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IIY ANGSOON NOH 
Molecular Mechanisms Associated with Sustained Urokinase Plasminogen Activator 
Expression in Metastatic Breast Cancer Cells 
(Under the direction of SHUANG HUANG) 

Elevated levels of urokinase plasminogen activator (uPA) are detected in vartous 

aggressive cancer types and are closely associated with poor prognosis of cancer. While 

uP A can be transiently upregulated by diverse extracellular stimuli, only sustained uP A 

expression contributes to breast cancer invasion/metastasis. However, how sustained uP A 

expression is regulated and achieved in invasive breast cancer cells is not understood. 

The overall goal of this study is to elucidate the mechanism responsible for sustained 

uPA expression. Here, we show that sustained uPA expression is regulated in a 

mechanism distinct from transiently induced uPA expressions. Interleukin enhancer-

binding factor 3 (ILF3) facilitates uPA expression by both activating uPA gene 

transcription and inhibiting the processing of uP A mRNA-targeting pri-miRNAs. 

Another part of this study is to investigate the role of the miRNA system in sustained 

uP A expression and cancer cell invasion. Knockdown of Drosha, DGCR8, or Dicer, key 

components of miRNA processing machinery led to substantially higher uP A expression 

and increased in vitro invasion in invasive breast cancer cells, although it was unable to 

increase the uP A level in non-invasive breast cancer cells. In fact, we identified that uP A 

mRNA was a direct target of miR-193alb and miR-181 a. Interestingly. we found that the 

levels of mature miR-l93a, miR-193b, and miR-l8la. but not their respective primary 

miRNAs. were lower in high uPA-expressing cells compared to lov. uPA-expressing 

cells. Furthermore, the high levels of mature miR-l93a, miR- l93b. and miR-18la in 

partly attributed to lower Drosha!DGCR8 expression in high uPA-expressmg cells. 



To identify mechanism pertinent to ILF3 regulation of sustained uP A expression, we 

found that sustained uPA expression is sensitive to pan-PKC inhibitor and c/nPKC 

inhibitor, but not cPKC inhibitor, suggesting that ore or more nPKC isotypes are critical 

for sustained uP A expression. With the aid of siRNAs, we showed that PKCo and PKC11 

were involved in sustained uP A expression. To functionally connect PKCo/11 and ILF3, 

We revealed that the knockdown of PKCo or PKCTJ led to ILF3 accumulation in the 

cytoplasm, the reduction of primary miRNA binding ability, and enhanced production of 

mature miR-193alb and miR-181 a. These results indicate that ILF3 is a linker between 

PKCo/11 and uPA expression, and the PKCo/T]-ILF3 signaling axis is important for 

sustained uP A expression in breast cancer cells. 
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I. INTRODUCTION 

A. Statement of the Problem 

Tumors are the result of uncontrolled proliferation of cells in different organs. A major 

feature of tumors is their ability to metastasize and develop tumors in surrounding or 

distant tissues. In order for primary tumors to metastasize to distant organs, tumor cells 

must undergo a multistage process that includes the detachment of tumor cells from 

primary tumors, cell migration and invasion through the degradation of extracelluar 

matrix (ECM), intravasation into the bloodstream, extravasation from the circulation and 

colonization in a distant organ [1]. Among the multiple protease-mediated events, the 

fibrinolytic system, consisting of urokinase-type plasminogen activator (uPA), its 

receptor (uPAR), and plasminogen activator inhibitors (PAI-l and PAI-2), plays a critical 

role in proteolysis of the extracellular matrix, which is a crucial event for tumor cell 

invasion and metastasis through the surrounding tissue (2, 3). Binding of uP A to uPAR 

triggers the conversion of plasminogen to plasmin and the subsequent activation of 

metalloproteinases. These events confer tumor cells with the capability to degrade the 

components of the surrounding extracellular matrix, thus contributing to tumor cell 

invasion/metastasis [ 4]. uP A- uP AR interaction also elicits signals that stimulate cell 

1 
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migration, cell proliferation/survival and the expression of tumor-promoting genes, 

thereby further facilitating tumor development [5). 

Although uPA is produced by both normal and tumor cells, uPA level is elevated in 

various metastatic tumors [6]. In breast cancer, a high uPA level correlates with tumor 

aggressiveness and poor patient survival [7). Also, the level of uP A in the primary tumors 

of patients with node-negative breast cancer is used clinically to decide which patients 

require chemotherapy and which do not [8]. Together with PAI-l, the uP A level in breast 

tumor tissues is used as a prognostic marker [9]. 

uP A expression can be induced in breast cancer cells by growth factors and phorbol ester 

[I 0-12]. However, such induction is transient and lasts only for a short period of time. 

API- and/or nuclear factor-kappaB (NF-KB)-dependent mechanisms have been shown to 

mediate the transient uP A upregulation [ 13]. On the contrary, invasive/metastatic breast 

cancer cells exhibit sustained uP A expression, though uP A level can be further 

transiently elevated by extracellular stimuli [ 14 ]. It is well recognized that cancer cells 

necessitate sustained, rather than transiently induced uP A expression for invasion/ 

metastasis [ 15]. Unfortunately how uP A expression is regulated and achieved in 

invasive/metastatic breast cancer cells is not understood. The overall objective of this 

study is to elucidate the mechanism responsible for sustained uP A expression in invasive/ 

metastatic breast cancer cells. 



B. Review of Related Literature 

1. The Role of Urokinase-Type Plasminogen Activator (uP A) in Cancer 

General Features of uP A. 

3 

The human uP A gene is located at chromosome 1 Oq24 and consists of 11 'exons (GeneiO 

5328). The uP A is a 53kDa multidomain glycoprotein of 411 residues, consisting of two 

a helices and two anti-parallel ~ strands. The uP A protein is glycosylated at Asn
302 

and 

synthesized and secreted as a single chain zymogen (pro-uP A or sc-uP A). The inactive 

sc-uPA is converted to the active disulfide bridge-linked two-chain form through 

cleavage of the Lys158-Ilu159 peptide bond by several trypsin-like proteinases such as 

plasmin, cathepsin B and L, Kallikrein or stromelysin [ 16-18]. 

In the two-chain form, the polypeptide chain A and B (light and heavy chains, 

respectively) are connected by the Cys148-Cys279 disulfide bond. The N-terminal (A

chain) includes the epidermal growth factor-like domain (GFO, amino acid 1-49), the 

kringle domain (KD, amino acid 50-131 ), and the connecting peptide or linker region 

(CP, amino acid 132-158), whereas the C-terminal (B-chain) contains only the catalytic 

serine protease domain (PO, amino acid 159-4 11 ). The GFO is responsible for the 

binding to uP AR [ 19], and the PO includes serine protease activity. The KO of uP A 

contains a sequence that interacts with the specific inhibitor PAl -1 [20]. Additionally, the 

intra-molecular interaction between GFO and KO stabilizes uP A-uP AR complexes, as 

well as a direct contribution to uPAR binding by the GFO [21]. 

Among the uP A fragments detected in human urine, amino terminal fragment (A TF, 

amino acid J-135) is generated upon cleavage of the Lys135-Lys136 peptide bond by 
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plasmin in the region between the KD and PD. ATF inhibits the binding of uP A to its 

receptor uPAR and interacts with PAI-l, acting as a broad inhibitor of cancer cell 

invasion and metastasis [22, 23). The remaining two-chain carboxyl-terminal region 

(LMW uP A, residues 136-158 and 159-411) retains full ability to activate plasminogen, 

but does not bind to the uP AR [24). The formation of the two-chain uP A by the cleavage 

of the Lys158-Ilu159 bond can be followed by the cleavage of the Lys46-Ser47 bond in the 

region between the GFD and KD. This results in the elimination of the GFD and the 

generation of an active two-chain uPA form with molecular weight 36-40 kDa [25). 

Proteolysis of sc-uP A by thrombin proceeds quite di ffcrently. Thrombin hydrolyzes the 

Arg 156 -Phe 157 peptide bond that results in the formation of a two-chain uP A variant that is 

proteolytically inactive and fails to be activated by other protease. suggesting the other 

functions of cleaved inactive two-chain uP A on the cell surface [26). Figure 1 shows 

schematic uP A fragments generated upon proteolytic processing of uP A on the cell 

surface. 
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Figure 1. Schematic uP A fragments generated upon proteolytic processing of uP A Oil 

the cell surface. The inactive sc-uPA is converted into the active disulfide bridge-linked 

two-chain form (HMW uPA) through cleavage of the Lys'58-Jlu159 peptide bond by 

pro/eases. Amino terminal fragment (ATF) and two-chain carboxyl-terminal region 

(LMW uP A) are generated upon cleavage of the Lys135 -Lys136 peptide bond in the two-

chain molecule. G. growth factor-like domain: K, kringle domain; P, Protease domain. 
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Recently solved crystal structure of uPA-uPAR complex and mutation studies reveal that 

anN-terminal growth factor-like domain (GFD) ofuPA is recognized by uPAR where all 

three D domains of uP AR are packed closely and form a unique cone-shaped cavity at the 

center[2l, 27]. Also, suPAR-A TF binding studies show that uP A-suP AR interface can be 

divided into three contact regions: 1) the GFD region ofuPA contacts with 02 domain of 

suPAR, 2) D 1 domain of suPAR interacts with A TF hydrophobic residues Phe25
, lle28

, 

and Trp30, and 3) hydrogen bonds and van der waals contacts between D 1 domain and 

A TF residues, including KD [21, 28]. This finding may be helpful in designing novel 

inhibitors of uPA-uPAR interactions. Furthermore, GFP-lacking uP A or full uP A is able 

to bind to the cell surface through avP5 integrin via CP region of uPA, promoting 

cytoskeletal rearrangements and directional cell migration, in the presence of uPAR. uP A 

binding to avps integrin induces uPAR-avP5 integrin physical association and 

enhancement of uPA-uPAR dependent cell responses [29]. Also, pro-uP A binds to aMP2 

integrin via its KD region, thus promoting pericellular plasminogen activation. These 

findings suggest that uPA may affect cell function by bridging uPAR and integrins 

through the GFP, KD, and CP regions, thus fully stimulating migration/invasion. 

uP A expression and its diagnostic significance in cancer 

Although uPA is produced by both normal and tumor cells, overexpression of uP A has 

been observed in patients with invasive cancers including bladder, breast, colorectal, lung, 

OVaJ) and so on [ 6]. In a variety of cancers, the overexpression of uP A is associated with 

poor prognosis and unfavorable clinical outcome, and in some cases it is predictive of 
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invasiveness and metastasis [30]. For example, plasma uP A levels are elevated in bladder 

cancer patients. Importantly, preoperative plasma uP A level is an independent predictor 

of poor outcome after radical cystectomy [31 ]. Also, breast cancer tissues contain 19 

times more uP A than benign breast lesions, and uP A is an independent predictive factor 

of poor survival in both node-negative and node-positive patients in breast cancer [32, 

33). A high level of uP A in extracts of primary breast carcinomas can predict an early 

relapse, therefore suggesting the usc of uP A as a cancer biomarker [3, 34, 35]. In ovarian 

cancer, overexpression of uP A is associated with an unfavorable prognosis and reduced 

disease-free survival [36]. Because of the crucial role of uP A in tumor progression, the 

down-regulation of uP A has been shown to control tumor proliferation, suggesting the 

generation of specific inhibitor of uP A as a suitable target for anti-cancer therapy. 

The regulation of uP A expression in cancer 

The 6.4 kb human uP A gene is located on the long arm of chromosome I 0 and consists of 

11 exons and l 0 introns [37]. uP A gene transcription is modulated by several regulatory 

clements identified in the 5' flanking region [ 13, 38, 39]. Upstream of the TATA box, 

there is a GC-rich sequence of about 200 bases containing multiple copies of the binding 

sites for the ubiquitous transcription factor Sp I, which has a role in constitutive 

expression of the uP A gene in different human cell types and is targeted by a number of 

signal pathways including Erk (Extracellular signal-regulated kinases) and JNK (c-Jun N

terminal kinase) [40]. uPA gene transcription is also highly regulated by growth factors 

(i.e. FGF-2, HGF and IGF-1), cytokines (i.e. TNFa and CSF-1), and cytoskeletal changes 
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that activate the F AK/Src/Ras/Erk signaling pathway and target at a transcriptional 

enhancer region located about 2 kb upstream of the cap site. The identified transcriptional 

activators that can modulate uP A mRNA expression include the factors belonging to the 

AP l and Ets families [30, 38, 39). NFte.B binding site is also present in the human 

promoter of uP A gene and uP A overexpression has been shown to be promoted by 

constitutive activation of the RelA, the p65 subunit of NFKB [41, 42]. Moreover, the 

activation of Notch signaling causes the upregulation of uP A expression through a CBF-1 

binding site in the uPA promoter, contributing to breast cancer pathogenesis in breast 

cancer [ 43]. In addition, the uP A promoter is activated by GAT A6, a zinc finger 

transcription factor. GAT A6 upregulates uP A expression via binding to the uP A 

promoter proximal Sp l sites, and the dysregulated expression of GAT A6 contributes to 

colorectal tumorigenesis and tumor invasion [44]. 

Epigenetic alternations, such as modifications in DNA methylation of the CpG islands in 

the 5'-flanking region of genes and acetylation of histone tail play a relevant role in 

human chromatin remodeling and gene expression. Aberrant epigenetic modifications 

occur in the early phases of tumorigenesis and play an important role in tumor 

development and progression leading to inappropriate gene expression [ 45, 46]. Studies 

show that The MDA-MB-23 1 breast cancer cells, which expresses high levels of uP A are 

hypomethylated in the CpG island of uP A promoter, whereas MCF-7 breast cancer cells 

that express very low level of uP A are associated with 90% hypermethylation of uP A 

promoter CpG islands (47, 48). Similarly, high levels of uPA expression in prostate 

cancer have been shown to correlate to uPA gene promoter demethylation [49]. Histone 

deacetylation has also been reported to regulate the repression of uP A gene transcription. 
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For example, histone deacetylase (HDAC) inhibitors, such as trichostatin, sodium 

butyrate, and scriptaid were found to be able to induce uP A expression and cancer cell 

metastasis [50]. 

Despite a tight transcriptional regulation, post-transcription regulation also contributes to 

high level of uPA in cancer cells. Regulation of uPA mRNA stability relies on the 

binding of specific proteins to the AU-rich element (ARE) in the 3 ' -untranslated region 

(3'-UTR) f51]. For example, RNA binding protein Ilu antigen R (HuR) stabilizes uPA 

mRNA, whereas tristetrapolin, hnRNP Al, hnRNP C, and AUFl can cause uPA mRNA 

decay by directly binding to the ARE in uP A transcript [39]. Recent studies also indicate 

the role of microRNA in uPA expression at the post-transcription levels. MiR-23b can 

recognize a target site in the 3 'UTR of uP A and was reported to downregulate uP A 

expression and decrease hepatocellular carcinoma cell migration and proliferation [52]. 

Another study shows that miR-193b is a negative regulator of the uP A expression in 

primary breast tumors and can significantly inhibit the growth and dissemination of 

xenograft tumors [53). 

The Functions of uP A in cancer 

The uP A has a large catalytic domain and a crystal study reveals that uP A has an S 1 

specificity pocket and two other pockets (S2 and S3). A specific triad. His204
, Asp225 and 

Ser356 arc responsible for the catalytic mechanism [54). A critical role of uP A in cancer 

progression is its involvement in proteolysis of ECM. Binding of pro-uP A, a zymogen of 

uPA to uPAR triggers the conversion of pro-uPA to active uPA. uPAR-bound uPA 
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subsequently converts plasminogen to active plasmin by cleavage of the Arg561-Val562 

peptide bond in plasminogen. The active plasmin degrades ECM/basement members and 

releases active MMPs, thereby facilitating cancer cell invasion and metastasis [55, 56]. 

