
 
 

MATRIPTASE AS A NOVEL THERAPEUTIC TARGET IN NON-HODGKIN LYMPHOMA 

 

 

 

 

 

 

A Dissertation 

submitted to the Faculty of the 

Graduate School of Arts and Sciences 

of Georgetown University 

in partial fulfillment of the requirements for the 

degree of 

Doctor of Philosophy 

in Tumor Biology 

 

 

 

 

By 

 

 

 

 

Yi-Lin Chiu, M.S. 

 

 

 

 

 

 

 

 

 

 

Washington, DC 

March 19, 2018 

 

 

 

  



ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 2018 by Yi-Lin Chiu 

All Rights Reserved 

  



iii 
 

MATRIPTASE AS A NOVEL THERAPEUTIC TARGET IN NON-HODGKIN LYMPHOMA 

 

Yi-Lin Chiu, M.S. 

 

Thesis Advisor:  Michael D. Johnson Ph.D., Chen-Yong Lin Ph.D. 

 

ABSTRACT 

Non-Hodgkin Lymphoma (NHL) is a heterogeneous group of cancers derived from lymphocytes 

that is increasing in incidence. Advances in genetic diagnostic techniques and the introduction of 

immunotherapy have allowed significant progress in the treatment of NHL.  However, NHL that 

relapses having become treatment refractory after a promising initial response, accounts for 

approximately one-third of all cases, and remains a serious cause of morbidity and mortality.  

There are urgent needs for new drug targets and biomarkers of drug resistance for NHL. The type 

II transmembrane serine protease matriptase could be a novel candidate for clinical application to 

NHL due to its ectopic expression on the cell surface of NHL and lack of expression in normal B-

lymphocytes.  In addition, matriptase exhibits a high degree of proteolytic activity in this disease, 

as the result of an imbalanced matriptase: HAI-1 expression in aggressive NHLs, which has been 

shown to promote proliferation and invasiveness of these cancer cells. 

Coexpression of HAI-1 is, however, typically thought of being essential for matriptase 

synthesis and intracellular trafficking by suppressing the adverse impact resulted from the 

undesired and harmful matriptase premature zymogen activation in the secretory pathway.  The 

mechanism by which NHL cells are able to express matriptase on the cell surface in the absence 

of HAI-1 coexpression, remains a largely unexplored question and results in unregulated 

extracellular matriptase proteolytic activity to promote B-cell malignancy.    In this thesis, I began 

with the identification of HAI-2 as the primary regulator of matriptase enzymatic activity.  

Characterization of the impact of HAI-2 expression on matriptase regulation further reveals that 
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HAI-2 paradoxically increases matriptase proteolytic activity, which subsequently contributes to 

the proliferation of neoplastic B-cells and reduced sensitivity to Ibrutinib, the first line drug for 

some NHL and leukemias.    

HAI-2 resembles HAI-1 in many aspects, including being a potent and specific catalytic 

inhibitor of matriptase and its ability to facilitate matriptase synthesis and trafficking en route to 

the plasma membrane.  In contrast to the cell surface localization of HAI-1, the primary 

intracellular localization of HAI-2 limits its access to extracellular active matriptase.  Therefore, 

the co-expression of HAI-2 in neoplastic B-cells paradoxically enhances matriptase enzymatic 

activity.  This dysregulated matriptase activity confers upon neoplastic B-cells the ability to 

activate ERK phosphorylation, which is associated with increased proliferation and relative 

resistance to Ibrutinib. Suppression of matriptase expression and/or zymogen activation via 

reduced matriptase expression or reduced HAI-2 expression or suppressed matriptase zymogen 

activation by the matriptase-specific mAb verified the roles of matriptase enzymatic activity in 

ERK phosphorylation, cell proliferation and reduced Ibrutinib sensitivity.  The unusual 

relationship, by which HAI-2 is required for and promotes matriptase enzymatic activity and 

subsequently the pro-malignant activity of matriptase, is further manifested by the worst disease 

outcome observed in the NHL patients with high matriptase and high HAI-2 expression, compared 

to NHL patients with other expression combinations between matriptase and HAI-2. In summary, 

dysregulated pericellular matriptase proteolysis medicated by co-expression of HAI-2 contributes 

to various malignant aspects of neoplastic B-cells and could have the potential to be developed 

into a biomarker to identify and a drug target to circumvent the resistance to the current treatments 

in NHL patients.      
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Chapter 1 INTRODUCTION 

1.1 Matriptase 

1.1.1 Enzymology of matriptase 

A protease is a hydrolytic enzyme that catalyzes peptide bond hydrolysis-based proteolysis, a key 

process in protein catabolism. Throughout evolution, proteases are expressed in all organisms and 

have evolved into multiple classes with various catalytic mechanisms and are involved in multiple 

aspects of physiological functions from simple peptide digestion to highly regulated physiological 

processes, such as the blood-clotting cascade in hemostasis, the apoptotic cascade in programmed 

cell death, or the complement cascade in the immune system. 

Based on the nature of protease catalytic mechanism and the amino acid residues involved, 

proteases are classified into 7 catalytic types: serine, cysteine, threonine, aspartic, glutamic, 

asparagine, and metallo-proteases [1]. Matriptase-1, (referred to hereafter as matriptase), also 

known as membrane type serine protease 1 (MT-SP1), PRSS14, TMPRSS14, epithin (murine), 

SNC19, and TAGD-15, is a member of the type II transmembrane serine protease family encoded 

by suppression of tumorgenicity 14 (ST14) gene. Similar to other serine protease, matriptase 

possesses a Ser805-His656-Asp711 catalytic triad in the active site. Biochemically, Asp711 is hydrogen 

bonded to His656, causing His656 to act as a strong base and subsequently activate the Ser805 

nucleophile for its role in substrate peptide cleavage [2, 3]. Based on X-ray crystal structure data 

from the catalytic domain, the topology of the binding pocket, and the extended specificity profile, 

the catalytic domain of matriptase has a trypsin-like S1 pocket, a shallow hydrophobic S2 subsite, 

and an open negatively charged S4 cavity that favors the binding of basic P3/P4 residues. 

Correspondingly, the preferred substrate cleavage sequence (P4-P3-P2-P1↓P1’) was verified to be 

P4: Arg/Lys – P3: X – P2: Ser – P1: Arg/Lys ↓ P1’: Ala, where X is a non-basic amino acid [4-6]. 

Based on this specific cleavage sequence, matriptase is a highly active and discriminating enzyme 
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toward substrates rather than the simpler requirement of arginine or lysine at P1 such as in the case 

for trypsin [6]. 

While matriptase proteolytic activity is relatively selective for its substrates, uncontrolled 

enzymatic activity of this protease could be harmful to cells by cleaving peptide bonds in proteins 

or activating signaling cascade at unintended times and/or places. Most serine proteases, including 

matriptase, are synthesized as single-chain zymogens, which possess only negligible proteolytic 

activity when compared to the active enzyme. Hence, through the regulation of intracellular 

trafficking and post-translational zymogen activation, cells can specifically and temporally 

regulate proteolysis by ensuring that enzymatically active proteases are only present at the desired 

locations and at the right timing to perform their physiological functions. In order to rapidly and 

efficiently respond to a signal for proteolysis, many proteases are organized in a cascade 

arrangement such that one protease activates the next resulting in great signal amplification. This 

arrangement results in one of the most rapid methods for initiating and/or terminating some 

physiological response in an organism. In order to produce full enzymatic activity, protease 

zymogens typically undergo a specific proteolytic cleavage, which converts the single-chain 

zymogens to the two-chain active enzyme. Since the proteolytic activation of a zymogen is 

irreversible, and the active enzyme could be harmful to the cell, it is important that there be some 

mechanism to terminate protease activity efficiently when it is no longer required. This is mainly 

accomplished by the expression of protease inhibitors, which can tightly and/or covalently bind to 

active proteases and inhibit or eliminate their enzymatic activity. If the protease inhibitors are, 

however, expressed in the wrong subcellular localization or at an insufficient level, they may not 

be able to stop the harmful effects of an active protease, which may result in protease associated 

toxicity or inappropriately extended signaling. Therefore, a comprehensive knowledge of protease 
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maturation, trafficking, zymogen activation, and inhibition by protease inhibitors is essential to 

study the impact of a given protease in any protease associated diseases. 

1.1.2 Physiological functions of matriptase 

Several studies indicate that matriptase is commonly expressed in epithelial tissues under 

physiological conditions in human and mouse tissues and has essential roles in the maintenance of 

epithelial integrity, and particularly for epidermal terminal differentiation and barrier function [6-

8]. The expression of matriptase has been found in a variety of epithelial elements in various organ 

systems[6]. In addition to epithelium tissues, matriptase expression is also reported in several 

immune cells, including mast cells, monocytes, and macrophages [6, 9, 10].  

Studies with targeted deletion of matriptase and exogenous expression of matriptase-β-

galactosidase fusion gene marker in transgenic mice suggest that matriptase has diverging 

physiological functions in the genesis of stratified keratinized epithelium, hair follicles, and 

squamous cell carcinoma [11]. In postnatal development, matriptase knockout mice died within 

48 hours after birth. The neonatal death resulted from severe dehydration that was caused by 

impaired water barrier function in the skin of the newborns [11]. One study suggests that matriptase 

deficiency impairs the proteolytic processing of profilaggrin into filaggrin monomers that assist in 

the aggregation of keratin intermediate filaments, resulting in the disruption of lipid matrix 

formation, cornified envelope morphogenesis, and stratum corneum desquamation [12]. 

In contrast to the severe dehydration and neonatal death seen in mice, the clinical 

manifestation associated with matriptase mutations, some of which cause loss of function in human 

is surprisingly mild. For example, autosomal recessive ichthyosis with hypotrichosis (ARIH), a 

rare skin disorder, is associated with the missense G827R mutation of matriptase serine protease 

domain, which almost completely abolishes matriptase activity [13, 14]. Similarly, the loss of 
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matriptase expression was reported in other patients with matriptase mutations and results in a 

phenotype of ichthyosis, follicular atrophoderma and hypotrichosis, [15]. More recently, a large 

cohort study of 180 ichthyosis patients using targeted next-generation sequencing array 

demonstrated that the homozygous pAsp482Asn mutation of matriptase is frequently present in 

this disorder [16]. 

1.1.3 Regulation of matriptase 

Two types of endogenous protein inhibitor have been shown to regulate matriptase proteolytic 

activity in physiologic settings: The Serpin-type and the Kunitz-type serine protease inhibitors. 

1.1.3.1 Serpin-type serine protease inhibitor 

Serpins (serine protease inhibitors or classified inhibitor family I4) are a widely distributed family 

of protease inhibitors and have essential roles in the hematological coagulation system (i.e. anti-

thrombin, α1-antitrypsin, and α2-antiplasmin). As they are named, the majority of serpins inhibit 

serine proteases, but the physiological relevance of serpin mediated matriptase is rarely reported. 

One observation suggesting that they do play a role was the purification of matriptase-antithrombin 

complexes from human milk [17]. In a subsequent study, the level of membrane-associated 

antithrombin on human keratinocytes was inversely correlated to the level of free active matriptase 

shed into the extracellular milieu [18].  

1.1.3.2 Kunitz-type serine protease inhibitor – HAI-1 

In contrast to the limited data about serpins in matriptase biology, the Kunitz-type serine protease 

inhibitors have been broadly recognized as the primary endogenous cognate protein inhibitors of 

matriptase and have been intensively studied in research on matriptase activation regulation. HAI-

1 (hepatocyte growth factor activator inhibitor-1), encoded by the spint1 gene, which is widely 
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thought of as the primary Kunitz-type matriptase inhibitor, was originally identified as an inhibitor 

of Hepatocyte Growth Factor Activator (HGFA) [19]. HAI-1 forms tight interactions with active 

matriptase resulting in a stable complex, which was first purified from human milk [20]. The 

interaction between active matriptase and HAI-1 is reversible, but of very high affinity and so it is 

difficult to dissociate the complex under physiological condition [21]. 

The mature form of this protease inhibitor has 478 amino acid residues, with a calculated 

molecular mass of 54 kDa. HAI-1 contains two Kunitz domains: Kunitz domain I (residues 246–

306), and Kunitz domain II (residues 371–431), which are separated by a low-density lipoprotein 

receptor A domain (LDLR) (residues 315–360). In addition, there is a “Motif containing seven 

Cysteines” (MANSC) (residues 57-147) near the N-terminus, and a transmembrane domain 

(residue 450-472) that is located at its carboxyl terminus. (Figure 1.1) 

Enzymatic studies suggest that the Kunitz domain I of HAI-1 regulates numerous proteases, 

including matriptase, prostasin, and HGFA [22]. HAI-1 has high specificity for the matriptase 

active-site cleft due to the specific P1-P3 residue, Arginine-Cysteine-Arginine (RCR) present in 

Kunitz domain I. The P1 residue R260 forms part of the matriptase serine protease triad interaction, 

the P2 residue C259 forms a disulfide bond with C283, which fits nicely into the matriptase S2 pocket. 

Instead of P4, the P3 residue R258 side chain is kinked into the matriptase S4 subsite and forms a 

salt bridge with matriptase Asp217, a hydrogen bond with matriptase Gln175, and π-stacking 

interaction with matriptase Trp215 respectively. These interactions result in the Kunitz domain I of 

HAI-1 possessing highly selective and potent inhibitory activity toward matriptase [23]. 

Both matriptase and HAI-1 are co-expressed by the epithelial cells of almost all epithelium-

containing organs [24, 25]. A strong positive correlation between matriptase and HAI-1 expression 

at the mRNA level was reported in a microarray study analyzing approximately 2,000 human 
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normal and cancerous samples [10]. Embryonically, a functional relation between matriptase and 

HAI-1 has also been clearly demonstrated during placental development [26]. Genetic ablation of 

HAI-1 causes placental defects leading to embryonic death due to the loss of undifferentiated 

chorionic trophoblasts and impaired formation of the labyrinth layers, but this phenotype was 

rescued by ablation of matriptase expression in HAI-1-deficient mouse embryos [27, 28]. These 

observations suggest that HAI-1 and matriptase co-expression is not required for placental 

development, but the expression of HAI-1 is crucial for physiological regulation in the presence 

of matriptase expression.  

1.1.3.3 Kunitz-type serine protease inhibitor – HAI-2 

HAI-2 (Hepatocyte growth factor Activator Inhibitor-2), encoded by the Spint2 gene, is composed 

of 225 amino acids with an estimated molecular mass of 25kDa. Similar to HAI-1, HAI-2 has two 

extracellular Kunitz domains, KD1 (residues 38-88) and KD2 (residues 133-183), in addition, 

there is a short C terminal region (24 aa), and two putative N-glycosylation sites at Asn57 and Asn94 

[81]. The N-glycosylation on HAI-2 increases its protein size from 25 kDa to approximately 40kDa, 

which could be distinguished using two different HAI-2 mAbs – DC16 detecting highly 

glycosylated HAI-2 (40 kDa) and XY9 detecting lightly glycosylated HAI-2 (25 kDa) respectively, 

and be inhibited by the treatment of N-glycosylation inhibitor swainsonine and tunicamycin [29]. 

HAI-2, however, is lacking the LDLR domain that separates the two Kunitz domains in HAI-1 and 

also lacking the N-terminal MANSC domain. (Figure 1.1) 

The physiological function of HAI-2 is still poorly understood, but SPINT2 loss-of-

function mutations have been associated with a syndromic form of congenital sodium diarrhea 

(CSD), which might be due to some disrupted protease regulatory mechanism, although this needs 

to be verified [30, 31]. In addition, a recent study has shown a crucial function of HAI-2-regulated 
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inhibition of matriptase during tissue morphogenesis in mice with genetic inactivation of the 

mouse SPINT2 gene [32].  The HAI-2 deficiency-associated defects include abnormal placental 

labyrinth development associated with loss of epithelial cell polarity, embryonic demise, and 

neural tube closure, which can be restored by concurrently genetically inactivating matriptase 

excepts the last one, suggesting the defects are caused by the dysregulated matriptase activity [32]. 

Lai et al. examined 27 Kunitz domain amino acid sequences from 18 human proteins [29]. 

Other than the Kunitz domain I of HAI-2, none of these other Kunitz type proteins possess the 

crucial “RCR” inhibitory residues found in HAI-1 KD I, suggesting that only HAI-1 and HAI-2 

share the unique Kunitz domain structure required for high specificity, high affinity matriptase 

inhibition. 

HAI-2 with extended N-glycan branching (recognized by HAI-2 mAb DC16) was first 

reported to inhibit matriptase activity through the formation of stable 100kDa complexes when the 

proteins are combined in solution and in breast cancer cell line cultures [33]. Though HAI-2 can 

block matriptase-dependent activation of pro-prostasin and cell surface-bound pro-uPA and its 

expression pattern perfectly matches to that of matriptase and HAI-1, HAI-2 is usually considered 

as a redundant or partially redundant manner with HAI-1 [34]. Interestingly, this phenomenon was 

selectively observed in breast cancer cells but not present in normal mammary epithelial cell 

cultures, which seems to be the result of differential subcellular localization of HAI-2. By 

immunofluorescence analysis, HAI-2 appears to exit the endoplasmic reticulum (ER)/Golgi 

apparatus and is mainly present in the cytoplasm and cytoplasmic granular/vesicle like structures 

in normal mammary epithelial cells. In contrast, a proportion of the HAI-2 can be detected at the 

cell surface in breast cancer cells where it can interact with and inhibit active matriptase [33]. HAI-

2 has also recently been demonstrated to have role in stabilizing matriptase maturation in the 
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secretory pathway [35]. How cells regulate the distribution of HAI-2 remains largely unknown, 

but the extent of N-glycan branching present on HAI-2 may play a role in regulating HAI-2 

subcellular distribution and result in HAI-2 targeting different proteases [29].  

HAI-2 has been identified as a tumor suppressor when overexpressed in prostate cancer, 

melanoma, medulloblastoma, and as a negative prognostic marker for human esophageal 

squamous cell carcinoma [36-40]. Epigenetic inactivation of HAI-2 has been observed in renal 

cell carcinoma, which results in abnormalities in the MET pathway [41]. However, a positive 

correlation between HAI-2 expression and tumor progression has also been reported in breast 

cancer and glioma [35, 42]. These divergent observations imply that the role of HAI-2 in tumor 

cell behavior does not seem to be explained simply by the level of expression. 
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Figure 1.1 Schematic presentation of Matriptase, HAI-1 and HAI-2 

The protein domain structures of Matriptase, HAI-1 and HAI-2 are presented by schematic 

illustrations. LDLRA for the LDL receptor class A domain; CUB for the complement C1r/C1s, 

Uegf, Bmp1 domain; SEA for the sea urchin sperm protein, enterokinase and agrin domain; 

MANSC for motif containing seven cysteines domain; NH2 for the N-terminus; and CO2H for the 

C-terminus. The monoclonal antibody recognized sites, the cleavage site during matriptase life 

cycle, and the N-glycosylation site are located by the corresponding icons on the schematic 

illustration. 
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1.1.4 Life cycle of matriptase 

1.1.4.1 Synthesis and maturation 

Matriptase is synthesized as an 855 amino acid single-chain, inactive zymogen protease with a 

calculated molecular mass of 95 kDa. Matriptase consists of multiple domains, including a short 

cytoplasmic domain, an N terminal  transmembrane domain (making it a Type II transmembrane 

protein), a sperm protein, enterokinase, and agrin (SEA) domain (residues 86-201), two C1r/C1s, 

urchin embryonic growth factor, and bone morphogenetic protein-1 (CUB) domains (residues 214-

334 and 340-447), four low-density lipoprotein receptor class A (LDLRA) domain (residues 452-

486, 487-523, 524-561, 566-604), and a carboxyl-terminal serine protease domain (residues 614-

855) [43-45]. (Figure 1.1) 

The short cytoplasmic domain of matriptase contains a consensus phosphorylation site for 

protein kinase C, the potential function of which is unclear. One study suggests it may have 

intracellular interactions with the actin cytoskeleton through filamin [46], which is also supported 

by the observation that stimulating immortalized mammary epithelial cells with the physiological 

inducer sphingosine-1-phosphate (S1P) results in rapid translocation of matriptase to the cell 

surface in an F-actin polymerization-dependent manner [47]. 

As a type II integral membrane protein, the N-terminal transmembrane domain of 

matriptase replaces the role of the absent signal peptide as a signal anchor, which orients the 

protease with a cytoplasmic N-terminus and an extracellular C-terminus [4]. 

The LDL receptor contains seven tandemly repeated, approximately 40 amino acid, 

cysteine-rich modules, the LDL receptor class A domains (LDLRA). The function of the four 

LDLRA domains within matriptase is not fully understood, although the reported ligand-receptor 
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interactions in LDL and β-VLDL suggest the possibility of some role in matriptase-substrate (or 

inhibitor) interaction or some role in the matriptase activation complex [48]. Indeed, matriptase 

activation is dependent on the presence of these four LDLRA domains [24]. 

Matriptase has four putative N-glycosylation sites, Asn109, Asn302, Asn485, and Asn772 of 

which two appear to be critical for normal zymogen activation. The mutation of Asn302 in the CUB 

domain and Asn772 in the serine protease catalytic domain result in defective matriptase activation, 

whereas point mutation at Asn109 or Asn485 had no obvious effect [24]. 

After synthesis, the mature matriptase zymogen first undergoes non-enzymatic hydrolysis 

at a conserved Gly149↓Ser150IVA motif within the SEA domain, which is required for zymogen 

activation [24]. This cleavage occurs spontaneously during synthesis and maturation in the 

endoplasmic reticulum (ER) and Golgi apparatus, and is induced by conformational stress from 

the conserved hydroxyl group of Ser150 [2, 49]. Although the single-chained zymogen is cleaved 

during maturation, thermodynamically stable non-covalent interactions within the cleaved SEA 

domain are of sufficient affinity to hold the N-terminal fragment (NTF) and the C-terminal 

fragment (CTF) tightly together for stable presentation on the plasma membrane. Thus, the mature 

matriptase zymogen is composed of two chains and is tethered to the cell membrane via the tightly 

associated but cleaved SEA domain and the transmembrane domain. 

1.1.4.2 Trafficking and Zymogen activation 

After preliminary modification, the matriptase zymogen should traffic to the cell surface through 

the secretory pathway. Oberst et al. demonstrated that HAI-1 is essential for matriptase zymogen 

trafficking. When matriptase is transfected alone into cells that normally express neither matriptase 

or HAI-1, it is only expressed at very low levels and failed to traffic out of the ER/Golgi apparatus 
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[50]. Interestingly, co-transfection with HAI-1 results in the efficient trafficking of matriptase to 

the cell surface, but not if Kunitz domain 1 is mutated. Moreover, catalytically inactive matriptase 

mutants exhibit no trafficking defect in the absence of HAI-1, suggesting that ectopic matriptase 

activity may disrupt its trafficking in the secretory pathway, which can be prevented by functional 

HAI-1 co-expression [50].  

For most proteases, zymogen activation requires the activity of upstream protease 

activators to cleave the zymogen at the activation site. Matriptase zymogen is activated by cleavage 

between Arg614 and Val615 at the articulation between the non-catalytic domains and the catalytic 

domain, resulting in a two-chain active enzyme, with the two chains held together by a disulfide 

bond. However, the matriptase zymogen activation does not require the intervention of another 

up-stream active protease, and instead undergoes “auto-activation” to acquire its full proteolytic 

activity. This auto-activation mechanism was demonstrated by introducing a point mutation into 

the matriptase catalytic triad (Ser805, Asp711, or His656), which results in a protein that fails to 

undergo the activation processing at Arg614 (RQAR614↓VVGG) whereas this process should be 

unaffected if there are upstream protease activator for matriptase zymogen activation [2, 20, 43]. 

This autoactivation is thought to depend on the weak intrinsic proteolytic activity of the 

zymogen that, in common with other auto-activating proteases, is detectable although at several 

orders of magnitude less than that of the mature enzyme.  A variety of external factors can enhance 

the activity of the unformed catalytic triad, triggering this proposed transactivation mechanism, 

after which the activated enzyme can then activate more matriptase zymogen as a protease cascade, 

thus obtaining a high degree of activity. HAI-1, which is present in most epithelial cells at an 

approximately 10-fold molar excess, tightly controls any activated matriptase, effectively limiting 

matriptase activation to times and places where its activity is required. For instance, in breast 
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cancer cells expressing both proteins, the reduction of HAI-1 expression using small interfering 

RNA results in spontaneous and enhanced zymogen activation [50].  

The mechanism that triggers matriptase auto-activation remains largely unclear, while 

evidence suggests some associations with various extracellular stimuli. Some small molecules 

such as sphingosine 1-phosphate (S1P) or hormones (i.e. androgen) can induce matriptase 

activation in specific circumstances. Also, exposure to a slightly acidic extracellular milieu (pH 

6.0) or lowering of ionic strength induces rapid matriptase zymogen activation in both cell free 

solutions  and intact cells [51-54]. 

Given that matriptase is activated by auto-activation and that a reduced pH can accelerate 

activation, it is likely that some matriptase zymogen could be activated by the acidic environment 

of the secretory pathway during its transport to the membrane. 

When an inhibitor such as HAI-1 is present, however, the latent activity of the matriptase zymogen 

is inhibited. However, since the active site of the zymogen is not stable,  the binding affinity of 

HAI-1 to the matriptase zymogen is very weak and reversible. This allows HAI-1 to temporarily 

prevent matriptase zymogen from causing cell damage in the secretory pathway due to acid-

induced zymogen auto-activation. This may explain why overexpressed matriptase cannot be 

expressed on the cell surface alone in the absence of inhibitor. 

1.1.4.3 Inhibition, Shedding, and Substrate cleavage 

Three different fates can occur immediately after zymogen activation resulting in the production 

of active matriptase: inhibition by HAI-1, cleavage/shedding of matriptase from the cell surface, 

and action on its substrates.  

Inhibition 
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Compared to its interaction with the matriptase zymogen, HAI-1 (55 kDa) binds very tightly to 

active matriptase (70 kDa) forming a very stable complex (120 kDa) that even can be detected 

after SDS-PAGE - Western blot, as long as the samples are not reduced or boiled [20]. The 

membrane-associated matriptase-HAI-1 complex is finally shed from cell surfaces into the 

extracellular milieu. This process causes cell-associated, free, active matriptase to have a relatively 

short half-life [53, 55]. 

Shedding 

Matriptase shedding is associated with the release of the bulk of the matriptase extracellular 

domains including the catalytic domain from the cell surface in a soluble form and is thought to 

occur via a de novo proteolytic cleavage at Arg186, located between the SEA domain and CUB 

domains [56]. Matriptase shedding happens right after matriptase zymogen activation. Shedding 

is thought to be catalyzed by active matriptase itself, although it is possible that this cleavage 

results from the action of a downstream protease activated by active matriptase.  Cleavage by 

active matriptase itself seems the most likely mechanism [56]. The close coupling of shedding 

with matriptase zymogen activation allows a proportion of the nascent active matriptase to escape 

from HAI-1 inhibition and be shed into the extracellular milieu, which prolongs its activity half-

life but also increases the chance of matriptase accessing its potential substrates [57].  Shedding of 

matriptase HAI-1 complex also requires the cleavage of HAI-1 which is also a transmembrane 

protein (Type I), but very little is known about the timing or mechanisms responsible for this 

cleavage. 

