotype 5. 

The mechanisms that allow the cell to adopt an MDR phenotype also allow for the cell to protect 

itself from other drugs requiring transporter-mediated uptake including methotrexate3, arsenics3, 

Pseudomonas endotoxin 17, antimetabolites, and heavy metals 3 (Table 1).  
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Table 1. Compounds that demonstrate lowered accumulation in CP-r cells, and their known 

pathways of active cell entry, demonstrating the diverse array of membrane-associated 

transporters and transport processes affected in the development of cisplatin resistance. 

Lowered accumulation Proposed mechanism(s) of entry 

Cisplatin* multiple, including Copper 
Transporter and Organic Cation 
Transporter  

Arsenite, 73As(III) Aquaporin  
Arsenate, 73As(V) Aquaporin  
[14C]-Carboplatin Copper Transporter  
[125I]-epidermal growth 
factor (EGF) 

Endogenous Production Receptor  

[3H]-Folic acid Folate-binding Protein and reduced 
Folate Carrier  

[3H]-Glucose GluT family 
Iron, 59Fe(III) Divalent Metal Transporter  
[3H]-methotrexate Folate-binding Protein and reduced 

Folate Carrier  
Pseudomonas endotoxin endocytosis 
[3H]-L-proline Sodium/Iminoacid Transporter 1  

 

  

4. Pleiotropic Phenotype 

While patient samples show the cross-resistance seen in the MDR phenotype, cell culture models 

can allow the study of some but not all MDR mechanisms. In cell culture models, CisPt 

resistance can be selected by CisPt in a single step 9,18. Our lab has developed single step (KB-

CP.5) and multi-step (KB-CP20) cell lines that when compared to sensitive parent cells can 

provide insight into the mechanisms involved in MDR. The naming convention relates to the 

original concentration of CisPt used to elicit CisPt resistance (in µg/mL). As such, the KB-CP-20 
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cells are more resistant than their KB-CP.5 counterparts. These cells have been extensively 

characterized over the past twenty years 8.  

 

Figure 2. Schematic showing resistant cell lines generated by stepwise exposure of KB-3-1 

parental cell lines to cisplatin, resulting in single step (KB-CP.5) and multi-step CP-r cell lines 

(KB-CP20). 

 

Over the last 30 years much has been learned, but the underlying cellular orchestration of 

cisplatin resistance remains elusive. For every pathway CisPt utilizes to enter and move through 

a cell, interact with targets, or induce cell death, the cell has a response in the resistance profile 

3,8. In its simplest form, MDR results from reduced drug uptake and/or increased drug efflux. 

However, the cell actually has multiple layered mechanisms that protect it from drug toxicity.   
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Figure 3. A schematic of the mechanisms affecting and controlling the cellular accumulation of 

platinum chemotherapeutics (exemplified here by Pt). In the extracellular environment, Pt can 

be aquated (shown) or react with biomolecules, resulting in a complex speciation profile 

(collectively represented by yellow squares (Pt)) . Neutral platinum drugs can enter the cell by 

passive diffusion across the lipid bilayer, and a number of carrier-mediated import proteins have 

been identified. Inside the cell, (a) platinum drugs can be deactivated by binding to the thiol-rich 

metallothionein (MT) or chelated by glutathione (GSH) and effluxed from the cell via the GS-X 
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pumps (MRP1–5). Platinum drugs can also be ensnared in subcellular organelles such as (b) 

vesicles followed by exocytosis to expel Pt from the cell, or (c) melanosomes in melanoma cells. 

Drug that evades these detoxification and efflux processes can enter the nucleus and bind to 

DNA, eliciting apoptosis if the DNA lesion is not repaired. (Reprinted from Annu. Rev. 

Pharmacol. Toxicol. by permission 5). 

 

Platinum drugs can be aquated or bound by serum proteins outside the cell, preventing entry 3,5. 

The cell prevents entry in several ways. Uptake of Pt can occur through passive diffusion, fluid 

phase endocytosis, or by utilizing cell surface transporters such as Solute Carrier Family 31 

(Copper Transporters), Member 1 (CTR1), Organic Cation Transporters (OCT1-3), and Sodium-

Potassium Adenosine Triphosphatase (Na+, K+-ATPase) 3. In MDR, cell membrane functions 

are altered, preventing passive diffusion, fluid phase endocytosis is reduced, and surface 

transporters are mislocalized to the cytoplasm, lowering all accumulation 5. The cell also works 

to limit movement of the drug within the cell. Platinum drugs can be inactivated by thiols in the 

cytoplasm such as glutathione by direct chelation. Drugs are also sequestered by cytoplasmic 

vesicles including melanosomes and shuttled to the cell surface for removal 3.  MDR phenotypes 

also show increased expression of ATP-dependent exporter proteins Multidrug Resistance 

Associated Protein Isoform 1 to 5 (MRP1-5), and Copper-transporting ATPase 1 (ATP7A) 3. Pt 

that escapes removal from the cell, and reaches the nucleus, attaches to DNA 2. Formation of Pt-

DNA adducts does not ensure lethality. In defense, the cell increases the production of cell cycle 

kinases including WEE1 and CHK1 arresting cells at the G2 checkpoint, preventing apoptosis 19. 

DNA repair mechanisms such as nucleotide excision repair (NER) and mismatch repair (MMR) 



 

9 
 

are up-regulated and these can remove platinated bases from the DNA, effectively repairing 

damage 20. Expression of anti-apoptotic factors such as BCL2 and changes in p53 signaling also 

take place 21. Lastly, a resistant cell can remain in the G2 phase for an unknown period of time, 

allowing it to outlast the cisplatin treatment, repair DNA, and therefore evade apoptosis 2,6,10.  

 

MICRORNA OVERVIEW 

 

5. MicroRNA 

MicroRNAs (miRNAs) are a type of small non-coding RNA first identified in 1993 but thought 

to be specific to one gene in C. elegans. It was not until 2000 that they were found to be 

conserved in eukaryotic cells 22.  It is now known that miRNAs are produced in viruses, bacteria, 

and eukaryotes, including both plants and animals 23-25. While the majority of miRNAs are 

broadly conserved among all evolutionary lines, others are only found in one species, and more 

rarely one cell type 26. Plants were known to use a 21 to 23 nucleotide (nt) silencing sequence, 

and many believed this to be a plant specific mechanism. In the early 2000s miRNAs were 

shown to be post-transcriptional regulators of gene expression that work by targeting the 3' 

untranslated (UTR) region of mRNA 22,26,27. However, there was still much debate over what the 

role was, and how important the role was, in gene regulation and expression. The flurry of 

research on miRNA in the last decade, and especially in the last three years, has identified the 

biosynthesis, function, and importance of miRNA expression in pathologies 14,22,24-33.  
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6. Biosynthesis 
 

 

 

Figure 4. Schematic showing the transcription, maturation and function of miRNA. A cluster of 

pri-miRNA(s) are transcribed in the nucleus and processed by the Drosha complex into single 
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pre-miRNA. pre-miRNA are exported via Exportin-5 and transferred to Dicer, where the hairpin 

structure is unwound, the appropriated strand is determined and processed into a mature 

mmiRNA. Dicer, Trbp2 and Argonaute form RISC which targets an mRNA for sequestering or 

degradation. (Reprinted from FEBS letters by permission 27).  

 

In human cells, most miRNA are encoded in the intronic regions of genes, and are found in 

clusters that are transcribed together . Exceptions to this have been found. For example, the 

members of the miR-181 family are the only known miRNAs found in their coding region 34.  

The majority of miRNA clusters are transcribed by RNA polymerase II into a primary miRNA 

(pri-miRNA).  However, pri-miRNAs coded for in an Alu-repetitive element are transcribed by 

RNA polymerase III. Pri-miRNAs consist of 100 to 1000 of nt, containing one or multiple stem 

loop transcripts that are picked up and processed by a microprocessor, a protein complex that 

contains Drosha, and DiGeorge syndrome critical region gene 8 (DGCR8) 22,26,27,35. Drosha is a 

Class 2 RNase III endonuclease. DGCR8 contains the double-stranded (ds) RNA-binding 

domain. The microprocessor cleaves the pri-miRNA into a ~70 nt pre-miRNA stem loop 

structure that contains only one stem loop and contains a 2 nt 3' overhang. Exportin 5, a nuclear 

export protein, identifies the 3' overhang, and transfers the pre-miRNA into the cytoplasm, 

through a GTP dependent mechanism 22,26,27,35. The pre-miRNA is transferred to a protein 

complex containing DICER (RNase III enzyme), and TAR (HIV-1) RNA binding protein 

(TRBP2) which contains the dsRNA binding domains. Once contained by this complex, it is 

trimmed into a ~22 nt miRNA duplex. The complex attracts and adds the Argonaute protein to 

form the RNA-induced silencing complex  (RISC), a trimeric complex that degrades one side of 



 

12 
 

the duplex and holds a mature miRNA that is then ready to target a mRNA 22,26,27,35. In the 

majority of cases the 5' strand is the mature miRNA. However, some duplexes produce mature 

miRNA from both strands 22,26,27,35,36.  

 

It should be noted that the stem-looped dsRNA structures contain a 5' cap and a polyadenylated 

tail. All miRNA precursors are also contained and passed from protein complex to protein 

complex as they are processed into small dsRNA and because of these three traits do not trigger 

the interleukin anti-viral immune response 37.  

 

7. miRNA Function 

A mature miRNA held in a RISC protein complex targets the 3' UTR region of a mRNA with a 

complementary sequence. 60% of all mRNA are predicted to be targeted by miRNA 38. Based on 

the complementarity between the miRNA and mRNA, the mRNA sequence is either degraded or 

sequestered in a processing body 27. When there is a perfect or near perfect complement, the 

mRNA is quickly cleaved preventing the mRNA from being translated and causing a change in 

the transcriptome 26. If the complementary match is imperfect, the mRNA is sequestered, setting 

the stage for a complex regulatory mechanism that allows for translation to be delayed, or 

released in a time-dependent, or pulsed pattern 26.  

 

The overall cellular function of miRNA is to maintain and/or restore proper gene expression 

when cells are challenged with environmental influences or insults (i.e. stress) that can damage 

proteins, mRNA, and lipids, or to assist in reprogramming cell identities when stress stimuli push 



 

13 
 

the cell past phenotypic tolerance 22,26,35,39. In other words, the function of miRNA is to set 

boundary conditions for normal cell states within a cell's range of phenotypic identity. The 

evidence is that miRNA expression is a reproducibly accurate marker of phenotype 26, and the 

expression variations among cell types can be quite broad. In cell culture models, silencing an 

individual miRNA does not cause a phenotypic shift, and most stresses produce limited changes 

in miRNA expression. Mimicking or inhibiting miRNA usually has moderate effects on an 

individual protein level 39.  However, changing the expression of an individual or group of 

miRNAs can cause pathology or lead to phenotypic crisis when under stress, because an 

individual miRNA can target multiple mRNAs 26,39. For example, miR-208, a heart-specific 

microRNA, has been shown in mice to regulate gene expression and cardiomyocyte growth 

under stress conditions through involvement in the βMHC pathway.  Van Rooij and colleagues 

reported that newborn miR-208–/– mice have normal levels of βMHC but that in response to 

stimuli, the heart cannot maintain healthy stress-response gene expression40 . Loss of miRNA 

clusters have also been shown to be oncogenic. miR-15 and miR-16-1 are coded for in the 

13q14.3 genomic region, the most commonly disrupted region in chronic lymphocytic 

lymphoma (CLL) 32, and are shown to be down-regulated in pituitary adenomas, and in prostate 

carcinoma clinical samples 41.  An individual miRNA targets multiple mRNAs with related 

biological functions, and each mRNA has multiple target sites that can be matched by different 

miRNAs 26. miRNAs far outnumber the number of kinases and phophotases in a cell (the post-

translational regulators of protein function) 39, and are known to target both, reinforcing their 

importance in cellular function. In addition to signaling molecules, miRNAs also target 

transcription factors (TF). In targeting TFs, kinases, and phosphatases, small fold changes in 
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miRNA expression can have large physiological effects due to the functions of target 

macromolecules 26,39. miRNAs have also been shown to be major regulators of the cell cycle, and 

are therefore utilized by the cell to stabilize translation during differentiation, whether during 

development or during phenotypic shift 42-46.  

 

In order to maintain a normal transcriptome and maintain protein at levels needed for function, 

miRNA are regulated in a complex and balanced dance between miRNA levels, mRNA levels 

(both target and competing), binding protein complexes (Drosha, DICER, and RISC), and sub-

cellular localization 22,39.  miRNA maintain a steady-state until the cell receives external signals 

long enough to overcome the threshold defined by the cellular phenotype and maintained by the 

miRNA 39. This maintenance of cell state can occur in several ways: 1) The expression of a 

specific miRNA is turned on or off by the relevant transcription factor. The transcription rate of 

the miRNA is related to the regulation of the genomic region in which it resides.  2) The level of 

mRNA transcribed passes a threshold set by the amount of miRNA endogenously expressed 

within the cell type.  3) mRNA "sponges" are produced in order to compete for the available 

miRNA and free up necessary mRNA transcripts for translation. 4) The miRNA-mRNA reaction 

is modulated by the RISC protein complex, determining which miRNAs are picked up and 

matured, which available mRNAs are targeted, and where on the mRNA 3' UTR they bind. One 

miRNA is directed to target one mRNA out of hundreds of mRNAs with complementary 

potential and this attachment can result in several behaviors. How the cell utilizes these decision 

points to direct the appropriate behavior is poorly understood.  However, there are general 

guidelines governing the behavior of miRNA. If the miRNAs are involved in a negative 
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feedback loop (i.e. targeting the TF that allows for the miRNA or its target's transcription), the 

result is restoration of the original phenotypic normal expression profiles. If the miRNA is 

involved in a positive or a double negative feedback loop the cell may move towards the 

expression of a new transcriptome 39.  

 

An example of the regulation of a miRNA family is the involvement of p53, a known tumor 

suppressor that regulates many miRNAs. p53 is activated in response to DNA damage and 

activates DEAD Box Protein 5 (DDX5), a Drosha cofactor that activates pri-miRNA transcripts 

including miR-16, which has been shown to decrease cell proliferation, allowing repairs to be 

made 47. p53 also signals for pri-miR-34 to be transcribed. miR-34 targets the transcripts of 

genes involved in growth arrest allowing the cell to move out of arrest or into apoptosis 47-49. In 

this example, p53 turns on the maturation of miRNAs involved in different aspects of cell cycle 

checkpoints.  

 

Due to the regulatory behavior discussed above, miRNAs turned on by one TF can have 

opposing effects based on expression, action, and also half-life. The effects of miRNAs are also 

seen in miRNA involvement in the inflammatory response 50 allowing the response to pathogens 

to be prompt and short-lived, a critical combination to ensure protection from pathogenic insult 

and limit damage to host. In response to cytokines, ultraviolet irradiation, bacterial or viral 

infection, and free radicals, the inflammatory response activates NFĸB which in turn signals for 

the immediate transcription of a signaling cascade that can respond in as little as two hours. At 

the same time, NFĸB activates the miRNA biosynthesis of miR-9, miR-155, miR-146 and others 
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that will inhibit multiple players in the inflammatory signaling cascade. Due to the maturation of 

the miRNA, which takes ~ 24 hours, and the long half-life of miRNA (12-14 days), the 

inflammatory cascade is able to respond immediately by producing short-lived inflammatory 

signals, and then be turned off and kept off by the expression of miRNA. The appropriate 

miRNAs silence the mRNA for inflammatory signals, preventing host cell damage and returning 

the cell to threshold levels 50. In summary, miRNAs create the boundaries that allow cells to 

maintain self.  

 

8. MicroRNA and Cancer 

Malignancies show alterations and dysfunctions in miRNA expression 28. The miRNAs that have 

been linked to cancer have been termed oncomiRs. Many pri-miRNA loci are located in 

chromosomal regions known to be oncogenic, or heavily mutated in malignancies . For example 

the miR-15a and miR-16-1 loci are deleted in 70% of CCL, and the oncomiRic 28,51 miR-29b has 

also been shown by the Croce laboratory to map to chromosomal areas commonly deleted in 

cancer 28,51. Volinia et al. have showed that the miR-17-92 cluster is amplified in multiple solid 

tumors 52. Examples of miRNA deletions and amplifications in malignancies argue for their role 

as oncogenic factors alongside oncogenes. However, a miRNA's ability to function as an 

oncomiR is dependent on the tumor phenotype; not all miRNA have similar effects in all tumors. 

What is commonly observed is that dysregulation of miRNA has been linked to cancer when 

miRNA targeting tumor suppressors are over-expressed, and/or when miRNA targeting 

oncogenes, DNA methyltransferases, or chromatin silencers, are down-regulated or deleted 28.  
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9. MicroRNA and Cisplatin Resistance 

It is established that miRNAs have crucial roles in diverse biological processes, such as 

phenotypic stabilization, mediating the stress response, apoptosis, proliferation, and maintaining 

translational thresholds 22,26,39. These areas may all be affected when cells undergo the 

pleiotropic phenotypic changes that cause resistance to CisPt. It is no surprise given their 

function that alterations in miRNA expression have been shown to also be involved in tumor 

growth and response to chemotherapy 28.  

 

Several miRNAs have been shown to sensitize CP-r cell lines to CisPt and other drugs by 

regulating cell apoptosis. As an example, Imanaka et al. assessed CisPt sensitivity in nine 

esophageal squamous cell carcinoma cells lines, and found miR-141 expression to be higher in 

the more resistant lines. Ectopic expression of miR-141 in sensitive cell lines conferred 

resistance. The investigators found that miR-141 directly targets the 3'-UTR of Yes-associated 

protein (YAP1), which is known to have an important role in mediating apoptosis induced by 

DNA-damaging agents. Thus, down-regulated YAP1 expression by over-expression of miRNA-

141 renders cells more resistant to DNA-damaging drugs 53 (Figure 5). 
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Figure 5. Schematic highlighting the inter-relationship between miRNA expression, mRNA 

levels and phenotypic outcome. In this example, increased miR-141 expression results in 

lowered expression of the target mRNA YAP1. Consequent loss of YAP1 protein product and 

function lowers apoptotic signaling capacity in the instance of DNA-damaging agents, and a 

consequent increase in resistance occurs. 

