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ABSTRACT 
 

 Colon cancer occurs in over 150,000 men and women in the United States each 

year and is fatal about one third of the time.  There are many well characterized genetic 

transformations which commonly occur during colon carcinogenesis, including mutations 

in the Adenometous Polyposis Coli (APC), Kirsten RAS (K-RAS) and p53 genes among 

many others.  There are also many alterations in gene and protein expression which are 

not yet completely elucidated.  We have identified kallikrein 6 (KLK6) as a gene whose 

expression is dependent on cancer associated proteins such as K-RAS, SRC and caveolin-

1 (CAV-1).  KLK6 is a member of the kallikrein protein family which consists of 15 

secreted serine proteases.  Like other types of proteases, kallikreins have been 

demonstrated to play a role in cancer progression and they hold promise as potential 

cancer biomarkers.  The up-regulation of KLK6 was first identified by performing a 

microarray analysis on a mutant K-RAS transfected Caco2 cells.  The activated K-RAS 

transfected cells expressed significantly more KLK6 than the mock transfected controls.  

Pathways downstream of K-RAS were found to induce KLK6 gene expression, including 

the p42/44 MAPK and the PI3-K/AKT pathways.  Caveolae, plasma membrane 

associated structures, and their principle protein component, CAV-1, positively influence 

both KLK6 gene expression and KLK6 protein secretion in HCT116 colon cancer derived 

cells.  Finally, it is shown that KLK6 increases the invasive potential of cells through 

laminin and Matrigel.  Because KLK6 plays a role in cancer progression it may serves as 

a novel therapeutic target.  Additionally, KLK6 holds potential for use as a serum 
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biomarker for multiple types of cancer, including colon cancer for colon and other types 

of cancer.  
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I.  INTRODUCTION 
 

Colon Cancer 

 Colon cancer is a disease of great significance in the United States.  It is the 

second leading cause of cancer mortality in the United States as it affects both men and 

women.  The American Cancer Society estimates that more than 150,000 people in 2008 

will be diagnosed with colorectal cancer with roughly a third of those, about 50,000, 

succumbing to the disease.  Colon cancer affects both genders equally and it is estimated 

that roughly 5% of the United States population will develop colon cancer at some point 

in their lives [1].  Many genetic and environmental factors contribute to the development 

of colon cancer.  Certain of these environmental causes are the target of chemoprevention 

studies while genetic changes can be exploited for diagnostic and treatment options.  If 

colon polyps are caught early enough, before they become cancerous, the condition can 

be very effectively treated surgically and/or with established chemotherapeutics.  

However, if the disease goes undetected and progresses to the stage of pre-invasive or 

invasive carcinoma, successful treatment becomes less likely.  Colon cancer is fatal for 

about one-third of patients, most frequently in cases which are diagnosed in the later 

stages of the disease.  Further efforts need to be made to identify reliable markers for 

early diagnosis.     

 

 

 

 



13 

Cancer Genetics 

APC 

By far the most commonly occurring genetic anomaly in colon cancer is a 

mutation to the tumor suppressor gene Adenomatous Polyposis Coli (APC).  APC 

mutations are usually initiating mutations which occur in roughly 80% of all human 

colon cancer [2].  APC mutations can occur sporadically, as they do most frequently, or 

they can be inherited.  The inherited syndrome familial adenomatous polyposis (FAP) 

affects about one in 10,000 individuals [2].  FAP patients suffer from the development of 

hundreds to thousands of colon polyps and are very likely to develop colon cancer at an 

early age (young adulthood) [2].  Mutations in APC typically result in a truncated and 

inactive protein [3].  APC normally functions to inhibit the Wnt signaling pathway by 

forming a complex with other proteins including β-catenin, glycogen synthase kinase 3β 

(GSK-3β) and Axin to target β-catenin for proteosomal degradation [4].  If β-catenin is 

not degraded, it translocates to the nucleus where it stimulates the transcription factors T-

cell factor 4 (TCF4) and lymphoid enhancer-binding factor (LEF) which turn on an array 

of cancer promoting genes.  TCF/LEF targets include c-MYC, urokinase-type 

plasminogen activator receptor (uPAR), matrilysin, c-JUN, FRA-1 and cyclin D1 

(CCND1) [2, 3].  Mutations can also directly affect β-catenin, causing it to be unable to 

interact properly with the APC complex, this results in the same overall effect as an APC 

mutation [4].   

APC mutations are associated with a specific phenotype of colon carcinogenesis 

known as chromosomal instability, or CIN.  APC mutations are known to be associated 
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with the CIN phenotype because 95% of patients with FAP have CIN type colon tumors 

[5].  Sporadic colon tumors with APC mutations also exhibit CIN phenotypes.  CIN is 

characterized by drastic alterations in chromosome numbers (aneuploidy) due to 

improper chromosomal segregation during cell division [6].  Alternatively, colon tumors 

can exhibit microsatellite instability, or MIN.  This is far less common, occurring in only 

about 20% of colon cancers [7].  MIN appears to be associated with disruption of DNA 

repair pathways, specifically DNA mismatch repair [6].  Hereditary non-polyposis colon 

cancer (HNPCC), a.k.a. Lynch Syndrome, is another syndrome known to cause colon 

cancer besides FAP [6].  HNPCC is primarily caused by inherited defects in the DNA 

mismatch repair (MMR) genes MLH1, MSH2, MSH6 and PMS2 [8].   CIN and MIN 

colon tumors also differ in their physical location in the body.  MIN tumors occur 

primarily in the proximal colon (~87%) while CIN tumors most often arise in the distal 

colon [5].  Patterns of methylation also vary between the two types.  MIN tumors 

undergo hyper-methylation of genes and CIN tumors display hypo-methylation [5].  This 

important difference could result in crucial changes in oncogene and tumor suppressor 

gene expression patterns.  Although CIN and MIN phenotypes arise from different 

genetic backgrounds, they both result in genetic instability, a key factor in cancer. 

 

RAS 

Following APC mutations, K-RAS mutations are one of the most common types 

of mutations observed in colon cancer.  While roughly one third of cancers in general 

harbor a RAS mutation, they are more common in colon cancer [9].  Activating mutations 
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in the RAS proto-oncogene occur in about 50% of colon cancers and can be an early or 

late mutation [10-14].  There are three types of RAS which play varying roles in different 

tissues and diseases:  Harvey (H-RAS), Kirsten (K-RAS) and Neuroblastoma (N-RAS) [9].  

K-RAS is a commonly mutated oncogene in several types of cancers, including 

pancreatic, lung and colon [10, 13, 15, 16].  RAS is a membrane associated G-coupled 

protein, meaning that its activity is regulated by factors which determine whether it is 

GTP-bound (active) or GDP-bound (inactive).  RAS is generally a pro-mitogenic factor 

which may be stimulated by intra- or extra-cellular signals.  Activated K-RAS is able to 

stimulate downstream pathways such as the p42/44MAPK and the phosphatidylinositol 

3-kinase (PI3-K) pathways [12].  Point mutations, most commonly in codons 12, 13 and 

61 [17, 18], cause K-RAS to become insensitive to GTP-hydrolases, rendering it 

constitutively active [13, 16, 19].  An activated K-RAS can contribute to a many 

cancerous phenotypes including increased proliferation, evasion of apoptosis, and 

increased migration and invasion [12, 15, 20].  Some significant downstream K-RAS 

targets and their phenotypic consequences are briefly summarized in Figure 1 [15]. 
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Figure 1 

Pathways activated by K-RAS and their downstream effects on cellular 

characteristics. 
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Under normal conditions, RAS is stimulated when growth factors such as 

epidermal growth factor (EGF) and platelet-derived growth factor (PDGF) bind to their 

trans-membrane receptors, which in turn associated with RAS in the plasma membrane.  

This tightly regulated cascade usually ensures that RAS stimulated effects such as cell 

proliferation and angiogenesis only occur when necessary.  However, when RAS is 

mutated, this extra-cellular signal is no longer required for RAS pathway activation.  Two 

of the most important pathways downstream of K-RAS are the p42/44 MAPK and the 

PI3 Kinase pathways.  The p42/44 MAPK pathway, also known as the Raf/MEK/ERK 

pathway is initiated when K-RAS targets and activates Raf at the plasma membrane, 

which in turn phosphorylates MEK1 and 2 [15].  MEK phosphorylates ERK which then 

translocates to the nucleus to increase gene expression of cancer-promoting genes such as 

vascular endothelial growth factor (VEGF), CCND1, nuclear factor kappa B (NFκB), and 

focal adhesion kinase (FAK) among others [15, 21].  In addition to genes which stimulate 

cell proliferation and invasion, in certain tissue types under specific conditions, RAS 

dependent activation of the p42/44 MAPK cascade may increase the transcription of the 

cyclin-dependent kinase inhibitors p21WAF1 and p16INKa, thereby stimulating apoptosis 

[21].  One mechanism by which cells overcome this apoptotic stimulation is the 

concurrent activation of the PI3K/AKT pathway.  RAS phosphorylates PI(4,5)P2, 

converting it to PI(3,4,5)P3, also known as PI3-Kinase [21].  PI3-Kinase phosphorylates 

AKT which can directly inhibit apoptosis by inactivating the pro-apoptotic factor BAD 

[21].  The PI3-K/AKT pathway has several other important effects.  Activated AKT 

phosphorylates mammalian target of rapamycin (mTOR) at Ser2448 which stimulates 
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protein translation via the activation of p70 S6 kinase [22].  Activation of mTOR and p70 

S6 kinase does not equally enhance the translation of all proteins.  mTOR and p70 S6 

kinase lead to the activation of the eukaryotic initiation factor 4E (eIF4E) which 

selectively enhances translation of genes with extensive secondary structure (i.e. hairpin 

loops) in their promoter regions [23].  These are typically genes with C-G rich 5’ UTRs 

which only unwind under more stringent conditions than ubiquitously expressed 

housekeeping genes.  As expected, genes in this category encode for proteins which need 

to be tightly regulated, such as CCND1, ODC, matrix metalloprotease 9 (MMP-9) and 

VEGF, which, if aberrantly expressed, can promote cancer phenotypes [23, 24].           

Due to the frequency of K-RAS mutations in colon cancer, studies have been 

performed to examine whether looking for evidence of the presence of mutated K-RAS in 

biological samples would be an effective screening tool.  Wan et al. demonstrated that, in 

about 57% of  patients with colon cancer, K-RAS mutations could be identified in fecal 

samples [25].  Although other studies have demonstrated the efficacy of identifying 

mutant K-RAS in DNA isolated from fecal and serum samples [26, 27], it is still not a 

commonly used early diagnostic tool.  A detectable serum protein correlated to the 

presence of activated K-RAS would be a far more useful as a diagnostic test for reasons 

of both time and expense. 

 

Other Common Mutations 

In addition to APC and K-RAS, p53 is another very commonly mutated gene in 

colon cancer.  The p53 tumor suppressor gene is frequently mutated in a wide variety of 
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cancers and normally functions as a transcription factor as well as participant in DNA 

damage repair.  It is mutated in 41-69% of colon cancers [28].  Some studies report that  

p53 and K-RAS mutations do not commonly occur in the same tumor [28], while others 

indicate that they do [17].  Another tumor suppressor commonly affected during colon 

cancer is DCC (deleted in colon cancer) and can be mapped to a region of the genome 

(18q) which is lost in more than 70% of colon carcinomas [14].  The function of DCC in 

the colon is not well characterized, though there is evidence that it is pro-apoptotic factor 

and it may be involved in cell-cell or cell-matrix adhesion [29].  Mutations to SMAD4 are 

relatively common in colon cancer, and germ-line SMAD4 mutations are associated with 

nearly 50% of juvenile polyposis cases [8].  As with all cancers, the mutations found in 

colon cancer encompass a wide variety of gene and result from both inherited and 

environmental causes.  Through understanding the specific genetics of colon cancer, 

scientists are better equipped to prevent, diagnose and treat the disease. 

 

Current Screening and Diagnostic Practices 

As with all other types of cancer, early detection and effective treatments are 

crucial to a positive disease outcome, yet many people are reluctant or unable to undergo 

the currently available screening methods.  Currently, the most widely used screening 

procedures include fecal occult blood testing (FOBT), sigmoidoscopy and colonoscopy.  

The latter two procedures are the most effective at identifying colon cancer at an early 

stage, but they are invasive and expensive.  Overall, there is a very low rate, less than 

30%, of adherence to the recommended colorectal cancer screening tests [30].  Even if an 
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individual goes in for screening once, it is unlikely that he or she will seek out repeated 

screening at the recommended time intervals during the following years. 

 Of the established modes of screening, FOBT is the least expensive and invasive 

and can be done using an at-home kit.  Unfortunately, FOBT is quite ineffective at 

identifying pre-malignant and early stage neoplasia.  In fact, FOBT was shown to identify 

only 21.6% of advanced adenomas and 50% of invasive colorectal cancer [31].  FOBT 

tends to be less sensitive because the test is based on the detection of blood in the stool 

due to abnormal colon tissue, and early and mid-stage cancerous lesions rarely cause 

consistent bleeding [31].  A newer strategy is to test DNA in epithelial cells shed into the 

stool.  This is advantageous because unlike blood, DNA is always present in fecal 

samples.  A panel of 15 genetic markers including K-RAS, APC, p53, BAT-26 as well as 

markers for micro-satellite instability and abnormal apoptosis was established in 2000 

and is called the EXACT assay [32].  Analysis of these markers in fecal samples gave 

high sensitivity and specificity, both over 80% for adenomas and carcinomas [32].  There 

are some disadvantages to the EXACT assay as compared with traditional FOBT.  It is 

about ten times more expensive, and quite inconvenient for the patient as they must 

collect more material for testing [31]. 

 Ideal tumor markers share a couple of simple characteristics.  First, they should be 

identifiable when a specific cancer is present, and absent without the cancer.  Second, 

collection of the biological sample that is to be tested should be simple, non-invasive and 

cost-effective.  Ideally, a blood test could be used for diagnostic analysis.  Third, the 

assay for the cancer marker should be inexpensive, relatively quick and easy to perform 
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and highly reproducible [1].  To date, there are no markers available for colorectal cancer 

that fit all of these categories.  It is a continuing endeavor to identify such a marker.   

The only approved serum-marker in practice today is the carcinoembryonic 

antigen (CEA).  In addition to colon cancer, CEA is expressed in a variety of other types 

of cancers including lung, breast, bladder and ovarian [33].  Unfortunately, CEA has 

neither the sensitivity nor specificity to be used alone as a diagnostic marker for 

colorectal cancer [1].  Measurement of CEA is more successful for tracking post-

operative disease progression than initial diagnosis.  Post-operative CEA analysis is 66% 

sensitive and 94% specific for indicating disease recurrence [34].  The sensitivity 

increases when observing patients with especially low (<5 ng/ml) pre-operative levels, 

with sensitivity and specificity of 97% and 88%, respectively [34].  What CEA testing is 

most effective for is tracking disease progression, response to therapy and patient 

prognosis.  High CEA levels correlate to poor patient prognosis.  Patients who had high 

pre- and post-operative CEA levels had a 67% five-year survival rate, compared to a 93% 

five-year survival rate for patients with normal pre-and post-operative levels [35].  

Patient prognosis can also be associated with serum CEA doubling time (CEA DT).  The 

mean CEA DT for colorectal cancer patients is 89 days [36].  A CEA DT of less than 40 

days correlated to a mean survival time of 150 ± 39 days.  This compares to a mean 

survival time of 398 ± 52 days or 644 ± 48 days for CEA DT of 40-126 days or >126 

days, respectively [36].  CEA testing can also be a very effective post-treatment follow-

up regimen.  Patients who followed an “intensive” follow-up protocol including more 
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frequent office visits and CEA testing had a 73% five-year survival rate, compared to a 

58% five year survival rate for patients following a traditional follow-up regimen [37]. 

 Besides CEA, there have been several other colorectal tumor-associated antigens 

identified and studied.  These include tumor-associated glycoprotein-72 (TAG-72) and 

lipid-associated sialic acid (LASA) [1].  Neither of these markers have the sensitivity nor 

specificity to be used alone for cancer diagnosis.  In addition to tumor-associated 

antigens, there are some enzymes that are routinely elevated during colon caner to 

detectable levels.  These include ornithine decarboxylase (ODC), urokinase plasminogen 

activator (uPA) and matrix metalloproteinase 7 (MMP7) [1].  Although these enzymes 

are frequently present in higher levels in patients with colorectal cancer, their detection in 

blood samples is still not sensitive or specific enough to make them effective biomarkers. 

Although there are currently several screening methods being used for the 

detection of colon cancer, none are as effective as sigmoidoscopy or colonoscopy.  These 

tests require an uncomfortable preparation regimen and general anesthesia.  They are 

inconvenient and expensive.  These factors dissuade patients from receiving routine 

screening.  Because no single serum marker is effective by itself for the diagnosis of 

colorectal cancer, especially in the early stages, the most realistic goal is to create a panel 

of serum protein markers that are elevated throughout colon cancer development.  This 

panel of markers may well include CEA, which has shown remarkable promise thus far 

in the prognosis and tracking of colon cancer, but it may also include new markers, such 

as secreted proteases like kallikrein 6 (KLK6). 
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Caveolae and Caveolin-1 

 Caveolin-1 (CAV-1) is a principle protein component of the sub-cellular 

structures caveolae.  Caveolae were first identified and described by George Palade in 

1953 when they were observed on electron micrographs of endothelial cells [38].  

Caveolae are 50-100 nm flask-shaped plasma membrane invaginations which are 

considered sub-types of lipid rafts [38, 39].  Caveolae are enriched in glycosphingolipids 

and sphingomyelin, and are only formed in the presence of cholesterol [38, 39].  They are 

present in most cell types, with especially high prevalence in adipocytes, fibroblasts and 

certain epithelial cells.  They are apparently absent from red blood cells, platelets, 

lymphocytes and certain neuronal cells [39]. 

 There are three proteins in the caveolin family:  CAV-1, -2 and -3.  CAV-1 and -2 

have a similar pattern of expression among tissues, while CAV-3 is primarily expressed 

in muscle tissue [38, 39].  There are two isoforms of CAV-1 which differ in length and 

have molecular weights of 20-22 kDa.  CAV-1α is 178 amino acids in length, while 

CAV-1β is translated from an internal initiation site and is 147 amino acids [38].  All 

three proteins have a conserved structural motif (FEDVIAEP) and are associated with 

caveolae structures [38].  CAV-1 and -3 are palmitoylated, a post-translational 

modification which increases their affinity for plasma membrane binding [39].  CAV-1 is 

a substrate for multiple kinases.  It can be phosphorylated on serine/threonine residues by 

PKCα and on tyrosine residues (Tyr14 most commonly) by SRC kinase [39].  These 

phosphorylation events play an important role in CAV-1 internalization, association with 

caveolae, and/or secretion from the cell. 
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Physiological Functions of CAV-1 

 Caveolae serve several functional roles in the cell.  One of these is to influence 

cell signaling.  Caveolae can bring together and/or sequester signaling proteins to either 

enhance or decrease their signaling potential.  The specific influences of caveolae on cell 

signaling are covered in greater detail later in this section.  Caveolae can also affect 

endocytosis.  This application to endocytosis was first identified when cholera and 

tetanus toxin were shown to bind and be internalized via caveolae [40].  Our lab has 

shown that polyamine uptake is mediated through caveolae, wherein stabilized caveolae 

inhibit cellular uptake of polyamines [41].  It has recently been demonstrated that 

caveolae can positively influence protease secretion from cells.  The secretion of 

cathepsin B, a cysteine protease, is increased in the presence of CAV-1 in colon cancer 

cells that readily form caveolae, HCT116 cells [42].  These data provide important 

corroboration to the findings herein regarding CAV-1 and KLK6 secretion, and will 

therefore be discussed in more detail in Chapter 4.  In addition to these cellular functions 

of CAV-1, many other physiological roles have been elucidated through the use of 

caveolin knock-out mice.         

 Although caveolin (all family members) knock-out mice are both viable and 

fertile despite a complete lack of caveolae formation, they exhibit health issues which 

offer insight as to the normal physiological roles of caveolae.  Cav-1 knock-out mice are 

insulin-resistant because the insulin receptor (IR-β) normally binds CAV-1, an interaction 

which is necessary for insulin-binding mediated cell signaling [38].  CAV-1 normally 
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prevents premature lactation by inhibiting the Jak-2/STAT5a pathway [38].  Another 

effect observed in Cav-1 knock-out mice was abnormalities in the urogenital system.  

Cav-1 knock-out mice had a high prevalence of urinary calcium stone formation, bladder 

dysfunction and seminal vesicle and prostate abnormalities [38, 43].  Cardiac tissue of 

Cav-1 knock-out mice had elevated p42/44 MAPK cascade activity and cardiac function 

was compromised [38].  Interestingly, Cav-1 knock-out mice are not particularly prone to 

tumor formation as would be observed in mice with a classical tumor knocked-out.  

However, when Cav-1 knock-out mice are cross-bred with Ink4a knock-out mice, the 

resulting animals readily form tumors [44].  There appears to be a synergistic effect of the 

loss of Cav-1 along with the tumor suppressor Ink4a.  

