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Abstract 
 

Title of Dissertation: Expression, Regulation, and Inhibition of Matriptase in Human B-cell 
Neoplasm 
 
Feng-Pai Chou, Doctor of Philosophy, 2012 
 
Dissertation Directed by: Chen-Yong Lin, Ph.D., Associate Professor, Biochemistry and 
Molecular Biology 
 
      Matriptase, a type II transmembrane serine protease, possesses potent oncogenic activity 

when an imbalance to its cognate inhibitor, hepatocyte activator inhibitor-1 (HAI-1), is 

established in a transgenic mouse model.  The oncogenic activity of matriptase is in part 

attributed to its role in activation of other oncogenic molecules, such as urokinase plasminogen 

activator (uPA) and hepatocyte growth factor (HGF).  These matriptase substrates play important 

roles in extracellular matrix-degrading, cellular motility, cell growth, and angiogenesis.  All of 

these biological events are important for the development and progression of human cancers.  

While most of matriptase studies have been focused on epithelial and carcinoma cells in which 

HAI-1 plays a pivotal role in regulation and inhibition of matriptase, growing evidence showed 

that matriptase may be also important in blood malignancies.  In this dissertation, I examined 

matriptase and HAI-1 expression in human blood tumor specimens and a variety of 

hematological cell lines.  Significant imbalanced expression of matriptase to HAI-1 was 

determined in aggressive type B-cell malignancies in vitro and in vivo.  In contrast, the protease 

was not detected in several indolent B-cell lymphomas and hyperactive B-cells residing in lymph 

nodes.  The absence of HAI-1 expression in aggressive B-cell cancers has impact to the current 

dogma of matriptase-HAI-1 pairing in epithelial cells.  Additionally, I discovered hypoxia 

initiated matriptase zymogen activation in blood tumors, producing inhibitor free, enzymatic 

matriptase to shed into extracellular milieu.  Increased reactive oxygen species (ROSs) may be 



attributed to hypoxia-induced matriptase activation while the zymogen activation can be reduced 

by pre-treating cells with ROSs scavengers.  To further define the roles of matriptase in the 

development and progression of B-cell tumors, stable matriptase knockdown populations were 

created in lymphoma and myeloma lines, respectively.  The matriptase knockdown cells showed 

to negatively affect cell growth in vitro and colony formation in methylcellulose-based culture.  

Besides, in mice xenograft model, matriptase-deficient cells grew in significantly slow rate and 

formed less tumor volume than the control group.  In summary, deregulated matriptase play 

important roles to affect the tumor microenvironment which is favoring the growth and 

progression of B-cell lymphoma and multiple myeloma.  
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CHAPTER 1 

 

Introduction 

 

 

1.1 Human B-cell lymphoma 

 

Lymphoma is the fifth common cancer and the fifth leading cause of malignant 

disorder death in the United States, representing approximately four percent of new cases 

of identified malignant disorders 1.  Lymphomas have become more and more prevalent 

in the modern society while the incidences of most malignant tumors are decreasing.  

Lymphoma is not a disease; in contrast, it is a general term of closely related cancers 

arising in lymphocytes of the immune system 2 .  Lymphomas are sometimes confused 

with lymphoid leukemias, which also originate in lymphocytes but are typically related to 

circulating blood cells and the bone marrow 2 .  Lymphoid leukemias do not usually 

form solid tumors, which is in the stark contrast to lymphomas.  Some other types of 

cancers, for example, lung or colon cancers frequently can spread to lymphoid tissues 

such as the lymph nodes or bone marrow.  But cancers that start in these places and then 

allot to the lymphoid tissues are not clinically called lymphomas.   

Lymphoma was the first tumor to have a differentiation stage classification due to 

the recognition of its normal counterparts in the immune system through the advance of 

diagnostic techniques 3.  Commonly, lymphoma is divided into two basic categories: 

Hodgkin and Non-Hodgkin lymphoma (NHL) 2.  Hodgkin lymphoma is marked by the 
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presence of a type of cell called the Reed-Sternberg cell and has a mild clinical course 4.  

NHL, however, includes a large, clinical diverse group of cancers of immune system cells.  

World Health Organization (WHO) classification, published in 2001 and updated in 2008, 

is the latest classification of lymphoma and subdivides NHL into a variety of cancers by 

cell types and phenotypic, molecular or cytogenetic characteristics 2;5.  In WHO 

classification system, there are three major types of NHL: the B cell, T cell, and natural 

killer (NK) cell lymphoma.  Other less common groups of the disease are also identified 

by WHO classification system.  Moreover, Hodgkin's lymphoma, considered 

specifically in WHO classification of lymphoma, is now recognized as a tumor of 

B-lymphocyte lineage through molecular characterization of its cell origin 6. 

In NHL, the frequency of B-cell lymphoma is much larger than T-cell and NK cell 

lymphoma in clinical diagnosed cases 2;5.  About 80-90 percent of the new identified 

NHL lymphomas are B-cell lymphomas.  In point of fact, the annual incidence of B-cell 

lymphoma has nearly doubled in the past thirty years.  All evidence has shown that 

B-cell lymphomas, especially aggressive subtypes, turn out to be more common more 

rapidly than other cancers 7.  Researchers speculate that the increase of B-cell 

lymphomas may be attributed to, in part of, the rising exposure of environmental agents 

triggering genetic factors which initiate malignancies 8.   

      Lymphoma derived from lymphatic system.  Lymphomas result from 

uncontrolled cell proliferation in lymph nodes, which are parts of lymphatic system 1.  

Lymphatic system, part of the body's immune system, is one of the major defenses of the 

human body against pathogens and tumor cells.  The lymphatic system is a network 

composed of thin tubes called lymphatic vessels and filled with milky-looking fluid 

http://en.wikipedia.org/wiki/Phenotypic
http://en.wikipedia.org/wiki/Molecular
http://en.wikipedia.org/wiki/Cytogenetic
http://en.wikipedia.org/wiki/B_cell
http://en.wikipedia.org/wiki/T_cell
http://en.wikipedia.org/wiki/Natural_killer_cell
http://en.wikipedia.org/wiki/Natural_killer_cell
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called lymph.  Lymphatic vessels branch around the body and widen to form bean-sized 

organs, lymph nodes.  Cluster of lymph nodes are located under the arms, and in the 

groin, neck, chest, and abdomen.  Lymph circulates through the lymphatic vessels and 

contains lymphocytes, which are white blood cells.  Lymphocytes are an essential part 

of the body's defense against infection and diseases.  There are two main types of 

lymphocytes: T-cells and B-cells.  T-cells are lymphocytes that recognize and destroy 

virus-infected or cancer cells, while B-cells, as mature plasma cells, produce antibodies 

to guide the immune system in fighting and killing harmful bacteria.  T-cell and B-cell 

also can release substances called cytokines that attract other types of white blood cells, 

which then digest the infected cells.  The lymphatic system also includes tissues and 

organs such as spleen, thymus, tonsils and bone marrow.  Because lymphoid tissue is in 

many parts of the body, lymphomas can start almost anywhere, often in a lymph node or 

occasionally in another lymphatic organ 2. 

Lymphoma is the results of malignant growth of lymphocytes, including B cells 

and T cells, rarely from NK cells 2.  Although transformed B or T cells can develop into 

lymphoma, B-cell lymphomas are much more common than T-cell lymphomas.  B-cell 

lymphomas accounts for approximately 85% of lymphoma cases and 15% of lymphoma 

cases are T-cell origin 2. The number is quite surprising that given the similar frequency 

of B-cell and T-cell in human body, but is understandable considering the specific role of 

B-cell in humoral immune response.  The vigorous clonal expansion of B-cell for 

production antibodies in humoral immunity might represent a risk of malignant 

transformation. 
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1.2  Cellular origins of B-cell lymphoma 

 

Throughout the B-cell differentiation process, transformation of precursor B cells 

to B-cell lymphomas can take place at any maturation stage.  The understanding of 

“malignant B cells seem to be frozen at a particular B-cell differentiation stage”, mainly 

comes from the studies of gene-expression profiling of B-cell lymphoma and normal 

B-cell subsets 9-11.  Such studies, for example, follicular lymphoma (FL), Burkitt’s 

lymphoma and a subset of diffuse large B-cell lymphoma (DLBCL) recapitulate a 

germinal center gene-expression signature except of the relatively rare subtypes, like 

lymphoblastic lymphoma and mantle cell lymphoma 12.  The disclosure of 

gene-expression profiling supports that B-cell lymphomas are derived from B cells that 

are arrested in distinct maturation stages or just passed through the germinal center, 

which will be described in more details later13.  

Early B-cell development, which occurs in human bone marrow, is characterized 

by a process of rearrangement of variable regions of antibody heavy-chain and 

light-chain genes in B-cell precursors, called V(D)J recombination14.  During the 

recombination process, recombination activating gene 1(RAG-1) and recombination 

activating gene 2 (RAG-2) recognize and randomly delete DNA segments, and rejoin the 

leftover fragments on chromosome 15 16.  B-cell precursors that express functional 

antibodies as surface antigen receptors, for example CD5+ surface Ig positive (IgM+, 

IgD+), differentiate into mature, naïve B cells and leave the bone marrow, whereas cells 

that fail to express functional antibodies undergo apoptosis17.  Naïve B cells may reside 

in primary lymphoid follicles and follicle mantle zones, or circulate in blood. 
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Lymphomas derived from naïve B cells are B-cell chronic lymphocytic leukemia/small 

lymphocytic lymphoma (CLL/SLL) and mantle cell lymphoma.  

Mature naïve B cells can recognize antigens and be activated to take part in 

immune responses (Fig 1.1).  In T-cell-dependent antibody responses, activated B cells 

form physiological important structures, called germinal centers (GC) in peripheral 

lymphoid tissues such as lymph nodes and spleen, where activated B cells undergo 

vigorous clonal expansion 18;19.  Proliferating B cells in germinal centers are also known 

as centroblasts.  In germinal center, the Ig variable-region genes (IgV) of centroblasts 

undergo two distinct DNA modifications-- somatic hypermutation (SHM) and 

class-switch recombination (CSR) to generate antibodies with increased or reduced 

affinity to antigens 20;21.  The BCL6 gene, which encodes a nuclear zinc finger 

transcription factor, is expressed at this stage and likely undergoes somatic mutation 22;23.  

Thus, the somatically mutated IgV and mutated BCL6 are molecular markers of B cells 

that have been through the GC.  Lymphomas deriving from germinal center centroblasts 

include DLBCL and Burkitt’s lymphoma. 

      Centroblasts differentiate into centrocytes, a group of nondividing activated 

germinal center B cells with the suppression of BCL-6 expression 24.  Centrocytes 

express functional membrane immunoglobulin to antigens.  The cells with low antigen 

affinity are removed by apoptosis in the germinal center.  However, other cells that 

exhibit high antigen affinity escape apoptosis by turning on the BCL2 gene 25.  FLs are 

thought to arise from centrocytes, which have escaped apoptosis owing to molecular 

lesions leading to constant expression of BCL2 gene.  Finally, the maturation of 

centrocytes proceeds to the form of either memory B-cells or plasma cells, followed by  
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 Figure 1.1 Cellular origins of human B-cell lymphoma 

Human B-cell lymphomas are assigned to their proposed B-cell counterpart.  

Most lymphomas are derived from GC B cells or from B cells that have 

passed through the GC, indicating its role in the pathogenesis of B-cell 

lymphoma.  

 

 

 

   

 

 

 



7 
 

      migration from the germinal center.  Memory B-cells deposit in the follicle 

margin zones, but remain the capability to home to tissues where antigenic stimulation 

has occurred.  Extranodal mucosa-associated lymphoid tissue (MALT) lymphomas and 

nodal marginal-zone B-cell lymphomas are presumably derived from marginal-zone 

B-cells.  Besides, multiple myeloma, another B-cell malignant tumor, is believed to 

arise from plasma cells. 

 

1.3  Classification of B-cell lymphoma 

 

      B-cell lymphomas are classified into about 15 distinct disease types in the current 

World Health Organization (WHO) classification based on their maturation stages, 

morphological features, pattern of tumor growth, and molecular profile 2;26.  More 

classified B-cell lymphomas are expected to be included later as the understanding of 

their biology advances.  Besides the WHO system, some scientists classify NHL by 

growth rate: indolent refers to slow-growing and aggressive refers to fast-growing cells.  

The most common types of B-cell lymphomas are DLBCL and FL.  In general, FLs 

exhibit a slower rate of growth and a less aggressive clinical course than their diffuse 

counterparts.  Together these two types make up more than half of all NHLs.  Other 

types are less common, such as mantle cell lymphoma and Burkitt’s lymphoma; however, 

these two are highly aggressive and result in relatively high mortality rate.  Further 

discussion on germinal center originated B-cell lymphomas, FL, DLBCL, and Burkitt’s 

lymphoma will be followed below, as well as the plasma cells derived malignancy- 

multiple myeloma. 
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      Follicular lymphoma.  FL is the most common low-grade NHL, accounting for 

up to 20% of all malignant lymphomas 2;26.  The disease primarily affects lymph nodes, 

but may also affect spleen, bone marrow and peripheral blood.  The clinical course of 

FL can be wildly variable, with overall survival rates ranging from only a few to more 

than 20 years 27. 

      The FL is derived from a germinal-center B cell and is characterized by the 

chromosomal translocation t(14;18 )(q32;q21) that dysregulates the expression of the 

anti-apoptotic protein BCL2 28.  The translocation places the intact BCL2 coding 

sequence under the transcriptional control of the Ig heavy chain gene (IgH), thereby 

dysregulating its expression.  Variant translocations t(2;18) and t(18;22) to the light 

chain loci Igκand Igλare less frequently seen but are considered biologically equivalent 

to the t(14;18) translocation.  Despite the translocation t(14;18) is observed in 

approximately 90% of FL patients, a small fraction of FL cases does not have BCL2 

translocations and do not express BCL2 protein. The biology of these cases remain to be 

explained by further studies 29. 

The initiating event in FL is its resistance to apoptosis in the absence of antigenic 

selection, conferred by BCL2 expression due to t(14;18) or other functionally equivalent 

genetic aberrations.  However, the t(14;18) translocation is not sufficient for lymphoma 

development, as BCL2-Ig transgenic mice only develop polyclonal lymphoid hyperplasia 

30.  Thus far, accumulation of secondary genetic abnormalities is required for 

manifestation of the full neoplastic phenotype 31.  In a recent series, somatic mutations 

of the histone methyltransferase EZH2 and TNFRSF14, a member of the TNF-receptor 

superfamily were detected in approximately 7% and 20% of FL samples respectively.  
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Additionally, somatic TNFRSF14 mutations have been identified to associate with 

adverse survival in FL patients 32.  However, the molecular mechanisms by which 

mutated EZH2 or TNFRSF14 might contribute to the pathogenesis of FL are currently 

not known. By classical cytogenetics, deletions in chromosome 1p and 6q along with 

gains in chromosome 7, 12 and X could be observed in 20% to 30% FL samples 33;34.  In 

spite of these genetic abnormalities, no oncogene or tumor suppressor gene altered by 

these genetic aberrations could be identified.  Other genes frequently involved in 

lymphomagenesis, such as p53, are not deregulated in a substantial fraction of patients 

with FL at diagnosis 35. 

Although the natural history of FL is indolent with remissions and recurrences, 

some patients (25%-60%) suffer from transformation in to a highly aggressive lymphoma, 

usually diffuse large B-cell lymphoma, and this event is frequently associated with a fatal 

clinical course.  Transformation of FL to DLBCL is associated with aberrations 

affecting genes involved in cell cycle control.  These include upregulation of C-MYC 

and its target genes, the p38-mitogen-activated protein kinase pathway, as well as 

CDKN2A and CDKN2B 36;37.  The role of p53 during transformation remains 

controversial since recent of clinical cases with FL showed that p53 mutations are not 

linked with transformation of DLBCL 38. 

      Diffuse Large B-cell lymphoma.  DLBCL is the most common type of 

malignant B-cell NHL, accounting for about 30-40% of all lymphoma cases in adults 39;40.  

The disease exhibits equal occurrence of lymph node and extranodal sites, usually the 

stomach and guts, central nervous system, lung and testis.  DLBCL is clinically 

heterogeneous with respect to morphology, biology, and clinical presentation.  
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Approximately 40% of DLBCL patients respond well to current chemotherapy regiments 

and have prolonged survival; however, the rest 60% succumbs to the disease and 

accounts for 10,000 deaths per year in the United States 41.  The variability of the 

responses of patients to the current chemotherapy regime can be explained by recent 

studies of genome-wide profile of mRNA expression levels in cancer samples 12;42;43.  

One subgroup of DLCBL, termed germinal center B cell–like (GCB) DLBCL, expresses 

a set of genes that are normally expressed by GC B cells, while the other subgroup, 

termed activated B cell–like (ABC) DLBCL, resembles the gene expression pattern of a 

cell in transition from GC B cell to a plasma cell poised to exit the GC to the bone 

marrow 44.  The patients with GCB DLBCLs exhibit a more favorable response to the 

current chemotherapy regime than the ones with ABC DLBCLs 43;45.  There is another 

which is relatively uncommon subgroup of DLBCL, termed primary mediastinal B cell 

lymphoma (PMBL). Patients with PMBL DLBCL tend to have tumors at the site of 

anterior mediastinum at young age with a female predominance tending 46;47.  More 

recently, gene expression profile studies demonstrated that PMBL has a significant 

overlap of the gene expression profile with Hodgkin lymphoma cell lines 46-50.  These 

findings suggest that the two diseases share certain degree of similarity of their biological 

features.  

      Three subgroups of DLBCL should be considered separate entities since they 

arise from B cells at different stages of differentiation, utilize different oncogenic 

pathways, and have distinct clinical phenotypes.  Similar to FL, translocation of BCL-2 

are frequently detected.  45% of GCB DLBCLs arises from the t(14;18) translocation of 

BCL2 gene, resulting in its expression regulated by enhancer elements of the IgH locus 
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44;51.  Conversely, this abnormality is not detectable in ABC DLBCL cases analyzed.  

The majority of ABC DLBCLs express BCL2 mRNA at high levels, most probably due to 

transcriptional dysregulation of BCL2 43;44.  Another characteristic feature of GCB 

DLBCLs is the dysregulation of the PTEN pathway by various genetic aberrations.  

GCB DLBCLs displays PTEN deletions in 10% to 15% of cases, as well as 

amplifications of a PTEN suppressor, miR-17-92 microRNA in roughly 15% of cases.  

These observations suggest that deregulation of the PTEN–PI3k cascade plays an 

important role in the pathogenesis of this entity 52;53. 

      In contrast, ABC DLBCLs are featured by BCL6 translocations and gain or 

amplification of SPIB gene on chromosome 19q13.  Both events repress the expression 

of a transcriptional repressor, Blimp-1, and block plamsmacytic differentiation 54;55.  

Moreover, one of the most important differences among the DLBCL subgroups is the 

constitutive activity of the NF-κB pathway in ABC DLBCLs but not GCB DLBCLs.  

By gene expression profiling, ABC DLBCLs were found to have high expression of 

known NF-κB target genes, including BCL2, IL6, and IL10 when compared with GCB 

subgroup 56.  Evidence showed that inhibition of NF-κB pathway using small interfering 

molecules was toxic to ABC, but not to GCB DLBCL cell lines, implying the functional 

importance of NF-κB to ABC subgroup of DLBCL57. 

The third subgroup of DLBCL, PMBLs, is characterized by amplifications of 

Chromosome 9p24, and these abnormalities occur significantly less frequently in ABC 

and GCB DLBCL58;59.  9p24 amplifications are associated with upregulation of JAK2, a 

tyrosine kinase that regulates cytokine signaling through STAT transcription factors.  

Constitutive activation of the NF-κB pathway is another common feature of PMBL cells 
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60.  The molecular mechanisms that activate NF-κBin PML are currently not entirely 

understood.  

      Burkitt’s lymphoma.  Burkitt’s lymphoma is a highly aggressive, rapidly 

proliferating B-cell lymphoma.  Burkitt’s lymphoma occurs in three clinical variants, 

endemic, sporadic, and immunodeficiency-related 2.  In the US, Burkitt’s lymphoma 

comprises between 1-2% of all lymphomas in adults.  However, in children, it accounts 

for approximately 30-50% of lymphomas.  Among HIV-associated lymphoma, Burkitt’s 

lymphoma is diagnosed in roughly 30%. Extranodal involvement, especially of the 

central nervous system, is common in all clinical variants 2;26. 

The typical cytogenetic aberration in Burkitt’s lymphoma is the translocation of 

the C-MYC oncogene on chromosome 8q24 to one of the immunoglobulin loci 2. The 

translocation t(8;14), resulting in the juxtaposition of C-MYC to the Ig heavy locus on 

chromosome14, is most frequently observed, whereas variant translocations between 

C-MYC to either the Ig light chain kappa locus t(2;8) or the lamba locus t(8;22) are less 

common 61;62.  The detection of hallmark genetic alteration translocation of C-MYC 

oncogene to the Ig heavy chain or light chain loci is present in the vast majority of 

Burkitt’s lymphoma cases.  Nevertheless, there is an overlap of this molecular marker 

between Burkitt’s lymphoma and DLBCL since C-MYC translocations also occur in a 

subset of DLBCL 2.  Moreover, the characteristic of Burkitt’s lymphoma of 

immunohistochemistry profile is also present in some DLBCL cases, making the 

distinction between Burkitt’s lymphoma and DLBCL difficult using current diagnostic 

criteria. 
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Recently, two reports employing microarray-based gene expression studies have 

independently showed that Burkitt’s lymphoma can be more efficiently distinguished 

from other B-cell lymphomas by a characteristic profile of gene expression 63;64.  The 

signature genes of Burkitt’s lymphoma include MYC target genes, subgroups of GC 

B-cell genes, the major histocompatibility (MHC) class I genes, and target genes of the 

NF-κB pathway 63;64.  This specific profile of expression enables some cases originally 

classified as DLBCL or unclassifiable B-cell lymphoma to be re-classified as Burkitt’s 

lymphoma, which helps to determine the best regime of ensuing treatments. 

      Multiple Myeloma.  Multiple myeloma (MM) is a disorder in which malignant 

plasma cells accumulate, generally derived from one clone in the bone marrow.  The 

disease is second most frequent malignancy of the blood after NHL, and accounts for 

10-15% of all hematological malignancies and 1-2% of all cancers 65.  Occurrence of the 

disease is more common in men than women, and is occurring with increasing frequency 

in older persons.  Importantly, mounting evidence indicates that intricate interactions 

occur between the bone marrow microenvironment and the tumor cell has a pivotal role 

in myeloma pathogenesis.  

Myeloma cells are the transformed counterparts of post GC bone marrow 

plasmablasts or plasma cells.  Multiple oncogenic events have been identified that have 

contributed to the pathogenesis of MM 66.  The genes of multiple myeloma cells can 

show in both a non-hyperdiploid and a hyperdiploid pattern 67, and almost all MM tumors 

contain primary and secondary translocations and chromosomal aberrations.  Usually, 

non-hyperdiploid abnormalities are correlated with reduced life-span because of high-risk 

IgH t(4;14)or t(14;16) translocations, partial or complete loss of chromosome 13, and 
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partial loss of chromosome 17.  By comparison, hyperdiploid abnormalities caused by 

multiple trisomies, and low frequency of monosomy or deletion of chromosome 13 and 

translocation of IgH t(11;14) are associated with improved outcome 68;69.  Primary 

reciprocal chromosomal translocations most frequently occur at the IgH on chromosome 

14q32 which is usually juxtaposed to oncogenes, accounting in around 75% of MM cases.  

Secondary late events involved in C-MYC trnaslocation, p53 inactivation or deletions, or 

aberrations of other oncogenes, have been implicated in disease progression of MM 70;71 .  

Moreover, study findings support a key role of the constitutively activated NF-κB 

pathway in pathogenesis of multiple myeloma 72. 

 

1.4  Clinical therapeutics for B-cell lymphoma and multiple myeloma 

 

The therapeutic options for B-cell lymphoma are greatly dependent on the 

classification of the disease.  For indolent B-cell lymphoma like FL, management or 

treatment is highly individual.  Because FL is such a slow-growing cancer, most FL 

patients do not have symptoms and/or a high tumor burden requiring immediate treatment 

at the time of diagnosis 73-75.  Studies have consistently shown that there is no survival 

benefit to treating asymptomatic FL immediately versus waiting until symptoms present 

74 75.  Usually, patients with asymptomatic indolent B-cell lymphoma are advised the 

“watch and wait” option, which leaves the disease untreated but provides close 

monitoring of any change.  If symptoms appear, treatment may be started.  A number 

of factors need to be considered, such as outlook of recovery, disease stage, and overall 

health.  Moreover, the aggressive types of B-cell lymphoma like BL and one subset of 
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DLBCLs, are life-threatening and required intense treatment at the time of diagnosis.  