 

Yang et al. reported miRNA expression profiling in ovarian cancer cell lines, and found that 

miR-214 induces cell survival and CisPt resistance by targeting Phosphatase and Tensin 

Homolog (PTEN), a tumor suppressor gene 54. In gastric and lung cancer cell lines the miRNA 

cluster miR-200bc/429 was shown to promote apoptosis by targeting B-cell Lymphoma 2 

(BCL2) and X-Linked Inhibitor of Apoptosis Protein (XIAP), which sensitized resistant lines to 

vincristine as well as CisPt 55. Zhu et al. have also shown that miR-497 can target BCL2 and 

sensitize to CisPt 55. Ye et al. recently reported that over-expression of miR-376c blocked CisPt-

induced cell death, whereas siRNA anti-miR-376c enhanced the effect of CisPt. The effects of 

miR-376c were partially compensated by the over-expression of ALK7 (activin receptor-like 

kinase 7), which is a target of miR-376c 56. In addition, miRNA has been shown to play a role 

when CisPt induces an epithelial to mesenchymal transition (EMT) resulting in cells that have 
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increased motility, invasiveness, and chemotherapeutic resistance. Specifically miR-200b and 

miR-15b were down-regulated in EMT cells compared to tongue squamous cell carcinoma 

parental cells. Mimics for miR-200b and miR-15b were able to reverse EMT behavior and 

resulted in cells becoming sensitive to CisPt 57. These investigations provided valuable insight 

and allowed identification of miRNA involved in mechanisms common among MDR cell culture 

lines. However, because miRNAs are reproducibly accurate identifiers of cell type 26, and 

involved in cellular stress response 39, we would expect variations among cell lines depending on 

tissue origin.  

 

To explore possible roles of miRNA in the development of cancer in patients, many studies look 

for correlations between miRNA expression and survival, or miRNA used as biomarkers 

29,51,52,58,59. Little has been reported correlating clinical expression data with cell culture 

mechanisms in regards to CisPt selected multidrug resistance. Hamano et al. evaluated clinical 

samples and observed that over-expression of miR-200c and miR-21, and under-expression of 

miR-145 correlated significantly with shortened overall patient survival. The authors followed 

the correlative study with in vitro assays showing significantly increased miR-200c expression in 

esophageal cancer CP-r cells compared with their parent cells (~1.7-fold).  Anti-miR-200c-

transfected cells were more sensitive to CisPt, indicating that miR-200c-induced chemo-

resistance may be mediated through activation of the Akt signaling pathway 60. 
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HYPOTHESIS AND AIMS 

 

miRNA are involved in the regulation of protein expression, including those proteins involved in 

the cell cycle and other metabolic pathways. They are also regulatory factors that stabilize 

phenotypes. CisPt resistance involves a reduced rate of cell division to evade cell cycle 

checkpoints, and an extremely pleiotropic phenotype affecting protein localization. Therefore, 

we hypothesize that miRNA regulation of mRNA transcripts is a causative underlying 

mechanism in cisplatin resistance.  

 

Specific Aim 1. To confirm miRNA expression changes in CP-r cells cause cisplatin resistance.  

 

As discussed in the introduction, miRNAs have been identified as tumor suppressors, as cancer 

biomarkers, and have been shown in functional studies to play a role in response to cellular stress 

(in our case caused with a drug). To examine if miRNAs are critical for CP-r phenotypes, we 

interfered with the miRNA biosynthesis pathway. We utilized RNAi to silence two critical 

members of miRNA synthesis, DICER and TRBP2. miRNAs have comparatively long half lives 

(up to 2 weeks), therefore this experiment was designed to prevent the cell from maturing new 

miRNA in response to stress and does not remove already present mature miRNA from the cell.   
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Specific Aim 2. To examine the effect of the miRNA 181 family on cisplatin resistance.  

 

We were intrigued by the high expression increase seen in one family of miRNAs (Chapter 1) 

and therefore selected it as our candidate for the examination of a miRNA family. We designed 

functional assays to examine the loss- or gain-of-function effect for this family in CisPt 

resistance. Most studies examining miRNA choose a specific miRNA and search for a target. We 

were curious about the behavior of an entire family of miRNAs in regards to CP-r cells. 

Historically it was believed that members of a family, having matching seed sequences, all have 

the same targets, and therefore should have the same effect on a cell mechanism. This is why the 

available algorithm target program searches are based on a seed sequence with complement to a 

mRNA 3' UTR. As the field advances, the story of miRNA becomes more complicated than a 

stoichiometry match between miRNA and mRNA. Recently many miRNA researchers have been 

reporting the observation that miRNA targets do occur (although at less frequency) in the coding 

and 5' regions of mRNA. Plus, a literature search of miR-181 family members shows that 

different family members are important for different cell differentiation pathways (to be 

discussed in Chapter 1), but rarely do researchers investigate the involvement of an entire family 

in one paper. We felt in light of recent advances in the miRNA field that the examination of an 

entire family could provide valuable insight into how miRNAs function based on seed sequence.  

 

Specific Aim 3. Identify mechanistic involvement for miRNAs that  modify MDR. 



 

22 
 

Prediction programs provide a valuable tool for selecting possible miRNA-mRNA pairings. 

However, there are typically hundreds of predicted targets for each miRNA. In order to narrow 

the possibilities, we developed two high-throughput screens to be run in conjunction, with the 

purpose of identifying miRNA-mRNA targets. Both screens are presented in detail in Chapter 2, 

and the miRNA-mRNA partnerships identified by the screen are validated, further illustrating the 

importance of miRNA in CP-r phenotypes.  

 

Specific Aim 4. Examine pleiotropic mechanisms in CP-r cells for potential miRNA targets.  

As discussed in the introduction, many mechanisms are involved in CP-r phenotypes. While, 

concrete studies comparing the importance of the mechanisms in CisPt resistance have not been 

done, it can be postulated that two of the most critical are the effect of CisPt resistance on the 

cell cycle. and the disruption of the cytoskeleton. Pts have to move through the cytoplasm to the 

nucleus and cells must undergo an abortive mitosis for these drugs to be active. In Aim 3, we set 

up a kinase screen in order to identify cell cycle regulators as potential targets (Chapter 2). Here 

we examined the underlying mechanisms involved in disrupting the cytoskeleton in the CP-r 

phenotype (Chapter 3). 
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CHAPTER 1 

 

 

Contributions of microRNA dysregulation to cisplatin-resistant  

adenocarcinoma cells. 

 

 

 

 

 

 

This chapter is based on: 
 
Lynn M. Pouliot, Chang-Gong Liu, Carlo M. Croce, Matthew D. Hall , and Michael M. 
Gottesman.  Contributions of microRNA dysregulation to cisplatin-resistant adenocarcinoma 
cells. Paper in preparation.  
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ABSTRACT 

 

Cisplatin (CisPt) resistance in cancer cells is due to a pleiotropic phenotype transition that allows 

cells to resist killing. miRNAs have been shown to be reliable markers of phenotype, critical in 

cell differentiation, and to be dysregulated in cancer and other pathologies. Here we investigate 

the influence of miRNAs on cisplatin resistance in KB adenocarcinoma cells. We silenced the 

miRNA biosynthesis pathway, preventing the maturation of new miRNA. Silencing both DICER 

and TRBP2 in KB-3-1 (sensitive parental), KB-CP.5 (low CP-r clone), and KB-CP20 (high CP-r 

population) cells resulted in reversal of CisPt resistance. We then assessed miRNA expression 

differences for miR-181 family members between parental and CP-r cells. All miR-181 family 

members show an increase in expression in resistant compared to sensitive cells. Functional 

assays showed miR-181a*/c/c* caused an increase in resistance when overexpressed while 

overexpression of miR-181a/d resulted in sensitivity to CisPt. We conclude that the miRNA 

biosynthesis pathway is critical for maintaining the CP-r phenotype, and that while individual 

expression profiles of miRNA are valuable, functional assays are necessary to determine the 

influence of a specific miRNA.  
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INTRODUCTION 

 

A major challenge in the successful treatment of cancer is the ability of cancer cells to acquire a 

multi-drug resistant (MDR) phenotype, preventing response to chemotherapeutic agents.  

Cisplatin [cis-diamminedichloroplatinum(II)]  (CisPt) is a chemotherapeutic drug commonly 

used against a range of malignancies in combination therapy 1-5. The cisplatin-resistant (CP-r) 

pleiotropic phenotype can be induced by selection in cultured cancer cells in a single step 6. 

While Pt drugs do not occur naturally in the environment, CisPt resistance is most likely due to a 

cellular defense mechanism that evolved to protect against other metals and xenobiotics found in 

nature 2. Many mechanisms are involved in CisPt resistance including; 1) Alteration of cell cycle 

checkpoints, 2) Up-regulation of DNA damage repair mechanisms, and 3) Disruption of the 

cytoskeleton, thereby redirecting cell surface transporters from the surface to the cytoplasm. This 

process produces cells that are resistant to CisPt and also show cross-resistance to multiple toxic 

compounds that enter cells via existing transporters 1-5,7,8. The primary underlying alteration that 

causes cells to resist CisPt insult has yet to be identified. 

 

MicroRNAs (miRNAs) are functional small RNAs involved in phenotypic stabilization and cell 

differentiation 9-12. They allow cells to set normal parameters for maintaining mRNA and its 

translation, by binding to the 3' UTR of mRNA and sequestering or degrading the message, 

preventing translation 9-12. Dysregulated miRNAs are involved in tumor growth and other 

pathologies 13-15.  miRNAs have been linked to patient response to chemotherapy 15-18. Studies in 

cultured cells have also linked miRNA regulation to chemo-resistance 15,19-21 . miRNAs are 
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highly regulated; from transcription through maturation they are held by multi-protein complexes 

that select, determine strand bias, and determine target. The protein complex RISC, consisting of 

DICER, TRBP2, and Argonaute, selects, matures, and directs the synthesis of a pre-miRNA 

precursor to the mature functional miRNA 10,12.   

 

We hypothesized that miRNAs play a role in orchestrating the underlying phenotypic changes 

associated with a pleiotropic CisPt resistance mechanism. In order to investigate miRNA 

involvement, we examined the parental KB-3-1 human adenocarcinoma cell line and two 

independently generated CisPt-resistant sub-lines KB-CP.5 (low resistant clone) and KB-CP20 

(high resistant population). We first targeted the miRNA biosynthesis pathway using RNAi to 

knockdown DICER and TRBP2, two critical members of the RISC complex involved in 

maturation of miRNA and subsequent targeting of mRNA. We then evaluated the influence of 

one miRNA family on CP-r cells. An over-expressed family of miRNA, the miR-181 family, 

were selected for validation and to determine the effect miRNA has on the resistant phenotype. 

We performed loss-of-function/gain-of-function experiments to demonstrate the involvement of 

the miR-181 family members in the CP-r phenotype.  
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MATERIALS AND METHODS 

 

Cell lines and cell culture. We used the parental human adenocarcinoma cell line KB-3-1 (a 

Hela subclone), and it's CP-r sub-lines , KB-CP.5 (low resistance) and KB-CP20 (high 

resistance). KB-CP.5 cells were originally selected from a single step clone selected in 0.5 µg 

CisPt/mL (1.6 µM), as described previously 6,22. KB-CP20 cells were selected by stepwise 

increases to 20 µg of CisPt/mL of medium (66.7 µM), as described previously 23,24. The CP-r 

cells were maintained in the presence of CisPt (1.6 µM and 16.7 µM respectively). CisPt was 

removed from growth medium three days prior to all experiments. Cell lines were grown as 

monolayer cultures at 37°C in 5% CO2, using Dulbecco’s modified Eagle medium (DMEM) 

with 4.5 g/L glucose (Invitrogen, Carlsbad, CA), supplemented with L-glutamine, penicillin, 

streptomycin and 10% fetal bovine serum (BioWhittaker, Walkersville, MD). Cisplatin was 

purchased from Sigma (St. Louis, MO).  

 

Preparation of cell lysates, quantification of protein, and western blot analysis.  Cell 

samples were obtained by trypsin digestion followed by two washes in PBS. Protein was 

extracted using Cell Extraction Buffer (Invitrogen) with 50 µL/mL Protease Inhibitor Cocktail 

(Sigma). Protein concentrations were determined using Bio-Rad Protein Assay based on the 

Bradford method as per the manufacturer’s instructions. 50 µg protein samples were loaded onto 

a NuPage 3-8% TA gel (Invitrogen) and run at 125 V. Transfer to nitrocellulose membranes was 

performed using the iBlot Gel Transfer Device (Invitrogen) at 20 V for 7 min. Membranes were 

blocked in 5% non-fat milk for 1 h, exposed to primary antibody overnight at 4 °C, and HRP-
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tagged secondary antibody for 1 h at room temperature. Blots were incubated with Immobilon 

Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA) and developed on 

Amersham Hyperfilm ECL (GE Healthcare, Buckinghamshire, UK). Primary antibodies used 

were; DICER1 (Ab13502 Abcam) 1:1000 dilution, TRBP2 (H00006895-B01 Abnova) 1:1000 

dilution, and GAPDH (437000 Invitrogen)1:10,000 dilution. 

 

RNA extraction, cDNA preparation, and quantitative real-time RT-PCR. Cisplatin was 

removed 72 h prior to experiments. RNA was harvested from KB-3-1 and KB-CP.5 cells using 

the mirVana miRNA Isolation Kit (Ambion, Carlsbad, CA). RNA integrity and concentration 

were measured using a NP-1000 Spectrometer to measure absorbance (Thermo Scientific, 

Wilmington, DE) . cDNA was prepared from 20 ng total RNA following the manufacturer's 

instructions. RT-PCR was run using Exiqon probes on 7500 fast real-time PCR system (Applied 

Biosystems). The miRNA data was normalized to U6 RNA. Relative expression was calculated 

by the ∆∆Ct method27.  

Probe sequences: 

hsa-miR-181a: AACAUUCAACGCUGUCGGUGAGU  

hsamiR-181*: ACCAUCGACCGUUGAUUGUACC  

hsa-miR-181b: AACAUUCAUUGCUGUCGGUGGGU  

hsa-miR-181c: AACAUUCAACCUGUCGGUGAGU  

hsa-miR-181c*: AACCAUCGACCGUUGAGUGGAC  

hsa-miR-181d: AACAUUCAUUGUUGUCGGUGGGU  
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Target prediction. The number of mRNAs predicted to be targets of miRNA over- or under-

expressed in CP-r lines compared to sensitive KB-3-1 cells were obtained by using miRanda 

(http://www.microrna.org/microrna/home.do) and TargetScanHuman 

(http://www.targetscan.org/) algorithms. 

 

Transfection of siRNA, miRNA mimics, and miRNA inhibitors. Transfection was performed 

with RNAiMax (Invitrogen, Carlsbad, CA) (2.5 µL/mL). siRNA of DICER and TRBP2 were 

plated at  10nM on day 1. The pre-designed miRIDIAN miRNA mimics and inhibitors and 

AllStars Negative Control (siNegative) (Qiagen) were plated with cells on day 1 at 10nM. The 

transfection was performed as described by the manufacturer. 

Target sequences: 

hsa-miR-181a/a-2: AACAUUCAACGCUGUCGGUGAGU  

hsa-miR-181a*/a*-2: ACCAUCGACCGUUGAUUGUACC  

hsa-miR-181b-1/b-2: AACAUUCAUUGCUGUCGGUGGGU  

hsa-miR-181c: AACAUUCAACCUGUCGGUGAGU  

hsa-miR-181c*:AACCAUCGACCGUUGAGUGGAC  

hsa-miR-181d: AACAUUCAUUGUUGUCGGUGGGU  

 

MTT cytotoxicity assay. Cytotoxicity was measured with a colorimetric viability assay using 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Molecular Probes, Eugene, 

OR) as previously described. Cells (5000 cells per well of a 96-well plate) were allowed to attach 

for 24 h. Stock solutions of compounds (3 M) were prepared in PBS and then two-fold serially 
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diluted in media to give a range of final tissue culture concentrations of 100 µM to 0 µM. After 

72 h, cell viability was examined. Cytotoxicity (IC50) was defined as the drug concentration that 

reduced cell viability to 50% of the untreated control. 

 

Statistical analysis. GraphPad Prism 5 software was used for graphs and statistics. All data are 

presented as mean ± SD.  Comparisons among all samples were analyzed using Analysis of 

Variance (ANOVA). Comparisons between miRNA  family members were analyzed using Two-

way ANOVA. P values <0.05 were considered significant differences. 
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RESULTS 

 

Silencing Dicer and Trbp2 using RNAi sensitizes KB-3-1, KB-CP.5, and KB-CP20 cells to 

CisPt. In order to investigate the role of miRNA in CisPt resistance we used siRNA against two 

critical members of the miRNA biosynthesis pathway. DICER and TRBP2 were selected for 

knockdown based on their roles in selection, maturation, and binding in the RISC complex. KB-

3-1 (parental) adenocarcinoma cells and two derivative CisPt-resistant lines KB-CP.5 (low CP-r 

clone) and KB-CP20 (high CP-r population) were transfected with control siRNA, siDICER, 

siTRBP2, or siDICER + siTRBP2 together. Cells were harvested for protein extraction at 48 h. 

Western blots were performed to confirm knockdown of DICER and TRBP2 protein, with 

GAPDH used as a control protein to confirm equal loading (Figure 1). Silencing of DICER by 

siRNA reduced expression to undetectable levels (Figure 1a). Silencing of TRBP2 showed 

decreased expression (Figure 1b).  
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a) 

 

b) 

 

Figure 1. siRNA interference against DICER and TRBP2 demonstrated by western blot. a) KB-

3-1, KB-CP.5, and KB-CP20 cells were transfected with siRNA against DICER or against 

DICER + TRBP2. Knockdown of DICER protein was assessed using DICER 1° antibody at a 

1:1000 dilution. Goat anti-rabbit HRP linked 2° antibody was used at a 1:2000 dilution. b) Cell 

lines were transfected with siRNA against TRBP2 or TRBP2 +DICER. TRBP2 protein 

expression was assessed using mouse 1° antibody at a 1:1000 dilution, followed by a goat anti-

mouse 1:10000 HRP-linked 2°antibody.  

 

To assess the effect of disrupting the miRNA maturation pathway on the CP-r phenotype, 

cytotoxicity assays were performed with CisPt following silencing of the two genes. Cells were 



40 
 

transfected with siRNA against DICER, TRBP2, or both as before and seeded at 5000 cells per 

well in a 96-well plate. After 24 h cells were challenged with serially diluted CisPt to give the 

intended final concentrations (100 µM to 0 µM). Viability was determined at 96 h by MTT as 

described in Materials and Methods (Figure 2).  

  

 

 

Figure 2. siRNA directed to silence DICER, TRBP2, or a combination of both confers sensitivity 

to CisPt in all cell lines. Transfection with siNegative in KB-3-1 or in KB-CP.5 showed no 

significant difference compared to cells treated with CisPt alone, or CisPt and lipofectamine 

(data not shown).  

 

siRNA against DICER increased sensitivity to CisPt by 1.4 % (KB-3-1), 2.7 % (KB-CP.5), or 

15% in KB-CP20 cells (Table 1). siRNA against TRBP2 alone had a minimal effect on CisPt 
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cytotoxicity compared with cells transfected with control siRNA. When cell lines were 

transfected with siDICER and siTRBP2 in combination and dosed with CisPt, resistant lines 

became more sensitive than KB-3-1 cells treated with CisPt alone (Table 1). These results 

indicate that the presence of DICER and TRBP2, proteins critical for the maturation of miRNA, 

are necessary for cells to maintain resistance in response to CisPt treatment.  