Substrate cleavage 

After being shed into the extracellular milieu, matriptase is suggested to be a pericellular protease. 

Thus, matriptase could gain access to more substrates than as a membrane-associated protease [54]. 
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In vitro and cell culture studies have identified various possible matriptase substrates including the 

following: pro-hepatocyte growth factor/scatter factor (HGF/SF), pro-macrophage-stimulating 

protein 1 (MSP-1), pro-urokinase-type plasminogen activator (uPA), protease activated receptor 2 

(PAR-2), stromelysin / matrix metalloproteinases 3 (MMP-3), pro-kallikreins, CUB domain 

containing protein 1 (CDCP1) , insulin-like growth factor binding protein-related protein 1 

(IGFBP-rP1), vascular endothelial growth factor receptor 2 (VEGFR-2), platelet-derived growth 

factor (PDGF), epidermal growth factor receptor (EGFR), fibronectin, laminin, and Tie2 [10, 55, 

58-72]. It is possible that the dysregulated matriptase activities may promote cancer growth and 

invasion through ERK signaling or PI3K-AKt-mTOR signaling pathway mediated by the 

substrates described above. 
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Figure 1.2 Life cycle of matriptase 

Synthesis and maturation: Matriptase is synthesized on the rough endoplasmic reticulum and is 

directed as a type II transmembrane protein by an N-terminal signal anchor. The first 

endoproteolytic cleavage of matriptase zymogen happened on Gly149 in SEA domain within the 

endoplasmic reticulum or Golgi apparatus during the whole life cycle. Trafficking: With the 

presence of HAI-1, the intracellular matriptase zymogen auto-activation induced by increasing 

oxidative stress and acidic environment can be prevented, which is essencial for matriptase 

translocating to plasma membrane. Zymogen activation: Matriptase zymogen on the plasma 

membrane is activated by autoactivation, which is mediated by its intrinsic zymogen activity 

targeting the highly conserved activation cleavage site R614-VVGG in serine protease domain. 

Inhibition: Active matriptase is immediately inhibited by HAI-1 and forms the matriptase–HAI-1 

complex, which is shed from the plasma membrane. Shedding: parts of active matriptase will be 

shed by autocatalytic cleavage after Arg186 between SEA domain and CUB domain, which is 

mediated by active matritase enzymatic activity. 
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1.2 Matriptase in cancer development and progress  

1.2.1 Matriptase expression in cancer 

Being ubiquitously expressed in epithelium in various organs, matriptase upregulation and/or HAI-

1 loss has been found in almost all epithelial tumors examined, including breast, ovarian, cervical, 

prostate, endometrial, gastrointestinal tract  and mesothelioma cancers [73-78][79, 80].  

1.2.2 Matriptase as a negative prognosis marker 

Multiple studies have focused on the expression level of matriptase during malignant progression 

and the potential of matriptase as a prognostic marker in numerous human cancers. The results of 

these studies have varied across different types of tissues. Increased matriptase expression was 

correlated with higher tumor grade, stage and poor disease outcome in breast carcinoma, prostate 

cancer, cervical cancer, endometrial cancer, oral and esophageal squamous cell carcinoma [75-78, 

81-83]. In contrast, in the tumors of gastrointestinal tract, matriptase is downregulated in both 

mRNA and protein levels compared with normal tissue [79].  Additionally, matriptase expression 

in ovarian cancer shows a more complicated pattern. In normal ovarian tissue, very low or 

undetectable levels of matriptase were reported. Surprisingly, matriptase becomes highly 

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

[75]. These studies imply that simply detecting matriptase expression level might not be useful for 

survival analysis. 

1.2.3 Imbalanced matriptase proteolysis in tumorigenesis 

The oncogenic activity of amplified matriptase expression was firstly demonstrated in a transgenic 

mouse model in 2005 [84]. In this study, mice with transgene-induced matriptase overexpression 

developed spontaneous squamous cell carcinoma and had increased carcinogen-induced invasive 

squamous cell carcinoma. Strikingly, double transgenic mice co-expressing matriptase and HAI-1 
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did not develop spontaneous skin cancer lesions or any increased susceptibility to chemical 

carcinogenesis. This finding suggests that imbalanced matriptase proteolytic activity could directly 

induce malignant transformation via ras-dependent and ras-independent signaling pathways. 

Overexpression of the matriptase cognate inhibitor HAI-1 was thus able to dispel amplified 

matriptase activity, providing a counter mechanism to prevent tumorigenesis through suppressing 

matriptase proteolytic activity. Other studies also demonstrated that deregulated matriptase 

proteolytic activity results in cancer cell proliferation, invasion and metastasis in several tumor 

xenograft models [85, 86].  

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

and the proteolytic activity of matriptase is strictly regulated by HAI-1[10, 73]. Therefore, it has 

been proposed that one should consider the matriptase to HAI-1 ratio rather than just matriptase 

expression as the indicator correlated to histopathological tumor grade. In support of this 

hypothesis, several studies have demonstrated an increased matriptase to HAI-1 ratio in ovarian 

cancer, prostate cancer, gastrointestinal tract cancer  and colorectal cancer, or decreased HAI-1 

expression in breast cancer, colorectal carcinoma and cervical cancer [79, 87-92]. 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.  

In addition, imbalanced matriptase proteolytic activity promoting non-Hodgkin lymphoma 

(NHL) proliferation both in vivo and in vitro was demonstrated in our previous study [52]. 

Compared to normal reactive lymph node, matriptase is expressed in a cancer-specific manner in 

some NHL. However, the expression of HAI-1 does not significantly correlate with matriptase 

expression as seen in carcinoma and normal epithelial cells [13]. This phenomenon indicates that 
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in NHL, matriptase will not be restricted by HAI-1, which one would expect would lead to the 

constitutive release of active matriptase through the self-shedding mechanism. 

Moreover, the absence of HAI-1 expression significantly prolongs the half-life of activated 

matriptase, which in turn activates its potential substrates and related signaling pathways and 

results in pathological characteristics such as matriptase-initiated proteolytic cascades, modulated 

ECM remodeling, and altered activation of growth factors or cytokines in the tumor 

microenvironment of NHL. Thus, the ectopic expression of matriptase may provide a malignant 

advantage to matriptase-positive NHL and subsequently results in poor disease progression [52]. 

The presumed mechanism is illustrated as Figure 1.3. 
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Figure 1.3 Imbalanced matriptase proteolysis in extracellular milieu 
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1.2.4 Prevention of tumor growth and metastasis by matriptase inhibition  

Due to the presumed mechanism of matriptase peri-cellular oncogenic activity, several strategies 

have been considerable to reduce matriptase proteolytic activity including; zymogen activation 

inhibition, increased endogenous or recombinant inhibitors and decreased matriptase expression. 

In fact, several studies have described the therapeutic potential of matriptase proteolytic activity 

inhibition in cancer progress in vitro and in vivo. Inhibiting endogenous matriptase expression 

using small interfering RNAs (siRNA) significantly decreases invasive ability in established tumor 

cell lines from prostate and colon cancer as did the synthetic matriptase inhibitors CJ-697 or CJ-

730 [93]. In addition, CVS-3983, an arginal derived small molecular matriptase inhibitor, 

significantly decreased tumor growth and invasion of a human prostate cancer xenograft animal 

model [94]. Furthermore, several matriptase inhibitors have been developed, including catalytic  

and zymogen activation targeting inhibitors [95-97], that may have therapeutic potential against 

matriptase expressing cancers. 

1.2.5 The pathological role of matriptase in NHL 

Recently, matriptase was reported to be expressed by the tumor cells of the majority of chronic 

lymphocytic leukemia patients  and some NHL cancer cell lines with potential roles in tumor 

invasiveness or proliferation [6, 54].  Matriptase expression is not observed in leukemias such as 

acute myeloid leukemia (AML), chronic myeloid leukemia (CML), T cell acute lymphoblastic 

leukemia (T-ALL), and B cell acute lymphoblastic leukemia (B-ALL) cells, suggesting that the 

ectopic expression of matriptase might have a pathological role in B-cell-derived malignancies [6]. 

To further investigate the ectopic expression of matriptase in NHL samples, we analyzed a gene 

expression Omnibus (GEO) dataset (access number GSE9327), in which the normal reactive 

lymph nodes, splenic controls and various NHL clinical samples were harvested and analyzed 
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using CNIO Human Oncochip microarray. Compared to normal reactive lymph node, matriptase 

expression in aggressive lymphomas such as mantle cell lymphoma (MCL), diffuse large B cell 

lymphoma (DLBCL), and Burkitt lymphoma (BL) was significantly higher than the normal control 

as previous demonstrated in cell lines and patient tissues [54]. In indolent lymphoma, only chronic 

lymphocytic leukemia (CLL) exhibits significant matriptase expression.  These observations were 

replicated in an analysis of the GSE31048 and GSE50006 CLL clinical datasets, a series of 

immunoblot and IHC analysis as shown in Figure 1.4. 

In experiments using small hairpin RNA mediated knockdown, it was shown that reducing 

matriptase expression has an impact on the invasiveness or proliferation of different NHL cell lines. 

However, the absence of HAI-1 expression in these NHL cell lines is quite consistent.  

Given that the loss of control of matriptase activity is expected in the absence of HAI-1, it 

puzzled us how these cells were able to overcome the toxicity induced by unregulated matriptase 

zymogen auto-activation during trafficking in the secretory pathway without HAI-1. Secondly, we 

were interested in the mechanisms by which matriptase activity promotes cell proliferation: the 

signaling pathways involved remain unknown. Third, if the expression of matriptase is related to 

the patient's prognosis in various cancers, we wanted to determine whether matriptase expression 

is also associated with prognosis for NHL patients. These questions form the basis of this thesis 

but require a discussion of background information regarding non-Hodgkin lymphoma. 
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Figure 1.4 Matriptase mRNA and protein expression in normal and NHL tumor clinical 

samples 

(A) In a gene expression profiling of tumor samples from various non-Hodgkin lymphoma and 

normal lymphoid tissues, performed on an CNIO Human Oncochip format (GSE 9327), matriptase 
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showed significant upregulation in chronic lymphocytic leukemia (CLL), mantle cell lymphoma 

(MCL), diffuse large B-cell lymphoma (DLBCL), and Burkitt lymphoma (BL), compared with 

matriptase expression in reactive lymph node and spleen normal tissues (p<0.001). (B) In two 

global gene expression profiling study that compared normal B cells from healthy donors and 

neoplastic B cells from CLL patients (Affymetrix Human Genome U133 Plus 2.0 Array, GSE 

31048 and GSE50006), matriptase showed significant upregulation in CLL-B cells compared with 

normal B-cells (p<0.001). (C) Left panel: Expression of matriptase and HAI-1 in human non-

Hodgkin lymphoma cells. Cell lysates prepared from non-Hodgkin lymphoma cells and T-47D 

breast cancer cells were analyzed by western blot using matriptase targeted mAb M24 and HAI-1 

targeted mAb M19. Right panel: Expression of matriptase and HAI-1 in human reactive lymph 

node (normal), DLBCLs and BLs in immunohistochemistry. Tissue sections from paraffin-

embedded DLBCL and BL cases were analyzed by IHC using matriptase targeted mAb M24 and 

HAI-1 targeted mAb M19. Scale bar = 20μm. Data adapted from Chou et al., Am J Pathol. 2013 

Oct; 183(4): 1306-1317. [54] 
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1.3 Background of NHL 

Lymphoma is a hematological malignancy that originates from the white blood cells, or 

lymphocytes, that help fighting disease in our immune system. As it exists in the bloodstream, 

lymphoma can initiate or metastasize to various parts of the body. Lymphoma pathogenesis and 

progression is still one of the most dramatically evolving fields with developments in molecular 

pathogenesis, diagnostic technologies, and targeted therapies.  

Lymphoma is comprised of a heterogeneous group of diseases, which depend on the type 

of lymphocyte from which the cancer cells derived.  This can include a variety of mature B-cell, 

T-cell and natural killer (NK) cell malignancies with various clinical characteristics, responses to 

treatment and outcomes of treatments. The two main types of lymphoma are Hodgkin lymphoma 

(HL) and non-Hodgkin lymphoma (NHL). Non-Hodgkin is the major subtype of lymphoma, which 

accounts for about 85% of cases of hematological malignancies. Moreover, approximately 85% of 

NHL are of B-cell-origin [98]. In this thesis, I will focus on Non-Hodgkin lymphoma of B-cell 

origin in terms of the ectopic expression of matriptase specifically in diffuse large B-cell 

lymphoma (DLBCL), mantle cell lymphoma (MCL), Burkitt lymphoma (BL) and chronic 

lymphocytic leukemia (CLL, a type of leukemia with high similarity to small lymphocytic 

lymphoma (SLL). 

1.3.1 Epidemiology of NHL 

Non-Hodgkin Lymphoma represents about 5% of all cancers in the U.S. This hematological 

disease is the fifth most common cancer in adults and the third among children. While overall 

cancer incidence is decreasing, NHL prevalence has been increasing and has nearly doubled in the 

United States since the early 1970's. The overall five-year survival rate is 71%. Approximately 

660,000 individuals in the US are living with, or are in remission from, lymphoma. In 2017, it is 
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estimated that 72,240 new cases of NHL were diagnosed, and 20,140 Americans died from the 

disease (Based on data from NCI SEER website https://seer.cancer.gov/). 

1.3.2 Risk factors of NHL 

Age: Most NHL occurs in people aged over 60 years.  The increasing age of the population, 

therefore, impacts significantly on the total number of patients with NHL, whereas some types of 

NHL are more likely to affect children and young adults. Sex: NHL is more frequent in men than 

in women. Ethnicity and location: In the United States, African-Americans and Asian-Americans 

are at lower risk of non-Hodgkin lymphoma than white Americans, and it is more common in 

developed nations. Intrinsic factors: A person with a weak immune system is more at risk. This 

can be due to HIV/AIDS or medications taken after an organ transplant. Extrinsic factors: As the 

majority of lymphoma are idiopathic, exposure to nuclear radiation, radiation therapy, and some 

chemicals used in industry or agriculture such as benzene, herbicides, and insecticides has been 

linked to NHL. Certain viral and bacterial infections that transform lymphocytes will increase the 

risk, such as the Epstein-Barr virus (EBV), human T-lymphotropic virus type 1 (TLTV1), human 

herpes virus-8 (HHV8), human immunodeficiency virus (HIV), hepatitis C virus (HCV), or 

bacteria such as Helicobacter pylori [99-104]. 

1.3.3 Clinical diagnosis of NHL 

Non-Hodgkin lymphoma can start in the lymph nodes, in a specific lymphatic organ such as the 

spleen, or in lymph tissue found in organs like the stomach or intestines. Since lymphocytes can 

circulate to all parts of the body through the lymphatic vessels and bloodstream, abnormal 

lymphocytes can spread to any part of the body. Clinically, lymphoma may present with certain 

nonspecific symptoms, such as lymphadenopathy or swelling of lymph nodes, “B symptoms” that 

http://www.roswellpark.org/glossary/helicobacter-pylori
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consist of fever, night sweats, and weight loss, and other minor symptoms such as loss of appetite, 

fatigue, respiratory distress and itching. 

1.3.3.1 Standard diagnostic test 

Initial diagnosis typically involves physical exams including checks for swollen lymph nodes, 

spleen, liver, or enlarged lymph node in the neck, armpits or groin. Blood tests demonstrating 

abnormal numbers of lymphocytes in the blood, which is a standard evaluating approach for CLL. 

Incisional or excisional lymph node biopsy will be performed for the initial diagnosis to identify 

the presence of aberrant lymphocytes such as Reed-Sternberg cells, a major characteristic for 

Hodgkin lymphoma. 

1.3.3.2 Imaging evaluation by FDG-PET-CT 

To identify disease not revealed by physical exam, computed tomography (CT), MR (magnetic 

resonance), or PET (positron emission tomography) is suggested for diagnosis of lymphoma. PET 

scanning uses radioactive glucose (FDG, Fluoro-deoxy glucose) that is preferentially taken up by 

highly proliferating lymphoma cells to highlight a body map showing areas of lymphoma 

involvement in the body, such as the evaluation of lymphadenopathy of the chest or abdomen. 

Comparing with X-ray or CT, PET is generally more sensitive in detecting lymphoma in that it 

can reveal lymphoma present in normally sized lymph nodes. Combining PET with CT, (PET-CT), 

enables comparison of areas of higher radioactivity on the PET scan with the detailed anatomic 

appearance. Therefore, the use of PET-CT has become one of the major evaluations in lymphoma 

diagnosis and treatment [105].  
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1.3.3.3 Immunohistochemistry 

The use of immunohistochemistry allows a better understanding of the pathogenesis of lymphoma 

and the characterization of immunophenotypes in most lymphomas [106]. What makes lymphoma 

so special is that they still have features that are derived from different stages of B cell 

differentiation, so it is possible to classify them by a specific combination of several cell markers 

by IHC. A panel of markers is determined based on morphologic differential diagnosis as 

following:  

• Leukocyte marker: leukocyte common antigen (LCA) / CD45 

• B-cell markers: CD20 and CD79a 

• T-cell markers: CD3 and CD5 

• Plasma cell markers: CD78, CD138, and IL6 receptor 

• Other markers: Myc, CD21, CD23, BCL-2, CD10, cyclin D1, CD15, CD30, ALK-

1, BCL-6, IRF4/MUM1 

In addition, IHC can be used to distinguish between NHL subtypes and inform likely 

patient outcomes through the combination of specific cell markers. For instance, CD10, BCL6, 

and MUM1 expression differentiates two distinct prognostic groups of DLBCL as the longer 

surviving germinal center like (GCB) type and the poor prognostic non-GCB type [107]. Another 

example is that of positive BCL-2 with MYC translocation, which is associated with aggressive 

DLBCL or Burkitt lymphoma [108]. The advantage of IHC is that it allows morphological 

observation of the targets of interest and can be used on fixed tissue sections. However, only single 

marker is routinely used at a time on one tissue section, and the fixation may also lead to loss of 

cellular antigenicity [109]. 
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1.3.3.4 Flow cytometry 

Flow cytometry (FC) is an important laboratory technique for the immunophenotyping of 

peripheral blood, bone marrow, and tissue samples and has an important role in the diagnosis and 

classification of leukemia and lymphoproliferative diseases. Although FC and IHC are both 

monoclonal-antibody-based analysis, flow cytometry has been shown to be more useful as this 

analysis allows the simultaneous analysis of multiple markers on the same cell using different 

fluorescence colors on each sample, providing a semi-quantities measure of the level of markers 

on each cell. Moreover, the results can also be available within few hours after receiving the 

specimen. 

1.3.3.5 Fluorescence in situ hybridization 

Fluorescence in situ hybridization (FISH) is a cytogenetic technique using fluorescent DNA probes 

to target specific chromosomal translocations within the nucleus, leading to colored signals that 

can be identified with a fluorescent microscope. Compared with high-throughput genetic tests such 

as next-generation sequencing, FISH is a classical low-throughput cytogenetic method, however, 

in terms of its simplicity and reliability, FISH still plays an important role in detecting specific 

biomarkers and tailoring personalized therapeutic strategies in hematological neoplasms. Several 

FISH probes are generally used in NHL diagnosis as follows: BCL6 (3q27), MYC (8q24), 

CCND1/IgH t(11;14), IgH (14q32), IgH/BCL2 t(14;18), and MALT1 (18q21). 

1.3.3.6 Gene expression profiling (GEP) and Gene set enrichment analysis (GSEA) 

Over time, a series of advanced cytogenetic and molecular detection techniques have been 

developed and incorporated into routine clinical practice, including microarray and next-

generation sequencing. Gene expression profiling (GEP) is based on the use of DNA microarrays 
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to evaluate whole genome expression at a given time in a population of cells and this approach has 

driven discoveries regarding prognosis, mechanisms, and efficient decision making for therapeutic 

regimens. The introduction of gene expression profiling especially has led to the discovery of novel 

molecular lymphoma subtypes that are histologically indistinguishable. To date, gene expression 

profiling has been used to create molecular profiles of various lymphoid malignancies, such as 

DLBCL, B-CLL, FL, and MCL [110-113]. The most recognized application is to determine the 

ABC-subtype versus GCB-subtype in DLBCL in non-Hodgkin lymphomas. 

Gene Set Enrichment Assay (GSEA) is a computational method that identifies whether a 

defined molecular signature shows a statistically significant difference in identity between two 

biological states [114]. A defined molecular signature (gene set) stands for a well-defined 

biological states or processes. For instance, HALLMARK gene set collection, a series of gene sets 

generated from the Molecular Signature Database (MsigDB), summarize information across 

multiple gene sets by emphasizing genes that display coordinate expression on the purpose of 

reducing variation and redundancy of various gene sets described in MsigDB and providing a 

better delineated biological analysis [115]. Through combination with gene expression profiling 

(GEP), GSEA will be able to show, under the identified phenotype, which of the biological 

responses or processes in a subtype has more enriched activation or reduction. In clinical treatment, 

this approach has been introduced to the prognosis evaluation with specific phenotypes 

demonstrated by several groups, such as MYC IHC score, CD43 gene expression level, or 

phospho-STAT3 status  in DLBCL patients prognosis [116-118]. 

1.3.4 NHL prognosis evaluation 

Multiple stratification schemes have been employed for the purpose of identifying patients with 

NHL having a worse prognosis who may benefit from alternate management regimens. In this 
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section, we will discuss several major stratifications applied in evaluating the prognosis of NHL 

currently. 

1.3.4.1 Revised International Prognostic Index (R-IPI) [119] 

The original International Prognostic Index (IPI) was initially designed as a prognostic evaluating 

tool for aggressive lymphoma such as Diffuse Large B-cell Lymphoma since 1990s. Clinically, 

the IPI is also used to predict the outcome of patients with low-grade lymphoma or with a high 

risk of relapse [120]. Using the same criteria as the previous International Prognostic Index (IPI), 

the revised IPI (R-IPI) distinguishes among three different prognostic groups (versus two by IPI), 

providing more clinical relevance [121]. The R-IPI considers the following risk factors: 

• Age: +1 points if older than 60 years 

• Lugano classification: +1 points if identified with stage III or IV  

• ECOG performance status: +1 points if higher than 2 

• Lesions: +1 points if lymphoma is found in two or more extranodal sites 

• Serum lactate dehydrogenase (LDH): +1 points if serum LDH is higher than normal 

serum level 

Based on the result of R-IPI score, patients with NHL can be categorized as three groups as 

following:  

• 0 point: Very good prognosis 

• 1-2 point: Good prognosis 

• 3-5 point: Poor prognosis 
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1.3.4.2 Lugano classification (Revision of Ann Arbor stage in 2014) [122] 

The recent staging system for NHL in adults is known as the Lugano classification, which is based 

on the Ann Arbor system announced in 1974 [123]. This classification is recommended for initial 

evaluation, and responses assessment of lymphoma to enhance disease evaluation and improve the 

ability to compare outcomes of clinical trials. The stage depends on both the place where the 

malignant tissue is located (identified by FDG/PET/CT) and on systemic symptoms due to the 

lymphoma. The stages are described by Roman numerals I through IV and have a modifier to 

describe detailed situations.  

I. The lymphoma is in only one lymphatic organ.  It would be noted as IE if it is found in a 

nearby organ outside of the lymph system. 

II. The presence of lymphoma in two or more lymph nodes on the same side of the diaphragm. 

Again, if found outside of the lymph system in nearby organ, it would be noted as IIE. 

* Bulky disease – This term is used to describe large tumors in the chest at stage II, which 

might need more intensive treatment. 

III. Dissemination of the lymphoma to both sides of the diaphragm with spleen involvement. 

IV. Spread widely into one or more non-contiguous extra-lymphatic organ such as liver, lung 

or bone marrow. 

1.3.4.3 Eastern Cooperative Oncology Group (ECOG) Performance Status [124] 

The ECOG Performance Status is a simple measure of functional status developed by the Eastern 

Cooperative Oncology Group (ECOG), which scores from 0 to 5 with corresponding clinical 

performance status as below. It is commonly used as a prognostic tool or selection criterion for 

cancer research in a consistent manner across many participating hospitals and cancer centers.  
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Point 0: Asymptomatic, patients are fully active, able to carry on all pre-disease activities 

without restriction. 

Point 1: Restricted in physically strenuous activity but ambulatory and able to carry out 

work of a light or sedentary nature. 

Point 2: Ambulatory and capable of all self-care but unable to carry out any work activities, 

up and about more than 50% of waking hours. 

Point 3: Capable of only limited self-care; confined to bed or chair more than 50% of 

waking hours. 

Point 4: Completely disabled; cannot carry on any self-care; totally confined to bed or 

chair. 

Point 5: Dead 

*Adapted from Oken et al., Toxicity and response criteria of the Eastern Cooperative 

Oncology Group. Am J Clin Oncol, 1982. 5(6): p. 649-55. 

1.3.4.4 Lactate dehydrogenase (LDH)  

Serum lactate dehydrogenase (LDH) is a non-specific marker for lymphoma whose prognostic 

significance is well established for both indolent and aggressive lymphomas at the time of 

diagnosis [125]. The performance characteristics of this enzyme in predicting relapse in patients 

with diffuse large B-cell lymphoma has not been well studied, while in general diagnosis, a 1.5-

fold increase in serum lactate dehydrogenase, over a period of 3 months, is associated with 

increased likelihood of relapse from diffuse large B-cell lymphoma. 
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1.4 Biology of B-cell Development 

1.4.1 The normal B cell differentiation ( 

1.4.2 Figure 1.5) 

Hematopoietic stem cell to pro-B cell (HSC → CLP → Pro-B) 

The hematopoietic stem cell (HSC) is the cell of origin of various types of cell in the blood, such 

as B cell, red blood cells, and leukocytes. HSCs mainly differentiate to two predominant 

populations of B cell progenitor: the common myeloid progenitor (CMP) and the common 

lymphocyte progenitor (CLP). Neutrophils, basophils, eosinophils, monocyte/macrophages, 

erythrocytes and myeloid dendritic cells are differentiated from CMP. Alternatively, B-

lymphocytes, T-lymphocytes, natural killer cells and lymphoid dendritic cells are derived from 

CLP. To fulfill the requirement for the renewal of all cell populations, HSCs, CMPs and CLPs 

keep self-renewing throughout the whole life of the host. The regulation of differentiation 

programs depends on different microenvironments that provide diverse cytokines and cellular 

support. For instance, progenitor B cell (Pro-B) and a series of B cell lineage are mainly 

differentiated from HSC in the bone marrow, which is a result of CLP contact with the bone 

marrow stromal cells (BMSC) providing growth factors and cytokine that are associated with B 

cell differentiation. 

Pro-B cell to Immature B cell (Pro-B → V(D)J recombination → Pre-B → Immature B cell) 

The development of B cells in the bone marrow is started by random recombination of genes that 

encode the variable regions of the heavy and light antibody chains to form the B-cell receptor 

(BCR). This process is referred as “V(D)J recombination" and is initiated by the lymphocyte-

specific recombination activating gene 1 (RAG1) and recombination activating gene 2 (RAG2). 

RAG endonucleases that recognize conserved recombination signal sequences (RSS) within the V 
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(variable), D (diversity), and J (joining)  segments cleave DNA between the RSSs to generate a 

pair of blunt RSS double strand break (DSB) ends that are later joined to each other by the classical 

non-homologous end-joining (NHEJ) repair pathway [126]. 