  The first course of B-cell lymphoma treatment is often radiotherapy and/or 

chemotherapy 27;76-78.  Radiation therapy may be used exclusively in a few cases, but it 

is usually used with other therapies like chemotherapy if patients have particularly large 

masses of lymphoma in one area 79.  Chemotherapy is given in cycles, usually several 

weeks apart, in an outpatient setting.  Due to the toxic side effects to normal cells, it will 

take a number of cycles over 6 to 10 months to complete the chemotherapy.  The 

alkylating agents, chlorambucil and cyclophosphamide, are effective in suppressing 

lymphoma cell growth and proliferation.  Other antineoplastic agents consist of 

anti-metabolites (eg. fludarabine) interfering with metabolic pathways, anthracyclines (eg. 

doxorubicin [Adriamycin], mitoxantrone) inhibiting DNA synthesis, vinca alkaloids (eg. 

vincristine) targeting the mitotic phase of cell cycle, and corticosteroid (eg. prednisone, 

dexamethasone) modulating immune responses.  Besides single-agent treatment, 

combined-agent approaches such as CVP (cyclophosphamide, vincristine, and prednisone) 

and CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisone) are often used 

in chemotherapy.  Immunotherapy like rituximab is another choice for B-cell lymphoma 

therapy 80;81.  Rituximab is the chimeric monoclonal anti-CD20 antibody binding to 

target cells and recruits immune-effector functions to mediate target-cell lysis.  The 

combination of rituximab with especially the CVP (R-CVP) or CHOP (R-CHOP) 

protocol shows a significant prolongation in time to progression and promise in the 

overall survival after treatment 82-85.  The unique mechanism of action and lack of 

hematologic toxicity suggest that rituximab is a major therapeutic advance in the 

treatment of B-cell lymphoma.  In addition, autologous stem cell transplantation is 
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suggested for patients who have become drug resistant to chemotherapy treatment or 

relapse after a period of remission86-88.  This allows patients to restore their immune 

system after the intensive chemotherapy, which kills all the immune cells.  

Unlike most B-cell lymphomas, MM is an incurable malignancy.  One should 

focus on the treatment of the disease process and any associated complications 89-91.  

Conventional drug and chemotherapy, such as melphalan in combination with 

prednisolone, have been used as standard treatment to decrease the tumor burden in MM.  

The response rate is about 40–60% but no patients go into complete remission and 

median survival time is 24–30 months92.  Various combination chemotherapy regimens, 

including continuous infusions of vincristine and adriamycin, have been developed but 

show no survival advantage over the combination of melphalan and prednisolone.   

Although complete remission of MM is still the aim in the clinic, new agents, 

such as thalidomide, lenalidomide, and bortezomib, have shown significant activity in the 

MM treatment and resulted in improved MM clinical outcome.  Thalidomide and its 

analogue lenalidomide are prodrugs requiring liver metabolism to generate the active 

epoxide form; therefore, they display a direct cytotoxic effect to cells 93;94.  Both drugs 

also inhibit the bone marrow stromal cell support to MM cells.  They can suppress 

growth factors such as interleukin-6 and tumor necrosis factor-α, inhibit myeloma cell 

adhesion, and interfere with blood vessel growth cytokine secretions such as vascular 

endothelial growth factor (VEGF).  Additionally, thalidomide and lenalidomide have 

immunomodulatory effects which can stimulate T cells enhancing cytokines production 

and modulate natural killer cell number and functions.  Bortezomib, a first in class 

proteasome inhibitor, specifically interferes with the 26S proteasome, which is 
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responsible for degrading proteins that control transcription, the cell-proliferation cycle 

and metabolism90.  While bortezomib is approved to be used for the treatment of 

relapsed myeloma patients, it is now in a series of phase II and phase III studies in 

combination with alkylating agents, steroids, or thalidomide and lenalidomide for newly 

diagnosed and relapsed myelomas 95;96.  The strategy of combination 

bortezomib-dexmethasone-thalidomide has significantly improved response rate and 

progression-free survival.  Additionally, in combination with conventional 

chemotherapy these new agents have significantly improved overall and disease-free 

survival in myeloma patients 97;98. 

 

1.5  Hypoxia and B-cell malignancies 

 

      Malignant tumors such as MM frequently are characterized by a chronic, 

diffusion-limited state of hypoxia due to the high consumption of oxygen for cell growth 

and proliferation.  The rapid growth of tumor cells causes a heterogeneous range of 

oxygen pressures ranging from 5% in the well-vascularized areas to almost no oxygen in 

avascular areas 99; 100.  Actually, the average oxygen pressure of tumor tissues generally 

lies in the hypoxic range which is approximately 1% 101-103.  The tumor 

microvasculature is highly abnormal.  Acute or fluctuating perfusion-limited hypoxia 

can result from temporally unstable blood flow due to structural abnormalities in tumor 

microvessels and disturbances in microcirculation 104.  Importantly, the tumor 

microenvironment is characterized by repeated cycles of hypoxia and subsequent increase 

of oxygen levels as a result of hypoxia-induced outgrowth new blood vessels 105;106.   
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      Adaption to hypoxia supports cell survival under these harsh conditions.  

Thereafter, the persistent low oxygen conditions greatly help to select for highly 

aggressive and increasingly malignant cells 107; 108.  In line with these observations, the 

expression of genes associated with survival, proliferation, pH regulation, metabolism, 

and angiogenesis are upregulated in hypoxic cells 108; 109.  Hypoxia also enhances 

extracellular matrix remodeling, cell migration and invasion, epithelial-to- mesenchymal 

transition, and supresses immune reactivity 110-113.  In addition, tumor cells reprogram 

their metabolism to rely on glycolysis and decrease their rate of aerobic respiration114.   

      How hypoxia is detected by oxygen sensors to relay specific signals and then 

readjust gene expression for cell survival is not fully understood.  Evidently, the 

mitochondrial electron transport chain (ETC) plays a role and it is believed that reactive 

oxygen species (ROS) are somehow involved 115; 116.  During mitochondria oxidative 

metabolism, the majority of oxygen consumed is reduced to water; however, an estimated 

4% to 5% is converted to ROS, primarily the superoxide anion (O2
-) 117; 118.  Importantly, 

intracellular ROS levels are tightly controlled within narrow limits by redox regulatory 

mechanisms in mitochondria.  Conversely, under hypoxic conditions, mitochondria 

function as oxygen sensors and signal hypoxia by releasing ROS to the cytosol 116; 119.  

The resulting oxidant signal then mediates an inhibition of prolyl hydroxylase 

domain-containing enzymes (PHDs), a family of enzymes that play a key role in oxygen 

dependent degradation of the hypoxia-inducible factors (HIFs) 120.  In this 

oxygen-dependent degradation, the HIF-1 oxygen sensitive subunit HIF-1α is 

hydroxylated by PHDs and recognized by the von Hippel-Lindau (vHL, a component of 

the E3 ubiquitin ligase complex) to undergo proteasomal degradation 121.  ROS can also 
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be generated from exogenous sources, including environmental agents, pharmaceuticals, 

and industrial chemicals 118; 122-125.  Certain metals, such as cobalt and nickel have been 

shown to produce ROS in normoxia and promote a mitochondria independent hypoxic 

response 126; 127. 

      The cellular response to hypoxia is regulated predominantly by protein 

stabilization of HIF-1α.  Hence, upregulated HIF-1 binds to target genes on their 

hypoxic-response elements (HREs), and results in transcriptional activation of target 

genes that mediate multiple adaptations to hypoxia 128.  Except for providing survival 

advantages, hypoxia-induced HIF-1 upregulation increases oxygen delivery to cells via 

increased blood vessel formation. HIF-1 directly activates the transcriptional production 

of vascular endothelial growth factor (VEGF) and other angiogenic cytokines which 

promote increased tissue vascularization, thereby increasing tissue oxygenation 129;130.  

Hypoxia also plays a role in reprogramming of cell metabolism by switching from 

aerobic respiration to less efficient anaerobic glycolysis resulting in an increase in the 

conversion of glucose to lactate 131.  This metabolic switch is a critical adaption for cells 

in low oxygen conditions, and HIF-1 controls the transcription of genes which require 

achieving this new phenotype 132.  Acidification of the microenvironment is another 

major consequence of the switch to anaerobic glycolysis.  Hypoxia-induced acidosis is 

due to increased lactic acid production but also regulation of gene necessary for pH 

homeostasis by HIF-1133;134. 

      In cancer cells, HIF-1α can be stabilized through standard hypoxia-mediated 

regulation but also can be stabilized by mutations in its regulatory proteins.  As a result, 

alterations in the regulation of HIF-1 mediated responses occur in normal oxygen 
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conditions.  The classic example is renal cell carcinoma which inactivates vHL by 

germline or sporadic mutations and results in HIF-1α stabilization and transcription 

activity in normal oxygen conditions 135.  Moreover, tumor cells can metabolize glucose 

into lactic acid even in the presence of oxygen (Warburg effect).  The increased rate of 

glycolysis in tumor cells is due to the involvement of PI3K-AKT in stabilization of 

HIF-1α, which has been shown to regulate transcription of glucose transporters and 

enzymes in the glycolytic pathway 136. 

 

1.6  Tumor microenvironment and B-cell lymphoma and multiple myeloma 

 

In indolent B-cell lymphomas, the tumor microenvironment is likely to be 

important for the survival and/or proliferation of the tumor cells.  Follicular lymphoma, 

for example, grows in close association with the immune cells residing in or surrounding 

the GC of lymphoid follicles, such as follicular dendritic cells and GC type CD4+ T cells.  

Some B cells belonging to the lymphoma clone can also be found in the interfollicular 

areas, but these cells show little proliferative activity 137.  Additionally, it is extremely 

difficult to grow FL cells in vitro where they rapidly undergo apoptosis unless they are 

cultured together with CD4+ T cells, or with stromal cells and an antibody stimulating the 

CD40 pathway for GC B cell survival 138.  However, in aggressive type of B-cell 

lymphomas, such as Burkitt’s lymphoma, the dependency on signals from the GC 

microenvironment is lost, and malignant B cells can expand outside lymphoid follicles.  

This sustained proliferation of Burkitt’s lymphoma may be attributed to chromosomal 



21 
 

translocation of C-MYC gene, or other additional genetic abnormalities which provide the 

advantages for utilizing growth signals other than CD40 pathway 139. 

The interplay between MM and other non-malignant cells in bone marrow (BM) 

has long been used to investigate the role of microenvironment in the disease.  The BM 

microenvironment is composed of a cellular compartment and a non-cellular 

compartment.  The cellular compartment consists of hematopoietic and 

non-hematopoietic cells such as osteoblast, osteoclasts, adipocytes, fibroblasts, 

endothelial cells, and effector immune cells.  MM cells can interact with these cells, 

which causes immune suppression and lytic bone lesions.  In turn, bone marrow stromal 

cells, usually fibroblasts, send signals through cell-cell contact or secreted soluble factors, 

affecting MM cell growth, survival, migration, and drug resistance 140-142.  The 

non-cellular compartment of the BM is composed of extracellular matrix (ECM) proteins 

and fluid.  Adhesion of MM cells to ECM proteins, like collagen, fibronectin, laminin, 

and vitronectin, triggers tumor cells survival and drug resistance 143, and production the 

secreted proteases, like urokinase-type plasminogen activator (uPA), metalloproteinase-2 

(MMP-2), and metalloproteinase-9 (MMP-9) 144  The fluid consists of cytokines and 

growth factors such as interleukin 6, VEGF and IGF1, which are produced and secreted 

by cells in the BM microenvironment through autocrine and paracrine 145;146. 

 

1.7  Proteases and tumor microenvironment 

 

Proteases have important roles in lots of biological processes, including 

proliferation, adhesion, migration differentiation, angiogenesis, senescence, autophagy, 
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apoptosis and evasion of the immune system.  In addition to these protease regulated 

processes, proteases are associated with a wide variety of pathological conditions, 

including cancer development.  Currently, the most widely studied proteases in cancer 

are the urokinase plasminogen activator (uPA)/plasmin system (serine type), the matrix 

metalloproteinase (metallo-type), and the cathepsin group proteases (serine cysteine, and 

aspartyl types).  These proteases are thought to act directly or indirectly to affect nearly 

all aspects of tumor biology relevant to the development and progression of tumors 147-149.  

Some of these aspects include ECM remodeling, cell proliferation, cell adhesion, cell 

survival and apoptotic cell death, cell differentiation, tumor angiogenesis, tumor immune 

recognition, and invasion/metastasis 147-149.  Other than the above-mentioned proteases, 

attention is being drawn to a subclass of serine proteases, type II transmembrane serine 

proteases (TTSPs), which are expressed in deregulated pattern in several tumors.   

TTSPs are a relatively newly identified serine protease family, which are 

characterized to be anchored to the cell membrane by an amino transmembrane domain 

with a cytoplasmic extension.  Besides, a variable length stem region, and a C-terminal 

serine protease domain containing catalytic triad residues histidine (H), aspirate (D), and 

serine (S) both are composed of the extracellular parts of TTSPs 150;151.  Structurally, the 

TTSP family is ideally located to perform the pericellular proteolysis, in the aspects such 

as ECM remodeling, cell proliferation, cell adhesion, cell survival, cell differentiation, 

tumor angiogenesis, and invasion/metastasis. Nowadays, many studies have focused on 

the expression of specific TTSPs, such as matriptase, during tumorigenesis and 

investigate their potential to influence tumor cell proliferation, motility and invasion 

152;153.  
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1.8  Matriptase structure, synthesis, and regulation 

 

      Matriptase gene.  Matriptase was first characterized as having gelatinolytic 

activity in conditioned medium of breast cancer cells, and was hypothesized to play a role 

in invasion and metastasis 154.  Later, this gelatinolytic activity was found associated 

with a transcript expressed in both normal and cancerous colon tissue encoded by a gene, 

located on human chromosome 11q24-q25 155;156.   In order to gain insights to the 

protein conferring the activity, several research groups independently cloned matriptase 

and published the cDNA sequence of matriptase 157-159.  Two closely related proteins but 

encoded by different genes, matriptase-2 and matriptase-3 were also cloned and 

sequenced recently 160-162.  Along with polyserase-1, matriptase, matriptase-2 and 

matriptase-3 form a novel subfamily of TTSPs.  Matriptase are found in all nine 

vertebrate genomes examined, including human, chimpanzee, dog, mouse, rat, chicken, 

zebrafish, spotted green puggerfish, and tiger pufferfish 163-165.  The cDNAs examined 

from vertebrate genomes share significant sequence similarity with the human form, 

which suggests a conserved evolutionary function.  

      Domain structure of matriptase.  Matriptase is synthesized as an 855 amino 

acid polypeptide with a calculated molecular mass of 94.7kDa.  As a member of TTSPs 

family, matriptase contains a carboxyl-terminal serine protease domain of the 

chymotrypsin (S1) fold family, characterized by the highly conserved histidine/aspartic 

acid/serine (HDS) catalytic triad essential for proteolytic activity 166.  Moreover, the 

crystal structure of matriptase serine protease domain revealed a trypsin-like substrate 

binding pocket, composed of a small hydrophobic S2 site and a second negatively 
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charged binding site 167.  The amino-terminal end of the enzyme contains a putative 

transmembrane domain, and a cytoplasmic tail composed of 54 amino acids, but the 

function of the cytoplasmic tail is still unclear.  One of the suggested functions is to 

anchor matriptase to actin cytoskeleton through large actin-binding proteins, filamins 168.  

This is consistent with the observation that stimulation of immortalized mammary 

epithelial cells with a blood-borne lipid sphingosine-1-phosphate leads to rapid 

translocation of matriptase to the cell surface in an actin cytoskeleton 

remodeling –dependent manner 169.  The extracellular region of matriptase contains a 

sea urchin sperm protein, enterokinase and agrin (SEA) domain (residues 86-201), two 

complement sub-component C1r/s, urchin embryonic growth factor and bone 

morphogenetic protein 1 (CUB) domains (residues 214-334 and 340-447), and four 

tandem repeats of a low-density lipoprotein receptor class A (LDLRA) domain (residues 

452-486, 487-523, 524-561, and 566-60) before the catalytic serine protease domain at 

the carboxyl terminus (Fig.1.2).  Matriptase activation requires posttranslational 

self-cleavage at the peptide bond of Gly149 within SEA domain, which is essential for 

subsequent activating site cleavage of matriptase 170.  While the functions of the two 

CUB domains remain unknown, they have been thought to be involved in the formation 

of 140-kDa matriptase-matriptase complex 171.  The hypothesis, though not yet 

examined, is based on the heterodimer formation of a single CUB domain architecture 

between seminal plasma spermadhesins PSP-I and PSP-II 172.  Additionally, the four 

LDLRA domains of matriptase might be implicated in ligand-receptor interactions, as the 

same domain structures have been identified in membrane receptor of the LDL receptor 

family.  For example, the LDLR cysteine-rich repeats (homologous to the LDLR-like 
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domain in matriptase) in the LDL receptor protein, mediate the binding of the LDL 

receptor to ligands such as apolipoproteins B and E, and the receptor-associated protein 

(RAP), and uPA/PAI-1 complexes 173;174.  Besides the domain structures, matriptase also 

has four N-linked glycosylation sites, Asn109, 302, 485, and 772.  Whereas the 

inactivation of Asn109 and Asn485 had no effect on the activation of matriptase, 

glycosylation of the first CUB domain (Asn302) and the catalytic domain (Asn772) is 

required for activation of matriptase 175.       

      Synthesis, maturation and activation of matriptase.  Matriptase is synthesized 

as a 95-kDa polypeptide, which is slightly greater than its calculation mass due to 

glycosylation.  However, this full length form of matriptase is barely detected in cells 

which endogenously express matriptase 176.  The conversion of full length form to its 

mature form will require the cleavage after Gly149 located in a conserved GSVIA motif 

of SEA domain (N-terminal processing) by an unknown proteolytic hydrolysis of the 

peptide bond.  While the N-terminal processing splits matriptase into two fragments 

consisting of amino acids 1 to 149 and 150 to 855, respectively, both matriptase 

fragments remain bound to each other via an unknown mechanism.  Thus, the bulk of 

matriptase extracellular domains remain attached to the cell membrane via a non-covalent 

interaction with its own membrane-bound N-terminal fragment.  Since only the 

N-terminal processed mature form (zymogen) of matriptase is present on cell surface, this 

SEA domain cleavage seems to take place along the secretory pathway of protein 

synthesis.  Point mutation at G-149 blocks this cleavage, resulting in the accumulation 

of the full length matriptase, which does not undergo zymogen activation 170;175. 
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Figure 1.2 Schematic representation of the domain structures of matriptase and 

HAI-1. CAT, serine protease catalytic domain; LDLR, low density lipoprotein 

receptor-like domain; CUB, C1r/s, Uegf, and Bone morphogenic protein-1 

domain; SEA, sea urchin sperm protein, enterokinase and agrin domain; 

Kunitz I, Kunitz type domain I; Kunitz II, Kunitz type domain II; G149, 

posttranslational self-cleavage site; NH2, amino terminus, COOH, carboxyl 

terminus; Arg-614, activational site.  Red arrowheads indicate putative 

N-link glycosylation sites; black arrowheads indicate catalytic triad for 

proteolytic activity. 
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      Activation is the next step in the proteolytic processing of matriptase following its 

synthesis and maturation.  As a trypsin-like serine protease, matriptase activation 

requires cleavage at the canonical activation motif, converting a single-chain zymogen 

into a disulfide-linked two-chain active enzyme which consists of a non-catalytic subunit 

of 45-kDa and a trypsin-like, serine protease subunit of 25-kDa 177.  For most of the 

previously characterized serine proteases, this activational cleavage is mediated by other 

upstream active proteases 158.  Interestingly, activation of matriptase appears to be 

initiated by its zymogen form with weak intrinsic proteolytic activity 175;178.  Mutations 

in any of the residues of its catalytic triad renders the protein unable to undergo this 

activational cleavage, even though the catalytic triad is quite distal from the cleavage site 

175.  This capability of matriptase to autoactivation suggests the possibility that 

matriptase may function as an initiator of protease cascades in the extracellular milieu. 

      The proteolytic autoactivation of matriptase is controlled by the non-catalytic 

domains and the posttranslational modifications. Point mutations of matriptase at these 

N-linked glycosylation sites have revealed that N-linked glycosylations of the first CUB 

domain and of the serine protease domain are required for matriptase activation 175.  The 

CUB domains and LDLRA domains of matriptase are also involved in its zymogen 

activation.  Mutations that abolish the calcium-binding capability in any or all of the 

four LDLRA domains of matriptase either inhibit or greatly attenuate the activation of the 

matriptase zymogen 175.  Conversely, the complete deletion of all four LDLRA domains 

allows efficient activation of the enzyme, suggesting an auto-inhibitory role of the 

LDLRA modules that may prevent premature activation of matriptase in the absence of 

appropriate activation stimuli 175.  Deletion of either of the CUB domains also 
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considerably affects matriptase zymogen activation.  However, deleting both CUB 

domains enhances zymogen activation, suggesting a confounding role for the CUB 

domains in zymogen activation 175.  Both CUB domains together may serve to suppress 

premature matriptase activation, but may also provide the structural basis for 

protein-protein interactions which are believed to be important for matriptase zymogen 

activation. 

      Cellular control of matriptase activation.  The specific complex mechanisms 

that trigger the activation of matriptase are not yet fully understood.  A series of cellular 

events, which are induced by exogenous factors, have been reported to regulate 

matriptase activation.  Given the diversity of its physiological functions 179, the 

exogenous inducers of matriptase zymogen activation may also be cell-type specific.  

However, the effects of the various exogenous inducers seem to converge on a set of 

common regulatory mechanisms. 

      In the publication of Benaud et. al., matriptase from immortalized breast epithelial 

184 A1N4 cells is rapidly activated after exposure to sphingosine 1-phosphate (S1P), a 

blood-borne lysophospholipid that signals through specific G-protein coupled receptors 

177;180.  While it was expected for S1P-induced zymogen activation of matriptase to 

occur at the cell surface of 184 A1N4 cells, zymogen activation is actually found 

confined to strong E-cadherin-based cell-cell junctions 181.  In the absence of S1P 

stimulation, indistinct cell-cell junctions were observed in 184 A1N4 cells due to loss of 

adherens junctions and the subcortical belts of actin filaments, with the latent form of 

matriptase located mainly in its intracellular pool in endoplasmic reticulum/Golgi and 

some at the cell surface.  In concert with the S1P-induced formation of subcortical actin 
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filament belts and the assembly of adherens junctions, matriptase translocates to these 

newly formed adherens junctions, which seem to be required for the accumulation and 

activation of matriptase at cell surfaces of 184 A1N4 cells 181.  

      In contrast to immortalized breast epithelial cells, S1P does not activate 

matriptase in cultured breast cancer cells, while these cells express matriptase as well as 

S1P receptors 182.  Instead, breast cancer cells appear to be able to constitutively activate 

matriptase and shed higher levels of the activated enzyme into cell-conditioned media.  

In addition, the subcellular localizations of matriptase are different in breast cancer cells.  

Cell-cell junctions are not the only locations where activated matriptase is detected.  

Both the latent and activated forms of matriptase are targeted to membrane ruffles on 

T-47D breast cancer cells, particularly after EGF treatment 182.  This indicates that 

cultured breast cancer cells have lost the physiological regulatory mechanism for the 

activation of matriptase. Other molecules shown to induce matriptase activation include 

androgens in prostate cancer cells 183, and suramin- a sulfide-rich, anionic small molecule, 

which can induce matriptase activation in various cell types, including mammary 

epithelial cells, breast cancer cells and prostate cancer cells 178;180;184.  

      Regulation of matriptase proteolytic activity by inhibitors.  Several 

endogenous inhibitors of matriptase have been identified in the recent years.  Among 

these inhibitors, the Kunitz-type inhibitor hepatocyte growth factor activator inhibitor 1 

(HAI-1) has been intensively studied in terms of matriptase regulation.  

The inhibitory role of HAI-1 to matriptase was first observed in the purification of 

the matriptase-HAI-1 complex from human milk 157 , and as well as from the conditioned 

media of cultured immortal mammary epithelial cells and a number of cancer cell lines, 



30 
 

including human breast and ovarian cancer cell lines 182;185;186.  Both proteins are 

coexpressed by the epithelial component of nearly all epithelium-containing organs 187;188.  

More recently, positive expression correlation between matriptase and HAI-1 at the RNA 

level was documented by a transcriptional profiling study with the use of microarray data 

from 2,000 human normal and cancerous samples, including tumor samples from 18 

different tissue types, 59 cancer-derived cell lines, and 86 types of nonpathogenic tissues 

189.  In addition to the formation of complexes in vivo and in vitro and the positive 

expression correlation o, the functional linkage between matriptase and HAI-1 was also 

clearly demonstrated during embryonic development and the tumorigenesis of epithelial 

cells 190. Matriptase and HAI-1 are coexpressed in chorionic trophoblasts during early 

development of the mouse placenta.  Genetic ablation of HAI-1 causes placenta defects 

leading to embryonic death due to the loss of undifferentiated chorionic trophoblasts and 

impaired formation of the labyrinth layers, but the phenotype was rescued by ablation of 

matriptase in HAI-1-deficient mouse embryos 190-192.  This then suggests that 

coexpression of HAI-1 and matriptase is not required for placental development, but 

HAI-1 is indispensable for placentation in the presence of matriptase.  Not only in 

mouse, but also in zebrafish, the loss of epithelial integrity in the HAI-1-deficient 

zebrafish epidermis can be rescued by simultaneous inactivation of matriptase 193.  

The functional linkage between matriptase and HAI-1 also has important 

implications for the development of cancer.  Matriptase activity that is only partially 

inhibited by endogenous HAI-1 causes increased carcinogen sensitivity and produces 

spontaneous tumorigenesis as demonstrated in the matriptase mild overexpressed 

transgenic mice 194.  Matriptase-induced malignant transformation and its strong 
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pro-oncogenic potential can, not surprisingly, be counteracted by increased epidermal 

HAI-1 expression 194.  