 

Table 1. Cytotoxicity values (IC50) for CisPt treated KB-3-1, KB-CP.5, and KB-CP20 cells 

transfected with siRNA against DICER and TRBP2. Cells were transfected with siNegative 

(control), siDICER alone, siTRBP2 alone, or siDICER + siTRBP2. Cells were treated with CisPt 

on day 2 (50 µM - 0 µM) and IC50s were calculated as the amount of CisPt needed to kill 50% of 

the cell population compared to control (0 µM CisPt) at day 5.  

Cell line 
IC50 (µM)  

CisPt 
+ siNegative 

IC50 (µM)  
CisPt  

+ siDicer 

IC50 (µM)  
CisPt  

+ siTrbp2 

IC50 (µM)  
CisPt  

+ siDicer  
+ siTrbp2 

KB-3-1 4.4 ± 0.02 µM  3.0 ± 0.1 µM 3.6 ± 0.2 µM 0.9 ± 0.01 µM 

KB-CP.5 10.0 ± 0.1  µM 3.7 ± 0.2 µM 9.0 ± 0.1 µM 2.3 ± 0.3 µM 

KB-CP20 > 100 µM 6.6 ± 0.2 µM > 100 µM  2.5 ± 0.2 µM 
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miR-181 family expression in the CP-r cell lines. Preliminary research in our lab indicated that 

miRNA-181 family members had an increased expression in CP-r cells compared to sensitive 

KB-3-1. The miR-181 family also had several interesting characteristics. While most miRNA are 

clustered with many other hairpin pri-miRNA structures in an intron, miR-181a, miR-181b, and 

miR-181a* are coded for on two chromosomes 1 and 9, and are the only miRNA found within 

their intron region. miR-181c, miR-181c*, and miR-181d are also clustered together in a single 

intron region that does not contain any other miRNA. The miR-181 family also used both sides 

of the miR-181a and miR-181c hairpin-loop to mature miR-181a* and miR-181c*. The miRNA-

181 family was selected for further validation based its increased expression and these 

interesting characteristics. 
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Table 2. Members of the miR-181 family sequences with chromosomal and gene location. 

Changes in nucleotide sequence compared to miR-181a are shown in red. miRNA denoted with 

an * identifies the minor strand when both strands of the pre-miRNA hairpin mature to functional 

miRNA.    

miRNA Chromosome Start End Strand Sequence 
miR-181a
  

1,  
9 

198828173 
127454721 

198828282 
127454830 

- 
+ 

AACAUUCAACGCUGUCGGUGAGU 
 '' 

miR-181a* 1, 
9 

198828173 
127454721 

198828282 
127454830 

+ 
- 

ACCAUCGACCGUUGAUUGUACC 
'' 

miR-181b
  

1, 
9 

198828002 
127455989 

198828111 
127456077 

- 
+ 

AACAUUCAUUGCUGUCGGUGGGU  
'' 

miR-181c 19 13985513 13985622 + AACAUUCAACCUGUCGGUGAGUX 

miR-181c* 19 13985513 13985622 - AACCAUCGACCGUUGAGUGGAC 

miR-181d 19 13985689 13985825 + AACAUUCAUUGUUGUCGGUGGGU 
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Cells were cultured in the absence CisPt for 72 h and RNA was isolated. RT-PCR was run for 

each individual family members (probes described in methods) and normalization was performed 

using expression of U6 (Figure 3).  

 

 
Figure 3. Expression of miR-181 family members in KB-3-1, KB-CP.5, and KB-CP20 cell lines. 

RT-PCR was performed as described in methods. Samples were normalized to U6, using the 

∆∆Ct method. Using ANOVA analysis all p-values < 0.05.  

 

All family members were overexpressed in CP-r cells relative to parental cells. miR-181a/c/c*/d 

had statistically equal expression in KB-3-1 cells and were all overexpressed in KB-CP.5 and 

KB-CP20 lines. miR-181a/c/c*/d showed decreased expression in KB-CP20  compared to KB-

CP.5 cells. However, these two lines were generated independently, so this result does not reflect 



45 
 

a direct loss of expression with the acquisition of higher-level resistance. miR-181a*/b had a 

higher expression in KB-3-1 cells compared to other family members. In addition, miR-181a*/b 

were more highly expressed in KB-CP20 than in KB-CP.5 cells (Figure 3).  

 

 

miR-181a/a*/b/c/c/d have a loss-of-function and gain-of-function effect on CisPt resistance. 

In order to examine the influence of the miR-181 family members on CisPt resistance, KB-3-1, 

KB-CP.5 and KB-CP20 cells were transfected with miRNA mimics (20 nM) and miRNA 

inhibitors (siRNA directed against miRNA, 20 nM) for each individual member of the miR-181 

family. After 24 h, transfected cells were challenged with serial dilutions of CisPt (100 µM to 0 

µM). Changes in miRNA levels for each condition were confirmed by RT-PCR (Figure 4), and 

no off-target effects were observed for other family members (Figure 5).  
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Figure 4. RT-PCR showing miRNA mimics increased expression of individual family members 

while inhibitors showed a decrease in expression. In most cases, miRNA could not be detected 

in miRNA inhibitor (siRNA) treated cells (signified by Ø). 
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Figure 5. Expression of miR family members in KB-3-1 cells transfected with miR-181a mimic. 

RT-PCR performed to determine if miR-181a mimic gave off target effects to other family 

members. miR-181a mimic increases miR-181a levels but has no statistical effect on expression 

of other family members.  Other miRNA mimics examined showed a similar lack of off-target 

effects (not shown).   

 

Loss-of-function/gain-of function mimic and inhibitor transfections had no effect on KB-CP20 

cells (data not shown). The influence of individual family members on CisPt cytotoxicity was 

examined (Figure 6). miR-181b had no effect on cell viability (Figure 6b). miR-181a and miR-

181d increased resistance when inhibited, and conferred a minimal decrease in viability when 

mimicked (Figure 6a,d). Conversely, miR-181a*/c/c*, tested individually, increased resistance 

when mimicked and decreased viability when inhibited (Figure 6c, e-f).   
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 
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Figure 6. Response of KB-3-1 and KB-CP.5 cell lines to miRNA inhibitor and miRNA mimic data 

in the presence of CisPt. Cells were transfected with a mimic or inhibitor against one member of 

the miR-181 family. After 24 h samples were challenged with CisPt in concentrations from 100 

µM to 0 µM. KB-3-1 and KB-CP.5 cells had no significant difference between treatments of drug 

only, RNAiMax alone, or siNegative transfection (data not shown).  
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DISCUSSION 

We have shown that decreasing the expression of DICER and TRBP2 through RNAi sensitizes 

resistant KB-CP.5 and KB-CP20 cells to CisPt. Silencing DICER alone has a less dramatic but 

significant effect. DICER has been shown to play a role in increasing the toxicity of cisplatin in 

MCF-7 human breast carcinoma cells 28, so we did expect to see changes in resistance when 

DICER was silenced in our cells. However, because CisPt resistance results in a pleiotropic 

phenotype, experiments manipulating one gene usually results in small 2- to 3-fold changes in 

the CisPt resistance profile, rather than recapitulating the full resistance phenotype 24,29,30. We 

have shown that when the miRNA biosynthesis mechanism is targeted in KB-CP20 cells by 

silencing DICER and TRBP2, cells show a reversal of resistance to an IC50 below that seen in 

sensitive KB-3-1 cells, with no effect on the viability of the cells in the absence of CisPt. This is 

a striking result and suggests that an intact miRNA biosynthesis pathway, and the continued 

production of mature miRNA, is critical in mediating resitance to CisPt. 

 

In addition to changes in multiple other miRNAs, members of the miR-181 family show an 

increase in expression in the resistant cell lines KB-CP.5 and KB-CP20. When individual 

miRNA mimics are transfected into KB-3-1 and KB-CP.5 cells, only miR-181a*, miR-181c, and 

miR-181c* increase cell viability in response to treatment with CisPt. It is interesting that miR-

181c also shows the most overexpression in CP-r cells compared to KB-3-1 of all the family 

members, but our data would suggest that its expression alone does not determine the overall 

effect of miRNA function.  
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TargetScanHuman, a prediction program, indicates that the miRNA-181 family members have 

over 1100 potential gene transcript targets. Identifying which targets are of importance in CP-r 

mechanisms is beyond the scope of this study, but further investigation should help in 

understanding not only CisPt resistance, but miR-181 family behavior. miR-181 family members 

have previously been shown to play a role in response to chemotherapy. Galluzzi et al. showed a 

decrease in cell death when non–small cell lung cancer A549 cells were treated with a pre-miR-

181a mimic 31. miR-181b, which did not have an effect in our cells, has been shown to decrease 

expression of BCL2 in the vincristine-resistant human gastric cancer cell line SGC7901, and in a 

CP-r lung cancer cell line, and sensitize the both lines to chemotherapy 32. miR-181 has also been 

measured in patient samples and suggested as a marker for poor outcome 17,18.  

 

These studies indicate that individual miR-181 family members may play an important role in 

response to chemotherapy, but the extent to which dysregulation of miR-181 is a consequence, or 

cause of, CisPt drug resistance is unclear. In preliminary experiments in which fixed, equal 

amounts of all miR-181 family mimics or all miR-181family inhibitors were transfected into KB 

cells (data not shown), over-expression resulted in some decreased resistance, and inhibitors 

resulted in increased viability, suggesting that changes in 181 miRNAs may be the result, rather 

than the cause of CP-r. However, it is also possible that the relative amounts of each miR-181 

family member are critical to developing CisPt resistance.  

 

Most of the work on the miRNA-181 family has linked members to regulation of differentiation 

pathways including T-cells, B-cells, and Natural Killer cells 21,33,34, and in myoblast 
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differentiation 35. The combination of these studies would indicate that the miR-181 family is 

important in cell identity, the loss of which contributes to many pathologies including cancer and 

drug resistance. As interference in the biosynthesis pathway of miRNA confers a drastic change 

in the CP-r cells' ability to prevent killing by CisPt, and multiple miRNA expression changes are 

observed in CP-r cells, understanding the role miRNAs have in regulating CisPt resistance is a 

critical area of study moving forward. In other work, we have conducted a functional screen for 

miRNA mimics that have an effect on cisplatin resistance to identify miRNAs that control the 

expression of cell-cycle related kinases (see Chapter 2). It appears that assessing the functional 

contribution of a miRNA to a phenotype may provide a more reliable strategy than simply 

searching for large changes in miRNA expression. 

 

 



53 
 

REFERENCES 

 

1 Eastman, A. in Cisplatin: Chemistry and Biochemistry of a Leading Anticancer Drug   

(ed Bernhard Lippert) Ch. Part 3. How Does it Possibly Work? - Biochemistry, 111-134 

(Verlag Helvetica Chimica Acta, 1999). 

2 Gottesman, M. M., Hall, M. D., Liang, X. J. & Shen, D. W. in Platinum and Other Heavy 

Metal Compounds in Cancer Chemotherapy   (eds Andrea Bonetti, Franco M. Muggia, 

Roberto Leone, & S. B. Howell)  83-88 (Humana Press, 2009). 

3 Hall, M. D., Handley, M. D. & Gottesman, M. M. Is resistance useless? Multidrug 

resistance and collateral sensitivity. Trends Pharmacol. Sci. 30, 546-556 (2009). 

4 Hall, M. D., Okabe, M., Shen, D. W., Liang, X. J. & Gottesman, M. M. The role of 

cellular accumulation in determining sensitivity to platinum-based chemotherapy. Annu. 

Rev. Pharmacol. Toxicol. 48, 495-535 (2008). 

5 Shen, D. W., Pouliot, L. M., Hall, M. D. & Gottesman, M. M. Cisplatin Resistance: A 

Cellular Self-Defense Mechanism Resulting from Multiple Epigenetic and Genetic 

Changes. Pharmacol. Rev., submitted (2012). 

6 Shen, D., Pastan, I. & Gottesman, M. M. Cross-resistance to methotrexate and metals in 

human cisplatin-resistant cell lines results from a pleiotropic defect in accumulation of 

these compounds associated with reduced plasma membrane binding proteins. Cancer 

Res. 58, 268-275 (1998). 

7 Basu, A. & Krishnamurthy, S. Cellular responses to Cisplatin-induced DNA damage. J. 

Nucl. Acids 2010 (2010). 



54 
 

8 Chu, G. Cellular responses to cisplatin. The roles of DNA-binding proteins and DNA 

repair. J. Biol. Chem. 269, 787-790 (1994). 

9 Bartel, D. P. MicroRNAs: Target Recognition and Regulatory Functions. Cell 136, 215-

233 (2009). 

10 Bushati, N. & Cohen, S. M. microRNA functions. Annu. Rev. Cell Dev. Biol. 23, 175-205 

(2007). 

11 Kosik, K. S. MicroRNAs and Cellular Phenotypy. Cell 143, 21-16 (2010). 

12 Wienholds, E. & Plasterk, R. H. MicroRNA function in animal development. FEBS Lett. 

579, 5911-5922 (2005). 

13 Ma, J., Dong, C. & Ji, C. MicroRNA and drug resistance. Cancer Gene Ther. 17, 523-

531 (2010). 

14 Sorrentino, A. et al. Role of microRNAs in drug-resistant ovarian cancer cells. Gynecol. 

Oncol. 111, 478-486 (2008). 

15 Croce, C. M. Causes and consequences of microRNA dysregulation in cancer. Nature 

Rev. Gen. 10, 704-714 (2009). 

16 Ferracin, M. et al. MicroRNA profiling for the identification of cancers with unknown 

primary tissue-of-origin. J. Path. 225, 43-53 (2011). 

17 Slaby, O. et al. MicroRNA-181 family predicts response to concomitant 

chemoradiotherapy with temozolomide in glioblastoma patients. Neoplasma 57, 264-269 

(2010). 

18 Yang, C. C. et al. miR-181 as a putative biomarker for lymph-node metastasis of oral 

squamous cell carcinoma. J. Oral Pathol. Med. 40, 397-404 (2011). 



55 
 

19 Cimmino, A. et al. miR-15 and miR-16 induce apoptosis by targeting BCL2. Proc. Natl. 

Acad. Sci. U.S.A. 102, 13944-13949 (2005). 

20 Ouyang, Y. B., Lu, Y., Yue, S. & Giffard, R. G. miR-181 targets multiple Bcl-2 family 

members and influences apoptosis and mitochondrial function in astrocytes. 

Mitochondrion 12, 213-219 (2011). 

21 Pekarsky, Y. et al. Tcl1 expression in chronic lymphocytic leukemia is regulated by miR-

29 and miR-181. Cancer Res. 66, 11590-11593 (2006). 

22 Liang, X. J., Shen, D. W., Garfield, S. & Gottesman, M. M. Mislocalization of membrane 

proteins associated with multidrug resistance in cisplatin-resistant cancer cell lines. 

Cancer Res. 63, 5909-5916 (2003). 

23 Shen, D. W., Liang, X. J., Gawinowicz, M. A. & Gottesman, M. M. Identification of 

cytoskeletal [14C]carboplatin-binding proteins reveals reduced expression and 

disorganization of actin and filamin in cisplatin-resistant cell lines. Mol. Pharmacol. 66, 

789-793 (2004). 

24 Shen, D. W., Su, A., Liang, X. J., Pai-Panandiker, A. & Gottesman, M. M. Reduced 

expression of small GTPases and hypermethylation of the folate binding protein gene in 

cisplatin-resistant cells. Br. J. Cancer 91, 270-276 (2004). 

25 Liu, C. G. et al. An oligonucleotide microchip for genome-wide microRNA profiling in 

human and mouse tissues. Proc. Natl. Acad. Sci. U.S.A. 101, 9740-9744 (2004). 

26 Liu, C. G., Calin, G. A., Volinia, S. & Croce, C. M. MicroRNA expression profiling 

using microarrays. Nat. Prot. 3, 563-578 (2008). 



56 
 

27 Livak, K. J. & Schmittgen, T. D. Analysis of Relative Gene Expression Data Using Real-

Time Quantitative PCR and the 2−ΔΔCT Method. Methods 25, 402-408 (2001). 

28 Bu, Y. et al. Knockdown of Dicer in MCF-7 human breast carcinoma cells results in G1 

arrest and increased sensitivity to cisplatin. Oncol. Rep. 21, 13-17 (2009). 

29 Shen, D. W. & Gottesman, M. M. RAB8 Enhances TMEM205-Mediated Cisplatin 

Resistance. Pharm. Res. 29, 643-650 (2012). 

30 Shen, D. W. et al. Elevated expression of TMEM205, a hypothetical membrane protein, 

is associated with cisplatin resistance. J. Cell. Physiol. 225, 822-828 (2010). 

31 Galluzzi, L. et al. miR-181a and miR-630 regulate cisplatin-induced cancer cell death. 

Cancer Res. 70, 1793-1803 (2010). 

32 Zhu, W., Shan, X., Wang, T., Shu, Y. & Liu, P. miR-181b modulates multidrug 

resistance by targeting BCL2 in human cancer cell lines. Int. J. Cancer. 127, 2520-2529 

(2010). 

33 Cichocki, F. et al. Cutting edge: microRNA-181 promotes human NK cell development 

by regulating Notch signaling. J. Immunol. 187, 6171-6175 (2011). 

34 Liu, G., Min, H., Yue, S. & Chen, C. Z. Pre-miRNA loop nucleotides control the distinct 

activities of mir-181a-1 and mir-181c in early T cell development. PloS One 3, e3592 

(2008). 

35 Naguibneva, I. et al. The microRNA miR-181 targets the homeobox protein Hox-A11 

during mammalian myoblast differentiation. Nat. Cell Biol. 8, 278-284 (2006).   