With the initiation of pro-B cell conversion to precursor B cell (pre-B cell), the 

immunoglobulin heavy chain genes (IgH) will undergo rearrangement from various V, D, and J 

elements. Subsequently, immunoglobulin light chain genes (IgL) formation takes place by 

recombination of V and J elements [127], which will generate a fully functional BCR. Only B-

cells that have developed heavy and light chain variable region genes that can be translated into 

protein will survive, all other cells will undergo apoptosis. The antigen-independent generation of 

an enormously huge population of B cells in which individual cells express BCRs with unique 

antigen-binding specificity is of essential importance for our immune system to produce effective 

adaptive immune responses, as it allows B cells to recognize and respond to a vast variety of 

foreign antigens. 

The generation of a fully functional BCR depends on a two-step validation. Firstly, once 

the heavy chain rearrangement has finished, surrogate light chain (SLC) will be produced and 

interact with heavy chain. Pre-B cells are selected from this process, only the ones that result in a 

similar signal to the BCR can continue the light chain rearrangement.  The rearranged light chain 

will pair with heavy chain again, and only ones that generate an appropriate signal will form the 

fully functional BCR. Secondly, the affinity of the complete BCR and antigen will be validated to 

prevent strong signals, which might result in interaction with self-antigen and be harmful to the 

host. The B cells that cannot pass the self-antigen validation will undergo apoptosis (central 

tolerance). A B cell with non-autoreactive, functional BCR is called an immature B cell.  The 
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immature B cells leave the bone marrow and undergoe further differentiation. At this stage, B-cell 

precursors have specific antigens expressed on the surface, such as CD5+ and surface IgM+/IgD+. 

 

 

Figure 1.5 The normal B cell differentiation 

HSC: Hematopoietic stem cell; Pro-B: Progenitor B cell; Pre-B: Precursor B cell; T1B: 

Transitional-1 B cell; T2B: Transitional-2 B cell; DZ: Dark zone; LZ: Light zone; FDC: 

Follicular dendritic cell; TH cell: T Helper cell. 
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Immature B cell to Mature B cell (Immature B cell → T1B → T2B → Mature naïve B cell) 

Once the immature B cells pass the BCR signal validation, they will enter the blood and migrate 

to the spleen, where they are called transitional-1 B cells (T1B). Here the T1B cells are exposed 

to more self-antigens and circulating proteins. If these T1B cell have strong response to self-

antigen, they will transform to T3B cells, which are anergic and about 50-75% of immature B cells 

will be eliminated by apoptosis (peripheral tolerance). The T1B cells that have minor responses to 

self-antigen then migrate into primary follicle, the structure for B cell, T cell, and follicular 

dendritic cell interaction, and become transitional-2 B cells (T2B). The T2B cells leaving the 

follicle in the spleen are considered to be mature naïve B cells, which will be responsive to 

exogenous antigen and participate in immune responses. Mature Naïve B cells enter the blood and 

migrate to B cell follicles in secondary lymphoid organs such as the lymph nodes and spleen, 

where they respond to antigen presented by follicular dendritic cell (FDC) and follicular T helper 

cells (TFH). Once the mature naïve B cells are activated by T-cell dependent antigen, they form the 

germinal center with FDC and TFH.  

Mature B cell to Centroblast in GC Dark zone (Mature B cell → CB → SHM) (Figure 1.6) 

Germinal centers (GC) are a specific histological structure observed in secondary lymphoid organs. 

GCs provide the environment for rounds of B-cell rapid proliferation, immunoglobulin somatic 

hypermutation (SHM), and class switch recombination (CSR), which lead to antibody affinity 

maturation. The B cells inside the GC center usually have CD10 expression. GCs are histologically 

divided into two zones: the dark zone (DZ) and the light zone (LZ). The proliferating activated B-

cell in the DZ are known as centroblasts (CB), which are interconnected with CXCL12 expressing 

reticular cells [128]. To initiate and maintain the GC, the expression of BCL-6 within the 



38 
 

centroblast is indispensable, which has been demonstrated using a BCL-6 knockout animal model 

[129]. 

BCL-6 is a transcriptional repressor belonging to the BTB/POZ/Zinc Finger family of 

transcription factors that directly interact and repress more than one thousand genes [130]. BCL-6 

is upregulated while the B cells is outside the follicles, which is important for the B cell interactions 

with helper T cells and causing the B cells to enter the GC region [131, 132]. Under physiological 

conditions, GC B cells uniquely present some of the characteristic hallmarks of tumor cells: fast 

proliferation, tolerance to genomic instability, and suppressed cell cycle checkpoints. BCL-6 

enables the GC phenotype by repressing genes associated with cell cycle check points, apoptosis, 

plasma cell differentiation, and DNA damage response such as those in the following list:  

• DNA damage response:  

o ATR (ataxia telangiectasia and Rad3 related) [133] 

o CHEK1 (checkpoint kinase 1) [133, 134] 

• Apoptosis:  

o TP53 (tumor protein 53) [135] 

o BCL-2 (B-cell lymphoma 2) [136] 

o PIAS2 (protein inhibitor of activated STAT2) or MIZ1[134] 

• Plasmacytic terminal differentiation: 

o PRDM1 (PR domain containing 1, with ZNF domain) / Blimp1 [137, 138] 

o IRF4 (interferon regulatory factor 4) [138, 139] 

• Cell cycle inhibitor [140]: 

o CDKN1B (cyclin-dependent kinase inhibitor 1B)/ p27Kip1 

o CDKN2A (cyclin-dependent kinase inhibitor 2A)/ p14ARF/p16INK4A 
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o CDKN2B (cyclin-dependent kinase inhibitor 2B)/ p15INK4B 

• Proliferation: 

o c-myc [141] 

o PTEN [140] 

The primary function of the somatic hypermutation process is to introduce single 

nucleotide mutations in the rearranged V region of IgH/IgL and DNA strand breaks [142, 143], 

resulting in the production of high-affinity antibodies to particular pathogen. The activity of 

activation-induced cytidine deaminase (AID) that directly deaminating cytidines to uracils on 

DNA is necessary for the initiation of this process [144]. Subsequently, the abasic sites will be 

fixed by error-prone repair [145]. This process is primarily associated with single nucleotide 

exchanges, sometimes deletions and duplications may also happen in the IgV region [127].  
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Figure 1.6 The detailed B cell differentiation in germinal center 

SHM: Somatic hyper mutation; FDC: Follicular dendritic cell; TFH: Follicular T helper cell; CSR: 

Class switch recombination. 
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Centroblast to plasma cell or memory B cell in GC Light Zone (CB → CC→ CSR→PB) 

After multiple rounds of SHM and clonal expansion, the newly generated BCR expressed on 

centroblasts needs to be examined for improved antigen binding ability. The centroblasts migrate 

to the light zone are termed centrocytes (CC). Three major centrocyte developmental processes 

happen in the light zone of the GC: 1) the selection of high affinity antibody presenting B-cells, 2) 

Class switch recombination (CSR), and 3) the differentiation of centrocytes into plasma cells or 

memory B cells as demonstrated in Figure 1.6. If the BCR cannot be fully stimulated by antigen 

presented on follicular dendritic cells (FDCs) and follicular T helper cell (TFH), the centrocyte will 

undergo apoptosis or recycle back to the GC dark zone for further SHM and proliferation [146], 

the expression of CXCR4 seems to be important for the recycling process. Once the affinity BCR 

is high enough to induce sufficient survival signaling, the centrocyte will start the process of class 

switch recombination (CSR). CSR is an irreversible intra-chromosomal DNA recombination event 

by which B cells can switch their immunoglobulin heavy chain class from IgM/IgD to other classes 

such as IgG, IgA or IgE through a non-homologous end-joining (NHEJ) processes. To start this 

process, the expression of AID is necessary, which is also essential for SHM.  

The initiation of CSR could be T cell dependent [147] or independent, but the resulting 

immunoglobulin class depends on the T-cell interaction such as CD40 (on B-cell) - CD154 (on T-

cell) interaction and the combination of specific cytokines and co-stimulatory signals. The T-cell 

interaction induces IRF4 upregulation, which is mediated by the CD40-NFκB signaling pathway. 

IRF4 is an essential regulator of plasma cell differentiation, which has been suggested to repress 

BCL-6 for terminating GC transcriptional program [148, 149]. With the down-regulation of BCL-

6, the proliferation of the B cells will stop [134] and normal DNA-damage responses are also be 

restored [133]. In addition, reduced BCL-6 levels allows for the expression of several transcription 
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factors that are essential for plasma cell differentiation, such as positive regulatory-domain-

containing 1 (PRDM1/ BLIMP1) [138, 150]. Besides the response from T-cell interaction, 

activated MAPK mediated by the activation of the BCR causes BCL-6 phosphorylation, resulting 

in its ubiquitination and degradation [151]. BLIMP1 expression subsequently induces the 

expression of X-box binding protein 1 (XBP1), a bZip transcriptional activator required for the 

secretory phenotype of plasma cell differentiation [152]. 

Most B cells screened in the GC are destined to differentiate to plasmablasts, which 

subsequently develop into plasma cells [153]. Plasma cells are responsible for producing all the 

antibodies in the blood. Most short-lived plasma cells remain locally to produce antibodies for 

immune responses against pathogen. Some plasma cells will migrate into the bone marrow where 

they are supported by the microenvironment, in which the plasma cells are long-lived and might 

be able to produce antibodies for decades [154]. 

Only a few germinal center B cells become memory B cells (MBC). What signal induces 

PC and MBC differentiation is unclear, but the MBC is a hallmark of adaptive immunity that 

allows rapid expansion of T-cell and B-cell responses upon re-exposure to immunogens. When 

properly activated by the pathogen, memory B cells will rapidly proliferate, differentiate into 

plasma cells, and form the germinal center. While the short-term plasma cells produce antibodies 

locally, memory cells are predominantly located in the spleen and the bone marrow, where they 

can be exposed to circulating antigens and respond rapidly if necessary [155].  
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Figure 1.7 The B-cell receptor signaling and associated downstream signaling pathways 
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1.4.3 Molecular mechanisms of B cell antigen receptor signaling 

1.4.3.1 BCR signaling pathway 

The B-cell receptor (BCR) plays a critical role in normal B-cell development, which regulates 

numerous cellular processes, including differentiation, proliferation, apoptosis and cell migration 

[156]. A variety of evidence also indicates that the continuous expression of a functional B-cell 

receptor throughout their life is essential for B cell survival and proliferation [157, 158]. Normal 

mature B cells that failed to encode a potent functional B cell receptor are programmed to apoptosis.  

The B cell receptor is a membrane immunoglobulin (IgM) composed of two identical heavy 

chain and two identical light-chain immunoglobulin (Ig) polypeptides that are covalently linked 

by disulfide bridges, and non-covalently associated Igα/Igβ (CD79a/CD79b) heterodimers. In the 

absence of stimuli, BCRs are clustered in an autoinhibitory conformation[159]. In the presence of 

soluble or membrane-bound antigen, IgM will bind to the ligand, inducing receptor aggregation 

and microcluster formation in regions of the plasma membrane termed lipid rafts [160], leading to 

the construction of BCR complexes with Igα/Igβ [156].  The immunoreceptor tyrosine-based 

activation motif (ITAM) within intracellular domain of Igα/Igβ form a Src homology 2 (SH2) 

docking site to interact and be phosphorylated by intracellular signaling molecules such as the Src 

family kinase Lyn and Fyn, which in turn results in the recruitment and phosphorylation of the 

spleen tyrosine kinase (SYK), and the TEC family kinase Bruton’s tyrosine kinase (BTK) [161] 

[162].  

Activated SYK then phosphorylates direct targets such as Bruton's tyrosine kinase (BTK), 

and the adaptor molecules BLNK and BCAP. BLNK is recruited to Igα via its SH2 domain and 

phosphorylated by SYK, then serves as a scaffold protein for BTK and phospholipase Cγ2 (PLCγ2). 

BCAP recruits PI3Kδ to the plasma membrane together with the co-receptor CD19 to generate 
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phosphatidylinositol-3,4,5-trisphosphate (PIP3), which is considered to be the limiting step in 

activating Btk [163] [164]. Activated Btk, together with SYK, activates the PLCγ2, which was 

firstly recruited to membrane by phospho-BLNK [165]. The activation of PI3Kδ is suggested to 

activate Akt-mTOR-FOXO pathway in advance [166]. 

Activated PLCγ2 hydrolyses phosphatidylinositol-4,5-bisphosphate (PIP2) to inositol-

1,4,5-triphosphate (IP3) and diacylglycerol (DAG), results in Ca2+ influx and PKCβ activation, 

which subsequently activates the NF-κB signaling pathway [167]. Evidences suggest that both 

DAG and activated PKCβ will induce RasGRP3 phosphorylation through undefined mechanisms 

and promotes RAS gaining GTP in advance, which triggers Raf-1 activation and subsequently the 

MAP kinases ERK 1/2 and related downstream signaling pathway as demonstrated in Figure 1.7 

[168, 169].  

1.4.3.2 PI3Kδ-Akt-mTOR pathway 

As we mentioned with BCR signaling, CD19 cytosolic domain associated PI3Kδ activation 

subsequently promote PLCγ2 activation, Ca2+ influx, and the activation of NFκB-dependent 

transcription, which are crucial for BCR dependent proliferation. Alternatively, PI3Kδ also 

activates a classical signaling pathway involving the Akt and mTOR serine/threonine kinases [170], 

which are associated with cell proliferation, survival, and migration in almost all human cancer 

[171] and may have impact in BCR tonic signaling associated survival. However, the role of PI3K-

Akt-mTOR signaling in B cell biology seems to be complicated and hard to define.  

There are several isoforms of PI3K, of which PI3Kδ is the isoform that is predominantly 

expressed in leukocytes. PI3Kδ comprises two subunits: a regulatory p85 subunit and a catalytic 

p110δ subunit. While PI3Kδ is recruited by BCAP and the SH2 domain of p85 binds to CD19, the 

catalytic p110δ will be activated and subsequently phosphorylate phosphatidylinositol 4,5-
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biphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate (PIP3). The generation of PIP3 is 

important for the recruitment of Btk and Akt to the cytoplasmic membrane. The serine/threonine 

kinases Akt is a two PH (Pleckstrin homology) domain-containing protein linked to PI3K activity 

in all cells including B lymphocytes. With PI3Kδ activation, the Thr308 residue in the activation 

loop of Akt will be phosphorylated by PDK-1 in a PI3K activity dependent manner. Then the 

Ser473 residue in a hydrophobic motif will be phosphorylated by mTORC2. The fully activated 

Akt can then promote mTORC1 activation, which is involved in triggering biosynthetic pathways 

essential for cell growth and proliferation. In addition, the Forkhead Box, Subgroup O (FOXO) 

transcription factors have most relevance with B cell biology of many Akt substrates reported in 

BCR signaling [166]. Akt-mediated FOXO phosphorylation inhibits transcriptional activity and 

induces FOXO translocation out of the nucleus and degradation [172], which has a knock-on 

impact FOXO target genes  and optimal B cell proliferation in response to LPS [173-175]. 

Downstream targets of the PI3K-Akt-FOXO axis seem to be essential in various aspects of 

B cell development, such as SLP65 in pre-B cell development [176], E2A and EBF in pro-B cell 

development [177], Rag gene expression in pre-B cell V(D)J recombination [178, 179], marginal 

zone B cell development [180], AICDA (encoding activation induced cytidine deaminase (AID)) 

in SHM and CSR, and the surface expression of the BCR in mature B cells [181], rather than genes 

promoting B cell proliferation as in carcinomas. The only supporting evidence is that constitutive 

PI3K activity will rescue the ablation of BCR induced apoptosis, while the suspected FOXO target 

genes are not upregulated after the expression of active PI3K [182]. 

1.4.3.3 NF-κB pathway 

The canonical of NF-κB signaling pathway is considered to be the most critical signaling pathway 

in BCR dependent development, proliferation and survival [183, 184]. NF-κB is a small family of 
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inducible transcription factors: RelA(p65), RelB, c-Rel, NF-κB1 (p50 and its precursor p105), and 

NF-κB2 (p52 and its precursor p100) [185]. In the cytoplasm, these proteins form a variety of 

homodimers and heterodimers and are kept inactive by interaction with inhibitory proteins such as 

IkBα/β/ε or by staying as the precursor forms (p105 and p100). After BCR activation, activated 

PKCβ phosphorylates and activates caspase recruitment domain-containing protein 11 (CARD11) 

that together with Mucosa-associated lymphoid tissue lymphoma translocation protein 1 (MALT1) 

and BCL10 activate IKK [186]. Activated IKK phosphorylates IκB proteins, inducing IκB protein 

ubiquitinylation and subsequently degraded by the proteasome. Without the inhibition of IκB, NF-

κB dimers translocate into the nucleus to activate downstream gene transcription. 

The target genes of NF-κB dimers can be grouped into the following functional classes: 

• Positive cell-cycle regulators: 

o cyclin D1 (CCND1): a protein required for progression through the G1 phase of 

the cell cycle [187]. 

o cyclin D2 (CCND2): similar with cyclin D1. 

o c-myc: a multifunctional nuclear phosphoprotein that have essential roles in 

lymphocyte cell cycle progression, apoptosis and cellular transformation 

• Anti-apoptotic factors: 

o cIAP (cellular inhibitor of apoptosis protein) family 

o BCL2 family BCL2A1 and BCL-XL 

o c-FLIP (cellular FLICE inhibitor protein) 

• Inflammatory and immunoregulatory genes: 

o IL-2 

o IL-6 
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o CD40L 

1.4.3.4 Ras-MAPK-ERK pathway 

The mitogen-activated protein kinase (MAPK) signaling pathway is comprised of four distinct 

cascades as following: the extracellular signal-related kinases (ERK1/2), Jun amino-terminal 

kinases (JNK1/2/3), p38-MAPK (α/β/δ/γ) and ERK5. The MAPK-ERK pathway is the one 

implicated to have an important role in coupling BCR activation to transcriptional responses 

including pre-B cell [188] or splenic B cell [189] differentiation, proliferation, and cell survival. 

The detailed mechanism by which the BCR activates the MAPK-ERK pathway is still not fully 

understood, though studies suggest the DAG associated PKC activation and direct activation 

through Vav and Grb2 interaction might be essential for the ERK activation rather than Ca2+ influx 

[190]. However, the role of MAPK-ERK signaling pathway in B cell development in vivo is 

difficult to assess in terms of the ambiguous and redundant, but essential, functions of ERK1/2 

[191, 192]. In addition, the multiple diverse substrates of ERK1/2 also render it hard to identify 

the detailed growth promoting mechanisms in B cell proliferation.  It is not surprising, therefore, 

that there are far fewer articles discussing the impact of ERK signaling in B cell development or 

lymphoma pathogenesis than other important pathways such as PI3K-Akt signaling or NFκB 

signaling. 

Using the ERK upstream MEK specific inhibitor U0126, Yasuda et al. identified several 

ERK downstream proliferation-associated transcription factors such as c-Myc, c-Fos, Egr-1/2/3, 

Fra-1/2, Mef2c/2d, Ilf2, and Hes5, which may directly or indirectly be induced by ERK-

phosphorylated Elk, Ets and/or CREB [193]. Moreover, expressing each of c-Myc, Mef2c, Mef2d 

or Ilf2 in ERK-deficient pro-B cells could bypass the growth inhibition induced by the loss of ERK 

signaling [193], suggesting the potential role of these transcription factors in ERK-mediated B cell 
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proliferation. Interestingly, manipulated Ras-MAPK signaling can co-operate with constitutively 

expressed myc to induce B-lymphoid tumorigenesis as in the E mu-myc transgenic mouse model 

[194]. In contrast, depletion of Ras-1, an upstream key factor of Ras-MAPK signaling pathway, 

results in increased myc-induced B-cell apoptosis, which leads to reduced B-cell transformation 

and lymphoma development in the same animal model [195], implying that Ras-MAPK signaling 

might be a critical regulator in myc mediated cell proliferation or apoptosis. 
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Figure 1.8 NHL development from different stages of B-cell differentiation 
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1.5 Cell-of-origin of NHL in B cell development 

Before the development of gene expression profiling, the relationship between types of NHL and 

normal B-cell subgroups at different stages of differentiation has been identified by classical 

histopathological and immunophenotypic evaluations. These studies establish the concept that 

most NHL seems to be suspended at a specific stage in normal B-cell differentiation. After the 

development of genomic-scale gene expression profiling, the relationship of B-cell malignancies 

to normal B-cell differentiation has been further confirmed, a research in the areas of molecular 

pathogenesis has also significantly improved our understanding of the many subtypes of NHL. To 

date, the use of gene expression profiling and next generation sequencing (NGS) have greatly 

expanded understanding of the potential therapeutic targets for NHL. 

Based on the characteristics of lymphoma appearance, surface markers, and genetic 

patterns, a variety of NHL subtypes have been categorized as illustrated in Figure 1.8. The 

lymphomas arising from naïve B cell are B-cell chronic lymphocytic leukemia / small lymphocytic 

lymphoma (CLL / SLL), and mantle cell lymphoma (MCL), which are characterized by an un-

mutated IgHV locus. In the GC dark zone, DLBCL and Burkitt lymphoma (BL) derived from 

centroblasts (CB) with the characteristic of increased c-myc and BCL-6 expression. In the GC 

light zone, Follicular lymphoma (FL) may be derived from centrocytes with a genomic aberration 

in an apoptosis program such as amplified BCL-2. After maturation, the entrocyte is prone to 

migrate out of the GC, and extranodal mucosa-associated lymphoid tissue (MALT) and marginal 

zone lymphoma (MZL) are suggested to be associated with this stage. Finally, multiple myeloma 

seems to be derived from plasma cells with the characteristic of homing to bone marrow. 
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1.5.1 Classification of NHL 

The classification of lymphoma is essential for treatment planning and evaluation of prognosis. 

Two official classification schemas, the National Cancer Institute’s Working Formulation (IWF) 

[196] and the World Health Organization (WHO), have been used for lymphoma classification, 

which use histological, molecular patterns, and other findings to divide lymphoma into different 

categories. The Working Formulation classified lymphomas by morphology and clinical behavior 

into 3 groups (low, intermediate and high) and 10 subgroups. Alternatively, according to a 2016 

revision of the World Health Organization (WHO) classification of lymphoid neoplasms [98, 197], 

up to 74 subtypes of 5 related lymphomas were identified and characterized base on significant 

clinical and biologic implications such as the following: 1) Mature B-cell neoplasms, 2) Mature T 

/NK neoplasms, 3) Hodgkin lymphoma, 4) Posttransplant lymphoproliferative disorders (PTLD), 

and 5) Histiocytic and dendritic cell neoplasms. However, the frequently diagnosed NHLs were 

divided into two unofficial major groups according to growth velocity: indolent lymphoma and 

aggressive lymphoma. 

1.5.2 Indolent lymphoma  

Indolent lymphomas are slow-growing and have fewer signs and symptoms when first diagnosed. 

This type of NHL represents about 40% of all NHL cases. Indolent lymphoma is considered 

incurable most of the time due to their lower complete responses to therapy, while patients usually 

live for several years to decades with this disease. Types of indolent lymphomas include follicular 

lymphoma; small lymphocytic lymphoma / chronic lymphocytic leukemia; nodal marginal zone 

B-cell lymphoma, lymphoplasmacytic lymphoma; anaplastic large cell lymphoma, and primary 

cutaneous B-cell lymphoma. Unfortunately, the relapse rate of indolent lymphoma is high and can 

occur after protracted periods of remission. Moreover, some of them may turn into more aggressive 
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forms, such as the Richter’s transformation in CLL, which is a pivotal event in the natural history 

of indolent lymphoma and is associated with poor outcome.  

1.5.2.1 Follicular lymphoma 

Follicular lymphoma (FL) is the most common subtype of indolent NHL. This is typically a slow-

growing lymphoma, although some follicular lymphomas can grow quickly and may transform to 

DLBCL by an unclear mechanism [198]. Usually, this lymphoma arises from germinal center B-

cells in many lymph node sites throughout the body, as well as in the spleen, bone marrow and 

peripheral blood. Follicular lymphomas often respond well to treatment, but they are hard to cure. 

These lymphomas may not need to be treated when they are first diagnosed. Instead, treatment 

may be delayed until the lymphoma starts causing symptoms [199].   

Regarding DLBCL transformation, about 10-15% FL patients suffer from aggressive 

transformation with a fatal clinical course. This transformation is frequently associated with 

aberrations affecting genes involved in cell cycle control, including upregulation of MYC and its 

target genes, the p38-mitogen-activated protein kinase pathway as well as CDKN2A and CDKN2B 

[200] rather than p53 mutations [201] as seen in other study [202]. 

1.5.2.2 Marginal zone B-cell lymphoma 

The cells of marginal zone B-cell lymphoma look small under the microscope and tend to be slow-

growing. There are 3 main types of marginal zone lymphomas: Extranodal marginal zone B-cell 

lymphoma/mucosa-associated lymphoid tissue (MALT) lymphoma, nodal marginal zone B-cell 

lymphoma (NMZL), and splenic marginal zone B-cell lymphoma (SMZL). MALT is the most 

common type of marginal zone B-cell lymphomas. Most MALT lymphomas start in the stomach 

and are linked to infection by Helicobacter pylori (the bacteria associated with stomach ulcers). 
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MALT lymphoma might also start in the lung, skin, thyroid, salivary glands, or tissues surrounding 

the eye, while it usually stays in the area where it begins and is not widespread. NMZL is a rare 

disease, found mainly in elderly women. It starts and usually stays in the lymph nodes or bone 

marrow occasionally. NMZL is generally curable if found early. SMZL is a rare lymphoma, as 

well, that is most commonly found in elderly men and has been linked to hepatitis C virus infection. 

Mostly this lymphoma is found only in the spleen and bone marrow. Similar with other indolent 

lymphoma, SMZL is slow-growing and might not need to be treated unless the symptoms become 

worse.  

1.5.2.3 Lymphoplasmacytic lymphoma 

This slow-growing lymphoma is rare, with only 1 to 2% of people with NHL having this subtype. 

Lymphoplasmacytic lymphoma is historically small sized and often found in the bone marrow, 

lymph nodes, and spleen. Lymphoplasmacytic lymphomas secrete high amounts of IgM, which 

results in Waldenstrom's macroglobulinemia (WM), a disease with thickened blood causing 

symptoms such as headache, blurry vision, dizziness, and shortness of breath. 

1.5.2.4 Small cell lymphocytic lymphoma/chronic lymphocytic leukemia (SLL/CLL) 

In spite of the similarity of small cell lymphocytic lymphoma and chronic lymphocytic leukemia, 

the NCI SEER defined CLL as one subtype of leukemia. CLL is the most prevalent leukemia in 

the western world: each year approximately 16,000 individuals are diagnosed with CLL [203]. 

CLL and SLL are biologically the same disease. The only difference is the number of the absolute 

lymphocytes in the blood. The disease progression and treatment are the same for CLL and SLL. 

They are usually not curable with standard treatments, but many people can live for years (even 

decades) without symptoms. However, 2 to 10% CLL patients will undergo Richter’s 



55 
 

transformation (RS) to a more aggressive lymphoma such as DLBCL during the disease [204]. 

Unfortunately, the median survival for these patients with RS is approximately less than 1 year.  