Reciprocally, active plasmin can cleave and activate pro-uP A [57], exhibiting a positive 

feedback loop of uP A-plasmin cascade in cancer cells [58). Although the physiological 

relevance of these reactions in vh•o is not known, uPA can also directly cleave two 

growth factors: 1) the precursor of the scatter factor/hepatocyte growth factor (pro-HGF) 

that is a potent mitogen/scattering factor and 2) the precursor of macrophage stimulating 

protein (pro-MSP) that is a effector of macrophage chemotaxis and phagocytosis acting 

through Met and Ron tyrosine kinase receptors [59]. 

uPAR bound uPA may directly cleave the linker region between Dl and 02 domains of 

uPAR, thus releasing 01 domain and exposing uPARss-92 chemotacttc epitope, which 

stimulates N-forrnyl peptide receptors (FPR)s and signaling [60]. uPA can cleave both 

soluble uPAR (suPAR) that are generated by the release of entire protein moiety from 

GPI anchor through proteolytic cleavage and membrane-bound uPAR. The cleaved 

suPAR possesses the ability to disrupt uPA-uPAR interactions, thus acting as an inhibitor 

of plasminogen activation at the cell surface [61]. Although the proteolytic activity of 

uP A may be exerted in a soluble or membrane-bound localization, uP A binding to uPAR 

is catalytically more efficient than soluble uPAR. Considering that plasminogen may 

exist in a membrane bound form, uPA-dependent surface activity leads to an overall 

amplification of surface-associated pericellular plasmin formation [30]. 

The proteolytic functions of uPA arc negatively regulated by plasminogen activator 

inhibitor-! (PAI-l), PAI-2 and protease nextin-1 (PN-1) [62, 63]. Both PAI-l and PN-1 
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can bind to uP A-uP AR complexes and such bindings trigger direct interaction between 

03 of uP AR and low-density lipoprotein receptor-related protein (LRP-1) on the plasma 

membrane. The entire complex (PAI-l:uPA:uPAR:LRPl) is internalized via clathrin

coated vesicles and trafficked together to the early endosomes where uP A:P AI -1 and 

uPAR:LRP-1 are dissociated [64]. uPA and PAI-1/PN-1 are eventually degraded in the 

lysozome while uPAR and LRP-1 are recycled back from the endocytic compartment to 

the plasma membrane 164-67]. It has been shown that uPA activity leads to tumor 

metastasis by controlling the tumor intravasation step [68]. Studies with cell cultures and 

animal models provided strong indication for a pivotal biological role of uP A-catalyzed 

plasminogen activation in tumor progression [17, 69]. Studies with uPA-deficient mice 

(uPA -/-mice) support the notion that uPA-dependent plasmin generation is rate-limiting 

for tumor proliferation, invasion and metastasis [70, 71]. 

uPAR is also a mediator of intracellular signal transduction leading to cell proliferation, 

migration. invasion and survival. uPAR must act in complex with other transmembrane 

receptors including integrins, EGF receptor, and GPCRs, providing a physical connection 

with the inner cell pathway. Binding of fibronectin to aSPl integrin induces FAK 

phosphorylation and activates Ras-ERK signaling pathway. These two events are greatly 

enhanced by uPAR- aSp 1 interaction [72, 73]. Similarly, uPAR-a3p I integrin interaction 

further enhances Src activity induced by the binding of laminin to a3P 1 integrin [74, 7S]. 

In human lung cancer cells, the interaction between uP A R-aSP 1 integrin transactivates 

EGFR in F AK-dependent mechanism, leading to the activation of Erk signaling pathway. 

A co-immunoprecipitation experiment also shows that EGFR directly interacts with aSP I 

integrin, and this interaction is enhanced by uPAR expression, suggesting that uPAR 
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regulates EGFR-a5~ 1 integrin interaction. EGFR-mediated activation of Erk signaling 

pathway is essential for cell proliferation driven by uPAR-a5~ l integrin interaction 

because enhanced proliferation is abrogated by EGFR kinase inhibitor or downregulating 

uPAR expression [72, 76]. EGFR activation appears to be specific for events driven by 

the uPAR-a5~ 1 integrin interaction because EGFR inhibitor docs not affect other cellular 

events initiated by uPAR signaling [77]. 

uPAR-intcgrin interactions facilitate tumor progression and development by eliciting cell 

migration, invasion, ECM proteolysis, and EMT. Enforced uPAR expression is found to 

promote tumor formation by enhancing the expression of uPA and MMPs, while 

disrupting uP AR-integrin interaction blocks uPAR-induced tumor-promoting effects. 

Moreover, preventing uPAR-integrin interaction was found to suppress Erk activity and 

diminish the expression of ERK-regulated genes in lung cancer cells, thus forcing these 

cells into a protracted state of dormancy [78-80]. 

An early study has reported the interaction between uPAR and uFPRLliLXA4R that is a 

G protein-coupled receptor for a number of polypeptides and for the endogenous lipoxin 

A4 (LXA4). This interaction is apparently required for uPAR-mediated cell migration in 

monocytic cells [81]. A more detailed study showed that 0203 of uP AR moiety is 

sufficient to stimulate cell migration, and it necessitates direct binding of 0203 to 

FPRL 1/LXA4R because inhibition or desensitization of FPRL 1/LXA4R by antibodies or 

specific ligands specifically prevents 0203-induced cell migration. In addition, 0203 

binding to FPRLI /LXA4R can be competed away by FPRLI /LXA4R agonists such as 

chemotactic peptide fMLP [81]. This stud) reveals a unique mechanism for uPAR to 

induce cell migration that is to serve as a ligand to a chemotactic GPCR. A recent study 
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showed that uP A-uPAR interaction could activate Rae and stimulate cell migration. Also, 

both vitronectin and avP3 integrin are required for this uPA-induced event [82, 83). This 

finding suggests that uPA-uPAR complex signals through vitronectin-avP3 integrin for 

its tumor-promoting actions. 

The important role of uPA in tumor progression suggests that blocking its pertinent 

functions can potentially lead to the suppression of tumorigenicity. Moreover, the 

relatively restricted expression in advanced tumor tissues adds another advantage for 

uPA-targeted therapy as such therapy can be expected to be more specific to tumor 

tissues and thus less toxic to the non-cancerous tissues. Studies have mostly focused on 

inhibiting the proteolytic activity of uP A with specific inhibitors or blocking uPA-uPAR 

binding with peptides. Recently, strategies are being developed to target the interactions 

between uPAR and its binding partners such as vitronectin and integrins. The functions of 

uP A arc summarized in Figure 2. 
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Figure 2. Biological effects of uP A tftrougft its catalytic a11d 11011-catalytic fu11ctio11s. 

Plasrninogen activation by active uPA leads to extracellular matrix and fibrin 

degradation. Cleavage of pro-MSP {precursor of macrophage stimulating protein) and 

pro-HGF {precursor of hepatocyte growth factor) by uPA impacts on cell signaling 

through tyrosine kinase receptors. uPAR i.\ also a mediator of intracellular signal 

transduction leading to cell proliferation. migration. im•asion and sun,ival. As well 

known i\ the interaction between GFD and uPAR linking the en::yme to cell surface. 

uPAR act\ in complex with other transmembrane receptors including integrins. EGF 

receptor. and GPCRs. providing a phy.\ical connection with the inner cell pathway. 

Image adapted from Carriero and Stoppelli. 201 I. 
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2. The Role of Intcrlcukin Enhancer-Binding Factor 3 (ILF3) in Cancer 

Members of the interleukin enhancer-binding factor 3 (ILF3) family were originally 

identified as a 90 kDa protein that interacted with the NF AT (nuclear factor activated in 

T cells) DNA site p1·esent in the interleukin-2 (IL-2) promoter and regulated JL-2 

transcription [84, 85]. Members of this family, namely NF90a, NF90b, NFllOa and 

NF 11 Ob, are the products of differential splicing of ILF3 transcripts, and NF90 is the 

founder member of ILF3 family [86]. They are identical at the N-tcrminal and central 

regions but diverge at their C-terminal Regions. eDNA sequences predict that the 

proteins have a functional nuclear localization signal and two dsRNA-binding motifs 

(dsRBMs) which arc responsible for their ability to interact with structured RNA. They 

also have an RGG domain that is capable of nucleic acid binding, and NF 110 has an 

additional GQSY region that can interact with nucleic acids. Isoforms are predicted to 

diverge by the insertion of four amino acid residues (NVKQ) between the two dsRBMs 

as well as at their C termini. The 1soforms that carry the insert are referred as NF90b and 

NF II Ob, and the corresponding isoforms lacking the insert arc termed NF90a and 

NI-11 Oa. NF90 and its heteromeric partner, NF45, are predominantly nuclear and largely 

chromatin-associated, .. vhereas the C-terminally extended NF90 species, NF 110, are 

almost exclusively chromatin-bound. NFllOb associates with the dsRBM-containing 

transcriptional co-activator, RNA helicase A, independently of RNA binding (87). 

1LF3 family has been implicated in a variety of cellular processes, including gene 

transcription, translation, and mRNA stability. For example, both a positive and negative 

regulator NF90 is an essential factor required for activated transcription 0f an ARRE-2 

driven reporter in vitro [85]. NF45 can enhance the activity of NF90 as a transcriptional 
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activator [88]. NF45 and NF90 act together as novel regulators of iiS4-dependent human 

IL-13 transcription in response toT cell activation[89). 

ILF3 can activate IL-2 transcription by binding to proximal promoter region of IL-2. 

ILF3 can also stabilize IL-2 mRNA through its interaction with 3 'UTR of IL-2 mRNA in 

response to T -cell activation [90, 91 ]. Oxidative stress-induced mitogen-activated protein 

(MAP) kinase phosphatase l (MKP- I) expression in I leLa cells is mediated by increased 

mRNA stability and translation, which are facilitated by the binding of l luR and NF90 to 

MKP-1 mRNA [92]. Interestingly, insertion of the AU-rich NF90 motif (NF90m) in the 

3'UTR of EGFR mRNA did not affect the mRNA stability; instead, the translation of 

EGFR-NF90m mRNA became specifically repressed in an NF90-dependent manner, 

suggesting that NF90 represses the translation of this subset of mRNAs [93 J. Moreover, 

NF90 stabilizes the mRNAs of cyclin-dependent kinase inhibitor p21 Cip 1 and myogenic 

transcription factor MyoD [94]. ILF3 facilitates YEGF expression by promoting YEGF 

mRNA loading onto polysomes and translation under hypoxic conditions, thus promoting 

cancer growth and angiogenesis in vivo [95]. Recently, it has been shown that ILF3 can 

function as an inhibitor for cytoplasmic export of various mRNA, and thus prevent their 

translation [96). ILF3's translation role may be regulated by dsRNA-activated protein 

kinase C (PKC) because it interacts with and serves as a substrate for PKR, an important 

cellular regulator of translation [97]. 

The role of NF90 in microRNA processing has been reported recently. NF90 and NF45 

complex function as a negative regulator in the processing of primary miR.NA into 

precursor miRNA, resulting the accumulation of pri-miRNA amount in cells 

coexprcssing NF90 and NF45. However, the NF90 and NF45 complex \\-aS not found to 
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interact with the Microprocessor complex, the processing factors of pri-miRNAs, 

suggesting that the association of the NF90-NF-45 complex with pri-miRNAs prevents 

the access of the Microprocessor to the pri-miRNAs [98]. 

The observation that ILF3 is overexpressed in nasopharyngeal carcinoma [99], non-small 

cell lung carcinoma [ l 00], and ovarian cancer [ l 0 I] indicates that ILF3 is potentially 

involved in oncogenesis. This possibility is supported by an early study in which ILF3 

was shown to promote angiogenesis through the stabili/ation of vascular endothelial 

growth factor mRNA [95]. It is also supported by a recent study in which the unique C

terminal region of ILF3 was found to be important for promoting survivin expression and 

high affinity binding to YM155, implicating the involvement of ILF3 in cancer 

progression and drug resistance [ l 02]. 
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3. MicroRNAs in gene regulation 

MicroRNAs (m1RNAs) were originally identified as non-coding small regulatory RNAs 

(ncRNAs), known as lin-4 and let-7 that control the timing of larval development in 

Caenorhabdilis elegans [103]. MiRNAs are short single-stranded noncoding RNA 

molecules, 19-22 nucleotides in length. which regulate gene expression post

transcriptionally by base pairing with the 3'-untranslated regions (UTRs) of target mRNA 

l1 04j. These small molecules are expressed in several organisms, including homo 

sapiens, highly conserved across different species. and involved in many biological 

processes ranging from development, proliferation, differentiation, apoptosis. and cell 

cycle regulation to cell senescence and metabolism [ 105, 1 06]. MicroRNA genes 

represent approximately 1% of the genome of different species, and each of them has 

hundreds of different conserved or non-conserved targets. It has been estimated that 

about 30% of the genes are regulated by at least one microRNA [ l 05]. 

MicroRNAs interact \\ith their mRNA targets by base pairing. In plants, most miRNAs 

base pair to mRNAs with nearly perfect complementarity and induce mRNA degradation 

by an RNAi-like mechanism [107). Ilowever, ''ith few exceptions. miRNAs pair 

imperfectly with their targets. '"ith a set of rules identified by experimental and 

bioinformaties analyses in humans. MicroRNA-target base pairing shows perfect and 

contiguous base pairing of the miRNA nucleotides 2 to 8, representing the 'seed' 

sequences, which nucleates the miRNA-mRNA association. Also. there must be bulges or 

mismatches in the central region of the miRNA-mRNA duplex, precluding the Argonaute 

(AGO)-mediated endonucleol) tic cleavage of mRNA and reasonable complementarity to 

the miRNA 3' half. residues 13-16 ofthe miRNA. to stabilize the interaction. [108-112]. 
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Most miRNA binding sites are located in the 3'UTR of target mRNA and are usually 

present in multiple copies. Importantly, multiple sites for the same or different miRNAs 

arc generally required for effective repression of translation. When they are present close 

to each other ( 10-40 nucleotides apart), they tend to act cooperatively, that is, their effect 

exceeds that expected from the independent contributions of two single sites [32, 112). 

MiRNAs also exert their repressive function when their binding sites are artificially 

placed in 5' UTRs or coding regions of target mRNA. 

Micr oRNA Biogenesis 

MicroRNAs are initially expressed as part of transcripts called primary miRNAs (pri

miRNAs). They are apparently transcribed by RNA Polymerase II, and include 5' caps 

and 3' poly (A) tails. The miRNA portion of the pri-miRNA transcript likely forms a 

hairpin with signals for dsRNA-speciftc nuclease cleavage. The pri-miRNAs are cleaved 

"'ithin the nucleus by a microprocessor complex consisting of Drosha which is a 160k0a 

protein containing two typical RNasc Ill domains and a double stranded RNA-binding 

domain, and a protein cofactor. DGCR8 (DiGeorge syndrome critical region 8 gene) in 

humans to release hairpin structure molecules. precursor miRNAs (prc-miRNAs). The 

prc-miRNAs are about 70 nt RNAs with 1-4 nt 3' overhangs, 25 30 bp stems, and 

relatively small loops. For more processing. the hairpin pre-miRNA is exported to 

cytoplasm b) exportin-5 in a Ran-GTP dependent manner from nucleus via direct binding 

to Exportin-5. In the cytoplasm, prc-miRNAs are further cleaved b)' another RNaseiH

nuclcase, Dicer that is in concert v.ith cofactors. TRBP and PACT. to remo\e the loop 
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sequence, forming a short-lived asymmetric duplex intermediate. The resulting double

stranded RNA has 1-4 nt 3' overhangs at either end. Only one of the two strands is the 

mature miRNA and the selection of the active strand from the dsRNA appears to be 

based primarily on the stability of the termini of the two ends of the dsRNA. The mature 

single stranded miRNA with lower stability base pairing of the 2-4 nt at the 5' end of the 

duplex preferentially is then incorporated in the complex known as miRNP (miRNA

containing ribonucleoprotein complex) or miRISC (miRNA-containing RNA-induced 

silencing complex), whereas the other strand is likely subjected to degradation.[1 05, 

1 06]. As part of this complex, the mature miRNA is able to regulate gene expression at 

the post-transcnptional level, through partial complementary binding to the 3 'UTR of 

target mRNAs, leading to some degree of mRNA degradation and translation inhibition. 