 

57 
 

 

 

 

 

 

CHAPTER 2 

 

 

The miR-15 Family and miR-155 Mediate WEE1 and CHK1 Effects on  

Cisplatin Sensitivity in Cancer Cells 
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Gottesman, Matthew D. Hall. " The miR-15 family and miR-155 mediate WEE1 and CHK1 
effects on cisplatin sensitivity in cancer cells" Submitted.  
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ABSTRACT 

 

The development of resistance towards platinum-based therapies is mediated by a pleiotropic 

phenotype involving multiple mechanisms. This includes alterations to cell cycle regulation by 

kinases. We conducted parallel high-throughput screens for miRNA mimics that sensitized 

cisplatin-resistant cells, and for kinases silenced by siRNA that sensitized the same cells, to 

identify miRNA-gene pairs associated with resistance. Here we report the finding that the 

kinases WEE1 and CHK1 are over-expressed in cisplatin-resistant cells. The miR-

15/16/195/424/497 family, identified in our screen, are shown to target the kinases CHK1 and 

WEE1, and show decreased expression in resistant cells. Loss- and gain-of-function studies 

demonstrate that increasing or decreasing expression of miR-15 family members controls the 

expression of WEE1 and CHK1 protein. Our results demonstrate microRNA regulation of 

critical cell-cycle-associated kinases in acquiring resistance to cisplatin. 
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INTRODUCTION 

 

Cisplatin [cis-diamminedichloroplatinum(II)] (CisPt) and its analogs carboplatin and oxaliplatin 

are used to treat a range of malignancies including testicular, ovarian, head and neck, bladder, 

esophageal, and small cell lung cancer 1-4. Due to acquired or intrinsic resistance, tumors are not 

eliminated by treatment with the notable exception of testicular cancer 2,3,5. Cisplatin resistance 

studied in cultured cancer cells often results from a cellular defense mechanism that results in a 

highly complex pleiotropic phenotype that confers resistance by reducing apoptosis, up-

regulating DNA damage repair mechanisms, altering cell cycle checkpoints, and disrupting 

assembly of the cytoskeleton 3. These alterations to the cytoskeleton disrupt cellular protein 

trafficking, and redirect transporters away from the cell surface. This results in cells that are 

permanently resistant not only to cisplatin but also show cross-resistance to multiple toxic 

compounds that enter cells via existing transporters. The pleiotropic mechanisms underlying 

cisplatin resistance are well described, but poorly understood in their entirety and in terms of 

clinical significance 3,6.   

 

In cisplatin resistant (CP-r) cancer cells, cell cycle mechanisms allow the cell to compensate for 

drug toxicity 2,6,7 8. When cancer cells are treated with a Pt-based chemotherapeutic, the drug 

forms Pt-DNA adducts that are generally believed to be responsible for cell death 3,9. The lesion 

formed is recognized, activating DNA repair or apoptotic pathways 4,8,9. The classical cellular 

response to cisplatin is G2 arrest, allowing the cell to repair critical DNA damage before moving 

forward with proliferation. Cells that attempt to progress through G2 without sufficient repair 
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undergo apoptosis 4,9,10. The length of time spent in G2 is therefore dependent on the extent of 

DNA platination 11, and CP-r cells demonstrate altered cell cycle distribution and prolonged G2 

arrest to avoid CisPt induced death 1,8,9,12. Entrance into G2 and the G2/M checkpoint is mediated 

by kinase-controlled signaling pathways 12. Multiple kinases have been shown to have an effect 

on sensitivity to chemotherapy, in part by regulating cell cycle checkpoints 13-18. 

 

MicroRNAs (miRNAs) are small non-coding regulatory factors 18 to 25 nucleotides in length. 

miRNAs affect gene expression by complementary pairing with the 3’-untranslated region of 

mRNAs leading to translational repression, by either degradation or sequestering of mRNA. 

miRNAs have crucial roles in diverse biological processes such as cell differentiation and 

phenotypic stabilization, and have also been shown to be involved in tumor growth and response 

to chemotherapy 19-21. The extent of miRNA involvement in cisplatin resistance is not 

understood, but studies have begun to identify miRNA-mRNA targets involved in sensitizing or 

causing resistance, providing potential new targets and mechanisms as treatment options 21-26.     

 

We hypothesized that miRNAs play a role in mediating cisplatin resistance through multiple 

pathways, including regulation of kinases critical to cell cycle control. In order to address this 

hypothesis, we designed a high-throughput screen with two purposes: 1) to identify miRNAs that 

confer sensitivity to CisPt in resistant cells by mimicking miRNA, and 2) to identify kinases that 

increase the sensitivity of Cp-r cells when silenced. Kinase hits were validated by siRNA 

experiments, examined for expression in cell lines, and tested for involvement in CisPt resistance 

with small molecule kinase inhibitors. miRNA hits from the screen that were predicted to target 
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kinases identified by the screen were validated using loss-of-function/gain-of-function cell 

survival curves and Western blots to demonstrate a connection between miRNA activity and 

kinase regulation. We also tested our screen by selecting a miRNA that was not identified in our 

screen but was predicted to target the top kinase hit.  
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MATERIALS AND METHODS 

 

Cell lines and cell culture. The parental human epidermoid carcinoma cell line KB-3-1, and two 

CP-r sub-lines, KB-CP.5 and KB-CP20 were employed for this study. KB-CP.5 cells were 

originally selected in a single step in 0.5 µg CisPt/mL (1.6 µM), as described previously 27,28. 

KB-CP20 cells were selected by stepwise increases to 20 µg of cisplatin/ml of medium (66.7 

µM), as described previously 29,30. The CP-r cells were maintained in the presence of CisPt, but it 

was removed from growth medium three days prior to all experiments. All cell lines were grown 

as monolayer cultures at 37°C in 5% CO2, using Dulbecco’s modified Eagle medium (DMEM) 

with 4.5 g/L glucose (Invitrogen, Carlsbad, CA), supplemented with L-glutamine, penicillin, 

streptomycin and 10% fetal bovine serum (BioWhittaker, Walkersville, MD). Cisplatin was 

purchased from Sigma (St. Louis, MO).  

 

High-throughput screen KB-CP.5 (resistant) cells were screened with both human kinome 

siRNA (Ambion SilencerSelect) and human miRNA mimic (Qiagen) libraries. The kinome 

library targets 704 genes with 3 siRNAs per gene arrayed in individual wells of 384 well plates 

(see Supplemental Table 1 for a full list of genes targeted). The miRNA mimic library is based 

on Sanger miRBase 13.0 and contains 875 mimics (Supplemental Table 2). For transfection, 

siRNA or miRNA mimic (0.8 pmol) was spotted to 384 well plates (Corning 3570) and 0.1 µL of 

Lipofectamine RNAiMax (Invitrogen) was then added in 20 µL of serum free media. This 

mixture was incubated at ambient temperature for 30 minutes prior to adding cells (1,200) in 20 

µL of DMEM containing 20% FBS, yielding final transfection mixtures with 20 nM siRNA or 
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miRNA mimic. Transfected cells were incubated for 24 h at 37ºC prior to addition of cisplatin or 

vehicle only (PBS). Cells were incubated with compound for 72 h prior to assaying cell viability 

(CellTiter Glo, Promega).  

 

All screening plates had a full column (16 wells) of both negative (Ambion SilencerSelect 

Negative Control #2) and positive control (PLK1 siRNA, Ambion, s448, target sequence 

AACCAUUAACGAGCUGCUUAA) siRNAs. The positive control served to assess transfection 

efficiency, whereas the median value of each plate’s negative control column was used to 

normalize corresponding sample wells. For vehicle only plates, negative control wells received 

PBS alone. For compound treated plates, negative control wells received cisplatin (EC5 or EC30) 

in PBS. Candidate miRNAs were primarily selected by examining the ratio between the negative 

control normalized viability of each mimic in the presence and absence of cisplatin. Mimics 

ranking highest in terms of these ratios at both doses of cisplatin (>2.5 standard deviations from 

the median ratio value, ≈ among the top 3%) were prioritized for follow-up (12 mimics). A 

similar approach was used to select the top kinases, focusing on those with multiple siRNAs 

among the top actives at both doses (>2.5 standard deviations from the median, ≈ among the top 

3%). Genes selected at both doses included ATR, CHEK1, and WEE1. Six additional siRNA 

sequences (Qiagen) were tested for each of the top genes in the context of a cisplatin dose 

response (1000 µM to 0 µM). 
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ATR (Catalog #, Target Sequence) 

SI00023107, CCGCTAATCTTCTAACATTAA 

SI00023114, TAGCCTATCCTCAACAAGCAA 

SI02625476, GCCGCTAATCTTCTAACATTA 

SI02660231, AAGGACATGTGCATTACCTTA 

SI02664347, CAGGCACTAATTGTTCTTCAA 

SI03101637, GACCGGATACTTACAGATGTA 

CHEK1 (Catalog #, Target Sequence) 

SI00024570, AGGAGAGAAGGCAATATCCAA 

SI00287658, AAGAAAGAGATCTGTATCAAT 

SI00299859, AACTGAAGAAGCAGTCGCAGT 

SI00605094, CCCGCACAGGTCTTTCCTTAT 

SI02660007, TTGGAATAACTCACAGGGATA 

SI04753889, ATCAGGTTACTATATCAACAA 

WEE1 (Catalog #, Target Sequence) 

SI00051758, CAGGGTAGATTACCTCGGATA 

SI00051765, TCAGGCTTTCATCTAATCTTA 

SI00302211, CACTGGTAAAGCATTCAGTAT 

SI02631069, TACCTGTGTGTCCATCTTATA 

SI02758791, CAAGACCTGCTAAGAGAATTA 

SI02758798, ACAATTACGAATAGAATTGAA.  
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Small molecule kinase inhibitors. Cells were treated with the following kinase inhibitors: SB 

218070 against CHK1, MK 1775 against WEE1, and PD 407824 against WEE1 and CHK1 

(Tocris Bioscience, Minneapolis, MN).  

 

MTT assay. Cell survival was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) viability assay. Cells were seeded at a density of 5,000 cells 

per well in 96-well plates and incubated at 37°C in humidified 5% CO2 for 24 h. Serially diluted 

cisplatin was added to give the intended final concentrations. Cells were then incubated an 

additional 72 h, and the MTT assay was performed according to the manufacturer's instructions 

(Molecular Probes, Eugene, OR). Absorbance values were determined at 570 nm on a Spectra 

Max 250 spectrophotometer (Molecular Devices, Sunnyvale, CA). All MTT assays were 

performed three times in triplicate. The 50% inhibitory concentration (IC50) values were defined 

as the drug concentrations required to reduce cell viability to 50% of the untreated control well 

and are reported here as such.  

 

RNA extraction, cDNA preparation, and quantitative real-time (RT)-PCR. Cisplatin was 

removed 72 h prior to experiments. RNA was harvested from KB-3-1 and KB-CP.5 cells using 

the mirVana miRNA Isolation Kit (Ambion, Carlsbad, CA).  RNA integrity and concentration 

were measured using an NP-1000 Spectrometer to measure absorbance (Thermo Scientific, 

Wilmington, DE). cDNA was prepared from 20ng total RNA following the manufactures 

instructions. RT-PCR was run using Exiqon probes  on a 7500 fast real-time PCR system 
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(Applied Biosystems). The miRNA data was normalized to U6 RNA. Expression level was 

calculated by the ∆∆Ct method.  

LNA Primer (miRNA, Sequence)  

hsa-miR-15a:  UAGCAGCACAUAAUGGUUUGUG  

hsa-miR-15b: UAGCAGCACAUCAUGGUUUACA  

hsa-miR-16: UAGCAGCACGUAAAUAUUGGCG  

hsa-miR-16-1*: CCAGUAUUGACUGUGCUGCUGA  

hsa-miR-424*: CAAAACGUGAGGCGCUGCUAU 

hsa-miR-155: UUAAUGCUAAUCGUGAUAGGGGU 

 

Target prediction. miRNAs predicted to target kinases identified by the high-throughput screen 

were identified by using miRanda(http://www.microrna.org/microrna/home.do) and 

TargetScanHuman (http://www.targetscan.org/) algorithms.  

 

Transfection of miRNA mimics and inhibitors. Transfection was performed with RNAiMax 

(Invitrogen, Carlsbad, CA) (2.5 µL/mL). The pre-designed miRIDIAN miRNA mimics and 

inhibitors, and AllStars Negative Control (mock) (Qiagen) were plated with cells on day 1 at 10 

nM. The transfection was performed as described by the manufacturer. 

mimic/inhibitor (miRNA, Target Sequence)  

hsa-miR-15a: UAGCAGCACAUAAUGGUUUGUG 

hsa-miR-15b: UAGCAGCACAUCAUGGUUUACA 

hsa-miR-16: UAGCAGCACGUAAAUAUUGGCG 
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hsa-miR-16-1*: CCAGUAUUAACUGUGCUGCUGA 

hsa-miR-424*: CAAAACGUGAGGCGCUGCUAU 

hsa-miR-155: UUAAUGCUAAUCGUGAUAGGGGU 

 

Preparation of cell lysates, quantification of protein, and western blot analysis.  Cell 

samples were obtained by trypsin digestion followed by two washes in PBS. Protein was 

extracted using Cell Extraction Buffer (Invitrogen) with 50 µL/mL Protease Inhibitor Cocktail 

(Sigma). Protein concentrations were determined using the Bio-Rad Protein Assay based on the 

Bradford method as per the manufacturer’s instructions. 50 µg protein samples were loaded onto 

a NuPage 3-8% TA gel (Invitrogen) and run at 125 V. Transfer to nitrocellulose membranes was 

performed using an iBlot Gel Transfer Device (Invitrogen) at 20 V for 7 min. Membranes were 

blocked in 5% non-fat milk for 1 h, exposed to primary antibody overnight at 4 °C, and HRP-

tagged secondary antibody for 1 h at room temperature. Blots were incubated with Immobilon 

Western Chemiluminescent HRP Substrate (Millipore, Billerica, MA) and developed on 

Amersham Hyperfilm ECL (GE Healthcare, Buckinghamshire, UK). The following antibodies 

were used for western blot analysis: CHK1 (C9358 Sigma, St. Louis MO) 1: 1000 dilution, 

WEE1  (4936S Cell Signaling) 1: 1000 dilution, ATR (WH0000545M1 Sigma, St. Louis MO) 1: 

1000 dilution, GAPDH (437000 Invitrogen, Camanillo, CA) 1: 10,000 dilution. 
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Statistical Analysis. We used GraphPad Prism 5 software for graphs and statistics. All data are 

expressed as mean ± SD.  Comparisons among groups were analyzed using Analysis of Variance 

(ANOVA). Comparisons between different groups were analyzed using Two-way ANOVA. P 

values <0.05 were considered significant differences. 
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RESULTS 

 

A high-throughput screen identifies miRNA and kinases that can sensitize cell lines to 

CisPt. We developed a high-throughput screen (HTS) to identify miRNAs that when mimicked 

(increasing abundance) could sensitize CP-r KB-CP.5 cells to CisPt.  

 

 

Figure 1. Schematic demonstrating the objective of the high throughput screen. Cells were 

incubated with each RNAi/mimic in the screen. CP-r KB-CP.5 cells were treated with cisplatin at 

a dose shown to kill 5% of the cell population (IC5) and 30% of the cell population (IC30) and 

examined for increased sensitivity to drug in the presence of each siRNA or miRNA mimic. 
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KB-CP.5 cells were screened with miRNA mimics (Sanger miRBase 13.0), and then challenged 

with CisPt at IC5 (5 µM) and IC30 (25 µM) doses. After 72 h, cell viability was determined using 

a Promega CellTiter-Glo luminescent viability assay that reports on cell survival based on 

cellular ATP levels in each well. Conditions that sensitized the resistant cells (indicated by low 

cell viability compared with cells transfected with negative control siRNA) were examined. 

  

Table 1. Protocol for the high-throughput screens. The assay consists of transfecting cells, 

followed by addition of CisPt 24 h later. After 72 h drug incubation, viability was measured using 

a luminescent viability assay. Cell growth for each condition will be reported relative to control 

cells treated with cisplatin and siNegative. miRNAs and genes that confer resistance to sensitive 

cells when silenced, and miRNAs (Table 2) and genes (Table 3) that confer sensitivity to Cp-r 

cells were selected for validation and secondary screening. 

Sequence Parameter Value Description 
1  Reagent  40 µL KB-CP.5 lines plated at 1200 cells/well  
2  Reagent  0.1 µL RNAi Max RNAi  
3  Time  24 h 37 ºC , 5% CO2  
4  Reagent  10 µL Cells dosed with CisPt  
5  Time  72  h 37 ºC , 5% CO2  
6  Reagent  As per assay instructions Luminescent viability assay  
7  Detection   Read Plate  

 

 

Twelve miRNA mimics were shared among the top hits for both the EC5 and EC30 doses, 

inducing > 2-fold change at the EC30 dose (Table 2). Five of these mimics belong to the miR-

15/16/195/424/497 family. This family shares an identical seed sequence (a seven nucleotide 

sequence that complements and selects target mRNA for sequestering or degradation). miR-16-

1* and miR-424* are part of the family but are matured from the 3’ strand of the hairpin loop of 
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the pre-miRNA  and therefore are a perfect complement to the family seed sequence. miR-16 

transfection conferred a 5-fold increase in cisplatin sensitivity, and its family member miR-15a 

had a 3.4-fold increase, providing two of the top three hits in the primary screen.  

 

Table 2. miRNA mimics found to sensitize KB-CP.5 cells to CisPt in the high-throughput screen. 

miRNAs were considered to be hits if they were active at both concentrations of CisPt (IC30 and 

IC5 doses). Active miRNA mimics identified are ranked in order of the fold-change sensitization. 

miR-16, miR-15a, miR-424*, miR-16-1*, and miR-15b all belong to the same miRNA, highlighted 

in red .  

 % Viability, 
miRNA mimic  

% Viability, 
mimic + IC30 CisPt 

Fold Change in % 
Viability 

miR-16  71.3 14 5.1 
miR-503  82.9 23.7 3.5 
miR-15a  69.5 20.3 3.4 
miR-29b-2*  80.3 24.8 3.2 
miR-634  100 31.2 3.2 
miR-17  98.5 31.6 3.1 
miR-424*  79.5 25.6 3.1 
miR-1262  67.1 24.5 2.7 
miR-16-1*  104.1 43.8 2.4 
miR-15b  101.7 43.3 2.4 
miR-29b 112.3 51.4 2.2 
miR-101 102.6 48.7 2.1 

 

 

As part of the HTS, in parallel we evaluated a kinase library in order to determine which kinases 

had a significant effect on CisPt resistance in our cell lines. Here, we screened for kinases that, 

when silenced, conferred sensitivity to CP-r cells. To accomplish this, the kinome siRNA 
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(Ambion SilencerSelect, 704 genes, 3 siRNAs per gene) library was run under the same 

conditions as those used for the miRNA mimics (KB-CP.5 cells with two low toxicity CisPt 

doses, IC5 and IC30), with three siRNAs being tested for each kinase.  Selected candidates had at 

least 2 of 3 siRNAs scoring at the top in terms of sensitizing CP-r cells to cisplatin at both doses 

(Table 3). The three strongest candidates were WEE1, ATR and CHEK1. 