How and why CLL undergoes this transformation is still a mystery, although there are 

several characteristics strongly linked with the risk of RS. First, if the leukemia B cell are IGHV 

un-mutated, the CLL patient may have up to 4-fold increased risk of RS comparing to IGHV-

mutated patients [205]. Of the chromosome abnormalities, del(11q23.1), del(13q14), and 

del(17p13.1) are associated with more aggressive CLL and RS [206]. Regarding the Cell-of-Origin 

classification, up to 92.7% of DLBCL transformations in patients with CLL are of the more 

aggressive histological non-GCB phenotype (mostly activated B-cell subtype (ABC) in the GEP 

molecular signature) [207]. In the characteristic of molecular pattern, ZAP70 [208], LRP4 [209], 

and CD38 [210] are suggested to have association with the risk of RS, while inactivation of tumor 

suppressor p53 (TP53) [211] and the cyclin-dependent kinase inhibitor 2A (CDKN2A) [212], the 

overexpression of MYC [213], BCL-2 [214], and the mutation of NOTCH1 [215] appeared to 

mainly contribute to the development of RS [206]. However, there are still no widely recognized 

prediction marker for the Richter’s transformation. Based on the successful experience with GEP 

classification in DLBCL diagnosis, Chuang et al. developed a 38-prognostic subnetwork for the 

prediction of CLL progression requiring therapy (GSE39671) [111]. Nonetheless, more discussion 

seems to be needed to determine whether this signature could be an economic and efficient 

prediction marker in clinical diagnosis. 

1.5.3 Aggressive lymphoma 

Aggressive B-cell lymphoma, which accounts for 60% of all NHL cases, is characterized by rapid 

progression leading to early death more frequently than the indolent lymphoma and therefore 

usually requires immediate treatment. Treatment of these types of lymphomas is usually performed 
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directly with a potent chemotherapy regimen and the combination of monoclonal antibody 

targeting B-cell specific surface antigens. Fortunately, most aggressive lymphoma responds well 

to treatment, and many forms of aggressive lymphoma can be cured. Thus, in the long run, the 

long-term prognosis for aggressive lymphoma is better than that for indolent lymphoma. 

The aggressive B-cell lymphomas include diffuse large B-cell lymphoma (DLBCL), 

Burkitt lymphoma (BL), mantle cell lymphoma (MCL), and B lymphoblastic lymphoma, which 

are characterized by different molecular abnormalities, histology and the interaction with the tumor 

microenvironment (TME).  

1.5.3.1 Diffuse large B-cell lymphoma (DLBCL)  

DLBCL represents the most common type of malignant lymphoma in the United States, 

accounting for about 30% of adult American NHLs, and more than 40% in Asia [216]. 

Pathologically, DLBCL usually starts as a fast-growing mass in a lymph node near the body 

surface or deep inside the body, such as neck, armpit, chest, abdomen, intestines, bones, or even 

the brain or spinal cord. DLBCL usually has significant response to therapy. After the initial 

treatment, about 75% patient will have no signs of disease, and many are cured. It has been evident 

for many years that DLBCL is a heterogeneous diagnostic class of lymphomas comprised of 

molecularly distinct subtypes that differ in molecular pattern, oncogenic aberrations, clinical 

presentation and outcome [110, 217]. In the WHO classification [218], DLBCL has been divided 

into four categories: 1) DLBCL with a predominant extra-nodal location, 2) Large cell lymphomas 

of terminally differentiated B-cells, 3) B-cell neoplasms with features intermediate between 

DLBCL and other lymphoid tumors such as Burkitt lymphoma (DLBCL/BL), and 4) the 

biologically and clinically heterogeneous DLBCL, not otherwise specified (DLBCL-NOS). 

DLBCL-NOS is the most common type among these subtypes, which accounts for 25-30% of 
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NHL. In fact, histologically transformed low grade B-cell malignancies such as FL or CLL with 

Richter’s transformation are all included in this subtype.  

Histologically, DLBCL-NOS comprises two types: germinal center B-cell-like (GCB) 

subtype and non-germinal center B-cell-like (non-GCB) subtype. The GCB subtype generally has 

the immunophenotype of MUM1-, CD10+, and/or BCL6+; the latter are characterized by CD10- 

and MUM1+. However, current findings suggest that CD10-BCL6-MUM1-based classifications 

may be histologically impacted by, issues such as insufficient cell number, uneven sampling, and 

individual technical differences. In addition, the clinical trial series is insufficient to be of any 

clinical predictive value. Therefore, the clinical application of DLBCL-NOS classification based 

on IHC is still under discussion [219]. 

In recent years, GEP has often been used to diagnose and classify blood diseases that are 

difficult to distinguish morphologically. Not surprisingly, diagnosis of DLBCL-NOS cases 

referring gene expression profiling (GEP) has been reported in various classification methods and 

officially recognized as an important orientation in clinical treatment [98].  

Cell-of-Origin classification 

There are mainly three GEP based classifications published to date. The most recognized is the 

cell-of-origin (COO) classification, which includes two distinct molecular subtypes: the activated 

B-cell-like (ABC) and the germinal center B-cell-like (GCB) groups [110]. The molecular pattern 

of DLBCL cases belongs to neither ABC nor GCB and may be identified as type 3, which is a 

heterogeneous subclass, not expressing specific genes or specific phenotypes as the other two 

subclasses [220].  

ABC-DLBCL 
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The ABC type of DLBCL are characterized by the constitutive activation of the NFκB pathway 

through chronic activation of the BCR pathway, which promotes proliferation and differentiation 

and suppresses apoptosis [221]. Various events may result in the constitutive activation of NFκB 

pathway, such as CARD11 mutation, MYD88 mutation, or CD79 mutation causing chronic active 

BCR signaling [222-225]. Indeed, elevated expression of NFκB targeted genes was found in 

ABC-like DLBCL, implying that inhibition of the NFκB pathway could be a therapeutic target in 

this subtype [226]. 

GCB DLBCL 

Based on immunophenotyping, the GCB type of DLBCL are suggested to arise from light zone 

germinal center B cells in terms of the similar gene expressions such as BCL6 and AID. In contrast 

to the ABC type, the GCB-DLBCL subtype is characterized by the NFκB independent survival 

and genetic aberration in the anti-apoptotic BCL2 protein induced by the t(14:18) translocation. In 

general, the GCB subtype has a relatively high cure rate of about 80 % with currently available 

therapies compared to the ABC subtype [227]. The survival for ABC DLBCL is far worse than 

GCB, for which the 5-year overall survival rate is 40% and 80% respectively. 

OxPhos, BCR/Proliferation, and HR classification 

In 2005, Monti and colleagues developed a second classification system using gene set enrichment 

analysis (GSEA) yielding three discrete subsets: the “oxidative phosphorylation” (OxPhos), the 

“BCR/proliferation”, and the “host response” (HR) type [228]. The OxPhos subtype is 

characterized by amplified expression of genes associated with oxidative phosphorylation, such as 

the nicotinamide adenine dinucleotide dehydrogenase complex (NADH), the cytochrome 

c/cytochrome c oxidase complex (COX), the adenosine triphosphate (ATP) synthase components, 

and additional mitochondrial membrane enzymes. This subtype also had higher BCL-2 expression. 
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In the BCR/proliferation subclass, DLBCL tumors had higher expression of cell-cycle regulatory 

genes (CDK2 and MCM), DNA repair genes (H2AX, PTIP, p53), components of the BCR 

signaling (CD19, CD79a, BLK, SYK, PLCγ2), and BCR signaling related transcription factors 

(MYC, PAX5, E2A, BCL6, and STAT6). The last HR subclass is recognized to have more 

interaction with T/NK cell or tumor microenvironment while it had increased expression of T/NK 

cell receptor, complement cascade members, macrophage and dendritic cell markers, and 

inflammatory mediators such as interferon (IFN)-induced genes, tumor necrosis family (TNF) 

receptors and ligands, cytokine receptors, and adhesion molecules. Clinically, the survival rates of 

these three consensus subtypes were similar, implying this classification might be more valuable 

for identifying potential pathogenetic mechanisms and therapeutic targets rather than for prognosis 

prediction. Moreover, when the author applied this classification to an independent DLBCL 

dataset, patients were actually divided into two classes rather than three: the HR and the Non-HR. 

The Non-HR class is composed of the first two subclasses, implying the OxPhos subtype and the 

BCR/proliferation subclass may have overlapping molecular patterns in clinical samples [228]. 

Stromal gene signature classification 

As the importance of the influence from tumor microenvironment has been more appreciated for 

medical diagnosis and treatment, Lenz et al. identified a third classification - two subgroups of 

DLBCL based on the expression of stromal genes: stromal-1 and stromal-2 in 2008 [229]. The 

stromal-1 subtype is characterized by a molecular pattern associated with extracellular matrix and 

histiocyte infiltration. Alternatively, the stromal-2 subtype is characterized by an angiogenesis 

related pattern [229]. Clinically, patients in the stromal-1 subgroup had a better prognosis than 

patients in the stromal-2 subgroup after receiving treatment with R plus either CHOP or CHOP-

like chemotherapy. 
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1.5.3.2 Mantle cell lymphoma 

Mantle cell lymphoma is typically a rare but aggressive form of NHL that arises from B cells 

locating in the mantle zone. In the United States, about 5% of NHL are mantle cell lymphomas 

(MCL). Patients with MCL have an average survival of about 3 - 4 years [230], and can be 

challenging to treat. While MCL tends to grow faster than indolent lymphomas, it doesn’t usually 

respond to treatment as well as other aggressive lymphomas such as DLBCL, which is why MCL 

is difficult to deal with. MCL is derived from a naïve pre-germinal center B-cell, and is 

characterized by a tendency toward extra-nodal dissemination mediated by chemokine gradients 

and adhesion molecules in extracellular environment [231]. When MCL is diagnosed, it usually 

involves the bone marrow, lymph nodes, spleen, and gastrointestinal system including the 

esophagus, stomach, and intestines.  

Overexpression of cyclin D1 is found in more than 90% of patients with MCL, which 

results from the t(11;14)(q13;32) translocation juxtaposing the IgH loci and cyclin D1 gene [232]. 

This observation suggests that the immunophenotyping of cyclin D1 could be a standard criterion 

and a novel therapeutic target for MCL treatment. 

1.5.3.3 Burkitt lymphoma 

Burkitt lymphoma (BL) is a fast-growing and highly aggressive NHL initially described by Dr. 

Burkitt in Africa. In the U.S., Burkitt lymphoma is a relatively infrequent subtype, accounting for 

1-2% of all NHL in adult [233]. However, this disease represents approximately 40% of NHL in 

children and adolescents [234, 235]. Additionally, Burkitt lymphoma is commonly diagnosed in 

HIV-associated lymphoma, which may result from HIV induced immunodeficiency. Although 

Burkitt lymphoma is rare, this lethal disease exhibits a rapid growth rate, aggressive systemic 

spread, and less response to chemotherapy or surgery. About 80% BL patients are identified with 
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advanced stage disease at the first time of diagnosis. Therefore, adult BL patients are commonly 

treated with high-intensity chemotherapy regimens once the diagnosis has been confirmed. 

BL have characteristics such as amplified c-MYC expression (>80%), remarkably high 

mitotic rate and rapid proliferation. Paradoxically, BL cells also keep undergoing apoptosis, 

creating the specific “starry-sky” appearance in histological microscopic observation. The 

amplified c-MYC expression has become a defining feature of Burkitt lymphoma. Chromosome 

translocation t(8;14) juxtaposing the c-myc gene and the IgH loci was found in 80% of c-myc 

overexpressing BL. The remaining 20% translocation t(2;8) or t(8;22) is the c-myc translocation 

with kappa or lambda light chain (IgL) respectively. 

While the differential diagnosis and treatment between BL and other NHL is important, 

Burkitt lymphoma is very difficult to distinguish from some aggressive NHL in many aspects, 

including morphology, immunophenotyping, and even the gene expression profiling [236-239]. 

These aggressive NHL, especially in atypical DLBCL, are termed “Burkitt-like lymphomas”. Thus 

far, to find a clear-cut between BL and Burkitt-like lymphoma is still in a gray zone and 

controversial [240]. In terms of the aggressive property and morphological similarity, cell lines 

from Burkitt lymphoma are widely established and used as a model in a variety of neoplastic B-

cell research, such as virus infection, chromosome abnormality, lymphocyte pathology, and in 

vitro/in vivo mechanistic evaluation of novel therapeutic strategies [241-245]. For instance, in the 

study identifying the tumorigenic role of matriptase in hematological malignancies, Gao et al. use 

Namalwa and Raji Burkitt lymphoma cell lines as the representative in vitro model to compare 

with CLL samples [6]. 
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1.6 Pathogenesis of Non-Hodgkin Lymphoma 

B-cell development is comprised of many different stages with the initiation in the primary 

lymphoid organs (bone marrow and thymus) and following differentiation in secondary lymphoid 

tissues (lymph nodes, spleen, or tonsils). Throughout the normal lymphocyte differentiation 

process, there are two latent dangerous events resulting in or maintaining the transformation of 

lymphoma. Firstly, to develop an optimal BCR, B-cells put their chromosome integrity in an 

instable situation during rapid proliferation. This cellular property means that NHLs have a higher 

chance of developing a multi-step accumulation of genetic aberrations that can induce a selective 

growth advantage for malignant clones than other types of cancer. Second, their response to 

antigen through BCR in the extracellular matrix may also leads to dangerous event such as 

dysregulated proliferation or anti-apoptosis.  

1.6.1 Cytogenetic abnormalities in NHL  

Several DNA modification processes, including V(D)J recombination, somatic hypermutation, and 

class-switch recombination, are essential for B cell development of an appropriate BCR with 

preferred immune response as described previously. However, the frequent modifications, rapid 

proliferation, and suspended apoptosis might lead to the accumulation of other genetic 

abnormalities as well. Particularly, SHM and CSR could cause chromosome translocations or 

mutations in non-Ig genes to occur exclusively in the GC, which might be able to explain the 

phenomenon that most B-cell lymphomas are derived from GC B cells or post-GC differentiation. 

In addition, SHM and CSR do not occur in T cells, which might also be one of the reasons that 

most NHLs are of B-cell-origin rather than T cells. 

In many types of NHLs, the chromosomal translocations involving immunoglobulin loci 

and a proto-oncogene have become a hallmark of lymphomagenesis. These translocations are 
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usually introduced by RAG mediated DNA cleavage during the V(D)J recombination in early B-

cell development in the bone marrow or occur during class-switch recombination [246-248]. AID 

involved DNA breaks during CSR and SHM can also lead to chromosomal switch translocations 

[249-252]. Because of such translocations, the oncogene is constitutively expressed under the 

control of the active Ig locus. During different stages of B-cell differentiation, recurrent 

translocations are often an initial event in the malignant transformation, which lead to aberrant 

expression of oncogenes associated with cell proliferation, survival, and differentiation. Moreover, 

sometimes the rearrangement alone is insufficient to drive tumorigenesis, and secondary mutation 

events are necessary for the full malignant transformation in most cases. 

Immunoglobulin heavy chain gene (V(H)) mutation status 

As an essential process of B cell maturation, the somatic hypermutation status of the 

immunoglobulin heavy chain variable (IGHV) gene was identified as an independent prognostic 

marker in CLL [253, 254]. If the deviation of IGHV genes in CLL cells is less than 2% compared 

to IGHV genes from germ lines, these mutated B cells with fewer introduced modifications are 

characterized as "unmutated IGHV", otherwise they will be classified as "mutated IGHV". Patients 

with unmutated IGHV are considered to have a worse prognosis and fewer lasting responses to 

chemo-immunotherapy combinations [255]. 

BCL-2 (18q21) 

BCL-2 is a protein involved in suppressing the intrinsic apoptosis pathway. In normal B-cell 

differentiation, BCL-6 binds to the BCL2 promoter region by interaction with the Myc-interacting 

zinc finger protein 1 (Miz1), which subsequently inhibits Miz1 induced BCL-2 expression [136].  

However, during V(D)J recombination, chromosomal translocations at the BCL2 locus or 

mutations at the BCL-6 binding site, the BCL-6-mediated BCL2 silencing effect may be offset in 
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NHL cells [138]. The t(14;18)(q32;q21) translocation is frequently detected in almost all NHL 

types, especially in DLBCL and FL, which is mediated by the RAG recombinase through 

juxtaposing the J segments in IgH locus (14q32) to BCL2 gene (18q21), leading to amplification 

of BCL-2 [256]. In follicular lymphoma, this translocation is detected in up to 90% patients [256]. 

In DLBCL, approximately 45% of GCB-like subtype have this rearrangement which is linked to a 

poor prognosis [257], while only 5% of ABC-like DLBCL patient have this translocation [258]. 

cyclin-D1 (11q13) 

Similar to t(14;18) translocation, the t(11;14)(q13;q32) translocation juxtaposing the CCND1 gene 

with the IgH locus during V(D)J recombination leading to cyclin D1 overexpression is also 

frequently detected in NHL. Cyclin D1, which is normally not expressed at high levels in normal 

B cells, plays an important role in cellular proliferation by promoting the cell cycle from the G1 to 

S phase. Cyclin D1 forms active kinase complexes with the cyclin-dependent kinases CDK4 and 

CDK6, which phosphorylate and inactive the cell cycle regulator retinoblastoma protein (Rb) and 

p27kip1 [259]. Clinically, t(11;14) translocation has been suggested as a hallmark of the mantle 

cell lymphoma with the frequency about in 90% patients.  

BCL-6 (3q27) 

The activity of AID during somatic hyper mutation has also been suggested to introduce mutations 

besides Ig genes. For instance, the negative autoregulatory site of BCL6 in the first noncoding 

exon is frequently mutated by abnormal SHM in DLBCL [260, 261].  In addition, t(3;14)(q27;q32) 

translocation inducing BCL-6 overexpression is also frequently detected in NHL in terms of the 

AID induced DNA double-strand breaks. As an important conductor orchestrating GC B cell 

development, the deregulation of BCL-6 is potentially dangerous while it has multiple functions 

in regulating proliferation, differentiation, DNA damage repairing, and apoptosis. 
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BCL-6 allows GC B cells to resist to DNA damage-induced apoptosis by suppressing TP53 

[135], CDKN1A [134], ATR, and CHEK1 [262] expression during SHM. To accelerate cell cycle 

progression and clonal expansion, BCL-6 inhibits various cell cycle regulators including CDKN1B, 

CDKN2A, CDKN2B, and PTEN [263]. To prevent premature terminal differentiation, BCL-6 also 

silences IRF4 [149] and PRDM1/BLIMP1. At the same time, BCL6 may also repress a large set 

of genes associated with tumorigenesis such as BCL2 [136], c-Myc, CCND1, and BMI1, which 

may compensate for its potentially oncogenic role in inhibiting tumor suppressor genes [140]. 

BCL6 acts as an oncogene in GC-derived B cell lymphomas, which are often characterized by 

deregulated BCL6 expression, or feature genetic alterations in pathways normally regulated by 

BCL6, especially in the diffuse large B cell lymphomas and follicular lymphomas [264]. 

Myc (8q24) 

In addition to BCL6, AID may also lead to somatic mutations and spontaneous translocation in the 

MYC gene during SHM and CSR [265]. MYC has been identified as a global transcription factor 

with an impact on up to 15% of the entire genome, which has a widespread influence on 

progression through the cell cycle, cellular metabolism, cell differentiation, apoptosis and cell 

adhesion [266]. In cell cycle progression, MYC activates genes encoding proliferative proteins 

such as cyclin D1 and inhibits cell cycle inhibitors such as cyclin-dependent kinase inhibitors to 

drive the cell cycle from G0/G1 phase to the S phase [267]. In cellular metabolism, MYC induce 

the expression of genes that function to increase cellular metabolism and biosynthesis of nucleic 

acids, ribosomes, and protein [268]. In contrast, MYC may also induce apoptosis through 

stabilizing tumor suppressor p53 by MDM2 inhibition [269], inducing expression of proapoptotic 

protein BIM [270], indirectly inhibiting the anti-apoptotic proteins BCL2 and BCL-XL [271], and 

stimulating cytochrome c release [272]. As a potential oncogenic driver, MYC is highly regulated 
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with multiple levels of control mechanisms associated with gene transcription, mRNA stability, 

and protein turnover in normal B cell.  

The translocation of c-myc is an early and pivotal event in lymphomagenesis followed by 

accumulation of other genetic events, which results in a constitutively proliferative state of 

malignant B cell. Most frequently, the t(8;14)(q24.1;q32) translocation juxtaposing IgH gene locus 

and c-MYC was found in various NHL, followed by the IgL gene related rearrangement in 

t(8;22)(q24.1;q11.2) and t(2;8)(p12;q24.1). 

In the classification of NHL, various aggressive B-cell lymphoma are reported to harbor 

MYC rearrangement including: Burkitt lymphoma, diffuse large B-cell lymphoma, Burkitt-like 

DLBCL; rare de novo acute lymphoblastic lymphoma/leukemia, transformed follicular lymphoma, 

plasmablastic lymphoma, and some indolent lymphoma such as CLL and FL [273]. The c-

MYC rearrangement is also associated with an inferior prognosis and poor response to therapy in 

these NHLs clinically [274]. 

Double-hit and Triple-hit lymphoma 

NHLs with c-MYC and either BCL2 or BCL6 rearrangements are referred to as double-hit 

lymphomas (DHL), while those with all three rearrangements are termed triple-hit lymphomas 

(THL). In addition, NHL with co-expression of c-MYC and BCL2 are termed double-expresser 

lymphomas (DE). The difference between DHL and DE is that the amplification of c-MYC and 

BCL2 may not be due to gene rearrangements in DE, which are also not as aggressive as DHL/THL. 

While deregulated c-MYC expression promotes cell proliferation, it also induces apoptosis 

in p53-dependent and p53-independent pathways [275]. In combination with c-Myc expression, 

BCL2 amplification blocks apoptosis, confers both proliferation and survival advantages, and 

leads to the malignant transformation of NHLs. It is controversial to consider that tumorigenesis 
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can be driven by c-Myc alone, and translocation of c-MYC/IgH is considered to be a secondary 

event after BCL2 rearrangement. 

Currently, the WHO classification of DHL, typically refers to both DHL and THL, as high-

grade B-cell lymphoma [197]. Clinically, DHLs are very aggressive and refractory to most 

chemotherapy regimens. Patients with DHLs usually have poor clinical outcome and die within 

the first year of diagnosis. 

1.6.2 Aberrant BCR signaling in B cell lymphoma (Figure 1.9) 

To verify the affinity of BCR, B cells undergo rigorous selection throughout their life-cycle. Even 

the mature naïve B cell are kept expressing the BCR under selective pressure, which are supported 

by the B-cell lethality of BCR depletion both in vitro [276] and in vivo[157], suggesting that the 

BCR is indispensable for B-cell survival. Likewise, most B cell malignancies still rely on 

functional BCR signaling, although BCR expression may also lost or even suppress tumorigenesis 

in some subtypes [158, 277-282]. 

Two types of BCR signaling are demonstrated in normal B cells. Firstly, the BCR is 

triggered by external antigen, which leads to the signal transduction from the BCR as described in 

the introduction above. Second, signaling occurs in a ligand independent manner that is termed 

“tonic BCR signal”. How the tonic BCR signal functions in normal B cell has not been fully 

elucidated, though it may have essential roles in supporting pre-B cell maturation and development 

[283] or mature B cell survival, which is demonstrated by the finding that in vivo deletion of 

BCR expression in mice causes rapid death of B cells [157, 182, 283, 284]. 

For most types of lymphoma, there is strong evidence that the BCR signaling pathway is 

specifically activated and contributes to pathogenesis [158]. Similarly, two BCR signaling models 
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are demonstrated in the majority of subtypes of malignant B cells: Tonic signaling, as for its role 

in normal B cell, supports the survival of B cell tumors through pathways that are maintained by 

PI3K mediated survival signaling, and chronic active signaling, which occurs after antigen 

engagement, constitutively activates NF-κB via the CARD11 - BCL10 - MALT1 (CBM) complex 

[285].  

1.6.2.1 The tonic BCR signal in NHLs 

Tonic signaling is conducted through Igα/Igβ heterodimers and mediated by PI3K signaling [276]. 

This mechanism is established by the observation that B cell death due to the ablation of tonic 

BCR signal can be rescued by constitutively active PI3 kinase signaling rather than transgenic 

expression of IKKβ, MEK1, or RAC1 [182].  

Tonic signaling is suggested to support the survival of mature B cell and BCR independent 

NHLs such as Burkitt lymphoma [286, 287] and some indolent CLL [288]. In Burkitt lymphoma 

(BL), BCR expression is required to provide tonic signaling, while the relevance for BCR targeted 

therapies remain elusive [286, 289]. In CLL, tonic BCR signaling is observed in unstimulated CLL 

with increased LYN and SYK kinase basal activity, which also induces BCR downstream 

signaling such as PI3K [290], BTK [291], PKC [292], ERK [293], and the NFκB pathway [294]. 

Inhibition of this elevated signaling will induce apoptosis, suggesting an anti-apoptotic effect of 

tonic BCR signaling in unstimulated CLL cells [295]. 

Although MEK-ERK signaling cannot rescue B cell with BCR deletion, Rowland et al. 

demonstrated that Ras activation of Erk can restore “impaired” tonic BCR signaling and 

subsequently rescues immature B cell differentiation, suggesting the importance of ERK signaling 

in the development of B cell with low or impaired BCR function [296]. 
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1.6.2.2 The chronic active BCR signal in NHLs 

The “chronic activated” signaling, which is induced by activating antigen, promotes cell 

proliferation and survival mainly through the NF-κB signaling pathway. This conclusion is based 

on the observation that ABC-DLBCLs with wild-type CARD11 (i.e. OCI-LY10) are terminated 

by knockdown of BCR signaling components, but not in CARD11 mutated cell line (OCI-LY3), 

in which NF-κB signaling is constitutively activated [221]. In addition, about 20% of ABC-

DLBCLs have mutations in the ITAM signaling motif of the CD79A or CD79B subunits, which 

function as a crucial LYN mediated BCR negative autoregulation. While these mutations are 

unable to ignite BCR signaling, antigen-dependent activation is still required in chronic active 

signaling [221].  Interestingly, the BCR signaling in ABC-DLBCL is similar to chronic active 

rather than tonic BCR signaling based on the indispensable role of the CBM-NFκB axis, which is 

not essential for tonic BCR signaling [221]. In summary, these observations indicate that chronic 

active BCR signaling is an antigen-dependent pathogenic mechanism in ABC-DLBCL that 

engages the classical NF-κB pathway. 

 As well as ABC-DLBCL, chronic active signaling is also demonstrated in Waldenström's 

macroglobulinemia [297] and CLL [298], but not in Burkitt lymphoma which relies on tonic BCR 

signaling [287]. 
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Figure 1.9 Aberrant BCR signaling in B cell lymphoma 

Chronic activated BCR signaling: Mutated BCR signaling effectors such as Igα/β (CD79a/b) or 

CARD11 result in constitutive activation of NFκB pathway. ABC-DLBCL and CLL is supposed 

to depend on this abrrent BCR signaling. Tonic BCR signaling: PI3K signals have been reported 

to promote the tumorigenesis of Burkitt lymphoma cells. Generally, the activation of PI3K 

promote proliferation and survival through Akt-mTOR-FOXO signals in Burkitt lymphoma. 