      At the subcellular level, a sensing mechanism seems to be present to regulate the 

level of matriptase activity.  Constitutively express matriptase in breast cancer cell lines 

that do not naturally express the enzyme only results in the production of significant 

amounts of protein when HAI-1 is coexpressed 175;195.  In the absence of functional 

HAI-1, matriptase is only produced at very low levels and fails to traffic out of the 

endoplasmic reticulum/Golgi apparatus 195.  In breast cancer cells that express both 

proteins, reducing expression of HAI-1 by small interfering RNA (siRNA)-mediated 

HAI-1 knockdown results in spontaneous zymogen activation of matriptase and 

significantly enhances the zymogen activation of matriptase induced by sphingosine 

1-phosphate 195.  Unexpectedly, HAI-1 is required for matriptase activation 175, and, as a 

consequence, zymogen activation of matriptase is immediately followed by 

HAI-1-mediated inhibition of the active matriptase. Consistent with the dual roles of 

HAI-1 as a conventional protease inhibitor and as a cofactor for matriptase zymogen 

activation, activated matriptase has been consistently detected in HAI-1 complexes 178;182.  

Recently, we identified novel matriptase-containing complexes in human milk 

that contain no HAI-1 196.  Purification of these complexes followed by analysis with 

mass spectrometry-based protein identification and confirmation by immunoblotting 

studies demonstrated that they contain secreted serpin-type serine protease inhibitors, 

including antithrombin, α1-antitrypsin (α1-AT), and α2-antiplasmin (α2-AP).  The 

existence of these matriptase-serpin complexes in human milk suggests that serpins may 
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play an important role in regulating the activity of matriptase, particularly in the context 

of cell types that express matriptase in the absence of measurable HAI-1. 

 

1.9  Functions of matriptase 

 

      Matriptase substrates.  As an extracellular protease, matriptase plays a role in 

activation of downstream substrates to physiological active forms, as well as tissue 

remodeling by degradation of extracellular matrix.  The substrate preference of 

matriptase was mapped by means of a positional scanning synthetic combinatorial library 

and substrate phage display 197.  The four preferred residues located at the amino 

terminal to the cleavage site can be arginine or lysine at P4, a non-basic residue at P3, 

serine at P2, and arginine at P1.  At the carboxyl terminal to the cleavage site, an alanine 

is preferred at P1.  The proposed substrates were then screened in vitro and in vivo, and 

matriptase was found capable of cleaving and activating the zymogen forms of urokinase 

plasminogen activator (uPA), the pro-forms Hepatocyte growth factor (HGF), as well as 

the protease-activated receptor-2 (PAR-2) 197-199.  Succeeding studies in cultured 

monocytes and human ovarian cancer cells have revealed that matriptase can also 

efficiently activate receptor-bound pro-uPA on the cell surface 200.  Thereby, matriptase 

might act as a potent initiator of the plasminogen activation cascade, which converts 

pro-uPA to the more active uPA form and activates the zymogen plasminogen, and 

downstream extracellular proteolysis.  Pro-HGF activation by matriptase has been 

demonstrated that inhibition of endogenous matriptase with either small interfering RNAs 

or synthetic inhibitors led to an impaired pro-HGF-induced scattering of the prostate 
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carcinoma-derived cell line PC-3 150.  PAR-2 activation by matriptase was confirmed in 

PAR-2-expressing Xenopus oocytes and in human umbilical vein endothelial cells 197;199.  

In these models, an added synthesized active catalytic domain of matriptase was capable 

of cleaving PAR-2 and activates PAR-2- mediated signaling events. 

      Recently, a methodology employing transcriptional profiling to identify proteins 

that are commonly co-expressed with matriptase was applied to identify the growth factor 

macrophage-stimulating protein 1(MSP-1) as a substrate of matriptase in a cell-free 

system and on the surface of peritoneal macrophage 189.  Other proposed substrates for 

matriptase include CUB domain-containing protein 1 / subtractive immunization 

M(+)HEp3 associated 135 kDa protein/Transmembrane and associated with Src kinases 

(CDCP1/SIMA135/TRASK), vascular endothelial growth factor receptor 2 (VEGFR-2) 

and insulin-like growth factor binding protein-related protein-1 (IGFBP-rP1) 201;202.  

Recently, it was validated that matriptase is colocalized with the GPI-anchored serine 

protease prostasin in diverse epithelia, including epidermis, and is an efficient activator of 

the pro-form of prostasin 179;203;204. While prostasin is incapable of autoactivation, it has 

been speculated that matriptase acts as the upstream activator of prostasin in vivo 205.  

This hypothesis is supported by observation that matriptase-deficient mice lack active 

prostasin in the epidermis; however, active prostasin can readily be detected in epidermis 

of wild-type group 166.  Furthermore, prostasin-deficient mice present a phenotype that 

is impossible to differentiate from matriptase-deficient mice.  Consistently, it was 

demonstrated that proteolytic activation of pro-prostasin is also affected in patients 

diagnosed with congential ichthyosis, follicular atrophoderma and hypottrichosis 

syndrome, since no detectable active prostasin was present in primary keratinocytes 
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isolated from biopsy specimens.  In conclusion, these findings support that matriptase 

and prostasin are functionally coupled in the same proteolytic pathway. 

      Physiological functions of matriptase. A number of studies in human and mouse 

tissues indicate that matriptase is ubiquitously expressed in epithelial-based tissues under 

physiological conditions.  The expression of matriptase has been found in epidermis, 

cornea, salivary gland, oral and nasal cavities, thyroid, thymus, esophagus, trachea, 

bronchioles, alveoli, stomach, pancreas, gallbladder, duodenum, small intestine, colon, 

rectum, kidney, adrenals, urinary bladder, ureter, seminal vesicles, epididymis, prostate, 

ovaries, uterus, and vagina 179;188.  In addition to its expression in epithelial cells, 

matriptase is also expressed in cells of the immune system, including mast cells, 

monocytes and macrophages 189;196;200;206. 

The physiological involvement of matriptase has been progressively understood 

through a series of studies in human and transgenic mice. Matriptase-deficient mice 

exhibit defects in the development of the epidermis, hair follicles and cellular immune 

system 207.  Matriptase deficient mice died within 48 hours after birth.  The early death 

of the matriptase depleted mice resulted from dehydration which was caused by a 

severely impaired water barrier function in the skin of newborns 207.  Other phenotypes 

of the mice included absence of whiskers, generalized pelage hair follicle hypoplasia, and 

accelerated apoptosis of immature T cell in thymus.  On the molecular level, matriptase 

deficiency impairs proteolytic processing of a key epidermal protein polymer, 

profilaggrin into filaggrin monomer units that assist in the aggregation of keratin 

intermediate filaments, resulting in the formation of a cornified envelope in the 

uppermost layers of the epidermis 208. Moreover, matriptase-deficient mice display 
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impaired formation of lamellar granules, which are specialized secretory vesicles that are 

full of lipid material essential for the formation of extracellular lipid lamellae within the 

cornified layer of epidermis.  

Although a complete loss of matriptase activity is lethal in mice, the clinical 

manifestation due to reduced amount of matriptase activity in human, however, is milder.  

For example, a rare form of skin diseases, an autosomal recessive ichthyosis with 

hypotrichosis (ARIH), is linked to the missense G827R mutation of matriptase serine 

protease domain with a greatly diminished matriptase activity 209;210.  The ARIH patients 

were diagnosed with mild to moderate ichthyosis, indicative of impaired barrier function, 

and hair follicle hypoplasia associated with fragile, brittle, dry, and slow growing scalp 

hair.  All these symptoms are similar to adult athymic mice with grafted skin from the 

matriptase-deficient mice 204;208.  It was demonstrated that impairment of profilaggrin 

processing, abnormal interlamellar lipid extrusion, and defective corneocyte maturation 

in these patients may all result from the loss of matriptase and prostasin zymogen 

activation 211.  

 

1.10  Matriptase in cancer development and progress 

 

      Upregulated matriptase levels promote cancer initiation and progression.  

Transgenic mice with increased expression of matriptase in the epidermis have been 

generated by List et al 194.  In this study, mice with transgene-induced matriptase 

overexpression developed spontaneous squamous cell carcinoma and had increased 

chemically induced skin carcinogenesis.  This finding demonstrated that dysregulated 

matriptase proteolytic activity has the capability to directly induce malignant 
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transformation.  Likewise, double transgenic mice co-expressing matriptase and its 

cognate inhibitor HAI-1 did not develop spontaneous skin cancer lesions and did not 

show increased susceptibility to chemical carcinogenesis 194.  The cognate inhibitor was 

thus able to completely reverse the effect of upregulated matriptase activity, providing a 

counter mechanism to suppress matriptase activity to prevent tumor growth.  

      Matriptase expression in cancer.  Matriptase has been reported to be expressed 

by the epithelial elements of almost all organs examined so far 164;188.  Unsurprisingly, 

matriptase upregulation has been found in diverse epithelial tumors, including head and 

neck, breast, ovarian cervical, prostate, lung , gastrointestinal tract, , cancers and 

mesothelioma 186;212-215.  Though highly expressed in the above mentioned epithelial 

tumors, matriptase does not appear to be expressed in cells and tumors of mesenchymal 

origin 186.  Extensive studies have focused on the expression level of matriptase during 

malignant progression and the potential value of matriptase as a prognostic marker in a 

variety of human cancers, but the results of these studies did not find a consistent positive 

correlation between matriptase expression and histopathological grade of tumor across 

different types of tissues.  In breast carcinomas, increased matriptase expression 

correlates with tumor grade and stage, and a high matriptase expression is predictive of 

poor disease outcome 216.  In prostate and cervical cancer, both matriptase mRNA and 

protein levels are upregulated in cancerous lesions compared with normal tissue, and are 

positively correlated with the progression of the disease towards higher grade 212;217;218.  

In contrast, in the tumors of gastrointestinal tract, matriptase is downregulated in terms of 

both mRNA and protein levels compared with normal tissue 213.  Moreover, a study 

reported that matriptase mRNA levels decreased while the tumor grade increasing in 
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gastrointestinal tract 213.  Unlike breast and prostate cancers, matriptase expression in 

ovarian cancer displays a complicated pattern.  Normal ovarian tissue expresses very 

low or undetectable levels of matriptase, but matriptase becomes highly expressed in 

early stage ovarian carcinoma, and is then downregulated in advanced stage tumors 215. 

In normal epithelium, matriptase and HAI-1 are co-expressed with remarkable 

consistency and the proteolytic activity of matriptase is strictly regulated by HAI-1186.  

Therefore, it has been proposed to consider the imbalanced matriptase to HAI-1 ratio 

rather than only matriptase expression as the indicator correlated to histopathological 

grade of tumor.  Indeed, several studies have demonstrated an increased matriptase to 

HAI-1 ratio in cancers.  In ovarian cancer, increased matriptase to HAI-1 ratio is 

revealed in tumors of more advanced stages, and in prostate cancer, overexpression of 

matriptase without opposed HAI-1 has been observed 219;220. In colorectal cancer, 

matriptase to HAI-1 ratio was higher than in corresponding tissue from normal control 

individuals 221.  According to these studies, the ratio of matriptase to HAI-1 is 

consistently higher in late stage tumors and this imbalance has been proposed to promote 

the proteolytic activity of matriptase and would, consequently, be important for the 

development of advancement of cancer  

      Prevention of tumor growth and metastasis by matriptase inhibition      

Evidence for the oncogenic potential and a pro-metastatic role of matriptase has been 

provided by studies using animal models, including matriptase transgenic mice and tumor 

xenograft studies in nude mice 194;222.  Accordingly, inhibition of deregulated matriptase 

may be a means to prevent tumor growth and metastasis formation. 
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Several studies have addressed the roles of matriptase inhibition in cancer 

development and progress in vitro and in vivo. By using specific small interfering RNAs 

(siRNA), endogenous matriptase synthesis was inhibited and significantly reduced their 

invasion potential in established tumor cell lines from human prostate and colon cancer.  

The same effect was observed after treatment of the cells with synthetic matriptase 

inhibitors 150.  In a human prostate cancer xenografts model, CVS-3983, an arginal 

derived matriptase inhibitor significant reduced tumor growth through impairment of 

tumor invasion 223.  Moreover, a number of matriptase inhibitors have been developed, 

including catalytic and zymogen activation targeting inhibitors, which exhibit the great 

therapeutic potential of matriptase inhibition in a variety of tumors 224;225. 

 

1.11  Hypothesis and statement of purpose 

 

This work tested the hypothesis that the deregulated serine protease matriptase is 

correlated with the development and progression of B-cell malignancies, including B-cell 

lymphoma and multiple myeloma.  We tested this hypothesis by examining matriptase 

and HAI-1 expression in tissue specimens from B-cell lymphomas and multiple myeloma 

patients, as well as established cell lines from the tumors.  The question of whether 

matriptase initiates pericellular proteolysis in favoring the development and progress of tumor 

cells in hypoxic or acidic microenvironment was also addressed by detecting active matriptase 

through immunoblotting or protease activity assay, and quench the activity by series reactive 

oxygen species scavengers.  This work also test the hypothesis that matriptase knockdown 

affects the tumor cell growth in vitro in culture cell model and in vivo in mice xenograft 

model, as well as the colony formation.  This hypothesis was tested by creating 
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matriptase stable knockdown cells in Burkitt’s lymphoma line Raji and multiple myeloma 

line RPMI-8226 individually.  Finally, the extracellular inhibition of secreted active 

matriptase was determined by examining the matriptase-antithrombin complexes 

formation between immortalized human epithelial cells and carcinoma cells. This purpose 

of this work is to establish a novel inhibitory mechanism of matriptase other than HAI-1.  

 

1.12  Specific aims 

 

Aim 1:  To determine if dysregulated matriptase-mediated pericellular proteolysis 

initiates protease cascades and activates growth factors in tumor 

microenvironment of human multiple myeloma  

 

Aim 2:  To investigate the role of imbalanced matriptase pericellular proteolysis in the 

tumorigenesis of aggressive B-cell lymphomas, including cell proliferation, 

colony formation, and in vivo tumor growth. 

 

Aim 3:  To determine if secreted active matriptase is inhibited by extravascular serpin 

inhibitors in non-malignant cells but not in most cancer cells 
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CHAPTER 2 

 

Dysregulated matriptase-mediated pericellular proteolysis in human 

multiple myeloma 

 

 

2.1 Abstract 

 

The hypoxic and acidic tumor microenvironment is critical for the development 

and progression of multiple myeloma (MM).  We found that MM cells modulate the 

tumor microenvironment by increasing the proteolytic activity of type 2 transmembrane 

serine protease matriptase through multiple mechanisms.  Firstly, MM cells both in 

patient specimens and in cultured lines upregulate matriptase with limited opposition by 

its endogenous inhibitors.  Secondly, MM cells rapidly convert matriptase zymogen into 

an active enzyme when the cells encounter hypoxic and acidic environments.  Increased 

reactive oxygen species (ROS) are attributed to the increased matriptase zymogen 

activation induced by hypoxia.  Thirdly, in the absence of endogenous protease 

inhibitors, active matriptase is secreted in large quantity and have prolonged half-life.  

Finally, the secreted active matriptase is able to initiate pericellular proteolysis through 

urokinase plasminogen activator (uPA)/plasmin system and activate growth factors such 

as hepatocyte growth factor (HGF).  Furthermore, matriptase knockdown in MM cells 

reduces clonogenic formation and the growth of MM cells both in culture and as a tumor 

xenograft in mice.  Our study reveals that a cooperative interaction between cancer cells 
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and its milieu might modulate and create a microenvironment favoring growth and 

progression of MM cells. 

 

2.2 Introduction 

 

The initiating events of multiple myeloma (MM) pathogenesis commonly result 

from a chromosomal translocation involving an oncogene and the immunoglobulin heavy 

chain gene on the chromosome 14, locus q32.  MM pathogenesis is also profoundly 

affected by the bone marrow microenvironments through the mutual interaction between 

cancer cells  and the bone marrow accessory cells, including stromal cells, osteoclasts, 

osteoblasts and endothelial cells 226.  The direct contacts of MM cells with bone marrow 

accessory cells and the extracellular components and the response to the secreted growth 

factors and cytokines activate signaling pathways mediating migration, adhesion, growth, 

survival and drug resistance of MM cells.  Because the reduced oxygen in bone marrow 

is physiologically important for hematopoiesis and because the secretions of proton by 

osteoclasts during the enhanced bone resorption, the bone marrow microenvironment 

associated with MM is hypoxic and acidic 227-229. 

Pericellular proteolysis has been implicated in cancer development and 

progression much through its role in tissue remodeling and activation of pro-cancer 

growth factors and cytokines 230.  Among those proteases potentially involved in cancer, 

matriptase, a type II transmembrane serine protease (TTSP), is unusual for several 

aspects on how its proteolytic activity is regulated.  Like most proteases, matriptase is 

synthesized as a zymogen that exhibits only limited or no intrinsic proteolytic activity.  
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Matriptase acquires full enzymatic activity only after the conserved activation motif is 

cleaved through autoactivation process 175.   The mechanism is not applicable to the 

activation of several prominent extracellular matrix-degrading proteases, including 

urokinase plasminogen activator (uPA), plasminogen and matrix metalloprotease (MMP) 

2 and 9, which rely on other active protease for their activation.  In our recent study, we 

demonstrated that matriptase autoactivation can be robustly turned on by acidosis and 

hypoxia (Lo et al, in preparation).  This unique mechanism to convert protease zymogen 

into an active enzyme makes matriptase an important potential candidate for cancer cells 

to control pericellular proteolysis under the usual acidic and hypoxic tumor micro- 

environment.  In addition, matriptase has been shown to possess potent oncogenic 

activity and potentiate chemical carcinogenesis in mouse 194.  Matriptase is also widely 

expressed in many human carcinomas 231.  The level of matriptase expression in human 

carcinomas is, however, not a good determinant for its role in cancer.  For example, 

while higher matriptase expression is associated with bad disease outcomes of node 

negative breast cancer, its downregulation has been also seen in the advanced breast 

cancer 216;232.  Parts of this discrepancy in the role of matriptase in human cancer likely 

result from the complicated and important relationship between matriptase and its 

cognate inhibitor, hepatocyte growth factor activator inhibitor (HAI)-1 190;195;233.  In 

ovarian, prostate, and colon cancer, an imbalanced expression between matriptase and 

HAI-1 is correlated with the progression of these human cancers 219-221;234.  Furthermore, 

simultaneous increase in HAI-1 expression with matriptase overexpression completely 

suppresses the matriptase-mediated development of squamous cell carcinoma in mouse 

skin 194.    While the imbalanced proteolysis might be critical for cancer, the fine line of 
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the imbalance is hard to draw in a quantitative way.  The HAI-1:matriptase protein 

molar ratio is consistently around 10 or higher, even in malignant epithelial cells 171.  As 

a consequence, vast majority of the newly generated active matriptase is rapidly inhibited 

by HAI-1 and therefore active matriptase is likely a short-lived species in epithelial and 

carcinoma cells 171.   

In our previous study, we noticed that HAI-1:matriptase ratio in RPMI 8226 MM 

line is around 100-folds less than most epithelial and carcinoma cells 171.  The inverse 

ratio in conjunction with the acidic and hypoxic tumor microenvironment would allow 

MM cells to utilize matriptase in very different but much efficient way.  In the current 

study, we set out to investigate the role and regulation of matriptase in human multiple 

myeloma.  Our data show that matriptase is highly expressed without sufficient HAI-1 

in MM cells both in patient specimens and in cultured cells.  More importantly, we show 

that MM cells rapidly activate matriptase when exposing to hypoxic and acidic 

environments.  Majority of activated matriptase is secreted as an active enzyme rather 

than in complexes with HAI-1 and other protease inhibitor.  In the extracellular milieu, 

active matriptase is able to initiate intensive pericellular proteolysis through activation of 

uPA/plasmin system and activate growth factors, such as HGF.  Matriptase expression 

appears to confer malignant potential to MM cells as matriptase deficiency reduces the 

growth of MM cells in vitro.  Taken together, dysregulation of pericellular proteolysis 

through upregulation of matriptase, insufficient protease inhibitors, and increased 

protease activation contributes to the malignancy of plasma cells. 
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2.3 Materials and Methods 

 

Cell Lines and Culture Conditions 

Multiple myeloma and breast cancer cell lines were obtained from the Tissue 

Culture Shared Resource in the Lombardi Comprehensive Cancer Center, Georgetown 

University Medical Center.  Myeloma cells were cultured in RPMI-1640 medium 

supplemented with 10% fetal bovine serum, 100U/ml penicillin, and 100μg/ml 

streptomycin in a humidified incubator at 37oC and 5% CO2.  The human breast 

carcinoma cell lines T-47D and MCF-7 were maintained in the growth by Dulbecco’s 

modified Eagle’s medium supplemented with 10% fetal bovine serum at 37oC and 5% 

CO2.  

 

Chemicals and Reagents  

The cobalt chloride (CoCl2), N-acetylcysteine (NAC), and iodonitrotetrazolium 

were from Sigma-Aldrich (St. Louis, MO); the ebselen and synthetic fluorescent peptide 

N-tert- butoxycarbonyl (N-t-Boc)-Gln- Ala-Arg-7- Amido-4- methylcoumarin (AMC) 

were obtained from Enzo Life Sciences (Farmingdale, NY); chromogenic substrate 

Pyro-Glu-Gly-Arg- p-nitroaniline hydrochloride (p-NA) for urokinase was from Aniara 

(Hyphen BioMed, West Chester, OH); human pro-urokinase plasminogen from American 

Diagnostica Inc (Stamford, CT); recombinant human hepatocyte growth factor was from 

eBioscience Inc (San Diego, CA). Silver stain plus was obtained from Bio-Rad (Hercules, 

CA). 
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Tissue Specimens 

Human multiple myeloma tissue specimens were obtained from the University of 

Maryland Greenebaum Cancer Center (UMGCC) Pathology Biorepository and Research 

Core.  All specimens were processed within 4 hr of excision, fixed with 10% neutral 

formalin, paraffin-embedded according to standard protocols, cut to 4 μm thickness, and 

placed on glass slides for immunohistochemistry (IHC).  

 

Monoclonal Antibodies (mAb) 

Human matriptase protein was detected using the monoclonal antibodies M24 or 

M32. Human HAI-1 was detected using the HAI-1 specific monoclonal antibody M19.  

Activated matriptase was detected using the mAb M69.  The specificities of these mAbs 

have been extensively characterized in our previous studies 157;177;178.  

 

Western Blotting 

Protein for Western blotting was prepared by lysis of cells in 1% Triton X-100 in 

PBS, after the cells were washed two times with PBS.  Insoluble debris was removed by 

centrifugation, and the protein concentration of the supernatant determined using BCA 

protein assay reagents (Thermo Scientific, Rockford, IL) according to the manufacture’s 

protocol.  Cell lysates were diluted with 5x SDS sample buffer which did not contain a 

reducing agent, and were not boiled.  Proteins were resolved by 7.5% SDS-PAGE, 

transferred to BioTraceTM NT nitrocellulose blotting membranes (Pall Life Sciences, Ann 

Arbor, MI), and probed with the monoclonal antibodies M32, M24, M69, or M19.  The 

binding of the primary antibodies was detected using HRP conjugated secondary 
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antibodies (KPL, Inc, Gaithersburg, Maryland), and visualized using the Western 

Lightening® Chemiluminescence Reagent Plus (Perkin-Elmer, Boston, MA). 

 

Immunohistochemistry (IHC) 

IHC was performed using standard protocols from the reagent manufacture with 

minor modification (Dako, CA).  In brief, 4-μm-thick tissue sections were mounted on 

poly-L-lysine-coated glass slides and dried at 37℃ overnight.  The sections were 

deparaffinized in xylene, washed in graded ethanol, and finally washed in cytomation 

wash buffer (Dako, CA).  The samples were then pretreated with a modified citrate 

buffer at pH 6.1, in a 95℃ water bath for 15 minutes.  Endogenous peroxidase activity 

was blocked by incubation in 3% H2O2 for 10 minutes, and the samples were 

preincubated with a protein-blocking solution for 15 minutes.  The matriptase 

monoclonal antibodies (M32 or M24) were diluted to a concentration of 10 μg/ml, the 

HAI-1 monoclonal antibody (M19) was used at 5 μg/ml, and the activated matriptase 

mAb M69 at 10 μg/ml. The sections were stained using these antibodies for 60 minutes in 

a room temperature humidified chamber.  Slides were washed 3 times in cytomation 

wash buffer and then incubated with a goat anti-mouse IgG secondary antibody 

conjugated with peroxidase for 45 minutes at room temperature.  After washing, 

antigen-antibody complexes were detected with the peroxidase method, using 

diaminobenzidine as a chromogenic substrate.  Tissue sections were lightly 

counterstained with hematoxylin and then mounted and examined by light microscopy.  

The staining results were independently interpreted by an experienced hematopathologist.  
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pH calibration 

RPMI-1640 medium was buffered by 25 mM 2-(N-Morpholino) 

ethanesulfonic acid (MES) or 25 mM 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and then adjusted to 

the desired pH with Hydrogen chloride. 