The overall miRNA processing is summarized in figure 3. 
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Figure 3. Bioge11esis of microRNAs. After tramcrihed hy RNA polymerase ll. primary 

microRNA (pri-miRNA) transcripts are recogni=ed and clea\•ed hy the microprocessor 

complex consisting of Drosha and a protein co-factor. DGCR8 in humans, forming 

hairpin structure procure microRNAs (pre-miRNA) in the nucleus. The pre-miRNAs are 

exportedfrom the nucleus to the cytoplasrn by Exportin5 andfurther cleaved, by Dicer in 

concert with cofactors (FRBP and PACT in humans). to remol'e the loop sequence, 

forming mature microRNAs in the cytoplasm. The microRNAs are loaded into the miRJSC 

complex in which Argonaut (Ago) proteins appear to he the key effector molecules and 

regulate gene expression. Image adapted from hllp. www.micrornaworld.com. 
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Possible mechanisms of the miRNA mediated posttranscriptional gene repression in 

animal cells. 

mRNA translation is initiated by the recognition of the rnRNA 5' -terminal cap structure 

of the eukaryotic translation initiation factor (elF), which facilitates the recruitment of the 

40S ribosomal subunit. The repression effect on the initiation step of translation by 

miRNAs has been reported. The studies revealed that the recognition of the 5 '-m 7 GpppN 

cap by eiFs is blocked, and the translation of m7-capped mRNAs, but not of mRNAs 

containing an internal ribosomal entry site or a non-functioanl AppN cap, is repressed by 

miRNA, indicating that the m7G cap is essential for translational repression by miRNAs 

(113, 114]. Another study shows that miRNAs inhibited the 40S or the 80S ribosome 

loading on the repressed mRNA, supporting an effect on the initiation step [ 113). There is 

substantial evidence that factors bound at the 3'UTR exert their inhibitory effect on 

translational initiation by recruiting proteins that either interfere with the eiF4E-eiF4G 

interaction or bind directly to the cap but unlike eiF4E, are unable to associate with 

eiF4G and promote assembly of the 40S initiation complex. Recently, a study has been 

reported that the central domain of AGO proteins contains limited sequence homology to 

the cap-binding region of eiF4E. Importantly, the similarity includes two aromatic 

residues. which are crucial for cap binding in eiF4E and other cap-binding proteins(ll5]. 

A reported study shows that the miRNA complex represses translation initiation by 

preventing the 60S ribosomal subunit joining to the 40S initiation complex [ 116]. 

The repression can also occur at post-initiation phases of translation, owing to either 

slowed elongation or ribosome drop-off. The observation that polysome-associated 

miRNAs were shifted towards the top of the gradient during polysome gradient analyses, 
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whereas the shift of mRNA was only partial, shows that miRNAs decelerate translation 

elongation. Repressed mRNAs are associated with polyribosomes that are engaged in 

translation elongation. The inhibition appears to be post-initiation, and silencing occurs 

before completion of the nascent polypeptide chain, suggesting that the repression is 

primarily due to ribosome drop-off during elongation of translation [ 117]. Proteolytic 

cleavage of nascent polypeptides was also proposed as a mechanism of the miRNA

induced repression of protein production. Proteins are continually synthesized from 

mRNAs but do not accumulate because they are rapidly degraded by proteases recruited 

by miRNPs. A reported study shows that nascent polypeptides produced from the 

repressed reporter could not be detected in immunoprecipitation experiments. Likewise, 

in pulse-labeling experiments, neither full-length nor nascent polypeptides could be 

identified when the reported mRNA was repressed. On the other hand, repression was not 

prevented when reporter proteins were targeted to the endoplasmic reticulum (ER), 

suggesting that nascent proteins are degraded in the cytosol. At present, proteasome 

inhibitors had no effect on miRNA-mediated repression, and other proteases have not 

been identified [ 1 18]. 

Although initial studies suggested that the levels of miRNA-inhibited mRNAs remain 

mostly unchanged, more recent work has demonstrated that the repression of many 

miRNA targets is frequently associated with their destabilization. miRNA-mediated 

mRNA degradation is caused by two pathways, each of which is initiated by a gradual 

shortening of the mRNA poly (A) tail. The mRNA body can then be degraded by 

progressive 3 '~ 5' decay, which is catalyzed by the exosome, or by the removal of the 

cap followed by 5'~3' degradation, which is catalyzed by the exonuclease XRN1[119]. 
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Levels of mRNA are controlled by mRNPs through the recruitment of decay machinery 

components including CCR4-NOT, leading to mRNA deadenylation and decapping. The 

degradation, or at least its final steps, is thought to occur in P-body-cellular structures that 

are enriched in mRNA-catabolizing enzymes and translational repressors (Figure 4). 

T he regulation of microRNA expression in Cancer 

The widespread differential expression of miRNA genes between cancer and normal cells 

is a complex phenomenon, in that it may require miRNA transcriptional control by 

oncogenes, tumor suppressor genes, epigenetic mechanisms, and genomic abnormalities, 

all acting in concert for abnormal expression levels of miRNAs [ 120-122]. 

Cancer-associated miRNAs have been located downstream of major oncogenes and 

tumor suppressors that act as transcription factors, and the miRNA transcriptions are 

controlled by the transcription factors. For example, the tumor suppressor miR-34 

family, which is commonly deleted in human cancers, is positively controlled by p53 

tumor suppressor protein [ 123]. MYC oncogenic transcription factor can both positively 

and negatively regulate the transcription of different miRNAs to promote tumorigenesis, 

as it shows that miR-17-miR-92 cluster expression is promoted, whereas let-7 family 

transcription is repressed by MYC [124]. Also, studies show that pro-metastatic miR-IOb, 

which inhibits homeobox 010 translation and induce tumor cell metastasis in breast 

cancer cells, is transcriptionally activated by a pleiotropic transcription factor T\VISTl 

[ 125], and SMA04 activates transcription of miR-155, which pia> s an important role in 

TGFP-induced EMT and cell invasion in breast cancer [ 126]. Recently, epigenetic 
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Figure 4. Possible mecltauisms of tlte microRNA-mediated post-tra11scriptional gene 

regulatio11 iu auimal cells. Binding of mature miRNA complex (miRNPs) to mRNA 3' 

UTR can induce deadenylation and decay of target mRNAs by recruitment of decay 

machinery components such as CCR-1-NOT. Alternatively. miRNPs can repress 

translation initiation at either the cap-recognition or the 60S subunit joining stage. 

mRNAs repressed by deadenylation or at the translation-initiation stage are moved to 

P-hodies for either degradation or storage. The repression can also occur at post-

iniliation phases o.ftranslation. owing to either slowed elongation or ribosome 'drop-o.ff. 

Proteolytic cleavage of nascent pol; peptide\ wa.\ al.w propo'ied a.\ a mechanism of the 

miRI\A-induced repression of protein production A protease (X) that might be involved 

in the proces\ has not been ident(/ied. The "'-methylguanosine cap i'i represented by a red 

circle. elF./£. eukaryotic: initiation factor -IE. Image adapted.fl·om Filipowicz. 2008. 
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changes ofmiRNA genes in tumors have been reported. miR-l48a, miR-34b/c, and miR-

9 are hypermethylated and silenced, resulting in up-regulation of the miRNA oncogenic 

target genes, such as c-Myc, E2F3, CDK6, and TGIF2 in cancer cells compared with 

normal tissues. The DNA methylation-associated silencing of tumor suppressor miRNAs 

contributes to the development of human cancer metastasis [ 127). 

miRNAs may inhibit or promote tumor progression. Interestingly, a large scale of 

miRNA expression profiling analyses reveals that mature miRNAs are globally down

regulated in various tumors including breast tumor [ 128-130]. These findings suggest a 

notion that the miRNA system may generally act as a negative regulator during tumor 

progression. This notion is supported by recent studies in which reducing global mature 

miRNA expression by impaired miRNA processing was shown to enhance cellular 

transformation and tumorigenesis [131-133). In addition, recent studies show that the 

levels of miRNA processing components including Dicer and Drosha are decreased in 

various tumors including ovarian, lung, and gastric cancers [134-136]. A mutation in the 

miRNA processing gene TRBP2 enhances transformation by impairing miRNA 

production [ 137]. Oncogenic miR-1 031107 promotes cancer metastasis by reducing Dicer 

expression [138]. These observations raise a possibility that reduced expression of 

miRNA processing components can be one of the contributors to global do\\fll- regulation 

of mature miRNAs in tumors. 
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MicroRNA expression and Role in human cancer 

MicroRNAs arc predicted to regulate about 30% of genes within the genome[ I 05. 1 09]. 

Many of these miRNA-targeted mRNAs encode genes essential for cell proliferation/ 

differentiation, cell survivaUapoptosis, and cell migration/invasion, processes often 

altered during tumor progression[ I 05, 139]. Their abnormal levels of miRNAs in tumors 

have an important pathogenetic consequence: miRNAs that arc overexpressed in tumors 

contribute to oncogenesis by downregulating tumor suppressors, whereas miRNAs lost 

by tumors generally participate in oncogene overexpression. 

MicroRNAs that arc amplified or overexpressed in cancer could act as oncogenes, and a 

number of putative oncogenic miRNAs have been proposed (140). miR-155, which is a 

targeted AID gene, has been upregulated in several hematopoietic malignancies and 

tumors of the breast, lung, and pancreas [ 141). miR-21 represses the tumor suppressor 

PTEN in hepatocellular carcinomas (HCCs). miR-373 and miR-520c were identified as 

metastasis-promoting genes. In MCF-7 breast cancer cells, overexpression of miR-373 or 

miR-520c promoted an in vitro migratory and invasive phenotype, to repress the common 

direct target, CD44, which encodes a cell surface receptor for hyaluronan, and it is lost in 

breast cancer with high metastatic potential and acts as a metastatic suppressor in prostate 

and colon cancer [ 142]. miR-21 is involved in several aspects of the metastasis as a 

master regulator. miR-21 downregulates the tumor suppressor tropomyosin I (TPM I), 

promoting cell motility in a breast cancer [ 143] and stimulates cell invasion and 

metastasis by direct repression of maspin ( ERPINB5) and PDCD4 (programmed cell 

death 4) in different tumors including breast, colon cancer, and gliomas [144, 145). 

Additionally, miR-21 is shown to potentiate the metastatic abilities of tumor cells through 
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an overall increase of metalloproteinasc (MMP) activity by direct repression of RECK 

and TIMP3, two MMP inhibitors, and phosphatase PTEN (146, 147]. 

In contrast with oncogenic properties of miRNAs, miRNAs can act as inhibitors in 

various steps of tumorigenesis. Among these, low miR-335, miR-126, or miR-206 

expression in human primary tumors was significantly associated with poor metastasis

free survival. miR-335 directly represses the expression of SOX4, which plays a role in 

cell progenitor development and migration [148]. miR-335 is also shown to repress the 

expression of glycoprotein tenascin C (TNC), a protein that reduces cell-ECM 

interactions and is highly expressed in most solid tumors (149]. Hence, loss of miR-335 

expression endows tumor cells with a metastatic advantage. upregulating both a 

transcription factor that activates metastatic genes and an ECM component that triggers 

tumor cell motility. miR-126 specifically inhibits cell motility in lung cancer, without any 

effects on proliferation, whereas in breast cancer cells miR-126 is actually an inhibitor of 

cell proliferation [ 150]. The miR-17-miR-92 cluster in lymphomas reduces tumorigenic 

levels of the transcription factor, E2Fl. The myc-repressed miR-29c is a further example 

of miRNA abnormalities in tumors modifying the composition of ECM. miR-29c 

expression is highly invasive and metastatic nasopharyngeal carcinoma and reduces the 

mRNA levels and the expression of a set of genes encoding for ECM protein, such as 

collagens or laminin-y 1 G l, indicating that miR-29c is probably a metastasis suppressor 

miRNA [151J. miR-146 that is commonly lost in metastatic prostate cancer directly 

decreases the expression of the Rho-activated protein kinase ROCK I, showing markedly 

reduced cell proliferation, invasion, and metastasis to human bone marrow endothelial 

cell mono layers in PC3 prostate cancer cells [ 152]. Further confirming the role of miR-
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146 as a tumor suppressor, the miR-146 family turns off nuclear factor-KB (NF-KB) 

activity and reduces the metastatic potential of MOA-MB-231 breast cancer cells through 

the repression of IRAK1 and TRAF6 [153]. The let-7 family repress KRAS, NRAS, high 

mobility group A2 (I IMGA2), and MYC in lung cancer cells, and the miR-15a-miR-16-1 

cluster downregulates BCL-2 in chronic lymphocytic leukaemias and Cyclin 01 in 

prostate cancer and mantle cell lymphoma [ 154). 

The roles of miRNAs as an oncogene or tumor suppressor in cancer arc tissue and tumor 

specific. For example, miR-155 is highly overexpressed and acts as an oncogene in solid 

cancers of epithelial origins and in leukaemias and lymphomas, whereas in endocrine 

tumors it is highly downregulated and possibly has suppressive functions [ 130). 

Recent miRNA profiling analysis has identified a set of miRNAs that are differentially 

expressed and can be used to distinguish between breast cancer and normal breast 

tissues[155]. Certain miRNAs have been found to correlate with clinic pathological 

features of breast tumors. For instance, the loss of expression in the distinct member of 

let-7 family renects PR status (let-7c), positive lymph node status (lct-7f-1, let- 7a-3, and 

let-7a-2), and high proliferation index (lct-7c and let-7d) [ 155, 156]. Downregulation of 

miR-31 but upregulation of miR-1 Ob have been found to be associated with the 

metastatic status of breast tumors[ 125, 157]. These findings implicate that signatures of 

miRNA expression may be used as biomarkers for both diagnosis and patient risk 

stratification of breast cancer patients[158]. Meanwhile, defining cancer-relevant 

miRNAs may also allow the development of effective anticancer therapeutic means. Two 

recent studies highlighted the efficacy of such an approach. as either silencing miR-1 Ob or 

forcing miR-26a expression led to suppression of tumorigenicity in murine models (159, 160]. 
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4. Protein Kinase C (PKC) 

PKC Structure and Activation 

Intracellular serine/threonine kinases mediate many signaling pathways important for 

downstream signal transduction following the activation of receptor tyrosine kinases. 

Protein Kinase C (PKC) was originally discovered as a phospholipid and calcium

dependent protein kinase [ 161 ], and the receptors for the potent tumor promoting phorbol 

esters suggested a key role for PKC in tumor progression and progression leading to PKC 

being considered as a target for cancer therapy [92, 162]. The PKC family consists of at 

least 12 isoforms with distinct and in some case opposing roles in cell proliferation, 

differentiation, apoptosis and angiogenesis. 

fhc PKC isoforms arc classified into three groups based on their structure and activation 

characteristics. The sub-classes are classical or conventional PKCs ( cPKCs; PKCa. 