 

Table 3. Kinase siRNAs found to sensitize KB-CP.5 cells to CisPt. Silenced genes were 

considered significant if more than 1 siRNA against a given gene significantly sensitized KB-

CP.5 cells to CisPt. Viability was determined as the percentage of siRNA-treated surviving cells 

compared with siNegative cells. The listed values correspond to the highest fold change 

observed for a given gene. miRNA hits predicted to target kinases using TargetScanHuman and 

miRanda are listed.  

siRNA 
target 

%Viability, 
siRNA 

% Viability, 
siRNA + 

IC30 CisPt 

Fold Change 
in % 

Survival 
Predicted targets of miRNA from screen 

WEE1  69.4 13.7 5.1 miR-15a/15b/16/16-1*/424*,  
miR-17, miR-503 

ATR  109.6 28.4 3.9 none 
CHEK1   75.6 19.9 3.8 miR-15a/15b/16/16-1*/424*, miR-503 
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ATR, WEE1, and CHEK1 expression and function confer resistance to CisPt while 

interference by RNAi or small molecule inhibitors increases sensitivity. In order to confirm 

that the top three kinase hits from the screen affect CisPt resistance, an additional 6 siRNAs for 

each gene were used in a follow-up dose-response validation (Figure 2). Four siRNAs against 

ATR accorded a 3- to 10-fold increase in sensitivity to CisPt. Six siRNAs against CHEK1 and 

six against WEE1 increased sensitivity 2- to 14-fold, indicating that these kinases play an 

important role in inhibiting cell killing by CisPt (Figure 2a).  
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Figure 2. Validation of high-throughput kinase hits. a) Follow-up dose response analyses using 

additional siRNAs confirms sensitization mediated by the knockdown of ATR, CHK1, and WEE1 

in KB-CP.5 cells compared to siNegative treated cells. b) Western blots showing normal 

expression of kinases.  ATR, WEE1, and CHK1 have increased expression in resistant lines 

(KB-CP.5 and KB-CP20) compared to sensitive (KB-3-1). The increase in expression is 

dependent on the level of resistance. c) Small molecule kinase inhibitors PD 407824 (CHK1 and 

WEE1), MK 1775 (WEE1), and SB 218078 (CHK1 ) have concentration-dependent toxic effects 

on sensitive and resistant cell lines. d) Cells were treated with sub-toxic doses of kinase 

inhibitors (10nM) and challenged with CisPt (50 µL to 0 µL). KB-3-1 sensitive cells had a 1.2 - 

3.9 fold decrease in survival in CisPt when the kinase function was inhibited with small molecule 

inhibitors. KB-CP.5 resistant cells had less of an effect with 1.2- to 1.9-fold increase in sensitivity 

to CisPt.  

 

To confirm that ATR, WEE1, and CHK1 are involved in CisPt resistance, we examined the 

expression of ATR, WEE1, and CHK1 protein in KB-3-1 (sensitive), KB-CP.5 (low resistant 

clone), and KB-CP20 (high resistant population) cells (Figure 2b). All three kinases showed an 

increase in expression in the CP-r lines compared to parental KB-3-1 cells. In addition, KB-CP20 

cells showed an increase in expression compared to KB-CP.5, indicating that the expression of 

ATR, WEE1, and CHK1 correlate with the level of CisPt resistance in each cell line. As ATR 

was not predicted as a target for miRNA identified in our screen, it was not studied further.  

 

We sought to determine whether inhibiting WEE1and CHK1 kinase activity could sensitize 

resistant lines and modulate resistance. To this end, we evaluated the response of KB-3-1 and 
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KB-CP.5 lines to the following small molecule kinase inhibitors: MK 1775 (WEE1), PD 407824 

(WEE1/CHK1), and SB 218078 (CHK1) (Figure 2c). All inhibitors demonstrated cytotoxicity 

towards both the KB-3-1 and KB-CP.5 lines. MK 1775 (WEE1) provided the strongest effect, 

killing 50% of the cell population (IC50) at 0.4 ± 0.1 µM irrespective of cell line (Table 4). KB-

CP.5 cells showed cross-resistance to SB 218078 (CHK1, KB-3-1  IC50 = 1.7 ± 0.2 µM, KB-

CP.5  IC50 = 2.8 ± 0.2 µM) and PD 407824 (CHK1/WEE1, KB-3-1  IC50 = 2.7 ± 0.5 µM, KB-

CP.5  IC50 = 4.4 ± 0.6 µM). 

 

Next, KB-3-1 and resistant KB-CP.5 cells were examined to determine whether inhibiting 

WEE1or CHK1sensitized them to CisPt treatment. This was achieved by treating cells with a 

sub-toxic dose of each kinase inhibitor; MK 1775 (WEE1, 10 nM), PD 407824 (WEE1/CHK1, 

10 nM), and SB 218078 (CHK1, 10 nM). Kinase inhibitors were used at a subtoxic dose to 

ensure the assay identified cell death dependent on CisPt and not the inhibitors themselves. 

Inhibiting the function of kinases produced an increased sensitivity to CisPt, albeit to a lesser 

degree than occurred with the siRNA (Figure 2d), with MK 1775 (WEE1) being the most 

effective. Sensitive KB-3-1 cells showed a greater degree of sensitization than resistant KB-CP.5 

cells (Table 4). This may be due to the lower expression of WEE1 and CHK1in KB-3-1 cells, as 

there is a lower concentration of kinase to inhibit with an identical dose. We cannot rule out, 

however, that the CP-r phenotype restricts cell entry of the kinase inhibitors. These data indicate 

that resistance to CisPt includes increased expression of kinases responsible for G2/M 

checkpoint regulation, and inhibiting these same kinases sensitizes CP-r cells. The CP-r 

phenotype confers cross-resistance to kinase inhibitors against WEE1 and CHK1.  



 

77 
 

Table 4. Cytotoxicity (IC50) values for small molecule kinase inhibitors (KI) against KB-3-1 and 

KB-CP.5 cells, with and without CisPt. Cells were treated with KIs alone in order to determine a 

dose shown to kill 50% of the cell population (IC50), and to identify sub-toxic doses. Cell lines 

were then treated with CisPt alone or CisPt with a subtoxic dose of KIs. Sensitization is 

calculated as the fold difference between the CisPt IC50 divided by KI treated cells. A value > 1 

signifies an increase in sensitivity.  

Cell 
Type 

Kinase 
Inhibitor 

(KI)  

KI IC50 
(µM) 

Subtoxic 
Dose (nM) Target CisPt 

IC50(µM)  

CisPt 
IC50(µM) 

 + KI  
Sensitization  

KB-3-1 PD 407824 2.7 ± 0.5 10 Wee 1, 
Chek 1 

5.1 ± 0.9 4.3 ± 0.6 1.2 

KB-CP.5  PD 407824 4.4 ± 0.6  10 Wee 1, 
Chek 1 

12.6 ± 3.6 9.1 ± 0.1 1.4 

KB-3-1 MK 1775 0.4 ± 0.1  10 Wee 1  5.1 ± 0.9 1.3 ± 0.1 3.9 
KB-CP.5  MK 1775 0.5 ± 0.1  10 Wee 1  12.6 ± 3.6 6.5 ± 0.7 1.9 
KB-3-1 SB 218078 1.7 ± 0.2  10 Chek 1 5.1 ± 0.9 1.3 ± 0.01 3.9 
KB-CP.5  SB 218078 2.8 ± 0.2  10 Chek 1 12.6 ± 3.6 10.2 ± 0.5  1.2 

 

 

CHK1 and WEE1 are predicted to be targets of miR-15a/15b/16/16-1*/424*. Using 

TargetScanHuman and miRanda, online algorithm programs for the prediction of miRNA 

targets, we found that the miR-15/16/195/424/497 family identified in the miRNA mimic screen 

is predicted to target WEE1 and CHEK1, two of the hits provided in the kinome RNAi screen 

(Table 3). This is consistent with our hypothesis that a miRNA will down-regulate expression of 

genes associated with CisPt resistance, leading to loss of phenotype and increased sensitivity to 

CisPt (Figure 1b). We therefore hypothesize that miR-15a/15b/16/16-1*/424* regulation of 

CHEK1 and WEE1 is causative for CisPt resistance. miR-155 has been shown previously to 

target WEE1 kinase 31, but it was not identified by our screen. In evaluating the connection 
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between the screen hits, miR-155 was incorporated to give us insight into the selectivity of the 

miRNA screen.  

 

miR-15a/15b/16/16-1*/424*and miR-155 is decreased in cisplatin-resistant cells.  

RT-PCR was used to determine the endogenous expression of miRNAs in KB-3-1 and KB-CP.5 

cell lines (Figure 3). ∆CT values were obtained using U6 snRNA as an internal control32. miR-

16-1* was the most abundant family member in KB-3-1 cells followed by miR-16 and miR-

424*, with all miRNAs being expressed at detectable levels. Expression of all miRNA members 

showed decreased expression in KB-CP.5 cells compared to the parental KB-3-1 cells. miR-16-

1* showed the greatest loss in expression in KB-CP.5 cells. miR-155 also showed a decrease in 

expression in KB-CP.5 cells comparable to miR-15a but less than that of family members miR-

15b/16/16-1*/424*. This indicates that miR-15a/15b/16/16-1*/424* and miR-155 have a lower 

expression in KB-3-1 cells consistent with their increased resistance to CisPt.  
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Figure 3. Expression of miR-15 family members and miR-155 in KB-3-1 and KB-CP.5, with RT-

PCR. Samples were normalized to U6. Using ANOVA statistical analysis, columns comparing 

expression of one miRNA have a p-value >0.05. Columns comparing different miRNAs to each 

other in the same cell line have a p-value (Two way ANOVA) of < 0.0001.   

 

 

miR-15a/15b/16/16-1*/424* target WEE1 and CHEK1 in KB-3-1 and KB-CP.5 cell lines.  

To determine whether manipulation of miRNA affects WEE1 and CHK1 levels, cells were 

treated with a miRNA mimic or miRNA inhibitor (siRNA directed against a miRNA precursor) 

for individual members of the miR-15a/15b/16/16-1*/424* family, and cell lysates were obtained 
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at 48 h. CHK1 and WEE1 expression in response to an increase (mimic) or decrease (inhibitor) 

in miRNA were examined by Western blot (Figure 4).  

 

a) KB-3-1 + miRNA mimic b) KB-3-1 + miRNA inhibitor 

  

c) KB-CP.5 + miRNA mimic d) KB-CP.5 + miRNA inhibitor 

  

Figure 4. Western blots showing expression of WEE1 and CHK1 in response to transfection 

with miR-15a/15b/16/16-1*/424* miRNA mimics and miRNA inhibitors in KB-3-1 and KB-CP.5 

lines. miRNA mimics for miR-15a/15b/16/16-1*/424* show a decrease in expression while 

miRNA inhibitors show an increase of kinase expression.  
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All miRNA family members elicited a decrease in WEE1 and CHK1 levels in response to 

miRNA mimics in both cell lines (Figure 4a, 4c). KB-3-1 cells transfected with miRNA inhibitor 

showed an increase of CHK1 in all samples (Figure 4b). miR-15a, miR-15b and miR-16 

inhibitors transfected into KB-3-1 also increased expression of WEE1. KB-CP.5 cells showed 

increased expression of WEE1 in response to miR-15a/15b/16/16-1* inhibitors, but did not show 

a marked response to miR-424* (Figure 4d). All miRNA inhibitors increased the expression of 

CHK1 in KB-CP.5 cells (Figure 4d).  

 

miRNA inhibitors confer a marked increase in CisPt resistance. Loss-of-function/gain-of-

function experiments were completed by transfecting sensitive and resistant cells with siNegative 

(control), miRNA mimics, or miRNA inhibitors. After 24 h all samples were challenged with 

CisPt (dose gradient from 100 to 0 µM). Cell survival curves (Figure 5) demonstrate that all 

miRNA mimics for the miR-15a/15b/16/16-1*/424* family increase sensitivity to CisPt for all 

data points. Transfection of miR-16-1* (Figure 5d) and miR-424* (Figure 5e) mimics conferred 

the greatest degree of sensitization.  

 

Conversely, miRNA loss of function by treatment with inhibitor against each miRNA for the 

miR-15a/15b/16/16-1*/424* family increased cellular resistance to CisPt in KB-3-1 cells. This 

was also observed for KB-CP.5 cells, however, the low expression of miR-15a/15b/16/16-

1*/424* in KB-CP.5 cells (Figure 3) means only minimal additional silencing of WEE1 and 

CHK1 is possible. Increasing the expression of miR-15a/15b/16/16-1*/424* decreases the 

expression of WEE1 and CHK1 and results in sensitivity to CisPt.  
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Figure 5. Response of KB cell lines to miRNA mimic/inhibitor data for the miR-15 family. Cells 

were treated with a miRNA mimic or an miRNA inhibitor for each family member (miR-

15a/15b/16/16-1*/424*) (10nM) and challenged with CisPt (50 µM to 0 µM). miR-15a/15b/16/16-
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1*/424* all showed an increase in resistance when the miRNA was inhibited and an increase in 

sensitivity to CisPt when the miRNA was increased.  

The effect of miRNA mimics and inhibitors was confirmed by RT-PCR (Figure 6), and no off-

target effects were observed for other family members (Figure 7).  

 

 

Figure 6. Expression of miR family members in KB-3-1 and KB-CP.5 cells. Demonstration of 

increased expression of each miRNA family member following transfection with miRNA mimic, 

and loss of expression of each miRNA family member following transfection with siRNA directed 

against the family member. RNA extraction was performed 72 h after transfection of cells. In 

most cases, miRNA could not be detected in miRNA inhibitor (siRNA) treated cells (signified by 

Ø). 
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Figure 7. Expression of miR family members in KB-3-1 cells transfected with miR-15a mimic. 

RT-PCR performed to determine if miR-15a mimic gave off-target effects to other family 

members. miR-15a mimic increases miR-15a levels but has no statistical effect on expression of 

other family members.  Other miRNA mimics examined showed a similar lack of off-target 

effects (not shown). 
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Table 5. Cytotoxicity (IC50) values for KB-3-1 and KB-CP.5 lines with and without miRNA mimics 

or miRNA siRNA (inhibitors), and challenged with CisPt. KB-3-1 and KB-CP.5 cells were 

transfected with a miRNA mimic or an miRNA inhibitor on day one. After 24 h cells were treated 

with CisPt (50 µL to 0 µL) in order to determine a dose shown to kill 50% of the cell population 

(IC50).  

Cell Type  microRNA  IC50 (µM)  
CisPt  

IC50 (µM) 
+miRNA 

mimic  

IC50 (µM) 
+miRNA 
inhibitor 

KB-3-1 Hsa-miR-15a 3.7 ± 0.4 3.2 ±0.5 6.1 ± 0.4 
KB-3-1 Hsa-miR-15b 3.7 ± 0.4 2.8 ± 0.1 7.0 ± 0.9 
KB-3-1 Hsa-miR-16 3.7 ± 0.4 3.0 ± 0.1 5.7 ± 0.3 
KB-3-1 Hsa-miR-16-1* 3.7 ± 0.4 2.7 ± 0.1 6.01± 0.3 
KB-3-1 Hsa-miR-424* 3.7 ± 0.4 2.7 ± 0.1 6.78± 0.6 
KB-3-1  Hsa-miR-155 3.7 ± 0.4 2.3 ± 0.2 6.6 ± 0.7 
KB-CP.5   Hsa-miR-15a 11.5 ± 1.6 8.4 ± 0.2 22.4 ± 1.0  
KB-CP.5   Hsa-miR-15b 11.5 ± 1.6 9.4 ± 1.3 20.2 ± 1.9  
KB-CP.5   Hsa-miR-16 11.5 ± 1.6 10.8 ± 1.2 20.1 ± 1.2  
KB-CP.5   Hsa-miR-16-1* 11.5 ± 1.6 9.6 ± 0.5 20.4 ± 0.0 
KB-CP.5   Hsa-miR-424* 11.5 ± 1.6 9.2 ± 0.7 22.2 ± 1.0 
KB-CP.5   Hsa-miR-155 11.5 ± 1.6 8.9 ± 0.4 22.2 ± 1.4  

 

 

Interference of miR-155 causes an increase in cisplatin resistance by silencing WEE1.  

Gain-of-function transfection experiments with miR-155 mimic in KB-3-1 cells did not sensitize 

cells to CisPt. In KB-CP.5 cells there was a 20% decrease in percent viability when compared to 

siNegative treated cells (Figure 8a). Western blots demonstrate that increasing the level of miR-

155 in cell lines with miR-155 mimic silences WEE1 to undetectable protein levels (Figure 8b). 

Loss-of-function experiments with miR-155 inhibitors increased resistance significantly (Figure 

8a) and restored expression of WEE1 (Figure 8b). KB-3-1 cells transfected with miR-155 
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inhibitor were more resistant to CisPt (Figure 8b). This increased resistance was also seen in KB-

CP.5 cells transfected with miR-155 inhibitor. These results indicate that the decreased 

expression of miR-155 in CP-r cells contributes to increasing the amount of WEE1, thereby 

increasing resistance, but the interference of WEE1 alone by miR-155 is not enough to reverse 

the CP-r phenotype. 
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a) 

 

b) 

 

 

Figure 8. Response of KB-3-1 and KB-CP.5 lines to miR-155 mimic and inhibitor. a) Cells were 

transfected with a miRNA mimic or a miRNA inhibitor for miR-155 (10nM) and challenged with 

CisPt (50 µL to 0 µL). All cells showed an increase of resistance when the miR-155 was 

inhibited, but very little sensitivity when miR-155 was increased with a mimic. b) Western blot of 

WEE1 showing that miR-155 mimics decrease WEE1 in KB-CP.5 cells, and increase WEE1 

expression when miR-155 is inhibited.  
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Discussion 

 

We report here the results of two HTS, with the principal finding that the miR-

15abc/16/16abc/195/424/497/1907 family mediates resistance to cisplatin in our model, and 

identified their gene targets, the kinases WEE1 and CHK1. This finding was achieved by 

developing two complementary HTS designed to identify kinases whose loss sensitized cells to 

CisPt, and miRNA that, when increased by mimicking, achieved the same effect.  

 

 875 miRNA were screened for their ability to increase sensitivity to low doses of CisPt when 

mimicked in CP-r cells (KB-CP.5). Twelve miRNA were shared among the top hits at both doses 

and five were from the same family.  The miRNA selected for further validation were predicted 

to target the kinase positive hits from the parallel screen, and all miRNAs were confirmed to 

influence CisPt resistance by sensitizing cells to CisPt when mimicked. We also examined miR-

155, which was not identified in our screen but has been shown to target WEE131. In our loss-of-

function/gain-of-function validation studies, miR-155 did cause an increase in CisPt resistance 

when its expression is decreased; although, increasing the abundance of miR-155 does very little 

to increase sensitivity to CisPt, accounting for its lack of detection in our screen. An additional 

family member, miR-497, lay just outside the selection criteria, providing further support for the 

importance of this miRNA family in cisplatin sensitivity. Furthermore, miR-503, with 6 out of 7 

nt of seed sequence conserved with the 7 nt seed sequence of the miR-

15abc/16/16abc/195/424/497/1907 family, was also predicted to target CHK1. 
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 The miR-15abc/16/16abc/195/424/497/1907 family are grouped together based on their 

common seed sequence, and have been identified as tumor suppressor miRNAs with decreased 

expression, mutations to the coding region, or absence in chronic lymphocytic leukemia, gastric, 

lung, and prostate cancers 22,24,33-36. This family has also been shown to influence apoptotic 

pathways and response to chemotherapy by targeting BCL2 in gastric cancer 36. However, this is 

the first report linking the regulation of WEE1 and CHK1 cell cycle kinases by the miR-

15abc/16/16abc/195/424/497/1907 family in response to treatment with CisPt. This leads us to 

postulate that increasing the expression of miR-15 family members could reverse resistance to 

chemotherapy in multiple types of cancer. 