Whereas it is also demonstrated that the PI3K could induce BCR downstream signals through the 

Btk dependent activation in some CLL cases. 
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1.6.2.3 Tumor microenvironment in NHL 

The definition of the tumor microenvironment is that the malignant cells harboring gene 

aberrations remain depends on external stimuli for survival, proliferation, and immune evasion. 

The source of these external stimuli comprises various immune cells, stromal cells, blood vessels, 

and extracellular matrix. While the development of B-cell depends on numerous highly 

orchestrated interactions with the stromal and other immune cells, the importance of studying the 

impact of the tumor microenvironment in NHL has been increasingly recognized. 

Scott et al. defined three major patterns based on the relationship between lymphoma 

subtypes and their interplay with the tumor microenvironment as: recruitment, re-education, and 

effacement, which are largely associated with the clinical behaviors of lymphoma [299]. Firstly, 

“recruitment” is used to describe the tumor microenvironment observed in classical Hodgkin’s 

lymphoma. The Hodgkin Reed-Sternberg cells, with the morphology of a binucleate (Reed-

Sternberg) or mononuclear variant (Hodgkin), is surrounded and extensively supported by normal 

lymphoid tissues and non-malignant cells in this pattern. The second pattern is “re-education”, 

which is associated with indolent lymphoma such as follicular lymphoma. In this pattern, the 

malignant B-cells mainly depend on external stimuli and signal from the microenvironment, which 

results in this type of lymphoma having a similar composition and spatial arrangement with the 

normal GC B cell in the lymphoid tissue. Aggressive lymphomas such as DLBCL and BL are 

belonging to the third pattern “effacement”, in which the malignant cells are considered to have 

strong cell-autonomous survival and proliferation signals resulted from genetic aberrations such 

as MYC or BCL-2 translocations, which allows the lymphoma to grow independently regardless 

of their microenvironment and usually results in their effacing the structure of normal lymph 

tissues. 
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As described in the introduction the stromal gene signature classification of DLBCL-NOS, 

DLBCL is composed of stromal dependent and independent types. The stromal dependent type is 

further divided into stromal-1 and stromal-2, which are correlated with good or poor prognosis 

after treatment with R-CHOP respectively. However, so far there are still no clues to distinguish 

or predict if the blood cancer cells belong to stromal dependent or independent class, even though 

this would be essential for the evaluation of the effect of combination with therapeutics targeting 

interactions with the microenvironment in newly diagnosed DLBCL patients. 
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1.7 Treatment of Non-Hodgkin lymphoma and its challenges 

In the past era, many lymphomas were treated with similar chemotherapeutic agents with variable 

results. Various cytostatic drugs including alkylating agents, antimetabolites, vinca alkaloids and 

anthracyclines are still administered in the treatment of B-cell lymphomas. Encouragingly, over 

the past decade new breakthroughs in immunotherapy such as the anti-CD20 monoclonal antibody, 

rituximab, has improved therapeutic results significantly in the survival of patients with various 

types of B-cell lymphomas. More recently, small molecule inhibitors targeting B-cell signaling 

pathway such as ibrutinib exhibit promising anti-tumor activity in NHL treatment. Nevertheless, 

about one-third of patients relapse after the treatments. In this section, we will focus on the 

introduction of current therapeutic options and correlated challenges in the treatment of NHL. 

1.7.1 Watchful waiting (active surveillance) 

"Watchful waiting" is defined as a period after the diagnosis of indolent NHL and CLL in which 

active treatment has been replaced by careful surveillance, especially in the management of 

indolent lymphomas such as CLL. This treatment is based on clinical trials that have shown that 

there is no advantage in the early treatment of patients with mild or asymptomatic disease, given 

the relatively longer-term, or complex natural history of the disease. However, sometimes a more 

aggressive cell may arise from the indolent cells in a short time, causing severe symptoms and 

requiring treatment. Currently, the Grouped’Etude des Lymphomas Follicularies (GELF) criteira  

is defined for indolent NHL and CLL patients with watchful waiting inspection in whom 

immediate therapy is necessary [300, 301]. 

1.7.2 Chemotherapy 

One of the most commonly used first-line treatment regimens of rapidly growing aggressive NHL 

is a standard regimen of 5 drugs known as R-CHOP (Cyclophosphamide, Doxorubicin, Vincristine 
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(Oncovin® ) and Prednisone) combined with the anti-CD20 monoclonal antibody Rituximab 

(Rixutan® ). This regimen is usually given in cycles 3 weeks apart. In indolent lymphomas, the 

addition of rituximab to every chemotherapeutic combination [cyclophosphamide, vincristine, 

prednisone (CVP), cyclophosphamide, doxorubicin, vincristine, prednisone (CHOP), 

bendamustine, mitoxantrone, dexamethasone and bendamustine, cyclophosphamide, 

mitoxantrone] has resulted in a significant increase in overall response rate (ORR) and complete 

remission rate (CR) as well as delay of time to progression (TTP). For the very aggressive Burkitt 

lymphoma, intensive chemotherapy will be used instead, usually combined at least 5 chemo drugs, 

such as the following regimens: 

• CODOX-M (Cyclophosphamide, Vincristine, Doxorubicin and high-dose 

methotrexate) 

• IVAC (Ifosfamide, Etoposide (VP-16® ), Cytarabine(Ara-C® )) 

• EPOCH (Etoposide, Prednisone, Vincristine, Cyclophosphamide and Doxorubicin) 

• Hyper-CVAD (Cyclophosphamide, Vincristine, Doxorubicin and Dexamethasone 

alternating with Cytarabine and methotrexate) plus Rituximab if necessary. 

From clinical data, DLBCL patients with the GCB subtype who received either CHOP or 

R-CHOP treatment had a better clinical outcome as compared to patients who had the ABC type 

[302]. In addition, R-CHOP result in a promising complete response (CR) in about 80% and a 5-

year overall survival rate of 65% of DLBCL patients. However, up to 50% of patients may suffer 

refractory or relapse after treatment, especially in ABC-DLBCL and CLL with RS [303].  
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1.7.3 Monoclonal antibody-based targeting therapy - Anti-CD20 antibodies Rituximab 

Rituximab is a humanized monoclonal antibody targeting CD20, a cell-surface marker expressed 

by almost all B-cell lymphomas and normal B-lineage cells. Rituximab is thought to function 

through a variety of mechanisms, including: (1) Induction of antibody dependent cellular 

cytotoxicity (ADCC), (2) complement mediated cytolysis induced cell death  and (3) apoptosis 

directly induced following engagement of CD20 [304-307]. The development and use of rituximab 

has significantly improved the prognosis of NHL patients over the past two decades and has 

become the standard of care in first-line regimens. In spite of the significant improvement in the 

outcome, evidence of rituximab resistance has been increasing. About 40% of ABC-DLBCL 

patients still experience refractory disease or relapse after initial chemotherapy [308]. Clinical 

resistance to rituximab is usually defined as the lack of response to treatment regimens or clinical 

progress with rituximab after 6 months of treatment with this regimen. Moreover, only 40% of 

patients with recurrent follicular lymphoma or transformed CLL have response to rituximab 

treatment [308, 309]. Several mechanisms are thought to be responsible for rituximab resistance, 

including resistance in antibody mediated mechanisms, Fc-receptor polymorphisms, 

downregulation or loss of CD20 expression, and changed antibody pharmacokinetics [310]. 

Therefore, overcoming rituximab resistance through developing next-generation anti-CD20 mAbs 

or monoclonal antibodies targeting other surface protein ectopically expressed on malignant B cell 

has been a major focus of recent treatment development.  

1.7.4 BCR signaling targeting inhibitors - Ibrutinib 

Considering the critical role of B-cell receptor signaling in the development, proliferation, and 

survival of normal and malignant B cells, small molecule inhibitors targeting various components 

of this signaling pathway have been developed and administrated clinically, such as Syk inhibitors 
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Fostamatinib  and Entospletinib (GS9973), PI3Kδ inhibitor Idelalisib (GS-1011), BTK inhibitor 

Ibrutinib (PCI-32765), and PKCβ inhibitor Enzastaurin [311-315].  

Among these BCR signaling targeting inhibitors, Ibrutinib (Imbruvica) was the first-in-

human FDA approved once-daily orally administered inhibitor targeting Bruton’s tyrosine kinase, 

which is a vital component of B cell receptor signaling. Ibrutinib forms an irreversible covalent 

bond with the Cysteine-481 residue in the BTK active site, leading to sustained inhibition of the 

enzyme and disrupt multiple molecular signaling networks that are important for B cell survival 

and growth, thereby inducing neoplastic B cell proliferation inhibition and apoptosis [316]. The 

clinical usage of Ibrutinib was initially approved by the US FDA (IMBRUVICA, USPI) in 2013 

being designated as a “breakthrough therapy” for the treatment of relapsed or refractory mantle 

cell lymphoma (MCL). Subsequently, the application of Ibrutinib on chronic lymphocytic 

leukemia (CLL) and Waldenström macroglobulinemia was also approved. 

Being a highly specific targeted inhibitor, Ibrutinib has encouragingly rapid, high response 

rates and favorable tolerability comparing with traditional chemotherapy in the clinical trial of 

CLL and MCL patients. The most promising advantage is that ibrutinib does not result in 

myelosuppression, which is usually caused by various NHL or chemotherapy and leads to severe 

infections or bleeding. Currently, it is widely used in CLL and has remarkable initial responses in 

patients with relapsed and refractory CLL [317]. The promising efficacy of single-agent ibrutinib 

in CLL implies the possibility to be a therapeutic option for other types of NHL. Recently various 

clinical trials of ibrutinib treatment on MCL, FL, relapsed or refractory DLBCL and multiple 

myeloma are undergoing [318-320]. 

However, at the same time, studies suggest about 8% relapsed/refractory CLL patients who 

received ibrutinib developed RS [317]. Considering the most frequent transformation to ABC-
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DLBCL, indeed, Ibrutinib has confirmed single-agent activity in a series of patients with 

relapsed/refractory DLBCL, especially in the ABC subtype (OR: 41%) rather than the GCB 

subtype (OR: 5%). DLBCL patients with the GCB subtype usually have good response to 

chemoimmunotherapy R-CHOP but not ABC-DLBCL patients, hence, identifying the ibrutinib 

resistance mechanism in ABC-DLBCL might provide a novel therapeutic strategy in both ABC-

DLBCL and CLL with Ricther’s transformation [321-323]. 

 The identification of the detailed mechanisms of ibrutinib resistance is still ongoing, 

however, genetic mutations in several core components of BCR signaling may give us some clues. 

For instance, data suggests that ibrutinib resistance is mainly due to acquired mutations in BTK 

and its direct downstream effector PLCγ2 [324]. The C481S mutation in BTK blocks Ibrutinib 

covalent binding and thereby converts the drug to a less effective reversible inhibitor. Alternatively, 

the R665W and L845F mutation in the autoinhibitory SH2 domain of PLCγ2 results in the 

constitutive activation of PLCγ2 that is independent of BTK [325]. However, BTK and PLCγ2 

mutations are observed in parts of ibrutinib resistance NHL patients, suggesting that there are still 

other potential resistance mechanisms for blood cancer cells to bypass the impact of ibrutinib. 

 Based on the aberrant BCR signaling, NFκB associated chronic active BCR signaling and 

PI3K mediated tonic BCR signaling might be latent factors of ibrutinib resistance. Certainly, 

ibrutinib shows no effect in DLBCL cell line with constitutive activation of NFkB signaling 

induced by CARD11 mutation [326]. The co-administration of ibrutinib and the PI3K inhibitor 

idelalisib displays unprecedented clinical activity especially in MCL and CLL [327]. In addition, 

while aberrantly amplified BCL-2 dispels the apoptotic pathway in various NHL, which may lead 

to the increase of ibrutinib resistance, the combination of ibrutinib with BCL-2 inhibitor 
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(Venetoclax/ABT-199) also present promising effect in CLL preclinical treatment  and clinical 

trials [328]. 

 Recently, several studies showed the impact of Ras-MAPK signaling pathway in ibrutinib 

resistance. Improgo et al. reported that cells harboring the constitutive active KRAS Q61H 

mutation displayed apoptotic resistance to ibrutinib (Improgo et al., Blood 2013 122:670), Zheng 

et al. identified the effect of ibrutinib in inhibitory of ERK phosphorylation can be vary in different 

DLBCL cell lines with unknown mechanism, while it could be an important response predictor for 

ibrutinib [329]. Ma et al. demonstrated that ERK and AKT remain active in a subset of MCL 

tumors that enable cells continue to survive and grow even in the presence of ibrutinib, implying 

that alternative upstream pathways or kinases other than BTK mediate the activation of these 

downstream events [330]. Moreover, the combination of the MEK inhibitor pimasertib with 

ibrutinib also show strong synergism in preclinical models of aggressive lymphomas [331]. These 

observations reveal that aiming ERK signaling might be a novel therapeutic target in NHL 

treatment. 

1.8 Hypothesis  

Matriptase is a type II serine protease ectopically expressed in a variety of neoplasms, including 

the B cell lymphomas. As a peri-cellular protease, imbalanced matriptase: HAI-1 ratio results in 

prolonged matriptase proteolytic activity, which subsequently induce extracellular signaling 

activation associated with tumor proliferation, anti-apoptosis, invasion, and adhesion.  

Paradoxically, loss of HAI-1 does not affect cell surface localization of matriptase in non-Hodgkin 

lymphoma cell lines. To understand how matriptase was being regulated to promote tumorigenesis 

in non-Hodgkin lymphoma, this thesis is based on the following hypotheses: 
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1. HAI-2, the alternative endogenous inhibitor of matriptase, replaces the role of HAI-1 in 

preventing the toxicity of matriptase zymogen auto-activation intracellularly. 

2. Imbalanced matriptase proteolytic activity affects extracellular signaling in an autocrine or 

paracrine manner, which promotes tumor cell proliferation in non-Hodgkin lymphoma. 

3. As an ectopically expressed protease present on the cell membrane, treatment with 

monoclonal antibodies targeting matriptase might have functions in inhibiting its 

proteolytic activity. 

To test the hypothesis, I developed the following specific aims: 

Aim 1: To evaluate the differential impact of HAI-1 versus HAI-2 on matriptase proteolytic 

activity in neoplastic B-cells. 

Aim 2: To access the impacts of matriptase proteolytic activity in the context of HAI-2 on 

malignant behaviors of neoplastic B-cells. 

Aim 3: To investigate the pathological importance of matriptase expression in relation to 

HAI-2 in B-cell lymphomas. 
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Chapter 2 HAI-2 PARADOXICALLY PROMOTES PERICELLULAR MATRIPTASE PROTEOLYTIC 

ACTIVITY IN NEOPLASTIC B-CELLS 

2.1 Introduction 

Matriptase is a type 2 transmembrane serine protease that is expressed in about half of non-

Hodgkin's B-cell lymphomas and almost all chronic lymphocytic leukemias, but not in normal B-

lymphocytes [6, 54], which is in contrast to cancers and tumor-derived normal epithelial cells that 

express similar levels of matriptase [73].  Overexpression of matriptase in B-cell lymphomas may 

be through activation of growth factors (such as hepatocyte growth factor (HGF) and macrophage 

stimulating factor 1 (MSP-1)) or downstream protease systems that play a role in tumor 

progression, such as urokinase-type plasminogen activator (uPA) [4, 10, 54, 58].  These matriptase 

substrates are mainly synthesized by the stromal cells and secreted as the precursor form, which 

requires proteolytic cleavage to activate its function. In addition, receptors for these secreted 

factors on the cell surface are often amplified in cancer cells. The activation of these substrates by 

matriptase may occur in the cell environment and may sometimes involve the plasma membrane 

of cancer cells [54].  Thus, the level of extracellular matriptase proteolytic activity is highly 

correlated with its potential role in the activation of these important cancer-related substrates. 

Matriptase is synthesized in zymogen form and has weak intrinsic activity like many other 

serine proteases. The intrinsic activity of the matriptase zymogen does not act on the same substrate 

as the mature activated enzyme nor does it form a stable complex with the protein protease 

inhibitor because the substrate binding pocket does not exhibit its mature conformation, resulting 

in the low affinity interactions between proenzyme zymogen and substrate or protease inhibitors 

[332, 333].  However, intrinsic activity does confer the ability of the proteolytic enzyme zymogen 

to undergo autoactivation as the main mechanism for obtaining complete enzyme activity [2], 

although the precise consequences of the activation mechanism and, more importantly, how it is 
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controlled remain to be elucidated. Matriptase self-activation can occur spontaneously, and the 

rate of activation can be accelerated by various extracellular environmental factors, such as mild 

acidic pH, reduced chloride ion concentration, or a more oxidized redox environment [53, 334, 

335].  The tumor microenvironment is usually acidic and/or oxidative and, under these conditions, 

can enhance matriptase zymogen activation. Upon activation of the matriptase zymogen, the newly 

formed active matriptase is either rapidly inhibited by the formation of a high-affinity complex 

with the hepatocyte growth factor activator inhibitor (HAI)-1 or detached from the cell surface 

[56].  Thus, the level of matriptase proteolytic activity in the cell surroundings is determined by, 

the dynamic balance between zymogen activation and inhibition of newly generated active 

matriptase. 

Although HAI-1 was originally identified as a typical matriptase inhibitor [44, 336], this 

Kunitz inhibitor has been shown to be essential for the normal synthesis and intracellular transport 

of matriptase [2, 50].  The importance of this unusual relationship was supported by the general 

co-expression of matriptase and HAI-1 in epithelial cells and cancer cells [10, 33], and by the 

observation that deletion of matriptase rescues placental and epidermal defects and causes chronic 

inflammation by HAI-1 genes in mice [26, 337-339].  Surprisingly in view of this, many neoplastic 

B-cells expressing matriptase lack significant expression of HAI-1 [6, 54]. This suggests that 

neoplastic B cells must be equipped with a number of other protease inhibitors to replace HAI-1, 

not only to control matriptase activity, but also to replace HAI-1 chaperone function and to 

promote matriptase synthesis and intracellular trafficking. Another membrane-associated Kunitz-

type serine protease inhibitor HAI-2, related to HAI-1, has also been shown to inhibit matriptase 

activity and support matriptase synthesis and intracellular trafficking [34, 35, 340, 341]. In the 
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current work, we set out to characterize the role of HAI-2 in regulating extracellular proteolytic 

activity of matriptase in tumor B cells. 

2.2 Materials and methods 

2.2.1 Cell lines 

Non-Hodgkin lymphoma cell lines, including the Mantle cell lymphoma line Jeko-1, the diffuse 

large B-cell lymphoma lines OCI-LY3 and OCI-LY10, and the Burkitt lymphoma lines Daudi, 

Namalwa, and Ramos were obtained from the Tissue Culture Shared Resource (TCSR) in the 

Lombardi Comprehensive Cancer Center, Georgetown University (Washington, D.C.).  The 

identity of these lines was confirmed by short tandem repeat fingerprinting conducted by the TCSR, 

which also confirmed that the lines were free of mycoplasma contamination.   These hematological 

cells were cultured in RPMI-1640 medium (Lonza, Walkersville, MD), supplemented with 10% 

fetal bovine serum (FBS) at 37 °C in a humidified atmosphere with 5% CO2.   

2.2.2 Western Blot and mAbs 

The sample prepared for immunoblot analysis included the cell lysates and the control and pH 6 

buffers that the cells were incubated with (conditioned buffer).  The cells were lysed with 1% 

Triton in PBS or with radioimmunoprecipitation assay (RIPA) buffer.  DTNB (5,5-dithio-bis-

(2-nitrobenzoic acid) (1 mM) and/or protease inhibitor cocktail (Roche, Mannheim, Germany) 

were also included in the lysis buffer.  The addition of DTNB in the lysis buffer is to prevent the 

cleavage of disulfide linkages [47].  Protein samples were resolved by 7.5 % SDS-polyacrylamide 

gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membrane, and subsequently 

probed with mAbs, as indicated.  Immunoreactive regions were visualized using horseradish 

peroxidase-labeled secondary antibodies and Western Lightning ECL pro reagent (PerkinElmer, 

Waltham, MA) exposed to x-ray film.  The primary antibodies used were the total matriptase mAb 
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M24, the activated matriptase mAb M69, the HAI-1 mAb M19, the HAI-2 mAbs DC16 and XY9, 

the generation and characterization of which can be found in our previous studies [20, 29, 33, 336].   

2.2.3 Acid-induced matriptase activation 

Matriptase zymogen activation can be robustly induced by transiently exposing cells to a pH 6.0 

buffer at room temperature [53, 334, 335].  In order to better evaluate the levels of active matriptase 

shed by the cells, which is the focus of this study, a modified assay was used in which a fixed 

number of cells relative to the volume of acidic buffer was used (5x105 cells to 10 ul of buffer), 

and the incubation temperature was controlled to 37oC.  The neoplastic B-cells were washed with 

PBS twice and then incubated either in PBS, as the non-activation control, or 75 mM phosphate 

buffer, pH 6.0 for 10 minutes at 37℃.  The conditioned buffer was separated from the cells by 

centrifugation using a Microfuge 22R with Rotor F241.5P (Beckman Coulter) at 2,000 rpm for 5 

min at 4℃ in order to prevent rupture of the cells.  The cell pellets were then lyzed with the same 

volume of lysis buffer as the conditioned buffer collected, as described above.   

2.2.4 Immunodepletion 

Conditioned buffer (200 µl) collected from Ramos cells post induction of matriptase zymogen 

activation was incubated with the activated matriptase mAb M69 linked to Sepharose beads (15 

µl drained beads) and mixed end-over-end in a cold room for 2 hours.  The supernatant was 

collected by centrifugation and referred to as the activated matriptase-depleted fraction.     

2.2.5 Matriptase amidolytic Assay 

For fluorogenic peptide substrate cleavage assays, samples of the shed fraction were incubated 

with (N-t-Boc)-Gln-Ala-Arg-AMC at a final concentration of 10 µM in a reaction buffer of 100 μl 

containing 20 mM Tris-HCl, pH 8.5.  The increase in fluorescence resulting from the hydrolysis 
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of the peptide substrate was recorded using a Wallac 1420 Victor 2 (Perkin Elmer® ) microplate 

reader, using a 355 nm excitation wavelength and 460 nm emission.  The fluorescence signal was 

recorded every three minutes for 30 or 40 minutes.    

2.2.6 Gelatin zymography  

For gelatin zymography, 1 mg/mL gelatin was co-polymerized in 7.5% SDS polyacrylamide gels.  

Samples of the shed fraction were mixed with 5X sodium dodecyl sulfate (SDS) sample buffer 

containing no reducing reagent and incubated at room temperature for 5min.  The proteins were 

resolved on SDS-PAGE on polyacrylamide gels containing 1mg/ml gelatin. The gelatin gels were 

washed with PBS containing 2.5% Triton X-100 to remove SDS and then incubated in pH 8.5 Tris 

buffer at 37oC overnight.  The gels were stained with Coomasie Brilliant Blue R250 at room 

temperature for 1 h and then destained using 10% isopropanol and 10% acetic acid. 

2.2.7 Doxycycline-inducible expression of HAI-1 and HAI-2  

The Lenti-X Tet-On 3G inducible expression system was purchased from Clontech Laboratories 

(Mountain View, CA).  HAI-1 or HAI-2 cDNAs were subcloned into pLVX-TRE3G from 

pCDNA3.1-HAI-1 [2] and pCMV-SPINT2-Myc-DDK (Origene, Rockville, MD), respectively, 

using the Quick Ligation Kit (NEB, Beverly, MA) according to the manufacturer’s instructions.  

pCDNA3.1-HAI-1 contains the shorter transcript variant 2 of SPINT-1, while pCMV-SPINT2-

Myc-DDK contains the SPINT-2 variant a transcript. The Tet-on transactivator protein construct 

pLVX-TET3G, as well as the aforementioned HAI-1 or HAI-2 constructs were packaged to 

produce lentiviruses as described previously [54].  In sequence, Daudi cells were transduced with 

lentivirus for the transactivator and selected using G418 sulfate (KSE Scientific, Durham, NC), 

and then with lentivirus for HAI-1 or HAI-2 and selected using 2 ug/ml puromycin (Sigma, St. 

Louis, MI).  Stable pools of resistant cells derived from this dual selection process were cultured 
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with different amounts (0.01, 0.05, 0.25, 1, and 5 ug/ml) of the tetracycline analogue doxycycline 

hydrochloride (Fisher Scientific, Pittsburgh, PA) for 24 hours to induce varying levels of HAI-1 

or HAI-2 expression. 

2.2.8 The ratio of total to cell surface matriptase 

The ratio of total to cell surface matriptase was determined by the biotinylation of the extracellular 

surface proteins of viable cells, followed by depleting the biotinylated matriptase from whole-cell 

lysates and comparing the level of matriptase in the lysates before and after depletion.  Five million 

Daudi cells were washed with PBS three times, after which the cells were incubated with 0.2 mg/ml 

sulfosuccinimidyl biotin (sulfo-NHS-biotin) dissolved in PBS pH 8.0 at 4℃ for 30 min, to label 

cell surface proteins, including cell surface matriptase.  The residual biotinylation reagent was 

quenched and removed by washing the cells three times with 0.16 M glycine in PBS.  The cells 

were then lysed in RIPA buffer, and the biotinylated cell surface proteins removed by incubating 

the lysates with Avidin-Agarose beads mixed end-over-end in a cold room for 2 hours.  The levels 

of total and intracellular matriptase were determined by immunoblot analysis of the cell lysate and 

the surface proteins-depleted cell lysate.  The x-ray films from the immunoblots were scanned and 

band intensity determined using Image J.  The ratio of cell surface matriptase was calculated by 

the band intensity. 

2.2.9 Immunohistochemistry (IHC) 

To assess the pattern of matriptase and HAI-2 expression in human B-cell lymphoma, tumor 

samples were stained by, the Lombardi Comprehensive Cancer Center Histopathology and Tissue 

Shared Resource (HTSR) at Georgetown University using the antibodies described above.  The 

tissues were from patients who have provided written consent for the use of their surplus tissues 
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for research purposes under a Georgetown University Medical Center Institutional Review Board 

(IRB) approved protocol (#1992-048, PIs: Berry and Harris). Sections were de-paraffinized with 

xylenes and rehydrated through a graded alcohol series.  Heat induced epitope retrieval (HIER) 

was performed by immersing the tissue sections at 98oC for 20 minutes in Dako EnVision FLEX 

(Low pH).  Immunohistochemical staining was performed using a Vectastain Kit (Vector Labs, 

Burlingame, CA) according to manufacturer’s instructions.  Briefly, slides were treated with 3% 

hydrogen peroxide and 10% normal goat serum and exposed to primary antibodies (M24 or DC16 

at 1-5 µg/ml) diluted in 1X TBS with 0.05% Tween for one hour at room temperature.  The slides 

were then exposed to biotin-conjugated secondary antibodies (Vector Labs), Vectastain ABC 

reagent and DAB chromogen (Dako).  The slides were counterstained with Harris Modified 

Hematoxylin, blued in 1% ammonium hydroxide, dehydrated, and mounted with Acrymount 

(StatLab, McKinney, TX).  Images were captured using a Nikon Eclipse E600 Microscope with a 

Nuance Multispectral Imaging System. 
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2.3 Results 

2.3.1 HAI-1 and HAI-2 expression status in matriptase expressing neoplastic B-cells 

To clarify the mechanism of controlling the proteolytic activity of matriptase in human B-cell 

lymphomas, the levels of HAI-1 and HAI-2 proteins expressed by seven different tumor-B cell 

lines expressing matriptase were evaluated. The 7 lines express matriptase at relatively comparable 

levels with Ramos cells having the highest expression and Raji cells the lowest when lysates 

prepared from equal cell number (106) were assayed by western blot (Figure 2.1A, Matriptase). In 

epithelial/carcinoma cells, HAI-2 is expressed by different cell lines as one of two distinct species 

at a relatively constant ratio [29]. The species with extensive N-glycan branching can be detected 

using the mAb DC16 as a diffuse band of 30-40 kDa (Figure 2.1B, HAI-2, highly glycosylated); 

whereas the species with oligomannose type N-glycan can be detected by the mAb XY9 as a 

doublet with an apparent mass of approximately 25-kDa (Figure 2.1C, HAI-2, lightly glycosylated). 