PKCpi, PKCPII and PKCy), which are calcium dependent and activated by both 

phosphotidylserine (PS) and diacylglycerol (DAG), novel PKCs (nPKCs; PKC&, PKCE, 

PKC11 and PKCO), which are calcium independent and regulated by DAG and PS, and 

atypical PKCs (aPKCs: PKC~ and PKCt), which are calcium independent and do not 

require DAG for activation, although PS can regulate their activity [ 163, 164]. All PKC 

family members share an autoinhibitory pseudosubstrate sequence that maintains PKC in 

an inactive state by occupying the substrate binding cavity and the same carboxyl

terminal kinase domain linked by a flexible hinge segment to an amino-terminal 

regulatory domain (Figure 5). The carboxyl terminal tail serves as a phosphorylation

dependent docking site for key regulatory molecules. The regulatory domain is 
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Figure 5. Schematic represe11tatio11 of protein ki11ase C isozyme structure and 

classijicatio11. The PKC family is divided into three su~families. com·entional PKCs 

(cPKCs: a. fJJ, fJJJ and y). novel PKCs (cPKCs: o. c. '1· and B) and atypical PKCs 

(aPKC.\: (. 1, and).}. PKC has./ conserved domains (Cl -1): Cl has 1 or 2 cysteine-rich 

mot(f.\· that form the diacylgylcerol (DAG) and plwrbol ester binding site. C2 contains the 

recognition site for acidic lipids and in cPKCs the calcium binding site. C3 and C4 form 

the ATP and substrate binding lobes of the catalytic site. The C2 domain of novel PKCs 

lacks amino acid.\ to bind calcium. Al}pical PKC.\ have only 1 cysteine-rich motif. and 

phorbol ester binding has not been detected. image adapted from Mackay. 2007 
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responsible for the DAG (Cl) or calcium (C2) binding, although some tsozymes have 

variants of these modules that do not bind lignads. The cPKCs contain a C 1 domain for 

DAG and a C2 domain for Ca2
+ binding, whereas the nPKCs contain a C I domain for 

DAG binding artd a C2-related domain that docs not bind with Ca2
+ but is involved in 

regulating membrartc translocation. The aPKCs lack C2 domain homology sequences and 

contain a vanant of the Cl domain, which cannot bind OAG. The aPKCs are activated by 

distinct ligands including ceramides and phosphatidylserine as wc11 as phosphorylation 

artd protein-protein interactions [165, 166). 

PKCs may acqutrc stability artd the catalytic competence by a process of maturation 

consisting of constitutive phosphorylation. Recently, the central role of heat shock 

protein-90 (I Isp90) and the mammalian target of rapamycin complex 2 (mTORC2) in this 

maturation process has been demonstrated [ 167, 168]. Once fu11y processed and 

phosphorylated, the activation of PKC is regulated by many signals that are important m 

tumorigenesis and second messengers. Activated PKCs cause an increase in the affinity 

ofPKCs for cc11 membrane artd the release of an inhibitory substrate (a pseudo-substrate) 

to which the inactive enzyme binds. [ 164]. Some PKC isoforms can be activated 

independent!} m a different manner through the phospholipase C (PLC) 

phosphatidylinositol 3-kinase (PIJK) pathway [164]. 

Consistent with their different biological functions, PKC isoforms differ, not only in their 

structure and mode of activation, but also in their tissue distribution, subcellular 

localization. and substrate. The diversities in PKC enzymes arc resulted from a 

combination of differing substrate specificit), expression, cofactor requirements, artd 

importartt anchoring/scaffolding proteins for PKC, including receptors for activated C 
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kinases (RACK) and AKAP79 [ 169, 170]. The activation of PKC isoforms results in 

changes in their subcellular location, following translocation to specific anchoring 

proteins, collectively named, "receptors of activated C kinascs" (RACKs) [171). PKC has 

been implicated in the epidermal gro\-vth factor receptor (EGFR) pathway, which is 

disrupted in various human tumors. PKCs activated through different pathway have 

functional differences. Activated PKC can phosphorylate and activate a range of kinascs 

that regulate cell-cycle, proliferation, apoptosis, cellular adhesion, and metastasis. 

Nevertheless, the downstream events following PKC activation arc little understood. One 

of the well knO\-\n pathways activated by PKC is the MEK-ERK (mitogen activated 

protein kinase kinase-extracellular signal-regulated kinase) signaling pathway, that is 

activated by PKCo in a manner dependent on c-Raf but independent of Ras [172]. 

Moreover, a study has also shown that the PI3K-Akt pathway can be activated by PKC 

isoforms [173). 

The Functions of PKCs on cancer 

The function of PKC m cancer is complex because PKC isoforms regulate many 

pathways imolvcd in cellular transformation. Most PKC isoforms are commonly 

associated with increased proliferation, and/or survival. The PKC family plays a role in 

cellular adhesion and is thus important for integrin-mediated cancer cell invasion, 

activation of matrix metalloproteinases, and the expression of extracellular matrix 

proteins. Inhibition of PKC acti" ity has been shown to lead a reduction in invasiveness 

paralleled by the inhibition of cell motility in some cell lines[174, 175]. Studies have also 
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associated the increased PKC levels with malignant transformation in breast, lung, and 

gastric carcinomas cells [176-178]. However, such correlation is less clear in in vivo. For 

example, in colon cancers, PKCP expression can be increased, the same or decreased 

compared to normal epithelium. Two splice variants of PKCp, PKCP1 and PKCPu, can 

have opposing cellular functions. Overexpressed PKCP11 causes hyperproliferation and 

increases susceptibility to carcinogenesis through the cyclooxygcnase 2 (COX2) and the 

transforming growth factor-P (TGFP) signaling pathway. The expression of PKCPu 

increases significantly early on in carcinogenesis. In contrast, PKCP1 is associated with 

differentiation and is downregulated in colonic tumors [ 179]. The opposite role and 

expression of PKC isoforms have been reported in various cancers including breast, 

colon and bladder cancer, suggesting that PKC isoforms can act as either a positive or 

negative regulator of tumor progression, and are cell-type specific. 

In the breast cancer, PKC activity is increased compared to normal tissues, and is 

associated with estrogen receptor negativity. PKCP overexpression contributes in 

angiogenesis [180], and elevated PKCo expression is associated with poor outcome in 

breast canccrl18ll PKCo is likely to play a major role in anti-estrogen resistance in 

breast cancer cells and has been linked with acquired resistance to tamoxifen in breast 

cancer patients l182]. Also, PKCe activation has been linked ""ith an aggressive, motile 

phenotype in breast cancer cells (183]. Recently, it has been reported that PKCa. activity 

supports migration of breast cancer cells in vitro, and its overcxpression correlates to 

tumor grade, proliferation, and poor prognosis [184], although the overexpression of 

PKCa. and PI was reported to induce a less aggressive phenotype r 185, 186]. In normal 

breast and breast cancer samples, PKCa. expression shows a progressive reduction in 
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staining intensity from normal breast to invasive ductal carcinoma (IOC). The finding 

suggests that PKCa. activity is altered in dividing or abnormal cells, and an alteration in 

the subcellular localization of PKCa. leads to changes in the desmosomal adhesive state 

of the cells. This potentially leads to a loss in cell-cell adhesion and a transition from a 

normal to a malignant phenotype (187, 188]. 

Elevated expression of PKCP seems to be an early event in colon cancer development 

and transgenic overexpression of PKCP11 in the intestine induces hyper-proliferation and 

an invasive phenotype in epithelial cells[ 189, 190]. Consistent with this, the PKCP 

specific inhibitor enzastaurin inhibits the activation of Akt-GSK3 dependent survival 

pathway in colon cancer cells, as well as in mouse xenograft models [ 191]. PKC& is also 

overexpressed in colon cancers, and PKCE overexpression conferred a metastatic 

phenotype to colonic epithelial cells [192, 193]. 

In a bladder cancer, the expression of PKCP and PKC& decreased with increasing tumor 

grade, whereas the levels of PKCa. and PKCl; increased, suggesting a potential role for 

the PKC family in the transformation of the human bladder epithelium [194]. The 

opposite changes seen in the levels of the isozymes concur with in vitro data, suggesting 

that individual isozymes can act antagonistically. 

In ovarian cancer, a decreased PKCo. expression occurs with an increasing grade of 

malignancy, and this contrasts with the overexprcssion of PKCo. reported in endometrial 

and prostate carcinomas. PKC& was not expressed in ovarian tumors, and PKCt was 

expressed in a subset of tumors and was associated with a poor outcome. 

The overexpression of PKC& in human cutaneous squamous carcinoma (SCC) cell lines 
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induced apoptosis and suppressed tumorigenicity, making PKCo a potential tumor 

suppressor gene for SCCs. In this regard, it has been recently demonstrated that PKCo 

gene expression is suppressed in human sees, probably via transcription repression 

[195]. PKCe has been shown to be an important mediator of SCCs. and its 

overexpression in mouse epidermis caused development of sec following application of 

dimetylbenz(a)anthracene and TPA protocol or ultraviolet radiation [ 196]. On the 

contrary, PKCo was overexpressed in human ductal carcinomas, and the stable 

overexpression of PKCo in a human pancreatic carcinoma cell line (PANCl) induced a 

more malignant phenotype when these cells were inoculated into nude mice [197]. PKCo 

has also been linked to an inhibitory role in cell autophage, suppressing the catabolic 

process in pancreatic cancer (198). 

PKCa may act as a tumor promoter or as a tumor suppressor. For example, 

overexpression of PKCa has been shown in tissue samples of prostate, endometrial and 

high-grade urinal) bladder, whereas up- or down-regulation of PKCa has been observed 

for hematological malignancies, and down-regulation of PKCa. has been described in 

basal cell carcinoma and colon cancersf 199-202]. In addition, PKCa. overexpression is 

correlated with tumor size and the TNM stage of hepatocellur cancer (I ICC), and its level 

may be a prognostic marker in these patients [203]. In addition, PKCo can also act as 

either a positive or a negative regulator of tumor progression. PKCo isoform is 

overcxpressed in colon cancers, whereas it is downregulated in malignant gliomas, 

bladder carcinomas, and endometrial tumors [ 192, 204]. Another study shows that PKCo 

activation in prostate cancer results in extrinsic apoptosis through the release of death 

receptor ligands [205]. Similarly, downrcgulation of PKCo ""ith prolonged phorbol-ester 
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treatment of Src-overexpressing fibroblasts confers a malignant phenotype [206], 

suggesting a tumor-suppressor role for this isoform. 



II. MTERIALS AND METHODS 

Cells, Antibodies, and Reagents 

MDA-MB-231 and MDA-MB-436 cells were cultured in DMEM supplemented with 

10% FBS. MCF-7 and T47D cells were cultured in DMEM supplemented with 10% FBS 

plus 1 OJ.tg insulin. 

Antibodies used in immunoblotting include anti-Drosha pAb (Cat. No. 07-717, Millipore; 

titer: 1: I ,000), anti-DGCR8 pAb (Cat. No. 1 0996-1-AP, Protein tech Group; titer: 

1: I ,000), anti-Dicer pAb (Cat. No. 3363, Cell Signaling Technology; titer: 1: 1.000), anti

uPA mAb (Cat No. 394, American Oiagnostica; titer: 1: 1 ,000), anti-RNA Polymerasell 

pAb (Cat. No. ab-5095, Abeam; 2 Jlg/ChiP reaction), anti-6X I lis tag pAb (Cat. No. 

ab9 1 08, titer: 1: I 000 for imrnunoblotting, 1: 200 for immunostaining), and anti-COX-2 

mAb (Cat. No. 160112, Cayman Chemical; titer: 1:1,000). Also, anti-NF90 pAb (Cat. No. 

sc-22530-R, titer 1:1,000), anti-NF45 pAb (Cat. No. sc-1338 17, titer 1:1,000), , anti

PKCb pAb (Cat. No. sc-2 13, titer 1:1 ,000), anti-PKCE pAb (Cat. No. sc-214, titer 

1: 1 ,000), anti-PKCfl pAb (Cat. No. sc-2 15, titer 1: 1 ,000), anti-PKCe pAb (Cat. No. sc-

1680, titer 1:1 ,000). anti- P-actin mAb (Cat. No. sc-47778, titer: 1:1 ,000) were from 

purchased from Santa Cruz Biotechnology. 

38 
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Phorbol 12-M} ristate 13-Acetate (PMA, Cat. No. P 1585, Sigma; final 1 OOnM), 

Bisindolylmaleimide I (GF, Cat. No. B-2464, LC Laboratories; final 10 ~M), Ca1phostin 

C (Cat. No. C-6303, Sigma; finallO ~M), Go6976 (Cat. No. 01171, Sigma; final20 ~M) 

Ronlerin (Cat. No. 557370, Calbiochem), and UO 126 (Cat. No. 662005, EMD; final: 

lO~M) were used in this study. Recombinant single-chain uPA (Cat. No. 107) was 

purchased from American Diagnostica. 

shRNAs, siRNAs, and microRNAs 

ILF3 and NF45 shRNAs were designed using web-based Block-iT program and 

subcloned into pLY -mU6-(shRNA)-EFl a-GFP vector. Lentiviral vectors containing 

scrambled sequence, Drosha, DGCR8, or Dicer shRNAs were obtained from Addgene. 

siRNA pools specific for negative control, uPA, PKCo, PKCe, PKC11, and PKC9 were 

obtained from Dharmacon. Mature miRNA mimics (miScript mimics) were purchased 

from Qiagen. Synthesized miRNA inhibitors were purchased from Applied Biosystems. 

Following sequences were designed for ILF3 and NF45 shRNAs. 

sh-ILF3-1 :5'-GGATGGACAGAAGTICCAAGG-3' 

sh-ILF3-2: 5'-GCTGAAGTCTIGTGTCA TIGT-3' 

sh-NF45-l: 5'-GGCCTIGCTGAAGAGGAA TCA-3' 

sh-NF45-2: 5'-GCAGGACA TGGTCTGCTAT AC-3' 
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In vitro invasion assay 

Cells were detached with trypsin and then resuspended in serum-free medium at densities 

of 1.5 x 106 cells/mL, and 300 ~L of cell suspension was added into each Matrigel-coated 

invasion chambers (Cell Biolabs). After a 24-hour invasion period, the remaining cells in 

the chambers were removed by cotton swabs, and the invading cells on the lower surface 

of the chambers were stained with Diff-Quick staining solution. The number of invading 

cells was calculated by counting 3 different fields under a phase-contrast microscope. To 

determine the importance of uPA in invasion, cells were transfected with S~M uPA 

siRNA (siuPA) pool or scrambled RNA using Lipofectamine 2000 (Invitrogen) for 3 

days followed by invasion assay. To determine DGCR8, Drosha, or Dicer knockdown 

effect, cells were infected ~ith lentiviral vectors containing Drosha, DGCR8, or Dicer 

shRNAs for 4 days before invasion assay. To determine the effect of exogenous uP A on 

cell invasion, 4 nM recombinant single-chain uPA was added into cells during the 

invasion period. To determine the effect of miRNA mimics, 5 ~M miR-18la, miR193a, 

and miR193b mimics were transfected into MDA-MB-231 using Lipofectamine 2000 

(Invitrogen) for 3 days before the analysis of invasion. 

qRT-PCR 

Total RNA was extracted with Trizol (Invitrogen), and then treated with DNase I 

(Fermentas) and reverse transcribed using M-MLV reverse transcriptase (Cat. No. 28025-

013, Invitrogen). Synthesized eDNA was used for the quantitation ofmRNA or miRNAs. 