 

Caveolin-1 Regulation and Effect on Cell Signaling 

One of the most important physiological functions of caveolae is that of 

influencing cell signaling pathways.  Caveolae serve as a structural platform on which 

signaling molecules can interact with other effecter molecules [38].  Many proteins have 

a conserved caveolae binding domain (CBD) that can interact with the CAV-1 

scaffolding domain (CSD) [38].  Of significance to our studies, the following proteins 

have been demonstrated to interact with CAV-1:  RAF, MEK, ERK, PI3-K, SRC, PKCα, 

PKCδ, and PKCε [45].  Notably, CAV-1 also interacts with several other growth factor 

binding receptors, non-receptor tyrosine kinases, G-proteins, hormone-regulated nuclear 

receptors, and cellular proteins/adapters such as β-catenin, E-cadherin, SOS and GRB2 

[45]. 
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As mentioned previously, CAV-1 is needed for proper activation of the insulin-

dependent signaling pathways mediated by IR-β.  Although CAV-1 exhibits a positive 

influence on this pathway, that is not always the case.  CAV-1 has a primarily inhibitory 

influence on some growth-factor receptor mediated pathways.  Cardio myocytes derived 

from CAV-1 knock-out mice have hyperactivity of the p42/44 MAPK pathway [38].  

Caveolae can sequester Ras, RAF, MEK-1/2 and ERK-1/2, preventing the pathway from 

becoming active [46].  CAV-1 also binds to and negatively regulates SRC kinases, 

although the interaction with SRC is more complicated since CAV-1 is a substrate for 

SRC as well [47].  Another mitogenic and anti-apoptotic signaling pathway which is 

influenced by CAV-1 is the PI3-K/AKT pathway.  Unlike the studies done on p42/44 

MAPK signaling, these experiments were performed in epithelial cells isolated from 

human prostate cancer patients.  The presence of caveolae appears to sustain AKT 

activation by inhibiting the protein phosphatases PP1 and PP2A [48].  This interaction of 

PP2A and CAV-1 was also demonstrated in cardiomyocytes [49].  A variety of other 

protein tyrosine phosphatases (PTPs) contain CBDs as well.  PTP1B, PTP1C, SHPTP2, 

PTEN and LAR all contain a CBD and co-immunoprecipitate with CAV-1 [50].          

One important mechanism by which CAV-1 and caveolae are post-translationally 

regulated is through phosphorylation.  SRC kinase phosphorylates CAV-1 on Tyr14, an 

event which alters how caveolae interact with the cortical actin cytoskeleton [51].  Non-

phosphorylated CAV-1 negatively regulates caveolae mediated internalization and uptake 

[51].  CAV-1 stabilizes lipid raft domains at the plasma membrane, thereby decreasing 

caveolae invagination and detachment [52].  Another effect of Tyr14 phosphorylation is 
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increased interaction of phosphorylated CAV-1 with signaling proteins, specifically c-

terminal SRC kinase (CSK) and growth factor receptor-bound protein 7 (GRB7), 

stimulated by insulin and/or EGF binding and subsequent CAV-1 phosphorylation [53]. 

Transcriptional regulation of CAV-1 has not been extensively characterized.  

Studies done in murine NIH-3T3 fibroblasts demonstrated that expression of activated H-

RAS (G12V) led to down-regulation of CAV-1 expression [54].  Treatment of these cells 

with compounds to inhibit the p42/44 MAPK pathway then restored Cav-1 expression 

[55].  It is important to note that H-RAS activity can reduce Cav-1 expression in murine 

cells; this may not be the case in human cells.  There is evidence to suggest a 

fundamental and crucial different between the gene promoters in the mouse Cav-1 gene 

and the human CAV-1 gene.  Expression of H-RAS G12V in human fibroblasts did not 

lead to a decrease in CAV-1 expression [56].  Data from our lab, recently submitted for 

publication, indicates that activated K-RAS may actually increase CAV-1 expression in 

human colon cancer cells.    

Although the CAV-1 promoter has not been completely described, some elements 

are known.  There is a c-MYC repressive element and a p53 responsive element [47, 57].  

The human papilloma virus (HPV) protein E6, which inactivates p53, can significantly 

decrease CAV-1 expression; conversely, re-introducing wild-type p53 into p53 deficient 

cells greatly increases CAV-1 expression from a promoter reporter construct [47].  The 

influence of c-MYC on CAV-1 gene regulation is rather unique because c-MYC usually 

acts as a transcriptional activator through binding to consensus E-box sequences [58].  c-

MYC can also repress C/EBPα and serum albumin gene expression [58].   In the case of 
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CAV-1, c-MYC binds to pyrimidine rich sequences known at initiator elements (INR) 

[57, 59].  Increased expression of c-MYC was demonstrated to decrease CAV-1 promoter 

reporter activity, mRNA levels and protein levels [57].  Through utilization of CAV-1 

promoter deletion constructs, the INR was mapped to 100 bp proximal to the 

transcription start site [57].  Recent data from our own lab have confirmed that c-MYC 

represses CAV-1 gene expression (Molecular Carcinogenesis, in press).  One other 

transcription factor known to affect CAV-1 expression is FOXO (forkhead box O).  A 

FOXO consensus binding sequence (5’TTGTTTAC3’) was identified at position 1814 

upstream of the transcription start site, with three other near matches identified at -1584, -

1069 and -679 [60].  FOXO binding to the -1814 site was confirmed via chromatin 

immuno-precipitation (ChIP) analysis [60]. 

 

 

Caveolin-1 and Cancer – The Controversy 

 Few proteins have a more incongruent set of findings regarding their pattern of 

expression in cancer than caveolin-1.  The role of CAV-1 in cancer appears to be 

sensitive to both tissue type and phase of disease.  CAV-1 is widely reported to be a 

tumor suppressor, as it is frequently deleted in many types of cancers including prostate, 

breast, ovarian and oral [61].  However, CAV-1 is also demonstrably over-expressed in a 

variety of cancers, among them, prostate, esophageal, colon, breast and pancreatic [62].  

Many of the same types of cancers conspicuously appear on both lists.  Overall, it is 
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apparent that CAV-1 does not fit discreetly into the category of tumor suppressor or 

oncogene. 

 Within colon cancer, there are dissimilar findings.  Fine et al. reported a 

significant increase in CAV-1 expression, analyzed by immunohistochemistry, in colon 

adenocarcinoma tissue as compared to both normal colonic and colon adenoma tissue 

[61].  Of 41 adenocarcinoma samples analyzed, 36 show strongly positive staining, while 

only 3 of 36 non-cancerous colonic tissues were positive for CAV-1 [61].  Bender et al. 

report a significant decrease in CAV-1 expression in colon cancer patients.  They report 

that CAV-1 protein levels, analyzed by western blotting, are significantly decreased in 

67% of patient samples, although their sample size was smaller and only 10 of 15 had 

decreased CAV-1 while 5 of 15 had no decrease [63].  Colon cancer-derived cell lines are 

also inconsistent in their expression patterns of CAV-1.  HT-29 and Caco2 cells express 

very little or no CAV-1, respectively, while HCT116 cells have robust CAV-1 expression 

[64].  It is worth noting that the levels of CAV-1 expression in these cell lines correlate to 

their growth rates with HCT116 cells having the quickest and Caco2 cells having the 

slowest doubling times [64].   

 A biphasic expression pattern has been observed in oral carcinogenesis.  Hung et 

al. tested tissue from normal oral mucosa (NOM), non-cancerous matched tissue 

(NCMT), oral pre-cancer lesions (OPL), primary oral squamous cell carcinoma (POSCC) 

and metastatic oral squamous cell carcinoma (MOSCC).  As analyzed by 

immunohistochemistry, only 8% and 18% of NOM and NCMT samples, respectively, 

showed significant staining for CAV-1 [62].  CAV-1 expression increased with 
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advancement of disease.  Fifty-three percent of OPL and 79% of POSCC samples were 

positive for staining [62].  Of the eight MOSCC samples, only three (37%) stained 

positively, a significant decrease from POSCC patient samples [62].  Further studies like 

this one examining the patterns of CAV-1 expression throughout disease progression 

need to be done.          

 

The Kallikrein Family of Proteases 

The Kallikrein protein family consists of 15 serine endopeptidases.  Each 

kallikrein has a unique pattern of activation, expression and set of substrates.  Kallikreins 

were relatively recently characterized beginning in the 1980s, although they were first 

identified decades earlier [65].  Sally and Nador identified Kallikrein in 1950 as a 

molecule produced primarily in the pancreas and present in blood sera in its inactive form 

and excreted in urine it is active form.  They also detected Kallikrein in salivary glands 

and found that it was present at higher levels in older individuals (48-78 years old) than 

in younger individuals (8-18 years old) [66].  Prostate specific antigen (PSA), also known 

as kallikrein 3 (KLK3), was observed in the sera of prostate carcinoma patients in 1969 

[67].  Kallikreins are all located in a tightly clustered region on chromosome 19q13.4 and 

have known orthologues in several species, including chimpanzee, rat and mouse [68, 

69].  The kallikrein proteases all share many characteristics and functions.  They have 

conserved amino acid residues, common intron/exon organization, and conserved 

catalytic domains [68, 69].  Because this is a relatively new field of study, there are many 
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exciting discoveries yet to be made regarding kallikrein gene and protein regulation, 

physiological functions and roles they may play in disease progression and diagnostics.     

 

Regulation of Kallikrein Expression and Activity 

 Although cancer related expression patterns of kallikreins have been extensively 

studied and documented, kallikrein gene regulation is a largely unexplored field.  Much 

of what is known is in regards to KLK3 (PSA) and relates to hormone-dependent 

expression.  Other kallikreins have been analyzed for their response to hormones.  KLK2 

and KLK3 are nearly exclusively expressed in the prostate [68].  Their proximal promoter 

and enhancer regions have several androgen response elements (ARE) [68].  These AREs 

were analyzed in LNCaP cells and found to be functional [65].  The same was 

demonstrated for KLK4 in LNCaP cells [65].  Interestingly, KLK2, 3 and 4 were all 

found to also found be positively influenced by progestin in multiple breast cancer cell 

lines [65].   

 Besides hormone regulation, little is known about other types of kallikrein 

transcriptional regulation.  For KLK6, a few mechanisms have been explored.  In studies 

done in breast cancer cell lines, KLK6 was shown to be reactivated (it is minimally 

expressed under normal conditions) by demethylation of the promoter [70].  Analysis of 

the KLK6 promoter has revealed putative SP1 consensus sequences as well as ELK-1 and 

AP-1 binding sites and an E-box sequence.  Experiments using deletion constructs 

omitting the AP-1 and/or E-box sequences demonstrated that these regions are necessary 

for significant levels transcription to occur [70].  Electrophoretic mobility shift assay 
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(EMSA) analysis confirmed the binding and necessity of the SP1 transcription factor as 

well [70].   

 Transcriptional regulation is only a small part of the overall regulation of protein 

prevalence and activity of kallikreins, much of their regulation is post-translational.  As is 

the case with many secreted proteins and other proteases, kallikreins are initially 

produced as pre-pro-enzymes, specifically 248-293 amino acids in length [69].  The “pre” 

sequence, or signal peptide, is typically between 16 and 57 amino acids long and is 

cleaved intra-cellularly before the protein is secreted [69].  The “pro” sequence is usually 

cleaved extra-cellularly.  All kallikreins except for KLK4 have a pro sequence ending 

with a Lys or Arg residue, a typical feature of proteases which are further cleaved by 

trypsin-like enzymes [69].  Most kallikreins themselves have trypsin-like activity, as 

indicated by the presence of an Asp residue at the base of their binding pocket [69].  

Other kallikreins, including KLK3, 7, 9 and 15 have indications of chymotrypsin-like 

activity [69, 71].  Much work has been undertaken recently to characterize the kallikrein 

“activome”, a term used to describe the pattern of which kallikrein proteins activate other 

kallikreins [71].  Certain kallikreins, including KLK4, 5, 12 and 14, can activate the 

widest variety of pro-kallikreins.  The pro-KLK6 peptide is hydrolyzed by KLK4, 5, 11 

and 14 [71].  Some kallikreins are effective at auto-cleavage, these include KLK2, 5, 11 

and 12 [71].  Knowing this information is important because unless certain kallikreins are 

co-expressed in a tissue in a coordinated manner, the pro-kallikrein may not become 

activated. 
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 KLK6 may have a unique pattern of autolytic regulation as demonstrated by a 

recent study published by Blaber et al. It was initially reported that KLK6 could undergo 

auto-activation [72, 73], but this now seems less likely because KLK6 has a high affinity 

for proteolytic activity following Arg residues, and the pro-sequence of KLK6 ends with 

a Lys residue [69, 71, 74].  However, in agreement with earlier studies, KLK6 was 

recently shown to be capable of auto-inactivation [72-74].  This auto-inactivation 

reportedly occurs at the internal residue Arg76 [74].  These recent findings indicate a 

negative feedback inhibition loop for KLK6 as opposed to the previously reported 

positive feedback activation loop [74].      

 Aside from proteolytic processing, there are other post-translational types of 

modification required for kallikrein secretion and activity.  Several kallikrein proteins 

undergo glycosylation, as demonstrated by differing molecular weights upon treatment 

with the N-glycosidase PNGase F.  KLK4, 5, and 15 have been demonstrated to undergo 

N-glycosylation on Asn residues under certain conditions in specific tissues [75-77].  

Although the phenomena of N-glycosylation of kallikreins have been repeatedly 

demonstrated, the role which glycosylation plays in protein secretion or stability is not 

well understood.  For other proteins, including ovalbumin and human protease-associated 

domain-containing protein, 21 kDa (hPAP21), N-glycosylation appears to be necessary 

for the secretion process [78, 79].  The intra-cellular to extra-cellular trafficking pathways 

for kallikreins are still unclear.  Evidence from our lab, presented herein, suggests that 

Golgi-dependent processing is required for KLK6 secretion N-glycosylation may also 

play an integral role. 
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 Finally, once kallikreins are secreted, they are often regulated extra-cellularly 

through the process of binding to serine protease inhibitors (serpins) in the serum.  There 

are 35 identified serpins in humans, expressed differentially among bodily tissues and 

fluids [80].  One common binding partner is α2-macroglobulin (α2M) which can bind 

KLK2, 3, 5, 13 and possibly KLK4 [81].  Other serpins that have been studied in relation 

to kallikreins include kallistatin, protein C inhibitor (PCI), 7-amino-4-methyl-coumarin 

(AMC), α1-antitrypsin (AAT), α1-antichymotrypsin (ACT), α2–antiplasmin (α2 –AP) and 

antithrombin (AT) [80, 82].  Of these, α2 –AP and AT were effective at inhibiting KLK5 

activity [82].  In other situations, kallikreins can complex with ECM proteins, thereby 

inactivating that binding partner.  KLK2 complexes with the uPA inhibitor, plasminogen 

activator inhibitor-1 (PAI-1), resulting in an overall increase in uPA mediated signaling; 

reciprocally, KLK2 become inactive when bound to PAI-1 [83].  Binding of serpins to 

kallikreins is tissue/fluid specific.  KLK6 forms a complex with ACT in breast milk and 

ascites fluid (from ovarian cancer patients), but not in cerebral spinal fluid [84].  Overall, 

PCI is a widely effective kallikrein inhibitor, with α2 –AP, AAT and ACT displaying 

more selective inhibition for certain kallikreins [80]. 

 

Physiological Roles of Kallikreins 

 The various kallikrein proteins are expressed in specific tissues throughout the 

body.  They are secreted into many bodily fluids including breast milk, saliva, sweat, 

seminal plasma and cerebrospinal fluid [68].  Two or more kallikreins are often expressed 

within the same tissue and can activate or inactivate each other, a process which was 



35 

detailed in the previous section.  Digestion, tooth development, semen liquefaction, blood 

clotting, fertilization and embryonic development and immune functions are some of the 

normal biological processes kallikreins have been reported to participate in [69, 85, 86].  

Another normal function of kallikreins is to aid in skin desquamation, or normal skin 

sloughing; KLK1, 7 and 14 all contribute to skin desquamation [69, 85].  KLK7 is 

significantly over-expressed in pancreatic cancer and promotes cleavage of the extra-

cellular domain of E-cadherin, thereby decreasing cell aggregation and increasing the 

potential of these cells to invade and metastasize [87]. 

Kallikrein substrates vary as widely as their diverse functions.  KLK1, 2, 4 and 15 

can cleave pro-uPA and/or pro-MMPs, thereby initiating the MMP proteolysis cascade 

[68].  KLK2 and KLK3 can activate latent growth and signaling factors such as IGFBP3, 

IGFBP4 and TGFβ [68].  As one would expect, nearly all kallikreins can cleave ECM 

components such as fibronectin, fibrinogen, collagen, gelatin, plasminogen and laminin 

[68]. 

It has long been known that proteins which degrade extra-cellular matrix (ECM) 

proteins play an important role in cancer.  Cancer cell invasion includes several steps 

before metastases can be established.  Cells will migrate into surrounding tissue of the 

original tumor site, then they will invade through the basement membrane (BM) of the 

tissue and eventually intravasate into blood vessels to access the circulatory system [88].  

From there, individual cancer cells can travel to remote sites and establish metastatic 

tumors.  All of these steps require disruption of normal cell behavior.  Cell-cell adherence 

must be overcome for cancer cells to break away, local ECM and BM matrices and blood 
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vessels are traversed, and breakaway cells overcome anoikis, all processes normally not 

permitted by our tightly regulated network of tissues and membranes.  Of the 500-600 

known proteins with protease activity, a select few families of proteases have been shown 

to be consistently involved in cancer.  One such family is the matrix metalloproteinase 

(MMPs).  The cascade of MMP activity can be initiated by the urokinase plasminogen 

activator (uPA) working with its receptor, uPAR, along with plasminogen to activate 

latent MMPs [68].  Besides the MMPs, the cathepsin family of cysteine proteases, as well 

as the kallikreins, are now emerging as proteins which play a central role in cancer cell 

metastasis [88].  Kallikreins and cathepsins can act both on their own as well as in 

cooperation with the uPA-MMP cascade to enhance cell invasion and angiogenesis [68, 

88].       

  

Kallikrein 6 and Cancer 

Kallikrein 6, also known as Zyme, Protease M and Neurosin, was actually first 

cloned from a colon adenocarcinoma cell line [89].  Aside from its role in cancer, KLK6 

is also known to participate in diseases of the central nervous system, as it is the most 

abundant kallikrein present in the CNS [74].  KLK6 has been implicated to play a part in 

CNS inflammation, Parkinson disease and Alzheimer’s disease [69].  As mentioned 

previously, KLK6 is being explored for its potential as a marker for certain types of 

ovarian and uterine cancers [90, 91].  KLK6 is significantly over-expressed in ovarian 

cancer cells.  Shan et al. demonstrated that in ovarian tissue samples, KLK6 was 

expressed 57-fold more in ovarian tumor cytosols compared to normal, and 31-fold more 



37 

than benign tumors [92].  In this study, high KLK6 expression correlated to late disease 

stage, high tumor grade, and poor patient prognosis [92].  In specific subsets of ovarian 

cancer patients, namely ovarian serous papillary cancer patients, circulating serum levels 

of KLK6 were found to be elevated [90].  Regarding KLK6 and uterine cancer, a high-

throughput analysis was done on USPC tissues and, among the many aberrantly 

expressed genes identified, KLK6 was one of the most highly over-expressed [91].  

Among uterine serous papillary carcinoma (USPC) patients studied, 69% had highly 

elevated KLK6 mRNA levels.  This differed from both normal tissue and from uterine 

endometrial cancer patients, who typically do not have elevated KLK6 expression [91].  

Serum concentrations of KLK6 were also significantly elevated in USPC patients and not 

endometrial cancer or benign gynecological tumor patients [91].     

A recently published report indicates a possibly important role for KLK6 in skin 

cancer.  Immunohistochemistry analysis revealed that KLK6 is more highly expressed in 

pre-malignant tissue and malignant squamous cell carcinoma (SCC), with KLK6 

expression increasing with advancing disease [93].  Ectopic expression of KLK6 in 

mouse keratinocyte cells induced higher rates of cell proliferation, migration and invasion 

[93].  The proposed mechanism for these phenotypic changes is the effect KLK6 has on 

E-cadherin.  KLK6 appears to promote E-cadherin ectodomain shedding (similar to the 

previously mentioned mechanism of KLK7), which decreases cell-cell adhesion.  

Additionally, this E-cadherin cleavage is responsible for reducing the interaction between 

E-cadherin and β-catenin, causing increased nuclear localization of β-catenin and 

enhanced β-catenin/TCF dependent transcriptional activation [93].     
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In addition to the potential significance of KLK6 for skin, ovarian and uterine 

cancers, studies have demonstrated over-expression of KLK6 in gastro-intestinal cancers.  