Both HAI-2 species were detected in Namalwa, Raji, and Ramos cells with the highest level in 

Ramos and lowest levels in Namalwa cells, although the ratio between the two species was 

relatively consistent across the various lines (Figure 2.1B and C, lanes 5, 6 and 7). OCI-LY 3 was 

an exception to this as although the HAI-2 species with oligomannose-type N-glycan was clearly 

detected (Figure 2.1C, lane 2) levels of the form with extensive N-glycan were much lower (Figure 

2.1B, lane 2). The very low level expression of the HAI-2 species with extensive N-glycan could 

only be detected in OCI-LY3 and also OCI-LY10 cells after longer exposure in the western blot 

analysis (Figure 2.1B, Long exposure). HAI-2 expression in Daudi cells was even lower than OCI-

LY3 and OCI-LY10 and required the use of more protein and a longer exposure to be detected. 

Detection of HAI-2 in Daudi cells can be found in Figure 5. No signal for HAI-2 was detected 

with Jeko-1 cells even after longer exposure in western blot analysis (data not shown). HAI-1 was 

only detected in Jeko-1 and OCI-LY10 at relatively low levels (Figure 2.1D, HAI-1). No HAI-1 
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signal was observed for the remaining 5 lines even after longer exposure in the western blot 

analysis (not shown). This analysis suggests that HAI-2 is more frequently expressed than HAI-1 

in matriptase-expressing neoplastic B-cells and that the levels of HAI-2 relative to matriptase 

appear to vary significantly between different cell lines. 
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Figure 2.1 HAI-1 and HAI-2 protein expression in matriptase-expressing neoplastic B-cells. 

One million (106) cells from seven different matriptase-expressing neoplastic B-cell lines, as 

indicated, were analyzed by immunoblot for protein levels of matriptase (A), HAI-1 (B), and the 

two species of HAI-2 (C and D).  The expression of the highly glycosylated HAI-2 was also 

assessed with longer X-ray film exposure, as indicated.  The immunoblot data presented are 

representative examples of at three independent experiments. 
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2.3.2 HAI-2 can function as matriptase inhibitor in neoplastic B-cells 

While it has been shown that in solution HAI-2 can inhibit active matriptase through the formation 

of a stable complex at comparable potency to that of HAI-1 [33], the ability of HAI-2 to actually 

function as a matriptase inhibitor is, cell-type selective and depends on the sub-cellular localization 

of the proteins [33]. In order to determine if HAI-2 can function as a matriptase inhibitor in 

neoplastic B-cells, matriptase zymogen activation was induced (or accelerated) by transient (20 

min) exposure of these cells to a pH 6.0 buffer. The formation of stable HAI-2 complexes with the 

resultant active matriptase was used as a read out of the role of HAI-2 in matriptase inhibition. The 

mechanism underlying the induction of matriptase zymogen activation by exposure to a mildly 

acidic pH [53, 334, 335], and matriptase inhibition through the formation of stable complexes with 

Kunitz-type serine protease inhibitors have been well characterized in previous studies [44, 336]. 

We began with Ramos cells, which express high levels of HAI-2 and no detectable HAI-1 (Figure 

2.2A). Prior to the induction of matriptase zymogen activation, matriptase was detected as the 70-

kDa zymogen (Figure 2.2A, Matriptase, lane 1).  The two HAI-2 species were detected as 

monomers (Figure 2.2A, HAI-2, lanes 1). Upon transiently exposing the cells to a pH 6.0 buffer, 

a significant proportion of zymogen was converted into two activated matriptase-HAI-2 

complexes with apparent masses of approximately 130- and 100-kDa, both of which were detected 

by the anti-matriptase mAb and anti-HAI-2 mAb DC16 (Figure 2.2A, middle panel, lane 3), but 

not by the anti-HAI-2 mAb XY9 (Figure 2.2A, right panel, lane 3). Based on the size of the 

constituent molecules, the 100-kDa represents a matriptase-HAI-2 complex with 1:1 stoichiometry, 

whereas the 130-kDa complex is likely formed by one molecule of HAI-2 bound to matriptase and 

another as yet unidentified serine protease; a hypothesis supported by the fact that HAI-2 contains 

two functional Kunitz inhibitor domains. In addition to the western blot analysis presented here, 
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the composition of these two matriptase-HAI-2 complexes have previously been verified by a 

combination of immuno-depletion and western blot analysis [33]. These data suggest that the HAI-

2 species with extensive N-glycan branching can function as a matriptase inhibitor in Ramos cells. 

Induction of matriptase zymogen activation also resulted in the formation of HAI-2 complexes in 

Namalwa cells, in which the level of HAI-2 and the ratio of HAI-2 relative to matriptase is 

noticeably lower than that in Ramos cells (Figure 2.2B, comparing lanes 3 with lanes 1). These 

data suggest that the mature HAI-2 with extensive N-glycan branching but not the HAI-2 species 

with oligomannose type N-glycan can function as a matriptase inhibitor in neoplastic B-cells. 
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Figure 2.2 HAI-2 inhibits matriptase via formation of stable protease-protease inhibitor 

complexes. 

One million Ramos (A) and Namalwa cells (B) were transiently exposed to PBS as non-activation 

control (lanes 1 and 2) or a pH 6.0 buffer to induce matriptase zymogen activation (lanes 3 and 4).  

The cell lysates (lanes 1 and 3, C) and the conditioned buffer (lanes 2 and 4, S) were prepared to 

give identical final volumes.  Equal volumes of these samples were analyzed by western blot for 

matriptase and the highly glycosylated (High gly.) and lightly glycosylated (Light gly.) HAI-2 

species.  MTP-HAI-2-X stands for matriptase-HAI-2-protease X complexes, MTP-HAI-2 for 

matriptase-HAI-2 complex, MTP for matriptase.  The immunoblot data presented are 

representative examples of at least two independent experiments. 
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2.3.3 Neoplastic B-cells shed enzymatically active matriptase into the extracellular milieu 

largely in proportion to matriptase protein expression levels 

The pathophysiological function of matriptase is likely dependent on its enzymatic activity, which 

is capable of activating and processing downstream substrates.  Previous studies have 

demonstrated that enzymatically active matriptase along with matriptase zymogen are rapidly shed 

from the surface of cells following the induction of zymogen activation [56]. As might be expected, 

the shedding of matriptase increases significantly with the induction of matriptase zymogen 

activation by pH 6.0 buffer exposure (Figure 2.3A and B, Matriptase, comparing lanes 4 with lanes 

2). The levels of shed active matriptase in the conditioned buffer can be determined by assaying 

amidolytic activity through the cleavage of a synthetic fluorogenic peptide substrate (Boc-Gln-

Ala-Arg-AMC). Activity was only detected in the conditioned buffer of cells exposed to a pH 6.0 

buffer (Figure 2.3A, Acid sup) and not the non-activation control PBS conditioned buffer (Figure 

2.3A, PBS sup). Conformation that the proteolytic activity detected in the shed fraction is due to 

matriptase was provided by showing that removal of the activated matriptase from the buffer by 

immune-depletion using activated matriptase-specific mAb M69-Sepharose beads, also depletes 

the amidolytic activity in the buffer (Figure 2.3A, M69 Del). The matriptase species present in the 

shed fraction before and after the immune-depletion of active matriptase was further examined by 

immunoblot using the total matriptase mAb M24 (Figure 2.3B, Total MTP, left panel) and by 

gelatin zymography (Figure 2.3B, Gelatin Zymog., right panel). Matriptase species detected using 

the total matriptase mAb M24 include 70-kDa mature matriptase, and a 35-kDa fragment (Figure 

2.3B, left panel, lane 1), and gelatinolytic activity could also be detected at approximately the same 

location by gelatin zymography (Figure 2.3B, right panel, lane 1). Immunodepletion of active 

matriptase species using the activated matriptase-specific mAb M69 removed both the majority of 
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the 70-kDa and all the 35-kDa protein bands (Figure 2.3B, left panel, lane 2) and the 70- and the 

35-kDa gelatinolytic activities (Figure 2.3B, right panel, lane 2).  These data confirm the shedding 

of enzymatically active matriptase following induction of matriptase zymogen activation. In 

addition to active matriptase, the conditioned buffer also contained matriptase zymogen, which 

was not immunodepleted by the activated matriptase-specific mAb M69 (Figure 2.3B, left panel, 

lane 2). It should be noted that the samples for immunoblot analysis and gelatin zymography were 

not treated with reducing agent or boiled before loading on their respective gels (non-reducing and 

non-boiled conditions).  Under these conditions the light and heavy chains of active matriptase 

remain associated by a disulfide linkage and both the active and zymogen forms of matriptase are 

expected to be of a similar size. 

In order to investigate how matriptase proteolytic activity is regulated in neoplastic B-cells, 

we next determined the levels of matriptase proteolytic activity shed from equal numbers (2.5x105) 

of the seven neoplastic B-cell lines following induction of matriptase zymogen activation. As 

shown in Figure 2.3C, the matriptase proteolytic activity shed by the various lines varied 

significantly, with Jeko-1 cells shedding a negligible amount, to a modest level from Raji cells and 

the highest level shed from Ramos cells. The lack of matriptase activity shed from Jeko-1 cells 

(Figure 2.3C) and the lack of detectable matriptase-HAI-1 complex (data not shown) suggest that 

Jeko-1 cells might not be able to activate matriptase in response to what is the most potent stimuli 

for matriptase zymogen activation in other systems [53]. As these different lines express different 

levels of matriptase (Figure 2.1A), we evaluated the relationship between matriptase expression 

and the level of shed matriptase proteolytic activity (Figure 2.3D). The ratio of total matriptase 

expression to matriptase proteolytic activity shed should provide some insight as to the important 

determinants of the release of proteolytic activity into the peri-cellular environment: i.e – dose 



95 
 

more matriptase expression lead to more extracellular activity, is the level of HAI-2 and its ability 

to inhibit matriptase activity more important, or is there some factor that impacts the amount of 

total matriptase that can be activated?  Interestingly, with the exception of Jeko-1 and OCI-LY3, 

the ratio of shed matriptase proteolytic activity to the total level of matriptase protein expressed 

was surprisingly similar for the remaining five neoplastic B-cell lines (Figure 2.3D). This was 

particularly surprising given the large differences in the levels of HAI-2 expressed by these lines: 

from very high levels in Ramos cells to very low levels in Daudi and OCI-LY10 cells (Figure 

2.1C). This is at odds with the conventional belief that more HAI-2 expression should result in less 

matriptase proteolytic activity. 
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Figure 2.3 Neoplastic B-cells shed enzymatically active matriptase following induction of 

zymogen activation  

The conditioned buffer (shed fraction) was collected from Ramos cells following acid-induced 

matriptase zymogen activation.  The shed fraction was then subjected to immunodepletion using 

the activated matriptase mAb M69 bound to Sepharose beads.  The shed fraction (A. Acid sup; B. 

lanes 1), the activated matriptase-depleted shed fraction (A. M69 Del; B. lanes 2), and the control 

shed fraction (A. PBS sup) were analyzed for tryptic activity using a synthetic fluorogenic 

substrate (A.), for matriptase species by immunoblot using the total matriptase mAb (B., left panel, 

Total MTP), and gelatinolytic activity by gelatin zymography (B. right panel, Gelatin Zymog.).  

Half of million cells of each of the seven different neoplastic B-cell lines were transiently exposed 

to a pH 6.0 buffer.  The shed fraction was collected and analyzed for the tryptic activity.  The rate 

(RFU/min) of the tryptic activity is presented per 2.5x105 cells (C.) or normalized to the level of 

matriptase expressed by the these seven lines (D.).  RFU stands for relative fluorescent unit.  The 

immunodepletion studies and matriptase enzymatic activity assays were conducted at least two 

times, and representative data are presented. 
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2.3.4 In spite of its potent inhibitory activity against matriptase, elevated HAI-2 

expression does not effectively control extracellular matriptase proteolytic activity 

In order to characterize the relationship between the level of HAI-2 protein expression and the 

level of shed matriptase activity in a more quantitative fashion, HAI-2: matriptase molar ratios 

were determined by taking advantage of the formation of stable activated matriptase complex with 

HAI-2 and the detection of these complexes with both the matriptase mAb and the HAI-2 mAb 

(Figure 2.4A). The HAI-2:matriptase molar ratio can be easily estimated by comparing the ratio 

of the signal intensity of matriptase-HAI-2 complexes relative to the signal intensity of total 

matriptase (0.43 of total matriptase, Figure 2.4A MTP) with the ratio of the signal intensity for 

matriptase-HAI-2 complexes relative to the signal intensity of total HAI-2 (0.25 of total HAI-2, 

Figure 2.4A, HAI-2). The HAI-2: matriptase ratio was determined to be 1.72 (0.43/0.25=1.72) for 

Ramos cells (Figure 2.4B).  Ramos cells were chosen for this analysis since they express similar 

levels of HAI-2 and matriptase, which made it easier to maintain the signal intensity in a relatively 

linear range, which is important for the accuracy of the estimation of the molar ratio. The very low 

level of HAI-2 in some of these cell lines and the great disparity in the levels of expression of HAI-

2 and matriptase make it very hard to directly estimate the HAI-2: matriptase ratio in those lines. 

Having established the ratio in Ramos cells (1.72), we can, however, use the ratio as reference in 

conjunction with measurements of the relative matriptase protein expression levels (Figure 2.1A) 

and the HAI-2 protein expression levels (Figure 2.1C) to estimate HAI-2: matriptase ratio in the 

other six lines and shown in Figure 2.2B. These estimated ratios indicate that Ramos and Raji cells 

express HAI-2 at a slightly higher level than matriptase; the HAI-2: matriptase ratio drops to 0.32 

in Namalwa cells; HAI-2 is expressed at around or less than 1% of the level of matriptase in OCI-

LY3, OCI-LY10 and Daudi cells; and Jeko-1 cells essentially express no HAI-2. The accuracy of 
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this estimated ratio, at least for Namalwa in which matriptase is estimated to be expressed at three 

times the level of HAI-2, is supported by the depletion of HAI-2 monomer by active matriptase 

post-induction of matriptase zymogen activation (Figure 2.4B). 

The HAI-2: matriptase ratios were then plotted on a log scale against the rates of matriptase 

proteolytic activity shed by the seven neoplastic B-cell lines (Figure 2.4C). The profile suggests a 

complicated relationship between shed active matriptase and HAI-2 expression. Part of this 

complexity likely results from the inability, or significantly compromised ability of Jeko-1 and 

OCI-LY 3 cells to undergo matriptase zymogen activation, because HAI-2 is either not expressed 

or expressed primarily as an “immature” form. Furthermore, the conventional Yin and Yang 

relationship between protein protease inhibitors and their target proteases does not appear to hold 

for the remaining five lines. Daudi and OCI-LY10 cells express very little HAI-2, which results in 

much lower levels of shed matriptase proteolytic activity. While higher HAI-2 expression does 

appear to result in less shed matriptase proteolytic activity when comparing Ramos to Namalwa 

and Raji cells, the reduction in shed matriptase proteolytic activity is not really in proportion to 

the HAI-2: matriptase ratio.  For example, the rate of shed matriptase proteolytic activity from 

Ramos cells is around 62.5% of that from Namalwa cells (7,443 versus 11,903 

RFU/min/matriptase). This roughly 40% reduction is out of proportion to the 5.4 (1.72/0.32) fold 

higher HAI-2: matriptase ratio in Ramos cells compared to Namalwa cells. Thus, in a situation 

where there is no HAI-2, matriptase zymogen is not transported to the surface. Where HAI-2 is 

expressed at low levels, matriptase is transported efficiently to the plasma membrane.  However, 

even when HAI-2 is expressed at high levels, as a result of its subcellular localization, the HAI-2 

only has limited access the the matriptase limiting its ability to inhibit matriptase activity. Taken 

together, these analyses suggest that matriptase zymogen activation may be somewhat 
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compromised in neoplastic B-cells that do not express or express very low levels of HAI-2, or 

primarily express immature HAI-2. Likewise, higher HAI-2 expression may not lead to a 

proportional suppression of matriptase enzymatic activity shed from the cells. 

 

 

Figure 2.4 The shed matriptase proteolytic activity is not inversely correlated with HAI-2 

expression 

A. The HAI-2:matriptase molar ratio was estimated in Ramos cells.  Matriptase species and HAI-

2 species in the cell lysate and conditioned buffer in Ramos cells were determined by western blot 

as described in Figure 2A.  The expression levels of matriptase species (left panel MTP) and HAI-

2 species (right panel HAI-2) in the cell lysate (lanes 1, C) and the shed fraction (lanes 2, S) were 

determined by the relative signal density of each protein bands, as indicated.  B.  The HAI-

2:matriptase molar ratio in Ramos cells was calculated to be 1.72, based on the ratios of matriptase-

HAI-2 complexes relative to total matriptase (0.43) or to total HAI-2 (0.25), as indicated.  The 

HAI-2:matriptase ratio in the remaining six neoplastic cells was then estimated.  C. The rates of 

shed matriptase proteolytic activity normalized for matriptase expression level in the seven 

neoplastic cell lines were then plotted against the logarithm of their respective HAI-2:matriptase 

ratio. 
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2.3.5 Increasing HAI-2 expression does not effectively suppress the shedding of active 

matriptase 

In order to further evaluate the ability (or inability) of HAI-2 to control extracellular matriptase 

activity, Daudi cells were engineered for the inducible expression of HAI-2. Treating these cells 

with increasing concentrations of doxycycline results in the expression of increasing levels of HAI-

2 (Figure 2.5A, HAI-2). The level of matriptase protein expression was not affected by the 

treatment with different amounts of doxycycline (Figure 2.5A, Total Matriptase). These cells were 

then transiently exposed to pH 6.0 buffer to induce matriptase zymogen activation and to study the 

impact of increasing HAI-2 expression on matriptase zymogen activation and the shedding of 

matriptase proteolytic activity. As expected, increasing expression of HAI-2 lead to an increase in 

the amount of activated matriptase-HAI-2 complex which could be detected in cell lysates by the 

three respective mAbs (Figure 2.5B). Activated matriptase-HAI-2 complexes began to be 

detectable in response to the expression of low levels of HAI-2 (Figure 2.5B, lanes 3). The 

appearance of matriptase-HAI-2 complexes resulted in a corresponding reduction in the levels of 

the 70-kDa matriptase zymogen in the lysates (Figure 2.5B, Total Matriptase). While the level of 

matriptase-HAI-2 complex present in the lysate plateaued, higher levels of HAI-2 expression did 

not result in a corresponding increase in the level of activated matriptase-HAI-2 complex (Figure 

2.5B, comparing lanes 6 with lanes 5), suggesting that cell-associated activated matriptase was 

limited to a certain level. There are two possibilities that might explain the relatively constant 

levels of cell-associated activated matriptase-HAI-2 complex: 1) matriptase zymogen activation 

reaches a plateau when HAI-2 is expressed beyond certain levels; or 2) the access of HAI-2 to the 

active matriptase is limited in some way. The latter possibility is supported by the observation that 

similar levels of shed total matriptase, activated matriptase, and matriptase gelatinolytic activity 
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were found in the conditioned buffer over a wide range of HAI-2 expression (Figure 2.5C, as 

indicated). Using the more quantitative assay for matriptase proteolytic activity, it can be seen that 

in fact there is a slight increase in shed proteolytic activity along with the increasing doxycycline 

concentration up to 0.05 µg/ml and with increasing HAI-2 expression (Figure 2.5D). While the 

shed matriptase tryptic activity did decrease slightly with the induction of high levels of HAI-2 

expression, the reduction was not proportional to the increase in HAI-2 expression levels. This 

slight decrease in active matriptase shedding with high HAI-2 expression is reminiscent to what is 

observed with the Ramos cells (Figure 2.4C). Taken together, these data suggest that HAI-2 

regulates matriptase proteolytic activity in two phases. At low HAI-2 levels, increased HAI-2 

expression can cause a slight increase in the level of shed active matriptase, but beyond a certain 

level of HAI-2 expression, increased HAI-2 expression does not result in a corresponding 

reduction in shed active matriptase.  Thus, HAI-2 is generally ineffective in the control of 

matriptase extracellular proteolytic activity in these systems, and paradoxically may promote 

matriptase function. 
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Figure 2.5 Increasing HAI-2 expression only results in modest suppression of active 

matriptase shedding  

(A) Daudi cells were engineered to express HAI-2 in doxycycline-regulated manner. The 

doxycycline-inducible HAI-2 Daudi cells were treated with increasing amounts of doxycycline. 

Cell lysates were then analyzed by western blot for HAI-2 (left panel) and matriptase (right panel) 

levels.  B, C, and D.  The doxycycline-inducible HAI-2 Daudi cells were treated with increasing 

doxycycline concentrations to induce the expression of increasing levels of HAI-2 and then 

induced to activate matriptase by acid buffer exposure.  The cell lysate and the conditioned buffer 

(shed fraction) were collected and adjusted to the same volumes.  Equal volume of the cell lysates 

(B) and the shed fraction (C) were analyzed by western blot for HAI-2 species (B), total matriptase 

(B and C), and activated matriptase (B and C), by gelatin zymography for matriptase gelatinolytic 

activity (C) and by the amidolytic activity assay using a fluorogenic peptide substrate (D).   These 

experiments to evaluate the impact of HAI-2 expression on the shedding of active matriptase were 

performed at least three times, and representative data are presented. Data information: Data 

represent mean ± SD of three independent experiments. Two-tailed Student’s t-test: *P <0.05; ns, 

non-significant. 
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2.3.6 Increased HAI-1 expression effectively suppresses the level of shed active matriptase   

While HAI-1 is co-expressed with matriptase less frequently than HAI-2 in neoplastic B-cells, 

HAI-1 is ubiquitously expressed in all matriptase-expressing epithelial and carcinoma cells tested 

so far [33].  More importantly, a significant proportion of cellular HAI-1 is translocated to the cell 

surface where HAI-1 appears to have direct access to pericellular matriptase [50].  In order to see 

if this was also true in B-cell malignancies, Daudi cells were engineered to express HAI-1 in a 

doxycycline-dependent manner and the impact of this expression on matriptase zymogen 

activation and the shedding of matriptase proteolytic activity was examined.  Treating the modified 

cells with increasing concentrations of doxycycline results in the expression of increasing levels 

of HAI-1 (Figure 2.6A, HAI-1).  The level of matriptase protein expression was not affected by 

treatment with different amounts of doxycycline (Figure 2.6A, Matriptase).  HAI-1 can rapidly 

inhibit active matriptase by forming a stable 120-kDa complex, which can be detected and verified 

by the use of three mAbs (Figure 2.6B).  In contrast to HAI-2, as HAI-1 expression increased, the 

level of cell-associated 120-kDa matriptase-HAI-1 complex increased in parallel with increasing 

HAI-1 expression, and did not plateau after a certain level of expression was reached (Figure 2.6B).  

Again, in contrast to HAI-2, increased HAI-1 expression and cell-associated matriptase-HAI-1 

complex resulted in a decrease in the shedding of active matriptase from the cells (Figure 2.6C and 

D).  The shed active matriptase was detected as a degradation product with an apparent mass of 

35-kDa by the total matriptase mAb and the activated matriptase mAb in western blot analysis 

(Figure 2.6C) and by gelatin zymography (Figure 2.6C, far right panel).  Based on the absence of 

70-kDa gelatinolytic activity in the gelatin zymogram and the detection of only a very faint band 

at 70-kDa using the activated matriptase mAb, it appears that the vast majority of the shed 70-kDa 

matriptase detected by the total matriptase mAb represents matriptase zymogen.  In addition to 
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matriptase zymogen and the 35-kDa active matriptase fragment, a 95-kDa activated matriptase 

species was also detected by the total and the activated matriptase mAb, which presumably is 

active matriptase in complex with HAI-1.  The increasing level of this 95-kDa complex as HAI-1 

expression increases, mirrors the decreasing level of the 35-kDa active matriptase fragment.  The 

total level of shed, activated matriptase as represented by the combination of the 95-kDa complex 

and the 35-kDa fragment appears to remain relatively constant.  Thus, the increase in HAI-1 

expression apparently results in increased inhibition of active matriptase through the formation of 

the 95-kDa complex at the expense of the level of free active matriptase.  An activated matriptase 

complex with higher molecular weight than the 95-kDa complex was also detected by the activated 

matriptase mAb.  The composition of this complex remains unclear but its level decreases rapidly 

when HAI-1 increases.       

Using the more quantitative assay for matriptase proteolytic activity, the matriptase tryptic 

activity shed from the cells also decreased (Figure 2.6D) in parallel with increased HAI-1 

expression, with the decrease in the 35-kDa gelatinolytic activity, and with the level of the 35-kDa 

active matriptase fragment.  While HAI-1 expression may not be particularly important or relevant 

to the pathology of B-cell lymphomas, the significant reduction in the levels of extracellular active 

matriptase caused by increased HAI-1 expression provides a vivid contrast to the minimal ability 

of increased HAI-2 expression to suppress extracellular matriptase proteolytic activity. 
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Figure 2.6 Increasing HAI-1 expression results in increasing suppression of the shedding of 

active matriptase  

(A) Daudi cells were engineered to express HAI-1 in doxycycline-regulated manner. The 

doxycycline-inducible HAI-1 Daudi cells were treated with increasing amounts of doxycycline. 

Cell lysates were then analyzed by western blot for HAI-1 (left panel) and matriptase (right panel) 

levels. (B, C, and D) The doxycycline-inducible HAI-1 Daudi cells were induced to express 

increasing levels of HAI-1 by treating the cells with increasing concentrations of doxycycline and 

the cells were then induced to activate matriptase by acid buffer exposure. The cell lysates (B) and 

the conditioned buffer (shed fraction) (C) were collected and adjusted to the same volumes. Equal 

volume of the cell lysates (B) and the shed fraction (C) were analyzed by western blot for HAI-1 

species (B), total matriptase (B and C), and activated matriptase (B and C), by gelatin zymography 

for matriptase gelatinolytic activity (C) and by the amidolytic activity assay using fluorogenic 

peptide substrate (D). These experiments to study the impact of HAI-1 expression on the shedding 

of active matriptase were performed at least three times, and representative data are presented. 