The levels of uP A mRNA was measured by TaqMan Assay Kit (Applied Biosystems) 
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and normalized by level of P-actin mRNA. The levels of mature miR-193a, miR-193b, 

and miR-18la were analyzed with miR-l93a, miR-193b, and miR-18la TaqMan 

microRNA Assay Kit (Applied Biosystems), respectively. The levels of precursor 

miRNAs were measured with the respective miScript pre-miRNA assay kit (Qiagen). The 

levels of primary miRNAs were measured using primer sets specific for each miRNA. 

The levels of GAPDH mRNA were also measured and used as the internal normalization 

factor. Following primers were used for qRT PCR to measure each pri-miRNA levels. 

pri-miR-193a: Forward: 5'- TGTAACCCTTGGAGGGCTGGGTTT-3' 

Reverse: 5'-AAGCTCTGGGTGTCCCTCA-3' 

pri-miR-193b: Forward: 5'-TCAGCCATGGTGTGGCAAATGT-3' 

Reverse: 5'-AACCGGGATCACTGAAGGAATCGT-3' 

pri-miR-18la: Forward: 5"-AAGGTG- GACACACCAGGACTTTCT-3' 

Reverse: 5 '-CAACCCACCGACAGCAA TGAA TGT -3' 

To determine the effect of PKC inhibitors on the level of uP A mRNA, MDA-MB-231 

and MDA-MB-436 cells were treated with 10 j..tM 006976, 5 j..tM OF and 10 j..tM 

Calpostin C for 1 day prior to the isolation of total RNA. 

Lentivirus Infection 

6 x I 06 cells of HEK293FT were cotransfected with 2.7ug of PLP1, 2.7ug of PLP2, 2.7ug 

of VSVG, and 8.1 ug of target plasmid (shRNA lentiviral plasmids) using Lifomectamine 

2000. After 12hrs of transfection, the transfection medium was replaced with 1 OmL of 

fresh medium for virus production. At 36- 48hrs post transfection, the virus supernatant 
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was collected from each dish into a 15mL conical flask and replace with I OmL fresh 

virus production medium, if the cells were health and could produce high-quality virus 

for additional time. The collected supernatant was spin-downed at - 1000 rpm for 5 min 

in a centrifuge to pellet cellular debris, then filtered the supernatant through a 0 45 urn 

syringe filter. This filtered supernatant was used for infection of target cells. The day 

before the infection, target cells (MDA-MB-23 I, MOA-MB-436, MCF-7 and T47D 

cells) were seed to 50% confluent. The virus supernatant was added into the cells with 

4ng of polybrene. The cells were incubated at least 48 hrs, and if a target plasmid 

contains selection markers, appropriate antibiotics were treated. Infection efficiency was 

confirmed by immunoblotting, and confirmed, infected cells were used for the research. 

Immunoblotting 

Cells were lysed with RJPA buffer (50mM Tris-llCI pll 7.4, l50mM NaCI, I mM EDT A, 

I% NP40, 0.25% Na-deoxycholate, l mM Na3 V04, and 1 mM NaF) containing protease 

inhibitors ( lmM PMSF, 11-lg/ml aprotinin, and 11-lg/ml leupcptin). Equal amounts of cell 

lysates were loaded onto SDS-PAGE gel, and transferred to nitrocellulose membranes. 

The membrane was incubated with 5% milk solution in TBST (50 mM Tris.HCI, pH 7.4 

and 150 mM NaCl with 0.05% Tv,:een 20) for 30min, 2 times to bind to any remaining 

sticky places on the membrane. A primary antibod} in TBST with 5°/o BSA was then 

added to the membrane, which is able to bind to its specific protein and incubated for 

overnight at 4°C. A secondary antibody-enzyme conjugate, which recognizes the primaf} 

antibody was added to find locations where the primary antibody bound and visualized 
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using SuperSignal West Femto Chemiluminescent Substrate (Cat. No. 34096, Thermo 

Scientific) of HRP-conjugated secondary antibodies. 

Chromatin immunoprecipitation (ChiP) 

Cells were cultured in 1 Ocm plates to 100% confluence. Protein bound to DNA in these 

cells were cross-linked in 1% formaldehyde for 10 min at room temperature and the 

reaction was stopped with treatment of 0.125M Glycine for 5 min. The cross-linked cells 

were harvest with ChiP buffer including protease inhibitors, and then incubated on the ice 

for I Om in. The DAN was shared by sonication in condition of pulse on for 5 sec and 

followed pulse off for 20 sec off at amplitude 4, repeated 15 times. Cells were spin down 

at maximum speed for IS min, 4 ·c and the supernatant was collected. The supernatant 

were mixed with 2f..lg RNA polymerase II polyclonal primary antibody and rotated on the 

rocker for overnight at 4 ·c . Protein A agarose beads were added to pull-down antibody 

binding proteins for 3 hrs at 4 ·c. The beads were sequentially washed. eluted and 

digested with proteinase K. The eluted DNA was extracted with phenol/chloroform, 

precipitated with ethanol and resuspended in I xTE buffer ( 10 mM Tris pH 7.5, I mM 

EDTA pll 8.0). Rabbit IgG was used as a negative control. uPA promoter sequence 

enrichment was determined by qPCR using primers amplifying region either near the 

transcription start site. Following primers \\ere used for detect uP A promoter region. 

RP-Il ChiP Primers; Forward: 5'-CAGGTGCATGGGAGGAAGC-3' 

Reverse: 5'-CCGCCCCGGCGCCGCCCT-3' 
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Construction of human uP A 3'-UTR luciferase reporter gene and mutants 

The 3'-UTR of human uP A mRNA was generated by RT-PCR using total RNA isolated 

from MDA-MB-231 cells, and the PCR fragment was subcloned into pMIR luciferase 

report vector (Applied Biosystems). To destroy the predicted miRNA-binding sites in 

uPA 3'-UTR, mutagenesis was performed by two-step PCR. Primers for synthesizing 

3'UTR of human uPA mRNA and the primers used for introducing mutation are 

followed. 

uPA3'UTR 

Forward: 5' -CTCTGAGGATCCCCAGGGAGGAAACGGGCA-3 ' 

Reverse: 5'-AGCAGATCTA TITAAAA TTACAAAAA TATAAA T AAAAATAG-3' 

uP A 3'UTR, miR-193 seedi!!_g_mutant 

Forward: GTCCCTITCITCCGGTCIT ATCCCTTCCTnT AGCCT AGTICATCC 

Reverse: GGAAGGGA T AAGACCGG AAGAAAGGGACA TCTA TGTGAAAGTG 

uP A 3'UTR, miR-181 non-conserved seeding mutant 

Forward: CAGTGCCTGG CTTA CAT TI A TTCTGCAGCA TGACCTGTGACCAGC 

Reverse: GCAGAA T AA ATGTAA G CCAGGCACTGTCACGTGGGGGACCC 

uP A 3'UTR, miR-181 conserved seedin mutant 

Forward: CTGATA ITCCMC17AC4ITCAGGAAATATATATGTGTGfGTATGTITG 

Reverse: T A TITCCTGAA TGT AA GTfGGAA T A TCAGAGCCCTGCCCTGAAGT 
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Luciferase Assay 

To measure the uPA promoter activity, control and ILF3-knockdovm MDA-MB-231 

cells were transfected with uP A promoter reporter plasmid for 2 days. Expression vector 

encoding Renilla luciferase at a 1 :50 ratio was included during transfection. Cells were 

lysed with Passive buffer (Promega), and luciferase activity was measured by a dual 

luc1ferase system (Promega) according to the manufacturer's protocol. The promoter 

activity was normalized by Renilla luciferase activity. To determine miRNA/uPA mRNA 

interaction, reporter gene constructs containing human uP A 3 'UTR were cotransfected 

into MDA-MB-231 cells with miR 193a, miR-193b, or miR-181 a mimics for 2 days. 

Expression vector encoding Renilla luciferase at a 1 :50 ratio was included during 

transfection. Cells were lysed and cell lysated was used to measure 1uciferase activity 

using a dualluciferase system. The Renilla luciferase activity serves as an internal control 

for standardizatiOn. 

Immunofluorescence staining 

Cells were cotransfected with His-ILF3 plasmid and siCon, siPKCo, or PKC11 respectively 

for 2 days using Lipofectarnine 2000. The day before of immunostaining, coverslips were 

~oakcd in 70% Ethanol and 1% HCl with shakmg at lowest speed and washed with PBS then, 

soaked in 0.0 l% Poly-lysine for 1 hour. Coverslips were finally washed with distilled water 

and dried under UV. Transfected cells were cultured on coverslips to a confluence of 5-15% 

OYcmight, then fixed with 4% paraforrnaldehydc and perrncablized with l% Triton X-1 00. 

And then, the cells were blocked in mixture of l% BSA and l 0% Serum for 30 minutes. To 
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check the subcellular localization of ILF3, the cells were incubated with 6X-His tag 

polyclonal antibody for 1 hr at room temperature, and then processed Rhodamm-conjugated 

secondary antibody for 1 hr at room temperature. Cells were applied with appropriate anti

fade solution with DAPI (Promega gold) and scaled the cover slip by applying nail polish at 

the periphery of cover slip. The cells were visualized under a fluorescence microscope 

(Axiovert 200M; Zeiss). DAPI was used to locate nucleus ofiLF3. 

Detection of the interaction between the ILF3 and pri-miRNA 

To detennine the ability of ILF3 on primary processing by PKCo or PKC11, His-ILF3 were 

cotransfected with each siCon, siPKCo, or siPKC11 into the MDA-MB-231 cells for 48 hrs. 

WCEs from cells were immunoprecipitated with anti-6X his taq and the coprecipitated RNA 

was purified by proteinase K digestion, extracted with phenol-chloroform, and ethanol 

precipitated. The precipitated RNA was annealed with 250 ng/~1 random hexamers and reverse 

transcribed with the Reverse SuperScript III first-strand synthesis system (Invitrogen). eDNA 

was amplified by qPCR using the specific primers for pri-miRNA. The primer sequences used 

for primairy-miRNA detection are described in the section of qRT-PCR. 

tatistical analysis 

tatistical analyses of in vitro invasion assays and luciferase activities were performed by 

the Stu- dent 1 test using Microsoft Excel software (Redmond, W A). P < 0.05 was 

considered statistically significant. 



III. RESULTS 

PART 1: Sustained and transientl induced uP A ex ressions arc regulated b 

distinct mechanisms. 

To check the correlation between uPA expression and cell invasiveness, we performed in 

vitro cell invasion assay, and screened the uP A mRNA and protein expression levels in both 

invasive and less-invasive breast cancer cell lines. Both uP A mRNA and protein were highly 

expressed in invasive cell lines, but not in less-in\lasive breast cancer cell lines (Figure 6A, 

68 & 6C). The knockdown of uP A led to significant reduction in in vitro invasion of invasive 

breast cancer cells, suggesting that uP A is essential for in \'ilro cell invasion in breast cancer 

cells (Figure 7 A & 7B). Interestingly, phorbol 12-myristate 13-acetate (PMA) transiently 

upregulated the uPA levels in both invasive (MDA-MB-231 and MDA-MB-436) and less

invasive breast cancer cells (T47D) in a similar pattern (Figure 8A). Treatment with 

conventional protein kinase C (cPKC) inhibitor Go6976 and MEKl/2 inhibitor U0 126 before 

PMA stimulation largely abolished PMA-induced uPA upregulation in all three cell lines 

(Figure 88). In contrast, these inhibitors displayed little to slight inhibitory effect on the 

sustained uP A expression in invasive lines (Figure 8C). These results indicate that sustained 

and transiently upregulated uP A expression may be regulated by distinct mechanisms. 
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Figure 6. uPA is ltigltly expressed in i11vasive breast cancer cells. (A) in vitro invasion 

of breast cancer cell lines, Data are the mean + s.e.m., n 3. (B) qRT-PCR of uP A mRNA 

in breast cancer cell lines. uPA mRNA levels were normalized by GAPDH mRNA levels. 

Data are the mean ± s.e.m., n=3. (C) lmmunoblottng to detect uP A in breast cancer cell 

lines. /]-actin was used as a loading control. 
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Figure 7. The presence of uP A is required for in vitro invasion of breast cancer cells. 

(A) Breast cancer cells were treated with either scrambled siRNA or uP A siRNA pool for 

3 days. Aliquots of cells were lysed and celllysates were subjected to immunoblotting to 

detect uP A and /)-actin with the respective antibodies. (B) Remaining cells were analyzed 

for in vitro im·asion using Matrigel invasion chambers. Data are the mean ±s.e.m., n 3. 

•. P<0.005 vs. scrambled RNA. 
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Figure 8. Sustained and transiently induced uPA expressions are regulated by distinct 

mechanisms. (A) Cells were stimulated with JOOnM PMA for varying times and then 

.wbjected to immunoblolling to derect uP A. (8) Cells were treated with JOpM Go697 6 or 

5pM UOJ 26 for 2 h and then stimulated with JOOnM PMA for 8 h followed by 

immunoblolling to detect uP A. (C) Cells were treated with Go6976 or UOJ 26 for 1 day 

and then subjected to immunoblolling to detect uP A. 
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ILF3 is specifically required for sustained uP A expression 

To defme the mechanism responsible for sustained uPA expression. we first compared 

uPA transcription between invasive and Jess-invasive breast cancer cell lines by 

performing chromatin immunoprecipitation (ChiP) with RNA polymerase II (RP-II) 

polyclonal antibody. Quantitative PCR (qPCR) showed that the uPA promoter sequence 

was enriched at least eight-fold more in the RP-Il ChiPs when compared to control IgG 

ChiPs in invasive breast cancer lines (Figure 9); whereas barely any increase was 

detected in less-invasive lines (Figure 9), indicating that sustained uP A expression is 

regulated at the level of uP A transcription in breast cancer cells. 

It has been reported that five transcription factors including Ets-1, ILF3, c-Jun. NF45 and 

STAT! regulate uPA levels in MDA-MB-231 cells. Among them, knockdown ofiLF3 or 

NF45 led to over 80% reduction in uPA expression, whereas Ets-1, c-Jun and STAT! 

siRNA only moderately reduced the uPA level compared with the scrambled siRNA 

control. Similarly, knockdown of ILF3 or NF45 reduced approximately 80% of the uP A 

promoter activity. These results suggest that ILF3 and NF45 are the crucial transcription 

factors for sustained uP A expression [207]. ILF3 gene products including NF90afb and 

NF 11 Oafb are known to regulate gene expression together with NF45. We further 

determined the importance of ILF3 and NF45 in sustained uP A expression by lentivirally 

introducing two distinct ILF3 or NF45 short hairpin RNAs (shRNAs) into MDA-MB-231 

and MDA-MB-436 cells. Both ILF3 shRNAs not only reduced ILF3 but also NF45 level 

while depleting NF45 reduced both uPA and ILF3 levels as well as NF45 levels (Figure 

lOA). 



.... 12 
a; 10 
E 8 

6 
.t: 
u ·.::: 
c 
Q) 

"'C 
0 
u. 

4 
2 
0 

* * 

52 

* •lgG 
* o RPII pAb 

Figure 9. S ustained uP A expression is regulated at tlte level of uP A transcription. Cells 

were subjected to ChiP with control IgG or RP-11 pAB. DAN eluted from 

immunoprecipitates was analy=ed by qPCR with primers amplifying region near the 

transcription start site of the uP A promoter. Data are the mean ± s.e.m., n=J. 
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These results are in same line with the earlier study showing that the stability of ILF3 and 

NF45 proteins requires stable interaction among them. The inhibitory effect of ILF3 or 

NF45 knockdown on uPA expression was relatively specific because the level of 

cyclooxygenase-2, a protein highly expressed in invasive breast cancer cells, was little 

affected (Figure lOA). Analysis with luciferase reporter plasmid containing uPA 

promoter further confirmed that knockdown of ILF3 decreased luciferase activity to a 

similar extent when compared with negative control (Figure l 08), suggesting that ILF3 

regulates uPA transcription in breast cancer cells. Moreover, PMA transiently 

uprcgulated uP A expression in ILF3-knockdown cells in a similar fashion as seen in the 

respective parental cells (compare Figure 1 OC with Figure 8A). These results suggest that 

the ILF3/NF45 complex is required for sustained uPA expression and transiently PMA

induced uP A is expressed independently of the ILF3/NF45 complex. 
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Figure 10. ILF3 is specifically required for sustained uPA expression. (A) Control, 

ILF3 or NF-15 shRNA-transduced cells were subjected to immunoblotting to detect uPA. 