In studies comparing KLK6 expression in normal versus cancerous gastric or colon 

tissue, KLK6 mRNA was observed to be more highly expressed [94, 95].  Of the 63 

colon cancer patients studied, 57 (90%) displayed higher KLK6 mRNA expression, 

measured by quantitative real-time PCR, in cancerous tissue as compared to normal 

tissue.  These observations in KLK6 mRNA were corroborated with 

immunohistochemistry data showing markedly increased KLK6 protein in colon cancer 

cells [95].  An elevated number of liver metastases were present in those patients 

exhibiting the highest KLK6 expression levels [95].  Similar results were demonstrated in 

gastric cancer patients.  Again, 57 of 63 patients had significantly higher KLK6 mRNA 

levels, as measured by quantitative real-time PCR [94].  Elevated KLK6 protein 

expression was only observed in gastric tumor samples, measured by 

immunohistochemistry [94].  Also in these studies, high expression of KLK6 correlated 

with advanced disease stage and poor patient prognosis [94, 95].  The same phenotypic 
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It is evident that KLK6 has a potentially important role in the diagnosis and 

progression of several types of epithelial cancers.  The mechanisms by which KLK6 
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expression is up-regulated in these tissues are not well understood.  This is an extremely 

important issue to address.  Characterizing KLK6 gene and secretory regulation will 

allow us to predict (1) on which subset of patients it will be an effective biomarker, (2) 

the other cancer-related genetic alterations which commonly occur with KLK6 over-

expression, and (3) how and when KLK6 over-expression will lead to disease 

progression.  Also, it will give crucial insight on strategies to effectively target KLK6 for 

cancer therapies. 

 

Kallikreins as Biomarkers 

 Due to their nature as secreted proteins which are present in a wide variety of 

bodily fluids, perhaps the biggest area of interest regarding kallikreins is their potential as 

biomarkers for cancer and other diseases.  Currently, the most characterized and widely 

utilized kallikrein is KLK3, also known as prostate specific antigen (PSA).  The common 

use of PSA has contributed to the increasing rate of prostate cancer diagnosis [69].  The 

relatively low cost and wide-spread availability of the screening test for PSA serves as an 

example and a goal to work towards for the diagnostics of other types of cancer.  Of 

course, PSA is far from perfect as an indicator for prostate cancer.  It is poor at 

distinguishing between cancer and benign prostatic hyperplasia [69], no doubt causing an 

abundance of false positive test results.  Indeed for any type of cancer, a more realistic 

goal for effective early diagnostic testing would be a panel of indicative serum 

biomarkers.  To this end, nearly all kallikrein family members in a broad variety of 

cancers are being explored for their potential as biomarkers. 
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 Biomarkers are especially necessary for those types of cancers which are hard to 

diagnose at a stage early enough to promise the patient effective treatment.  Ovarian 

cancer is the most lethal gynecological cancer in the United States, due in part to the 

difficulty in early diagnosis [69].  KLK4 and KLK5 both show promise as ovarian cancer 

markers.  They are expressed at elevated levels in serous ovarian carcinomas and are 

associated with advanced disease and poor outcome [69].  KLK6 also shows potential as 

an ovarian cancer marker and levels of KLK6 seem to correlate with tumor invasiveness, 

promotion of tumor cell growth, and poor patient prognosis [69, 92].  Patients with 

ovarian carcinoma also had about twice the concentration of serum KLK6, as compared 

to normal individuals or patients with benign tumors [90].  In addition to its usefulness as 

a diagnostic marker, KLK6 in combination with another serum marker, cancer antigen 

125 (CA125), could aid in monitoring disease progression post-treatment or surgery [69].  

Similarly to serous ovarian carcinoma, KLK6 expression and secretion was notably 

elevated in uterine serous papillary cancer (USPC) as compared to benign tumor and 

endometrial carcinoma patients [91].  Another cancer which is particularly difficult to 

diagnose early, leading to poor prognosis, is lung cancer.  A recent study by Planque et 

al. demonstrated that a specific panel of kallikreins, which are either up- or down-

regulated in non-small cell lung cancer (NSCLC), has a high degree of high prognostic 

value [96].  This panel includes KLK5, 7, 8, 10 and 12 which were down-regulated in 

NSCLC, and KLK11, 13 and 14 which were up-regulated.  The following kallikreins 

have been reported as possible diagnostic and/or prognostic markers of disease:  for 

breast cancer, KLK5 and KLK14; for cervical cancer, KLK7 and 8; for pancreatic cancer, 
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KLK6 and 10; for colon cancer, KLK6 and 10; for lung, head and neck cancer, KLK5, 10 

and 11 [69].  Besides cancer, kallikreins have been studied as markers for inflammatory 

disease, Alzheimer’s disease, pathologocial keratinization, and central nervous system 

(CNS) injury [65].     
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II. Materials and Methods 

Cell Culture: 

All cell culture reagents and were purchased from Invitrogen Corp. (Carlsbad, 

CA).  Cells were maintained at 37oC and 5% CO2 in media containing 10% Fetal Bovine 

Serum (FBS) and 1% penicillin/streptomycin, unless indicated otherwise. 

Table 1 

Description of cell lines including media, selection conditions and plasmids they were 

stably transfected with. 

Cell Line 
Name 

Media 
Used 

Selection 
Conditions 

Stably Transfected 
Plasmid 

Lab Cells 
were 
Obtained 
From / 
Referernce 

Caco2 MEM    
Caco/Neo3 MEM 350 µg/ml G418 pcDNA3.0 empty Ignatenko/ 

Gerner [97] 
Caco/Kras6 and 
Caco/Kras26 

MEM 350 µg/ml G418 pcDNAKi-RASVal12 Ignatenko/ 
Gerner [97] 

Caco2 CAV1 
Mock 

MEM 650 µg/ml G418 pSV2-neo van Deurs [98]

Caco2 CAV1  MEM 650 µg/ml G418 pUV47 and pUV51 van Deurs [98]
HCT116 DMEM    
HKH2 and 
HKE3 

DMEM 600 µg/ml G418 pBKNT Shirasawa/ 
Sasasuki [99] 

HCT116 CAV1 
Mock 

DMEM 25 µg/ml 
puromycin 

pIRES-hrGFP-1a-
puro 

Cavallo-
Medved/ 
Sloane [42] 

HCT116 CAV1 
AS 

DMEM 25 µg/ml 
puromycin 

pAnti-caveolin-1-
IRES-hrGFP-1a-puro 

Cavallo-
Medved/ 
Sloane [42] 

HCT116 SRC 
Mock 

McCoy’s 
5A 

500 µg/ml G418 pcDNA3.1 empty Irby/  
Yeatman 
[100] 

HCT116 
SRC531 

McCoy’s 
5A 

500 µg/ml G418 pcDNASRC-531 Irby/  
Yeatman 
[100] 
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Drug Treatments: 

Several small molecule inhibitors and other drugs were used to disrupt various 

cellular pathways.  In general for drug treatments, unless indicated otherwise, cells were 

plated 24 hours prior to drug treatment such that they would be roughly 80% confluent at 

time of treatment.  Cells were treated with drug or vehicle control in their regular media 

either with or without serum at the concentrations indicated in Table 2.  Twenty-four 

hours after initial treatment, cells were re-treated with the same concentration of drug or 

vehicle control to compensate for light or oxygen caused loss of drug activity.  Forty-

eight hours after initial drug treatment, endpoint samples were collected.  Endpoint 

samples include any or all of the following:  whole cell lysates for western-blotting, cell 

pellets for RNA collection, conditioned media or cell lysates for membrane or sucrose 

fractionation. 

Table 2 

Description of drugs used including manufacturer, vehicle, and concentration of FBS to 

be used during treatment and working concentration. 

Drug Name Manufacturer Name 
(City, State) 

Vehicle Concentration 
of FBS 

Working 
Concentration 

LY294002 Calbiochem (La Jolla, 
CA.) 

DMSO 10% 50 µM 

PD98059 Alexis® Chemicals 
(San Diego, CA) 

DMSO 10% 50 µM 

SP600125 Calbiochem (La Jolla, 
CA.) 

DMSO 10% 20 µM 

SB202190 Calbiochem (La Jolla, 
CA.) 

DMSO 10% 10 µM 

Brefeldin A 
(BFA) 

Sigma Aldrich (St. 
Louis, MO) 

EtOH 0.5% 2.5 µg/ml 

4-nitrophenyl β-
D-

Sigma Aldrich (St. 
Louis, MO) 

DMSO 10% 100 µM 
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xylopyranosidase 
(PNPX) 
Tunicamycin Sigma Aldrich (St. 

Louis, MO) 
DMSO 10% 2.0 µg/ml 

 

Western Blotting: 

Cells were collected by lysing on ice in radioimmunoprecipitation assay (RIPA) 

buffer (PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 30 μg/mL aprotinin, 100 

mM sodium orthovanidate, and a 10 mg/mL phenylmethylsulfonyl fluoride). Samples 

were kept on ice for 30 min, followed by the centrifugation at 13 000 × g for 10 min. 

Supernatants were collected and protein concentration was determined with the Bio-Rad 

DC protein assay. 60 μg of cell lysate was loaded per lane and run on a 12.5% SDS-

PAGE gel. The proteins were transferred electrophoretically to Hybond-C nitrocellulose 

membrane (Amersham) overnight. Blots were blocked in Blotto A (5% w/v nonfat dry-

milk, 0.1% Tween 20, and Tris-buffered saline (TBS) consisting of 10 mM Tris-HCl, pH 

8.0, 150 mM NaCl) for 1 hour at room temperature.  Primary antibodies are listed in 

Table 3.  In general, membranes were exposed to diluted primary antibodies overnight (at 

least 10 hours) at 4oC.  Primary antibodies were diluted in either Blotto A or 5% BSA in 

TBS plus 0.1% Tween 20 (TTBS).  After incubation with the primary antibodies, 

membranes were washed 3 times for 10 minutes per wash in TTBS. The primary 

antibodies were detected with the appropriate species-specific immunoglobulin G 

antibody conjugated to horseradish peroxidase for 1 h at room temperature. Blots were 

washed as described above and protein was detected with enhanced chemiluminescence 

detection reagent (Amersham Pharmacia Biotech, Inc., Piscataway, NJ). 
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Table 3 

Description of primary antibodies used, including manufacturer, dilution factor and the 

dilution media. 

Antibody Manufacturer (City, 
State) 

Primary 
Antibody 
Dilution 
Factor 

Secondary 
Species and 
Dilution 
Factor 

Primary 
Antibody 
Dilution 
Media 

AKT Cell Signaling (Danvers, 
MA) 

1:1000 anti-rabbit 
1:2000 

5% BSA 

phospho-AKT Cell Signaling (Danvers, 
MA) 

1:1000 anti-rabbit 
1:2000 

5% BSA 

ERK Cell Signaling (Danvers, 
MA) 

1:1000 anti-rabbit 
1:2000 

5% BSA 

phospho-ERK Cell Signaling (Danvers, 
MA) 

1:1000 anti-rabbit 
1:2000 

5% BSA 

SRC Cell Signaling (Danvers, 
MA) 

1:1000 anti-rabbit 
1:2000 

5% BSA 

phospho-SRC Cell Signaling (Danvers, 
MA) 

1:1000 anti-rabbit 
1:2000 

5% BSA 

CAV-1 Santa Cruz Biotechnology 
(Santa Cruz, CA) 

1:1000 anti-rabbit 
1:10,000 

Blotto A 

phospho-CAV-
1 

Cell Signaling (Danvers, 
MA) 

1:1000 anti-rabbit 
1:2000 

5% BSA 

PP1α Cell Signaling (Danvers, 
MA) 

1:1000 anti-rabbit 
1:2000 

5% BSA 

PP2A Cell Signaling (Danvers, 
MA) 

1:1000 anti-rabbit 
1:2000 

5% BSA 

Flotillin-1 BD Transduction 
Laboratories, (Franklin 
Lakes, NJ) 

1:500 anti-rabbit 
1:2000 

Blotto A 

KLK6 
polyclonal 

Santa Cruz Biotechnology 
(Santa Cruz, CA) 

1:200 anti-goat 
1:5000 

Blotto A 

KLK6 
monoclonal 

R&D Systems 
(Minneapolis, MN) 

N/A N/A N/A 

β-actin Sigma Aldrich (St. Louis, 
MO) 

1:1000 anti-mouse 
1:10,000 

Blotto A 
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Semi-Quantitative Reverse-Transcription PCR: 

Total cellular RNA was extracted from Caco2 cells according to a protocol 

supplied with Qiagen RNeasy Kit (Qiagen Inc., Valencia, CA). Reverse transcription 

(RT) was performed on 1 μg of total RNA with random primers and Reverse 

Transcription System kit (Promega, Madison, WI) according to the manufacturer's 

protocol. PCR was performed on identical amounts of cDNA (100 ng) in a 25 μL reaction 

with puReTaqTMReady-To-GoTMPCR Beads (Amersham Biosciences Corp., Piscataway, 

NJ). After PCR, samples were run on 2% agarose gel. PCR products were visualized by 

ethidium bromide staining and photographed with the Gel Logic 200 Imaging System and 

Kodak 1D 3.6 software.  The expression of genes was quantitated by densitometric 

analysis (ImageQuant; Molecular Dynamics). Experiments were performed in triplicate 

and the expression of each gene was standardized with housekeeping gene GADPH as a 

reference.  Gene-specific primers and their corresponding PCR conditions are listed in 

Table 4.  

Table 4 

Description of PCR primers used, including sequences, amount of cDNA used as a 

template, product length, and the annealing temperature. 

Primer 
Name 

Sequence Product 
Length 

Annealing 
Temperature 

KLK6 
Forward 

5 GCCCAGCCAAACTCTCTG3’ 286 bp 59oC 

KLK6 
Reverse 

5 TGTTACCCCATGACACAAGG3’  59oC 

CAV1 
Forward 

5’ TCAACCGCGACCCTAAACACC 3’ 561 bp 60oC 

CAV1 
Reverse 

5’ TGAAATAGCTCAGAAGAGACA T 3’  60oC 
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PP1α 
Forward 

5’CTGACAGAGAACGAGATCCGC3’ 139 bp 61oC 

PP1α 
Reverse 

5’ATAGTCCCAGAAGGTCGTAGT3’  61oC 

PP2A 
Forward 

5’CCCGTGGTCCTTCTCCATATT3’ 147 bp 61oC 

PP2A 
Reverse 

5’AGCAGCTCGTTTTACTTCCTTC3’  61oC 

GAPDH 
Forward 

5’TGGTATCGTGGAAGGACTCATGAC3 181 bp 59oC 

GAPDH 
Reverse 

5’AGTCCAGTGAGCTTCCCGTTCAGC3’  59oC 

 

Quantitative Real-Time PCR: 

Reverse transcription to produce the cDNA template was completed with TaqMan 

Reverse Transcription Reagents Kit (Applied Biosystems, Foster City, CA). One 

microgram of total RNA was transcribed into cDNA in a 50 μL reaction with random 

hexamers under the thermal condition recommended by the protocol. Real-time PCR 

amplification was performed with the ABI PRISM 7700 SDS instrument (Applied 

Biosystems), under the universal thermal cycling conditions recommended by the Assay-

on-Demand products protocol. Each 50 μL real-time PCR reaction included 25 μL of 

TaqMan Universal PCR master mix, 10 μL of the resulting cDNA from the RT step, and 

15 μL diluted primer and probe mixes ordered from Assay-on-Demand products (Applied 

Biosystems). No template controls were included in each plate to monitor the potential 

PCR contamination. Each cell line was tested in triplicate and each reaction was run in 

duplicate. To determine the relative expression level of each target gene, the comparative 

CT method was used. The CT value of the target gene was normalized by the endogenous 

reference (ΔCT = CT(target)-CT(GAPDH)) and compared with a calibrator, in our case, control 
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RNA (ΔΔCT = ΔCT(target) -ΔCT(calibrator)). The relative expression of each target gene was 

calculated via the equation 2-ΔΔCT. 

ELISA for Secreted Kallikrein 6: 

An ELISA kit for the detection of human Kallikrein 6 was obtained from Ibex™ 

(Quebec, Canada).  The assay was performed according to manufacturer’s protocol.  

Briefly, standards were prepared at concentrations of 0, 0.2, 0.5, 2.0, 5.0, 10.0 and 20.0 

ng/ml to set a standard concentration curve.  Fifty microliters of either the standard or 

conditioned media was added to the precoated well and incubated for 2 hours.  The wells 

were washed six times with the provided wash buffer.  One hundred microliters of KLK6 

Antibody-Biotin was added to all wells and incubated for 1 hr, followed by 6 washes.  

One hundred μl of Streptavidin-HRP was added and incubated for 30 minutes, followed 

by 6 washes.  One hundred microliters of TMB substrate was added and incubated for 30 

minutes, followed by the addition of 100 μl Stop Solution.  All incubations were carried 

out on a high speed titre plate shaker at room temperature.  The plate was read at 490 nm 

within 10 minutes on an EL800 Universal Microplate Reader (Bio-Tek Instruments, Inc., 

Winooski, VT). 

Transient Transfection: 

Plasmid Transfection:   

For transfection of cells with gene expression or promoter-reporter plasmids, cell were 

plated up to 24 hours prior to transfection in 6-well or 60mm plates at a concentration to 

achieve 80% cell confluency by the time of transfection.  Cells were plated in regular 

media with 10% FBS but with no antibiotics.  Just prior to transfection, the media was 
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removed from cells and each well was rinsed three times with normal saline.  For all 

transient transfections, 1 µg of gene-specific plasmid and 0.1 µg of control plasmid were 

used.  To prepare the plasmid for transfection, the appropriate volume of gene-specific 

and control plasmids were combined with Lipofectamine 2000 (6 µl per sample for a 6-

well plate and 7 µl for a 60 mm plate) and enough serum-free, antibiotic-free media to 

achieve a total volume of 500 µl.  This mixture was incubated at room temperature for 20 

minutes with occasional agitation.  After incubation, enough serum- and antibiotic-free 

media was added to the mixture to achieve the appropriate volume to add to each well or 

plate.  Cells were incubated with this transfection mixture for 6 hours, after which time 

an equal volume of media containing 20% FBS was added to the plates.  Cell lysates, 

conditioned media and RNA were collected 48 hours post transfection. 

Plasmids:  Dominant-negative AKT (K179A), and constitutively active AKT (myr-

AKT), provided as a kind gift from the Qhon lab [101]. 

siRNA Transfection:   

Qiagen anti-KLK6 siRNA and negative control siRNA (catalog numbers SI00043071 and 

1022076, respectively) were prepared as per manufacturer’s instructions.  Dharmacon 

siGENOME SMARTpool anti-CAV-1 siRNA and ON-TARGET plus siCONTROL™ 

negative control siRNA (catalog numbers M-003467-00 and D-001820-01, respectively) 

were prepared as per manufacturer’s instructions.  Briefly, the lyophilized sequences 

were resuspended in the manufacturer’s siRNA Suspension Buffer to a concentration of 

20 μM.  The suspension was incubated at 90oC for 1 minute, then at 37oC for 60 minutes 

to disrupt aggregates formed during lyophilization.  All siRNA sequences were used at a 
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final concentration of 75nM during cell transfection.  Sixteen to eighteen hours preceding 

transfection, 2.0x105 cells/well were plated in 6-well plates in DMEM with 10% fetal 

bovine serum and no antibiotics.  Just prior to transfection, cells were rinsed 3x with 

saline.  Cells were then incubated in Opti-MEM with siRNA and Lipofectamine2000 

(Invitrogen) (12 μl/well) for 6 hours.  After the 6 hours, an equal volume of Opti-MEM 

plus 10% fetal bovine serum was added to each well.  Cell lysates, conditioned media and 

RNA were collected 48 hours post transfection. 

 

Cell Migration through Laminin: 

The cell migration assays were performed with BIOCOAT® control cell culture 

inserts (BD Biosciences Discovery Labware, Bedford, MA).  Inserts were coated with 2 

µg/well of laminin (Sigma-Aldrich, Life Science Research, St. Louis, MO).  Cell 

suspensions of Caco/neo3 and Caco/KRAS6 cells were prepared at a concentration of 

5.0x105 cells/ml in serum-free MEM.  Two hundred microliters of the cell suspensions 

were plated in the inner chamber of the coated insert in a 24-well tissue plate.  Five 

hundred microliters of MEM + 10% fetal bovine serum + 1% penicillin/streptomycin + 

350 μg/ml G418 was added to the outer chamber of the insert.  Forty-eight hours after 

plating, the cells that migrated through the surface of the membrane were stained with 

100 μl/well of staining solution (0.5% crystal violet, 20% methanol, 80% water) for 1 

minute.  The stained cells were dissolved in 200 μl 0.1 M citric acid in a 96 well plate.  

The plate was placed on a high speed titre plate shaker for 5 minutes.  One hundred and 

fifty microliters of the supernatant was then transferred to a new well and read at 560 nm 
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on an EL800 Universal Microplate Reader (Bio-Tek Instruments, Inc.,Winooski, VT).  

Migration experiments were carried out in sextuplet.   

For analysis of the effect of KLK6 antibodies on migration, cells were pre-treated 

with 2.5 μg/ml of KLK6 mAb or 2.5 μg/ml normal mouse IgG for 20 minutes at 4oC with 

agitation.  Twenty four hours after plating, 2.5 μg/ml additional antibody or mouse IgG 

was added to each well.  For analysis of the effect of KLK6 siRNA on migration, cells 

were transfected with siRNA, as outlined previously.  Forty eight hours after transfection, 

cells were harvested and plated on the migration assay filters. 