 

Purification of active matriptase 

Free active matriptase was generated by incubating RPMI 8226 multiple myeloma 

cells in basal medium containing 200 μM CoCl2 for 30 min.  The secreted active 

matriptase was collected, concentrated, and purified by p-aminobenzamidine protease 

inhibitor column chromatography.   

 

Cleavage of protein substrates  

      Samples of single-chain pro-HGF or pro-uPA were incubated with purified active 

matriptase in 100 mM Tris-HCl, pH 8.5 at 37  C for the indicated times.  Incubation 

was stopped by adding SDS sample buffer containing dithiothreitol (DTT) to the 

reactions and boiling the resultant mixture.  The cleavage products were separated by 

SDS-PAGE and analyzed by Western blot for HGF or by silver staining for uPA. 

 

Protease activity assay 

      Matriptase activity was assessed by either gelatin zymography or by using the 

synthetic fluorogenic peptide substrate N-t-Boc-Gln-Ala-Arg-AMC.  For gelatin 

zymography, 1mg/mL gelatin was co-polymerized in 7.5% SDS gels on which matriptase 
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samples were separated by SDS-PAGE under non-reducing and non-boiled conditions.  

The gelatin gels were washed with 2.5 % Triton X-100 three times and incubated in 20 

mM Tris-HCl, pH8.0 at 37°C overnight.  The gels were stained using Commassie 

Brilliant Blue and analyzed.  For fluorogenic peptide substrate assays, 0.5 mM substrate 

was mixed with matriptase samples in a reaction buffer containing 100mM Tris-HCl, 

pH8.5 and 100μg/ml bovine serum albumin.  The increase in fluorescence resulting 

from hydrolysis of the peptide substrates was recorded with excitation at 360 nm and 

emission at 480 nm in a Synergy HT multi-mode microplate reader (Bio-Tek, Winooski, 

VT).  The activity of urokinase-type plasminogen activator (uPA) was measured by its 

amidolytic effect on the substrate Pyro-Glu-Gly-Arg-p-NA.  The rate at which p-NA 

was released was measured photometrically at 405nm on a DTX 880 multimode detector 

(Beckman Coulter, Fullerton, CA). 

 

Estimation of the concentration and the amount of active matriptase secreted in response 

to CoCl2 

We first established the relationship between matriptase concentration and the 

amount of fluorescence liberated by active matriptase from the substrate.  The 

concentration of a sample of purified active matriptase was determined to be 6 nM by 

active site titration.  5 μL of active matriptase preparation in the final 200 μL assay 

buffer cleaved the substrate and liberated the fluorescence at a rate 15,000 fluorescent 

unit/min.  We, therefore, estimated that 1 pM active matriptase can liberate 100 

fluorescent units from the substrate per min.  To calculate the levels of active matriptase 

generated, the initial fluorescent intensity at each time point was subtracted by that at 
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time 0, and then the normalized number at each time point (FU) was subtracted by that of 

its prior point (dFU).  The dFU was further divide by the 3 min interval between each 

time point, and converted into matriptase concentration based on the exchange constant: 

100 FU/min/pM and factored in the volume of the assay (Fig. 5C)  

 

Establishment of matriptase knock down cell lines 

RPMI-8226 human multiple myeloma line was used to establish the matriptase stable 

knockdown clones.  The cells were infected with lentiviral vectors delivering sequences for 

either a non-targeting control shRNA sequence (NT) or shRNA targeting human matriptase 

gene (MTP) (Open biosystems, Lafayette, CO).  The plates were maintained at 37 °C in 

humidified atmosphere with 5% CO2. The shRNA targeting sequences were as follows: 

NT,5’-CCGGCAACAAGATGAAGAGCACCAACTCG- AGTT 

GGTGCTCTTCATCTTGTTGTTTTT-3’; MTP, 5’-CCGGCAATGACTTCAC 

CTTCGACTACTCGAGTAGTCGAAGGTGAAGTCATTGTTTTTG-3’.  Transducted 

cells were selected with 2 μg/ml puromycin and pick up the single colony to amplify the 

growth.  Knockdown of matriptase expression was confirmed by Western blotting. 

 

In vitro cell proliferation assay 

      An equal number of non-targeting control (NT) and matriptase knockdown Raji 

cells (clones #1 and #2) were plated in complete growth media, and the plates were 

maintained at 37 °C in 5% CO2 for 4 days.  Aliquots were taken from the wells every 

24 hours mixed with Trypan blue (Invitrogen) at 1:1 ratio to identify viable cells, which 

were then counted on a hemocytometer with a microscope. 
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Colongenic assay 

      The colongenic assay was conducted using a modified version of the protocol 

provided by R&D Systems, Inc. Briefly, 104 cells were plated in quadruplicate in 0.5 ml 

of plating medium consisting of 1.2% methylcellulose, 10% fetal bovine serum, and 200 

mM L-glutamine in Iscove’s modified Dulbecco’s medium (Invitrogen).  The plates 

were maintained at 37 °C in 5% CO2 for 10 days, at which point they were stained with 

1mg/mL iodonitrotetrazolium.  Colonies consisting of >50 cells were automatically 

counted and analyzed using a colony counter. 

 

Statistical Analysis  

The data were analyzed using Student’s t test for two samples assuming equal 

variances.  The results with p < 0.05 were considered significant. 

 

2.4 Results 

 

Imbalanced expression of matriptase relative to HAI-I in human multiple 

myeloma.  To determine in vivo protein expression of matriptase and HAI-1 in samples 

of human multiple myeloma (MM), formalin-fixed, paraffin-embedded human tissue 

specimens were examined by immunohistochemistry.  In 11 out of the 22 MM 

specimens examined, matriptase were detected clearly on the surface of the cancer cells.  

The representative staining was shown in figure 2.1A and 2.1C.  HAI-1 was detected on 

the cell surface in 5 specimens (Fig. 2.1D).   HAI-1 is, however, negative or below the 

detection limit in 9 out of the 11 matriptase-positive MM cases (Fig. 2.1E).  This 
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expression analyses suggest that half of MM express matriptase and majority of them do 

not express HAI-1. 

The imbalanced expression of the membrane-bound protease system favoring 

proteolysis was also seen in three MM cell lines, RPMI-8226, OPM-2 and MM1S (Fig. 

2.2, Matriptase, lanes 3, 4 and 5).  Despite of high levels of matriptase detected, HAI-1 

was detected at very low levels or not detected in the MM cells (Fig. 2.2, HAI-1, lanes 3, 

4 and 5).  This imbalance in MM cells is in stark contrast to most carcinoma cells, as 

exampled by the breast cancer cells MCF-7 and T-47D, in which expression of matriptase 

is companied with corresponding levels of HAI-1 (Fig. 2.2, lanes 1 and 2).  

      MM cells in response to hypoxia and extracellular acidosis rapidly activate 

and shed active matriptase.  Matriptase is synthesized as a single-chain zymogen that 

must be converted into a two-chain form to gain proteolytic activity.  In epithelial and 

carcinoma cells, matriptase zymogen activation can be induced by extracellular acidosis 

and hypoxia and the active matriptase is rapidly inactivated by HAI-1.  Because of the 

acidic and hypoxic MM tumor microenvironment in bone marrow and the imbalanced 

expression of matriptase and HAI-1, MM cells might produce large quantity of active 

protease with prolonged life span.  We, therefore, investigated whether MM cells could 

produce active matriptase in response to hypoxic and acidic conditions.  The cells were 

grown for overnight either in low oxygen, basal media containing hypoxia-mimicking 

agent CoCl2 
116, and media with decreasing pH (Fig. 2.3).  The conditioned media were 

analyzed for matriptase amidolytic activity of cleaving a synthetic fluorescent substrate 

BOC-Gln-Ala-Arg – AMC 235.  As shown in Figure 2.3 A, MM cells under hypoxia or 

exposing to CoCl2 shed the proteolytic activity at least 10 times more than grown in 
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normoxic conditions.  Likewise, in response to an increasing acidity in basal media, 

MM cells produced the proteolytic activity in a pH-dependent manner (Fig. 2.3B).  We 

confirmed that matriptase is responsible for the cleavage of BOC- Gln-Ala-Arg-AMC by 

immunodepleting the activity using an activated matriptase mAb (Fig. 2.3A).   

 The secretion of active matriptase induced by CoCl2 was further confirmed by 

gelatin zymography (Fig. 2.3C, right panel, comparing lane 2 with lane 1), in which a 

70-kDa band with gelatinolytic activity was seen in the conditioned media collected from 

CoCl2-treated cells but not from the control.  The various matriptase species shed by 

MM cells in response to CoCl2 were further examined by immunoblot using the “total” 

matriptase mAb M24 (Fig. 2.3D).  There were four matriptase bands, including three 

complexes with their sizes at 130-, 110- and 95-kDa and matriptase monomer at 70-kDa 

(Fig. 2.3D, left panel, lane L).  The vast majority of the 70-kDa matriptase monomer is 

active matriptase and was immunodepleted by the activated matriptase mAb M69 (Fig. 

2.3D, left panel, lane UB).  The 95-kDa species is likely matriptase-HAI-1 complexes 

and was also immunodepleted by the mAb M69 (Fig. 2.3D, left panel, lane UB) 157;196.  

Both 130- and 110-kDa are likely matriptase- serpin complexes, formation of which 

destroys the epitope recognized by mAb M69 196 and they were not depleted by the 

activated matriptase mAb (Fig. 2.3D, left panel, lane UB).  The active matriptase was 

eluted from the activated matriptase mAb and detected by the total matriptase mAb (Fig. 

2.3D, left panel, lane E).  The immunoprecipitation of the active matriptase and the 

presence of the matriptase- protease inhibitor complexes were further confirmed by 

gelatin zymography (Fig. 2.3D, right panel).  The matriptase gelatinolytic activity at 

70-kDa (lane L) was depleted (lane UB) by and then eluted (lane E) from mAb M69.  
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The three activated matriptase complexes exhibited no gelatinolytic activity due to the 

actions of protease inhibitors (Fig. 2.3D, right panel, lanes L and UB).  These data 

suggest that majority of matriptase shed from MM cells in response to CoCl2-treatment is 

active matriptase, in stark contrast to breast and prostate cancer cells, in which activated 

matriptase is in complexes with HAI-1 182;183.  While MM cells appear to employ some 

serpins to control matriptase, the combination of these yet identified putative serpin 

inhibitors and HAI-1 apparently are still not enough for the prompt and complete 

inhibition of active matriptase, resulting in prolonged active matriptase.  This is in stark 

contrast to most carcinoma and epithelial cells, in which active matriptase is a short-lived 

species. 

      In addition to the prolonged life span, the rate and magnitude of active matriptase 

generated by MM cells in response to CoCl2 and acidity also provided insights into how 

matriptase-initiated pericellular proteolysis is utilized by the cancer cells under 

environmental stress.  Approximately 10-15 min after addition of CoCl2, MM cells 

began to cleave the fluorescent substrate (Fig. 2.4A).  The cleavage seemed to proceed 

in an exponential manner for around 10 min, and then followed by a linear manner, 

indicating that much of the activation might occur within a very short time period.  This 

conclusion can be clearly illustrated when the cleavage of the fluorescent substrate was 

converted into the kinetics of generation of active matriptase (Fig. 2.4B).  Prior to the 

addition of CoCl2, there was no active matriptase was produced.  With a short lag phase 

lasting about 5-10 min, MM cells began to generate active matriptase and the course 

proceeded for about 20 min and suddenly stopped.  At the peak of active matriptase 

generation, 1 million MM cells can produce roughly 50 femto mole active matriptase per 
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min.  The generation of active matriptase induced by acidity also followed similar 

kinetics but at much slower rate (Fig. 2.4C).   

Reactive oxygen species (ROSs) induced by hypoxia cause matriptase 

activation.  Generation of reactive oxygen species (ROSs) is the most prominent effects 

of hypoxia and CoCl2 treatment 236.  Three lines of evidence have been obtained to 

support the role of ROSs in matriptase activation induced by CoCl2 (Fig. 2.5).  Firstly, 

the thiol reductive agent N-acetylcysteine (NAC) is able to decrease in a dose-dependent 

manner the rate of active matriptase secretion induced by CoCl2 (Fig. 2.5 A).  Secondly, 

ebselen, a synthetic glutathione peroxidase mimetic agent 237 that can cause degradation 

of H2O2, suppressed the CoCl2-induced secretion of active matriptase (Fig. 2.5B).  

Finally, H2O2 can induce MM cells to secrete active matriptase in a dose-dependent 

manner (Fig. 2.5C).  Taken together, ROSs induced by hypoxia and CoCl2 is likely the 

mechanism responsible for matriptase activation and shedding in MM cells. 

The active matriptase produced by MM cells is able to activate pro-uPA and 

pro-HGF.  The potent trypsin-like proteolytic activity of secreted active matriptase by 

MM cells could contribute to the malignancy of MM cells in many ways.  Matriptase 

has been known to convert protease zymogens and pro-form of growth factors into their 

functional species. One of the important downstream protease substrates of matriptase is 

the urokinase-type plasminogen activator (uPA).  uPA can further initiate cascaded 

proteolytic zymogen activation from plasminogen to matrix metalloproteases.  These 

proteases can contribute to remodeling of extracellular matrix and affect the tumor 

microenvironment.  Incubation of purified active matriptase with the zymogen of 

urokinase-type plasminogen activator (pro-uPA) rapidly converts the single chain 
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pro-uPA to a two chain active enzyme whose activity was detected by cleaving a 

chromogenic substrate (Fig. 2.6A and B).  Furthermore, both active matriptase and uPA 

have been shown to be able activate growth factors and cytokines, among which 

pro-HGF is particularly relevant in the context of multiple myeloma 238-240.  We 

therefore decided to determine if the active matriptase produced by MM cells is capable 

of activating pro-HGF.  The results showed incubation of pro-HGF with active 

matriptase converted the single chain pro-HGF into its α-chain (Fig. 2.6C).   

Matriptase knockdown reduces growth and colony formation of MM cells.  

We further determine how matriptase expression affects the malignant behaviors of MM 

cells in vitro. Two matriptase knockdown clones and a non-targeting control were 

generated.  Matriptase protein levels in both knockdown clones were significantly lower 

than parental cells and the non-targeting control (Fig. 2.7A).  Matriptase deficiency 

apparently affect the growth of MM cells on culture plate, as the proliferation rates of 

both matriptase knockdown clones were much slower than that of the non-targeting 

control (Fig. 2.7B).  The impact of matriptase knockdown on the colongenic growth of 

MM cells was also assessed in a semi-solid culture in methylcellulose-based medium and 

significantly fewer colonies formed in both matriptase knockdown clones were observed 

than the non-targeting control (Fig. 2.7C).   

 

2.5  Discussion 

 

Proteases are important modulator for tumor microenvironment.  Studies from 

carcinoma suggest that the two prominent proteolysis systems involved in tumor 
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microenvironment, uPA/plasmin and MMPs are predominantly synthesized as inactive 

zymogens by stromal cells.  These secreted extracellular proteases undergo cascaded 

zymogen activation process to become enzymatically active.   These processes of 

protease zymogen activation commonly take place at pericellular environment and 

involve membrane receptor and/or membrane-bound initiator proteases.  The proteases 

at the apex of the protease cascade play pivotal roles in initiating the pericellular 

proteolysis and serve as important regulatory checkpoint.  Matriptase is such an initiator 

protease.  In the present study, we demonstrate how multiple myeloma cells deregulate 

matriptase to initiate pericellular proteolysis and the deregulated matriptase proteolysis 

appears to contribute to MM malignancy.  Matriptase is expressed in around half of the 

MM specimen, vast majority of which lack of HAI-1, the principal matriptase 

endogenous inhibitor in epithelial and carcinoma cells.  The imbalance favoring 

proteolysis is also seen in the cultured MM cells.  Although MM cells appear to express 

two serpin-type serine protease inhibitors to offset the imbalance, the limited protease 

inhibitor is evident and results in a great level of active matriptase when the protease 

zymogen is robustly converted into active enzyme.  The situation is in stark contrast to 

epithelial and carcinoma cells in which vast majority of active matriptase are rapidly 

inhibited by HAI-1 and antithrombin.                           

Matriptase is synthesized as a single chain zymogen and its full enzymatic activity 

is liberated only after being converted into a two-chain form by a cleavage at the 

canonical activation motif.  While the process of matriptase zymogen activation is 

conventional and classic, the mechanism to make the cleavage of activation is unusual 

and through autoactivation rather than by other active proteases.  The non-protease 
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factors that stimulate cells to trigger matriptase autoactivation, therefore, play crucial 

roles in the control of matriptase activity.  While extracellular stimuli, such as 

lysophospholipids for mammary epithelial cells and androgens for prostate cancer cells, 

provide somewhat cell-type selective way to induce matriptase activation, the cellular 

chemical environments, such as the acidity and redox state, might be the fundamental 

mechanism to control matriptase activation.  The acidic and hypoxic MM tumor 

microenvironment is, therefore, particularly favorable to matriptase autoactivation.  In 

conjunction with the lack of sufficient protease activation, the robust matriptase 

activation in MM cells induced by hypoxia, increased ROSs, and acidosis produces large 

quantity of active matriptase.  The generated active matriptase is rapidly shed into 

extracellular milieu, a phenomenon conserved between MM cells and 

epithelial/carcinoma cells.  In epithelial/carcinoma cells, vast majority of active 

matriptase is inhibited by HAI-1 and then shed as complexes with HAI-1.  Therefore, 

matriptase activate its substrates likely on the cell surface of epithelial/carcinoma cells 

prior to its shedding.  In contrast, matriptase is shed by MM cells as active species and 

matriptase should activate its substrates as a post-shedding event. 

The shedding of active matriptase from MM cell surface could allow matriptase to 

act on its substrates regardless their sources.  Matriptase itself has been shown to digest 

the components of extracellular matrix (ECM) 164.  Much of its function in tissue 

remodeling, however, is attributed to its activity to convert pro-uPA to active uPA that 

subsequently activates plasminogen to become a broad spectrum serine protease plasmin.  

Thereafter, plasmin can digest various components of ECM and activate other ECM 

degradation proteases-- matrix metalloproteinases (MMPs), as well as certain growth 
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factors and cytokines, like transforming growth factor β, insulin-like growth factor-1 and 

vascular endothelial growth factor (VEGF) C/D 241-243.    Pericellular plasmin 

generation usually takes place on the surface of cells which express uPA receptor (uPAR), 

concentrating and localizing pro-uPA at cell surface to initiate pericellular proteolysis 

244;245. 

Notably, uPAR expression can occur in primary MM cells and MM bone marrow 

stromal cells, such as fibroblasts, macrophages, osteoclasts, and osteoblasts 246-249.  

Stromal uPAR expression can be the cause of pericellular proteolysis in tumors, but also 

signaling through uPAR in stromal cells might contribute to the tumor-promoting 

functions of the stroma.  Besides pericellular proteolysis, the uPA-uPAR system plays an 

important role in determining whether tumor cells proliferate or become dormant.  

Several lines of evidence have indicated that uPAR with its co-receptors such as 

intergrins might be important for tumor cell proliferation and motility.  Signaling 

through uPAR-β1intergrin interactions are frequently associated with the activation of 

focal adhesion kinase-1 (FAK) through Tyr phosphorylation.  This leads to downstream 

activation of Ras and the mitogen activated protein kinase (MAPK) extracellular 

signal-related kinase (ERK) 250;251.  Src kinase family is also activated by uPAR 

signaling through β1 intergrin.  The importance of FAK and Src for downstream 

signaling is revealed by studies showing that their inhibition blocks tumor cell 

proliferation and migration induced by uPAR-β1 intergrin signaling250-253.  Signaling 

through uPAR and β1 intergrin can also involve EGFR250;251.  uPAR-β1 intergrin- 

signaling to FAK causes EGFR activation , and Erk activation induced by uPAR-β1 
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intergrin is blocked by EGFR kinase inhibitors251.  This suggests that EGFR is required 

for the ERK activated proliferation that is driven by uPAR-β1 intergrin interactions. 

Furthermore, matriptase and uPA themselves can activate HGF, a paracrine factor 

regulating cell growth, and cell motility by activating a tyrosine kinase signaling cascade 

after binding to the proto-oncogenic c-met receptor254-256.  Through receptor binding, 

HGF induces multiple signaling pathways, including Ras-MAPK, PI3K, Src and Stat3, 

which results in the coordinated regulation of the expression and/or the activation of gene 

products required for invasive growth.  Several studies have demonstrated that HGF and 

c-met play a critical role in tumorigenesis, invasiveness of tumor cells, differentiation, 

and tumor angiogenesis, and that the inhibition of HGF significantly reduces tumor 

growth and metastasis 257-262. 

In summary, membrane-associated serine matriptase might play important role in 

MM cells through a modulating the tumor microenvironment in bone marrow in a 

reciprocal manner.  The hypoxic and acidic environment in MM bone marrow 

stimulates MM cells to activate matriptase and initiating pericellular cascaded protease 

activation.  The enhanced pericellular proteolysis alters and modifies the tumor 

microenvironment through tissue remodeling and activation of growth factors.  The lack 

of sufficient endogenous protease inhibitors of matriptase prolongs the life span of active 

matriptase and significantly contributes to the dysregulation of matriptase in MM cells.  

Our study elucidates an important mechanism on how the MM cells and its bone marrow 

environment reciprocally interact with one another to benefit the growth and progression 

of MM cells. 

 

http://en.wikipedia.org/wiki/C-Met
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Figure 2.1. Immunohistochemical analyses of matriptase and HAI-1 in human 

multiple myeloma.  Tissue sections from 22 paraffin-embedded MM 

specimens were stained with the matriptase (MTP) mAb M24 (A and C) and 

HAI-1 mAb M19 (B and D).  Two representative sets of staining were 

shown.   

 

 

E. 

 

 

 

 

 

Case Group N= MTP + HAI-1 + (MTP +, HAI-1-) 
/MTP+ 

22 11/22 (50.0%) 5/22 (22.7%) 9/11(81.8%) 
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Figure 2.2. Expression analyses of matriptase and HAI-1 in cultured human 

multiple myeloma cell lines.  Cell lysates were prepared from three MM 

lines (lanes 3-5) and two breast cancer line (lanes 1 and 2).  40 μg of 

proteins were resolved by SDS-PAGE.  Matriptase and HAI-1 expression in 

two breast cancer lines— MCF-7 and T-47D, and three multiple myeloma 

lines— RPMI-8226, OPM-2 and MM1S were assessed by immunoblot using 

matriptase (left panel) and HAI-1 (right panel) mAbs.  
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Figure 2.3. Hypoxia and extracellular acidosis stimulates MM cells to shed active 

matriptase.  A. RPMI-8226 MM cells were grown under hypoxia, 

normoxia, or in the presence of CoCl2 overnight.  The conditioned media 

were collected and concentrated.  These conditioned media and 

matriptase-depleted one were analyzed for their ability to cleave the 

synthetic, fluorogenic substrate, commonly used for matriptase activity 

assays.  The rates of cleavage (R) on the fluorescent substrate were 

calculated and presented.  B. RPMI-8226 cells were grown in basal media 

with indicated pH overnight.  The conditioned media were collected and 

analyzed for matriptase amidolytic activity.  The rates (R) of cleavage of 

the subsrtae were calculated and presented.  C. RPMI-8226 cells were 

incubated with basal medium in the absence (lane 1) or presence of CoCl2 

for 30 min (lane 2).  The conditioned media were analyzed for the active 

matriptase and by gelatin zymography.  D. The conditioned medium 

collected from CoCl2-stimulated RPMI-8226 cells was subjected to 

immunoprecipitation.  The loading (L), unbound fractions (UB) and the 

eluted fractions (E) were analyzed for the matriptase species by immunoblot 

using matriptase mAb M24 and for the gelatinolytic activity of matriptase by 

gelatin zymography.   
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Figure 2.3. Continued 

C.                D. 
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Figure 2.4. CoCl2 and acidity rapidly stimulates RPMI 8226 cells to activate 

matriptase.  A. Kinetics of generation of active matriptase by RPMI- 8226 

cells (WT) and a matriptase knockdown clone (#2) were determined.  Both 

clones were preincubated with the matriptase fluorescent substrate 

BOC-Gln-Ala-Arg – AMC for 30 min followed by addition of CoCl2 as 

indicated (time 0).  The levels of fluorescent dye liberated by the 

accumulating active matriptase were recorded against time.  B. The rates of 

CoCl2 induced active matriptase generation by the accumulating active 

matriptase were also plotted against time.  C. The rates of acid-induced (pH 

6.0) active matriptase generation by the accumulating active matriptase were 

plotted against time. 
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Figure 2.4. Continued 
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Figure 2.5. CoCl2 stimulates MM cells to activate matriptase through reactive 

oxygen species (ROSs).  RPMI-8226 cells were pre-treated with increasing 

amounts of A. N-acetylcysteine, B. Ebselen for 30 min and stimulated with 

CoCl2.  The rates of cleavage of matriptase fluorescent substrate against 

time were plotted.  C. RPMI-8226 cells were stimulated with increasing 

H2O2, as indicated for 30 min and the conditioned media were analyzed for 

matriptase amidolytic activity against the fluorescent substrate. 
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Figure 2.5. Continued 
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Figure 2.6.  Activation of pro-uPA and pro-HGF by active matriptase.  Pro-uPA 

was incubated overnight with active matriptase.  The treated pro-uPA was 

analyzed by  A. assayed for the proteolytic activity using uPA 

chromogenic substrate.  and  B. SDS-PAGE under reducing and boiled 

conditions for the cleavage and formation of disulfide-linked two-chain uPA 

Only the cleaved uPA (open circle), but not pro-uPA (closed circles) and 

active matriptase (closed triangles), showed strong activity.  C. Single- 

chain pro-HGF was incubated overnight with increasing amount of active 

matriptase.  The cleavage of pro-HGF was analyzed by immunoblot with 

HGF α-chain antibody. 
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Figure 2.7.  Modulation of matriptase expression affects the growth of MM cells. A. 