ILF3, NF-15, cyclooxygenase-2 (COX-2) and {J-actin. (B) Control and ILF-3-knockdo'l-vn 

cells were transfected with uPA promoter reporter plasmid and then analyzed for 

luciferase activity. Data are the mean ~\·. e. m., n 3. *P<... O.OOI vs control (C) JLF3-

knockdown cells were stimulated with IOOnM PA!A for l'arying times and then subjected 

to immunoblolling to detect uP A. ILF3 and {J-aclin. 



PART II: Investigate the effect of im aired miRNA 

and ;, vitro invasion of breast cancer cells. 
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on uP A ex ression 

miRNA-193a, miRNA-193b, and miR-181a effectively inhibit uPA expression in 

breast cancer cells. 

miR-23b and miR- 193b have recently been shown to regulate uP A expression in human 

hepatocellular carcinomas and breast cancer cells, respectively, [52, 53] suggesting the 

possibility that the miRNA system can regulate uP A expression in breast cancer cells. To 

test this possibility, we initially analyzed potential miRNA target sites in the 3'-UTR of 

uPA mRNA with a web-based miRNA target prediction program TargetScanHuman 5. 1. 

[208, 209]. There are two miR-181 target sites and one target site for each miR-143, miR-

193, and miR-23 in 3'-UTR of human uPA mRNA (Figure I lA}. To determine the effect 

of these miRNAs on uPA expression, synthesized, mature miRNA mimics were 

introduced into MDA-MB-231 and MDA-MB-436 cells that were known to express high 

levels ofuPA.(l4] Immunoblotting with anti-uPA mAb showed that, among those tested. 

miR-193a, miR-193b, and miR-181 a mimics significantly downregulated uP A expression 

in both lines (Figure 11B). The inhibitory effect of these mimics on uP A expression was 

clearly specific because the respective miRNA inhibitors (inhibitory antisense molecules 

for miRNAs) largely abolished their inhibitory effect on uPA expression in MDA-MB-

231 cells (Figure 11 C). 
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Figure 11. miR-193a, miR-193b, and miR-18la effectively inhibit uPA expression in 

breast cancer cells. (A) Diagram of potential miRNA target sites in 3'-UTR of human 

uPA mRNA. The solid box denotes miRNA target site. (B) MDA-MB-231 and MDA-MB-

../36 cells were transfected ·with negative control or indicated miRNA mimics for 3 days. 

Cells were lysed, and cel/lysates were subjected to immunoblotting to detect uPA with 

uPA mAb. (C) MDA-MB-231 cells were transfected with a mixture ofmiRNA mimic and 

its respective inhibitor for 3 days and then analyzed for uPA expression by 

immunoblotting. P-aclin was used as a loading control. 
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To determine whether uPA mRNA is a direct target of miR-l93alb and miR-l8la, we 

linked the 3'-UTR of uPA mRNA to downstream of the luciferase gene in the pMIR 

reporter plasmid. Cotransfection experiments showed that miR-l93a, miR-193b, and 

miR-l8la mimics, but not the control, inhibited luciferase activity in MDA-MB-231 and 

MDA-MB-436 cells (Figure 12A). To confirm that these miRNAs target uPA mRNA 

through their predicted pairing sites in the 3'-UTR of uPA mRNA, we introduced 

G/C-+CIG and A/U-+U/A mutations in these regions in order to disrupt miRNA/mRNA 

interaction (Figure 128). Mutation in the predicted miR-193 target site diminished the 

ability of miR-l93a or miR-193b mimic, but not miR-181 a mimic, to inhibit luciferase 

activity (Figure l2C), while mutation in the predicted miR-181 target site only prevented 

miR-181 a mimic-<;aused reduction in luciferasc activity (Figure 12C). These results 

confirm that uPA mRNA is a direct target ofmiR-193alb and miR-18la in breast cancer 

cells. 
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Figure 12. miR-193a, miR-193b, and miR-181a directly target uPA mRNA. (A) pMIR 

re containing uPA 3'-UTR was cotransfected into MDA-MB-231 and MDA-MB--136 cells 

with 5p.\1 negative control, miR-193a. miR-193b. or miR-18 /a precursor for 2 days. 

Cells were lysed. and celllysates were anal;'=ed for luciferase activity. Data are mean 

~ . e.m .. n 3. *P < 0.01 versus negative corm·ol. (B) Diagram of mutation generated in 3'-

UTR of uPA mRNA. Alphabetical numbers are the relative nucleotide position in 



3'-UTR of uP A rnRNA. (C) pMIR containing uP A 3'-UTR with mutation in a particular 

miRNA target site was cotransfected into MDA-MB-231 cells with 5pM miR-193a, miR-

193b, or miR-181 a precursors for 2 days, followed by the analysis of luciferase act1vity. 

Data are mean ± s.e.m., n 3. *P < 0.01 versus negative control. 
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Thf levels of mature miR-193alb and miR-181a, but not the levels of their respective 

pri-miRNAs, a re inversely correlated to uP A expression in breast cancer cells. 

To investigate whether miR-193alb and miR-181 a participated in the regulation of uP A 

expression in breast cancer cells, we first performed qRT-PCR to quantitate the primary, 

precursor, and mature forms of these miRNAs in both high uP A-expressing (MDA-MB-

231 and MOA-MB-436) and low uP A-expressing (MCF-7 and T47D) cells (Figure 138). 

The levels of the primary forms of these miRNAs were similar in all four lines (Figure 

13A). In contrast, the levels of both mature and precursor forms ofmiR-193a, miR-193b, 

and miR-181 a were lower in MDA-MB-231 and MDA-MB-436 cells than those in 

MCF7 and T47D cells (Figure 13A). As mature miRNA is generated through the 

consecutive steps of primary to precursor miRNA and precursor to mature miRNA 

processing [21 0, 211 ], these results indicate that the processing of primary to precursor 

uP A mRNA-targeted miRNAs is inefficient in high uP A-expressing breast cancer cells. 

The processing of pri- to pre-miRNA and pre- to mature miRNA is carried out by 

Drosha/DGCR8 and Dicer complexes respectively [21 0, 211 ). lmmunoblotting with 

specific antibodies showed that Drosha and DGCR8 protein levels were significantly 

lower in cells with high uP A expression compared to cells with low uP A expression 

(Ftgure 138). In contrast, the le\el of Oicer was similar in all 4 lines (Figure 138). 

Together with the observation that both mature and precursor miR-193alb and miR-181a 

levels were lower in high uPA-cxprcssing cells (Figure 13A), these results indicate the 

possibilit) that lower Drosha/DGCR8 expression may cause inefficient processing of 

primary to precursor uPA mRNA-targeted miRNAs, leading to upregulated uPA levels m 

MDA-MB-231 and MDA-MB-436 cells. 
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Figure 13. Low abu11da11ce of Droslta/DGCR8 leads to ille/ficielll processing of uPA 

mRNA-targeted miRNAs in breast ca11cer cells. (A) Total RNA was isolated from MCF-

7, MDA-MB-231, MDA-MB--136, and T-17D cells and then subjected to qRT-PCR to 

measure the levels ofprimary, precursor, and mature.forms ofmiR-193a, miR-193b, and 

miR-18/a. The levels ofGAPDH were also determined and serve as an internal control 

for standardization. Data are mean t: s.e.m., n 3. (B) Overnight-cultured MCF- 7, MDA-

MB-231, MDA-MB--136, and T-17D cells were lysed, and celllysates lvere subjected to 

immunoblotting to detect uPA, Drosha, DGCR8, Dicer, and P-actin with the respecth•e 

antibodies. 
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To further investigate the link between miRNA processing complexes and uPA 

expression, we simultaneously introduced Drosha and DGCR8 genes into MDA-M8-231 

cells. qRT-PCR showed that enforced Drosha/DGCR8 expression led to a significant 

increase in mature miR-193alb and miR-18la levels while displaying little effect on the 

levels of respective primary miRNAs (Figure 14A). lmmunoblotting also showed that 

enforced Drosha/DGCR8 expression greatly decreased uP A levels in MDA-M8-231 cells 

(Figure 148). In parallel, we introduced the Dicer gene into MDA-M8-231 cells. 

llowever, forced Dicer expression exhibited little effect on either uPA mRNA-targeted 

miRNA levels or uP A expression (Figure 14A and 148). These results support the notion 

that a low abundance of Drosha/DGCR8, rather than Dicer, contributes to low levels of 

mature miR-193alb and miR-181 a levels as well as high uP A expression in high uP A

expressing cells. 

Impaired miRNA processing inhibits the production of mature miR-193a/b and 

miR-J 81a while up regulating uP A expression in breast cancer cells. 

To further establish the functional link between inefficient uP A mRNA-targeted miRNA 

processing and high uP A expression in breast cancer cells, we examined the effect of 

silencing Drosha, DGCR8, or Dicer on miR-193a/b and miR-181 a levels in breast cancer 

cells. Cells were transduced \\ith lentivirus containing control (scrambled sequence), or 

shR As specific for Drosha, DGCR8, or Dicer. Populations of the transduced cells were 

confirmed for gene-specific inhibition (Figure 15A), followed by qRT-PCR to determine 
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Figure 14. Low abundance of Drosha/DGCR8 contributes to low levels of mature miR-

193a/b and miR-181a levels as well as high uPA expression i11 invasive breast cancer 

cells. (A) MDA-MB-231 cells were transfected with empty vector, Drosha, and DGCR8 

expressing vectors together or Dicer expression vector for 2 days. Total RNA was 

isolated from these cells, and qRT-PCR was performed to measure the levels of primary 

and mature forms of miR-193a, miR-193b, and miR-181a. The levels of GAPDH were 

also determined and sen•e as an internal control for standardization. Data are mean ± 

s.e.m., n 3. *P < 0.001 versus control. (B) Drosha DGCR8together or Dicer \vas forced 

to be expressed in MDA-MB-231 cells for 3 days. Cells were lysed, and celllysates were 

analy=edfor uP A protein levels by immunoblolling with uP A mAb. 
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the levels of uP A mRNA-targeted miRNAs. While Drosha, DGCR8, or Oicer knockdown 

cells showed similar levels ofpri-miR-193a, pri miR-193b, or pri- miR-18la to those in 

the control, the respective mature miRNA levels were significantly less in knockdown 

cells than in the control (Figure 15B). These results confirm that the processing of 

primary to mature miR-193a/b and miR-181 a requires the presence of Drosha/DGCR8 

and Dicer. Interestingly, imrnunoblotting showed that silencing miRNA processing 

components only greatly elevated uP A levels in high uP A-expressing cells, but it was 

unable to enhance uP A expression in low uP A-expressing cells (Figure 16A). These 

results indicate that the miRNA system is most likely to act as a facilitator to regulate 

uP A expression. 

To further confirm that the ele\ated uPA expression induced by the depletion of 

Drosha/DGCR8 \Vas indeed caused by inefficient processing of uPA mRNA-targeted 

miRNAs, we introduced miR-193a, miR-l96b, and miR-181 a mimics into Drosha or 

DGCR8 knockdown MDA-MB-231 cells. lmmunoblotting showed that each of these 

mimics alone was able to inhibit uP A expression (Figure 16B). In contrast, treating these 

knockdown cells with a miR-23a mimic did not alter uP A expression (Figure 16B). These 

results suggest that upregulated uPA expression in cells with impaired miRNA 

processing is caused by reduced processing of uP A mRNA- targeted miRNAs. 



A Control + - + - + - + -
sh-Orosha-2 - + + - - + - + 

•h<J~oh·~~,-~::,,_~~~~=~~1 ~=:.:: 

B 

Control 
sh-OGCRS-1 
sh-DGCRS-2 

Control 
sh-Otcer-1 
sh-Dicer-2 

+ + - + + -
+ - + - + + 

+ + - + + 

g~u~~a 
+ 
- + 

+ -
+ 

+ + 
- + + 

~~~~ 
~~~~ 
MOA·MB·231 MOA·MB-436 MCF·7 T470 

MDA-MB-231 MCF7 

Ill 
Gi 
> 

2 

j 1.5 

~ z 
0:: ·e 
~ 
.. 0 .5 

CQ 

Gi 
0:: 

Ill 
Gi 
> 
Ql 

..J 

~ 

2.5 

z 1.5 
0:: ·e 
Ql 

.~ 
-; 
Gi 0.5 
0:: 

MDA-MB-436 

• Control 
sh-Orosha·l 

L ai>.OGCRI·1 
ah.O!Qr·1 

• Conuol 

sh.()rosha-3 

C ah.OGC Rl· 1 

c sh.O.c:er-1 

Ill 
Gi 
> 
Ql 

2 

..J 1.5 

~ z 
0:: ·e 
Ql 

-~ 
~ 0 5 
Ql 
0:: 

Ill 
Gi 
> 
Ql 
..J 

~ 

2.5 

z u 
0:: ·e 
Ql 
> .. 
CQ 

Gi OS 
0:: 

T470 

OGCR8 

13-actin 

Dlcer 

13-actln 

• Control 

c sh..Orosh .. 3 

0 ah.OGCRI· 1 

0 ah.Oicor·1 

• Contro4 

0 t h.OrosM-3 

II ah.OGCRB-1 

0 th.Oicer-1 

64 

Figure 15. Primary miR-193a/b and miR-181a are not efficiently processed to tlteir 

respective mature miRNAs in Droslta, DGCR8, and Dicer knockdown cells. (A) Cells 

'.t'ere transduced with control lentiviral vector or vector encoding Drosha, DGCR8, or 



Dicer shRNA for -1 days. A portion of transduced cells was lysed for immunoblotting to 

detect Drosha, DGCR8, or Dicer with the respective antibodies. The membrane was 

stripped and reprobed for f3-actin to ensure equal protein loading. (B) Total RNA was 

isolated from control, Drosha, DGCR8, and Dicer knockdown cells and then subjected to 

qRT-PCR to measure the levels of primary and mature forms of miR-193a, miR-193b, 

and miR-18la. The levels of GAPDH were also determined and serve as an internal 

control for standardization. Data are mean ± s.e.m., n 3. *P < 0. OJ versus control. 
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Figure 16. Impaired miRNA processing- induced uP A expression is functionally linked 

to inefficient miR-193alb and miR-18la miRNA processing. (A) Cells were transduced 

with control lentiviral vector or vector containing Drosha, DGCR8, or Dicer shRNA for 

-1 days. Cells were lysed, and cell lysates were subjected to immunobloffing to detect uP A 

with uP A mAb. The membranes were stripped and reprobed for /)-actin to ensure equal 

protein loading. (B) Drosha and DGCR8 knockdown MDA-MB-231 cells were 

transfected with negative control, miR-23a, miR-193a. miR-193b, or miR-18Ia mimics 

for 3 days. Cells were lysed, and cell lysates were subjected to immunoblolling to detect 

uP A with uP A mAb. The membranes were stripped and reprobed for /)-actin to ensure 

equal protein loading. 
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/11 vitro invasion augmented by impaired miRNA processing is functionally linked to 

upregulatcd uP A expression. 

The well-established role of uP A in breast cancer cell invasion prompted us to investigate 

the consequence of the disruption of miRNA processing on breast cancer cell invasion. 