 

Cell Invasion through Matrigel: 

The Matrigel cell invasion assays were performed on prepared 24-well plate sized 

Matrigel inserts (BD Biosciences Discovery Labware, Bedford, MA) which were shipped 

frozen and prepared for use in the lab.  Briefly, the inserts were thawed to room 

temperature and then 500 µl of serum-free MEM was added to both the insert and its 

corresponding well so that both the top and the bottom of the insert could be re-hydrated.  

Inserts were re-hydrated for 2 hours at 37oC and 5% CO2.  Meanwhile, cells were 

prepared for plating.  They were brought to a concentration of 5.0x105 cells/ml in serum-

free MEM and either plated without further treatment, or prepared with antibodies as 

outlined in the Cell Migration on Laminin section above.  Alternatively, previously 

siRNA transfected cells were harvested and brought to a suspension at the same 

concentration.  After the period of re-hydration, the media was removed from the 

Matrigel inserts and the wells, and 500 µl of the cell suspension was plated onto each 
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insert.  To the bottom of the well, 750 µl of MEM with 10% FBS was added.  Forty-eight 

or 72 hours after the cells were plated on the inserts, excess media was removed and cells 

were stained with crystal violet and counted as outlined as in the Cell Migration on 

Laminin section above. 

 

Sucrose Gradient Cellular Fractionation:   

Lipid raft fractionation was performed using a detergent-free, alkaline lysis 

method as described previously [70]. Briefly, HCT116 cells (7 X 106cells/150 mm plate) 

were plated for 48 hours. Each plate was then lysed with 2 ml of 500 mM sodium 

carbonate (pH 11.0). The lysate was sonicated for three 20-s bursts using a SONIC Vibra 

Cell sonicator. The lysate was then adjusted to 45% sucrose by mixing with equal 

volumes of 90% sucrose prepared in MES-buffered saline (MBS  - 25 mM MES, pH 6.5, 

0.15 M NaCl), and placed at the bottom of an ultracentrifuge tube. A 5-35% 

discontinuous sucrose gradient was formed above (4 ml of 5% sucrose/4 ml of 35% 

sucrose; both in MBS containing 250 mM sodium carbonate) and centrifuged at 39,000 

rpm for 16 hours  in an SW40-Ti rotor (Beckman Instruments, Palo Alto, CA). A light-

scattering band at the 5-35% sucrose interface was observed. This fraction contains 

caveolin-1/lipid raft proteins. Twelve 1 ml fractions were collected from top to bottom of 

the tube.  For detection of KLK6, caveolin-1, and flotillin-1 in the fractions, equal 

volume from each fraction were loaded on a 12.5 % SDS-PAGE gel and visualized as 

described in Western Blotting. The films were scanned and densitometry was carried out 

using the Scion Imaging Quantification Software.  For each individual protein, the 
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density values in all twelve fractions were added up. The values of caveolin-1, KLK6 and 

flotillin-1 in each single sucrose gradient fraction were calculated as a percentage of their 

total density value in all fractions. 
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III. REGULATION OF KALLIKREIN 6 GENE EXPRESSION IN COLON 

CANCER MODEL SYSTEMS 

 

Portions of this chapter have been published in Neoplasia (2008) under the title 

“Caveolin-1-mediated expression and secretion of kallikrein 6 in colon cancer cells”  

[102].  This paper includes figures 9A, 10A, 11A and 11B. 

 

Portions of this chapter have been published in Biological Chemistry (2008) under the 

title “Kallikrein 6 is a mediator of K-RAS dependent migration of colon carcinoma cells” 

[in press].  This paper includes figures 2, 5, and 6A. 

 

Introduction: 

 It is important to take into account the fact that even within a certain type of 

cancer, the genetics and phenotypes of cancer cells may vary drastically.  Model systems 

based on two different colon cancer cell lines, Caco2 and HCT116, were used to carry 

out the studies on KLK6 gene regulation.  There are some fundamental differences 

between these cell lines.  Caco2 cells are fairly differentiated with a slower growth rate 

than HCT116 [64].  Caco2 cells have a mutated APC gene, resulting in a chromosomal 

instability (CIN) phenotype, while the HCT116 cells, which have a wild-type APC gene, 

have microsatellite instability (MIN) phenotype [6, 7].  Another key genetic difference 

between Caco2 and HCT116 cells is that Caco2 cells have wild-type K-RAS while 

HCT116 have a mutated K-RAS (G13D) resulting in constitutive activation of 
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downstream pathways [9, 19].  Finally, although there are no identified genetic 

alterations in the CAV-1 gene, the expression pattern of CAV-1 are very different in the 

two cell types.  HCT116 cells express high levels of CAV-1 and form caveolae, while 

Caco2 cells express no appreciable level of CAV-1 and do not form caveolae [64].   

Studying the K-RAS dependent differences among these cell lines was possible 

because K-RAS altered isogenic clones have been developed for both cell lines.  HCT116 

cells were stably transfected with the pBKNT vector that homologously recombines with 

the endogenous mutated K-RAS allele, resulting in HCT116 cells which only express 

wild-type K-RAS [99].  Two isogenic clones are HKe3 and HKh2 cells.  Our lab 

successfully developed Caco2 cells stably transfected with an activated K-RAS 

expression plasmid, designated Caco/Neo (empty vector control) and Caco/KRAS clones 

[97].   We have utilized these isogenic clones to elucidate differences in gene expression 

patterns and cell characteristics due solely to the presence of mutant K-RAS.  One 

important finding, resulting from a microarray study performed on these cell lines, was 

that Caco/KRAS cells expressed an 11-fold increase Kallikrein 6 (KLK6) mRNA level as 

compared to Caco/Neo cells [16].  Microarray analyses were conducted using cDNA 

generated from RNA obtained from HCT116, HKe3 and HKh2 cell lines.  While many 

differences were observed, KLK6 expression was not among the significant changes. 

To elucidate CAV-1 mediated differences in KLK6 gene expression, isogenic cell 

lines were again utilized.  Cavallo-Medved et al. developed and used HCT116 cells 

stably transfected to express CAV1-anti-sense.  These cells are referred to as HCT116 

CAV1-Mock and HCT116 CAV1-AS.  While these cells do not have a complete knock 
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out of CAV-1 expression (80%), it is sufficient to observe CAV-1 dependent events in 

these cells.  Caco2 cells with exogenously expressed CAV-1 were developed [98].  

Clones with two levels of CAV-1 expression were used.  The cells are designated Caco 

CAV1-Mock, CAV1-Low and CAV1-High.  Although these cells robustly express CAV-

1, they do not effectively form caveolae.  In these stably transfected cell lines, the CAV-1 

protein frequently forms intracellular aggregates instead of associating with caveolae 

[98].   

KLK6 is up-regulated in certain types of ovarian and uterine cancers, as well as 

gastric and colon, but the mechanism(s) of this aberrant expression have not been well 

characterized [90, 91, 94, 95].   There have been a limited number of discoveries 

regarding KLK6 promoter regulation.  From studies performed on MCF-7 breast cancer 

cells, some important regulatory sites have been identified within the proximal promoter 

region of KLK6.   These include putative binding sites for ELK-1, AP-1 and SP-1, as well 

as two E-box sequences  [70].  The functionality of these sites was confirmed either via 

EMSA analysis (SP-1 site), or by utilizing deletion constructs (AP-1 and E-box 

sequences) [70].  Deletion of the +179 to +244 sequence of the proximal promoter, 

downstream of the transcriptional start site, completely abolished promoter reporter 

transactivation [70].  This region contains the SP-1, AP-1 and E-box sequences.   

This study in breast cancer cells offers some insight into the findings we have 

observed relating K-RAS activity and KLK6 expression.  ELK-1 transcription factor is 

activated by the p42/44 MAPK cascade [103].  Increased AKT activity, a downstream 

effect of K-RAS-mediated induction of PI3-K, has been shown to increase downstream 
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AP-1 signaling [104, 105].  In K-RAS transformed NIH-3T3 cells, K-RAS activity 

increases AP-1-mediated gene transactivation due to increased levels of the AP-1 

components c-JUN and FRA1 [106].  E-box sequences could also have relevance in our 

system because they are the target sequence for c-MYC, a transcription factor which is 

activated by increased Wnt signaling.  The APC mutation in Caco2 cells and/or the β-

catenin mutation in HCT116 cells could both lead to downstream c-MYC related gene 

transactivation.   

The aims of this section are to (1) analyze KLK6 mRNA levels as they are related 

to cell lines with varying K-RAS activity and CAV-1 expression; (2) using small 

molecule inhibitors directed against specific signaling pathways, identify which 

pathways, dependent upon K-RAS activity and CAV-1 expression, are involved in KLK6 

gene regulation.   

Results: 

K-RAS dependent KLK6 expression in Caco2 cells. 

 KLK6 expression at a number of time points in Caco2 parental, Caco/Neo and 

Caco/KRAS6 cells was analyzed to confirm and elaborate on the microarray findings that 

KLK6 was induced in Caco/KRAS cells. KLK6 expression was measured at the levels of 

mRNA, intracellular protein and secreted protein to further delineate which part of KLK6 

regulation was most affected by K-RAS activity.  Cells were grown under normal culture 

and selection conditions for times ranging from 24 to 96 hours.  KLK6 mRNA levels 

were analyzed via semi-quantitative reverse-transcription PCR.  After 48, 72 and 96 

hours of subculture, Caco/KRAS6 cells expressed higher levels of KLK6 mRNA (Figure 
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Figure 2 

KLK6 expression in Caco2, Caco/NEO and Caco/KRAS6 cells over time.  Cells were 

grown under normal conditions (MEM, 10% FBS, 1% Pen/Strep) for the indicated 

time before collection.  (A) Semi-Quantitative Reverse Transcription PCR was 

performed on 100 ng of cDNA using GAPDH as a loading control.  (B) mRNA levels 

were quantified using densitometric analysis.   
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Figure 2 Continued: 

 (C) Western blot analysis was performed on 80 µg of whole cell lysates. (D) KLK6 

ELISA analysis was performed on conditioned media collected from cultured cells.  

ELISA analysis was performed on triplicate samples with the error bars indicating 

SD. 
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2A) as compared to both parental Caco2 and Caco/NEO cells.  These results were 

quantified using densitometric analysis (Figure 2B).  There was no appreciable difference 

in KLK6 expression after 24 hours.  After 48 hours, Caco/KRAS6 cells had a 2.1 and 1.6 

fold increase in KLK6 mRNA over Caco2 and Caco/Neo cells, respectively.  After 72 

hours, the increase was 2.5 and 1.6 fold, and after 96 hours, the increase was 1.2 and 2.0 

fold over Caco2 and Caco/Neo cells, respectively.  Intracellular KLK6 protein was then 

analyzed via western blot.  No consistent or significant changes in intracellular protein 

levels were observed (Figure 2C).  However, there were remarkable differences observed 

in the levels of secreted KLK6.  Caco/KRAS6 cells secreted significantly more KLK6 

into the media than Caco2 or Caco/Neo cells at all time points, 24 through 96 hours 

(Figure 2D).  These findings indicate a strong correlation between constitutive K-RAS 

activity and increased expression of KLK6.  The K-RAS dependent effects appear to be 

at the level of either transcription or mRNA stability given the notable increase in KLK6 

mRNA in Caco/KRAS6 cells.   

  

K-RAS dependent KLK6 expression in HCT116 cells. 

 To further investigate the role of K-RAS in KLK6 expression, we used the 

HCT116 cell model system wherein the activated K-RAS is disrupted in the isogenic 

clones, HKe3 and HKh2 cells.  Once again, levels of KLK6 mRNA, intracellular protein 

and secreted protein were analyzed in order to observe any possible effect of K-RAS on 

KLK6 regulation.  The expression patterns observed in these cell lines did not indicate a 

central role for K-RAS in KLK6 regulation in these cells.  KLK6 mRNA levels were not  
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Figure 3  

KLK6 expression in HCT116, HKe3 and HKh2 cells over time.  Cells were grown 

under normal conditions (DMEM, 10% FBS, 1% Pen/Strep) and collected.  (A) 

RNA was collected from cells cultured for 48 hours.  Semi-Quantitative Reverse 

Transcription PCR was performed on 100 ng of cDNA using GAPDH as a loading 

control.  (B) Whole cell lysates were collected from cells cultured for 48 hours.  

Western blot analysis was performed on 80 µg of whole cell lysates. (C) KLK6 

ELISA analysis was performed on conditioned media collected from cultured cells 

24 and 48 hours after plating.  Conditioned media from HCT116 SRC-Mock cells 

were used for ELISA analysis because HCT116 SRC-Mock cells are kept under the 

same selection conditions (G418) as HKe3 and HKh2 cells.  ELISA analysis was 

performed on triplicate samples with the error bars indicating SD. 
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significantly altered between the cell lines (Figure 3A) and intracellular protein levels did 

not consistently indicate a K-RAS dependent effect (Figure 3B).  KLK6 protein secretion 

was analyzed using conditioned media from HKe3, HKh2 and HCT116 SRC-Mock cells 

(described in chapter 4).  HCT116 SRC-Mock cell medium was used because those cells 

are under G418 selection, as are the HKe3 and HKh2 cells.  Cells under selection 

conditions routinely had elevated levels of secreted KLK6, so it was important to control 

for G418 treatment when observing KLK6 secretion.  There were no significant 

differences in secreted KLK6 levels among the three cell lines at any time point (Figure 

3C).  One important observation concerning the level of secreted KLK6 from HCT116-

type cells is that it is roughly ten-fold higher compared to the amount of secreted KLK6 

from Caco2-type cells (Figures 2D and 3C).  Implications of this observation will be 

further discussed in chapter 4.  These data indicate that the K-RAS mediated effects on 

KLK6 expression are, at least in part, cell lines specific.   

 

The influence of DMSO treatment on KLK6 expression. 

 Once it was established that KLK6 regulation was influenced by K-RAS in the 

Caco2 cell lines, we employed a number of small molecule inhibitors to elucidate which 

K-RAS dependent pathway was promoting KLK6 expression.  Many of these drugs were 

suspended in the solvent DMSO, so a vehicle treatment of DMSO by itself was often 

used throughout the course of these experiments.  Interestingly, we observed that the 

DMSO treatment itself often caused altered KLK6 expression.  To characterize the 

precise effect DMSO was exerting on KLK6 expression, a dose-dependent analysis of  
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B. DMSO Induces KLK6 in CaCo2 Cells
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Figure 4 

KLK6 expression with DMSO treatment in Caco2 cells.  Cells were treated with 

varying concentrations of DMSO diluted into normal culture media for 48 hours.  

(A) Semi-Quantitative Reverse Transcription PCR was performed on 100 ng of 

cDNA using GAPDH as a loading control.  (B) Western blot analysis was performed 

on 80 µg of whole cell lysates.  Quantification was performed using Scion Image 

Quantification software. 
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DMSO was carried out.  Cells were treated with DMSO diluted into the culture media at 

concentration ranging from 1:100 to 1:10,000.  KLK6 mRNA levels, as analyzed by 

semi-quantitative rt-PCR, were increased following treatment of 1:5000, 1:1000, and 

1:500 (Figure 4A).  KLK6 intracellular protein levels were also increased for similar 

DMSO concentrations (Figure 4B).  These findings were relevant because vehicle control 

treatment for experiments involving small molecule inhibitors was most often at a 

concentration of 1:1000. 

 Another experimental condition which influences KLK6 expression is 

transfection, in which case the serum starvation and lipid carrier (i.e. Lipofectamine2000) 

induce KLK6.  The effects of these conditions were controlled for while performing drug 

treatment and transfection experiments. 

 

The effect of inhibiting the p42/44 MAPK and PI3-K/AKT pathways on KLK6 

expression in Caco cells. 

 Caco/NEO and Caco/KRAS6 cells were treated with small molecule inhibitors to 

disrupt certain K-RAS dependent mitogenic pathways.  PD98059 is a MEK inhibitor and 

disrupts the p42/44 MAPK pathway.  LY294002 is a PI3-K inhibitor and is used to 

disrupt the PI3-K/AKT pathway.  These drugs were both used at a concentration of 50 

µM diluted into normal cell culture media.  To account for loss of drug activity due to 

oxidation and light-induced degradation, new drug or vehicle control was added to the 

media 24 hours after initial treatment.  Cells were treated for 48 hours in total.  KLK6 

mRNA levels were measured using quantitative real-time PCR.  In both the Caco/NEO  
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Figure 5 

KLK6 expression following treatment by p42/44 MAPK inhibitor (PD98059) or PI3-

K/AKT inhibitor (LY294002).  Caco/NEO and Caco/KRAS6 cells were treated for 

48 hours with 50 µM PD98059 or 50 µM LY294002. (A) Quantitative Real-Time 

PCR was performed on cDNA prepared from treated cells.  RT-PCR was 

performed in duplicate on samples from three independent experiments per 

condition.  Error bars indicate SD, * p < 0.01.  (B) KLK6 ELISA analysis was 

performed on conditioned media collected from the treated cell cultures.  ELISA 

was performed on triplicate samples.  Error bars indicate SD, * p < 0.01. 
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and Caco/KRAS6 cells, mRNA levels were significantly reduced following treatment by 

both drugs (Figure 5A).  However, treatment with LY294002 consistently led to a more 

dramatic reduction in KLK6 levels.  Similar results were observed at the level of secreted 

protein.  Treatment with LY294002, and to a lesser degree PD98059, led to a significant 

decrease in secreted KLK6 protein (Figure 5B).  To account for the predictable decrease 

in cell number associated with drug treatment, ELISA results were normalized against 

protein concentrations of the cell lysates taken from the same samples as the conditioned 

media.  Secreted KLK6 for these experiments is expressed in nanograms of secreted 

KLK6 over milligrams of total cellular protein per sample.  These data indicate a central 

role for the PI3-K/AKT pathway in KLK6 regulation. 

 

The effect of inhibiting the p38 MAPK and JNK pathways on KLK6 mRNA expression. 

 Two other K-RAS influenced pathways are the p38 MAPK and the c-JUN NH2-

terminal Kinase (JNK) pathways.  Small molecule inhibitors were used to inhibit the p38 

MAPK and JNK pathways.  Caco/Neo and Caco/KRAS6 cells were treated with 10 µM 

SB202190 (p38 inhibitor) or 20 µM SP600125 (JNK inhibitor) under the same conditions 

that were used for PD98059 and LY294002 treatment.  KLK6 mRNA levels, analyzed via 

semi-quantitative rt-PCR, were not significantly altered by either SB202190 or SP600125 

as compared to the vehicle control treated sample (Figure 6A).  HCT116 cells were also 

treated with SB202190 and SP600125.  Again, no significant difference was observed in 

KLK6 mRNA levels (Figure 6B).  These data indicate no significant role for either the 

p38 or JNK stress-induced pathways in the gene regulation of KLK6. 
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Figure 6 

KLK6 expression following treatment by p38 MAPK inhibitor (SB202190) or JNK 

inhibitor (SP600125).  Caco/KRAS6, HCT116 parental and HCT116 SRC/Mock 

cells were treated for 48 hours with 10 µM SB202190 or 20 µM SP600125. (A) Semi-

Quantitative Reverse-Transcription PCR was performed on 100 ng cDNA prepared 

from treated Caco/Neo and Caco/KRAS6 cells.  (B) Semi-Quantitative Reverse-

Transcription PCR was performed on 100 ng cDNA prepared from treated HCT116 

cells.   



68 

0.0

2.0

4.0

6.0

8.0

10.0

12.0

HCT116 DMSO HCT116 PD98050 HCT116 LY294002 

S
ec

re
te

d 
K

LK
6 

(n
g/

m
l)

*

*

B.

HCT116
DMSO      PD        LY 

KLK6

GAPDH

A.

 

Figure 7 

KLK6 expression following treatment by p42/44 MAPK inhibitor (PD98059) or PI3-

K/AKT inhibitor (LY294002) in HCT116 cells.  HCT116 cells were treated for 48 

hours with 50 µM PD98059 or 50 µM LY294002. (A) Semi-quantitative rt-PCR was 

performed cDNA prepared from treated cells.  (B) KLK6 ELISA analysis was 

performed on conditioned media collected from the treated cell cultures.  ELISA 

was performed on triplicate samples.  Error bars indicate SD, * p < 0.03. 
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The effect of inhibiting the p42/44 MAPK and PI3-K/AKT pathways on KLK6 

expression in HCT116 cells. 

 A direct effect of K-RAS on KLK6 RNA expression was not observed in the 

HCT116 cell lines.  However, it was still of interest to determine whether or not the same 

signaling pathways played a significant role in KLK6 regulation in those cells.  The 

KLK6 expression patterns which were observed upon treatment with PD98059 and 

LY294002 were nearly identical to those seen in Caco/Neo and Caco/KRAS6 cells.  The 

drug treatment conditions were the same as with the Caco2 cell lines.  KLK6 mRNA 

levels, analyzed by semi-quantitative rt-PCR were notably decreased after treatment with 

either drug, with LY294002 again exerting a more dramatic effect (Figure 7A).  Levels of 

secreted KLK6 were significantly decreased with both PD98059 and LY294002 

treatment in the HCT116 cells as well (Figure 7B).  These data indicate that although 

basal levels of KLK6 are not heavily influenced directly by K-RAS when comparing 

HCT116 cells to their isogenic clones, the p42/44 MAPK pathway, and to a greater 

degree the PI3-K/AKT pathway controls KLK6 regulation in these cells.   