Cell lysates prepared from the wild type (WT), non-targeting (NT), and two 

knockdown clones (#1 and #2) were analyzed for matriptase expression by 

immunoblot using matriptase mAb M24 (upper panel) and actin for loading 

control (lower panel).  B. The proliferation rates of RPMI-8226 clones of 

the non-targeting control (NT) and the two matriptase knockdown (#1 and 

#2) were determined by staining with trypan blue to identify live cells and 

then counting the cell number each day for 4 days.  C. 1×10 4 cells of 

RPMI-8226 clones of the non-targeting control (NT) and the two matriptase 

knockdown (#1 and #2) were grown in methylcellulose for 12 days and the 

colonies were counted.  The statistical significance was determined by 

Student t-test. *, p<0.05; ***, p<0.001. 
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Figure 2.7. Continued 
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CHAPTER 3 

 

Imbalanced matriptase pericellular proteolysis contributes to the 

malignancy of aggressive B-cell lymphomas     

 

 

3.1 Abstract 

 

Matriptase, a membrane-associated serine protease, is widely expressed by 

epithelial and carcinoma cells and its activity is tightly controlled by hepatocyte growth 

factor activator inhibitor-1 (HAI-1).  A partial reduction in the suppression of matriptase 

activity by HAI-1 converts this physiological protease into an oncogenic protease.  In 

the current study, matriptase was detected at very high levels in aggressive human B-cell 

lymphomas in the absence of balanced expression of HAI-1.  In contrast, the protease 

was not detected in several indolent B-cell lymphomas and hyperactive B-cells residing 

in lymph nodes.  In the virtual absence of HAI-1, lymphoma cells are able to produce 

and maintain levels of active matriptase which is in contrast to the situation in epithelial 

and carcinoma cells, where active matriptase is rapidly converted to enzymatically 

inactive matriptase-HAI-1 complexes.  Active matriptase is able to remodel the tumor 

microenvironment by activating urokinase-type plasminogen activator (uPA) to initiate a 

pericellular proteolysis cascade and hepatocyte growth factor (HGF).  In addition, 

reduced matriptase expression negatively affects the growth of B-cell lymphoma in 

culture and in mice tumor xenografts.  These studies suggest that dysregulated 
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pericellular proteolysis due to upregulated matriptase with concomitant limited HAI-1 

may contribute to the aggressiveness of human B-cell lymphomas.     

 

3.2  Introduction 

B-cell lymphomas are a malignant disease of B-lymphocytes that have arrested at 

a specific stage of maturation.  The transforming events responsible for the formation of 

B-cell lymphomas often begin with chromosomal translocations involving 

immunoglobulin (Ig) loci and proto-oncogenes 9;11.  As a consequence of the 

translocation, the oncogenes come under control of the active Ig loci and are 

constitutively expressed, resulting in deregulated proliferation and escape from apoptosis 

of non-selective B-cells.  The manifestation of a fully malignant phenotype, however, 

requires secondary genetic alternations in the cells than are caused by the initial 

chromosomal translocation.  Furthermore, B-cell transformation requires signals from 

the microenvironments where the cells reside, for enhanced survival and/or proliferation.  

These signals can come from direct physical contact of the B-lymphoma cells with 

surrounding stromal cells, infiltrating T-lymphocytes, and the extracellular matrix (ECM), 

and involve the engagement of B-cell receptors by antigens, and interplay between tumor 

cells and stromal cells via a number of cytokines and growth factors 263.  Pericellular 

proteolysis plays crucial roles in tumor microenvironments modulation through the 

activation of cytokines and growth factors, or through the ECM remodel to release the 

deposited growth factors and cytokines 230. 

Matriptase, a type II transmembrane serine protease (TTSP), has recently been 

recognized as an important pericellular protease which may affect tumor 
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microenvironments through initiation of a protease cascade and activation of growth 

factors 197;198.  Matriptase, and its cognate inhibitor hepatocyte growth factor activator 

inhibitor (HAI)-1, are broadly co-expressed by epithelial tissues 187;188, in which critical 

interactions between the protease and the protease inhibitor are required for the integrity 

of the epithelium, epidermal differentiation and barrier functions, and the development of 

the placenta 190;193;233.  Both matriptase and HAI-1 are commonly deregulated in human 

tumors of epithelial origin and may contribute to the development and progression of 

carcinomas 215-221;234;264;265.  Mild overexpression of matriptase in the absence of a 

parallel increase in HAI-1 expression in mouse skin upsets a tightly regulated balance 

between these proteins in favor of increased proteolysis, which results in the spontaneous 

development of squamous cell carcinomas and enhances sensitivity to chemical 

carcinogens 194.  HAI-1, a Kunitz-type serine protease inhibitor, modulates matriptase 

proteolytic activity through the formation of extremely stable complexes with active 

matriptase, thereby avoiding undesired proteolysis and the potential toxicity of active 

matriptase 157;177.  The inhibition of unregulated matriptase activation by HAI-1 appears 

to be important for the biosynthesis, intracellular trafficking, and even zymogen 

activation of matriptase 184;195.         

While most matriptase studies have focused on epithelial and carcinoma cells, in 

which HAI-1 plays a pivotal role in regulation and inhibition of matriptase, growing 

evidence has shown that altered matriptase expression or regulation may be also 

important in hematological cells and neoplasms.  Matriptase expression has been 

detected in THP-1 human monocytic cells and the protease has been shown to be 

responsible for the activation of urokinase-type plasminogen activator in this system 200.  
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Matriptase has also been reported to be expressed by, and involved in the activation of, 

peritoneal macrophages through the activation of macrophage stimulating protein 

(MSP)-1 and the RON receptor 189.  Matriptase was also detected in two Burkitt’s 

lymphoma cell lines (Daudi and ST 486) in our previous study 196.  In contrast to the 

situation in epithelial/carcinoma cells, these hematological cells express no or very low 

levels of HAI-1.  Regulation and even function of matriptase in hematological cells and 

tumors may, therefore, be quite different from that in epithelial and carcinoma cells. 

In the current study, we set out to investigate the role and regulation of matriptase 

in human lymphomas.  Our data show that matriptase is expressed without or with 

limited expression of HAI-1 in a variety of cultured non-Hodgkin’s B-cell lymphoma 

lines.  The imbalanced proteolysis is also observed in vivo in human B-cell lymphomas, 

and correlated with B-cell lymphoma aggressiveness.  More importantly, we show that 

matriptase activation can be induced by exposing the cancer cells to a mildly acidic pH or 

CoCl2, a hypoxia mimicking agent.  The lack of sufficient HAI-1 in B-cell lymphoma 

cells appears to result in prolonged life span of active matriptase when compared to , 

resulting in the secretion of free, active matriptase which is able to initiate a pericellular 

protease cascade and activate growth factors.  These data suggest that deregulated 

pericellular proteolysis due to an imbalanced expression between matriptase and HAI-1 

could contribute to B-cell malignancy by initiating extracellular protease cascade and 

activating growth factors.  Furthermore, matriptase appears to contribute to the 

malignant behavior of B-cell lymphoma.  When the protease expression is reduced, the 

growth both in culture and as tumor xenograft in mice and the ability to form colony of 

the cancer cells subcutaneously decrease.  Our study suggests that deregulated cell 
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surface proteolysis might confer B-cell lymphoma malignant potential through initiating 

pericellular proteolysis and activation of growth factors. 

 

3.3 Materials and Methods 

 

Chemicals and reagents  

Gelatin, cobalt chloride (CoCl2), 2-mercaptolethenaol (2-ME), N-acetylcysteine 

(NAC), and iodonitrotetrazolium were purchased from Sigma-Aldrich (St. Louis, MO); 

ebselen and the synthetic fluorescent peptide N-tert- butoxycarbonyl (N-t-Boc)- Gln- Ala- 

Arg-7- Amido-4- methylcoumarin (AMC) were obtained from Enzo Life Sciences 

(Farmingdale, NY); the chromogenic substrate Pyro-Glu-Gly-Arg-p-nitroaniline 

hydrochloride (p-NA) for urokinase was from Aniara (Hyphen BioMed, West Chester, 

OH); human pro-urokinase plasminogen activator was purchased from American 

Diagnostica Inc (Stamford, CT). Silver stain plus was obtained from Bio-Rad (Hercules, 

CA). 

 

Cell lines and shRNA knockdown 

      Hematological and breast cancer cell lines were obtained from the Tissue Culture 

Shared Resource in the Lombardi Comprehensive Cancer Center, Georgetown University 

Medical Center.  The hematological cell lines were cultured in RPMI-1640 medium 

supplemented with 10% fetal bovine serum, 100U/ml penicillin, and 100μg/ml 

streptomycin.  The human breast carcinoma cell lines T-47D and MCF-7 were 

maintained in Dulbecco’s modified Eagle’s medium supplemented with 10 % fetal bovine 
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serum.  All cells were maintained at 37 °C in a humidified atmosphere with 5% CO2.  

The human Burkitt’s lymphoma cell line Raji was used to establish stable matriptase 

knockdown pools.  Raji cells were transduced with lentiviral vectors expressing either a 

non-targeting control shRNA sequence (NT) or shRNAs targeting the human matriptase 

gene (MTP) (Open biosystems, Lafayette, CO).  The shRNA targeting sequences were 

as follows:  

NT, ’-CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTG

TTGTTTTT-3’; MTP #1, 5’-CCGGCGTGTCCAGAAGGTCTTCAATCTCGAG- 

ATTGAAGACCTTC TGGACACGTTTTTG-3’; MTP #2, 5’-CCGGCAATGACTT- 

CACCTTCGACTACTCGAGTAGTCGAAGGTGAA GTCATTGTTTTTG-3’.  

Transduced cells were selected with 1 μg/ml puromycin and stable pools of resistant cells 

were established.  Knockdown of matriptase expression was confirmed by Western blot 

analysis. 

 

Immunohistochemistry (IHC) 

Human non-neoplastic lymph node and lymphoma tissue specimens were 

prepared by the University of Maryland Greenebaum Cancer Center (UMGCC) 

Pathology Biorepository and Research Core.  IHC was performed as described in 

Chapter 2 using the matriptase specific antibodies M32 or M24 at the concentration 10 

μg/mL.  HAI-1 was detected by monoclonal antibodies M19 at 5μg/mL. All sections 

were also stained with a negative control mouse IgG1 at a concentration of 10 μg/mL. 
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Western Blotting 

Western blotting was performed as described in Chapter 2. Matriptase was 

recognized using either M24 mAb, recognizing both latent and activated forms of the 

enzyme, or the M69 mAb that recognizes only the activated form.  HAI-1 was detected 

using the monoclonal antibody M19, and β-actin was detected using theβ-actin specific 

monoclonal antibody from Sigma-Aldrich (St. Louis, MO). 

 

Production and Purification of active matriptase 

Free active matriptase was generated and purified as described in our previous 

publication 235.  Briefly, Raji cells were washed with PBS and then incubated in 150 

mM phosphate buffer, pH 6.0 for 20 min.  The active matriptase shed into phosphate 

buffer was then collected and concentrated.  The sample was then adjusted to around pH 

8.0 and loaded onto a p-aminobenzamidine protease inhibitor column.  After washing, 

the active matriptase was eluted by eluted with 0.1 M citric acid-sodium citrate buffer, pH 

4.0 with 0.5 M sodium chloride. The eluents were immediately neutralized with 2M 

trizma base to pH 7.5.              

 

Cleavage of protein substrates 

      The cleavage of protein substrates was performed as described in Chapter 2. 

 

Matriptase activity assay 

      The matriptase activity assay was performed as described in Chapter 2. 
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Urokinase activity assay  

      The U937 cells were washed to remove any uPA already present on the cell 

surface, as described previously, with minor modifications 200; 266.  Briefly, the cells 

were washed twice in RPMI-1640 supplemented with 25 mM HEPES, pH 7.4. and then 

treated with 50 mM glycine-hydrochloride buffer pH 3.0, containing 0.1 M sodium 

chloride for 5 min, followed by neutralization with 0.5M HEPES buffer pH 7.5, 

containing 0.1M sodium chloride.  The cells were then washed once with RPMI-1640 

supplemented with 25 mM HEPES, pH 7.4, and resuspended at a density of 1 × 107 cells 

/mL.  The cells were incubated with 1.4 nM pro-uPA for 20 minutes at 37°C, after which 

the unbound pro-uPA was washed away with RPMI-1640 supplemented with 25 mM 

HEPES, pH 7.4.  Cells were incubated at a final density of 1 × 106 cells/mL in 0.05 M 

Tris-HCl (pH 7.4), 0.1 M NaCl, 0.01% Tween-80 in the presence of the chromogenic 

substrate Pyro-Glu-Gly-Arg-p-NA and active matriptase at 37°C.  The activity of the 

urokinase-type plasminogen activator (uPA) was measured by its amidolytic activity 

against the chromogenic substrate, and the rate at which p-NA was released was 

measured photometrically at 405nm on a DTX 880 multimode detector (Beckman 

Coulter, Fullerton, CA). 

 

Cell growth assay 

      Cell growth on tissue culture plastic was performed as described in Chapter 2. 

Colony formation in methylcellulose is lightly modified at the cell concentration (5×103 

cells/0.5mL) and the culture period (10 days).  
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Xenograft Tumors 

      Animal experiments were conducted under a protocol approved by the 

Georgetown University Animal Care and Use Committee (GUACUC).  Prior to 

injection into animals, all of B-cell lymphoma Raji cell lines were tested and confirmed 

to be negative for Mycoplasma using a mycoplasma detection kit (Lonza).  Female 

8-week-old severe combined immunodeficient (SCID) mice (Taconic Farms, inc) were 

injected subcutaneously with 107/0.1mL of control (NT) or matriptase knockdown (#1 

and #2) cells.  Tumor volume was determined by measuring the length, width, and 

height of tumors and calculating their product.  The mice were euthanized as a cohort at 

24 days after tumor inoculation, and the tumors were removed and weighed. 

Statistical analysis 

The data were analyzed using Student’s t-test for two samples assuming equal 

variances.  The results with p < 0.05 were considered significant. 

 

3.4  Results 

 

      Human hematologic malignancies express matriptase in the absence of 

significant HAI-1expression.  Matriptase and HAI-1, a cognate pair of a 

membrane-associated serine protease and Kunitz-type serine protease inhibitor, are 

predominantly expressed in epithelial tissues and cancers derived from these tissues, and 

much of research has focused on these proteins in this context.  In order to understand 

the pathophysiological role of matriptase and HAI-1in the context of human 

hematological cells and their cancers, we first set out to study the protein expression of 
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matriptase and HAI-1 by Western blotting in a panel of 21 lymphoma and leukemia cell 

lines (Figure 3.1 and Table 3.1).  The T47-D breast cancer cell line was used as a 

positive control for Western blotting and as a representative control for the ratio of 

matriptase to HAI-1 typically seen in epithelial cells (Fig. 3.1, lanes 1).  

HAI-1:matriptase protein molar ratio in this breast cancer cells was determined to be 

around 10 171.  Previous data have demonstrated the almost complete concordance of 

expression of both matriptase and HAI-1 in a variety of human epithelial and carcinoma 

cell lines 186;189, and so we were surprised to find that expression of matriptase and HAI-1 

was almost mutually exclusive in the 21 hematopoietic cell lines tested (Table 3.1).  

Matriptase was found to be expressed at high levels in four Burkitt’s lymphoma lines: 

Daudi, Namalwa, Ramos, and ST486 (Fig. 3.1A, upper panel), all three diffuse large 

B-cell lymphoma (DLBCL) lines: SD-DHL-4, SU-DHL-6, and OCI-LY-3 (Fig. 1A, upper 

panel), one (SUP-T1) out of six T-cell leukemia (Fig. 1B, upper panel), and one (THP-1) 

out of two monocytic lines (Fig. 1B, upper panel).  Low levels of matriptase were 

detected in Farage, an EBV-transformed B cell lymphoma line (Fig. 3.1A, upper panel).  

In contrast, the highest expression of HAI-1 was found in acute lymphoblastic leukemia 

derived REH cells (Fig. 3.1B, lower panel); high expression of HAI-1 was also found in 

the T-cell leukemia line CCRF-HSB-2 (Fig. 3.1B, lower panel) and the T-cell lymphoma 

line HuT-78 (Fig 3.1A, lower panel); moderate expression of HAI-1 was found in Jurkat 

T-cell leukemia line (Fig. 3.1B, lower panel).  Interestingly, all of these four HAI-1 

expressing cells lines do not express matriptase.  Very low levels of HAI-1 were 

detected in nine cell lines (HL-60, CCRF-CEM, CCRF-SB, RS4;11, THP-1, Hs 445, 

SU-DHL-4, SU-DHL-6, and OCI-LY-3).  Among these lines, the monocytic line THP-1 
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and three DLBCL lines (SU-DHL-4, SU-DHL-6, and OCI-LY-3) express matriptase; the 

ratio of HAI-1 to matriptase is much lower than typically seen in breast cancer cells.  No 

correlation between EBV positivity and expression of matriptase or HAI-1 was seen 

(Table. 3.1).  These expression screening data suggest that some B-cell lymphoma lines, 

including Burkitt’s lymphomas and DLBCLs overexpress matriptase without concomitant 

balanced expression of HAI-1.   

Matriptase expression is detected in a variety of aggressive B-cell lymphomas, 

but not in reactive B cells.  In order to determine in vivo protein expression of 

matriptase and HAI-1 in human lymphomas and non-malignant lymphoid tissue, 

formalin-fixed, paraffin-embedded human tissue specimens of the diseases were 

examined by immunohistochemistry.  Our previous in vitro experiment suggested that 

matriptase is expressed mainly by non-Hodgkin’s B-cell lymphomas and so we focused 

our in vivo studies on this sub-group of B-cell lymphoma.  Neither matriptase nor HAI-1 

was detected in reactive lymphoid hyperplasia (Fig. 3.2).  For B-cell lymphoma, we 

began with follicular lymphoma, the most common form of the indolent non-Hodgkin’s 

lymphomas.  Figure 3.3 shows the representative staining of matriptase and HAI-1 in 

follicular lymphomas; both matriptase and HAI-1 proteins were clearly detected on the 

cell surface of the cancer cells.  Although matriptase was detected in 11 out of the 23 

(47.8%) follicular lymphomas examined, only three cases were strong positive (13%).   

HAI-1 was detected in around 60% of these specimens (14 out of 23) and eight cases 

were strong positive (35%).  Among the 11 matriptase positive cases, only four were 

HAI-1 negative (36%), suggesting that high expression correlation between matriptase 

and HAI-1 in follicular lymphoma.     
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      Diffuse large B-cell lymphoma (DLBCL) is the most commonly diagnosed 

lymphoma and is comprised of many tumor subtypes which may be quite different in 

their origins and genetic traits.  Figure 3.4 shows the representative staining of 

matriptase and HAI-1 in DLBCL.  Similar to follicular lymphoma, slightly less than half 

of the 27 DLBCL cases examined express matriptase (44%) and few of them are 

matriptase strong positive (14.8%).  Around 70% (19/27) these DLBCLs express HAI-1 

and 37% of them are HAI-1 strong positive.  Concomitant expression of matriptase and 

HAI-1 in DLBCLs appears to be high as only a quarter of matriptase-positive cases were 

HAI-1 negative.   

      Burkitt’s lymphoma is a highly aggressive type of B-cell malignancy and is linked 

to Epstein-Barr virus (EBV) infection.  Figure 3.5 shows the representative staining of 

matriptase and HAI-1 in the Burkitt’s lymphoma examined.  Slightly higher than half of 

the Burkitt’s lymphoma examined (7/13) is matriptase positive and five are strong 

positive (38%).  HAI-1 was detected in five out of the 13 cases (38%).  Interestingly, 

among the seven matriptase-positive cases, six cases are HAI-1 negative (86%).  These 

data suggest that Burkitt’s lymphoma has a tendency to express higher levels of 

matriptase without concomitant expression of HAI-1 compared to follicular lymphoma 

and DLBCL.  

      In summary, our in vivo expression analysis demonstrates that around half of 

non-Hodgkin’s B-cell lymphomas express matriptase (30 out of 63) and HAI-1 (38 out of 

63) (Table 3.2).  While those follicular lymphomas and DLBCLs that express matriptase 

have a high tendency to express HAI-1, Burkitt’s lymphomas tend to express matriptase 

in the absence of HAI-1.  The in vivo analyses concerning matriptase and HAI-1 
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expression profile appear to be congruent with that in the established cells, while the 

level of HAI-1 in the three DLBCL lines are very low (Fig.1).  

      Expression of matriptase in the absence of HAI-1 by lymphoma cells allows 

the shedding of free active matriptase.  As noted above, in epithelial cells, HAI-1 

plays a critical role in multiple aspects of matriptase synthesis, trafficking and activation, 

and the lack of significant HAI-1expression in some lymphomas suggests that these 

tumor cells may regulate matriptase in a profoundly different way than that employed by 

epithelial and carcinoma cells.  It is possible that lymphoma cells express other protease 

inhibitors that substitute for the HAI-1 function, or that the matriptase produced by these 

cells is, for some reason not catalytically active, since we have previously shown in 

epithelial cells that inactive matriptase does not depend on HAI-1 for trafficking 195.  

Alternatively, lymphoma cells may be capable of producing active matriptase with 

prolonged life span.  To test this hypothesis, we induced matriptase activation by 

transiently exposing Raji Burkittes’s lymphoma line to a phosphate buffer pH 6.0 for 20 

min, a method that has been commonly used to stimulate epithelial and carcinoma cells to 

robustly activate matriptase 178;267.  The shed protein from the conditioned buffer was 

collected and analyzed for the presence of active matriptase by three different assays.  

By immunoblot analyses using a matriptase mAb, much more matriptase was shed from 

the cells exposing to the mildly acidic buffer compared to those cells exposed to basal 

medium (Fig. 3.6A, left panel).  When an activated matriptase-specific mAb was used, 

significant amounts of active matriptase was detected in the shed fractions but not in the 

control (Fig. 3.6A right panel).  The presence of active matriptase in the shed fraction 

was also demonstrated by its proteolytic activity assessed by gelatin zymography (Fig. 
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3.6B) and its amidolytic activity against a synthetic, fluorescent substrate commonly used 

for matriptase (Fig. 3.6C).   The presence of active matriptase was also further 

confirmed by immunopreciptation using the activated matriptase mAb.  In figure 3.6B, 

the strong gelatinocytic activity with the corresponding size of active matriptase (lane L) 

was immunodepleted (lane UB) and then recovered from the mAb (lane E).  In figure 

6C, strong amidolytic activity was detected in the shed fraction (Loading).  The 

proteolytic activity was almost completely depleted by activated matriptase mAb 

(Unbound Fraction) and this amindolytic activity was eluted and recovered from the mAb 

(Elute Fraction).  These data demonstrate that the lack of sufficient endogenous protease 

inhibitor results in active matriptase with prolonged life span and shed into extracellular 

milieu.            

In addition to acidity, matriptase activation can be also induced by hypoxia and 

cobalt chloride (CoCl2), a hypoxia mimicking agent (unpublished data).  We also 

examined whether the Burkitt’s lymphoma cells secret active matriptase in response to 

cobalt chloride (CoCl2).  When grown in basal medium alone the cells secret matriptase 

in its zymogen form, which was not detected by the activated matriptase mAb (Fig. 3.7A, 

comparing lanes 1).  Grown in basal medium containing CoCl2 overnight, zymogen 

activation of matriptase obviously took place, resulting in shedding of more “total” 

matriptase (Fig. 3.7A, left panel, lane 2) and active matriptase (Fig. 3.7A, middle panel, 

lane 2).  The presence of active matriptase was confirmed by its gelatinolytic and 

amidolytic activities in conjunction with its immunoreactivity with the activated 

matriptase mAb.  A 70-kDa gelatinolytic activity was clearly seen by gelatin 

zymography and was immunodepleted by the activated matriptase mAb and then 
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recovered from the mAb (Fig. 3.7A, right panel). Likewise, the strong amidolytic activity 

in the conditioned medium was immunodepleted by the activated matriptase mAb and 

then recovered from the mAb (Fig. 3.7B).  

      The CoCl2-induced production of active matriptase can be suppressed in a 

dose-dependent manner by thiol reductive agent N-acetylcysteine (NAC) (Fig. 3.7C) as 

well as ebselen, a synthetic glutathione peroxidase mimetic agent that causes degradation 

of H2O2 (Fig. 3.7D).  These data suggest that reactive oxygen species (ROS) is likely 

involved in the CoCl2-induced secretion of active matriptase. 