 

While several screens of varying scale have now been performed in the presence of CisPt, none 

have examined the sensitization of CP-r cells 37. We believe that potential strategies for resolving 

CisPt-based insensitivity is a critical unmet need in the clinic. Arora et al. recently reported a 

siRNA screen against kinases that played a role in the sensitivity of parental (non-resistant) 

SKOV cells to CisPt, identifying ATR and CHK1, but not WEE1 38. ATR, WEE1, and CHK1 

are kinases that affect the G2/M checkpoint in the cell cycle, where cells arrest after exposure to 

CisPt 4. Furthermore, CP-r cells develop prolonged G2 arrest, allowing a greater capacity for 

nuclear repair 11, supported by our finding that KB CP-r cells show increased expression of ATR, 

WEE1, and CHK1. While G2 arrest occurs in response to CisPt, cell death occurs when the cells 

undergo an abortive attempt at mitosis after G2 arrest 4. Therefore, abrogating G2 by forcing the 

cell into mitosis before DNA repair has been adequately accomplished increases the efficacy of 

CisPt. Decreasing the function or presence of WEE1 and CHK1, for example with small 
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molecule inhibitors, accomplishes this needed abrogation 4,12,39. Here we show that this is also 

true by increasing miR levels with a mimic. 

  

In response to DNA damage, sensor multiprotein complexes identify DNA lesions, following 

which ATR and ATM (cell cycle transducer proteins) are activated and signal the downstream 

checkpoint kinases 12. One of these checkpoint kinases, CHK1, a serine/threonine kinase, is a 

housekeeper present in cells with a normally functioning cell cycle. When signaled by ATR and 

ATM in response to DNA damage, CHK1 is directed to the site of Pt:DNA adducts, activated by 

S345 phosphorylation which prevents CDC2 from activating, and drives the cell into mitosis 12. 

CHK1 also phosphorylates p53 and in conjunction with ATM/ATR stabilizes p53 allowing for 

its activation and accumulation which results in a reversible cell cycle arrest, without requiring 

de novo protein synthesis 40,41. CHK1 is critical in modulating the G2/M checkpoint in the cell 

cycle when cells respond to DNA damaging agents 12 and is therefore one of the most important 

kinase targets related to the treatment of cancer 12,42. WEE1 is involved in mediating the required 

dephosphorylation of CHK1 by CDC25 at sites of inhibition in order to be activated 12. Wee1 is a 

a tyrosine kinase with a primary function of inactivating CDK1 (encoded by the CDC2 gene) 

leading to G2 checkpoint arrest and therefore preventing entry into mitosis 14,15. By regulating 

CDC2 activity, WEE1 determines the length of time spent in G2/M arrest 43.  

 

Abrogation of the G2/M checkpoint by targeting CHK1 and WEE1 with kinase inhibitors has 

been shown to sensitize cancer cells to DNA-damaging drugs 14,42. Kinase inhibitors against 

CHK1 and WEE1 are already in clinical trials but unfortunately cells can develop resistance to 
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the kinase inhibitors. Manipulation at the miR level could circumvent resistance or increase 

efficacy of CisPt and other drugs that damage DNA.  
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CHAPTER 3 
 
 
 
 

The Transcription Factor GCF2 is an Upstream Repressor of the Small GTPAse 

RHOA, Regulating Membrane Protein Trafficking and  

Sensitivity to Doxorubicin and Cisplatin 
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ABSTRACT 

 

Our aim was to explore the involvement of the transcriptional suppressor GCF2 in 

silencing RHOA, disorganization of the cytoskeleton, mislocalization of MRP1, and 

sensitivity to anti-cancer agents as an upstream gene target in cancer therapy. Increased 

expression of GCF2 was found in human cisplatin-resistant cells, and overexpression in 

GCF2-transfected cells results in silencing RHOA and disruption of the actin-filamin 

network. In consequence, the membrane transporter MRP1 was internalized from the cell 

surface into the cytoplasm, rendering cells sensitive to doxorubicin by more than 10-fold 

due to increased accumulation of doxorubicin in the cells. The GCF2 transfectants also 

showed reduced accumulation of cisplatin and increased resistance. siRNA targeted to 

GCF2 suppressed the expression of GCF2 in cisplatin-resistant cells, re-activated RHOA 

expression, and restored the fine structure of actin microfilaments. MRP1 was also 

relocated to the cell surface. siRNA targeted to RHOA increased resistance 3-fold in KB-

3-1 and KB-CP.5 cells.  These data for the first time demonstrate a novel complex 

regulatory pathway downstream from GCF2 involving the small GTPase RHOA, 

actin/filamin dynamics, and membrane protein trafficking. This pathway mediates 

diverse responses to cytotoxic compounds, and also provides a molecular basis for further 

investigation into the roles of transcriptional suppressors in the modulation of gene 

expression, membrane protein trafficking, and the significance of regulating cellular 

responses to chemotherapeutic drugs. 
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INTRODUCTION 

 

Cisplatin (CisPt) is a major chemotherapeutic agent used for the treatment of a wide 

spectrum of solid tumors. However, the ability of cancer cells to become resistant to the 

drug remains a significant impediment to successful chemotherapy. Intensive efforts have 

been made to identify genes that are involved in acquisition of CisPt resistance. Recent 

studies using gene knockout 1, differential display 2, subtractive hybridization 3, cDNA 

microarrays 4, and microRNA profiling 5 have documented a large number of genes that 

are either up-regulated or down-regulated in cisplatin-resistant (CP-r) cells, including 

genes that encode transcription factors, DNA damage-repair pathways 6, stress-response 

proteins, cell cycle checkpoints, apoptosis mediators, and transporters 7.  

 

GC-binding factor 2 (GCF2) is a transcriptional repressor also recently identified as the 

leucine-rich repeat (in FLII) interacting protein 1, also known as LRRFIP1. It has been 

reported that GCF2 negatively regulates expression of several genes, such as EGFR, 

platelet-derived growth factor (PDGF), and tumor necrosis factor alpha 8-12. However, the 

downstream targets of GCF2 in negatively mediating other genes and cell functions are 

largely unclear.  

 

The small guanine triphosphatase (GTPase) protein, RHOA, one of the first identified 

members of the Rho subfamily, belongs to the Ras superfamily of proteins. It has been 

increasingly investigated for its role in a variety of biological functions in vivo and in 

vitro, such as regulation of the actin cytoskeleton, cell morphology, cytokinesis, 
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proliferation and apoptosis 13-18. The roles of RHOA in regulation of ion channels and 

tumor invasion and/or metastasis in breast carcinomas have recently been described 19,20. 

Previous work in our laboratory revealed that many membrane proteins, such as the 

multidrug resistance-associated protein, MRP1, and the folate-binding protein, FBP, were 

translocated from the cell surface into the cytoplasm, near the trans-Golgi Network 

(TGN) region in human CP-r cells 21. However, the cause of this mislocalization was 

unknown. We also reported that the same CP-r cells were defective in the expression of 

the small GTPase RHOA, and had disorganized cytoskeletons 22. It seemed reasonable to 

speculate that the disorganization of the actin filaments in cisplatin-resistant cells might 

result from down-regulated expression of RHOA, as mentioned above. In the present 

work, we demonstrate that reduced expression of RHOA in CP-r cells is negatively 

regulated by the transcription factor, GCF2. Increased expression of GCF2 suppressed 

RHOA, disturbed the organization of the cytoskeleton by disrupting actin/filamin 

dynamics, and blocked the recycling pathway of the membrane protein MRP1, resulting 

in internalization in intracellular compartments near the nucleus, and sensitization to the 

MRP1 substrates doxorubicin and vincristine. Resistance to CisPt was also increased, due 

to decreased accumulation of the drug, but may also be related to a number of genes that 

were up- or down-regulated in GCF2-transfectants, as revealed by Taqman Low Density 

Array (TLDA) analysis of the drug resistance transcriptome. In conclusion, this work 

indicates that the transcription factor GCF2 is an upstream regulator in a pathway 

mediating membrane protein trafficking, with multiple effects on the expression of 

various genes, some of which are involved in cellular response to cancer 

chemotherapeutic agents. 
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MATERIALS AND METHODS 

 

Cell lines and cell culture. Two populations of CP-r cell lines and their parental cell 

lines were studied: the human epidermoid carcinoma cell line KB-3-1 and its independent 

CP-r derivative, KB-CP.5, selected in a single step at 0.5 µg cisplatin/mL 21,23. The KB-

CP20 cell line and the human liver carcinoma cell line BEL-7404 and its CP-r derivative 

7404-CP20 were selected by stepwise increases to 20 µg of CisPt/ml of medium, as 

described previously 22,24. All the CP-r cells were maintained in the presence of cisplatin, 

but cisplatin was removed from the medium 3 days prior to preparation of proteins and 

RNA. All cell lines were grown as monolayer cultures at 37°C in 5% CO2, using 

Dulbecco’s modified Eagle medium with 4.5 g/L glucose (Invitrogen, Carlsbad, CA), 

supplemented with L-glutamine, penicillin, streptomycin and 10% fetal bovine serum 

(BioWhittaker, Walkersville, MD). Cisplatin, cytochalasin D and other chemicals were 

purchased from Sigma (St. Louis, MO).  

 

Preparation of RNA and reverse transcription (RT) PCR for GCF2/LRRFIP1. For 

determination of levels of expression of genes of interest, RNA was isolated from cells 

using an RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer’s instructions. 

RT-PCR was performed using a GeneAmp kit (Applied Biosystems, Branchburg, NJ) as 

described by the manufacturer. This was performed twice with similar results. Specific 

primers for tested genes were: GCF2: 5’-TGA AAG GGA AAA ACA CGC C -3’ 

(forward), and 5’-TCA TTT TTC ACC TCC ACT TCA C-3’ (reverse). Primers for 

GAPDH were purchased from Invitrogen for verification of the PCR performance. The 
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quality (purity and integrity) of the RNA samples was assessed using an Agilent 2100 

Bioanalyzer (Agilent, Santa Clara, CA). The RNA was quantitated using a 

spectrophotometer (Ultrospec 3100 pro, Amersham Biosciences, Piscataway, NJ). 

 

Preparation of total RNA and reverse transcription for TLDA analysis.  RNA was 

prepared using an RNEasy kit (Qiagen) and quantitated using a NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE). The integrity of the 

RNA samples was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, 

Santa Clara, CA) and then stored at -80°C. Synthesis of cDNA from 1 µg total RNA in a 

20 µL reaction volume was carried out using the High Capacity cDNA kit with RNAse 

inhibitor (Applied Biosystems, Foster City, CA) as per the manufacturer’s instructions.  

The reverse transcription conditions were as follows: 10 minutes at 25 °C, 120 minutes at 

37 °C, 5 seconds at 85 °C.  Following reverse transcription, cDNA was stored at 4 °C.  

 

TLDA. 381 multidrug-resistance-related genes were analyzed using custom-made Taqman 

Low Density Arrays (Applied Biosystems, Foster City, CA). The ribosomal RNA 18s were 

arrayed in four replicates, while the 380 other genes were measured in singleton. Genes from 

the same family were arrayed in various locations and 18s was used for quality control. cDNA 

was mixed with 2X TaqMan Universal PCR Master Mix (Applied Biosystems), loaded on the 

TLDA card, and run on an ABI Prism 7900 HT Sequence Detection System (Applied 

Biosystems) as per the manufacturer’s instructions.   
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TLDA data processing. TLDA data were analyzed with RQ Manager Software (Applied 

Biosystems).  In a previous study, seven normalization methods (median normalization, 1 

housekeeping gene (HK), 2-HK genes, 3-HK genes, 4-HK genes, 5-HK genes, 6-HK 

genes) were evaluated to identify the optimum normalization procedure for the TLDA 

data 25. Median normalization was performed as follows: the median cycle threshold (CT) 

value over all genes on each TLDA was subtracted from the CT value for each reaction 

well on that array such that after normalization, the median CT value on each card was 

zero. For the cluster analysis, any genes that exhibited greater than 50% missing data 

were filtered out. Hierarchical clustering analysis was then performed to investigate any 

relationships among the statistically significant differentially expressed genes, and a 

heatmap was produced to explore the gene expression between the cancer tissue lines. 

The clustering algorithm used a Euclidean distance metric with complete linkage.  

 

Preparation of cell lysates and nuclear proteins.  For cell lysates without nuclei, cells 

were washed with ice-cold PBS three times. Lysis buffer [50 mM Tris-HCl, pH 8.0, 140 

mM NaCl, 1.5 mM MgCl2, and 0.5% (v/v) Nonidet P-40, and protease inhibitor] were 

added to cell aliquots and placed on ice for 5 min. Samples were then checked under a 

phase-contrast microscope, showing that more than 99% of the nuclei were released from 

cells. The cytosol and nuclei fractions were separated by centrifugation at 1000 rpm for 5 

min at 4° C. The resulting supernatant was collected as cytosol. The pellets of nuclei 

were lysed with 5% SDS lysis buffer in 0.1 M Tris, pH 7.4, and sheared 5 times with a 

syringe needle (25 G) to break the DNAs. The proteins were determined by BCA assay 

(Thermo Scientific, Rockford, IL) and measured at a wavelength of 562 nm using an 



	   105	  

Ultrospec 3100 pro UV/Visible Spectrophotometer (Amersham Biosciences). All 

proteins were stored at -80oC until used. 

 

Immunoblotting and confocal analysis.  SDS-PAGE immunoblotting was run as 

recommended by the manufacturer (Invitrogen).  Following electrophoresis, the gels were 

transblotted onto nitrocellulose membranes (Schleicher & Schuell, Keene, NH) at 4°C.  

Immuno-reaction was performed with desired primary antibodies and secondary HRP-

conjugated antibodies. Enhanced chemiluminescence reagents were used for developing signals 

as described by the manufacturer (Pierce Chemical Co., Rockford, IL). The MRP1 antibody 

was purchased from Alexis Biochem (Farmingdale, NY), and one for RhoA was purchased 

from Santa Cruz Biotech, (Santa Cruz, CA); those for GCF2, F-phalloidin, β-tubulin, dynamin, 

filamin, and keratin, were purchased from BD Biosciences (San Diego, CA). HRP-labeled 

secondary antibodies were purchased from Jackson Immuno-Research Lab (West Grove, PA). 

For confocal analysis, cells were cultured in a Lab-Tek Chamber Slide (Nalge Nunc 

International, Naperville, IL), and fixed with 70% EtOH at -20°C for 15 min for visualization of 

intracellular expression and localization. 2.5% Glutaraldehyde (EM grade, Sigma) in PBS 

containing 0.1% bovine albumin for fixation, followed by Triton X-100 for permeabilization 

were used to visualize fluorescence distribution of proteins on the cell surface. The cells were 

fixed with either EtOH or glutaraldehyde, and then reacted with the primary antibodies, 

followed by reaction with the secondary antibody labeled with Rhodamine red, or FITC 

(Jackson Immuno-Research Lab) to show the double-staining images. For determination of 

accumulation of Alexa Fluor 488-labeled cisplatin (F-CP) (Invitrogen), the fluorescence 

complex was dissolved in dimethyl-sulfoxide (DMSO) according to the manufacturer, then 
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loaded into cells at a final concentration of 10 U/mL in IMDM without phenol red (Invitrogen) 

containing 10% FBS for 1 hour of incubation at 37 °C. Alexa Fluor 488 (AF488) not 

conjugated to cisplatin was used as a negative control for the F-CP uptake assay. AF488 was 

diluted at 1:100 with the medium as mentioned above, and incubated with cells for 1 hour at 

37°C. After washing with PBS, cells were fixed with 70% EtOH, and re-probed with the 

monoclonal antibody directed to GCF2 for 1 h. Immunofluorescent images of cells were 

monitored under a laser scanning confocal microscope (Zeiss LSM 510 Laser Scanning 

Confocal Microscope) at 600 × magnification at excitation at 488 nm and 568 nm to collect 

green and red fluorescence, respectively. Each immunofluorescent image represents an average 

of at least 10 confocal microscopic fields examined. Each immunoblotting figure represents a 

triplicate determination 

 

Transfection of GCF2/LRRFIP1 and siRNA.  We obtained the full-length cDNA for 

the gene encoding GCF2 in the pCMV-XL5 vector (OriGene, Rockville, MD). The 

GCF2 cDNA was released from the vector by restriction enzymes, and re-inserted into a 

mammalian expression vector, pcDNA5.1, with a selective marker for neomycin 

(Invitrogen), as described by the manufacturer. Gene transfection was done with 

Lipofectin (Invitrogen). Stable transfected clones were isolated after selection with 0.8 

mg/ml of G418. The pre-designed SMART pool siRNA for GCF2 

(AGAGGAAAUGCUCGAGAAA;  

AAAAUGAAAUCGUGGCGAA;  

GGUCAUGGGUGCACCAGAU;  

AGGGCAUAGUUUAGAGAAA),  
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and the Target-Plus reagents for siRNA transfection were purchased from Dharmacon 

Thermo Scientific (Lafayette, CO). The transfection was done as described by the 

manufacturer. Briefly, cells were seeded in a 6-well Cell Culture Cluster (Costar #3516, 

Corning, NY) for protein assays, or seeded in a Lab-Tek Chamber Slide (Nalge Nunc 

International) for confocal examination as described above, and the protocols provided by 

the manufacturer were followed. 

 

Transfection of anti-RHOA siRNA.  Transfection was performed with RNAiMax 

(Invitrogen, Carlsbad, CA) (5 µL/mL). The pre-designed GeneSolution siRNAs 

Hs_RHOA_7 CAAGCTAGACGTGGGAAGAAA,  

Hs_RHOA_8 TACCTTATAGTTACTGTGTAA,  

Hs_RHOA_6 TTCGGAATGATGAGCACACAA,  

Hs_RHOA_1 TACCCAGATACCGATGTTATA  

(Qiagen, Valencia, CA), and AllStars Negative Control (mock) (Qiagen) were plated with 

cells on day 1 at 20nM. The transfection was done as described by the manufacturer.  