Matrigel (BD Biosciences, Franklin Lakes, NJ) in vitro invasion assay showed that 

MDA-MB-231 and MDA-MB-436 cells were able to invade Matrigel (BD Biosciences), 

while MCF-7 and T4 70 cells were poorly invasive (Figure 17 A). Knockdown of Drosha, 

DGCR8, or Dicer rendered MDA-MB-231 and MDA-MB-436 cells significantly more 

invasive, while it displayed little effect on the invasiveness of MCF-7 and T47D cells 

(Figure 17 A). These results corroborate with the observation that depleting miRN A 

processing components only upregulated uPA expression in MDA-MB-231 and MDA

MB-436 cells (Figure 16A). To test whether upregulated uP A expression is necessary for 

enhanced invasion observed with Drosha, DGCR8, or Dicer knockdown cells, the control 

and these knockdown cells were treated with a uPA siRNA pool or scrambled RNA, 

followed by the analysis of in vitro invasion. Matrigcl (BD Biosciences) invasion assay 

showed that uPA siRNAs, but not the scrambled RNA, abrogated in vitro invasion of 

these cells (Figure 178). These results suggest that impaired miRNA processing- induced 

invasion is at least partially contributed by upregulated uP A expression. 
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Figure 17. Impaired miRNA processing-enhanced in vitro invasion requires 

upregulated uP A expression. (A) Cells u ere transduced with conlrollentiviral vector or 

~·ector containing Drosha, DGCR8. or Dicer shRNA for .J days. The population of the 

transduced cells was detached and analyzed for their ability to invade Matrigel. The 

invaded cells on the undersurface of invasion chambers were stained and counted under 



a phase-contrast microscope. Data are mean ± s.e.m., n 3. *P < 0.005 versus control. 

(B) Scrambled RNA or uPA siRNA pool (5pM) was transfected into control, Drosha. 

DGCR8, or Dicer knockdown cells for 3 days and then analyzed for in vitro invasion. 

Data are mean :1.. s.e.m. , n- 3. #P < 0.05 versus scrambled RNA. *P < 0.005 versus 

scrambled RNA. 
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Synthesized miR-193a, miR-193b, and miR-18la mimics inhibit i11 vitro invasion of 

breast cancer cells. 

As synthesized miR-l93alb and miR-181 a mimics were able to inhibit uP A expression 

(Figure I I B), we determined whether they were also able to suppress breast cancer cell 

invasion. MDA-MB-231 and MDA-MB-436 cells were treated with each of these 

miRNA mimics individually or in combination and subsequently analyzed for in vitro 

invasion using Matrigel (BD Biosciences) invasion chambers. Treatment of individual 

miR-193a, miR-193b, and miR-18 1 a mimics, but not the control, resulted in 

approximately 40% to 50% reduction in invasion, and combined treatment blocked over 

70°/o of invasion (Figure 18A). However, adding soluble single-chain uP A (scuPA) to the 

cells was able to rescue invasion of these cells in a dose-dependent manner (Figure 18B). 

Especiall) at the concentration of 4nM, scuPA restored over 60% of invasion in cells 

treated with these miRNA mimics (Figure 188). These results suggest that miR-193alb 

and miR- 181a inhibit in vilro invasion of breast cancer cells mainly by downregulating 

uP A expression. 
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Figure 18. miR-193a, miR-193b, and miR-18Ja precursors inhibit breast cancer cell 

invasion. (A) MDA-MB-231 and MDA-MB--136 cells were transfected with 5pM negative 

control, miR-193a, miR-193b, or miR-18la either individually or in combination for 3 

days. Cells were then detached and added into the invasion chamber for 2-1 hours to 

allow invasion. The invading cells on the undersurface of the chamber 



were stained and counted under a phase-contrast microscope. Data are mean ± s.e.m., 

n 3. *P < 0.005 versus negative control. **P < 0.001 versus negative control. (B) MDA

MB-231 cells were treated with a combination of 5pM miR-193a, miR-193b, and miR-

181a precursors for 3 days. Cells were analyzed for in vitro invasion in the presence of 

various concentrations ofscuPA (0.1-10 nM). Data are mean ± s.e.m., n=3. *P < 0.005 

versus OnM scuP A. 
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ILF3 contributes to sustained uP A expression by inhibiting the processing of uP A 

mRNA-targeting pri-miRNAs 

As ILF3 can inhibit the production of mature miRNA by blocking the processing of pri

miRNA, we hypothesized that ILF3 might also regulate sustained uPA expression by 

inhibiting the processing of pri-miR-l93a/193b/ 181 a. To test this possibility, we initially 

analyzed the levels of pri- and mature miR- 193a/193b/miR- 181 a in both control and 

ILF3- knockdown MDA-MB-231 cells. 

Levels of pri-miR-193a/193b/ 18la were moderately lower in control than those in ILF3-

knockdown cells, whereas the levels of their respective mature miRNAs were greatly 

increased in ILF3-knockdown cells compared to the control (Figure 19A). Subsequently, 

we introduced a luciferase reporter plasmid containing 3' untranslated region (3 ' -UTR) 

of uP A mRNA into both control and ILF3-knockdown cells. The luciferase activity was 

reduced more than 40% in ILF3-knockdown cells compared to that of the control (Figure 

198). I Iowever, ILF3 knockdown-caused reduction in luciferase activity was largely 

reversed by the combined treatment of miR-193a/193b/181a inhibitors (Figure 19C). 

Luciferase activity was similar to the reporter plasmid containing mutations in miR-

193/miR- 181 seed sequence of the uPA mRNA 3' -UTR between the control and ILF3-

knockdown cells (Figure 198). 

The treatment of miR-193a, miR-193b and miR-181a inhibitors, but not the inhibitor of 

ineffective miR-23b, partially restored the uPA level in ILF3-knockdown cells (Figure 

190). Forced NF90b or NFllOb expression enhanced uP A levels (Figure 19E): however, 

increased uP A levels in cells with fo rced NF90b and NF II Ob expression were reduced by 
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the treatment of the mixture of miR-l93a, miR-l93b and miR-181 a (Figure 19E). Taken 

together, these results suggest that ILF3 also buttresses sustained uPA expression by 

inhibiting the processing of pri-rniRNAs that target 3 'UTR of uP A. 
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Figure 19. ILF3 depletion enhances the production of uPA mRNA-targeting miRNAs. 

(A) qRT PCR ofprimGly and mature miR-193a, miR-193b and miR-18la in control and 

ILF3-knockdown MDA-MB-231 cells. Data are the mean.xs.e. m. , n=3. (B) Cells ·were 

transfected with reporter plasrnids containing wild-type or mutants of uP A 3 '-UTR and 

then analyzed for luciferase activity. Data are the mean±s.e.m. , n=3. (C) uP A 3 '-UTR 

reporter plasmid was cotransfected into ILF3-knockdown cells with 30pmol miR- 193a/ 



miR-193b miR-18/a inhibitors and then analyzed for luciferase activity. Data are the 

meanl:.s.e.m .. n 3. (D) ILF3-knockdown cells were treated with 30pmol miR-193a, miR-

193b. miR-18Ja or miR-23b inhibitor and then subjected to immunoblolling to detect 

uP A. (E) MDA-MB-231 cells were /entivirally transduced with vector encoding NF90b or 

NFJJObjor 3 days and then transfected with 30pmol ofmiRNA mimic mixture (miR-193a, 

miR-193b and miR-18/a) for another 3 days. Cells were lysed and cell lysates were 

subjected to immunoblolling to detect uP A. 
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PART III: To elucidate the role of PKCs for sustained uPA expression through 

ILF3 activation in breast cancer cells. 

The expression of ILF3 is not correlated with uP A expression 

ILF3 promotes sustained uP A expression by both serving as a transcription activator and 

a blocker of uPA mRNA-targeted miRNA processing in breast cancer cells. To 

investigate whether the level of ILF3 determines sustained uP A expression in invasive 

breast cancer cells, we screened the ILF3 expression in a panel of breast cancer cell lines 

including both invasive and non-invasive cells. To our surprise, ILF3 levels were similar 

between invasive and non-invasive breast cancer cell lines (Figure 20), indicating that the 

level of ILF3 is not correlated with uP A expression in breast cancer cells. These results 

led us to hypothesize that ILF3 activation rather than ILF3 expression is responsible for 

sustained uP A expression, and that particular signal transduction is required for ILF3 

function in invasive breast cancer cells. 
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Figure 20. JLF3 protein expression in breast cancer cells. Overnight cultured breast 

cancer cells were lysed, and cel/lysates were subjected to immunoblotting to detect uP A, 

ILFJ, and /)-actin. 
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Novel PKCs, PKCo and PKC11 regulate sustained uP A expression in invasive breast 

cancer cells. 

PMA has been shown to induce phosphorylation of ILF3 at Ser (647) via PKC~, to 

induce IL2 expression and the phosphorylation of ILF3 is also necessary for nuclear 

export of ILF3 in response to PMA and for IL2 mRNA stabilization in the cytoplasm 

[212). 

To determine the importance of PKCs, we first analyzed the inhibitory effect of PKCs on 

sustained uP A expression in MDA-MB-231 and MDA-MB-436 cells. MOA-MB-231 and 

MDA-MB-436 were treated with PKC inhibitors including l OJ.lM cPKC inhibitor 

Go6976, 5J.lM nPKC inhibitor bisindolylmaleimide I (Bis I, GF 1 09203X), and 1 OJ.lM 

PKC inhibitor Calpostin C for one day. qRT-PCR and irnmunoblotting showed that 

sustained uPA mRNA and protein expressions were reduced by 5 J.lM Bis I and 10 J.lM 

Calpostin C, but Go6976 did not affect sustained uP A expression in both breast cancer 

cells (Figure 21 A and 21 B). These results suggest the involvement of novel PKCs in 

sustained uP A expression. 
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Figure 21. Novel PKCs regulate sustained uPA expression in invasive breast cancer 

cells. (A) Cells were treated with 10 JJM Go6976, 5J1M GF and 10JJM Calpostin C for 1 

day. Total RNAs were isolated and then subjected to qRT-PCR to measure the levels of 

uP A mRNA. The levels ofGAPDH were also determined and serve as an internal control 

for standardization. Data are mean ± s.e.m., n 3. (B) Cells were treated with iOJJM 

Go6976, 5J1M GF and 10JJM Calpostin C for I day. Cells were lysed and lysate were 

subjected to imnnmoblolling to detect uP A and /)-actin with the respective antibodies. 
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To identify the specific novel PKC isotype(s) important for sustained uPA expression, we 

first examined the protein levels of PKC&, PKCc, PKC11 and PKC9 in several breast 

cancer cells. Ho\\-ever, nPKC expression was not correlated with uP A expression (Figure 

22). In subsequent experiment, PKC&, PKCe, PKC11 and PKCO were individually 

knockdowned b) specific siRNAs in MDA-MB-231 and MDA-MB-436 cells using 

Lipofectimine 2000 for 3 days. Cells were lysed and the cell lysates were subjected to 

immunoblotting to detect uPA. The knockdown of PKC& or PKC11 showed significant 

decrease of uPA expression, but PKCc or PKCO knockdown did not affect to uPA 

expression compared to scrambled siRNA in both cell lines (Figure 228), suggesting an 

important role of PKC& and PKC11 in sustained uP A expression. In a parallel experiment, 

we also treated MDA-MB-231 and MDA-MB-436 cells with PKC& specific inhibitor, 

Rottlerin. Treatment with Rottlerin significantly inhibited uPA expression in both lines 

(Figure 22C). 
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Figure 22. Tlte PKCo a11d PK01 are importa11t for sustai11ed uPA expressio11. (A) 

Breast cancer cells were lysed, and cell lysates were subjected to immunoblolling to 

detect uPA, PKC(5, PKCe. PKCt7, PKCO. and P-actin with the respective antidodies. (B) 

Cells were individually knockdowned with siCon, siPKC6, siPKCe. siPKCI'J, and siPKCO 

pools for 3 days and then lysed. Ce/1/ysates were subjected to immunoblolling. (C) Cell 

were treated with Rottlerin for 1 day and lysed. Cell lysates were subjected to 

immunoblolling to detect uP A. 
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The PKCo /11 regulate sustained uP A expression through ILF3 activation 

We next determined whether ILF3 is the linker between PKCO/T) and sustained uP A 

expression in invasive breast cancer cells. Since both uP A transcription and blocking of 

pri-miRNA processing occur in the cell nucleus, ILF3 is expected to execute its role in 

cell nucleus. We thus postulated that the PKCo and PKCT) arc required for ILF3 nuclear 

localization through ILF3 post-modification. To test this postulation, MDA-MB-231 cells 

were cotransfccted with His-ILF3 and siCon, siPKCo or siPKCTl respectively, using 

Lipofectamine 2000 for 48hrs. We performed Ouoresccnce imrnunostaining using anti-

1 I is monoclonal antibody to visualize the ILF3 localization in cells. ILF3 was mainly 

seen in the nuclei in control MDA-MB-231 cells but was observed in the cytosol of either 

PKCo or PKC11 silenced MDA-MB-231 cells (Figure 23A). These results show that the 

presence of PKCo and PKC11 is essential for ILF3 nuclear localization in MDA-MB-231 

cells. 

We next investigate how knockdown of PKCo and PKCT) affected uP A mRNA-targeting 

pri-miRNA processing. siCon, siRK.Co or siPKC11 was transfccted into the MDA-MB-

231 cells using Lipofectamine 2000 for two days. Total RNAs were isolated and 

subjected qRT-PCR to detect pri- and mature levels of miR-18la, 193alb in control, 

PKCo- or PKC11-knockdown MDA-MB-231 cells. lhe levels ofpri-miR-193a/193bll8la 

were simi lar 111 PKCo- or PKC11-knockdown cells compared to control cells, whereas the 

levels of their respective mature miRNAs were greatly increased in PKC8- or PKCll

knockdown cells compared with the control (Figure 238). To determine the binding 

ability of ILF3 to pri-miRNA, siCon, siPKCo or siPKC11 was cotransfected with His

ILF3 into the MDA-MB-231 cells respectively using Lipofcctamine 2000 for two days. 
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Transfectcd cells were immunoprecipitated with anti-Ilis antibody, and RNAs were 

isolated from the immunoprecipitates and analyzed by qRT-PCR with specific primers 

for pri-181 a, pri-193a and pri-193b. The binding of ILF3 to pri-miRNAs was 

significantly reduced by PKCo and PKC11 knockdown (Figure 23C). These results 

suggest that PKC0/11 activate ILF3, leading to the inhibition of uP A mRNA-targeting pri

miRNA processing. Taken together, we conclude that PKCo/11 are required for sustained 

uP A expression through ILF3 activation, and ILF3 is indeed a linker between PKCo/11 

and uP A expression in invasive breast cancer cells. 
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Figure 23. Tlte PKG5111 regulate sustained uPA expression through ILFJ activation. 

(A) Cells were cotransfected with His-ILFJ plasmind and individually siCon, siPKC6, 

and siPKCif, pools for 2 days. The cells were subjected to fluorescence immunostaining 

to detect subcellular localization of ILF. Cell nuclei were visualized by DAPI. (B) Cells 

were individually cotransfected with His-ILFJ and siCon, siPKC6, and siPKC, pools for 

2 days and then total RNA was collected. The total RNAs were subjected to measure the 

levels of primary and mature forms ofmiR-18la, rniR-193a and miR-193b. The levels of 

GAPDII were also determined and serve as an internal control for standardization. Data 

are mean .i s.e.m., n- 3. (C)) Cells were individually cotransfected with His-ILFJ and 

siCon, siPKC6, and siPKCrJ pools for 2 days and then immunoprecipiated with His

antibody. RNA was isolated from immunoprecipiates and subjected to qRT-PCR to 

measure the levels of pri-18la, pri-193a and pri-193b. GAPDH were also determined 

and serve as an internal control for standardi:ation. Data are mean ± s.e.m. , n=3. 