Data information: Data represent mean ± SD of three independent experiments. Two-tailed 

Student’s t-test: *P <0.05; **P < 0.01; ***P<0.001 ns, non-significant. 
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2.3.7 Low levels of HAI expression promote active matriptase shedding by increasing 

matriptase protein levels  

While HAI-2 and HAI-1 show differential effectiveness in preventing active matriptase shedding 

when expressed at high levels, the two Kunitz protease inhibitors appear to resemble one another 

by promoting active matriptase shedding when they are expressed at very low levels.  For example, 

slightly more active matriptase was detected in the conditioned buffer in HAI-2-TetOn Daudi cells 

treated with 0.01 and 0.05 µg/ml doxycycline than those HAI-2-tet-on cells treated with no 

doxycycline (Figure 2.5C and D).  Similar data was observed with the HAI-1-tetOn Daudi cells 

(Figure 2.6C and D).  Interestingly the biggest increase in active matriptase shedding was observed 

when comparing the HAI-1 Teton or HAI-2 Teton cells with the TA control Daudi cells all grown 

in the absence of doxycycline (Figure 2.7A).  It is not uncommon for Tet-regulated expression 

system to show some “leakiness” allowing low-level expression in the absence of doxycycline 

treatment.  When large amounts of cell lysate were analyzed using longer X-ray film exposure for 

the western blot analysis, low levels of endogenous HAI-2 (Figure 2.7B, HAI-2), and very low 

levels of HAI-1 could be observed in the cells (Figure 2.7B HAI-1).  More importantly, however, 

much more HAI-1 or HAI-2 could be observed in the HAI-1 and HAI-2 TetOn cells respectively 

compared to either the TA control cells or the cells with the other TetOn HAI construct (Figure 

2.7B, HAI-1 lane 2 or HAI-2 lane 3 compared to lanes 1 or lanes 3 and 2).  These data clearly 

showed the presence of “leakage” expression of HAI-1 and HAI-2, which although at very low 

levels can promote matriptase expression (Figure 2.7B compare lane 1 with lanes 2 and 3) and 

increased shed matriptase activity.     
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Figure 2.7 Matriptase expression and subsequent shedding of active matriptase can be 

enhanced by expression of very love levels of HAI-1 or HAI-2 in Daudi cells. 

The doxycycline-inducible HAI-1 transduced Daudi cells (Teton HAI-1), and doxycycline-

inducible HAI-2 Daudi cells (Teton HAI-2), and Daudi cells transduced with the tetracycline 

transactivator protein alone (TA) grown in the absence of doxycycline were induced to activate 

matriptase by transiently exposing the cells to a pH 6.0 buffer. The conditioned buffers were 

collected and subjected to matriptase proteolytic activity assay using the fluorogenic substrate (A). 

The cell lysates were analyzed by immunoblot for HAI-1, HAI-2 and matriptase, as indicated. The 

data presented are representative of those obtained in more than three independent experiments. 

Data information: GAPDH was used as loading control. Data represent mean ± SD of three 

independent experiments. Two-tailed Student’s t-test: **P < 0.01; ***P<0.001 ns, non-significant. 
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2.3.8 HAI-1 and HAI-2 regardless of their expression levels enhance matriptase 

translocation to the cell membrane 

In addition to increasing matriptase protein levels, HAI-1 and HAI-2 have also been shown to 

facilitate matriptase trafficking out of the Golgi/ER system [35, 50].  The subcellular distribution 

of HAI-1 and HAI-2 and the roles of these proteins in the subcellular distribution of matriptase 

may in part contribute to the differential roles of HAI-1 and HAI-2 in the shedding of active 

matriptase from neoplastic B-cells.  Much of what is known about the subcellular distribution of 

these three proteins has been determined in epithelial/carcinoma cells by immunohistochemical 

and immunocytochemical studies, both of which are semi-quantitative.  We therefore set out to 

determine the subcellular distribution of HAI-1 and HAI-2, and the impact of the expression of 

these proteins on matriptase subcellular distribution in neoplastic B-cells in a more quantitative 

fashion by assessing the ratios of the levels of the three proteins on the cell surface relative to their 

total levels (Figure 2.8).  Cell surface proteins, including matriptase, HAI-1, and HAI-2, were 

labeled with biotin in live cells using a cell impermeable surface biotinylation reagent.  After 

quenching and removing the remaining reagent, the cells were lysed and cell surface proteins 

removed from the lysate using avidin-agarose, including any cell surface matriptase, HAI-1, and 

HAI-2.  The levels of total and intracellular proteins were determined by immunoblot analysis of 

the lysates before and after avidin-depletion, allowing the percentage of matriptase on the cell 

surface to be estimated.  Using this method (Figure 2.8A and B), it was apparent that the control 

Daudi TA cells retain the vast majority of matriptase inside the cells with less than 20% of the 

matriptase detected on the cell surface.  Treatment of the control TA cells with doxycycline did 

not change the matriptase subcellular distribution.  Almost 60% of the total cell matriptase appears 

to have been translocated to the cell surface of TetOn HAI-1 cells in the absence of doxycycline 
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(Figure 2.8A and B), even though these cells only express very low levels of HAI-1 (Figure 2.6B, 

HAI-1, lane 2).  The ratio of the cell surface matriptase was only increased by a negligible amount 

by the significant increase in HAI-1 expression induced by doxycycline treatment (Figure 2.8A 

and B).  A similar result was observed with TetOn HAI-2 cells regardless of the levels of HAI-2 

expression (Figure 2.8A and B).  These data suggest that HAI-1 and HAI-2 even when expressed 

at very low levels are able to promote matriptase translocation to the cell surface.  The same 

approach was also used to examine subcellular distribution of HAI-1 and HAI-2 in neoplastic B-

cells (Figure 2.8C and D) and showed that while more than 70% of the HAI-1 was detected on the 

cell surface, only about 20% of the HAI-2 was present on the cell surface.  In spite of the presence 

of a hydrophobic stretch in their C-terminal sequences and both being considered to be integral 

membrane proteins, these data suggest that the majority of HAI-2 remain inside cells in steady 

state conditions whereas the majority of HAI-1 translocates to the cell surface in neoplastic B-cells 

in a similar fashion to that seen in epithelial/carcinoma cells.   

 



110 
 

 

Figure 2.8 HAI-1 and HAI-2 promote matriptase plasma membrane translocation in spite of 

their different subcellular distributions.  

The doxycycline-inducible HAI-1 transduced (Teton HAI-1), the doxycycline-inducible HAI-2 

(Teton HAI-2) and the TA control Daudi cells were grown in the absence (Dox -) or presence (Dox 

+) of 1μg/ml doxycycline for 24h. These cells were subjected to biotinylation of cell surface 

proteins followed by lysis and the depletion of biotinylated cell surface proteins from the lysates 

by avidin-agarose. The lysates prior to (lanes 1 and 3, T) and post (lane 2 and 4, D) depletion of 

biotinylated cell surface proteins were analyzed by immunoblot for matriptase (A), HAI-1 (C. left 

panel), and HAI-2 (C right panel). The ratios of cell surface matriptase, HAI-1, and HAI-2 relative 

to their respective total expression levels are presented in panel B and D. These data are 

representative of more than three independent experiments. Data information: GAPDH was used 

as loading control. Data represent mean ± SD of three independent experiments. 
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The ineffective suppression of extracellular proteolytic activity by HAI-2 may also occur in vivo 

in the significant proportion of Non-Hodgkin lymphomas that express matriptase.  To begin to 

explore this issue, we stained diffuse large B-cell lymphoma biopses for both matriptase and HAI-

2.  As can be seen in Figure 2.9A and B, the HAI-2 staining recapitulates the HAI-2 subcellular 

distribution implied from the biochemical analysis presented above (Figure 2.8) with a primarily 

intracellular localization of HAI-2 (Figure 2.9A and B) and a largely cell surface localization of 

matriptase (Figure 2.9E and F).  Interestingly, the staining revealed that in cases that express 

matriptase, in the absence of detectable HAI-2 expression (Figure 2.9C and D), not only was the 

level of matriptase typically lower, but the subcellular localization was also impacted with a more 

uniform intracellular distribution (Figure 2.9G and H).  Thus, the in vivo expression and subcellular 

distribution supports our hypothesis regarding the roles of HAI-2 in promotion of matriptase 

expression and translocation to cell surface of neoplastic B-cells.  
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Figure 2.9 Subcellular localization and expression of matriptase and HAI-2 in B-cell 

lymphoma.  

Human diffuse large B-cell lymphoma tissue sections were immunostained with the HAI-2 mAb 

DC16 and matriptase mAb M24 and counterstained with hematoxylin. Representative examples 

of tumors with high HAI-2 and high matriptase (A) versus negligible HAI-2 and low matriptase 

(B) staining observed are presented. Scale bars=20 µm. 
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2.4 Discussion 

HAI-2 may represent the most important mechanism for controlling the proteolysis of matriptase 

in B-cell lymphoma, and it has unusual features and unexpected consequences. Expression 

analysis showed that HAI-2 was co-expressed with matriptase more frequently than HAI-1 in 

different tumor B cell lines, although the number of tumor B cell lines tested was limited. When 

matriptase zymogen activation is induced in these tumor B cells, HAI-2 can rapidly inhibit nascent 

active matriptase by forming a stable protease-proteinase inhibitor complex through which Kunitz-

type serine protease inhibitors perform their inhibition The biological function of enzymes is their 

activity of target proteases. In addition, considering that the HAI-2 complex represents the major, 

if not the sole, activated proteolytic enzyme complex formed upon induction of zymogen 

activation, HAI-2 may be the major component in tumor B cells. In spite of this, paradoxically, 

HAI-2 may promote rather than inhibit the shedding of active proteolytic enzymes into the 

extracellular environment of neoplastic B cells. 

The paradoxical ability of HAI-2 to apparently promote matriptase proteolytic activity 

likely results from a combination of the unusual roles that the inhibitor plays in matriptase 

synthesis and sub-cellular trafficking along with the distinct subcellular distributions observed for 

HAI-2 and matriptase [33, 35].  While the involvement of HAI-2 in matriptase synthesis and 

trafficking is unusual for protease inhibitors in the regulation of their target proteases, it is not an 

unprecedented event and has, in fact, been well documented in other proteases [2, 35, 50].  Much 

of this unusual relationship is likely a reflection of the need to control undesired and potentially 

damaging matriptase proteolytic activity while matriptase is trafficking through the secretory 

pathway en route to the plasma membrane.  This hypothesis is supported by the observation that 

matriptase variants, which have lost the ability to undergo zymogen activation and/or have no 

enzymatic activity can readily be overexpressed and traffic out of the ER/Golgi region in cells that 



114 
 

express no HAI-2 or HAI-1.  In contrast, wild-type matriptase can be synthesized at high levels 

and translocated out of the ER/Golgi only when co-expressed with HAI-1 or HAI-2.  The 

requirement of HAIs in matriptase synthesis and trafficking is likely due to the unusual mechanism 

for matriptase zymogen activation.  Matriptase, like other serine proteases, is synthesized as a 

zymogen with limited intrinsic zymogen activity [235] that is too weak for meaningful proteolytic 

processing of the substrates of the mature enzyme and cannot form stable complexes with its 

canonical protease inhibitors due to unfavorable kinetics [333].  This low-level intrinsic zymogen 

activity does, however, confer on matriptase the unusual ability to undergo autoactivation to 

acquire its full enzymatic activity, which can then act on substrates and form very stable complexes 

with the HAIs.  When anchored on a lipid bilayer biomembrane, matriptase autoactivation can 

occur spontaneously at a physiological pH and the rate can be enhanced by, lowering the pH [53, 

334, 335].  Matiptase autoactivation can also be enhanced by an oxidative potential [54, 335, 342].  

The secretory pathway is characterized by a decreasing pH gradient toward the plasma membrane 

and with different redox environments among different elements along the pathway.  Low level, 

largely undetectable premature matriptase zymogen activation probably occurs during the course 

of synthesis, posttranslational modification, and trafficking of the enzyme through the secretory 

pathway.  Suppression of the resultant undesired proteolytic activity is probably important in order 

to maintain the function of the secretory pathway and to allow matriptase synthesis and 

translocation to the plasma membrane.  Co-expression of HAI-1 and/or HAI-2 apparently fulfils 

this need in matriptase-expressing cells by suppressing undesired matriptase proteolysis in the 

secretory pathway.    

The expression analysis conducted in our previous [33] and current studies strongly support 

the need for the co-expression of HAIs in matriptase-expressing cells.  While high levels of HAI-
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1 and HAI-2 are expressed in all 21 matriptase-expressing human epithelial and carcinoma lines 

examined, very low levels of the HAIs were detected in some neoplastic B-cells lines examined in 

the current study.  These data suggest that trace amount of the HAIs are likely sufficient to suppress, 

at least partially, the undesired matriptase proteolytic activity in the secretory pathway and support 

matriptase synthesis to a certain extent.  As the level of HAI expression increases, the level of 

matriptase expression is increased, as is the ratio of matriptase translocated to the cell surface, 

supporting this putative role of the HAIs in matriptase trafficking through the secretory pathway.  

While HAI-1 and HAI-2 share the same function in supporting matriptase synthesis and cellular 

trafficking to a large extent, the predominant intracellular localization of HAI-2 versus the largely 

cell surface localization of HAI-1 differentiates their roles in the suppression of matriptase 

proteolytic activity, particularly with regard to activity in the extracellular milieu.  

In summary, the functional relationship between matriptase and the HAIs begins in the 

lumen of the endoplasmic reticulum, where the presence of HAI-1 or HAI-2, even at very low 

levels, stabilizes the synthesis and maturation of matriptase zymogen.  The unusual requirement 

for the HAIs for the promotion of matriptase synthesis is likely due to the unusual autoactivation 

mechanism by which matriptase zymogen is converted into active enzyme.  Matriptase zymogen 

might otherwise undergo premature zymogen activation during synthesis and trafficking which 

would likely be toxic to the secretory pathway and which can be suppressed by the presence of 

HAIs, even at very low levels as the leakage expression in TetOn system.  As HAI protein 

expression increases, matriptase synthesis and translocation to the plasma membrane increases.  

Once on the cell surface, matriptase zymogen can be converted into the active enzyme, which is 

rapidly shed into the extracellular milieu.  Given the intrinsic preference of HAI-1 to translocate 

to the plasma membrane and HAI-2 remaining inside the cells, the two Kunitz-type serine protease 
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inhibitors exhibit distinct efficiency with respect to the control of pericellular matriptase activity.  

The cell surface HAI-1 has direct access to the active matriptase before and/or after being shed.  

The intracellular HAI-2 does not have access to the pericellular active matriptase.  As a 

consequence, when HAI-1 is expressed at very high levels, the pericellular active matriptase is 

largely inhibited.  In contrast, even when HAI-2 is expressed at very high levels, only a small 

proportion of HAI-2 is present on the cell surface, resulting in an ineffective inhibition of 

pericellular active matriptase.  In neoplastic B-cells, the co-expression of HAI-2 with matriptase 

could, paradoxically, promote rather than suppress matriptase function.  The functional 

relationship between matriptase and HAIs is summarized in Figure 2.10. 
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Figure 2.10 Schematic summary of the functional relationship between matriptase and its 

cognate inhibitors HAI-1 and HAI-2 in B-cell malignancies.   

In the presence of extremely low levels of HAIs, matriptase can synthesized only to relatively low 

levels with most remaining inside the cell.  With a modest increase in HAI expression, matriptase 

synthesis and translocation to the plasma membrane is significantly increased. The majority of the 

HAI-2 remains inside the cell in vesicle-like structures. As a consequence, HAI-2 can’t effectively 

control cell surface matriptase. In contrast, the majority of HAI-1 is targeted to the plasma 

membrane, where HAI-1 can rapidly inhibit active matriptase by forming a stable protease-

protease inhibitor complex. As a consequence, along with the increase in HAI-1 expression, the 

formation of activated matriptase-HAI-1 complex increases and the shedding of active matriptase 

decreases proportionally. 
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Chapter 3 MATRIPTASE PROTEOLYTIC ACTIVITY PARADOXICALLY ENHANCED BY ITS 

ENZYMATIC INHIBITOR HAI-2 CONFERS IBRUTINIB RESISTANCE VIA ERK PHOSPHORYLATION 

UPON NEOPLASTIC B-CELLS  

3.1 Introduction 

Significant progress has recently been made in the treatment of Non-Hodgkin’s Lymphoma (NHL) 

and leukemia [343]. The combination of the conventional chemotherapy regimen CHOP 

(cyclophosphamide, doxorubicin, vincristine, and prednisone) with, the chimeric monoclonal 

antibody against cluster of differentiation 20 (CD20), Rituximab, R-CHOP, has resulted in 

synergistic anti-tumor activity with significant clinical responses and survival prolongation [344]. 

The success of Rituximab in the treatment of B-cell lymphoma indicates the potential of 

immunotherapy with mAbs targeting proteins on the cancer cell surface.  In addition to CD20, 

mAbs targeting other cell surface proteins are also used clinically, including anti-CD52 

(Alemtuzumab) and drug-conjugated anti-CD30 (Brentuximab vedotin) [345].  The introduction 

of ibrutinib, an irreversible inhibitor of the Bruton tyrosine kinase (BTK), for treatment of chronic 

lymphocytic leukemia (CLL) represents another significant advance [346, 347] [317].  In spite of 

these successes, resistance to R-CHOP or ibrutinib, occurs in a subset of NHL or CLL patients 

[348-350].  Unfortunately, drug resistance always correlates with high-risk and aggressive diseases, 

and such patients have a poorer prognosis and require more intensive treatment.  There is an urgent 

need to identify novel targets for the detection of the emergency of resistance and development of 

alternative treatment.   

The type 2 transmembrane serine protease matriptase might be a potential drug target for 

the treatment of NHL and some leukemia.  The protease is not detected in normal B-cells but is 

ectopically expressed in around half of NHL and virtually all chronic lymphocytic leukemia (CLL) 

[6, 54].  More importantly, matriptase enzymatic activity is paradoxically enhanced in neoplastic 

B-cells due to the unexpected expression status of matriptase endogenous protease inhibitors in 

https://www.cancer.org/cancer/non-hodgkin-lymphoma/treating/chemotherapy.html
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these cancer cells (Chapter 2).  Matriptase is almost ubiquitously co-expressed with its cognate 

inhibitor, hepatocyte growth factor activator inhibitor (HAI)-1 due to the unusual role of HAI-1 in 

matriptase synthesis and trafficking through the secretory pathway [33, 50]. Matriptase-expressing 

neoplastic B-cells, however, frequently express no or very low levels of HAI-1.  However, HAI-

2, an integral membrane, Kunitz-type serine protease inhibitor highly related to HAI-1, is 

expressed (Chapter 2).  Although HAI-2 can inhibit matriptase and also facilitate matriptase 

synthesis and trafficking, the primary intracellular localization of HAI-2 [33, 35], limits the ability 

of this inhibitor to control the pericellular matriptase proteolytic activity.  This is in marked 

contrast to HAI-1, which when expressed, is largely present on the cell surface with matriptase 

where it can rapidly suppress matriptase proteolytic activity once the protease is activated.  The 

ectopic expression of matriptase along with the co-expression of the “wrong” protease inhibitor 

makes pericellular matriptase proteolytic activity particularly high in neoplastic B-cells.  Previous 

studies with animal models has shown that an imbalanced expression of matriptase favoring 

proteolysis due to the lack of HAI-1 expression confers on matriptase a potent oncogenic activity 

resulting in the development and progression of squamous cell carcinoma in a Ras-dependent or 

Ras-independent manner [7, 84].  The matriptase oncogenic activity is in part attributed to its 

extracellular activation of hepatocyte growth factor (HGF) and subsequent activation of cMET 

[351].      

 With these well-characterized features, the type 2 transmembrane serine protease might be 

important for the malignant behavior of NHL and CLL and might be developed into a cancer 

marker and drug target for the diseases.  In the current study, we focus on the impact of suppressed 

matriptase proteolytic activity on the malignant behaviors of neoplastic B-cells, including cell 

proliferation, ERK phosphorylation, and resistance to the BTK inhibitor ibrutinib and determine 
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the pathological importance of matriptase in relation to HAI-2 for the disease outcome of patients 

with NHL.                       
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3.2 Material and methods 

3.2.1 Cell lines 

The Burkitt lymphoma cell Ramos was obtained from the American Type Culture Collection 

(ATCC) and maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) 

at 37oC in a humidified atmosphere with 5% CO2.  The identity of the cell line was confirmed by 

short tandem repeat fingerprinting conducted by the Tissue Culture Shared Resource (TCSR) in 

the Lombardi Comprehensive Cancer Center, Georgetown University (Washington, DC).  The 

cells were tested and shown to be free of mycoplasma contamination by the TCSR.   

3.2.2 Ramos variants with suppressed expression of matriptase or HAI-2 

Generation of Ramos variants with suppressed matriptase expression (MTPKD) was performed 

by transducing Ramos cells with shRNA lentivirus targeting human matriptase (Open Biosystems, 

Lafayette, CO).  A lentivirus with shRNA insert that does not target any known genes from any 

species was used as the non-target control (NT).  The shRNA targeting sequences were as follows:  

MTPKD-1:50-CCGGCGTGTCCAGAAGGTCTTCAATCTCGAGATTGAAGACCTTCTGGA 

CACGTTTTTG-30; MTPKD-2: 50-CCGGCAATGACTTCACCTTCGACTACTCGAGTA 

GTCGAAGGTGAAGTCATTGTTTTTG-30; and the NT: 50-CCGGCAACAAGATGAAGAG 

CACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTT-30.  Transduced cells were 

selected with 1 mg/mL puromycin, and stable pools of resistant cells were established.  

Knockdown of matriptase expression was confirmed by using western blot analysis using the M24 

mAb.  Suppression of HAI-2 expression in Ramos cells (HAI2KO*) were performed using 

CRISPR methodology.  Two pairs of HAI-2 targeting CRISPR-Cas9 plasmids were constructed 

based on pX335-U6-Chimeric_BB-CBh-hSpCas9n (D10A) (Plasmid #42335, Addgene) that 

expresses guide RNA sequence targeting HAI-2 (Spint2), as follows: HAI2KO*-1 antisense: 5’-
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GCCGTTGGGGTCTCGCGATC-3’, sense: 5’-CGTCTCGGCTGAGCTGGCCA-3’ and 

HAI2KO*-2 antisense: 5’-CAGCCCGCACAGCTGCGCCA-3’, sense:5’-

CCGGGCGTTTCTCGCCCTGC-3’.  The sgRNA targeting sequences were designed using Zhang 

CRISPR guide RNA program (http://crispr.mit.edu).  For transfection, Ramos cells were washed 

and re-suspended at 107 cells/ml.  One μg of HAI-2 targeting Crispr-Cas9 and pLKO.1-Puro 

plasmids were co-transfected using LipofectamineTM 3000 (Invitrogen).  The cells were 

subsequently subjected to limiting dilution under 1mg/ml puromycin selection.  The surviving 

cells were analyzed by western blot for HAI-2 expression using the mAb DC16.  The two cell 

sublines with the lowest HAI-2 expression were selected and designated as HAI2KO*-1 and 

HAI2KO*-2.  The * symbol was used to indicate residual HAI-2 expression in these two Ramos 

variants in which HAI-2 expressed was supposed to be completely depleted.  It remains unclear 

what is the source of the residual HAI-2 expression.  A Ramos variant with HAI-2 expression 

levels similar to parental Ramos cells were selected and used as the MOCK control. 

3.2.3 Acid-induced matriptase zymogen activation 

Matriptase zymogen activation was induced by exposing the cells to a pH 6.0 buffer as described 

in Chapter 2.  

3.2.4 Immunodepletion  

The conditioned buffer (1000 µl) collected from Ramos cells post induction of matriptase zymogen 

activation was incubated with the activated matriptase mAb M69 linked to Sepharose beads (75 

µl drained beads) and mixed end-over-end in a cold room for 2 hours. The supernatant was 

collected by centrifugation and referred to as the activated matriptase-depleted fraction.   

http://crispr.mit.edu/
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3.2.5 Western Blot and mAbs 

The samples prepared for immunoblot analysis included the cell lysates and the conditioned buffer.  

The cells were lysed with 1% Triton in PBS or with radioimmunoprecipitation assay (RIPA) buffer. 

DTNB (5,5-dithio-bis-(2-nitrobenzoic acid) (1 mM) and/or protease inhibitor cocktail (Roche, 

Mannheim, Germany) were also included in the lysis buffer. The addition of DTNB in the lysis 

buffer is to prevent the cleavage of disulfide linkages [47].  Protein samples were resolved by 7.5 

% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membrane, 

and subsequently probed with mAbs, as indicated. Immunoreactive regions were visualized using 

horseradish peroxidase-labeled secondary antibodies and Western Lightning ECL pro reagent 

(PerkinElmer, Waltham, MA) exposed to x-ray film.  The primary antibodies used includes the 

total matriptase mAb M24, the activated matriptase mAb M69, the HAI-1 mAb M19, the HAI-2 

mAbs DC16 and XY9, the generation and characterization of which can be found described in our 

previous studies [20, 29, 33, 336]. Rabbit anti-phospho-p44/42 ERK (Thr202/Tyr204) (#9101S), 

rabbit-anti ERK (#9102), rabbit anti-phospho-Akt (Ser473) (#9271), rabbit anti-Akt (#9272), 

rabbit anti-phospho-mTOR (Ser2448) (#2971), rabbit anti-mTOR (#2972), and rabbit anti-

GAPDH (#2118) were acquired from Cell Signaling Technology (Danvers, MA). 

3.2.6 Treatment of cells with the MEK inhibitor U0126 and matriptase targeting mAb 

M32 

MEK inhibitor U0126, a highly selective inhibitor of both MEK1 and MEK2 (Promega, 

Heidelberg, Germany) was dissolved in dimethyl sulfoxide (DMSO) to the concentration of  10 

mM.  The cells were treated with U0126 at either 1, 5, or 10 μM in growth medium for 24 hours.  

The matriptase mAb M32, targeting the LDLRA domain of matriptase, was produced by growing 

the hybridoma cells in DMEM supplemented with IgG-depleted FBS and purified using Protein A 
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chromatography.  The purified mAb M32 was kept in PBS at 4mg/ml.  The cells were treated with 

the mAb M32 at 20, 50, or 100μg/ml in growth medium. 

3.2.7 Surface protein biotinylation depletion assay 

The ratio of total to cell surface matriptase was determined by the biotinylation of the extracellular 

surface proteins of viable cells, followed by depleting the biotinylated matriptase from whole-cell 

lysates and comparing the level of matriptase in the lysates before and after depletion, as described 

in Chapter 2.   

3.2.8 Proliferation assay 

To identify the growth rate of Ramos cell, 2x104 cells was seed into 2ml RPMI1640 growth 

medium with 10% FBS in 24well plate (triplicated), cell viability was determined by trypan-Blue 

staining.  Cell numbers were determined using Beckman Z1 coulter counter every 24 hour for 120 

hours.  Data is represented as the mean of three independent measurements. 

3.2.9 Ibrutinib growth inhibition 

The cells (2x104 per well) were seeded in 96 well plate with 200μl phenol red free RPMI1640 

supplemented with 10% FBS.  The cells were treated with increasing concentrations of Ibrutinib 

(40, 20, 10, 5, 2.5, 1.25, 0.63, 0.31, 0.16, 0.08μM) in triplicate for three days.  The cells in 

sextuplicate were treated with DMSO as vehicle control.  The cell viability was determined by 

XTT assay (Sigma).  To calculate the Ibrutinib growth inhibition curve and the corresponding 

GI50, GraphPad 6.0 (GraphPad Software, La Jolla, CA, USA) was used for analysis with reference 

to the GraphPad website "relative to absolute IC50" 

(https://www.graphpad.com/support/faqid/1566/).  All experiments were performed in triplicate 
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and repeated at least three times, expressed as mean ± S.D. P-value of <0.05 were considered 

significant in all studies. 