Matriptase activates urokinase-type plasminogen activator on the cell surface 

of monocytes.  The expression of matriptase with limited or without HAI-1in B-cell 

lymphoma results in the production of active matriptase which could contribute to the 

malignancy of lymphoma cells through the activation of other proteases.  Among the 

protease substrates of matriptase, uPA has received the most attention 197;198;200.  In 

solution, pro-uPA, however, appears not a good substrate of matriptase.  While active 

matriptase is able to convert single-chain pro-uPA to two chain active uPA, it took 8 

hours for 1 nM active matriptase to do so (Fig. 3.8A).  The generation of active uPA 

assessed by the cleavage of the uPA chromogenic substrate Pyro-Glu-Gly-Arg-p-NA was 

also slow (Fig. 3.8B).  In contrast, when pro-uPA was bound to its membrane receptor 

uPAR, active matriptase becomes much efficient to activate the plasminogen activator 

(Fig. 3.8C).  When both active matriptase and pro-uPA were incubated with human 

monocytic U937 cells which can retain pro-uPA via the uPA receptor (uPAR), the 

generation of active uPA by matriptase was very robust: with 0.2 nM active matriptase 

uPA activity in the context of U937 cells was around 5 times as much as in solution at the 
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end of the assay (around 80 min).   

Active matriptase activates hepatocyte growth factor (HGF).  Both active 

matriptase and uPA have been shown to be able activate growth factors and cytokines, 

among which pro-HGF is particularly relevant in the context of DLBCL239.  Incubation 

of pro-HGF with different concentrations of active matriptase for 30 min rapidly 

converted the single chain pro-HGF into its two-chain form in a dose-dependent manner, 

as assessed by the appearance of the HGF α-chain at cost of pro-HGF using immunoblot 

(Fig. 3.9). 

      Suppression of matriptase expression blunts the clongenicity and 

proliferation of B-cell lymphoma.  In order to determine how matriptase contributes to 

the malignancy of B-cell lymphomas, expression of matriptase in Raji Burkitt’s 

lympnoma cells was reduced by matriptase shRNAs.  Two stable clones were obtained: 

clone 1 with more than 52 % reduction and clone 2 with more than 88 % reduction in 

matriptase expression at protein levels, when compared with that of the non-target control 

(NT) and the parental cells (WT) (Fig. 3.10A).  The reduced expression of matriptase 

affects the proliferation of the cells, as both matriptase knockdown clones grew more 

slowly than the non-target control by 27% for clone 1 and 40% for clone 2 on day 4 (Fig. 

3.10B).  The ability to form colony of Raji cells was reduced by more than 80% in the 

clone 2, but only negligibly in clone 1 (Fig. 3.10C).  This difference could be attributed 

to the moderate levels of matriptase in clone 1.  Accordingly, the differential growth of 

both clones as tumor xenografts in mice seems also to correlate with their residual 

matriptase levels.  The sizes and weights of tumors of the clone 2 were significantly 

smaller than the clone 1 and the non-target control (Fig. 3.10 D and E).     
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3.5  Discussion 

 

Pericellular proteolysis plays an important role in the generation of biologically 

active molecules which are involved in a broad range of cellular processes, including the 

degradation of extracellular matrix, cell growth, differentiation, adhesion, migration, and 

programmed cell death 230, all of which have been considered to be important for tumor 

development, progression, and angiogenesis.  While the role played by pericellular 

proteolysis in tumor progression has been characterized primarily in carcinomas – i.e., 

epithelial cancers – the present work indicates that pericellular proteolysis may also be 

important in tumor progression in B-cell lymphomas 268-270.  Characterization of 

pericellular proteolysis in B-cell lymphoma has, thus far, largely been focused mainly on 

matrix metalloproteases (MMPs).  In B-cell lymphoma, however, the normal regulation 

of matriptase appears to be deranged in ways which are very different from what we have 

observed in carcinomas.  First of all, the association of matriptase expression with tumor 

progression is much clearer in the context of B-cell lymphomas than it is in carcinomas.  

Matriptase does not appear to be expressed in reactive B-cells whereas high levels of 

matriptase are seen in aggressive B-cells lymphomas.  Furthermore, HAI-1 does not 

appear to play nearly as important a role in matriptase biology in B-cell lymphomas, as it 

does in carcinomas; either in facilitating the expression and activation of the protease or 

as an inhibitor of matriptase activity.  While an altered ratio of matriptase relative to 

HAI-1 occurs in, and may contribute to, the development and progression of human 

carcinomas 219-221, carcinoma cells nevertheless consistently express HAI-1 at much 

higher levels than matriptase with the exception of some advanced ovarian cancers 220.    
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This overwhelming excess of HAI-1 results in the extremely short existence of free, 

active matriptase, even in cancer cells 182-184.  In contrast, lymphoma cells express very 

low or undetectable levels of HAI-1, and as a result, free, active matriptase is consistently 

detected in extracellular milieu of lymphoma cells.  The presence of this potent active 

protease in the tumor microenvironment of B-cell lymphomas raises the distinct 

possibility that the enzyme impacts tumor biology by initiating proteolytic cascades, 

mediating extracellular matrix (ECM) remodeling, and activating and releasing of growth 

factors and cytokines, such as HGF, from the ECM. 

Among the potential downstream events resulting from the presence of active 

matriptase, the activation of pro-uPA and pro-HGF could have profound impact on the 

development and progression of B-cell lymphomas.  HGF, through engagement with its 

membrane receptor c-MET, elicits multiple biological responses, including mitogenesis, 

scattering of epithelial cells, motility, growth, morphogenesis, and angiogenesis 271;272.  

In addition to its role in epithelial, carcinoma and endothelial biology, the HGF-c-MET 

signaling pathway is also important for the development and progression of B-cell 

neoplasm, particularly the multiple myelomas (MM) and DLBCLs 238-240.  In the context 

of human B-cell lymphomas, HGF is mainly produced by macrophages in the stroma.  

One third of DLBCLs express c-MET.  In addition, HGF promotes adhesion of 

lymphoma cells to extracellular matrix molecules through activation of integrins, an 

important step for the invasion and dissemination of lymphoma cells 273.  HGF, therefore, 

may induce growth, survival, invasion and metastasis in some B-cell lymphomas through 

a paracrine mechanism.  HGF is secreted as a single-chain, inactive precursor; and is 

mainly deposited in the extracellular matrix or on nearby cell surfaces 274.  Activation of 
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the HGF precursor to form the active heterodimeric peptide occurs in the extracellular 

milieu, in contrast to many other growth factors that are activated by intracellular 

proteolysis by pro-protein convertases 275.  The extracellular activation of HGF is the 

principle switch regulating HGF activity, and activation of HGF may, therefore, occur in 

the close vicinity of its target cells.  Processing of pro-HGF, by cleavage at Arg-495 to 

generate a mature heterodimer, is necessary for HGF to become competent to activate the 

c-MET receptor and induce biological responses in target cells 276;277.  Several unrelated 

serine proteases have been reported to be involved in the activation of HGF/SF, including 

the blood coagulation factor XIIa, HGF activator (HGFA), urokinase, tPA, and matriptase 

278-280.  Although HGFA was reported to be the most potent activator and expressed by 

DLBCL and MM in vitro and in vivo, HGFA must first be activated itself by another 

protease in order to activate HGF, and so apparently depends on the presence of another 

protease such as thrombin, at least in the in vitro setting 238;239.  Among the serine 

protease activators of pro-HGF, matriptase is unique in that 1) its potency is similar to 

that of HGFA 281; 2) it is co-expressed and co-localized with the c-MET receptor at the 

basolateral plasma membrane in the target epithelial and carcinoma cells 164; and 3) its 

ability to autoactivate means that active matriptase can be generated without dependence 

on other proteases 175.  

Urokinase plasminogen activator (uPA) is the most important activator of 

plasminogen, a potent serine protease involved in ECM degradation and activation of a 

variety of proteases, including some matrix-metalloproteases.  Pro-uPA is synthesized 

and secreted as a single-chain zymogen, and must be converted to its active, two-chain 

form by a proteolytic cut at K158-159 282.  Through interaction with its membrane 
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receptor uPAR, pro-uPA can be sequestered on the plasma membrane. Trace amounts of 

plasmin activate the membrane associated pro-uPA which in turn generates more plasmin 

initiating a series of reciprocal zymogen activations for the proteases, a mechanism which 

typically features with a “lag” phase followed by a burst of protease activation 283-285.  In 

the presence of matriptase, however, uPA activation becomes constitutive, suggesting a 

plasmin-independent mechanism for the activation 200.   While uPA has received much 

less attention in lymphomas, due to the lack of uPAR expression by lymphoma cells 285, 

expression of free active matriptase by B-cell lymphoma may provide a novel alternative 

mechanism to engage the potent prometastatic activity of the uPA/plasminogen system in 

this disease.     

It is somewhat unexpected that matriptase can be expressed at the high levels 

observed in lymphoma cells in the absence of HAI-1 (Fig. 3.1).  When matriptase was 

exogenously expressed in BT549 breast cancer cells which do not naturally express 

HAI-1, the protease was only translated at very low levels and accumulated in the 

Golgi/ER region, which appeared to cause general toxicity to the cells, most likely the 

result of its proteolytic activity 175;195.  It was only when HAI-1 or mutants of HAI-1 that 

contained a functional Kunitz domain 1 were co-expressed that matriptase could traffic 

out of Golgi/ER and be expressed properly.  In hematological cells and their malignant 

counterparts, matriptase can apparently be expressed at very high levels, even in the 

absence of HAI-1.  This raises the interesting question as to how the hematological cells 

avoid matriptase-induced toxicity during the translation, maturation and intracellular 

trafficking of the protein.  An appealing mechanism is that hematological cells express 

other serine protease inhibitors with a functional replacement of HAI-1.  This 
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hypothesis is supported by the appearance of a matriptase-complex along with the 

CoCl2-induced matriptase activation (Fig. 3.7A).  Since this matriptase complex was not 

detected by the activated matriptase mAb, the complex might be a one with serpin 

inhibitor as seen in our previous study.   

In summary, matriptase, an important epithelial/carcinoma membrane-associated 

serine protease, is expressed in the absence of significant levels of its cognate inhibitor 

HAI-1 in some B-cell lymphomas.  The lack of HAI-1-mediated inhibition in these cells 

results in prolonged availability of active matriptase which subsequently may initiate a 

proteolytic cascade by activating other proteases, such as uPA.  The deregulated 

pericellular proteolysis may further affect the cellular microenvironment and enhance the 

progression of B-cell lymphomas by activating and liberating growth factors and 

remodeling of ECM.            
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Figure 3.1. Expression analyses of matriptase and HAI-1 in human lymphoma cells.  

Cell lysates were prepared from 21 hematological cancer cells and T-47D 

breast cancer cells.  Equal amount proteins were resolved by SDS-PAGE.  

Matriptase and HAI-1 were assessed by immunoblot analyses using the 

matriptase mAb M24 and HAI-1 mAb M19, as indicated.  BL: Burkitt’s 

lymphoma; DLBCL: diffuse large B-cell lymphoma. 
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Figure 3.2. Expression analyses of matriptase (MTP) and HAI-1 in human 

lymphoblastic hyperplasia.  Tissue sections from three paraffin-embedded 

lymphoid hyperplasia were stained with the matriptase mAb M24 (left) and 

HAI-1 mAb M19 (right).   

 

 

 

 

 Case 
Group N= 

MTP 
positive 

HAI-1 
positive 

(MTP+, HAI-1-) 
/MTP+ 

Lymphoblastic 
Hyperplasia 3 0/3 (0%) 0/3 (0%) 0/0 (0%) 
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Figure 3.3. Expression analyses of matriptase and HAI-1 in human follicular 

lymphomas.  Tissue sections from 23 paraffin-embedded lymphoid 

follicular lymphomas were stained with the matriptase mAb M24 (left) and 

HAI-1 mAb M19 (right). 

 

 Case Group 
N= MTP positive HAI-1 positive (MTP+, HAI-1-) 

/MTP+ 
Follicular 
Lymphoma 23 11/23 (47.8%) 14/23 (60.9%) 4/11 (36.4%) 
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Figure 3.4. Expression analyses of matriptase and HAI-1 in human DLBCL. Tissue 

sections of 27 paraffin-embedded DLBCL, were stained with the matriptase 

mAb M24 (left) and HAI-1 mAb M19 (right). 

 

 

 Case 
Group 

N= 

MTP positive HAI-1 positive (MTP+, HAI-1-) 
/MTP+ 

Diffuse Large 
B-Cell Lymphoma 

27 12/27 (44.4%) 19/27 (70.4%) 3/12 (25.0%) 
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Figure 3.5. Expression analyses of matriptase and HAI-1 in human Burkitt’s 

lymphomas. Tissue sections of 13 paraffin-embedded Burkitt’s lymphomas 

were stained with the matriptase mAb M24 (left) and HAI-1 mAb M19 

(right). 

 

 

 
Case 

Group 
N= 

MTP positive HAI-1 positive (MTP+, HAI-1-) 
/MTP+ 

Burkitt’s 
Lymphoma 13 7/13 (53.8%) 5/13 (38.5% 6/7(85.7%) 
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Figure 3.6. Lymphoma cells produce free, active matriptase in response to acidic 

milieu.  A. Raji Burkitt’s lymphoma cells were exposed to basal medium 

(lanes B) or phosphate buffer, pH 6.0 (lane PB) for 20 min.  The shed 

proteins were analyzed by immunoblot for total matriptase using mAb M24 

(MTP) and for activated matriptase using mAb M69 (Activated MTP).  B. 

The shed proteins (lane L) collected from the cells treated by phosphate 

buffer were immunopreciptated by mAb M69.  The shed (lane L), unbound 

(lane UB) and eluetd proetins (lane E) were analyzed for matriptase 

gelatinolytic activity by gelatin zymography (left panel) and amidolytic 

activity against a synthetic fluorescent substrate (right panel).   
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Figure 3.7. CoCl2 stimulate lymphoma cells to produce active matriptase thtrough 

reactive oxygen species.  A. Raji Burkitt’s lymphoma cells were exposed 

to basal medium (lanes 1) or basal medium containg CoCl2 overnight.  The 

shed proteins were analyzed by immunoblot for total matriptase using mAb 

M24 (MTP) and for activated matriptase using mAb M69 (Activated MTP).  

B. The shed proteins (lane L) collected from the cells treated by CoCl2 were 

immunopreciptated by mAb M69.  The shed (lane L), unbound (lane UB) 

and eluetd proetins (lane E) were analyzed for matriptase gelatinolytic 

activity by gelatin zymography (left panel) and amidolytic activity against a 

synthetic fluorescent substrate (right panel). C and D. Raji cells were 

pre-treated with increasing, N-acetylcysteine (NAC) (C), and ebslene (D) for 

30 min and stimulated with CoCl2 overnight.  The conditioned media were 

collected and analyzed for the rates of cleavage of matriptase fluorescent 

substrate.   
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Figure 3.7. Continued 

C. 
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Figure 3.8.  Activation of pro-uPA by matriptase.  A. Pro-uPA was incubated with 

increasing amounts of purified active matriptase (0 through 2 nM), as 

indicated, at 37oC for 8 hrs.  The activation was analyzed by SDS-PAGE 

and the protein bands were visualized by silver stain.  B. and C.  Pro-uPA 

and its chromogenic substrate were incubated with increasing amounts of 

active matriptase (0 through 0.2 nM) in solution (panel B.) or with U937 

human monocytic cells (panel C.) at 37oC.  The generation of active uPA 

was monitored over the course of 80 min by the liberation of the chromogen 

from the substrate under 405 nm. 
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Figure 3.8. Continued 

C. 
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Figure 3.9.  Activation of pro-HGF by matriptase.  Pro-HGF was incubated with 

increasing amounts of purified active matriptase, as indicated, at 37oC for 30 

min.  The activation was analyzed by immunoblot for HGF cleavage using 

an antibody directed against the beta subunit of HGF.   
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Figure 3.10. Modulation of matriptase expression affects growth and colony 

formation of lymphoma cells.  A. Cell lysates prepared from the wild 

type (WT), non-target (NT), and two knockdown clones (#1 and #2) were 

analyzed for matriptase by immunoblot using matriptase mAb M24 (upper 

panel) and actin for loading control (lower panel).  B. The proliferation 

rates of Raji clones, including the non-targeting control (NT) and the two 

matriptase knockdown (#1 and #2) were determined by trypan blue staining 

and counting the cell number each day.  C. 5×103 cells of Raji clones of the 

non-target control (NT) and the two matriptase knockdown (#1 and #2) were 

grown in 1.2% methylcellulose for 10 days and the colonies were counted.  

The assays of B. and C. were repeated and confirmed under triplicates.  D 

and E. The three Raji clones (107 cells/0.5 mL) were injected into SCID 

mice subcutaneously.  The sizes of tumor were measured at indicated dates 

and the weights of tumors were obtained when the mice were sacrificed.  

The statistical significance was determined by Student t-test. *, p<0.05; ***, 

p<0.001. 
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Figure 3.10. Continued 
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Figure 3.10. Continued 
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Table 3.1. Expression of matriptase and HAI-1 in hematopoietic cell lines. 

Abbreviations: AML, acute myelocytic leukemia; ALL, acute lymphocytic 

leukemia; BL, Burkitt’s lymphoma; DLBL, diffuse large B-cell lymphoma, 

EBV, Epstein-Barr virus; HL, Hodgkin’s lymphoma; LL, Lymphoblastic 

Leukemia; MM, multiple myeloma; NA, data not available; SMRV, squirrel 

monkey retrovirus. Matriptase an HAI-1 expression level: - and -/+, 

non-expression; ++, positive expression; +++ and ++++, strong positive 

expression 
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Cell line Cell Type Disease/Source Viruses* Matriptase HAI-1 
HL-60 Promyeloblast AML - - +/- 
Reh Lymphoblast ALL - - +++ 
Jurkat T-Lymphoblast ALL - - + 
SUP-T1 T-Lymphoblast LL - +++ - 
CCRF-CEM T-Lymphoblast ALL - - +/- 
CCRF-HSB-2 T-Lymphoblast ALL - - ++ 
MOLT-3 T-Lymphoblast ALL - - - 
MOLT-4 T-Lymphoblast ALL - - - 
CCRF-SB B-Lymphoblast ALL EBV+ - +/- 
RS4;11 B-Lymphoblast ALL - - +/- 
THP-1 Monocyte Acute Monocytic 

Leukemia 
- ++ +/- 

U-937 Monocyte Histiocytic 
Lymphoma 

- - - 

Hs 445 B-Lymphoblast HL EBV+ - +/- 
HuT 78 cutaneous T 

lymphocyte 
Sezary Syndrome - - ++ 

Farage B-Lymphoblast EBV-transformed 
B cell lymphoma 

EBV+ +/- - 

Daudi B-Lymphoblast BL EBV+ ++++ - 
Namalwa B-Lymphoblast BL EBV+, 

SMRV+ 
++++ - 

Raji B-Lymphoblast BL EBV+ ++ - 
Ramos B-Lymphoblast BL - ++++ - 
ST486 B-Lymphoblast BL - ++++ - 
SU-DHL-4 B-Lymphoblast DLBL - ++++ +/- 
SU-DHL-6 B-Lymphoblast DLBL - ++++ +/- 
OCI-LY-3 B-Lymphoblast DLBL - ++++ +/- 
*Viruses transfected status data are from ATCC, the German Resource Centre for 
Biological Material (DSMZ), Coriell Cell Repositories and Japanese Collection of 
Research Bioresources (JCRB). 
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Table 3.2. Summary of immunohistochemical staining of matriptase and HAI-1 in 

B-cell lymphoma  

 

 
Case 

Group 
N= 

MTP positive HAI-1 positive (MTP+, HAI-1-) 
/MTP+ 

Germinal 
center 
B-cell 

lymphoma 

63 30/63 (47.6%) 38/63 (55.1%) 13/30 (43.3%) 
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CHAPTER 4 

 

Matriptase is inhibited by extravascular antithrombin in epithelial cells 

but not in most carcinoma cells 

 

 

4.1 Abstract 

 

Antithrombin, a major anticoagulant, is robustly transported into extravascular 

compartments where its target proteases are largely unknown.  This serpin was 

previously detected in human milk as complexes with matriptase, a membrane-bound 

serine protease broadly expressed in epithelial and carcinoma cells, and under tight 

regulation by hepatocyte growth factor activator inhibitor (HAI)-1, a transmembrane 

Kunitz-type serine protease inhibitor that forms heat-sensitive complexes with active 

matriptase.  In the current study, we detect, in addition to matriptase-HAI-1 complexes, 

heat-resistant matriptase complexes generated by non-transformed mammary, prostate, 

and epidermal epithelial cells that we show to be matriptase-antithrombin complexes. 

These findings suggest that in addition to HAI-1, interstitial antithrombin participates in 

the regulation of matriptase activity in epithelial cells.  This physiological mechanism 

appears, however, to largely be lost in cancer cells since matriptase-antithrombin 

complexes were not detected in all but two of a panel of seven breast, prostate and 

ovarian cancer cell lines. Using purified active matriptase we further characterize the 
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formation of matriptase-antithrombin complex and show that heparin can significantly 

potentiate the inhibitory potency of antithrombin against matriptase.  Second order rate 

constants for the inhibition were determined to be 3.9 x103 M-1sec-1 in the absence of 

heparin, and 1.2 x 105 M-1sec-1 in the presence of heparin, a 30-fold increase, consistent 

with the established role of heparin in activating antithrombin function.  Taken together 

these data suggest that normal epithelial cells employ a dual mechanism involving HAI-1 

and antithrombin to control matriptase, and that the antithrombin-based mechanism 

appears lost in the majority of carcinoma cells.  

 

4.2 Introduction 

 

Antithrombin, a serpin type serine protease inhibitor, plays an essential role in 

hemostasis by inactivating several proteases of the coagulation system. The major target 

proteases of antithrombin include Factor Xa, Factor IXa, and Factor IIa (thrombin), 

although Factor XIa, Factor XIIa and Factor VIIa may be additional targets 286-288. In 

addition to plasma and non-plasma vascular compartments, a significant amount of 

antithrombin is present in the extravascular compartments, either bound to the interstitial 

matrix or in the extravascular fluid 289-291.  In our previous studies, we purified from 

human milk antithrombin complexes containing matriptase, a type II transmembrane 

serine protease 196.  The presence of matriptase-antithrombin complexes in human milk 

indicates that antithrombin may have functions beyond its role in hemostasis and that 

matriptase is a physiological extravascular antithrombin target.  Matriptase is expressed 

by various types of epithelia in almost all organ systems 151;188.  The widespread 
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epithelial expression of matriptase is consistent with its essential roles in the formation 

and maintenance of epithelial integrity and function 292.  Dysregulation of matriptase 

causes aberrant epithelial differentiation that disrupts normal function and leads to the 

development and progression of disease.  For example, patients with autosomal 

recessive matriptase mutations develop ichthyotic skin with impaired degradation of the 

stratum corneum corneodesmosomes and abnormal hair 209-211, a syndrome also seen in 

matriptase hypomorphic mice whose skin express only 1% of matriptase mRNA 

compared to that of normal mice 293.  In addition to epithelial cells, matriptase is also 

expressed by monocytes 196;200, macrophages 189, mast cells 206, and neural progenitor 

cells 294.  Matriptase can activate urokinase-type plasminogen activator (uPA) in 

monocytes 200 and macrophage stimulating protein 1 (MSP-1) 189.  In hematopoietic 

cells, therefore, matriptase may be involved in initiating plasminogen activation and 

macrophage activation. 

The presence of matriptase-antithrombin complexes in human milk provides 

evidence that antithrombin-mediated matriptase inhibition is a normal physiological 

event.  The key to understanding the physiological relevance of this inhibition, however, 

depends on knowing where and how antithrombin inactivates matriptase.  As mentioned 

above, matriptase is expressed by all types of epithelial cells and some leukocytes, 

including monocytes, macrophages, and mast cells.  There are several differences in the 

way that matriptase activity is regulated in epithelial cells compared to leukocytes, the 

most prominent of which is how the enzyme is inhibited.  In epithelial cells, hepatocyte 

growth factor activator inhibitor (HAI)-1, a Kunitz-type integral membrane serine 

protease inhibitor is by far the most important matriptase inhibitor 176.  The importance 
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of HAI-1 in the regulation of matriptase function is, however, not limited to its role as a 

catalytic inhibitor, and indeed the loss of HAI-1 function, produces a phenotype that is 

strikingly similar to that seen in matriptase hypomorphic mice, reinforcing the notion that 

HAI-1 is required for normal matriptase function 295.  The unusually intimate 

relationship between matriptase and HAI-1 in epithelial cells is illustrated by multiple 

observations including their coexpression in epithelial cells 187;188;204, co-localization on 

the surface of the cells, and the unexpected role that HAI-1 plays in matriptase synthesis, 

intracellular trafficking and autoactivation 195.  The most striking manifestation of this 

unusual relationship between the protease and the protease inhibitor, however, is the 

observation that the defects in placental development, epidermal barrier function, and the 

skin inflammation that are associated with targeted deletion or mutation of HAI-1 in 

several animal models can be negated by the simultaneous deletion of matriptase 

190;193;233;296.   

The situation in some non-epithelial systems appears to be very different however.  

For example, most leukocytes that express matriptase, do not express HAI-1, or only 

express very low levels of the protein 189;196;200. This is in stark contrast to the greater than 

10:1 molar excess of HAI-1 over matriptase that is typically observed in epithelial cells 

(Xu and Lin, unpublished data).  Leukocytes must, therefore, employ different 

mechanisms for regulating matriptase function and for inhibiting matriptase catalytic 

activity.  The isolation of several complexes from body fluids comprised of activated 

matriptase bound with several members of the serpin family of serine protease inhibitors 

suggested that these inhibitors likely play a role in controlling leukocyte-associated 

matriptase activity. The matriptase-antithrombin complexes isolated from human milk 
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were, therefore, thought to come from the action of interstitial antithrombin on active 

matriptase elaborated from migrating leukocytes during lactation.   