 

Caveolin 1 expression in stably transfected cell lines. 

 HCT116 and Caco2 cells have drastically different levels of CAV-1 protein.  

HCT116 cells produce a lot while Caco2 cells produce virtually none.  To elucidate the 

cellular changes that occur when only CAV-1 expression is altered, isogenic cell lines 

have been produced.  HCT116 cells were transfected with a CAV-1 anti-sense vector 

which does not completely eliminate CAV-1 protein expression, but significantly reduces  
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Figure 8 

CAV-1 expression in cell lines stably transfected with CAV-1 altering plasmids. 

HCT116 CAV1-Mock and HCT116 CAV1-AS cells were cultured for 48 hours 

under normal conditions (DMEM, 10% FBS, 1% Pen/Strep, 25 µg/ml puromycin), 

then analyzed by western blot for CAV-1 protein expression, with β-actin used as a 

loading control (first panel).  Caco2 CAV1-Mock, Caco2 Low CAV1 and Caco2 

High CAV1 cells were cultured under normal conditions (DMEM, 10% FBS, 1% 

Pen/Strep, 650 µg/ml G418), then analyzed by western blot for CAV-1 protein 

expression, with β-actin used as a loading control (second panel). 
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it (Figure 8A) [42].  Caco2 cells were transfected with pUV vector to constitutively 

express CAV-1 from a strong pUbc promoter [98].  Two Caco-2 CAV-1 expressing 

clones were provided kindly by the van Deurs lab and used for these experiments.  One 

clone, the Caco/CAV-1 Low clone, expresses a lower level of CAV-1 than does the 

Caco/CAV-1 High expression clone (Figure 8B).  The Caco/CAV-1 Mock cells express 

no CAV-1 protein (Figure 8B).  However, just because these cells express CAV-1 protein 

does not automatically mean that caveolae will form.  In fact, in the Caco/CAV-1 cells 

expressing the higher levels of CAV-1, caveolae do not form efficiently, rather, the 

caveolin protein forms aggregates in the cytosol of the cell [98]. Regardless of the 

formation of caveolae in these cells, the CAV-1 protein does appear to have certain effect 

on cell signaling pathways and even KLK6 expression. 

 

The effect of altered CAV-1 expression on KLK6 mRNA levels. 

 The differences in KLK6 gene expression based solely on differential CAV-1 

levels were measured in the HCT116 and Caco-2 type cell lines.  KLK6 mRNA levels in 

HCT116 CAV1-AS cells are significantly lower than HCT116 CAV1-Mock cells, as 

demonstrated by quantitative real-time PCR (Figure 9A).  KLK6 expression is also 

slightly altered in Caco/CAV1 cells, although to a much lesser extent than in the HCT116 

CAV1 cells.  KLK6 mRNA, measured by semi-quantitative rt-PCR, slightly increases as 

CAV-1 expression increases in Caco2 cells (Figure 9B).  These data indicate a central 

role for CAV-1 in KLK6 gene regulation in HCT116 cells, but not in Caco-2 type cells.   
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Figure 9 

KLK6 mRNA expression in CAV-1 altered cell lines. 

KLK6 expression was analyzed in these cell lines after growth in normal culture 

conditions.  (A) KLK6 mRNA levels were analyzed using quantitative real-time 

PCR.  RNA was collected from samples 48 hours after subculture.  Samples were 

run in duplicate samples from three independent experiments per condition.  KLK6 

levels were normalized to GAPDH.  Error bars indicate SD, * p < 0.05.  (B) KLK6 

mRNA levels were analyzed using semi-quantitative reverse-transcription PCR.  

RNA was collected from samples 48 hours after subculture.  GAPDH is a loading 

control.   



73 

The effect of K-RAS pathway inhibition on KLK6 mRNA levels in CAV-1 altered cells. 

 Using the PI3-K/AKT pathway inhibitor LY294002, this pathway was shown 

again to play a central role in KLK6 gene regulation.  The HCT116 Mock and CAV1 AS 

cell lines were both treated with LY294002 and KLK6 mRNA levels were measured by 

quantitative real-time PCR.  KLK6 mRNA levels were significantly decreased in both of 

the HCT116 CAV1 cell lines (Figure 10A).  HCT116 CAV1-Mock cells treated with 

LY294002 had KLK6 mRNA levels nearly identical to that of untreated HCT116 CAV1-

AS cells.  Caco2 cells normally do not express CAV-1.  They have alternative 

mechanisms for regulating KLK6 expression, specifically K-RAS dependent regulation.  

Like the Caco/Neo and Caco/KRAS6 cell lines, the Caco/CAV1 cells are sensitive to 

disruption of the p42/44 MAPK and PI3-K/AKT pathways.  Caco/CAV1 cells were 

treated with LY294002 and PD98059 for 48 hours.  Semi-quantitative rt-PCR reveals a 

slight decrease in KLK6 mRNA levels with PD98059, though not in Caco/CAV1-Low 

cells.  A more dramatic reduction with LY294002 treatment was observed in all 

Caco/CAV1 cell lines (Figure 10B).   

 

Differential phosphorylated-AKT and protein phosphatase levels in CAV-1 altered cells. 

 It is clear that altered CAV-1 levels affects KLK6 gene expression.  It is known 

that CAV-1 can alter cell signaling pathways, so we looked at pathways which we had 

previously determined to affect KLK6 gene expression.  It was demonstrated that 

inhibiting AKT pathway activity with the small molecule inhibitor LY294002 causes 

significantly reduced KLK6 mRNA levels in both Caco2-type cells and in HCT116-type 
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Figure 10 

K-RAS pathway inhibition decreases KLK6 mRNA levels in CAV-1 altered cell 

lines. 

(A) HCT116 CAV1 cells were treated with 50 µM LY294002 for 48 hours, after 

which time RNA was collected.  Quantitative rt-PCR was performed to assess KLK6 

mRNA levels.  The results are representative of three separate experiments.  Error 

bars indicate SD, * p < 0.03.   (B)   Caco2/CAV1 cells were treated with 50 µM 

LY294002 or PD98059 for 48 hours, after which time RNA was collected.  Semi-

quantitative rt-PCR was performed using GAPDH as a loading control. 
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cells.  As shown by western blot analysis, HCT116 CAV1-AS cells have much lower 

levels of phospho-AKT, relative to total AKT, than the HCT116 CAV1-Mock cells 

(Figure 11A).  It has been shown in prostate cancer cells that increased CAV-1 correlates 

to higher AKT activity caused by decreased activity of the protein phosphatases PP1α 

and PP2A [48].  Levels of both PP1α and PP2A were measured in HCT116 cells normal 

and suppressed CAV-1 expression.  PP1α and PP2A levels were higher in HCT116 

CAV1-AS cells than in HCT116 CAV1-Mock cells (Figure 11B), correlating to the 

decreased levels of phospho-AKT.  Although PP1α and PP2A protein levels are clearly 

negatively regulated by CAV-1, the presence of CAV-1 has not impact on PP1α and 

PP2A mRNA levels.  HCT116 CAV1-Mock and HCT116 CAV1-AS cells have similar 

levels of PP1α and PP2A mRNA (Figure 11C).  These data indicate that the CAV-1 

dependent KLK6 gene expression is at least in part due to increased AKT activity in cells 

with higher CAV-1 levels.  The increase in AKT activity is possibly due to CAV-1 

dependent negative regulation of PP1α and PP2A protein concentrations.   
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Figure 11 

Levels of phosphorylated-AKT correlate with PP1α and PP2A levels in HCT116 

CAV1-Mock and CAV1-AS cells. 

Cells were cultured under normal conditions for 48 hours, then whole cell lysates 

were collected for western blot analysis.  (A) phosphorylated-AKT was measured 

with total AKT as a loading control.  (B) PP1α and PP2A protein levels were 

measured with β-actin as a loading control. (C) PP1α and PP2A mRNA levels were 

measured via semi-quantitative rt-PCR with GAPDH as a loading control. 
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Discussion: 

KLK6 gene regulation in colon cancer is clearly governed by multiple 

mechanisms depending on the cell type and specific genetics of those cells.  Colon cancer 

is a very heterogeneous disease.  Many genetic alterations can contribute to colon cancer, 

including mutations to APC and K-RAS as well as aberrant expression of proteins such as 

SRC and CAV-1 among many others.  KLK6 was shown both by our lab and by others to 

be up-regulated in colon cancer patients and cell lines [95].   

Increased K-RAS activity is known to have a variety of effects on gene 

expression.  The goal to understand K-RAS-mediated expression of KLK6 was first 

undertaken when it was observed that Caco/KRAS cells expressed significantly more 

KLK6 than the mock transfected control cells.  Using a different colon cancer cell model 

system, we observed that KLK6 is not always regulated in a K-RAS dependent manner.  

HCT116 cells do not differ in KLK6 expression compared to their isogenic clones, HKe3 

and HKh2, with the disrupted mutant K-RAS allele.  CAV-1 appears to be a key 

regulatory protein for KLK6 gene expression in HCT116 cells via its effects on PI3-

K/AKT signaling.  Despite the differences between these cell lines, KLK6 expression is 

regulated by some common pathways in both colon cancer model systems.  These  
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Figure 12 

Proposed model of KLK6 gene regulation. 

Caco2-type cells and HCT116-type cells have similar modes of KLK6 regulation, 

but differ in CAV-1 expression.  Active K-RAS promotes KLK6 gene expression 

through two downstream pathways:  p42/44 MAPK and PI3-K/AKT in each cell 

type.  The more critical of the two pathways for KLK6 regulation is the PI3-K/AKT 

pathway.  CAV-1 expression in HCT116 cells alters PI3-K/AKT pathway activity 

via decreased levels of protein phosphatases. 
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signaling pathways and the overall proposed model KLK6 gene regulation are illustrated 

in Figure 12.   

In all cell types, regardless of CAV-1 levels, KLK6 gene expression is most 

dependent upon activation of the PI3-K/AKT pathway.  Pharmacological inhibition of the 

PI3-K/AKT pathway in all HCT116-type and Caco-type cell lines lead to a significant 

decrease in KLK6 mRNA and secreted protein levels.  There are several mechanisms by 

which the PI3-K/AKT pathway was up-regulated.  AKT is phosphorylated by PDK1 at 

one of its two main phosphorylation sites, Thr308 [107, 108].  The other activating AKT 

phosphorylation site, Ser473 has only been shown to be a substrate for PI3-K.  Both of 

these phosphorylation events are necessary for full activation of AKT [109].  In the 

Caco/KRAS6 cells, constitutively active K-RAS leads to activation of this pathway.  One 

mechanism which has proved to be significant in HCT116 cells in particular, is CAV-1 

mediated up-regulation of AKT activity.  The regulation of the PI3-K/AKT pathway 

activity in the HCT116 CAV-1 cells appears to be due to a CAV-1 related increase in 

phospho-AKT concentration following reduction of protein phosphatase PP1α and PP2A 

levels.  The HCT116 CAV1-AS cells have higher levels of the protein phosphatases, 

indicating that when CAV-1 is present in the cell, it somehow decreases PP1α and PP2A 

levels.  These data are in agreement with a study by Li et al. demonstrating a correlation 

between high CAV-1 expression, decreased PP1α and PP2A levels, and increased AKT 

activation in prostate cancer cells [48].   

In addition to the PI3-K/AKT pathway, the p42/44 MAPK pathway exerts 

considerable influence over KLK6 gene regulation.  Again, this pathway can be 
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controlled by factors other than K-RAS.  Two studies have demonstrated PKC-dependent 

activation of RAF [110, 111].  RAF is also a substrate for SRC kinase, 14-3-3 proteins 

and heat shock protein 90 (Hsp90) [112].  The p38 MAPK and JNK pathways do not tend 

to be as mitogenic as the p42/44 MAPK and PI3-K/AKT pathways, and are more 

important in cellular stress conditions [113, 114].  The JNK pathway is induced by 

stressors such as ultraviolet radiation; p38 is activated following cellular stress due to UV 

radiation, osmotic shock, heat shock, or exposure to lipopolysaccharide (LPS) among 

others [113].  Neither p38 MAPK nor JNK pathway inhibition affected KLK6 gene 

expression in either cell type.  The evidence provided here strongly supports a central 

role for PI3-K/AKT signaling in KLK6 gene expression, whether the elevated AKT 

activity is K-RAS dependent or due to CAV-1 and protein phosphatase signaling.    
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IV. REGULATION OF KALLIKREIN 6 SECRETION IN COLON CANCER 

MODEL SYSTEMS 

 

Portions of this chapter have been published in Neoplasia (2008) under the title 

“Caveolin-1-mediated expression and secretion of kallikrein 6 in colon cancer cells”  

[102].  This paper includes figures 13A, 14, 16,  and17A, . 

 

Portions of this chapter have been submitted for publication in Neoplasia  under the title 

“Transcriptional regulation of caveolin-1 expression by an activated K-RAS oncogene in 

human colon cancer cells” .  This paper includes figures 18A and 19.   

 

Introduction: 

 KLK6 gene expression is controlled by a variety of factors including K-RAS 

activity and CAV-1 levels.  As a secreted protease, it is important to identify mechanisms 

which control the secretion of KLK6.  As mentioned previously, HCT116 cells express a 

large amount of CAV-1, while Caco2 cells express none [64].  This is a potentially key 

difference because there is evidence to suggest that CAV-1 can play an important role in 

protease secretion.  Cavallo-Medved et al. demonstrated in the HCT116 CAV1 altered 

cell lines that secretion of the cysteine protease cathepsin B was reduced in cells with less 

CAV-1 expression [42].  To study the role of CAV-1 in KLK6 secretion, the CAV-1 

altered HCT116 and Caco2 cells lines were employed once again.  Secretion of pro-uPA 
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and the localization of uPA and its receptor uPAR to caveolae were also markedly 

reduced in the HCT116 CAV1-AS cells [42].   

 When working with CAV-1 it is important to consider the activity of SRC kinase 

in the cell lines being analyzed.  SRC phosphorylates CAV-1 on Tyr14, an event which 

leads to the destabilization of caveolae [51].  To determine what influence SRC has on 

KLK6 expression, relative to CAV-1 phosphorylation, we have employed HCT116 cells 

which have been stably transfected to express SRC531, a variant form of SRC which is 

resistant to negative regulation [100].  These cells are referred to as HCT116 SRC-Mock 

or HCT116 SRC531.  HCT116 SRC531 cells express constitutively active SRC.   

 Besides the effect of CAV-1, there are other factors that affect protein trafficking 

and secretion.  It is well established that several kallikrein family members are 

glycosylated [75-77] and that glycosylation can be essential for protein secretion [78, 79].  

To examine the role of glycosylation in protein trafficking, several types of inhibitors are 

used which target different steps in the glycosylation process.  In general, proteins are 

synthesized in the endoplasmic reticulum (ER), they are then transferred to the Golgi 

apparatus, which is where glycosyl transferases are anchored [115, 116].  The first step in 

the addition of the glycosyl group is the formation of a lipid-linked saccharide 

intermediate; one specific lipid carrier used in this step is dolichyl-P [115].  The inhibitor 

tunicamycin (TM) prevents the formation of the intermediary dolichyl N-

acetylglucosamine diphosphate [117].  Tunicamycin is an antibiotic isolated from 

Streptomyces lysosuperificus which has been shown to inhibit about 70% of N-linked 

glycosylation of membrane-bound glycoproteins; it does not affect O-glycosylation or 
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protein synthesis [117].  Glycosylation has many consequences for cellular proteins, 

including alteration of protein secretion, membrane receptor activity and viral replication 

[115].  Tunicamycin has been shown to inhibit secretion of immunoglobulins IgA, IgE 

and IgM as well as α2-macroglobulin [115].  Another type of N-linked glycosylation 

inhibitor is 4-nitrophenyl β-D-xylopyranosidase (PNPX).  PNPX is a xyloside analogue 

which inhibits proteoglycan synthesis [118].   

In addition to perturbing the process of glycosylation, disrupting ER to trans-

Golgi network (TGN) transfer of proteins is possible through the use of Brefeldin A 

(BFA).  Normally, proteins are exported from the ER to the cis, then medial, then trans 

Golgi cisternae for processing and distribution, or to be recycled back to the ER [119].  

BFA is an antibiotic heterocyclic lactone produced by fungi [120].  It causes the 

components of the cis/medial Golgi to redistribute and fuse back with the ER [119].  By 

this mechanism, BFA effectively halts progression of new proteins, causing accumulation 

of proteins in the ER [121, 122].   In addition to inhibiting the transfer of newly 

synthesized proteins to the cis/medial Golgi, BFA also inhibits both constitutive and 

regulated protein secretion [123].  Altering protein glycosylation and specific secretory 

pathways will allow insight into precisely how KLK6 is being exported from cells. 

The aim of this section was to characterize the secretory pathway of KLK6.  We 

demonstrated that KLK6 secretion is contingent upon the presence of CAV-1 and 

caveolae, protein glycosylation and the ER to TGN protein trafficking pathway. 
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Results: 

The effects of altered CAV-1 expression on KLK6 secretion. 

 In earlier experiments wherein KLK6 expression and protein secretion were 

analyzed in terms of K-RAS activity, one trend that became apparent was that HCT116 

cells on average secrete ten times more KLK6 protein than Caco/KRAS6 cells (Figures 

2C and 3C).  We wanted to determine whether that effect was at least in part due to 

CAV-1 expression.  It appears that it is.  KLK6 protein secretion is significantly reduced 

to virtually none in HCT116 CAV1-AS cells across a range of time point from 24 to 72 

hours (Figure 13A).   However, there is no significant change in KLK6 protein secretion 

from Caco/CAV1 Low or Caco/CAV1 High cells, as compared to the mock transfected 

control (Figure 13B).  This could be due to the lack of caveolae formation in these cell 

lines.  These data are also in agreement with the reduced levels of KLK6 mRNA 

observed in cell lines with lower CAV-1 expression (Figure 9). 

 

The effect of constitutive SRC activity on KLK6 protein secretion. 

 Since both KLK6 mRNA and KLK6 protein secretion were decreased in HCT116 

CAV1-AS cells, we sought to determine whether CAV-1 was exerting its effect through 

KLK6 mRNA regulation, or if post-translational regulation by CAV-1 influences KLK6 

secretion separately.  HCT116 SRC531 cells were employed to tease out the separate 

effect of CAV-1.  Constitutive SRC activity in the HCT116 SRC531 cells (clones 4A and 

9A), as opposed to SRC-Mock cells, is demonstrated by the elevated amount of phospho-

SRC compared to normal SRC (Figure 14A).  The higher activity of SRC leads to an  
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Figure 13 

KLK6 expression in HCT116 CAV1-Mock and CAV1-AS cell lines.   

KLK6 expression was analyzed in these cell lines after growth in normal culture 

conditions.  (A) KLK6 ELISA was performed on conditioned media collected at the 

indicated time points.  Samples were run in triplicate.  Error bars indicate SD, * p < 

0.02.  (B) KLK6 ELISA was performed on conditioned media collected 48 hours 

after cell sub-culture.  Samples were run in triplicate.  Error bars indicate SD.
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increase in Tyr14 phospho-CAV1 levels in the HCT116 SRC531 cells (Figure 14B).  

Next, KLK6 mRNA levels were analyzed using semi-quantitative rt-PCR.  They did not 

appear to be altered depending on SRC activity (Figure 14C).  However, KLK6 protein 

secretion was significantly decreased by a little over half in both HCT116 SRC531 clones 

(Figure 14D).  These data indicate that increased SRC activity leads to increased CAV-1 

phosphorylation and consequently, decreased KLK6 secretion.  Because KLK6 mRNA 

levels are not significantly altered, this is evidence that CAV-1 and levels of phospho-

CAV-1 influence KLK6 secretion independently of KLK6 gene regulation. 

 

AKT activity and protein phosphatase levels are not altered in HCT116 SRC cells. 

 Levels of phosphorylated AKT, while altered in HCT116 CAV1 cell lines, are not 

differential in the HCT116 SRC cell lines.  HCT116 SRC-Mock cells express low levels 

of phospho-AKT similar to that found in the HCT116 SRC531 cells (Figure 15).  PP1α 

and PP2A levels are also similar between the two cell lines (Figure 15).  These data 

indicate that, in the HCT116 cells, active SRC and the presence of phosphorylated CAV-

1 have little effect on AKT activity and protein phosphatase levels.  It appears to be the 

presence of total CAV-1 protein which affects AKT activation.  These data further 

support the evidence that the presence of constitutively active SRC in HCT116 cells 

affects the secretion of KLK6 but not its gene expression. 
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Figure 14 

Phosphorylated-SRC and total SRC levels and KLK6 expression in HCT116 SRC-

Mock and HCT116 SRC531 clones. 

KLK6 expression was analyzed in these cell lines after growth in normal culture 

conditions.  Western blot analysis was performed to measure the level of (A) 

phospho-SRC and total SRC and (B) phospho-CAV-1 and total CAV-1 protein 

present in these cells.  Whole cell lysates were collected 48 hours after subculture.  

(C) KLK6 mRNA levels were analyzed using semi-quantitative reverse-

transcription PCR.  RNA was collected from samples 48 hours after subculture.  

GAPDH is a loading control.  For experiments A-C, clone SRC531-9A was used.  