IV. DISCUSSION 

Sustained high uPA level is detected in both invasive breast cancer cell lines and 

specimens of aggressive breast tumors [ 14, 32]. In vitro and in vivo studies clearly 

demonstrate the importance of sustained uP A expression in breast tumorigenicity [213]. 

In the MMTV- PymT transgenic breast cancer model , uP A deficiency has been shown to 

reduce metastasis by more than seven-fold [71]. Knockdown of uP A also exhibited great 

inhibitory effect on breast cancer cell invasion and metastasis. These findings indicate the 

possibility of circumventing metastatic breast tumors by inhibiting uPA expression. 

However, how metastasis-pertinent sustained uPA expression is maintained in invasive 

breast cancer cells is unknown. 

ln breast cancer cells, uP A can be upregulated by diverse stimuli including growth factors 

and phorbol ester. We showed that PMA transiently upregulated uPA expression in both 

invasive and less-invasive breast cancer cells through cPKC!Erk-dependent mechanism 

(Figure 8A). However, sustained uPA expression in invasive breast cancer cells is not 

significantly affected by the cPKC or MEK 1/2 inhibitor (Figure 8C). This observation led 

us to hypothesize that distinct mechanisms regulate transient and sustained uP A 

expression. In this study, we identified ILF3 as a key gene specifically involved in 

sustained uP A expression in invasive breast cancer cells (Figure I 0). Early studies have 
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shown that Ets- 1, NFKB and AP 1 components regulate uP A expression in breast cancer 

cells [214-217]. These studies were exclusively done in cells under extracellular 

stimulation. Our observation that Erk activity was required for PMA-induced transient 

uPA uprcgulation suggests that Erk may act through these previously identified 

transcription factors to mediate PMA action. Especially Erk signaling pathway has been 

shown to regulate the expression of many of these factors in breast cancer cells [218-

220]. 

Members of ILF3 can regulate gene expression by a variety of mechanisms such as 

transcription, translation, rnRNA stability and pri-miRNA processing. Interestingly, we 

have previous!) shown that uP A expression can also be regulated at the levels of both 

transcription and post-transcription [221-223]. ILF3 can regulate sustained uPA 

expression in two discrete mechanisms. ILF3 directly fac ilitates uPA expression by 

activating uP A gene transcription (Figure 1 0). Also, ILF3 indirectly contributes to 

sustained uPA expression by suppressing the processing of uPA mRNA-targeting pri

miRNAs (Figure 19). 

Impaired miRNA processing facilitates b reast cancer cell invasion by upregulating 

uP A expression 

I he observation that disrupting miRNA processing enhances carcinogenesis [ 131, 132, 

168] indicates that a large population of miRNAs rna) act as negative regulators of tumor 

progression. This possibility is supported by the findings that 1) global levels of miRNA 

expression arc reduced in various tumor types including breast tumor [ 128-130]; 2) the 
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expression of various miRNA processing components is downregulated in various tumor 

types including ovarian, lung, and gastric cancer (134-136]; 3) mutations have been 

found in the miRNA processing gene TARBP2 (137]; and 4) certain oncogenic miRNAs 

target Dicer to promote cancer metastasis [138]. In this study, we showed that 

knockdown of Drosha, DGCR8, and Dicer, components of miRNA processing 

machinery, upregulated uPA expression and rendered breast cancer cells more invasive 

(Figure 16 and 17). Our study provides another evidence that the miRNA system 

generally serves as a negative regulator of cancer progression. 

Recent efforts have identified miRNAs that can suppress tumor growth and metastasis. 

For example, let-7 inhibits cell growth by inhibiting Ras and HMGA2 expression [224, 

225]. miR-31 blocks breast cancer metastasis by targeting multiple migration-relevant 

genes including Fzd3, ITGA5, RDX, or RhoA (157]. In this study, we showed that miR

l93a, miR-l93b, and miR-181 a effectively inhibited breast cancer cell invasion (Figure 

18) by downregulating uP A expression in breast cancer cells (Figure 11 ). The ability of 

these three miRNAs to reduce uP A expression was mediated by directly targeting the 3'

UTR of uPA mRNA (Figure 12). Our results indicate that miR-193a/b and miR-181a 

may also be classified into the category of currently expanding tumor/metastasis

suppressing miRNAs. 

Analysis of miRNA expressiOn profiling has shown that the levels of many tumor

suppressing miRNAs are reduced in tumor or metastatic tissues. For instance, the 

expression of metastasis-suppressive miR-126 and miR-335 is lost in metastatic breast 

tumors, and the loss of their expression is associated with poor distal metastasis-free 

survival [ 150). Also, miR-17 and miR-20, which their levels are inversely correlated to 
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found in the miRNA processing gene TARBP2 [137); and 4) certain oncogenic miRNAs 
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For example, let-7 inhibits cell growth by inhibiting Ras and HMGA2 expression [224, 

225]. miR-31 blocks breast cancer metastasis by targeting multiple migration-relevant 

genes including Fzd3, ITGA5, RDX, or RhoA [157]. In this study, we showed that miR-

193a, miR-193b, and miR-l81a effectively inhibited breast cancer cell invasion (Figure 

18) by downregulating uP A expression in breast cancer cells (Figure II). The ability of 

these three miRNAs to reduce uPA expression was mediated by directly targeting the 3'

UTR of uP A mRNA (Figure 12). Our results indicate that miR-193a!b and miR-181 a 

may also be classified into the category of currently expanding tumor/metastasis

suppressing miRNAs. 

Analysis of miRNA expression profiling has shov.n that the levels of many tumor

suppressing miRNAs are reduced in tumor or metastatic tissues. For instance, the 

expression of metastasis-suppressive miR-126 and miR-335 is lost in metastatic breast 

tumors, and the loss of their expression is associated with poor distal metastasis-free 

survival [ 150]. Also, miR-17 and miR-20, which their levels are inversely correlated to 
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cyclin D I, were often reduced or even lost in breast tumors (226]. Several recent studies 

suggest that loss or reduction of tumor-suppressive miRNA expression is associated with 

CpG island hypermethylation in the respective miRNA promoters [127, 227]. In this 

study, we showed that the levels of mature miR-l93alb and miR-181 a are lower in high 

uPA-expressing breast cancer cells in comparison with those in low uPA-expressing 

cells, while the levels of their respective primary miRNAs arc very similar between them 

(Figure 13 and 14). This observation clearly shows that low levels of mature miR-193a/b 

and miR-18 1 a in high uP A-expressing cells are not due to reduced gene transcription. In 

fact, the levels of Drosha/DGCR8 are low in high uPA-expressing cells (Figure 13 and 

14 ). Forced expression of Drosha/DGCR8 increases levels of mature miR-193a/b and 

miR-18la (Figure 13 and 14). Our results suggest thatlov. le,cJs of mature uPA mRNA

targeted miRNAs (miR-193a/b and miR-18la) in invasive breast cancer cells are most 

likely caused by poor pri- to pre-miRNA processing. Recent studies have shown that 

downregulation of Drosha and Dicer is associated with a specific subgroup of breast 

cancer (high grade and high Ki67 index) [228]. Certain alternative initiation and splicing 

of Dicer gene observed in breast cancer cells can inhibit the translation of Dicer mRNA 

to protein [229]. Although our results generated from the established breast cancer cell 

lines argue that reduced Drosha/DGCR8 exprt!ssion may be the main factors contributing 

to the lov.er le\el of uP A mRNA-targeted miRNAs in breast cancer cells, it is very likely 

that reduced Dicer can also account for inenicient uPA mRNA-targeted miRNA 

processing in breast cancer cells, especially as concurrent reduction of Drosha and Dicer 

was detected in 15% of breast tumor specimens [230]. Taken together, these studies 

implicate that in addition to the reduced primary miRNA transcription, poor miRNA 
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processing can be another mechanism contributing to reduced levels of cancer-inhibitory 

miRNAs. As the delivery of miR-26a has exhibited a promising tumor-suppressing 

effect, we reasoned that uPA mRNA-targeted miRNAs may also be employed as 

therapeutic agents against breast cancer im asion/metastasis. 

nPKCo and PKC11 regulate sustained uPA expression through ILF3 activation in 

breast cancer cells 

An early study reported that uPA expression was significantly induced by diverse stimuli 

including gr0\\1h factors and phorbol ester in breast cancer cells. Our study show that 

sustained and transiently induced uP A expressions are regulated by distinct mechanism in 

invasive breast cancer. For transiently induced uPA expression, we found that cPKC or 

MEKI /2 is involved in PMA-induced uPA upregulation. In fact, our results are supported 

by previous findings that 1) PKCa is specifically involved in LPA-induced NF-kB 

activation/uPA upregulation in ovarian cancer cells; 2) IIGF-induced uPA expression is 

regulated by fiDACs through a PKC-dependent signal pathway in gastric cancer cells. 

f222. 231, 232], and 3) PKC synergistically enhances the secretion of uP A in TNF-alpha

stimulated human dental pulp cells [233). 

On the other hand, sustained uP A expression is also regulated by PKC signaling pathway. 

ln human colon cancer HT29 cells, uPA expression is reduced by benzyl isothiocyanate 

(BITC) through the suppression of PKC, MAPK signaling pathway, and inhibition of the 

NFKB level [231 ]. However, it was unknown whether PKCs are involved in the 

regulation of sustained uP A expression in breast cancer cells. II ere, we demonstrated that 
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sustained uPA expression is controlled by PKCo and PKCTI through ILF3 modification in 

invasive breast cancer cells. Using PKC inhibitors, we showed that nPKC inhibitor GF 

abolished uPA expression, whereas cPKC inhibitor Go6976 can only diminish PMA

induced uP A expression in breast cancer cells (Figure 21 ). Importantly, we identified that 

PKCo and PKCTI are critically involved in sustained uP A expression, but not transiently 

induced uP A upregulation in breast cancer cells. 

A recent reported study revealed that ILF3 was phosphorylated by PMA stimulation via 

PKCp, and the phosphorylated ILF3 upregulated IL2 expression [212]. In this study, we 

demonstrated that nuclear localization of ILF3 and the ability of ILF3 in primay miRNA 

processing were affected by PKCo and PKCTI. The nuclear localization of ILF3 

highlights its roles as both a transcription factor and a pri-miRNA processing suppressor 

in the process of maintaining sustained uP A expression in invasive breast cancer cells. 

Our finding suggests that ILF3 as a linker between PKCO/Tl and uP A regulates sustained 

uP A expression in breast cancer cell. Our studies have characterized a PKC0/11-ILF3 axis 

as a novel pathway mediating sustained uP A expression in breast cancer cells. Our 

mechanistic study was performed with the established breast cancer cell lines that may 

not fully simulate clinical setting. I lowever, as uP A plays a critical role in breast cancer 

invasion, we speculate that PKCo or PKCTI may represent attractive therapeutic targets 

for breast malignancies. 



V.SUMMARY 

Elevated levels of urokinase plasminogen activator (uPA) are detected m variOus 

aggressive cancer types and are closely associated with poor prognosis of cancer. 

Although uPA can be transiently upregulated by diverse extracellular stimuli, sustained, 

but not transiently upregulated uPA expression contributes to breast cancer 

invasion/metastasis. Both uPA mRNA and protein were expressed at high levels in 

MDA-MB 231 and MDA-MB-436 invasive breast cancer cells and uPA knockdown led 

to signi tic ant reduction in in vitro invasion. Although uP A expression was stimulated by 

PMA in both invasive and non-invasive breast cancer cells, sustained and transiently 

upregulated uPA expression were regulated by distinct mechanisms. Sustained uPA 

expression can be regulated at the level of transcription, and interleukin enhancer-binding 

factor 3 (ILF3) is specifically required for sustained uPA expression to activate 

transcription. ILF3 also contributes to sustained uPA expression by inhibiting the 

processing of uP A mRNA-targeting pri-miRNAs as well as direct regulation of uP A 

transcription. 

Global mature microRNA (miRNA) expression is dov.nregulated in cancers, and 

impaired miRNA processing enhances cancer cell proliferation. These findings indicate 

that the miRNA system generally serves as a negative regulator during cancer 

progression. In this study, we showed that miR-18la, miR-193a and miR-l93b 

88 



89 

effectively inhibit uP A expression in breast cancer cells. Also, the expression levels of 

mature miRNA miR-18la and miR-193alb were inversely correlated "vith uPA 

expression, whereas the levels of their respective pri-miRNAs were not correlated with 

uP A expression in breast cancer cells, indicating the processing of primary to precursor 

uPA-mRNA-targeted miRNAs is inefficient in high uP A-expressing breast cancer cells. 

We investigated the role of the miRNA system in cancer cell invasion by determining the 

effect of damaging miRNA processing on uPA expression in breast cancer cells. Short 

hairpin RNAs specific for Drosha, DGCR8, and Dicer, key components of miRNA 

processing machinery, were introduced into invasive breast cancer cells including MDA

MB-231 and MDA-MB-436 cells and less-invasi"e breast cancer cells including MCF-7 

and T7D cells. Knockdown of Drosha, DGCR8, or Dicer led to even higher uP A 

expression in cells with high uP A expression, while it was unable to increase uP A level 

in cells with poor uPA expression, suggesting that the miRNA system most likely 

impacts uP A expression as a facilitator. In cells with high uP A expression, knockdown of 

Drosha, DGCR8, or Dicer substantially increased in vitro invasion, and depleting uP A 

abrogated enhanced invasion. Therefore, these results link the augmented mvas10n 

conferred by impaired miRNA processing to upregulated uP A expression. 

uPA mRNA was a direct target ofmiR-193alb and miR-18la, and a higher uPA level in 

cells ""ith impaired miRNA processing resulted from less mature miR-193alb and miR-

181 a processed from their respecti\ e primary miRNAs. lmportantl}, the levels of mature 

miR-193a, miR-193b, and miR-18la, but not their respective primary miRNAs, were 

lower in high uP A-expressing cells compared to cells with low uP A expression, and this 

apparently attributed to lower Drosha/DGCR8 expression in high uP A-expressing cells. 
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This study suggests that less efficient miRNA processing can be a mechanism responsible 

for reduced levels of mature forms of tumor-suppressive miRNAs frequently detected in 

cancer. 

In this study, we also investigated the role of PKC for sustained uP A expression in breast 

cancer cells. Although, uP A expression is induced by phober ester (PMA) both in both 

invasive and non-invasive breast cancer cells, the sustained uP A expression mechanism is 

distinct from transiently induced uPA expression in invasive breast cancer cells. 

Sustained uPA expression was inhibited by nPKC inhibitor GF in MDA-MB-231 and 

MDA-MB-436 breast cancer cells, whereas treatment of cPKC inhibitor Go6976 and 

MEKl/2 inhibitor U0126 before PMA stimulation abolished PMA-induced uPA 

upregulation in breast cancer cell lines, indicating a specific role of nPKC activity in 

sustained uP A expression and cPKC activity in this PMA-induced event. Among four 

novel PKCs, PKC0/11 regulated sustained uP A expression, and PKCo/11 function through 

II LF3 activation. ILF3 is required for sustained uP A expression, whereas transiently 

induced uPA is expressed independently of 1LF3. Since the knockdown of PKCo or 

PKC11lcd the change of cellular localization ofiLF3 and enhanced the production of uP A 

mRNA-targeting miRNA, that our results indicate that ILF3 is a linker between PKCo/11 

and uPA, and PKCo/11-ILF3 signaling axis is important for sustained uP A expression in 

breast cancer cells. 
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