 

Analysis of drug sensitivity after anti-RHOA siRNA using the MTT assay. Cell 

survival was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) viability assay. Cells were transfected with siRNA as described above 

and seeded at a density of 5,000 cells per well in 96-well plates and incubated at 37°C in 

humidified 5% CO2 for 24 h. Serially diluted CisPt was added to give the intended final 

concentrations. Cells were then incubated an additional 72 h, and the MTT assay was 

performed according to the manufacturer's instructions (Molecular Probes, Eugene, OR). 
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Absorbance values were determined at 570 nm on a Spectra Max 250 spectrophotometer 

(Molecular Devices, Sunnyvale, CA). All MTT assays were performed three times in 

triplicate. The 50% inhibitory concentration (IC50) values were defined as the drug 

concentrations required to reduce cell viability to 50% of the untreated control well and 

are reported here as such. Resistance ratio (RR) values were reported as a measure of 

relative drug sensitivity and were defined for each drug as the IC50 of the anti-RHOA 

treated lines divided by the IC50 of the mock treated lines. 

 

Assays of cellular sensitivity to chemotherapeutic agents.  Cell sensitivities to 

doxorubicin, CisPt, and other chemicals were tested by two methods. For clonogenic 

assays, cells were seeded at 4 × 102 in 3 mL of medium per 35 mm dish, and then 

colonies were stained with methylene blue after 9-10 days of incubation, and counted. 

For short term killing assays, cells were seeded at 5 × 103 in 0.1 mL of medium in a 96-

well plate, and then quantitated by a colorimetric assay after 3 days’ incubation, using a 

Cell Counting Kit-8 at an absorbance of 450 nm, as described by the manufacturer 

(Dojindo, Gaithersburg, MD). Drugs at a desired concentration were introduced into each 

well or dish prior to cell seeding. Control cells were transfected with insert-free vector 

only. The values are means of triplicate determinations. 
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RESULTS 

 

Overexpression of GCF2 in cisplatin-resistant cells. We first wanted to determine if 

expression of the transcription factor GCF2 was indeed increased in our cisplatin-

resistant cells. Total RNA from five cell lines, including cisplatin-resistant cells from 

both human epidermal cancer (KB-3-1) and hepatoma (BEL-7404) were prepared to 

determine GCF2 expression levels by RT-PCR as described in Materials and Methods. 

GAPDH, a housekeeping gene, served as a control. Figure 1A shows increased 

expression of the GCF2 gene (upper panel) in the cisplatin-resistant cell lines KB-CP.5, 

KB-CP20, and 7404-CP20, compared to their cisplatin-sensitive parental cell lines KB-3-

1 and BEL-7404. KB-CP.5, an early stage CP-r cell line that was selected directly with 

0.5 mg/mL of CisPt, showed elevated expression of GCF2, but less than the expression 

level in KB-CP20 (high resistant population), suggesting that elevated expression of 

GCF2 is associated with the level of resistance to CisPt. Expression of GAPDH, used as a 

loading control, was similar in all of the 5 cell lines that were checked. GCF2 has been 

reported to be located in both the nuclear and cytosolic compartments within cells, 

depending on the cell line and the agents used for treatment 10. The proteins of the 5 cell 

lines mentioned above were prepared and separated into two fractions: nuclear extracts 

and whole cell lysates without nuclei (labeled cytosol), as described in Materials and 

Methods. Figure 1B is an immunoblot comparing expression levels of GCF2 in the 

nucleus and cytosol among the 5 cell lines. Strong bands can be seen in the cytosol in 

both KB-CP20 and 7404-CP20, whereas there was no signal in the nuclear extracts 

among the 5 cell lines that were tested. So it is clear that the localization of the 
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transcription factor GCF2 is mainly in the cytoplasm, not in the nucleus in our cell lines. 

The lower part of the panel shows a Coomassie blue-stained gel, confirming equivalent 

loading for all cytosolic and nuclear fractions. This expression pattern was further 

confirmed by the confocal images. Immunofluorescence of the GCF2 was detected only 

in the cytoplasm and was not visible in the nucleus. It is possible that there might be a 

nucleo-cytoplasmic shuttling pathway with GCF2 in the nucleus being too low to be 

detected, or that cytoplasmic localization may be responsible for the effect on RHOA. It 

should be noted that the basal level of GCF2 mRNA was easily detectable in the CisPt 

sensitive cells, as seen in the RT-PCR analysis in Figure 1A, but the protein was almost 

undetectable by immunoblots (Figure 1B). This could result from increased post-

transcriptional regulation leading to higher protein levels, especially in the highly 

resistant CP-r cells (Figure 1B).  
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Figure 1. Overexpression of GCF2 in cisplatin-resistant cells.  (A) RT-PCR analysis 

shows overexpression of GCF2 in both cisplatin-resistant cell lines, KB-CP20 and 

7404-CP20, compared with their parental cell lines: KB-3-1 and BEL-7404. The 

primers for GCF2 and GAPDH are described in Materials and Methods. (B) 

Immunoblot showing increased expression of GCF2 in the cytosol of KB-CP20 and 

7404-CP20 cells. There was no signal in the nuclear extracts, as shown at the right. 

(C) Confocal fluorescence images reveal increasing expression of GCF2 in KB-CP.5 

and KB-CP20. (D) Immunoblot showing no significant acute effect of cisplatin on 

expression of GCF2 after exposure to cisplatin at different concentrations of the drug 

for 24 and 4 hrs. KB-CP20 served as a positive control, showing a strong band in the 

right lane. The lower panel is a Coomassie blue-stained gel, serving as a loading 

control. 
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It was also found that the fluorescence intensities of GCF2 were slightly increased in KB-

CP.5 cells, and much more in the cells that were the most resistant to cisplatin (KB-

CP20). Therefore, overexpression of the transcription factor GCF2 in the human 

cisplatin-resistant cells was confirmed by three determinations: RT-PCR, 

immunoblotting, and confocal images. To determine if there was an acute effect of 

cisplatin on GCF2 expression, the KB-3-1 cells were treated with cisplatin at different 

concentrations: 0, 0.1, 0.3, 1, or 3 mg/mL for 24 h, or a short exposure at 0, 1, 3, or 10 

mg/mL for 4 h. Immunoblotting results indicated that the expression of GCF2 was not 

changed (Figure 1D). 

 

Disruption of cytoskeleton results in mislocalization of membrane proteins. 

Cytochalasin D, a known cytoskeleton inhibitor 26, was applied to see if disruption of the 

actin network would result in an altered distribution of the membrane proteins MRP1 and 

FBP. Cisplatin-sensitive KB-3-1 cells were treated with cytochalasin D at 30 ng/mL for 6 

h. Figure 2 shows the effects of cytochalasin D on membrane proteins and the 

cytoskeleton. The most striking features are disruption of actin filaments and 

mislocalization of the membrane transport, MRP1. The fine organization of F-actin was 

lost on the cell surface in the cytochalasin D-treated cells, in comparison with the 

untreated cells (control), as shown by arrows. In cytochalasin D-treated cells, the 

multidrug resistance-associated membrane protein MRP1 appeared as cap-like structures 

in the cytoplasm, not on the cell surface. In contrast, in the untreated cells the MRP1 

appears as a ring-like shape on the cell surface, as indicated by arrows. Another 

membrane protein, FBP, was partially affected by the cytochalasin D. The structure and 
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distribution of filamins 90 and 250 were also significantly altered by the cytochalasin D, 

in comparison with their counterparts. β-tubulin was partially inhibited. Dynamin 3 and 

vimentin were only slightly affected. These results confirm that disruption of the actin 

cytoskeleton is sufficient to cause mislocalization of the plasma membrane transporter, 

MRP1, and disturbs organization of other cytoskeletal elements. 
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Figure 2. Confocal fluorescence determinations of the effects of cytochalasin D.  Effects 

of cytochalasin D (CD) on expression, distribution, and localization of the cytoskeletons 

in KB-3-1 cells after exposure to the compound at 30 ng/mL for 6 h. F-actin, MRP1, FBP, 

Dyn 3, filamin 90, filamin 250, β-tubulin, and vimentin are labeled at the top, CD stands 

for cytochalasin D. The arrows point out changes in structures and distribution in cells 

that were treated with cytochalasin D. 

 

Silencing RHOA by GCF2 results in mislocalization of MRP1. We previously 

reported that expression of RHOA was remarkably reduced in CP-r cells 22. In order to 

determine if  the repressive factor GCF2 was related to a negative regulator of RHOA, we 
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excised the full-length cDNA of GCF2 from the pCMV6-XL5 vector (OriGene), then re-

inserted it into a mammalian expression vector, pcDNA5.1, with the selective marker neo 

(Invitrogen), and named this vector hGCF2/pcDNA. Transfection of this expression 

vector into the parental cell line KB-3-1 was performed, and cells were selected with 

G418 at 0.8 mg/mL to obtain GCF2-positive cells.  Two clones, KB/GCF2/L2 and 

KB/GCF2/S1, were isolated. KB/V was a negative control transfected with the 

pcDNA5.1 vector without an insert, and selected with the same concentration of G418, 

serving as a control.  Figure 3A is an immunoblot showing that the mAb reacted with 

human GCF2 transfected into KB-3-1 cells. Increased expression of GCF2 was seen in 

the two transfected clones (KB/GCF2/L2 and KB/GCF2/S1), though moderate in 

comparison to the highly CP-r KB-CP20 cells. Figure 3B shows confocal 

immunofluorescence microscopic images comparing the KB/V control (upper panels) 

and KB/GCF2/L2 (lower panels) to demonstrate the differences in expression and 

distribution of GCF2, RHOA, F-actin, and MRP1, as labeled above the panels. GCF2 was 

overexpressed in the KB/GCF2/L2 clone, and the small GTPase RHOA was reduced to 

an undetectable level in the same clone. As expected, F-actin, a major component of 

microfilaments known to be regulated by the small GTPase RHOA, was reduced in 

expression, and disrupted in organization. No fine filaments were observed in the 

KB/GCF2/L2 cells with GCF2 overexpression as indicated by arrows. And MRP1 

(ABCC1), a multidrug resistance-associated protein, was relocated from the cell surface 

to the interior of the cell. MRP1 shows a ring-like distribution in the control KB/V cells, 

but in the GCF2-transfected KB/GCF2/L2 cells, MRP1 is relocalized to an intracellular 

region near the TGN, appearing as cap-like structures or clusters as shown by arrows. 
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These results indicate that overexpression of GCF2 affects the expression and distribution 

of multiple proteins, including RHOA, F-actin, and the membrane protein MRP1 in CP-r 

cells. 

 

 

 

Figure 3. Overexpression of GCF2 in GCF2-transfected cells.  (A) Immunoblot showing 

increased expression of GCF2 in two clones of GCF2-transfected cells: KB/GCF2/L2, 

and KB/GCF2/S1 in comparison with the KB/V cells that were transfected with vector 

only. The cell line most resistant to cisplatin, KB-CP20, served as a positive control with 

a very strong band. The lower panel is a Coomassie blue-stained gel, serving as a 

loading control. (B) Confocal immunofluorescence analysis of expression, distribution, 

and localization of GCF2, RHOA, F-actin, and MRP1. KB/V was transfected with vector 
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only, serving as controls; KB/GCF2/L2 is a clone of GCF2-transfected cells. (C) Confocal 

images reveal differences between KB/V and KB/GCF2/L2 cells in expression, 

distribution, and organization of FBP (folate binding protein), β-tubulin, filamin 250, 

filamin 90, and vimentin, in KB/V and KB/GCF2/L2, as described above. 

 

To determine if changes in expression and distribution of the actin and the MRP1 result 

from the down-regulation of RHOA by GCF2, we checked the phenotypes of other 

proteins such as the membrane protein folate-binding protein (FBP), and other 

cytoskeleton proteins: β-tubulin, filamin 250, filamin 90, and vimentin. As shown in 

Figure 2C, in the GCF2-transfected cells, the fluorescence intensities of FBP were 

reduced, with slightly altered membrane distribution. β-tubulin and vimentin showed 

little change, but the intermediate filaments, filamin 90, and 250 appear to be more 

densely distributed along the cell membrane in comparison with the control KB/V cells, 

revealing that some of the membrane proteins and cytoskeletal components are regulated 

by the transcription factor GCF2 and the small GTPase RHOA, but some of them, such 

as FBP and β-tubulin are only partially affected, and vimentin is little changed. 

 

Overexpression of GCF2 mediates sensitization to doxorubicin. To find out whether 

upregulation of GCF2 and mislocalization of the membrane transporter MRP1 affected 

toxicity of MRP1-related substrates, doxorubicin and vincristine were tested. As shown 

in Fig. 4A, two GCF2-transfected clones, KB/GCF2/L2 and KB/GCF2/S1 were found to 

be more sensitive to doxorubicin than their control KB/V cells by 8- and 14-fold, 

respectively. Sensitivity to vincristine was also increased by about 3-fold in these two 
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clones as compared to control cells. As doxorubicin is a compound that can be detected 

by confocol  fluororesence microscopy, we found that the intensity of doxorubicin was 

significantly increased in the KB/GCF2/L2 cells compared to the control KB/V cells after 

exposure to doxorubicin for 2 hours. Fig. 4B shows double-stained images in which the 

MRP1 (green) was located at the cell surface in KB/V cells, whereas it was internalized 

in the cytoplasm in the KB/GCF2/L2 cells. Interestingly, doxorubicin (red) was co-

localized with MRP1, appearing yellowish at the cell surface in the control cells, but seen 

at the intracellular region and nucleus with increased intensity in KB/GCF2/L2 cells. 

These results indicate that over-expression of GCF2 in the wild-type cells results in 

MRP1 internalization and sensitization to its substrates, due to decreased efflux and 

increased accumulation of the drug. 
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Figure 4. Overexpression of GCF2 mediates cell sensitization to doxorubicin and 

vincristine, as determined by CCK assays (A). Confocal images show increased 

accumulation of doxorubicin (red) in GCF2-transfected cells once the MRP1 (green) is 

internalized from the cell surface to the intracellular region (B). 

	  

Overexpression of GCF2 mediates resistance to CisPt. A question concerning the 

function of GCF2 was whether overexpression plays a role in the development of 

resistance to CisPt and other anti-cancer drugs. As seen in Figure 3A, GCF2 was 

overexpressed in the GCF2-transfected KB/GCF2/S1 and KB/GCF2/L2 clones. 

Clonogenic assays were performed to measure the resistance of the GCF2-positive clones 

to cisplatin and other anti-cancer drugs.  Figure 5A shows that the GCF2-positive clones 



	   120	  

KB/GCF2/S1 and KB/GCF2/L2 were about 3-fold more resistant to CisPt than the 

control KB/V cells (left panel). Cross-resistance to another Pt-based compound, 

carboplatin, was also found (middle panel). The KB/GCF2/L2 clone was 2-fold more 

resistant than the control KB/V cells, and slightly cross-resistant to methotrexate (right 

panel). 

 

 

  

Figure 5. Over-expression of GCF2 mediates drug resistance and decreases F-CP 

accumulation. (A) Clonogenic assays show resistance levels of the GCF2-transfectants 

to cisplatin, carboplatin, and methotrexate. (B) Confocal images demonstrating: left 

panels, increased GCF2 expression in KB/GCF2 cells but not in KB-V control cells; 

middle panels, decreased accumulation of Alexa Fluor 488-labeled cisplatin (F-CP) in 

KB/GCF2 cells; right panels, control fluorophore Alexa Fluor 488 not linked to CP. 
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An uptake assay using fluorescent Alexa Fluor 488-labeled cisplatin was performed to 

trace intensities and distributions of a platinum compound in cells. Figure 5B shows that 

the intensities of GCF2 (red) were markedly increased in the KB/GCF2/L2 cells (left 

panels), whereas the intensities of the Alexa-488-cisplatin (F-CP; green) were 

significantly reduced in KB/GCF2-L2 (right panels). As expected, the control KB/V cells 

showed strong fluorescence of Alexa Fluor 488-cisplatin (green) in the cytoplasm, as 

well as in the nucleus and nucleoli. In contrast to the decreased accumulation of F-CP in 

KB/GCF2/L2 cells, both KB/V and KB/GCF2/L2 cells show an even distribution of the 

fluorophore without the CP component (AF488) in cellular compartments, with no clear 

concentration in the nucleus or nucleoli (right panels). These results suggest a correlation 

between increased expression of GCF2 with reduced accumulation of CisPt and 

resistance to CisPt in the GCF2-transfected cells.  

 

Changes in MDR-linked gene expression profile determined by TLDA. Analysis of 

the expression profile of 381 multidrug-resistance-linked genes 27 was performed on two 

GCF2-transfected clones, KB/GCF2/L2, and KB/GCF2/S1, and the control KB/V cells, 

to help ascertain whether suppression of RHOA expression was the only reason why 

GCF-2 transfected cells were cisplatin resistant. Each cell line was profiled in singleton. 

Genes whose expression was reduced or increased more than 2-fold in both types of 

GCF2-transfected cells are listed in Table 1. The gene most reduced in expression in the 

GCF2-transfected cells was SLC2A5 (29-fold lower in KB/GCF2/L2, and 5-fold lower in 

KB/GCF2/S1). GJA1 was the gene with the most increased expression in both clones in 

which GCF2 is overexpressed (approximately 118- to 124-fold more than the mock 
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vector-transfected cells). Interestingly, some ABC transporters, such as ABCA3, ABCC2 

and ABCC8, as well as SLC7A2 and SLC7A11 were up-regulated in both GCF2-

transfected cell lines. These might be involved in drug resistance or other functions 28. 

Suppression of TNF, TRAF1, and TGFA was detected in the GCF2 clones by 

approximately 4- to 9-fold, indicating that GCF2 is an upstream repressor of these genes. 