(D) KLK6 ELISA was performed on conditioned media collected from HCT116 

SRC-Mock cells as well as two HCT116 SRC531 clones (4A and 9A).  Samples were 

run in triplicate.  Error bars indicate SD, * p < 0.02. 
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Figure 15 

Levels of phosphorylated-AKT, PP1α and PP2A levels are not altered in HCT116 

SRC531 cells. 

Cells were cultured under normal conditions for 48 hours, then whole cell lysates 

were collected for western blot analysis.  Total AKT, phosphorylated-AKT, PP1α 

and PP2A protein levels were measured with β-actin as a loading control. 
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KLK6 protein associates with CAV-1 and lipid-rafts in HCT116 cells. 

 Since it has been reported that CAV-1 associated with caveolae facilitates the 

secretion of proteases, we wanted to determine if KLK6 is associated with CAV-1 and/or 

caveolae.  HCT116 CAV1-Mock and HCT116 CAV1-AS cells were grown under normal 

conditions; sucrose gradient fractionation was then performed on the cellular lysates to 

separate the cells into fractions with known organelle and cellular structure distribution.  

The fractions were run out on SDS-PAGE gels and western blots were performed to 

determine which proteins localized to which fractions.  Flotillin-1 (Flot-1) is a marker for 

lipid-raft rich fractions, and caveolae are usually distributed to these fractions [124, 125]. 

The first remarkable aspect of the western blots from the sucrose fractions is that 

HCT116 CAV1-Mock cells and HCT116 CAV1-AS cells both have similar levels of 

Flot-1 with a similar distribution; however, only HCT116 CAV1-Mock cells have 

significant amounts of CAV-1 protein in fractions 4-7 (Figures 16A and 16C, middle and 

bottom panels).  Looking at KLK6 protein content overall, HCT116 CAV1-Mock cells 

have higher levels of KLK6 in total.  Also, HCT116 CAV1-Mock cells have a higher 

percentage of KLK6 in fractions 4-7 than do that HCT116 CAV1-AS cells (Figures 16A 

and 16C, top panels).  Relative protein levels were determined using densitometric 

analysis.  Figures 16B and 16D are graphic representations of the relative protein levels 

in each fraction, shown as a percentage of the total protein for all 12 fractions (further 

detailed in Materials and Methods, chapter 2).  The protein quantification findings are 

summarized in Table 5.  Overall, there was a 56% decrease in the amount of KLK6 

associated with the lipid-raft rich fractions in the HCT116 CAV1-AS cells, with data 
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Figure 16 

Sucrose gradient fractionation to characterize localization of CAV-1 and KLK6 in 

HCT116 CAV1-Mock cells. 

HCT116 CAV1-Mock cells were grown for 48 hours under normal growth 

conditions then collected and subjected to sucrose gradient fractionation.  (A) Equal 

aliquots from each fraction were loaded into a 12.5% SDS-PAGE gel and western 

blot analysis was performed to test for levels of KLK6, CAV-1 and Flotillin-1.  

Flotillin-1 is a marker for lipid rafts as well as an internal loading control.  (B) The 

protein values for each fraction were quantified by taking a total pixel density of all 

of the fractions for each protein, then calculating what percentage of that protein 

was found in each distinct fraction. 



91 

KLK6

HCT116 Cav-1 AS
1    2    3     4    5    6     7     8      9    10   11   12

Cav-1

Flotillin-1

Sucrose Gradient Fraction

Protein Localization on Sucrose Gradient in HCT116 
CAV-1 AS Cells

0

10

20

30

40

50

1 2 3 4 5 6 7 8 9 10 11 12

Sub-Cellular Fraction

Re
la

tiv
e 

De
ns

ity

Flotillin-1
CAV-1
hK6

D.

C.

 

 

Figure 16 Continued:  

Sucrose gradient fractionation to characterize localization of CAV-1 and KLK6 in 

HCT116 CAV1-AS cells. 

HCT116 CAV1-AS cells were grown for 48 hours under normal growth conditions 

then collected and subjected to sucrose gradient fractionation.  (C) Western analysis 

was performed as it was on the HCT116 CAV1-Mock cells for KLK6, CAV-1 and 

Flotillin-1 proteins.  (D) Quantification was performed identically to panel (B).  
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 normalized to Flot-1 levels.  These data indicate that without CAV-1 protein present, 

KLK6 protein does not associate as well with lipid-rafts/caveolae which could lead to a 

decrease in KLK6 secretion. 

 Table 5 

Quantification of KLK6 protein which localizes to caveolar fractions, normalized to 

Flotillin-1. 

  HCT116 
CAV-1 MOCK 

HCT116 
CAV-1 AS 

Percentage of KLK6 in Caveolar Fractions 25.8% 9.7% 

Percentage of Flot-1 in Caveolar Fractions 62.3% 53.9% 

Ratio KLK6/Flot-1 0.4 (1.0) 0.18 (0.44) 
The effect of AKT inhibition on KLK6 secretion in HCT116 CAV1 cells. 

 HCT116 CAV1 mock and AS cells were treated with LY294002 for 48 hours, 

after which time conditioned media was collected.  As expected, PI3-K/AKT pathway 

inhibition significantly decreased KLK6 protein secretion in both of these cell lines 

(Figure 17A).  Once again, LY294002 treatment reduces KLK6 secretion in HCT116 

CAV1-Mock cells to that of untreated HCT116 CAV1-AS cells.  K-RAS downstream 

pathway inhibition was also carried out with the Caco/CAV1 cell lines to observe 

changes in secreted KLK6 levels.  Similar to the expression pattern of KLK6 mRNA with 

identical drug treatments, PD98059 moderately decreased KLK6 secretion while 

LY294002 dramatically decreased it (Figure 17B).  These data confirm that activity of 

the PI3-K/AKT pathway, and to a lesser extent the p42/44 MAPK pathway, is critical for 

robust KLK6 secretion in these cell lines.   
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Figure 17 

K-RAS pathway inhibition decreases KLK6 secretion in CAV1 altered cells. 

(A) HCT116 CAV-1 cells were treated with 50 µM LY294002 for 48 hours, after 

which time conditioned media was collected.  KLK6 ELISA was performed on 

triplicate samples of conditioned media.  Error bars indicate SD, * p < 0.01.  (B) 

Caco2/CAV1 cells were treated with 50 µM LY294002 or PD98059 for 48 hours, 

after which time conditioned media was collected.  KLK6 ELISA was performed on 

triplicate samples of conditioned media.  Error bars indicate SD, * p < 0.03.  
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CAV-1 expression correlates with PP1α and PP2A levels in Caco2-type cells. 

 Similarly to the HCT116 CAV1 cells, CAV-1 expression in Caco-type cells 

correlates with PP1α and PP2A expression levels.  Although Caco2 parental cells express 

little to no CAV-1, we have observed that Caco2 cells transfected with active K-RAS do 

express low levels of CAV-1.  Semi-quantitative rt-PCR demonstrates that Caco/KRAS6 

cells express CAV-1, while Caco/Neo cells do not (Figure 18A, top panel lanes 1 and 3).  

These cells were transfected with either control siRNA or CAV-1 siRNA to determine 

downstream effects in these cells resulting from their altered CAV-1 expression.  The 

CAV-1 siRNA did efficiently knock down CAV-1 expression in the Caco/KRAS6 cell 

line, while the Caco/Neo cells really had none to begin with (Figure 4.6A, top panel).  In 

these cell lines, expression of CAV-1 appears to have no effect on KLK6 mRNA 

expression (Figure 18A, middle panel).  Because the presence of CAV-1 in HCT116 

CAV1 cells correlates with a decrease in PP1α and PP2A protein levels, we wanted to 

demonstrate whether this was an effect common to Caco-type cells.  Indeed, it appears 

that the increase in CAV-1 expression in Caco/KRAS6 cells is associated with a 

significant decrease in PP1α and PP2A protein levels in these cells (Figure 18B).  When 

CAV-1 expression is knocked down, PP1α and PP2A levels increase (Figure 18B).  In 

contrast to the HCT116-type cells, altered expression of CAV-1 has no effect on KLK6 

protein secretion (Figure 18C).  These data indicate that while K-RAS influences CAV-1 

expression, which in turn affects PP1α and PP2A, the presence of CAV-1 in the 

Caco/KRAS6 cells has little to no effect on KLK6 gene expression or protein secretion. 
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Figure 18 

CAV-1 expression levels in Caco2-type cells affect PP1α and PP2A levels, but has no 

effect on KLK6 secretion. 

Caco/NEO and Caco/KRAS6 cells were transfected with 75 nM CAV1 siRNA for 48 

hours, at which time RNA, whole cell lysates and conditioned media were collected 

from the samples.  (A) Semi-quantitative rt-PCR was performed to analyze mRNA 

levels of CAV-1 and KLK6, using GAPDH as a loading control. (B) Western blot 

analysis was performed to assess levels of PP1α and PP2A as they relate to CAV-1 

siRNA treatment. (C) KLK6 ELISA was performed on conditioned media from the 

transfected cells.  ELISA was performed in triplicate, error bars indicate SD. 
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Active AKT promotes CAV-1 expression in Caco/KRAS6 cells. 

 Once it was determined that the activated K-RAS in Caco/KRAS6 cells could 

positively influence CAV-1 expression, we sought to determine through which pathway it 

was exerting this effect.  Again, the PI3-K/AKT pathway appears to be playing a central 

role.  Caco/Neo and Caco/KRAS6 cells were transiently transfected with constructs 

expressing either a constitutively active (CA) form of AKT, or a dominant negative (DN) 

AKT [101].  The CA AKT is myristilated AKT which is constitutively localized to the 

cell membrane where it interacts with its substrates.  DN AKT is a kinase inactive mutant 

(K179A).  While neither form of AKT had an effect on Caco/Neo expression of CAV-1, 

the DN AKT down-regulated CAV-1 mRNA expression in the Caco/KRAS6 cells (Figure 

19A).  This effect on CAV-1 was also observed at the protein expression level in 

Caco/KRAS6 cells (Figure 19B, bottom panel).  To ensure that the AKT constructs were 

working in the predicted manner, western blot analysis was performed to check for levels 

of phosphorylated-AKT as compared to total AKT protein.  While the CA AKT 

transfected cells exhibited the presence of phospho-AKT, the cells transfected with the 

DN AKT construct had no phospho-AKT (Figure 19B, top two panels).  It is also notable 

that while both Caco/Neo and Caco/KRAS6 cells transfected with CA AKT express 

phospho-AKT, the level of phospho-AKT in the Caco/KRAS6 cells is higher as 

compared to the Caco/Neo cells (Figure 19B).  This may account for the fact that CAV-1 

is still not expressed in the Caco/Neo cells transfected with the CA AKT construct. 
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Figure 19 

Inhibition of AKT activity decreases CAV-1 expression. 

Caco/NEO and Caco/KRAS6 cells were transfected with either a constitutively 

active (CA) or dominant negative (DN) AKT expression plasmid.   (A) Semi-

quantitative rt-PCR was done to evaluate CAV-1 mRNA levels, using GAPDH as a 

loading control.  (B) Western blot analysis of p-AKT and total AKT levels was 

performed to confirm the inhibitory or activating effects of the CA/DN AKT 

plasmids.  CAV-1 levels were also measured. 
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Figure 20 

Proposed model of CAV-1 mediated KLK6. 

KLK6 secretion is affected by the presence of CAV-1 and caveolae.  HCT116 cells 

which express endogenous CAV-1 have increased KLK6 secretion.  KLK6 secretion 

is not affected by the present of CAV-1 in Caco/KRAS6 cells which express low 

levels of CAV-1, and Caco CAV-1 transfected cells.  These cell lines do not 

effectively form caveolae and thus have alternative mechanisms for KLK6 secretion.  

SRC activity leads to an increase in phosphorylated CAV-1, thereby decreasing 

KLK6 secretion.   
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The effect of p38 and JNK inhibition on KLK6 secretion. 

 Although it was show that inhibition of p38 and JNK did not affect KLK6 mRNA 

levels, these pathways do appear to affect KLK6 secretion in Caco cells, but not HCT116 

cells.  Conditioned media was collected from cells grown 48 hours in culture with either 

10 µM SB202190 or 20 µM SP600125.  Secreted KLK6 protein, as analyzed by ELISA, 

is significantly reduced in Caco/KRAS6 cells (Figure 21A).  There was, however, no 

significant difference observed in KLK6 secretion from HCT116 cells treated with the 

inhibitors (Figure 21B).  These data indicate a possible role for post-transcriptional 

modification of KLK6 for p38 and JNK in Caco cells, but not HCT116 cells. 

  

The effect of PNPX induced inhibition of N-glycosylation on KLK6 secretion. 

 Evidence provided thus far has indicated that the presence of CAV-1 and caveolae 

can positively influence KLK6 secretion in HCT116-type cells, but not in Caco2-type 

cells.  Thus, we explored other pathways which could possibly influence KLK6 

trafficking and secretion from Caco2 cells.  Cells were treated with the N-glycosylation 

inhibitor 4-nitrophenyl β-D-xylopyranosidase (PNPX).  After 48 hours of treated with 

100 µM PNPX, conditioned media was collected and analyzed using a KLK6 ELISA 

assay.  KLK6 secretion from Caco/KRAS6 cells was significantly inhibited by PNPX 

treatment (Figure 22A).  HCT116 cells underwent the same PNPX treatment; in contrast 

to Caco cells, KLK6 secretion was not affected in this cell line (Figure 22B).  These data 

indicate that KLK6 secretion may be dependent upon N-glycosylation in Caco2-type 

cells, but not HCT116 cells. 
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Figure 21 

Treatment with p38 and JNK inhibitors decreases KLK6 secretion in Caco/KRA6 

cells, but not HCT116 cells. 

Caco/KRAS6, HCT116 parental and HCT116 SRC/Mock cells were treated with 10 

µM SB202190 (p38 inhibitor) or 20 µM SP600125 (JNK inhibitor) for 48 hours, 

after which time conditioned media was collected and analyzed using KLK6 ELISA.  

(A)  Caco/KRAS6 cells had significantly reduced KLK6 secretion, * p < 0.03.  (B) 

HCT116 cells had no significant change in KLK6 secretion.  Error bars indicate SD, 

all samples were run in triplicate, * p < 0.03. 
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Figure 22 

Treatment with the N-Glycosylation inhibitor PNPX reduces KLK6 secretion in 

Caco2-type cells, but not HCT116 cells. 

Cells were treated with 100 µM PNPX in normal media.  Conditioned media was 

collected after 48 hours.  (A) KLK6 ELISA was performed on triplicate samples of 

Caco/NEO and Caco/KRAS6 cells treated with PNPX.  * p<0.03 (B) KLK6 ELISA 

was performed on triplicate samples of HCT116 cells treated with PNPX.  Error 

bars indicate SD. 
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 The effect of tunicamycin induced inhibition of N-glycosylation on KLK6 secretion. 

 To confirm the results observed in PNPX treated cells, a different N-glycosylation 

inhibitor was used.  Cells were treated with 2.0 µg/ml TM for 48 hours, after which time 

conditioned media was collected.  In contrast to PNPX, TM treatment inhibits KLK6 

secretion significantly from both HCT116 and Caco/KRAS6 cells (Figure 23).  This 

result indicates that the role of N-glycosylation in KLK6 secretion may not be unique to 

Caco2 cells, but might in fact be important for secretion in a variety of cell types 

including HCT116. 

 

The effect of inhibition of Golgi-dependent trafficking on KLK6 secretion. 

 A common pathway through which proteins are processed and trafficked is via the 

Golgi-apparatus.  BFA was used to help establish whether Golgi-dependent processing 

was important for KLK6 trafficking and secretion.  Cells were treated with 0.5 or 2.5 

µg/ml BFA for 48 hours preceding media collection for ELISA analysis and whole cell 

lysates collection for Western analysis.  KLK6 secretion was completely inhibited in 

Caco/KRAS6 and HCT116 cells following both concentrations of BFA treatment (Figure 

24A).  Intracellular levels of KLK6 were not decreased with BFA treatment (Figure 

24B).  There was even a slight increase in the cleaved, 30 kDa form of KLK6 following 

BFA treatment.  These data clearly show that Golgi-dependent processing is essential for 

KLK6 secretion. 



103 

0

2

4

6

8

10

12

Neo3 DMSO Neo3 TM Kras6 DMSO Kras6 TM HCT116 DMSO HCT116 TM

S
ec

re
te

d 
K

LK
6 

(n
g/

m
l)

*

*

 

Figure 23 

Treatment of cells with N-Glycosylation inhibitor tunicamycin (TM) inhibits KLK6 

secretion. 

Cells were treated with 2.0 µg/ml tunicamycin (TM) for 48 hours, after which time 

conditioned media was collected.  KLK6 ELISA was performed on triplicate 

samples.  Error bars indicate SD, * p < 0.01. 
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Figure 24 

Treatment with the Golgi-dependent transport inhibitor BFA completely inhibits 

KLK6 secretion. 

Cells were treated with 0.5 or 2.5 µg/ml BFA for 48 hours. (A) KLK6 ELISA was 

performed on conditioned media collected from Caco/Neo, Caco/KRAS6 and 

HCT116 cells.  The ELISA assays were performed on triplicate samples. (B) 

Western blot analysis was performed to check levels of intracellular KLK6 with 

BFA treatment.   
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Discussion: 

Once it was established that varying genetic factors in colon cancer cell lines 

caused dysregulation of KLK6, we undertook the characterization of how KLK6 protein 

is secreted from these cell lines.  Given the recognized difference in CAV-1 expression 

between the Caco2 and HCT116 cell lines, we sought to elucidate the exact role of CAV-

1 in KLK6 secretion.  Analyses of the HCT116 CAV1-Mock and CAV1-AS cells 

revealed that both KLK6 gene expression and KLK6 protein secretion were significantly 

reduced in the absence of CAV-1.  This CAV-1 dependent KLK6 expression is not as 

pronounced or significant in Caco/CAV1 cells.  Whereas KLK6 mRNA appears to 

increase slightly in Caco/CAV1 cells, KLK6 protein secretion is not affected by the 

presence of CAV-1 protein.  The findings regarding CAV-1 dependent KLK6 gene 

regulation are summarized in the proposed model (Figure 25).   

Caco2 cells transfected with activated K-RAS do express CAV-1.  In what may 

be a positive feedback mechanism, the PI3-K/AKT pathway promotes CAV-1 expression 

in Caco/KRAS6 cells.  Whereas the parental Caco2 and the mock transfected Caco/Neo 

cells express no CAV-1, Caco/KRAS6 cells express a limited amount, though still far less 

than HCT116 cells.  It was determined that this K-RAS mediated up-regulation of CAV-1 

is dependent upon PI3-K/AKT activity since both genetic and pharmacological inhibition 

of AKT result in decreased CAV-1 expression in Caco/KRAS6 cells.  
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Figure 25 

Proposed model for KLK6 secretion in colon cancer cells. 

KLK6 secretion is governed by several factors.  It is produced in its pre-pro-enzyme 

form and then transferred to the TGN for glycosylation and further processing.  It 

is secreted robustly via caveolae or more modestly in the absence of caveolae.   
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It was shown in the HCT116 cells that PP1α and PP2A levels and phospho-AKT 

levels were affected by CAV-1 expression.  These results were verified in the 

Caco/KRAS6 cells.  These cells have increased CAV-1 expression and a concomitant 

decrease in PP1α and PP2A levels.  When Caco/KRAS6 cells are transfected with CAV-

1 siRNA, PP1α and PP2A levels are restored back to that of Caco/Neo cells.  Even 

though Caco/KRAS6 cells express CAV-1 mRNA and protein, the CAV-1 present in 

these cells appears to have little effect on KLK6 expression or secretion.  Inhibition of 

CAV-1 expression with siRNA has no effect on KLK6 mRNA expression or KLK6 

protein secretion.  This may be due to the fact that although CAV-1 is expressed in these 

cells, it does not effectively form caveolae.  This is also the case with Caco2 cells stably 

transfected with a CAV-1 expression vector.  Caco/CAV1 cells express large amounts of 

CAV-1, but the CAV-1 protein tends to form cytosolic aggregates instead of caveolae 

[98].   

The direct role of CAV-1 in KLK6 secretion was demonstrated through sucrose 

gradient fractionation and via the use of constitutively active SRC531 expressing cells.  

Sucrose gradient fractionation is an important technique to use when delineated where 

certain proteins localize in cells.  Caveolae are associated with lipid-raft rich membrane 

fractions and thus localize to the mid-range fractions (4-7 of 12 total) [38, 39, 124, 125].  

One can perform western blot analysis on specific proteins to determine if they are 

associated with the same fractions as caveolae.  In the presence of CAV-1, KLK6 

localizes to the caveolae associated fractions.  This localization is reduced by more than 

50% in the absence of CAV-1.  This co-localization to caveolar fractions was previously 



108 

demonstrated with the protease cathepsin B in the same HCT116 CAV1 cell lines [42].  

HCT116 cells with constitutively active SRC have increased levels of phospho-CAV-1, 

which has been shown to lead to destabilized caveolae [51].  HCT116 SRC531 cells do 

not, however, have altered levels of phosphorylated AKT or protein phosphatases.  

HCT116 SRC531 cells have similar levels of KLK6 mRNA to their mock transfected 

counterparts, but they have significantly decreased KLK6 protein secretion.  These data 

indicate a direct role of CAV-1 in KLK6 secretion, separate from KLK6 gene regulation.  