The tight functional relationship between HAI-1 and matriptase, combined with 

the significant molar excess of HAI-1 over matriptase in epithelial cells, means that high 

levels of this inhibitor are present at the sight of matriptase activation.  This would 

suggest that epithelial cells likely do not need other serine protease inhibitors, such as 

interstitial antithrombin for efficient matriptase inhibition.  We were, therefore, 

surprised to discover in the current study, that when high levels of matriptase activation 

are induced in mammary and prostate epithelial cells, in addition to the expected 

matriptase-HAI-1 complexes, we also detected matriptase-antithrombin complexes.  

These data suggest that epithelial cells also recruit antithrombin to regulate matriptase 

activity in spite of the abundance of HAI-1. This implies that the control of matriptase 

activity is more nuanced than we previously understood, involving additional layers of 

activity regulation.  These observations were made using immortalized, 

non-transformed epithelial cells.  Interestingly, when we repeated the analysis using 

cancer cells, we found that we were unable to detect matriptase-antithrombin complexes 

in the majority of tumor cell lines tested, suggesting that this additional level of 

matriptase regulation may be lost in cancer.
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4.3  Materials and Methods 

 

Cell lines and culture conditions 

184 A1N4 human mammary epithelial cells (a gift from Dr. Martha Stampfer, 

Berkeley, CA) were maintained in Dulbecco’s modified Eagle’s medium (DMEM)/HAM 

F-12 (Mediatech Inc.), supplemented with 0.5% fetal bovine serum (FBS), 5 μg/ml of 

recombinant human insulin (rh-insulin), 0.5μg/ml of hydrocortisone, 10 ng/ml of 

recombinant human epidermal growth factor (rh-EGF), and 100 IU/ml 

penicillin-100μg/ml streptomycin (Pen/Strep).  MCF-10A human mammary epithelial 

cells were grown in DMEM/HAM F-12 supplemented with 5% horse serum, 0.5 μg/ml of 

hydrocortisone, 10 μg/ml of rh-insulin, 10 ng/ml of rh-EGF, and Pen/Strep.  MTSV-1.1 

B human mammary epithelial cells (a gift from Dr. Taylor-Papadimitriou, Imperial 

Cancer Research Fund, London) were grown in Improved MEM (Richter’s Mod.) 

(Mediatech Inc.), supplemented with 10% FBS, 10 μg/ml of rh-insulin, 5 μg/ml of 

hydrocortisone, and Pen/Strep.  MCF-7 breast cancer cells were grown in Eagle's 

minimum essential medium (Quality Biology, Inc.), supplemented with 10% FBS, and 

Pen/Strep.  The immortalized human keratinocyte line HaCaT was cultured in DMEM 

(Cellgro, Manassas, VA) supplemented with 10% FBS (Gemini, West Sacramento, CA ), 

100 U/ml penicillin, and 100 mg/ml streptomycin. T-47D breast cancer cells were grown 

in RPMI 1640 medium (Mediatech Inc.), supplemented with 10% FBS, 9 μg/ml of 

rh-insulin, and Pen-Strep. RWPE-1 prostate epithelial cells were grown in Keratinocyte 

Serum-free Medium (Invitrogen), supplemented with 50 μg/ml of bovine pituitary extract 

(Sigma) and 5 ng/ml of rh-EGF, and Pen/Strep.  LNCaP prostate cancer cells, 
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OVCAR-3 ovarian cancer cells, OV2008 ovarian cancer cells and RPMI 8226 multiple 

myeloma cells were grown in RPMI 1640 medium, supplemented with 10% FBS, and 

Pen-Strep.  DU 145 prostate cancer cells were grown in Eagle's minimum essential 

medium (Quality Biology, Inc.), supplemented with 10% FBS and Pen/Strep.  PC-3 

prostate cancer cells were grown in F-12K medium (Mediatech Inc.), supplemented with 

10% FBS and Pen/Strep.  All cells were maintained at 37 °C in a humidified atmosphere 

with 5% CO2.  

 

Antibodies and Western blotting  

Human matriptase was detected using the monoclonal antibodies (mAb) M24 and 

M69.  The epitope recognized by the M24 mAb likely resides in one of the non-catalytic 

domains of the protein and is detected in both the zymogen and activated forms of the 

protease.  The M69 mAb recognizes an epitope that is only present in the activated form 

of the enzyme 177;180 and can, therefore, specifically detect activated matriptase, and does 

not recognize matriptase zymogen.  Human HAI-1 was detected using the HAI-1-specific 

mAb M19 157.  A human antithrombin polyclonal antibody was purchased from R&D 

Systems (Minneapolis, MN).  Cells were lysed with phosphate-buffered saline (PBS) 

containing 1.0 % Triton X-100, 1mM 5, 5'-dithiobis-(2-nitrobenzoic acid) (DTNB).  

Insoluble debris was removed by centrifugation, and the protein concentrations of the 

lysates were determined using the BCA protein assay reagent (Thermo Fisher Scientific, 

Rockford, IL) according to the manufacturer’s protocol.  Protein samples for Western 

blotting were diluted in 5x sample buffer.  The sample buffer did not contain a reducing 

agent, and the samples were not boiled before SDS-PAGE unless otherwise specified.  



126 
 

Proteins were resolved by 7.5 % SDS-PAGE, transferred to BioTraceTM NT nitrocellulose 

blotting membranes (Pall Corporation, Pensacola, FL), and probed with the mAbs M24, 

M69, or the human antithrombin antibody. The binding of the primary antibody was 

detected with horseradish peroxidase-conjugated secondary antibodies (KPL Inc. 

Gaithersburg, MD) and visualized using the Western Lightening Chemiluminescence 

Reagent Plus (Perkin-Elmer, Boston, MA). 

 

Immunoprecipitation 

The cell lysates were incubated with mAbs immobilized on Sepharose 4B beads 

and rotated in cold room for 2 hours.  The unbound fractions were collected and the 

beads were washed with 1% Triton in PBS four times.  The captured proteins were 

eluted with 0.1 M glycine buffer, pH 2.4 and immediately neutralized with 2 M Trizma 

base.    

 

Purification of active matriptase 

Enzymatically active matriptase was generated by incubating RPMI 8226 

multiple myeloma cells in 150 mM phosphate buffer, pH 6.0 for 20 min.  The shed 

active matriptase in the phosphate buffer was collected, concentrated, adjusted to pH 8.0, 

and applied onto a p-aminobenzamidine protease inhibitor column (GE Healthcare).  

After washing the column, active matriptase was eluted with 100 mM citrate buffer, pH 

4.0 and immediately adjusted to pH 6.0 with 0.1M citrate buffer, pH 6.0.  The functional 

concentration of purified matriptase was determined by active-site titration with 

antithrombin in the presence of saturating heparin pentasaccharide 287.  Briefly, equal 
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amounts of matriptase were incubated at 25oC with 0-5 nM antithrombin in the presence 

of 200 nM heparin in pH 7.4 kinetics buffer for a time sufficient to reach an inhibition 

endpoint based on measured rate constants for the reaction (~ 5 hours).  Residual 

matriptase activity was then measured as described below and plotted as a function of the 

antithrombin concentration.  The x-axis intercept corresponding to complete inhibition 

provided the active matriptase concentration.  

 

Protease activity assay 

Matriptase activity was assessed by either gelatin zymography or using the 

synthetic fluorogenic peptide substrates 

N-t-Butyloxycarbonyl-Gln-Ala-Arg-amino-4-methylcoumarin (Boc-QAR-AMC) (Sigma) 

or Pefafluor FXa (Centerchem).  For gelatin zymography, 1mg/mL gelatin was 

co-polymerized in 7.5% SDS gels on which matriptase samples were separated by 

SDS-PAGE under non-reducing and non-boiled conditions.  The gelatin gels were 

washed with 2% Triton X-100 three times and incubated at 37oC overnight.  The gels 

were stained using Coomassie Brilliant Blue.  For the fluorogenic peptide substrate 

assays, purified active matriptase alone or pre-incubated with antithrombin (Innovative 

Research, Inc, Novi, MI) in the absence or presence of heparin (Sigma) for 10 minutes 

was mixed with 250 μM Boc-QAR-AMC substrate in a reaction buffer containing 

100mM Tris-HCl (pH 8.5) and 100 μg/ml bovine serum albumin.  The increase in 

fluorescence resulting from hydrolysis of the peptide substrate was recorded with 

excitation at 360 nm and emission at 480 nm using a Synergy HT multi-mode microplate 

reader (Bio-Tek, Winooski, VT).    
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Kinetics of matriptase inhibition by antithrombin 

Kinetics of matriptase inhibition by antithrombin in the absence and presence of a 

synthetic heparin pentasaccharide (H5) representing the binding site for antithrombin (a 

gift from Sanofi-Aventis) or a full-length ~50-saccharide heparin (H50) containing this 

sequence were performed under pseudo-first order conditions with an at least 10-fold 

molar excess of inhibitor over protease as in previous studies 287;297.  Heparins were 

added at a 1.2-2–fold molar excess over antithrombin to ensure near saturation of the 

inhibitor with the polysaccharide.  Briefly, 100 nm antithrombin and ~0.1 nM matriptase 

were incubated in a reaction volume of 100 μl with or without 120 nM H50 or 200 nm 

H5 at 25 °C, in 0.1 M Hepes, 0.1 M NaCl, 0.1% PEG 8000, pH 7.4 buffer.  Reactions of 

free antithrombin and antithrombin-heparin complex were monitored by quenching 

reactions after varying times with 0.9 ml of 100 μm Pefafluor FXa fluorigenic substrate. 

Polybrene (50 μg/ml) was used to neutralize heparin when present.  Residual protease 

activity was measured from the initial rate of substrate hydrolysis.  The observed 

pseudo-first-order rate constants (kobs) for the inhibition reactions were determined by 

fitting the loss of enzyme activity to a single exponential decay function by nonlinear 

regression analysis.  The second-order rate constants were calculated by dividing kobs 

by the antithrombin or the antithrombin-heparin complex concentration. In the latter case, 

the complex concentration was calculated from the antithrombin and heparin 

concentrations employed and the measured KD for the interactions using the equilibrium 

binding equation and kobs was corrected for the free antithrombin reaction 287;297.  
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4.4  Results 

 

Formation of non-HAI-1 matriptase complexes during acid-induced 

matriptase activation.  Previously we discovered that matriptase activation can be 

rapidly and robustly induced in cells by exposing to mildly acidic conditions, ranging 

from pH 5.2 to pH 6.8 178;267.  Matriptase is present in the latent form in 184 A1N4 

non-transformed, immortal mammary epithelial cells and can be detected as a 70-kDa 

band using the matriptase mAb M24 (Fig. 4.1A, lane 1).  When these cells are exposed 

to a pH 6.0 buffer for 20 min, the vast majority of latent matriptase is converted into 

active matriptase that is rapidly inhibited by binding to HAI-1, leading to the formation 

of matriptase-HAI-1 complexes that are detected as a band at 120-kDa (Fig. 4.1A, lane 2).  

The complex is stable in SDS loading buffer without heating.  With the appearance of 

the 120-kDa complex, the level of 70-kDa latent matriptase decreased (Fig. 4.1A, 

comparing lane 1 with lane 2 for the 70-kDa band).  In addition to the 120-kDa 

matriptase-HAI-1 complex, we also noticed a minor matriptase complex detected as a 

band at 110-kDa that can be readily detected using the matriptase mAb (Fig. 4.1A, lane 2, 

110-kDa).    

 The 110-kDa matriptase complex does not appear to be a degradation product of the 

120-kDa matriptase-HAI-1 complex.  When the 110-kDa and 120-kDa complexes (Fig. 

4.1B, lane 1) were incubated with the HAI-1 mAb M19 immobilized on beads, only the 

120-kDa complexes and not the 110-kDa complexes were depleted in the unbound 

fractions (Fig. 4.1B, lane 2), and could then be eluted from the beads using a pH 2.4 

buffer (Fig. 4.1B, lane 3).  Since the interaction between matriptase and HAI-1 is 
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acid-sensitive and reversible 177, the elution of the 120-kDa complex from the beads using 

pH 2.4 buffer, results in the dissociation of matriptase from HAI-1, and although the 

majority of the complexes re-associate on neutralization, a proportion of the active 

matriptase remains dissociated after elution and neutralization.  As a result, activated 

matriptase was detected in the eluted fraction as both 120-kDa and 70-kDa bands (Fig. 

4.1B, lane 3).  This immunoprecipitation confirms the presence of HAI-1 in the 

120-kDa matriptase complexes, and suggests that the 110-kDa complex does not contain 

HAI-1.  When an immobilized matriptase mAb was used, the 110-kDa complex, the 

120-kDa matriptase-HAI-1 complexes and 70-kDa latent matriptase (Fig. 4.1C, lane 1) 

were all efficiently immunoprecipitated (Fig. 4.1C, lane 2) and then eluted from the mAb 

(Fig. 4.1C, lane 3), confirming that all of them are matriptase containing species.  One 

striking difference between the 110-kDa complexes and 120-kDa matriptase-HAI-1 

complexes is their relative heat stability.  When heated at 95oC in SDS sample buffer 

(without reducing agents), the matriptase-HAI-1 complex was dissociated, liberating the 

activated matriptase which was detected at 70-kDa (Fig. 4.1C, lane 4).  In contrast, the 

110-kDa complex appears to be relatively stable, with the heat-denaturing only resulting 

in a slight reduction in the migration rate on SDS-PAGE (Fig. 4.1C, lane 4).  These data 

confirm that the 110-kDa species is not a degradation product of the matriptase-HAI-1 

complex and the thermal stability of the complex suggests that it may be comprised of 

activated matriptase, covalently linked to a binding partner.  This led us to consider the 

possibility that the 110-kDa complex might contain matriptase bound with one of the 

serpins, the serine protease inhibitors that can bind serine proteases to form covalent, 

SDS-resistant complexes.  
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Inhibition of matriptase by serpins was demonstrated in our previous study in 

which three matriptase-serpin complexes were isolated from human milk 196.  Among 

these three serpins, antithrombin was the predominant one.  In the previous study, 

migrating leukocytes were considered to be the most likely source for the milk-derived 

matriptase-serpin complexes, based on the fact that monocytes and macrophages express 

matriptase with limited or no HAI-1 expression, leading to the hypothesis that serpins 

may replace HAI-1 in the control of matriptase in these hematopoietic cells.  

Formation of matriptase-antithrombin complex in mammary epithelial cells 

during acid-induced matriptase activation.  Since antithrombin was the most 

prevalent serpin in the matriptase-serpin complexes found in human milk we set out to 

determine if antithrombin was the matriptase binding partner in the 110-kDa complex.  

Since epithelial cells do not express antithrombin, the source of the serpin would have to 

be the serum with which the culture medium was supplemented.  We had an antibody 

against human antithrombin from our previous work, however, this antibody does not 

cross-react with bovine antithrombin, and so to provide a source of human antithrombin 

to the cells, we incubated 184 A1N4 cells in medium containing 0.5% human serum for 

10 minutes prior to acid-induced matriptase activation.   

 The incubation in medium supplemented with human serum did not appear to 

interfere with acid-induced matriptase activation since just as before, the 70-kDa latent 

matriptase was converted into the 120-kDa activated matriptase-HAI-1 complex after 

exposing these cells to a pH 6.0 buffer (Fig. 4.2A, MTP, lane 1 without activation and 

lane 2 with activation).  When these samples were analyzed for the presence of 

antithrombin, a 110-kDa species was clearly detected by the antithrombin antibody after 
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matriptase activation was induced (Fig. 4.2A, AT, lane 2).  In contrast, prior to the 

induction of matriptase activation, antithrombin was only detected as a 50-60 kDa band 

of much lower intensity and there was no band at 110-kDa (Fig. 2A, AT, lane 1).  In 

order to further confirm that the 110-kDa species is indeed a matriptase-antithrombin 

complex, we carried out immunoprecipitation-immunoblot analysis.  Lysates from 

human-serum incubated, 184 A1N4 cells that had been exposed to pH 6.0 buffer to 

activate the matriptase (Fig. 4.2B, lane 1) were incubated with immobilized matriptase 

mAb, to deplete matriptase and matriptase containing species, (unbound fraction Fig. 

4.2B, lane 2) and then the materials captured by the antibody-beads were eluted using a 

pH 2.4 buffer (Fig. 4.2B, lane 3).  The lysate, the supernatant from the 

immuno-precipitation and the materials eluted from the beads were then analyzed for the 

presence of antithrombin by immunoblot.  As before, the antithrombin antibody detects 

a 110-kDa band in the acid-activated cell lysate (Fig. 4.2B, lane 1).  Incubation with the 

anti-matriptase-beads efficiently removed the 110-kDa species from the lysate, but not 

the residual free antithrombin bands visible at 50-60 kDa (Fig. 4.2B, lane 2).  The 

110-kDa band was then eluted from the beads (Fig. 4.2B, lane 3).  These data confirm 

that the 110-kDa species is a complex that contains both matriptase and antithrombin. 

Antithrombin-mediated matriptase inhibition is a common regulatory 

mechanism in non-transformend epithelial cells.  We were interested to determine if 

the surprising observation that antithrombin participates in the inhibition of matriptase in 

184 A1N4 cells, is unique to these cells, or is a common finding in non-transformed 

epithelial cells.  To do this we used the same experimental approach to determine if 

acid-induced matriptase activation results in the formation of matriptase-antithrombin 
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complexes in a panel of three additional non-transformed epithelial cell cultures 

comprised of the mammary epithelial cell lines MTSV-1.1B and MCF-10A, the prostate 

cell line, RWPE1, and the keratinocyte cell line HaCaT.  In all cases, exposure of the 

cells to pH 6.0 buffer resulted in robust matriptase activation with the generation of the 

120-kDa matriptase-HAI-1 complexes (Fig. 4.3, MTP, comparing lanes 2 with lanes 1).  

Furthermore, the 110-kDa matriptase-antithrombin complex was readily detected after 

matriptase activation (Fig. 4.3, AT, comparing lanes 2 with lanes 1) suggesting that 

antithrombin-mediated matriptase inhibition is a common feature in epithelial cell 

systems.  These data suggest that mammary epithelial cells are likely to be, at least in 

part, the in vivo source responsible for the production and secretion of 

matriptase-antithrombin complexes detected in human milk 196.  Our study also clearly 

suggests that epithelial cells employ a dual mechanism for the control of matriptase 

activity that involves the cooperation of the serpin-type protease inhibitor antithrombin 

with the Kunitz-type serine protease inhibitor HAI-1.   

Antithrombin-mediated matriptase inhibition is lost in many cancer cells.  

The ratio of matriptase to HAI-1 seems to be very important to the regulation of 

matriptase activity.  Data from animal models has shown that even slight 

over-expression of matriptase in the skin of transgenic mice can result in tumor formation 

and enhanced carcinogen sensitivity, an effect that can be suppressed by concomitantly 

increasing the expression of HAI-1 194.  Furthermore, enhanced matriptase expression 

relative to HAI-1 has been also seen in many human tumors, and is correlated with cancer 

progression, and poor outcome 219-221;234.  We were very interested, therefore, to 

determine if the inhibition of matriptase activity by antithrombin might represent an 
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important additional mechanism for the suppression of matriptase activity in tumors of 

epithelial origin.  To begin to examine this question we set out to determine if 

antithrombin participates in the suppression of matriptase activity in a panel of two breast 

cancer cell lines (T-47D and MCF-7), three prostate cancer cell lines, (DU-145, PC3, and 

LNCaP) and two ovarian cancer cell lines (OVCAR3 and OV2008).  Once again, we 

pre-incubated the cells in medium supplemented with human serum, induced matriptase 

activation by incubating them in pH 6.0 buffer, prepared lysates from control or 

acid-activated cells, and blotted for matriptase and for antithrombin.  In all cases, as 

expected, robust matriptase activation was induced by exposure to an acidic environment 

resulting in the formation of the 120-kDa matriptase-HAI-1 complex (Fig. 4.4, MTP, 

comparing lanes 2 with lanes 1).  Strikingly, however, there was no evidence for the 

formation of matriptase-antithrombin complexes in five of these seven cancer cell lines 

(Fig. 4.4, AT).  OV2008 ovarian cancer cells were the only cancer line that the 110-kDa 

complex could be clearly detected.  Although 110-kDa complex was generated in PC3 

prostate cancer cells, its levels were very low.  These data suggest that loss of 

antithrombin-mediated matriptase inhibition is a frequent event that may tip the balance 

toward proteolysis in cancer cells. 

      Production and purification of active matriptase.  In order to further 

characterize inhibition of matriptase by antithrombin, we set out to prepare pure, active 

matriptase.  In our previous studies, we have shown that matriptase and HAI-1 are 

commonly co-expressed with a HAI-1: matriptase molar ratio higher than 10 in most 

epithelial cells and carcinoma cells, and as a consequence, active matriptase is rapidly 

inhibited by HAI-1 in these cells.  As noted above, the same is not true in leukocytes 
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and leukocyte-derived tumors, many of which express matriptase without, or with very 

low levels of HAI-1.  When RPMI 8226 human multiple myeloma cells are incubated 

with pH 6.0 buffer, activation of matriptase occurs just as in epithelial/carcinoma cells.  

A portion of the active matriptase is rapidly shed from the cell surface and can be 

detected at 70-kDa by the activated matriptase-specific mAb M69 (Fig. 4.5A, comparing 

lane 2 with lane 1).  A gelatinolytic activity of the corresponding size is also shed into 

the medium by acid-treated cells (Fig. 4.5B, comparing lane 2 with lane 1), which can be 

shown to be matriptase by the depletion of the activity from the buffer by immobilized 

anti-active matriptase M69 antibody beads (Fig. 4.5C, comparing lane 2 with lane 1).  

The gelatinolytic activity can then be eluted from the beads (Fig. 4.5C, lane 3).  The 

active matriptase that is shed from the cells in this way provides a convenient source of 

active matriptase that can be purified free of protease inhibitors and other contaminants 

using a ρ-aminobenzamidine column.  Using this approach, and assaying for 

matriptase activity using a synthetic fluorogenic substrate, Boc-Gln-Ala-Arg-AMC 

(Boc-QAR-AMC ) (Fig. 4.5D) that we have used previously 198, active matriptase was 

isolated and purified to near homogeneity based on the observation that a single 70-kDa 

protein band was seen by SDS-PAGE (Fig. 4.5E).  The purified active matriptase was 

also verified by immunoblot using matriptase mAb M24 (Fig. 4.5F).   

Heparin enhances antithrombin-mediated inhibition of matriptase.  Using 

the purified active matriptase we set out to characterize the inhibition of matriptase by 

antithrombin.  Incubation of active matriptase with antithrombin resulted in the 

dose-dependent formation of a matriptase-antithrombin complex (Fig. 46 A).  The 

formation of a 110-kDa matriptase-antithrombin complex is consistent with the observed 
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size of the matriptase-antithrombin complexes in body fluids and in the lysates of cells 

after induction of matriptase activation.  Active matriptase appears to be prone to 

auto-degradation, since in the absence of sufficient antithrombin, matriptase degradation 

fragments were generated.  This degradation was largely suppressed in the presence of a 

higher concentration of antithrombin (Fig. 4.6A, lanes 5 and 6).   

In parallel with the formation of matriptase-antithrombin complexes, incubation 

of active matriptase with antithrombin at pH 8.5 also resulted in a dose-dependent 

decrease in matriptase proteolytic activity as assessed using the synthetic, fluorogenic 

substrate Boc-QAR-AMC (Fig. 4.6B and 4.6C).  It is known that the antiprotease 

activity of antithrombin can be greatly enhanced by heparin or heparan sulfate.  

Engagement of antithrombin with a characteristic pentasaccharide binding sequence in 

heparin causes conformational changes in the serpin that expose the reactive center.  As 

a consequence of this allosteric activation, heparin-like glycosaminoglycans greatly 

accelerate the interaction of antithrombin with target proteases 298;299. Consistent with this 

literature, the addition of heparin significantly enhanced the inhibition of matriptase by 

antithrombin.  In the presence of unfractionated heparin, the inhibition of matriptase 

activity by 5 μM antithrombin was almost equal to that of 50 μM antithrombin alone (Fig. 

4.6C).    

We went on to determine the inhibitory kinetics for the action of antithrombin 

against matriptase.  Matriptase inhibition assays were performed at pH 7.4 because of 

the higher dissociation rate of serpin-protease complexes with increased pH and because 

we wished to evaluate the kinetics at physiologic pH 300.  In the absence of heparin, the 

second-order rate constant for antithrombin against matriptase is 3.9±0.1×103 M-1 sec-1.  
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In the presence of the heparin pentasaccharide activator of antithrombin, the rate constant 

increases to 1.2±0.1 x105 M-1 sec-1, a 30-fold increase compared with that in the absence 

of heparin.  A full-length heparin containing the pentasaccharide produced an 

experimentally indistinguishable increase in the inhibition rate constant (Fig. 4.7A and 

4.7B).  The pentasaccharide or full-length heparin rate enhancements were unaffected 

by including physiologic levels of calcium (5 mM) in the buffer.  These findings 

indicate that the heparin effect is fully allosteric and not augmented by matriptase binding 

to heparin alongside antithrombin in a ternary bridging complex as is the case for most 

coagulation proteases 287;298.  