Thus, GCF2 likely has multiple effects which could contribute to drug resistance after 

transfection into KB-3-1 cells. 
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Table 1. TLDA analysis of expression of two GCF2-transfected cell lines*  

Gene KB/GCF2-L2  
(Fold change) 

KB/GCF2-S1  
(Fold change) 

 
Down-regulated   
SLC2A5 -29.6 -5.4 
IL6 -5.3 -2.6 
TRAF1 -4.9 -3.8 
TNF -4.5 -9.4 
TXNIP -2.9 -3.0 
MVP -2.7 -2.5 
MT1X -2.6 -3.6 
BIRC3 -2.5 -2.5 
TAP1 -2.4 -1.9 
CLDN1 -2.3 -2.6 
CIAPIN1 -2.3 -2.9 
MMP9 -2.2 -3.9 
CCL2 -2.2 -2.1 
SLCO1B3 -1.9 -3.3 
   
Up-regulated   
SLC7A11 1.9 2.2 
ABCA3 1.9 2.2 
AKR1C1** 1.9 3.7 
BCL2 2.0 2.0 
BAD 2.2 2.2 
GGT1 3.0 2.9 
SRC 3.0 3.1 
ABCC2 3.1 2.0 
SLC7A2 4.2 4.8 
ABCC8 7.7 4.0 
GJA1 118.6 124.5 
   

*Values represent fold change for gene expression in the GCF2-transfected cell line 
compared with its non-transfected counterpart used as a control. 
**This assay also detects AKR1C2. 
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Silencing GCF2 and reactivating RHOA by siGCF2. Small interfering RNA (siRNA) 

was used to reduce expression of GCF2 in human CP-r cells. The KB-CP20 and 7404-

CP20 cells were transfected with an siRNA pool specific to GCF2, as described in 

Materials and Methods, termed siGCF2. The negative control, termed siNC, was 

designed, modified, and microarray-confirmed by ON-TARGETplus (Dharmacon) to 

have minimal targeting of known human genes. Figure 6A shows that the expression of 

GCF2 was significantly knocked-down to undetectable levels in both KB-CP20 and 

7404-CP20 cells after transfection with siGCF2 for 7 days, labeled as KB-CP20/siGCF2 

and 7404-CP20/siGCF2, respectively. Both cell lines transfected with the control siNC 

showed strong signals. The parental cell lines, both KB-3-1 and BEL-7404, showed weak 

intensities as compared to their CP-r derivatives. The lower part of the panel is a 

Coomassie blue-stained gel, serving as a loading control. 
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Figure 6. siRNA of GCF2 reverses phenotypes of CP-r cells. (A) Immunoblot revealing 

suppression of GCF2 expression in siGCF2-transfected cells, labeled as KB-

CP20/siGCF2, and 04-CP20/siGCF2 cells, in comparison to their negative control siNC, 

labeled as KB-CP20/siNC, and 7404-CP20/siNC, respectively. (B-D): KB-CP20 cells, (B) 
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Double-stained confocal images (larger, lower panels) show that siGCF2 silenced the 

expression of GCF2 (stained with green, upper left), and MRP1 (stained with red, upper 

right) re-appeared at the cell surface as seen at the right, and two giant multinucleated 

cells at the top right show a mixed pattern of double-fluorescence, and seemed to not be 

affected by the siGCF2. siNC represents siRNA of a negative control (mock-transfected 

cells), seen at the left. (C) Expression of RHOA was recovered in the siGCF2-

transfected cells (on the right, labeled as siGCF2) after GCF2 was knocked-down by the 

specific siRNA of GCF2, in comparison to the mock cells seen on the left, labeled siNC. 

(D) F-phalloidin stained immunofluorescence images indicate fine fibers were re-formed 

on the cell surface of siGCF2-transfected cells compared to siNC. (E) Human liver 

carcinoma cisplatin-resistant 7404-CP20 cells were transfected with siGCF2, labeled as 

siGCF2, or with siRNA as a negative control, labeled as siNC. In the GCF2 panels, an 

arrow points to the single cell in this field still expressing GCF2, while all other cells show 

no signal, as expression of GCF2 was inhibited by the siRNA of GCF2. In the MRP1 

panels, an arrow points to cap-like staining of MRP1 in siNC-transfected cells (upper 

panel), and an arrow indicates MRP1 was re-located to the cell surface (lower panel). In 

the F-actin panels, the fine filaments were visualized at the cell surface in siGCF2-

transfected cells (lower panel) compared to siNC mock-transfected cells in which the 

cells appear as hollow circles (upper panel).  

 

Using indirect double immuno-fluorescence staining, Figure 6B shows confocal images 

of the KB-CP20 cells that were transfected with siGCF2, or siNC as labeled above the 

two panels. The GCF2 expression (green) was silenced in most siGCF2-transfected KB-

CP20 cells, except two multinucleated cells at the top right corner of the field seemed not 

to be inhibited by the siGCF2, showing bright green fluorescence, indicated by an arrow. 
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In the majority of the cells in which GCF2 was extinguished, MRP1 (red) re-localized 

from the intracellular cytoplasm to the periphery of the cells, with a red ring-shaped 

distribution. The bottom of the panel shows images with double staining with GCF2 

(green), and MRP1 (red). The two multinucleated cells, indicated by an arrow, exhibit 

yellowish fluorescence, indicating overlapping of the two proteins GCF2 and MRP1, 

distributed in the same intracellular area. The cells transfected with negative control siNC 

as labeled at the top, show well-expressed GCF2 (green), and cap-like MRP1 (red) in the 

cytoplasm. In Figure 6C, RhoA is seen to be clearly expressed in the siGCF2-transfected 

cells (right), as compared to the mock siNC-transfected cells (Figure 6C, left). The fibers 

of F-actin also re-formed in the siGCF2-transfected cells, seen as fine filaments on the 

cell surface at the periphery of the cells (Figure 6D, right), whereas the siNC-transfected 

mock cells showed disorganized microfilaments (Figure 6D, left). Thus, reducing 

expression of GCF2 in the cisplatin-resistant cells reverses most of the changes seen 

when KB-3-1 cells are transfected with GCF2. 

 

The CP-r hepatoma cells also shared very similar features, as shown in Figure 6E. 7404-

CP20 cells were transfected with siNC or siGCF2 for the same period of time as 

mentioned above. GCF2 was clearly silenced in most of the siGCF2-transfected cells 

(Figure 6E-d); only one cell in this field was not affected, indicated by an arrow. MRP1 

re-localized from the cytoplasm to the cell surface in siGCF2-transfected cells as shown 

by an arrow (Figure 6E-e), compared to the siNC-transfected cells with cap-like 

structures in the cytoplasm as indicated by an arrow (Figure 6E-b). The fine F-actin 

network re-appeared in siGCF2-transfected cells (Figure 6E-f), whereas the si-NC-
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transfected mock control cells appear as hollow circles, with fewer fibers on the cell 

surface (Figure 6E-c). These results further verify that the negative transcription factor 

GCF2 plays an important role in mislocalization of the multidrug-associated protein 

MRP1 in at least two cell lines by silencing the small GTPase RHOA, interrupting 

microfilament dynamics.   

 

In order to find out whether the resistant phenotype in cisplatin-resistant cells was 

reversed by siRNA targeted to GCF2, both KB-CP20 and 7404-CP20 cells were 

transfected with siGCF2, or siNC as a negative control, and tested for levels of resistance 

to cisplatin by a CCK8 three-day assay, as described in Materials and Methods. As seen 

in Fig. 7, the sensitivities to cisplatin were changed, but only slightly, in both siGCF2-

transfected KB-CP20 and 7404-CP20 cells, compared to their siNC-transfected cells.  

 

 

	  

Figure 7. Sensitivity of CP-r cells after GCF2 transfection. Cell killing assays were 

determined by CCK, as described in Materials and Methods. The cisplatin-resistant KB-

CP20, KB-CP.5, KB-3-1, and 7404-CP20 cells and their parental BEL-7404 cells were 

transfected with siRNA of either NC or GCF2 for 6 days, then tested for cisplatin 

sensitivities after exposure for 3 days to cisplatin, all showing siGCF2-transfected 
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cisplatin-resistant cells more sensitive to cisplatin than the control, siNC-transfected 

cells, though the effects on high resistant KB-CP20 cells were less significant (see 

detailed description in Results). 

 

The lower level, single-step selected cisplatin-resistant KB-CP.5 cells were more 

sensitized to cisplatin after transfection with siGCF2 than siGCF2-transfected KB-CP20 

cells, while there was little difference between siNC- and siGCF2-transfected parental 

cisplatin-sensitive (CP-s) KB-3-1 cells and BEL-7404 cells. These results indicate that 

resistance to cisplatin is less detectable by siGCF2 in highly CP-r cells, but could be 

partially reversed in the lower-level CP-r cells.  

 

Silencing RHOA increases resistance. In order to confirm that reduction of RHOA 

contributes to cisplatin resistance, siRNAs directed against RHOA were transfected into 

KB-3-1, KB-CP.5, and KB-CP20 cell lines as described in Materials and Methods. As 

shown in Figure 8, knockdown of RHOA > 80% resulted in a 3-fold increase in resistant 

in sensitive parental KB-3-1 cells and a 2.6-fold increase in lower level, single-step 

selected cisplatin resistant KB-CP.5 cells.  Silencing of RHOA in KB-CP20 did not 

further modulate resistance to cisplatin (data not shown) as these cells are already highly 

resistant to cisplatin and an IC50 cannot be obtained. Experiments resulting in RHOA 

being silenced less than 80% had no effect on cisplatin resistance (data not shown). IC50s 

(Figure 8B) show that treatment of parental KB-3-1 cells with anti-RHOA siRNA 

increases resistance to an IC50 similar to KB-CP.5 cells that were obtained following 

single-step selection to CisPt. These results indicate that silencing RHOA recapitulates 
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the effect of resistance in KB-3-1 cells and suggests that the silencing of RHOA is an 

important contributor to modulating resistance.  

 

 

A 

 

B 

 

C 

 

Figure 8. siRNA against RHOA increases the resistant profile of KB-3-1 and KB-CP.5 

cell lines. A) Knockdown of RHOA using siRNA (20 nM) and RNAiMax (Invitrogen, 

Carlsbad, CA) (5 µL/mL), cells were challenged at 24 hours with CisPt. After 72 hours, 

cell viability was measured using MTT assays. Absorbance was measured at 570 (MTT) 

and 690 (background). B) RT-PCR showing the level of knockdown for siRhoA treated 

cells compared to siNegative. Samples were normalized with 18S rRNA. P-value:  < 0.05 

by ANOVA analysis.   
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DISCUSSION 

 

Until now, an explanation for the mislocalization of the membrane proteins MRP1 and 

FBP occurring in human CP-r cells has been elusive 21. We hypothesized that there might 

be a link between this phenomenon and the reduced expression of small GTPases and 

disorganization of the cytoskeleton 22. RHOA plays important roles in both organization 

of the actin network and membrane trafficking 29-31. However, whether RHOA is directly 

related to MRP1 mislocalization in CP-r cells, and whether GCF2 is related to cellular 

response to cancer chemotherapeutic agents was not known. In this paper, we show that 

changes in GCF2 levels lower RHOA levels and can account for the protein 

mislocalization in our cisplatin-selected cells, and for altered sensitivity to doxorubicin 

and vincristine, CisPt, and carboplatin. Downregulation of RHOA alone also results in 

CisPt resistance. 

 

 Mechanisms of CisPt resistance are multifactorial, as a number of genes are either 

upregulated or down-regulated during development of resistance to the drug 28. We 

previously reported that a pleiotropic defect occurs in cisplatin-resistant cells isolated in 

single steps, including reduced expression of several small GTPases, disorganization of 

the cytoskeleton, and mislocalization of the membrane proteins MRP1 and FBP. Figure 9 

summarizes our proposed pathway and illustrates that increased GCF2 expression is 

associated with increased sensitivity to doxorubicin, and resistance to CisPt. Transfection 

of GCF2 into CisPt sensitive cells silences expression of RHOA, disturbing the 

formation/assembly of the actin/filamin network, resulting in mislocalization of the 
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membrane protein MRP1, as well as many other membrane transport proteins, one or 

more of which results in decreased efflux of doxorubicin, and reduced uptake of CisPt. 

These results provide evidence that GCF2 may also participate in roles of modulating 

cellular responses to chemotherapeutic agents. 

 

	  

Figure 9. Schematic illustration of the GCF2 pathway. This schematic shows a 

mechanism by which cisplatin induces upregulation of GCF2, then silences RHOA 

expression, interrupting assembly/organization of the actin/filamin network, resulting in 

internalization of the membrane protein MRP1, resulting in decreased efflux and 

increased accumulation of doxorubicin in the cytoplasm and nucleus. The decreased 

influx and decreased accumulation of cisplatin in the cytoplasm and nucleus is 
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postulated to be due to altered localization of putative proteins needed for cisplatin 

uptake as well as reduced endocytosis. 

 

The folate binding protein, FBP, found translocated from the membrane into the 

cytoplasm in the cisplatin-resistant cells, was only partially affected in the GCF2-

transfected cells, indicating that RHOA has a greater effect on MRP1 recycling, and a 

less significant effect on FBP. The intermediate microfilaments filamin 90 and filamin 

250 form disorganized aggregated fibers in the GCF2-transfected cells, instead of the fine 

appearance seen in mock-transfected KB-3-1 cells. Filamins stabilize the actin network, 

and play essential roles in integrating cellular architecture and interaction of signaling 

functions 32,33. Therefore, the results obtained from this work suggest that the 

intermediate filament proteins filamin 90 and 250 may also be regulated by the small 

GTPase RHOA, and contribute to the dysfunctional recycling of the membrane protein 

MRP1. The expression and distribution of dynamin 3 and vimentin were not changed in 

GCF2-transfectants. It is likely that these two cytoskeletal proteins belong to a different 

regulatory pathway. One important conclusion from this analysis is that GCF2 alone does 

not explain the entire pleiotropic phenotype seen in cisplatin-resistant cells.  If a single 

pathway is disrupted in these single-step mutants, then there must be another pleiotropic 

regulator proximal to GCF2 in the pathway accounting for the full phenotype.    

 

Localization of GCF2 in the cytoplasm, but not in the nucleus in our CP-r cells has been 

observed in this study. Recently, there have been a number of reports of nucleo-

cytoplasmic shuttling, translocation, or redistribution of transcription factors 34-37. One 
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example is the forkhead family transcription factor, Foxc, which is found in the 

cytoplasm rather than in the nucleus. Increased cytoplasmic expression of Foxc2 activates 

epithelial-mesenchymal transition (EMT) and correlates with epithelial differentiation 

and tumor metastasis. Tedesco et al. 38 also reported that STRA8 (stimulated by retinoic 

acid 8) shuttles between nucleus and cytoplasm and possesses transcriptional activity. 

Interestingly, HuR, a ubiquitously expressed member of the Hu protein family that binds 

and stabilizes AU-rich element (ARE)-containing mRNAs, is known to shuttle between 

the nucleus and the cytoplasm via several export pathways under heat-shock stress 35. The 

pathway of GCF2 translocation from nucleus to cytoplasm and the mechanism by which 

it suppresses RHOA expression remain to be elucidated. 

 

Doxorubicin is a substrate of the ABC transporter MRP1, and vincristine is a substrate of 

both MRP1 39 and MDR1 (ABCB1). To learn whether MRP1 is still functional when it is 

internalized from the cell surface to intracellular compartments, we found that 

doxorubicin accumulated markedly in the cytoplasm and nucleus, resulting in cell 

sensitization to the drug, reaching about 8- to 14-fold more sensitivity in the GCF2-

expressing clones than in the control as seen in Figure 4. These results indicate that 

MRP1 was either not functional or less functional once mislocalized by upregulated 

GCF2. 

 

Resistance to cisplatin and cross-resistance to other metals and unrelated compounds is 

one of the major characteristics of cisplatin-resistant cells. In this work, we also show that 

GCF2-transfected cells were about 3-fold more resistant than the parental cells, indicating 
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that overexpression of the GCF2 gene mediates resistance, via silencing of RHOA and/or 

other genes. Cross-resistance to carboplatin was significant, but the transfected cells were 

only slightly resistant to methotrexate, as methotrexate is an anti-folate compound, and 

GCF2 overexpression did not have a significant effect on distribution of FBP. 

 

Resistance to CisPt is commonly associated with reduced accumulation of the compound. 

In this work, GCF2-transfected cells showing 3-fold more resistance to cisplatin also 

exhibited a significant reduction of cisplatin accumulation assayed with an Alexa Fluor 

labeled platinum complex. Alexa Fluor 488 without associated CisPt was used as a 

negative control in this study. This compound was detected in both KB/V and KB/GCG2 

cells, with no difference in intensities or distribution in cells. Therefore, our results 

demonstrate a significant reduction of F-CP in the cytoplasm and nucleus of the 

overexpressed GCF2 cells (KB/GCF2/L2) in comparison to their control mock-

transfected cells (KB/V). 

To verify if mislocalization of the membrane protein MRP1 in these cells was due to 

elevated expression of GCF2, we applied siRNA against GCF2/LRRFIP1 in two cell 

lines highly resistant to cisplatin, KB-CP20 and 7404-CP20. Once GCF2 was silenced, 

the expression of RHOA was reactivated. The F-actin network was also restored, and the 

membrane protein MRP1 reappeared at the cell surface. Recovered RHOA expression 

and a restored actin network and membrane protein recycling also coincided with some 

decrease in resistance to CisPt in siGCF2-transfected KB-CP.5, KB-CP20, and 7404-

CP20 (Figure 7).  siRNA directed against RHOA resulted in a 3-fold increase in 

resistance to CisPt in KB-3-1 cells and an IC50 similar to that seen in KB-CP.5 cells, 
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indicating that GCF2 negative regulation of RHOA is an important factor in the cellular 

ability to resist killing by CisPt.  

 

It has been largely accepted that CisPt resistance is multifactorial, facilitated in part by 

the fact that Pt binds to DNA randomly, and forms numerous Pt-DNA adducts and 

lesions, resulting in global changes in gene expression and structural mutation in genes 

after long-term increases that occur during CisPt selection. The KB-CP20 cells, selected 

in multiple steps, were more resistant to CisPt by ~200 fold, showing dozens of genes 

that were altered compared to wild-type cells. It would be reasonable to expect that one 

gene could confer ~3-fold more resistance in wild-type cells, which would be easy to 

detect, but it would be far less likely that siRNA knockdown of a single gene of the many 

that cause resistance could affect the resistance of highly resistant KB-CP20 cells to a 

level that would be easy to detect. Therefore, GCF2 may play a role in conferring 

cisplatin resistance in association with other genes that have been reported or as yet are 

undiscovered.  

 

Gene expression profiling using TLDA on GCF2-transfected clones confirmed that TNF 

(tumor necrosis factor) and TRAF1 (TNF receptor-associated factor 1) are downstream 

targets of GCF2, and provided new insights into several other down-stream targets as 

well as several up-stream targets of GCF2. Among the genes suppressed by GCF2 is 

SLC2A5, a member of the solute carrier family 2, which is known as a facilitated 

glucose/fructose transporter 40. The gene most highly up-regulated by GCF2 was GJA1, a 

gap junction protein also known as connexin 43 or CX43 41, with more than 100-fold 
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increased expression in both GCF2-transfected clones, GCF2/L2, and GCF2/S1. Whether 

these genes regulated by GCF2 affect cisplatin resistance remains to be determined.  

 

The detailed analysis of the complex regulatory changes that occur in a single step in 

CisPt-selected cells suggests that we are exposing the existence of a pre-determined 

pathway that protects cells against environmental toxins. Whether this is a hard-wired, 

primordial response to enhance cell survival after toxic insult, or represents adaptation of 

a pathway that subserves a developmental program remains to be determined. 
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