The proposed model for KLK6 secretion including the role of caveolae and SRC is 

depicted in Figure 25.  The findings regarding the role of CAV-1 in KLK6 gene 

regulation and protein secretion in HCT116 cells were recently published [102].  Figure 

26 illustrates how SRC and the presence of caveolae affect protein uptake and secretion.  

Caveolae have opposing effects on these two processes, they inhibit uptake but promote 

secretion [41, 42].  
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Figure 26 

The effect of caveolae and CAV-1 on protein trafficking: 

The presence of caveolae stabilized with non-phosphorylated CAV-1 facilitates 

protein secretion and inhibits protein uptake.  SRC-mediated phosphorylation of 

CAV-1 causes destabilization of caveolae, resulting in increased uptake and 

decreased secretion [39, 41, 51]. 
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The stress induced MAPK pathways involving p38 and JNK appear to play a role 

in KLK6 secretion from Caco cells, although they do not affect KLK6 mRNA levels.  

The effect on protein secretion may be due to perturbation of trafficking pathways which 

are not specific to KLK6.  At least in the case of the JNK inhibitor SP600125, the effect 

on KLK6 secretion may be due to significant documented off-target effects of the drug 

[112].  If indeed the effect of the p38 and JNK pathways on KLK6 secretion is specific, 

the data indicate a post-transcriptional regulatory mechanism for these pathways.  There 

are several reported mechanisms for how the p38 MAPK and JNK pathways can affect 

protein levels.  p38 MAPK can cause stabilization of mRNA via secondary protein 

binding to AU-rich elements (AREs) in the 3’ UTR [126-128].  Although the experiments 

provided herein do not indicate a decreased level of KLK6 mRNA following p38 MAPK 

inhibition, the stabilization of the 3’ UTR can also increase translation.  The increase in 

translation is due to the fact that mRNAs which form a stable closed loop structure, due 

to interactions between the 5’ and the 3’ ends, are translated more efficiently; p38 

promotes this effect [126].  Expression of inflammatory and other stress induced proteins 

such as cyclooxygenase 2 (COX-2) and tumor necrosis factor (TNF) are increased in this 

manner [126].  Although p38 or JNK dependent kallikrein expression has not been 

analyzed, these pathways have been shown to induce matrix metalloproteinase (MMP) 

expression [129, 130].  Owing to their property as stress inducible pathways, p38 MAPK 

and JNK have been demonstrated to induce MMP13 expression following ultrasound 

treatment to stimulate bone healing.  The induction of MMP13 is due to increased 

expression of the AP-1 complex components c-JUN and c-FOS [129].  The KLK6 
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promoter also contains an AP-1 binding sequence, a possible link between p38 or JNK 

and KLK6 expression.  A separate role for JNK signaling was shown in cells stressed by 

treatment with etoposide.  In this recent study, JNK but not p38, induced phosphorylation 

of the rate-limiting initiation factor, eIF4E [131].  Cellular stress is known to increase 

protein translation.  A possible mechanism for this is the activation of the eIF4E kinases 

MNK1 and MNK2 by JNK upon stress-related JNK activation [131].   

The role of p38 MAPK and JNK signaling may be most crucial to KLK6 

expression in regard to G418 induced stress.  KLK6 expression, particularly secretion, is 

increased in response to culturing the cells in G418 selection media.  For this reason, 

HCT116 SRC-Mock cells are substituted for parental HCT116 cells when comparing 

them to HKe3 and/or HKh2 cells which are cultured in G418 selection.  G418 is an 

antibiotic which inhibits translation; cells are sensitive to G418 unless they exogenously 

express the neomycin resistance gene which phosphorylates G418 to render it inactive 

[132].  Although it is taken up into the cells where it inhibits translation, G418 also 

adsorbs to the cell membrane [133].  Because it perturbs the cell membrane it may have a 

separate and significant role in protein secretion.  There are currently no reports on 

interaction between G418 and caveolae or lipid rafts.  This is an area for potentially 

interesting future investigation. 

Overall, little has been documented about the trafficking and secretory pathways 

of kallikrein proteins.  The most complete knowledge is regarding KLK3, prostate 

specific antigen (PSA).  Gau et al. used a series of molecular inhibitors to track the 

movement of newly synthesized PSA through LnCaP prostate cancer cells.  PSA is 
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synthesized in the ER, and then transferred to the trans-Golgi network for glycosylation 

and further processing. PSA is glycosylated in an N-linked, not O-linked manner [134].  

PSA is secreted in a constitutive, not regulated, fashion [134].  This means that PSA is 

not typically stored in secretory vesicles.  Interestingly, tunicamycin treatment of LnCaP 

cells does not prevent either biosynthesis or secretion of PSA [134]. 

To explore the role of glycosylation in KLK6 secretion we used two different N-

linked glycosylation inhibitors.  Tunicamycin inhibits the first step in which a lipid-

linked saccharide intermediate is formed [117].  Without this intermediary molecule, the 

oligosaccharide is not linked to the asparagine residue of the protein.  This step is 

illustrated in Figure 27.   
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Figure 27 

N-linked glycosylation: 

The carbohydrate component is first formed with the lipid dolichol pyrophosphate 

intermediate.  It is then transferred to an asparagine residue on a newly formed 

polypeptide.  The asparagine residue is usually separated by one indeterminate 

residue, followed by either a serine or threonine residue [135, 136]. 
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Tunicamycin significantly inhibited KLK6 secretion from both HCT116 and 

Caco2-type cells, indicating that this first step in glycosylation is crucial for KLK6 

secretion.  However, treatment of the cell lines with the xyloside analogue PNPX only 

inhibited KLK6 secretion from Caco2-type cells and not HCT116 cells.  Generally, β-

xylosides like PNPX act as alternate substrates for glycosaminoglycan chain addition 

[137].  In this way, they prevent glycosylation of the intended target protein.  This could 

mean that HCT116 cells are insensitive to the effects of this particular analogue and this 

specific type of glycosylation inhibition.  HCT116 cells may not use a glycosylation 

mechanism or substrate that can be mimicked by the xyloside analogue.  A different 

mechanism of action for PNPX was proposed wherein the enzymatically cleaved PNP (p-

Nitrophenyl) group exerts action by itself, separate from the inhibition of proteoglycan 

synthesis.  Treatment of rat liver fat storing cells in cultures with PNP by itself resulted in 

decreased proliferation as well as decreased secreted levels of glucosaminoglycans [138].  

Alternatively, PNPX was also shown to perturb Golgi function in kidney epithelial cells 

as a result of an imbalanced build up of improperly formed proteoglycans [139].  

Generally, it appears that glycosylation, at least in part, plays a role in KLK6 secretion.  

Through the use of BFA, it was also established that KLK6 protein follows the classic ER 

to TGN to membrane pathway of secretion.  BFA treatment abolished KLK6 secretion in 

all cell types.  Concurrent intracellular levels of KLK6 were not decreased with BFA 

treatment, confirming that the loss of KLK6 secretion was not due to overall loss of 

protein expression.  Following BFA treatment, there was an increase in the 30 kDa 

cleaved form of KLK6 in both the Caco/Neo and Caco/KRAS6 cell lines.  The two 
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components of N-linked glycosylation and Golgi-dependent processing for KLK6 

secretion are common between Caco2 and HCT116 type cells and are illustrated in the 

proposed model of KLK6 secretion (Figure 25).  The most striking difference in secretion 

depends on the presence or absence of CAV-1.  HCT116 cells secrete overall higher 

levels of KLK6, and the CAV-1 in these cells also promotes KLK6 gene expression.  

Caco/Neo and Caco/KRAS cells secrete KLK6 through a CAV-1 independent 

mechanism, a detail illustrated by the fact that exogenous or K-RAS-mediated 

endogenous expression of CAV-1 has little to no effect on KLK6 secretion from these 

cells. 
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V.  PHENOTYPIC EFFECTS OF INCREASED KALLIKREIN 6 IN COLON 

CANCER CELL LINES 

 

Portions of this chapter have been published in Biological Chemistry (2008) under the 

title “Kallikrein 6 is a mediator of K-RAS dependent migration of colon carcinoma cells” 

[in press].  This paper includes figures 28, 29A, 29B, 30A, and 32A. 

 

Introduction: 

 Kallikrein 6 is a secreted protease which has known effects on extracellular 

matrix components.  Given the previously established significant increase in levels of 

secreted KLK6 protein, it was a rational choice to explore the phenotypic effects which 

KLK6 exerts on cell migration and invasion on various biological substrates.  The 

substrates used in this study include laminin and Matrigel.  These substrates have 

different properties and thus offer varying insights into the physiological relevance of 

KLK6. 

 Matrigel, first used in 1987, is a substrate used in vitro to recapitulate the 

conditions of basement membrane (BM) invasion [140].  This is relevant to cancer 

invasion because to metastasize, tumor cells must invade through basement membranes 

which consist of thin, compact sheets of extracellular matrix components that surround 

internal organs [141].  The BM normally serves as a barrier against cells and 

macromolecules.  Matrigel is harvested from murine EHS (Engelbreth-Holm-Swarm) 

tumors grown in vivo [142].  Its principle components include laminin-1, collagen IV, 
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entactin and perlecan, with minor concentrations of growth factors, collagenases and 

plasminogen activators [141, 143].  Laminin and collagen IV are both substrates for 

KLK6 [68, 144, 145].  The Matrigel assay has been extensively used to characterize the 

role of serine proteinases and cathepsins [141].   

 Although laminin is a component of the BM, it is also associated with budding 

cells and with invasive areas of carcinomas [146].  Laminin-5 (LN-5) is frequently found 

at the invading front of malignant carcinomas [143].  It was demonstrated in HT29 colon 

cancer cells that proteinase cleaved LN-5 directly increases cell motility [146].  Upon 

cleavage of LN-5, it interacts with the cellular receptors, integrins, on the motile front of 

the invasive cell, aiding in the movement of the cell [143]. 

 The aim of this section is to characterize cellular invasion in our cell model 

systems.  Cells expressing activated K-RAS as compared to those cells expressing only 

wild-type K-RAS display increased invasion through laminin alone and through Matrigel.  

By inhibiting KLK6 either with an anti-KLK6 antibody or with anti-KLK6 siRNA, we 

will elucidate the role that KLK6 plays in the K-RAS mediated increase of invasive 

potential.   

 

Results: 

Caco/Neo and Caco/KRAS6 cell invasion through laminin. 

Caco/Neo and Caco/KRAS6 cells were seeded on laminin coated filters with a pore size 

of 8 μm.  It was first established that Caco/KRAS6 cells invade significantly more 

through laminin than Caco/Neo cells (Figure 28A).  We wanted to know if this K-RAS 
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Figure 28 

Cell invasion through laminin is increased in Caco/KRAS6 cells, and is inhibited by 

KLK6 antibody treatment. 

Cell invasion through a laminin substrate was tested by plating cells in serum 

free media in the upper chamber of a laminin coated filter, using the chemo-

attractant of 10% FBS containing media in the lower chamber.  (A) Caco/KRAS6 

cells invade significantly more through laminin than Caco/Neo cells.  (B) 

Caco/KRAS6 cells pre-treated with 2.5 μg/ml of an anti-KLK6 monoclonal antibody 

invade significantly less than cells treated with a control mouse IgG.  Caco/Neo cells 

had no significant change in invasion with KLK6 antibody treatment.  All invasion 

assays were done with n=6 per condition.  Error bars indicate SD, * p < 0.02. 
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mediated increase in invasion was due to the increased expression of KLK6.  Before 

seeding the cells on the laminin coated filters, they were pre-incubated with an anti-

KLK6 monoclonal antibody or normal mouse IgG as a control.  Then, 24 hours after the 

cells were seeded, more antibody or normal mouse IgG was added directly to the 

invasion assay culture media to account for newly synthesized and secreted KLK6.  

Forty-eight hours after the cells were seeded, the assay was quantified by staining cells 

which had invaded through to the bottom of the filter with crystal violet and color density 

was analyzed.  Treatment of the cells with KLK6 antibody significantly inhibited cell 

invasion through laminin (Figure 28B). 

 

KLK6 expression with KLK6 siRNA transient transfection. 

 Another way to test the effect of KLK6 on cellular invasion is to knock it down 

using siRNA.  First, it was pertinent to demonstrate that our KLK6 siRNA was 

effectively knocking down KLK6 expression in our cell lines.  Caco/Neo, Caco/KRAS6 

and HCT116 cells were transiently transfected for 48 hours with anti-KLK6 siRNA.  

Semi-quantitative rt-PCR shows that KLK6 mRNA is markedly decreased in all cell lines 

(Figure 29A). KLK6 protein secretion was significantly reduced after siRNA transfection 

in the Caco/Neo and Caco/KRAS6 (Figure 29B) as well as the HCT116 cells (Figure 

29C).   
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Figure 29 

KLK6 siRNA effectively inhibits KLK6 gene expression and protein secretion. 

Cells were transiently transfected for 48 hours with 75 nM KLK6 siRNA or an 

equivalent amount of control siRNA.  (A) KLK6 mRNA, as analyzed by semi-

quantitative rt-PCR, is reduced upon transfection with KLK6 siRNA as compared 

to control siRNA, using GAPDH as a loading control.  KLK6 ELISA was performed 

on triplicate samples of conditioned media collected from cells transfected for 48 

hours.  Protein secretion is significantly reduced in both (A) Caco/Neo and 

Caco/KRAS6 cells as well as (B) HCT116 cells.  Error bars indicate SD, * p < 0.05. 
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Cell invasion through laminin with KLK6 antibody treatment and KLK6 siRNA 

transfection. 

Cells that had been transfected for 48 hours with KLK6 siRNA were seeded on laminin 

coated migration filters.  Caco/KRAS6 cells transfected with siRNA invaded 

significantly less through laminin than cells transfected with a control siRNA sequence 

(Figure 30A).  Caco/Neo cell invasion was unaffected.  These results closely resemble 

those seen in Caco/KRAS6 cells pre-treated with anti-KLK6 antibody.  HCT116 cells 

transfected with KLK6 siRNA also had significantly reduced invasion (Figure 30B).  

Overall, these data, along with the antibody treated cell invasion data, indicate that KLK6 

is at least in part responsible for the K-RAS mediated increase in cell invasion through a 

laminin substrate. 

 

Cell invasion through Matrigel with KLK6 antibody treatment. 

 To test cellular invasion through a more complex substrate, a Matrigel invasion 

assay was performed.  Matrigel is a basement membrane-like substrate.  Using a protocol 

similar to that of the laminin invasion assays, Caco/Neo and Caco/KRAS6 cells were 

seeded on reconstituted Matrigel coated filters with 8 μm pores.  Cells were pre-

incubated with the same anti-KLK6 antibody as was used for the previous invasion 

assays.  The antibody treatment did not significantly reduce cell invasion through 

Matrigel (Figure 31).  However, there was a statistically significant elevation in invasion 

observed in Caco/KRAS6 cells compared to Caco/Neo cells, mirroring the studies 

performed on a singular laminin substrate.  Although the difference between control and 
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Figure 30 

Cell invasion through laminin is reduced in KLK6 siRNA transfected cells. 

Cells were transfected for a total of 48 hours, after which time they were 

trypsanized, counted and plated on laminin-coated migration filters in serum-free 

media, using the chemo-attractant of 10% FBS containing media in the lower 

chamber.  (A) Caco/KRAS6 cells transfected with KLK6 siRNA had significantly 

reduced invasion, however, Caco/Neo3 cell invasion was unaffected.  (B) HCT116 

cells transfected with KLK6 siRNA had significantly reduced invasion.  All invasion 

assays were done with n=6 per condition.  Error bars indicate SD, * p < 0.05. 
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Figure 31 

Cell invasion through Matrigel is not significantly altered by KLK6 antibody 

treatment. 

Cell invasion through Matrigel was tested by plating cells in serum free media in the 

upper chamber of a Matrigel coated filter, using the chemo-attractant of 10% FBS 

containing media in the lower chamber. (A) Caco/KRAS6 cells are significantly 

more invasive on Matrigel than Caco/Neo cells, *p<0.003.  Pre-treatment of cells 

with 2.5 μg/ml of an anti-KLK6 monoclonal antibody had a slight but non-

significant effect on invasion through Matrigel in the Caco/KRAS6 cells, but not the 

Caco/Neo3 cells, ‡p=0.09. (B) There was no significant change in Matrigel invasion 

observed in HCT116 cells treated with KLK6 antibody.  All invasion assays were 

done with n=6 per condition, error bars indicate SD. 
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KLK6 antibody treated Caco/KRAS6 cells was not significantly different, a slight 

decrease was observed.     

 

Cell invasion through Matrigel with KLK6 siRNA knock down.  

Anti-KLK6 siRNA was used to knock-down KLK6 expression to analyze the effect of 

KLK6 on Matrigel invasion.  All cell types were transiently transfected for 48 hours prior 

to seeding on Matrigel coated filters.  Caco-type cells were allowed to invade for 72 

hours instead of the more standard 48 hours.  This alteration in protocol was due to the 

generally slower invasion observed in these cell types.  A previous Matrigel assay was 

performed using a 48 hour time point and very little invasion was observed.  Unlike the 

results seen with anti-KLK6 antibody treatment, KLK6 inhibition did significantly 

decrease Caco/KRAS6 invasion through Matrigel (Figure 32A).  As expected, Caco/Neo 

invasion was unchanged.  HCT116 cells were allowed to invade for 48 hours as they are 

more rapidly invasive on Matrigel than the Caco-type cells.  HCT116 invasion was also 

significantly reduced in KLK6 siRNA transfected cells (Figure 32B).  These data indicate 

that while KLK6 does play an integral role in colon cell invasion through Matrigel. 
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Figure 32 

KLK6 inhibition with siRNA decreases Caco/KRAS6 and HCT116 invasion through 

matrigel. 

Cells were transfected for a total of 48 hours, after which time they were 

trypsanized, counted and plated on Matrigel coated filters in serum-free media, 

using the chemo-attractant of 10% FBS containing media in the lower chamber.  

HCT116 cells were allowed to invade for 48 hours, and Caco/Neo and Caco/KRAS6 

cells invaded for 72 hours.  (A) Caco/KRAS6 cells transfected with KLK6 siRNA 

had significantly reduced invasion while Caco/Neo cells did not.  (B) HCT116 cells 

transfected with KLK6 siRNA also had significantly reduced invasion.  All invasion 

assays were done with n=6 per condition.  Error bars indicate SD, * p < 0.01.  
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Discussion: 

 Kallikreins, like other secreted proteases, can increase migratory and invasive 

phenotypes of cancer cells.  In this manner, KLK6 plays a role in cancer progression.  In 

addition to the evidence presented in the current studies, others have previously 

demonstrated the impact of kallikreins on cell invasion.  Ovarian cells stably transfected 

to over-express KLK4, 5, 6 and 7 were significantly more invasive in vitro through 

Matrigel [147].  The transfected cells also formed larger, more invasive tumors in vivo 

[147].  KLK4-7 have all been shown to be up-regulated in ovarian cancer and to correlate 

to poor patient prognosis [148-155].  It bears emphasizing that these cells were co-

transfected with expression vectors for all four of kallikreins 4-7, so no single kallikrein 

was implicated more than others as being responsible for the increased tumorigenic 

phenotypes.  Breast cancer cells, MDA-MB-231 cells, treated with the synthetic peptide-

based tissue kallikrein inhibitor FE999024 had a 39% reduction of invasion through 

Matrigel [156].  The tissue kallikrein inhibitor also decreased MDA-MB-231 cell 

invasion into explanted mouse lung tissue.  This assay demonstrates the ability of the cell 

to both extravasate and invade into the extracellular matrix of the lung [156]. 

 Caco/KRAS6 cells are more invasive on both laminin and Matrigel than 

Caco/Neo cells.  Because these are isogenic cell lines, this increase in invasive potential 

is most likely due to factors downstream of activated K-RAS.  The current studies 

demonstrate that KLK6 plays a role in K-RAS mediated invasion.  Caco/KRAS6 and 

HCT116 cells transfected with anti-KLK6 siRNA had significantly reduced invasion 

through laminin.  The reduction of invasion through the BM emulating substrate Matrigel 
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was also significant in Caco/KRAS6 and HCT116 cells transfected with KLK6 siRNA.  

The results observed in anti-KLK6 antibody treated cells were not as straight forward.  

While KLK6 antibody treated Caco/KRAS6 cells did invade less through laminin, the 

reduced invasion through Matrigel was not statistically significant.  Also, treatment of 

HCT116 cells with anti-KLK6 antibody was not statistically significant on either laminin 

(data not shown) or Matrigel.  Overall, a more consistent reduction of invasion was 

achieved by transiently transfecting cells with anti-KLK6 siRNA.  It was demonstrated 

that KLK6 siRNA transfected cells secrete less KLK6.  KLK6 knock down using siRNA 

is most likely the more precise means by which to observe the effect of KLK6 on cell 

invasion.  While pre-treatment of cells with an anti-KLK6 antibody may neutralize KLK6 

protein which is initially present when cells are seeded, it would do a poor job at 

neutralizing KLK6 secreted 24 and 48 hours after cell seeding.  It was determined that 

secreted KLK6 levels from Caco/KRAS6 cells are still increasing at 48 hours and peak at 

around 72 hours.  This means that the amount of KLK6 antibody present and still active 

24-48 hours into the invasion assay is most likely not enough to compensate for newly 

secreted KLK6 protein.  