 

4.5  Discussion 

 

Multiple protease inhibitors, including HAIs and several serpins, have been 

identified to inhibit matriptase in physiologically relevant in vivo settings.  These 

protease inhibitors have either been isolated and identified in complexes with matriptase 

from body fluids 157;196 or identified and characterized through the use of animal models 

in which the defects caused by the genetic ablation of the protease inhibitors can be 

rescued by the simultaneous deletion of matriptase 190;301.  The need for serpins, 

including antithrombin, to participate in matriptase inhibition might be attributed to 

circumstances such as lack of sufficient levels of the HAIs, such as in hematopoietic cells, 

for which blood-borne serpins may represent a convenient source for matriptase 

inhibition.  It was something of a surprise, however, to discover that epithelial cells also 

employ a blood-borne serpin to inhibit matriptase even in the context of apparently 
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overwhelming levels of HAI-1.  This raises the question as to whether serpin-mediated 

matriptase inhibition is simply a redundant mechanism or it is an essential physiological 

event.  It is a daunting challenge to try to address this question due to the paramount 

importance of antithrombin for hemostasis and the fact that targeted deletion of 

antithrombin in mice causes embryonic lethality due to extensive thrombosis in the 

myocardium and liver sinusoids 302.  Nevertheless, the observation that 

antithrombin-mediated matriptase inhibition appears to be lost in many carcinoma cells, 

is intriguing, particularly since lacking this mechanism could alter the balance of 

matriptase regulation, favoring proteolysis on the surface of the cancer cells.   

Most proteases are synthesized as a zymogen and only acquire their proteolytic 

activity after zymogen activation.  Once activated, the substrates and endogenous 

protease inhibitors compete for the active protease, a balance that must be closely 

regulated for many physiological processes.  One of the most interesting features of 

matriptase regulation in epithelial cells is that the coupling between matriptase zymogen 

activation, the action of active matriptase on downstream substrates, and the inhibition of 

active matriptase by HAI-1, is so tight that these three events almost seem to take place at 

same time 303.  The rapid inhibition of active matriptase by HAI-1 suggests that the 

inactivation of active matriptase by antithrombin must also occur very rapidly or there 

would not be the opportunity for the generation of antithrombin-matriptase complexes.  

The rapid inhibition of matriptase by antithrombin implies that HAI-1 may not be 

sufficient for the control of matriptase, which is surprising due to the fact that HAI-1 

protein levels in most epithelial and carcinoma cells are much more abundant than 

matriptase with a molar ratio of HAI-1 relative to matriptase of greater than 10 to 1.   
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Two important facts would seem to make it necessary for epithelial cells to 

inactivate matriptase using other serine protease inhibitors than the highly abundant 

HAI-1.  In polarized epithelial cells, matriptase is targeted to the basolateral membrane 

but HAI-1 is targeted to the entire cell surface 304;305.  As a result, a proportion of the 

HAI-1 may be maintained in different intracellular pools from matriptase in order for the 

differential subcellular trafficking and targeting.  Furthermore, HAI-1 is also responsible 

for the inhibition of other serine proteases.  We have shown, for example, that HAI-1 is 

responsible for the inhibition of active prostasin in keratinocytes 203;303.  In the stratum 

granulosum of the human epidermis, matriptase is even not a significant target protease 

for HAI-1 306.  HAI-1 may, therefore, be stretched too thin by its much broader cellular 

distribution and its diversified function.  As a consequence, epithelial cells may require 

other serine protease inhibitor systems to execute the rapid inhibition of matriptase.  

Since high levels of antithrombin are present in the interstitial fluid or bound with the 

extracellular matrix, with its proximity to the basolateral plasma membrane where 

matriptase is activated 304, interstitial antithrombin may have direct access to and be 

available to readily inactivate active matriptase on the basolateral surface of ductal 

epithelial cells.  Since the matriptase-antithrombin complex is secreted into body fluids, 

the formation of matriptase-antithrombin complex generated in this way should be 

followed by the internalization of the complex from the basolateral surface, transcytosis, 

and secretion from the apical surface into the ductal lumen in vivo.  The functional 

relationship between matriptase and HAI-1 appears much more complex.  

HAI-1-mediated matriptase inhibition is also likely to occur on the basolateral surface of 

ductal epithelial cells, given that HAI-1 and matriptase are co-synthesized in the rough 
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endoplasmic reticulum and a portion of HAI-1 undergoes intracellular trafficking along 

with matriptase to reach the basolateral surface 195.  Since matriptase is prone to be 

activated and that its rapid activation could involve the entire cellular pool of matriptase, 

including but not limited to the matriptase on the cell surface, in response to exogenous 

stimuli, such as during lactation or by extracellular acidosis 267, the co-trafficking of 

HAI-1 with matriptase may be critical for the control of undesired and/or premature 

intracellular matriptase proteolysis in the secretory pathway during a massive matriptase 

activation.       

For effective inactivation of matriptase, antithrombin either from the interstitial 

fluids or the culture media could have bound to the surface of epithelial cells.   Heparan 

sulfate proteoglycans (HSPGs) are likely to serve as the cell surface binding sites for 

antithrombin.  Syndecans and glypicans are the two major cell surface HSPGs 307.  For 

polarized epithelial cells, the basolateral plasma membrane, which is oriented toward the 

interstitial space, is likely the cellular location that has direct access to interstitial 

antithrombin.  Indeed, syndecan 1 is localized at the basolateral surface of polarized 

epithelial cells 308.  Since heparin significantly enhances the inhibitory action of 

antithrombin against matriptase (Figs. 6 and 7), the binding of antithrombin to cell 

surface HSPGs not only enhances antithrombin inhibitory potency but also brings 

antithrombin next to the cell surface matriptase, ready for the rapid inhibition of 

matriptase.  The cell surface antithrombin along with HAI-1 may, therefore, work in 

concert to inactivate cell surface matriptase in non-transformed epithelial cells.  The loss 

of antithrombin-mediated matriptase inhibition that was seen in the majority of 

carcinoma cells examined in the current study indicates that these cancer cells may have 
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lost their antithrombin binding sites on the cell surface.  This loss might be the result of 

several different mechanisms.  Reduced expression of syndecan-1 has been reported in 

squamous cell carcinoma of the head and neck, laryngeal cancer, and in malignant 

mesothelioma 309-311.  Ectodomain shedding of syndecans is commonly seen in cultured 

cells.  In cancer cells, the shedding is particularly active 312, that could cause reduced 

levels of syndecans on the cell surface and subsequently reduce the binding of 

antithrombin to cancer cells.  The anticoagulant heparan sulfate contains a characteristic 

pentasaccharide.  Aberrant modification of the HS component of HSPGs may also 

contribute to the loss of antithrombin-mediated matriptase inhibition.  3-O-sulfation of 

the central glucosamine residue of the pentasaccharide is critical for antithrombin binding 

313.  The sulfation is carried out by heparan sulfate 3-O-sulfotransferases (3-OSTs).  

Among the seven isoforms, 3-OST-2 is downregulated in many breast cancer cells, 

including T-47D and MCF7 via methylation-associated gene silencing 314.   

Although the physiological relevance of acid-induced matriptase activation using 

a pH 6.0 buffer is arguable, we have previously demonstrated that acid-induced 

matriptase activation can be initiated by exposure to pH 6.8 267, a condition consistent 

with that found with some physiological and pathological processes 315-321.  We have no 

reason to believe that the matriptase activation induced by a pH 6.0 buffer is qualitatively 

different than that induced by more neutral pHs, and this approach does provide an 

excellent tool for the study of the HAI-1 independent mechanisms for matriptase 

inhibition.  This is due to the very high levels of matriptase activation induced under 

these conditions and the ubiquity of activation among matriptase-expressing cells 267.  

This may in turn result from the enhanced proteolytic activity of matriptase zymogen 
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under mildly acidic conditions 322 and the rapid intracellular acidification resulting from 

the acidic extracellular environment 267.  Furthermore, the end products of this 

acid-induced matriptase activation, which consists of the matriptase-HAI-1 complex as 

the predominant form of activated matriptase and matriptase-antithrombin complex as a 

minor form, recapitulates what has been seen in human milk 157;267.  While matriptase 

activation can also be induced by the lysophospholipid sphingosine 1-phosphate (S1P) 

and the male steroid hormones, androgens, both of these activation inducers are cell-type 

specific. S1P-induced matriptase activation was seen only in mammary epithelial cells, 

and not in breast cancer cells 177;180;182, whereas, androgens can induce matriptase 

activation only in prostate cancer cells via the androgen receptor 183.  More importantly, 

the levels of matriptase activation induced by S1P and androgens are much lower than 

that produced using a pH 6 buffer.  Since the matriptase-antithrombin complex only 

represents a small proportion of the total activated matriptase, both in body fluids and in 

cultured cells, it would be difficult to reliably detect matriptase-antithrombin complex 

formation using these two cell-type specific models of matriptase activation. 

      While we have demonstrated that matriptase activation is rapidly and efficiently 

inhibited by HAI-1 and antithrombin, free-active matriptase has been detected in the 

conditioned medium of cancer cells in several of our previous studies 154;185;222 which 

might seem to be at odds with our current findings.  The free-active enzyme observed in 

our earlier studies, however, was detected based on the proteolytic activity of matriptase 

visualized using gelatin zymography.  In one of our previous studies 177, we 

demonstrated that the gelatinolytic activity of free-active matriptase can be detected at 

very low enzyme levels; so low that the active matriptase could not be detected by 



143 
 

immunoblot using a sensitive matriptase mAb.  Furthermore, using a unique mAb 

specific for the activated form of matriptase, we have demonstrated that the vast majority 

of activated matriptase present in the conditioned media of breast cancer cells is in the 

form of complexes with HAI-1, with free-active matriptase being below the level of 

detection 182.  Thus, the free-active matriptase detected in our previous studies only 

represents an extremely small proportion of the total activated matriptase shed into the 

extracellular milieu.  The shedding of free-active matriptase is still possible, given the 

fact that we are able to detect free-active matriptase by gelatin zymography or in assays 

using synthetic fluorescent matriptase substrates, when exposure to pH 6.0 buffer is used 

to induce matriptase activation (data not shown).  However, the vast majority of the 

activated matriptase is found in complexes with HAI-1 in cell lysates with minimal levels 

of free-active matriptase being shed.  Thus, although the detection of free-active 

matriptase in the conditioned medium could be at odds with our hypothesis that 

matriptase activation is rapidly followed by HAI-1- and antithrombin-mediated inhibition, 

much of this apparent discrepancy results from the differential sensitivity between assays 

for total activated matriptase by immunoblot analysis and the detection of proteolytic 

activity by gelatinolytic activity.  The latter shows only the presence of free-active 

matriptase and not the ratio of the free-active matriptase to total activated matriptase.  

The presence of a trace amount of free-active matriptase is also supported by our 

previous studies in which free-active matriptase was not detectable by diagonal gel 

electrophoresis in which activated matriptase can be converted into two fragments by 

chemical reduction 177.  Instead, the vast majority of 70-kDa matriptase shed into the 

conditioned medium by breast cancer cells is single-chain matriptase zymogen 177.  
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Furthermore, although these trace amounts of free-active matriptase might be able to act 

on some known substrates, such as PAR2 323, the vast majority of activated matriptase is 

more likely to have activated/processed downstream substrates prior to its inhibition by 

HAI-1 or antithrombin.  This hypothesis is supported by our previous study in which the 

processes of matriptase autoactivation, activation of prostasin by the active matriptase, 

and then inhibition of both matriptase and prostasin by HAI-1 occur at virtually the same 

time 303. 

      In summary, we present in the current study evidence that epithelial cells utilize 

antithrombin as a mechanism to control matriptase.  This antithrombin-mediated 

matriptase inhibition might take place at the basolateral plasma membrane of polarized 

epithelial cells in vivo, such as in lactating mammary epithelial cells.  The resultant 

matriptase-antithrombin complex is then internalized, transcytosized, and secreted from 

the apical surface of the cells.  This physiological mechanism is apparently lost in many 

carcinoma cells.  It will be important to determine how the loss of 

antithrombin-mediated matriptase inhibition affects the activity of matriptase and its 

impact on cancer cells in the future.                 
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Figure 4.1. Formation of non-HAI-1 matriptase complexes in mammary epithelial 

cells. A. 184 A1N4 mammary epithelial cells were exposed to basal medium 

(lane 1) or a pH 6.0 buffer (lane 2) for 20 min to induce matriptase activation. 

Cell lysates were prepared and analyzed for matriptase by blotting with the 

matriptase mAb M24.  B.  The cell lysates were immunoprecipitated using 

HAI-1 mAb M19 beads (IP:HAI-1) and the captured proteins eluted using pH 

2.4 glycine buffer.  The lysate (L), the unbound fraction (UB) and the eluted 

fraction (E) were analyzed by immunoblot for matriptase with mAb M24 

(IB:MTP).  C. The cell lysates were immunoprecipitated by using matriptase 

mAb 21-9 beads and the bound proteins eluted with pH 2.4 glycine buffer 

(IP:MTP).  Proteins samples from the lysate (L), the unbound fraction (UB), 

and the eluted fractions (E) were incubated with SDS sample buffer at room 

temperature (lane 1 through lane 3) or at 95oC (lane 4, B) for 5 min prior to 

electrophoresis and analyzed by immunoblotting for matriptase with the mAb 

M24 (IB:MTP).    
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Figure 4.2. Antithrombin-mediated matriptase inhibition is seen in 184 A1N4 

mammary epithelial cells.  A. 184 A1N4 mammary epithelial cells were 

exposed to culture medium containing 0.5% human serum for 10 minutes.  

Then the cells were exposed to basal medium (lane 1) or a pH 6.0 buffer (lane 

2) to induce matriptase activation.  Cell lysates were prepared and analyzed 

by immunoblot for matriptase species (MTP) by matriptase mAb M24 or for 

antithrombin species using a human antithrombin polyclonal antibody (AT).  

B. In order to confirm that the 110-kDa antithrombin species is 

matriptase-antithrombin complex, the cell lysates (L) were 

immunoprecipitated by matriptase mAb 21-9 (IP:MTP) and the captured 

matriptase species were eluted by pH 2.4 glycine buffer. The samples from 

loading (L), unbound fraction (UB) and elute fraction (E) were analyzed by 

immunoblotting for antithrombin species by an antithrombin Ab (IB:AT).  
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Figure 4.3. Antithrombin-mediated matriptase inhibition is commonly seen in 

non-tumorigenic mammary and prostate epithelial cells.  MTSV-1.1 B 

and MCF 10A mammary epithelial cells, RWPE-1 prostate epithelial cells, 

and HaCaT keratinocytes were exposed to culture medium containing human 

sera for 10 minutes.  Then these cells were exposed to basal medium (lanes 

1) or a pH 6.0 buffer (lanes 2) for 20 min to induce matriptase activation. Cell 

lysates were prepared and analyzed by Western blotting for matriptase (MTP) 

and antithrombin (AT). 
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Figure 4.4.  Antithrombin-mediated matriptase inhibition is lost in carcinoma cells.  

Seven different cancer lines, as indicated, were exposed to culture media 

containing human sera for 10 minutes.  These cells were then exposed to 

basal media (lanes 1) or a pH 6.0 buffer (lanes 2) to induce matriptase 

activation. Cell lysates were prepared and analyzed by immunoblotting for 

matriptase (MTP) and antithrombin (AT). 
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Figure 4.5.  Production and purification of active matriptase.  RPMI-8226 multiple 

myeloma cells were exposed to basal media (A and B, lanes 1,) or a pH 6. 0 

buffer (A and B, lanes 2) for 20 min. Proteins shed into extracellular millieu 

were collected, concentrated, and analyzed by immunoblotting for activated 

matriptase using the mAb M69 (A, Activated MTP) or by gelatin 

zymography for the gelationolytic activity (B, Gelatin Zymogram) or for 

amidolytic activity using synthetic fluoresent substrate (D, loading).   In 

(C), the shed 70-kDa gelatinolytic activity (lane 1) was incubated with 

immobilized activated matriptase mAb M69.  The unbound fraction (lane 2) 

was collected. The mAb-captured proteins were eluted by glycine buffer pH 

2.4 and immediately neutralized (lane 3). These three samples were 

analyzed by gelatin zymography (Gelatin Zymogram).  Active mattriptase 

shed by RPMI 8226 cells was purified by protease inhibitor affinity 

chromatography using p-aminobenzamidine.  The amidolytic activity of 

active matriptase was used to monitor the purification (D).  The eluted 

proteins were further analyzed by SDS-PAGE for the purity of the 

preparation (E, lane 1) and by immunoblot for matriptase (F, MTP).  MW 

stands for molelcular weight markers.   
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Figure 4.6. Complex formation and inhibition of active matriptase by antithrombin 

in vitro. Purified active matriptase was incubated with increasing amounts of 

human antithrombin, as indicated, and analyzed for the formation of 

matriptase (MTP) complexes with antithrombin by immunoblotting using 

matriptase mAb M24 (A) and for inhibition of matriptase amidolytic activity 

using synthetic fluorescent substrate Boc-Gln-Ala-Arg-AMC (B and C).  

The effect of heparin (200 nM) on matriptase inhibition was also determined.  

The proteolytic activities for the samples were determined by the rates of 

cleavage of the matriptase substrate as indicated by the plots of the release of 

AMC (Fluorescent Intensity) against time (B).  The inhibition was 

calculated by comparing the mean velocities (Mean V) of inhibitor-treated 

samples with matriptase-alone (C).           
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Figure 4.7. Second-order association rate constants for the reactions of free and 

heparin- complexed antithrombin with matriptase.  Rate constants for 

the reactions of matriptase and antithrombin in the absence of heparin (1 μM 

AT-Heparin) and in the presence of heparin pentasaccharide (0.1 μM AT+H5) 

or full-length heparin (0.1 μM AT+H50) were measured in a physiologic ionic 

strength, pH 7.4 buffer at 25oC under pseudo-first-order conditions by 

monitoring the decrease in protease activity as a function of time as detailed 

under “Materials and Methods”. 
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CHAPTER 5 

 

Conclusions 

 

 

5.1  Overview 

 

      Development and progression of B-cell lymphoma and multiple myeloma, as with 

other malignancies, involve complex interactions between cancer cells and the 

surrounding microenvironment 324-328.  The tumor microenvironment is composed of the 

extracellular matrix, the intratumoral vasculature, stromal cells, infiltrating leukocytes, 

including macrophages and T-cells.  These cell populations communicate through 

complex interplay between growth factors, chemokines, cytokines, their membrane 

receptors, and adhesion molecules.  Pericellular proteolysis has been recognized as an 

important element in modulation of tumor microenvironment through tissue remodeling, 

liberating biologically active molecules from extracellular matrix and converting inactive 

pro-form enzymes and growth factors/cytokines/ chemokines 147-149;198;329.  Despite the 

important role in cancer development and progression, our understanding of pericellular 

proteolysis in blood tumors is very limited and largely adopted from the studies in other 

tumor types.  Herein, I have focused on the type 2 transmembrane serine protease, 

matriptase.  While the protease also plays important roles in modulation of the 

carcinoma microenvironment, blood tumors, particularly multiple myeloma, apparently 

deregulated matriptase in ways quite different from carcinoma cells.  Like most other 
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serine proteases, matriptase is regulated primarily via three major mechanisms.  These 

include 1) genetic expression; 2) zymogen activation; and, 3) inhibition by protease 

inhibitors.  Through these three mechanisms, proteolytic activity of matriptase appears 

to be precisely controlled under physiological conditions 157;177;184;188.  In this study, I 

discovered that B-cell lymphoma and MM dysregulate matriptase by all of these three 

mechanisms.   

 

5.2  Matriptase expression in blood tumors 

 

      Matriptase expression appears to be cancer-specific for blood tumors.  

Non-neoplastic B-cells and plasma cells do not express matriptase.  This is in stark 

contrast to the expression environment of epithelial/carcinoma cells 177;182;186;188;196.  

While high levels of matriptase is commonly seen in transformed epithelial cells, 

non-transformed epithelial cells also express significant levels of matriptase.  

Furthermore, in several advanced carcinomas such as ovarian cancer and tumors of 

gastrointestinal tract, matriptase expression can be downregulated while the tumor grade 

increased 213;220.  By Western blotting or real-time PCR, matriptase expression levels in 

high grade tumors of gastrointestinal tract or aggressive mesenchymal-like breast cancer 

cells are consistent with the pro-epithelial phenotype of matriptase 186;213.  In advanced 

carcinoma, cancer cells can undergo epithelial-mesenchymal transition (EMT), and 

expression of matriptase is suppressed.  Conversely, matriptase expression in B-cell 

lymphomas appears to be a different story which positively associated with the 

aggressiveness of cancer, according to the results showed in Chapter 3.         
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5.3  Matriptase zymogen activation in neoplastic B cells 

 

      Matriptase is synthesized as an inactive zymogen.  Matriptase zymogen 

undergoes autoactivation to gain its enzymatic activity, a mechanism shared by both 

neoplastic B cells and epithelial cells 176;267.  Both cancer cell types activate matriptase 

in response to extracellular acidosis and hypoxia.  These unusual features of matriptase 

activation make the protease a potential target mechanism for cancer cells to respond and 

survive in the commonly acidic and hypoxic microenvironment.  This is particularly 

true for MM cells, which can activate matriptase at a highly robust rate within just a few 

minutes post exposure to CoCl2.  ROSs is the likely mechanism through which hypoxia 

stimulates the cells to activate matriptase.  This discovery provides novel insights to link 

matriptase functionality to oxidative stress in tumor microenvironment.  It is of interest 

to determine the role of matriptase in the cellular response to oxidative stress. 

 

5.4  Matriptase inhibition in neoplastic B cells 

 

      Matriptase has unusual characteristics for its inhibition.  While many proteases 

are under tight control by their endogenous protease inhibitors, inhibition would not take 

place when these proteases are converted into active forms.  In epithelial/carcinoma 

cells, active matriptase is a fairly short-lived species.  This is due to the rapid inhibition 

of active matriptase by it endogenous inhibitor, HAI-1 176.  One of the more remarkable 

differences in the dysregulation of matriptase between blood tumor and carcinoma is that 

carcinoma cells express matriptase with excessive HAI-1, but neoplastic B-cells express 
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matriptase with limited HAI-1 171.  While B-lymphoma cells and MM cells could 

express other protease inhibitors to compensate for the low HAI-1 expression, the overall 

ratio of matriptase to protease inhibitor is very imbalanced, favoring proteolysis.  

Significant quantity of active matriptase is generated as a consequence of this imbalanced 

scenario.  

 

5.5  Functions of matriptase in B-cell lymphoma and multiple myeloma 

 

      The difference in the life span of active matriptase between carcinoma cells and 

B-cell lymphoma/MM cells indicates that the protease may act on different sets of 

substrates.  For carcinoma cells, the rapid inhibition of matriptase by HAI-1 could allow 

the protease to act on a limited number of substrates, and at confined subcellular 

locations where matriptase undergoes zymogen activation, likely on the cell membrane 

181;304.  Although secreted substrates from stromal cells, including uPA and HGF could 

provide some indications for how matriptase contributes to carcinoma development and 

progression 189;198;200, there is much more investigation required to demonstrate how 

matriptase could activate these substrates in the situation of excessive HAI-1.  

Matriptase, therefore, could act on some other yet identified cellular substrates in 

carcinoma cells.  In contrast, in B-lymphoma cells and MM cells, active matriptase with 

prolonged activity could act on and process those known extracellular substrates, 

including uPA and HGF, to modulate the tumor microenvironment of these blood tumors. 
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5.6  Clinical potential 

 

      Targeting protease catalytic sites has been the mainstay to develop anti-protease 

drugs.  This approach may not be of use to control matriptase activity and functions in 

carcinomas and those cells with overwhelmed protease inhibitors, like HAI-1 186.  With 

the appreciation of how matriptase is activated and inhibited in B-cell lymphoma cells 

and MM cells, targeting the matriptase catalytic inhibitors, however, could be an effective 

strategy to control matriptase activity.  Since matriptase knockdown to very low levels 

affects the growth of both B-cell lymphoma and MM, inhibition of matriptase activity 

may represent a novel approach to control the growth of these tumors.  Even if 

inhibition of matriptase activity is not highly tumoricidal, matriptase catalytic inhibitors 

may still have great therapeutic potential.  Given that active matriptase is secreted and 

may act as an interface between tumor cells and its microenvironment, inhibition of 

matriptase could affect the interplay between the cancer cells and their microenvironment.  

This could in turn enhance the efficacy of other anticancer drugs.  

 

5.7  Conclusion    

 

      In this study, I have systematically characterized the role of matriptase in human 

B-cell lymphoma and MM.  My results reveal many important aspects and the potential 

role of matriptase in these cancers.  These include 1) upregulation of matriptase with 

limited endogenous inhibitors; 2) increased matriptase zymogen in response to the acidic 

and hypoxic tumor microenvironment; 3) active matriptase with prolonged activity that 
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can modulate the tumor microenvironment through activation of other ECM-degrading 

proteases, and activation of growth factors; and, 4) targeting the matriptase catalytic site 

alone, or with other anticancer drugs could have potential for development of effective 

therapeutics for both B-cell lymphoma and MM. 
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