 These data indicate that the role of KLK6 is central to invasion on both a singular 

substrate such as laminin, as well as for invasion through a more complex substrate like 

Matrigel.  KLK6 appears to be an important mediator of K-RAS induced colon cancer 

cell invasion through multiple substrates. 
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VI. CONCLUDING REMARKS AND FUTURE DIRECTIONS 

 

Conclusions: 

 KLK6 is expressed aberrantly in colon cancer.  This was demonstrated in the 

clinical setting by Ogawa et al.  In that study analyzing KLK6 mRNA levels, 90% of 

colon cancer tissue samples had levels of KLK6 that were elevated over the levels 

observed in non-cancerous colon tissue [95].  Prior to our studies, KLK6 regulation in 

colon cancer was almost completely uncharacterized.  Some studies have been done in 

breast and ovarian cancer to elucidate mechanisms of KLK6 gene regulation.  The current 

studies demonstrate two distinct models of KLK6 regulation in two different colon cancer 

cell types.  Generally, these modes of regulation are dependent on either K-RAS or CAV-

1.  In addition to gene regulation, KLK6 trafficking and secretion were investigated and 

described, as were the effects of KLK6 on cell invasion. 

 Caco2 and HCT116 cells have distinct genetic characteristics which govern how 

KLK6 is expressed.  Caco2 cells have a mutant APC, and thus a CIN phenotype while the 

HCT116 cells express wild-type APC and have a MIN phenotype [6, 7].  Caco2 parental 

cells have wild-type K-RAS and HCT116 cells have a mutant K-RAS (G13D) [9, 19].  

Finally and very importantly, Caco2 cells express no CAV-1 and do not form caveolae, 

while HCT116 cells have both CAV-1 and caveolae [64]. 

 The first mode of expression is K-RAS dependent and is the type of regulation 

observed in Caco2 cells.  Specifically, in cells which do not endogenously express CAV-

1, the role of K-RAS is central in KLK6 expression.  Introduction of an activated form of 
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K-RAS into Caco2 cells increases both KLK6 mRNA and secreted KLK6 protein.  This 

effect is dependent on the p42/44 MAPK and PI3-K/AKT pathways.  Pharmacological 

inhibition of both of these pathways reduces KLK6 mRNA and secreted protein levels; 

however, PI3-K/AKT inhibition has a much more dramatic effect on KLK6 expression 

than inhibition of the p42/44 MAPK pathway.  In cells which express CAV-1, K-RAS by 

itself does not play such an important role.  HCT116 cells which have a mutant K-RAS 

and their isogenic clones, HKe3 and HKh2, which do not express mutant K-RAS, have 

similar expression patterns of KLK6.  However, it is still the case with the HCT116 cells 

that inhibition of the PI3-K/AKT pathway and to a lesser extent the p42/44 MAPK 

pathway decreases KLK6 expression. 

 The second mode of KLK6 regulation is dependent on CAV-1.  As stated 

previously, alteration of K-RAS activity in cells with robust CAV-1 expression and 

caveolae formation does not affect KLK6 expression.  Interestingly, Caco/KRAS6 cells 

express small amounts of CAV-1, apparently induced by the mutant K-RAS since the 

Caco/Neo cells express no CAV-1.  However, Caco/KRAS6 cells still do not efficiently 

form caveolae, and their expression of CAV-1 appears to have no effect on KLK6 

regulation.  Inhibition of CAV-1 expression in Caco/KRAS6 cells via siRNA does not 

decrease KLK6 expression.  These data indicate that either the Caco/KRAS6 cells do not 

express enough CAV-1 to affect KLK6 or that caveolae formation is an integral part of 

CAV-1 dependent KLK6 expression.  Caco2 cells which have been stably transfected to 

express high amounts of CAV-1 display a small increase in KLK6 mRNA but have no 

significant change in KLK6 protein secretion, possibly due to the absence of caveolae.  
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Along with the Caco/KRAS6 data, these findings indicate that Caco2 cells, which 

normally do not express CAV-1, have a different set of mechanisms controlling KLK6 

expression, and induced expression of CAV-1 has little effect on KLK6 regulation in 

those cells.   

In HCT116 cells, CAV-1 and caveolae appear to play a multi-faceted role in 

KLK6 regulation.  The presence of CAV-1 positively influences KLK6 gene expression, 

likely through increased AKT activity.  Inhibition of AKT activity in HCT116 CAV1-

Mock cells reduces the level of KLK6 expression down to that of HCT116 CAV1-AS 

cells.  Correlating with increased phosphorylated-AKT levels, cells which express 

relatively large amounts of CAV-1 have decreased levels of the protein phosphatases 

PP1α and PP2A.  Increased AKT activity has a reciprocal affect on CAV-1 expression.  

HCT116 cells transiently transfected with dominant-negative AKT have decreased levels 

of CAV-1 mRNA and protein, indicating a positive feedback loop for activated AKT and 

CAV-1.  In addition to its effects on KLK6 gene expression, CAV-1 directly affects 

KLK6 secretion.  Constitutive SRC activity in HCT116 cells has no effect on KLK6 gene 

expression, but does significantly decrease KLK6 protein secretion.  This is most likely 

due to SRC-dependent phosphorylation of CAV-1, causing destabilization of the 

caveolae structures.  This was also shown using sucrose-gradient fractionation that KLK6 

co-localizes with caveolae. 

One area of commonality between Caco2 and HCT116 cells is the initial intra-

cellular trafficking of KLK6.  Through the use of Brefeldin A, it was determined that 

KLK6 is transported from the ER to the TGN before being secreted.  N-linked 
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glycosylation, which occurs in the Golgi, is important for efficient secretion in both cell 

types.  Treatment with tunicamycin, which inhibits the first step of N-glycosylation, 

abrogates KLK6 secretion from both cell types, while treatment with PNPX, a xyloside 

analogue, inhibits KLK6 secretion from Caco2-type cells only.  

The implications of demonstrating a secreted protein that is a surrogate serum 

marker for K-RAS are of great significance.  K-RAS is mutated in roughly half of all 

colon cancers and has been shown to frequently be an early mutation [11].  Several 

studies have highlighted the potential diagnostic usefulness of demonstrating the presence 

of mutant K-RAS [25-27, 32].  This is usually done through fecal sampling.  A K-RAS 

related marker that is present in circulating sera would offer many advantages including 

cost, efficiency, and patient compliance.  Although the potential of KLK6 to serve as a 

biomarker has previously been demonstrated in ovarian and uterine cancer, it has not 

been linked to specific genetic alterations prior to the current studies.  Caco2 cells and 

their isogenic clones are a CIN type colon cancer model system.  For this reason, they are 

an excellent model in which to investigate potential biomarkers since roughly 80% of 

colon cancer has the CIN phenotype which is associated with and APC mutation [7]. 

KLK6 may potentially serve as a marker of therapeutic effects of drugs targeting 

RAS pathways.  As RAS is one of the most commonly mutated oncogenes among all 

types of cancer, RAS and its downstream pathways have long been attractive 

chemotherapeutic targets [157].  There are currently many drugs in clinical trials aimed at 

disrupting RAS activity, every component of the p42/44 MAPK pathway as well as the 

PI3-K/AKT pathway.  Currently the only available and most effective way of measuring 
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K-RAS or other pathway activity would be to collect tumor tissue before and after 

treatment.  This strategy has obvious disadvantages for researchers, physicians and 

patients.  DNA from surrogate tissues such as skin, buccal mucosa and peripheral blood 

mononuclear cells (PBMCs) would be easier to obtain and process, but would give a less 

direct indication of K-RAS pathway activity in the target tumor tissue.  If serum KLK6 

does indeed prove to be a correlative marker for K-RAS activity in colon, or possibly 

other types of cancer, it could serve as an easily detectable surrogate serum marker.  

Regardless of how it is expressed and secreted, KLK6 influences cell invasion.  

Caco/KRAS6 cells are more invasive on laminin than Caco/Neo cells, but this increase is 

diminished by inhibiting KLK6 either with an anti-KLK6 antibody or with anti-KLK6 

siRNA.  HCT116 invasion on laminin is also decreased in cells transfected with anti-

KLK6 siRNA.  Invasion through Matrigel, a BM-like substrate, is also significantly 

inhibited in Caco/KRAS6 and HCT116 cells transfected with KLK6 siRNA.  KLK6 

increases cell invasiveness through both the singular laminin substrate as well as the 

more complex Matrigel substrate.  These data, supported by previous studies 

demonstrating a direct role for kallikreins in cell invasion [147, 156], strongly implicate 

KLK6 as a promoter of colon tumor progression. 

 Elucidating the different KLK6 expression patterns and phenotypic consequences 

in each of these cell lines gives insight into predicting which subsets of colon cancer 

patients will express more KLK6.  By measuring secreted KLK6 in colon cancer patients, 

clinicians may be able to correlate a certain serum level of KLK6 back to other genetic 

abnormalities, such as K-RAS mutations or CAV-1 over-expression.  It might also serve 
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as an indicator of cancer progression and patient prognosis.  Overall, understanding how 

KLK6 is regulated and how this can be correlated to KLK6 serum levels will provide 

physicians with a better basis on which to decide on a course of treatment.  These 

findings will most likely also be able to be generalized to KLK6 regulation in other types 

of tissues and cancer types.   

 

Future Directions: 

 The aims of this project were each explored and described in depth.  However, 

further experiments building upon what was reported herein remain.  For each of the 

specific aims of this project there are a number of specific experiments that would give 

support to the current findings, as well as clarify areas that are less well characterized 

thus far. 

 

KLK6 gene regulation: 

 Activated K-RAS in Caco2 and the presence of CAV-1 in HCT116 cells up-

regulates KLK6 gene expression and protein secretion.  KLK6 mRNA levels are elevated 

in Caco/KRAS6 cells, indicating that K-RAS is exerting its effect at the transcriptional 

level in these cells.  However, increased mRNA levels can also be due to decreased 

mRNA degradation.  To elucidate the precise mechanism by which KLK6 mRNA levels 

are elevated, promoter reporter constructs may be used.  Promoter reporters using the 5’ 

UTR sequence are indicative of transcription initiation while reporters using the 3’ UTR 

are used to indicate the rate of mRNA degradation.  The 3’ UTR of KLK6 has a putative 
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AU-rich element, which may play a role in mRNA stability.  This type of regulation may 

be primarily affected by stress induced p38 MAPK or JNK signaling, as has been 

reported in the literature.  A KLK6 3’ UTR reporter could be used to elucidate the exact 

role of stress signaling in mRNA stability.  Cells could be transfected with the 3’ UTR 

reporter and subsequently exposed to conditions which have been observed to induce 

KLK6, such as serum starvation, DMSO or increased/decreased pH.  This experiment 

could be done in the presence or absence of p38 MAPK and/or JNK inhibitors.  

While there have been no published studies to date using a 3’ UTR reporter, a 

promoter reporter construct containing the 5’ UTR has been produced.  Studies using this 

promoter reporter as well as several deletion constructs have been performed in breast 

cancer cells.  These studies have revealed that transcriptional initiation is dependent upon 

a number of transcription factors including SP1, AP-1 and c-MYC [70].  These same 

promoter reporters can be used in our colon cancer cell model systems to delineate the 

role of K-RAS in transcriptional initiation.  The involvement of the p42/44 MAPK and 

PI3-K/AKT pathways was demonstrated in the current studies.  The 5’ UTR promoter 

reporter constructs can be used along with the small molecule inhibitors PD98059 and 

LY294002 both in the Caco-type and the HCT116-type cell lines to characterize the 

effect of each of these pathways on KLK6 transcription.  The deletion constructs will be 

of particular use for determining which transcription factors are being activated 

downstream of CAV-1 or the K-RAS initiated pathways in order to up-regulate gene 

transcription. 
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 In addition to further in vitro studies, it is of great importance to use serum and 

tissue samples from colon cancer patients to correlate serum levels of KLK6 the 

occurrence of K-RAS or other genetic mutations, or aberrant CAV-1 expression.  Initial 

work performed in our lab has been inconclusive in regards to relating the status of K-

RAS and KLK6 expression in human patients.  A collection large enough to achieve 

statistical significance of serum samples and patient matched tissue samples needs to be 

accrued and analyzed for secreted KLK6 in the serum and K-RAS mutations and CAV-1 

levels in the colon tumor tissue.  Serum levels of KLK6 can easily be analyzed using a 

KLK6 ELISA, and tissue levels of CAV-1 are detectable via western blot.  K-RAS 

mutations are more difficult to detect due to the heterogeneity of tumor samples and the 

relative instability of tissue RNA.  However, several common mutations can be identified 

using PCR and restriction fragment length polymorphism (RFLP) analysis.  If the 

conclusion of these studies were to indicate no significant correlation between KLK6 up-

regulation and K-RAS mutation or CAV-1 levels, other mutations could be investigated.  

Because the PI3-K/AKT pathway plays such a prominent role in KLK6 gene regulation, 

mutation or hyper-methylation of the PI3-K negative regulator PTEN may be detectable.  

Caveolin-1 is also frequently aberrantly expressed in colon cancer and has been shown 

previously and in these studies to up-regulate AKT activity.  APC/β-catenin mutations 

which are also very common in colon cancer could also potentially up-regulation KLK6 

expression via c-MYC.  KLK6 is not only a potential biomarker for colon cancer, but 

also for certain types of ovarian and uterine cancers [91, 92].  The understanding of 

KLK6 regulation in colon cancer can hopefully be generalized to these other types of 
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cancers.  For KLK6 to be an effective biomarker or therapeutic target, it is essential to 

understand the exact mechanisms by which it is regulated.  This knowledge begins in the 

in vitro cell model systems but must ultimately be corroborated and characterized in 

colon cancer patients as well. 

 

Regulation of KLK6 secretion and secretory trafficking pathways: 

 The current studies demonstrate that in HCT116 cells, CAV-1 positively 

influences KLK protein secretion.  Neither exogenous nor endogenous expression of 

CAV-1 plays a role in KLK6 secretion in Caco-type cells.  It has proven difficult to 

separate the two aspects of KLK6 expression and elucidate the precise role of CAV-1.  

Through the use of activated SRC expressing HCT116 cells and the technique of sucrose 

gradient fractionation, it can be stated that CAV-1 is playing a role in KLK6 secretion 

apart from simply up-regulating KLK6 gene expression.  A further method of 

demonstrating this would be to treat the HCT116 CAV1-Mock and CAV1-AS cells with 

β-mercaptoethanol, a drug which depletes cells of cholesterol [158].  Because caveolae 

do not form in the absence of cholesterol, this would be a way to inhibit caveolae 

formation but still retain the endogenous CAV-1 protein [39].  If KLK6 protein secretion 

was inhibited by treatment with β-mercaptoethanol, this would further support the fact 

that KLK6 secretion is increased in the presence of caveolae and lipid raft structures.  

One aspect of CAV-1 dependent KLK6 gene regulation which requires further inquiry is 

the influence of CAV-1 on PP1α and PP2A.  It was demonstrated that the presence of 

CAV-1 negatively influences the protein levels of PP1α and PP2A in both HCT116 and 
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Caco2 cells.  However, it is unclear exactly why this is the case. Co-immuno-

precipitation experiments to demonstrate association between CAV-1 and either PP1α or 

PP2A were negative (data not shown).  Those data indicate that it is not the act of 

sequestering PP1α and PP2A which leads to increased AKT activity in our cell lines.  

Also, PP1α and PP2A mRNA levels are not different between the HCT116 CAV1-Mock 

and CAV1-AS cells.  Somehow, the presence of CAV-1 causes a decrease in the total 

amount of PP1α and PP2A protein present in the cell without affecting its transcription.  

Using materials from the experiment mentioned previously involving treating the 

HCT116 CAV1 cells with β-mercaptoethanol, it may be shown whether it is the presence 

of caveolae or the CAV-1 protein itself which is more influential over PP1α and PP2A 

expression.  Another avenue would be to examine ubiquitination and/or proteosomal 

degradation of PP1α and PP2A in the presence and absence of CAV-1.  Western blot 

analysis could be use to determine the relative amount of ubiquitination of PP1α and 

PP2A with or without CAV-1 in cells.  Also, proteosomal degradation can be inhibited 

with drugs such as MG132.  If PP1α and PP2A levels are more similar between HCT116 

CAV1-Mock and CAV1-AS cells after treatment with MG132, it could be inferred that 

CAV-1 is increasing the rate of protein degradation.  A number of unsuccessful studies 

were undertaken to inhibit PP1α or PP2A expression and activity.  Pharmacological 

inhibitors such as Okadaic Acid and Calyculin A had limited success in decreasing the 

relative amount of the phosphatases present in cells, but effects on downstream events 

such as AKT phosphorylation were not seen.  Similarly, cells were transfected with 

siRNA against each phosphatase, and while expression could be somewhat inhibited, 
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downstream effects were not observed.  This is a group of experiments which could 

potentially elucidate the precise role of PP1α and PP2A in KLK6 expression.  Clearly 

further work along these lines is warranted.    

 Another area of future investigation is the role of p38 MAPK and JNK in KLK6 

protein expression and secretion.  It was shown that inhibition of these pathways has no 

significant effect on KLK6 gene expression but it does dramatically reduce KLK6 

secretion.  Because there is no concordant increase in intracellular KLK6 levels, overall 

levels of KLK6 protein are apparently decreased.  This indicates post-transcriptional 

regulation by the p38 and JNK pathways.  Rates of KLK6 protein synthesis and 

degradation can be analyzed to assess whether p38 or JNK inhibition decreases 

translation or increases degradation.  The data also indicate an influence of G418 on 

KLK6 secretion.  HCT116 SRC-Mock cells which are cultured in media containing G418 

secrete much more KLK6 protein than do HCT116 cells not cultured with G418.  A 

mechanism for this effect is unknown.  One possibility is that when G418 adsorbs to the 

cell surface, as it has been reported to do [133], it somehow perturbs the cell membrane 

in a way which promotes protein secretion.  This action may be through lipid raft or 

caveolae structures.  Sucrose gradients can be utilized to gauge whether KLK6 

association with caveolae and lipid rafts is increased in the presence of G418.  Signaling 

pathways which have been shown to affect KLK6 expression and secretion may also be 

influenced by G418.  Phosphorylation status and activity of these pathways may be 

assessed in the presence or absence of G418. 
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 Additional studies need to be done to characterize the route of KLK6 trafficking 

through the cell.  Generally, it is known that KLK6 travels from the ER to the TGN 

before secretion, but this was demonstrated using drug treatment.  It is important to 

corroborate those results with in vitro images of KLK6 movement through cells.  Cells 

could be transfected with an expression vector for fluorescently labeled KLK6.  Confocal 

microscopy could then be used to identify which sub-cellular compartments KLK6 is 

restricted to throughout its progression to the cell surface and eventual secretion.    

 

Phenotypic consequences of KLK6 over-expression: 

       KLK6 plays a clear role in the invasive potential of cells.  This was demonstrated on 

both laminin alone and on Matrigel.  However, as Matrigel is a composite substrate 

consisting of laminin, collagen IV, entactin and perlecan, it would be useful to determine 

whether KLK6 is exerting its effects by cleaving laminin or if it is acting on the other 

substrates as well.  Collagen IV, for example, is known to be cleaved by KLK6 [68], 

while entactin and perlecan are not known KLK6 substrates.  To elucidate exactly which 

components of the BM are KLK6 substrates and which are not, invasion assays similar to 

those performed for laminin can be carried out for each individual substrate.  Another 

technique which would be useful for examining the role of KLK6 in cellular invasion 

would be to utilize fluorescently labeled ECM substrate assays.  The principle of this 

assay is that the substrate is tagged and only upon cleavage will the label fluoresce.  This 

technique was described and successfully used to demonstrate the phenotypic 

consequences of CAV-1 dependent cathepsin B secretion from HCT116 cells [42]. 
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 For any of the previously mentioned cellular invasion studies, the use of cells 

stably transfected with anti-KLK6 siRNA would be preferable.  Pre-treating the cells 

with anti-KLK6 antibody, while sometimes effective, is somewhat problematic since 

KLK6 is still being produced by these cells, requiring subsequent application of antibody 

throughout the course of the invasion assay.  KLK6 siRNA is a more comprehensive 

method of inhibiting KLK6, but cells which have recently undergone transient 

transfection are often stressed due to serum-starvation and exposure to the lipid-based 

DNA carrier.  The KLK6 siRNA sequence which was obtained from Qiagen and used 

throughout these studies could be inserted into the pSilencer™ siRNA expression vector 

from Ambion, and stably transfected into one or more of our colon cell model systems.  

These cell lines could be used in a variety of different ways to explore possible KLK6-

influenced cellular events.  Some of the tumorigenic phenotypes that could be 

investigated include (1) cell invasion on various ECM substrate coated filters, (2) cell 

migration using a scratch assay, and (3) in vivo invasion and metastatic tumor 

establishment in mice with tumor xenographs of these cells.  By characterizing the role of 

KLK6 in tumor progression, it will provide justification for studies to further investigate 

KLK6 as a chemotherapeutic target.  
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