3.2.10 The Cancer Cell Line Encyclopedia (CCLE) database 

The global cancer cell line mRNA expression were obtained from the dataset from the Cancer Cell 

Line Encyclopedia (CCLE), Project Achilles, in the EMBL-EBI website 

(https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-2770/).  The normalized mRNA 

expression (FPKM) of matriptase (st14), HAI-1 (spint1) and HAI-2 (spint2) extracted from the 

“RNA-seq of 934 human cancer cell lines from the Cancer Cell Line Encyclopedia (ID: E-MTAB-

2770)” was analyzed in GraphPAD 6.0. 

3.2.11 Gene expression profiling (GEP) 

Gene-expression profiling data from GEO dataset were obtained from the NCBI website with 

accession number GSE15329, GSE32018, GSE83632, GSE4475, GSE4732 , GSE10846, 

GSE31312, GSE32918, and GSE69053.  To determine HAI:matriptase ratio, matriptase, HAI-1 

and HAI-2 mRNA expression levels was extracted and analyzed using GraphPAD 6. To perform 

DLBCL Kaplan-Meier analysis, patients’ data of matriptase (ST14) and HAI-2 (Spint2) mRNA 

expression level, following times, and survival status was extracted and analyzed by GraphPAD 

software. Z-score normalization was used to normalize the expression level of matriptase and HAI-

2 in individual dataset to compare across databases. The X-tile software was used to find the best 

cutoff based on patients’ follow-up time, survival status, and corresponding matriptase/HAI-2 

expression level respectively.  The total 1,412 patient data with matriptase/HAI-2 Z-score 

normalized expression level, follow-up time, and survival status is accessible in table 1. 

  

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE10846
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3.3 Results 

3.3.1 Suppression of matriptase zymogen activation blunts the proliferation of neoplastic 

B-cells 

In order to evaluate the contribution of matriptase enzymatic activity to the malignant behavior of 

B-cell lymphomas, we set out to determine the effect of suppressing matriptase zymogen activation 

on the proliferation of neoplastic B-cells via two complementary approaches: 1) direct suppression 

of matriptase expression and 2) suppression of HAI-2 expression.  Regarding the later, in a 

previous study we showed that while HAI-2 is a potent catalytic inhibitor of matriptase, the Kuntz-

type serine protease inhibitor paradoxically promotes matriptase function via its unusual role in 

matriptase synthesis, cell surface translocation, and zymogen activation in conjunction with its 

own predominant intracellular localization.  Suppression of HAI-2 expression should, therefore, 

resemble suppression of matriptase expression leading to reduced matriptase enzymatic activity 

and likely the biological function of matriptase.  As shown in Figure 1A and 1B, suppression of 

matriptase protein expression in the two independent Ramos cell variants transduced with different 

matriptase shRNAs significantly reduce the levels of matriptase expression (Figure 3.1A).  As 

expected, the level of enzymatically active matriptase shed into the extracellular milieu was also 

significantly reduced in the two variants following induction of matriptase zymogen activation by 

transiently exposing the cells to a pH 6.0 buffer (Figure 3.1B).  The proliferation rates of the two 

matriptase deficient variants was also decreased (Figure 3.1C)         

While suppression of HAI-2 expression did not affect matriptase expression (Figure 3.1D), 

reduction of HAI-2 expression decreased the levels of active matriptase shed into the extracellular 

milieu and also blunted the proliferation of the two Ramos cell variants (Figure 3.1E and 1F).  This 

paradoxical but expected decrease in active matriptase shedding by HAI-2 deficiency resulted 
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from the suppression of matriptase zymogen activation and shedding (Figure 3.1G).  In the parental 

Ramos cells, matriptase zymogen activation can readily be induced by transiently exposing the 

cells to a phosphate buffer pH 6.0 with the appearance of activated matriptase-HAI-2 complexes 

detected in the cell lysate (Figure 3.1G, MOCK, comparing lane 3 with lane 1) and shed matriptase 

in the conditioned buffer (Figure 3.1G, MOCK, comparing lane 4 with lane 2).  In contrast, the 

levels of activated matriptase-HAI-2 complexes in the cell lysate and the levels of shed matriptase 

in the conditioned buffer were significantly lower in the two HAI-2 deficient Ramos variants 

(Figure 3.1G).  The decrease in matriptase shedding likely resulted from the decrease in matriptase 

translocation to the cell surface as demonstrated by analysis of the ratio of cell surface matriptase 

relative to the total cellular matriptase (Figure 3.1H).  The cell surface proteins, including 

matriptase, were first labeled with biotin followed by depletion of biotinylated proteins from the 

cell lysates by Avidin-agarose.  By comparing matriptase levels before and after Avidin depletion, 

it can be seen that matriptase was primarily present on the cell surface (more than 80%) in the 

MOCK cells.  In contrast, only around 20% of the matriptase was present on the cell surface of the 

two HAI-2-defficient Ramos variants (Figure 3.1H and 1I).                 
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Figure 3.1 Suppression of matriptase zymogen activation blunts the proliferation of 

neoplastic B-cells 

Expression of matriptase was reduced in Ramos neoplastic B-cells by matriptase shRNA (A, B, 

and C).  The expression of matriptase and HAI-2 by western blot (A), the levels of shed matriptase 

proteolytic activity following induction of matriptase zymogen activation (B), and the proliferation 

rates (C) were analyzed in parental control (KDCtrl) and the two different matriptase deficient 
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pools (MTPKD-1 and MTPKD-2).  Expression of HAI-2 was reduced in Ramos neoplastic B-cells 

by HAI-2 CRISPER (D, E, and F).  The expression of matriptase and HAI-2 by western blot (D), 

the levels of shed matriptase proteolytic activity following induction of matriptase zymogen 

activation (E), and the proliferation rates (F) were analyzed in the mock cells (MOCK) and the 

two different HAI-2 deficient pools (HAI2KO*-1 and HAI2KO*-2).  The MOCK Ramos cells and 

the two HAI-2-deficient Ramos pools were transiently exposed to PBS as non-activation control 

or a pH 6.0 buffer to induce matriptase zymogen activation (G).  The cell lysates (G, lanes 1 and 

3) and the shed proteins (G, lanes 2 and 4) were prepared to the same volume.  Equal volume of 

the cells lysate and shed fraction were subjected to western blot analysis for matriptase species, 

including matriptase monomer (MTP), matriptase-HAI-2 complex (MTP-HAI-2) and a complex 

containing matriptase, HAI-2, and a yet identified protein (MTP-HAI-2-X).  The ratio of cell 

surface matriptase was determined and compared in the mock Ramos cells and the two HAI-2 

deficient Ramos pools by a combination of cell surface biotinylation and depletion of cell surface 

protein by Avidin-Agarose precipitation (H).  The cell lysates before (T) and after (D) removal of 

the cell surface proteins were analyzed by immunoblot for matriptase and a representative 

experiment was shown (right panels) and the quantitative ratio of cell surface matriptase was 

obtained by three independent experiments (right panel). Each data represents mean ± SD from 

independent experiments performed in triplicate. ***P<0.001. 
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3.3.2 Matriptase promotes ERK phosphorylation via its proteolytic activity in neoplastic 

B-cells 

B-cell receptor (BCR) and tyrosine kinase receptors have been implicated in the development and 

progression of B-cell lymphomas.  These extracellular signals are transduced into several 

intracellular signaling pathways resulting in the phosphorylation of several intracellular targets 

including ERK, AKT, and mTOR.  We next examined and compared the impact of matriptase and 

HAI-2 suppression on the activation state of these intracellular signaling molecules in Ramos cells 

(Figure 3.2).  Among the three signaling molecules, ERK phosphorylation was significantly 

decreased not only by matriptase deficiency but also by HAI-2 deficiency (Figure 3.2A).  The 

suppression of ERK phosphorylation by matriptase deficiency indicates that matriptase protein 

and/or its enzymatic activity could promote neoplastic B-cell proliferation via promoting ERK 

phosphorylation.  Given that HAI-2 deficiency suppresses matriptase zymogen activation but not 

matriptase protein levels, the suppression of ERK phosphorylation by HAI-2 deficiency suggests 

that matriptase protein expression per se is not sufficient for promoting ERK phosphorylation.  

This means that the role played by matriptase in promoting ERK phosphorylation probably 

involves matriptase zymogen activation and matriptase enzymatic activity.   

While HAI-2 could promote ERK phosphorylation via its paradoxical role in promoting 

matriptase zymogen activation and in turn matriptase proteolytic activity, other mechanisms than 

matriptase zymogen activation could not be completely excluded for the role of HAI-2 in ERK 

phosphorylation.  In order to investigate whether the suppressed matriptase zymogen activation 

was the primary mechanism underlying decreased ERK phosphorylation in HAI-2 deficient Ramos 

variants, the ability of enzymatically active matriptase to revert the suppressed ERK 

phosphorylation in HAI-2-deficient Ramos cells was assessed (Figure 3.2B).  Enzymatically active 
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matriptase was collected from the shed fraction of parental Ramos cells following induction of 

matriptase zymogen activation.  As a negative control, the active matriptase was immunodepleted 

from the shed fraction using the activated matriptase mAb M69 (Figure 3.2B, lanes 2), which 

depleted not only matriptase enzymatic activity (Figure 3.2B, right panel) but also active 

matriptase protein.  In the shed fraction matriptase was detected as a 70-kDa species and a 35-kDa 

fragment by the total matriptase mAb (Figure 3.2B, Total MTP, lane 1); active matriptase was also 

detected at 70-kDa and 35-kDa by the activated matriptase mAb (Figure 3.2B, Active MTP, lane 

1).  The majority of the 70-kDa matriptase species is likely to be matriptase zymogen, which was 

not imunodepleted by the activated matriptase mAb M69 (Figure 3.2B, lanes 2); in contrast, the 

vast majority of the 35-kDa matriptase fragments are active matriptase, which was removed along 

with the 70-kDa active matriptase by the activated matriptase mAb.  It is worth noting that the 

sizes of the matriptase zymogen and active matriptase remain almost the same under the non-

reducing and non-boiled conditions used in sample preparation for these assays.  The protein 

profile of the shed fraction remained the same prior to and after immunodepletion (Figure 3.2B, 

CBB, comparing lane 2 with lane 1).   

Significant ERK phosphorylation was induced in both matriptase-deficient and HAI-2-

deficient Ramos variants when these cells were treated with the active matriptase-containing, but 

not the active matriptase-depleted, shed fractions in a roughly dose-dependent manner when two 

different amounts of active matriptase preparation were added (Figure 3.2C, upper panels).  In 

contrast, the active matriptase-depleted preparation failed to induce ERK phosphorylation (Figure 

3.2C, lower panels).  The re-induction ERK phosphorylation by active matriptase in the two 

matriptase-deficient Ramos variants suggests the role of active matriptase in ERK phosphorylation.  

The re-induction of ERK phosphorylation by active matriptase in the two HAI-2-deficient Ramos 
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variants suggests that the impaired matriptase zymogen activation is likely the mechanism 

underlying the suppression of ERK phosphorylation by HAI-2 deficiency.  Collectively, these data 

suggest that the ectopic matriptase expression in some neoplastic B-cells might contribute to B-

cell malignancy via enhancing ERK phosphorylation. 
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Figure 3.2 Extracellular matriptase proteolytic activity induces phosphorylation of ERK, 

but not AKT and mTOR  

A.  ERK phosphorylation is suppressed in matriptase- or HAI-2-deficient Ramos cells.  

Matriptase deficient, HAI-2 deficient, and their respective control Ramos variants were analyzed 

by western blot for matriptase, HAI-2, total and phosphorylated ERK, total and phosphorylated 

Akt, total and phosphorylated mTOR, and GAPDH as loading control.  B. Preparation and 

validation of active matriptase.  The sample that contains enzymatically active matriptase was 

collected from the shed proteins following induction of matriptase zymogen activation in Ramos 

cells by transiently exposing the cells to a pH 6.0 buffer.  The presence and validation of active 

matriptase in the shed fraction was carried by immunodepletion of active matriptase using the 

activated matriptase-specific mAb M69.  The shed fraction (lanes 1) and the active matriptase-

depleted shed fraction (lanes 2) were analyzed by western blot using the total matriptase (Total 

MTP) mAb and the activated matriptase mAb (active MTP), SDS-PAGE for protein profile 

(CBB), and amidolytic activity assay using the fluorogenic substrate, BOC-Gln-Ala-Arg-AMC 

(right panel).   C. Active matriptase rescues ERK phosphorylation.  Matriptase-deficient Ramos 

cells (MTPKD-1 and MTPKD-2) and HAI-2-deficient Ramos cells (HAI2KO*-1 and HAI2KO*-

2) were incubated with a phosphate buffer as vehicle control (lanes 1, 4, 7, and 10), the shed 

fraction containing active matriptase at two different concentrations (lanes 2, 5, 8, and 11 for 1x 

and lanes 3, 6, 9, and 12 for 4x), and the active matriptase-depleted shed fraction as negative 

control (lower panels).  The cell lysates were analyzed by western blot for ERK, phosphorylated 

ERK (p-ERK), and GAPDH, was indicated.    
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3.3.3 Matriptase proteolytic activity reduces Ibrutinib sensitivity via ERK phosphorylation  

The small molecule Bruton's tyrosine kinase (BTK) inhibitor Ibrutinib, is a US FDA approved 

drug, that has been used clinically to treat some B cell cancers.  BTK is a downstream effector of 

B-cell receptor (BCR) signaling, important for the growth of B-cells.  In spite of its success, drug 

resistance has been reported for Ibrutinib.  Alterations in pathways downstream of BTK, including 

ERK, have been suggested to confer BCR signaling independence in resistant neoplastic B-cells.  

The role of ERK phosphorylation in Ibrutinib resistance was also observed in Ramos cells (Figure 

3.3A).   Treatment of Ramos cells with U0126, a highly selective inhibitor of both MEK1 and 

MEK2, suppressed ERK phosphorylation and significantly reduced the concentration of Ibrutinib 

needed for Ramos cell growth inhibition in a dose-dependent manner (Figure 3.3A).  As described 

above, matriptase enzymatic activity is important for ERK phosphorylation in Ramos cells (Figure 

3.2).  Consistent with the suppressed ERK phosphorylation, both the matriptase-deficient (Figure 

3.3B) and HAI-2-deficient (Figure 3.3C) Ramos variants became much more sensitive to Ibrutinib 

than the control cells or the parental Ramos cells when treated with 10 µM U-126.  These data 

suggest that matriptase proteolytic activity could contribute to Ibrutinib resistance.   

  

https://en.wikipedia.org/wiki/Bruton%27s_tyrosine_kinase
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Figure 3.3 Suppressed ERK phosphorylation contributes to increased susceptibility to 

ibrutinib in matriptase-deficient and HAI-2-deficient Ramos cells. 

Suppressed ERK phosphorylation by U0126, matriptase-deficiency and HAI-2-deficiency 

increased susceptibility to ibrutinib in Ramos cells. A.  Suppression of ERK phosphorylation by 

U0126.  Ramos cells were treated with increasing amount of U0126, as indicated, for overnight.  

The cell lysates were analyzed by western blot for phosphorylated ERK (pERK), total ERK 

(tERK) and GAPDH as loading control.  The pERK:tERK ratio was determined by the relative 

signal density of respective protein bands and plotted with U0126 concentrations (right panel).  

B.  U0126 treatment increased drug susceptibility to ibrutinib.   Ramos cells were treated with 

increasing concentrations of ibrutinib in the presence of different concentrations of U0126.  The 

cell viability as determined by XTT assay was plotted against the logarithm of the concentration 

of ibrutinib (left panel).  The concentrations (µM) of ibrutinib at which the BTK inhibitor caused 

50% growth inhibition (GI50) was plotted against the concentration of U0126.  C. and D.  

Matriptase deficiency and HAI-2 deficiency increase ibrutinib susceptibility in Ramos cells.  The 

knockdown control (C. KDctrl), two matriptase-deficient pools (C. MTPKD-1 and MTPKD-2), 

the MOCK control (D. MOCK), and the two HAI-2-deficient pools (HAI2KO*-1 and 

HAI2KO*-2) were treated with different concentrations of ibrutinib. The cell viability as 

determined by XTT assay was plotted against the logarithm of the concentration of ibrutinib (left 

panel).  The concentrations (µM) of ibrutinib at which the BTK inhibitor caused 50% growth 

inhibition (GI50) were compared between matriptase-deficiency versus KDCtrl (C. right panel) 

and HAI-2-deficiency versus MOCK (D. right panel).  Each data represents mean ± SD from 

independent experiments performed in triplicate. *P<0.05, **P<0.01, ***P<0.001, ns: non-

significant. 
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3.3.4 Blocking Matriptase zymogen activation using matriptase monoclonal antibodies 

enhances Ibrutinib sensitivity 

A previous study showed that treatment with the matriptase monoclonal antibody (mAb) M32 

suppressed the matriptase zymogen activation induced by treating 184 A1N4 human mammary 

epithelial cells with the lysophospholipid sphingosine 1-phosphate [14].  Pretreatment of Ramos 

cells with this matriptase mAb also appeared to suppress the robust matriptase zymogen activation 

induced by exposure to a mildly acid buffer (Figure 3.4A).  With a very low equilibrium 

dissociation constant (KD= 9x10-11), it took less than 30 min incubation for the M32 mAb at 100 

µg/ml to almost completely suppress the shedding of active matriptase (Figure 3.4A, left panel).  

The suppression of matriptase zymogen activation by the mAb was also observed in a dose-

dependent manner when the cells were pretreated with different levels of the mAb at 4oC for 30 

minute, although a much more pronounced inhibition was observed at 37oC (Figure 3.4A right 

panel).  Consistent with the suppression of matriptase zymogen activation, the treatment of Ramos 

cells with the M32 matriptase mAb inhibited ERK phosphorylation (Figure 3.4B) and caused 

Ramos cells to be more sensitive to inbrutinib (Figure 3.4C).
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Figure 3.4 Treatment of Ramos cells with matriptase mAb reduces ibrutinib resistance 

A. The matriptase mAb M32 inhibited shedding of enzymatically active matriptase.  Ramos cells 

were pretreated with mouse IgG (IgG) and the matriptase mAb M32 at the indicated concentrations 

for indicated times.  The cells were then exposed to a pH 6.0 buffer to induce matriptase zymogen 

activation.  The shed fractions were analyzed for tryptic activity.  B. Treatment of Ramos cells 

with the matriptase mAb M32 suppresses ERK phosphorylation.   Ramos cells were treated with 

increasing amounts of the matriptase mAb M32 for 24 hours, as indicated.  The cell lysates were 

analyzed by western blot for phosphorylated ERK (pERK), total ERK (tERK) and GAPDH as 

loading control (left panel).  The pERK:tERK ratio was determined by the relative signal density 

of respective protein bands and compared among different concentrations of the matriptase mAb 

M32 (right panel).  C.  Treatment of Ramos cells with the matriptase mAb M32 increased ibrutinib 

susceptibility.  Ramos cells were treated with ibrutinib at different concentration in the presence 

of mouse IgG, increasing concentrations of the matriptase mAbM32, or 10 µM U0126 for 72 hours.  

The cell viability was determined and then plotted against the logarithm of the concentration of 

ibrutinib (left panel).  A representative western blot data was shown.  The averaged concentrations 

(µM) of ibrutinib from three independent experiments with at which the BTK inhibitor caused 

50% growth inhibition (GI50) were compared among mouse IgG, the matriptase mAb M32, and 

U0126 (right panel). Each data represents mean ± SD from independent experiments performed in 

triplicate. **P<0.01, ***P<0.001, ns: non-significant. 
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3.3.5 Imbalanced expression of matriptase relative to HAIs favors matriptase proteolytic 

activity in B-cell lymphomas 

Based on a study of a limited numbers of cell lines, matriptase appears to be co-expressed with 

HAI-1 and HAI-2 in epithelial/carcinoma cells [5].  In neoplastic B-cells, matriptase is, however, 

co-expressed largely with HAI-2 whereas its levels varies significantly among different cell lines.  

HAI-1 is either not expressed or expressed at negligible levels in these matriptase-expressing 

neoplastic B-cells [8]. The differential matriptase-HAI expression relationship between 

carcinomas and hematological cancers appear to remain true when the expression status of 

matriptase in relation to HAI-1 and HAI-2 at mRNA levels was analyzed in 947 human cancer cell 

lines collected in the Cancer Cell Line Encyclopedia (CCLE) database 

(https://portals.broadinstitute.org/ccle/home), which is intended to capture the genomic diversity 

of human cancers and to be used as a robust preclinical model system for anticancer drug 

sensitivity prediction.  Among the 498 matriptase-expressing lines in this dataset, 429 (86%) are 

epithelial/carcinoma and 69 (14%) are hematological lines.  The expression pattern that potentially 

favors matriptase proteolytic activity in hematological cancers can be assessed by comparing the 

ratios of HAI-1 or HAI-2 relative to matriptase among these matriptase-expressing lines in a scatter 

plot (Figure 3.5A).  For the vast majority of carcinoma cell lines, both HAI-1 and HAI-2 are 

expressed at higher levels than matriptase.  For those cells, in which HAI-1 and HAI-2 are 

expressed at lower levels than matriptase, both protease inhibitors are likely expressed at levels at 

which they are probably high enough to support matriptase synthesis and trafficking through the 

secretory pathway.  The ratios of both HAIs relative to matriptase are, in contrast, lower in 

hematological cancer lines than in carcinoma lines.  As previously demonstrated, relatively high 

levels of HAI-1 are required to significantly suppress matriptase proteolytic activity, whereas only 

https://portals.broadinstitute.org/ccle/home
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very low levels of HAI-2 or HAI-1 are needed to promote matriptase expression and translocation 

to the plasma membrane.  Thus, the much lower HAI-1:matriptase ratio could result in a situation 

in which HAI-1 is not expressed at the levels sufficient to suppress extracellular matriptase 

proteolytic activity and the modestly lower HAI-2:matriptase ratio to a situation that HAI-2 could 

be expressed at levels high enough to support matriptase expression and translocation to the plasma 

membrane.  It is worth noting that the six lines with very highest HAI-1:matriptase ratios in fact 

resulted from very low matriptase expression rather than high HAI-1 expression.  A similar 

expression pattern with very low HAI-1 and modest HAI-2 was also observed in anther Database 

GSE15329 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE15329), in which gene 

expression patterns and molecular subtypes were determined and profiled in 40 NHL cell lines, 

although some of these cell lines overlap with those in the CCLE database.   

The imbalanced expression favoring matriptase proteolysis could also occur in vivo in 

patients with NHL (Figure 3.5B) and DLBCL (Figure 3.5C).  The expression levels of matriptase, 

HAI-1, and HAI-2 were retrieved and analyzed from the GSE32018 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE32018) and the GSE83632 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE83632) datasets.  The GSE32018 

dataset contains a series of 114 B-cell non-Hodgkin lymphoma patients, including mantle cell 

lymphoma (MCL), diffuse large B-cell lymphoma (DLBLC), follicular lymphoma (FL), marginal 

zone lymphoma-MALT type (MZL-MALT), chronic lymphocytic leukemia (CLL) and nodal 

marginal zone lymphoma (NMZL). Seven freshly frozen lymph nodes and six freshly frozen 

reactive tonsils were used as controls.  The GSE83632 dataset contains the gene expression profile 

of whole blood from 76 DLBCL patients and 87 healthy donors.  These analyses indicate that 

matriptase and HAI-2 expressions are significantly higher in tumors than non-tumor controls; 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE15329
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE32018
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE83632
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HAI-1 was either unchanged or significantly lower in cancer versus the non-cancer controls.  When 

the HAI:matriptase ratios were compared, the lower HAI-1: matriptase ratio indicates that HAI-1-

mediated inhibition of matriptase proteolytic activity is not important and the higher HAI-

2:matriptase ratio indicates that the HAI-2-medaited promotion of matriptase expression remains 

in human NHL in vivo.  Collectively, these data suggest matriptase enzymatic activity is likely 

promoted in neoplastic B-cells in vitro in culture and in vivo in NHL.     
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Figure 3.5 Expression analysis of matriptase, HAI-1, and HAI-2. 

(A). The mRNA expression levels of matriptase, HAI-1 and HAI-2 in a variety of cell lines were 

obtained from the CCLE and GS15329 databases, as indicated.  The lines collected in the CCLE 

database were grouped into epithelial and hematological based on their cell-type origin.  The 

distribution of HAI:matriptase ratio in logarithm in individual lines was presented as scatter plot.  

(B). and (C). The mRNA expression levels of matriptase, HAI-1, and HAI-2 in logarithm 2 (log2) 

and the HAI: matriptase ratio in logarithm in NHL patients and the non-tumor control retrieved 

from the GSE32018 database (B). and in DLBCL patients and the non-tumor control retrieved 

from the GSE83632 (C). were presented in scatter diagrams. * stands for p < 0.05; ** for p < 0.01; 

*** for p < 0.001; ns for non-significant. 
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3.3.6 B-cell lymphoma patients with high matriptase and high HAI-2 expression have 

worse disease outcome than those with low matriptase and low HAI-2 expression 

Matriptase oncogenic potential is attributed to its enzymatic activity, both of which can be 

suppressed by expression of the matriptase inhibitor HAI-1 [16].  The gene profiling described 

above indicates that HAI-1 is either not expressed or expressed at negligible levels in 

hematological cancers in which HAI-2 is commonly expressed though expression levels may vary 

widely.  Due to its primarily intracellularly localization, HAI-2 is an ineffective inhibitor of 

extracellular matriptase proteolytic activity even when it is expressed at very high levels.  

Furthermore, we have previously shown that matriptase proteolytic activity is paradoxically 

promoted by HAI-2, even at low levels, by promoting matriptase expression and translocation to 

the plasma membrane.  Matriptase translocation to the plasma membrane and zymogen activation 

are, however, decrease, when HAI-2 expression drops below a certain low level.  As a consequence, 

the levels of extracellular matriptase proteolytic activity decrease.  Matriptase proteolytic activity 

could eventually become negligible, however, it is hard to determine how low the levels of HAI-

2 would have to be.  The pathological importance of matriptase ectopic expression in 

hematological cancer may, therefore, be highly dependent on the level of HAI-2 expression in a 

non-linear and non-canonical manner.  We next tested this hypothesis by analyzing the impact of 

combined matriptase and HAI-2 expression on the survival of patients with B-cell malignancy 

(Figure 3.6).  Matriptase (encoded by ST14) and HAI-2 (encoded by SPINT2) mRNA expression 

levels and patient vital status from a total 1,644 specimens were extracted from six different data 

sets deposited in the NCBI’s Gene Expression Omnibus (GEO) (Figure 3.6).  The mRNA 

expression levels were normalized by Z score transformation [6].  The best cut points for high 

matriptase expression (>0.66) and HAI-2 expression (>0.3) was determined using X-Tile software 
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[352].  As expected, patients whose tumors expressed high matriptase and high HAI-2 expression 

exhibit significantly worse survival than those patients whose tumors exhibited low matriptase and 

low HAI-2 expression (Figure 3.6A).  While HAI-2 by itself might contribute to B-cell malignancy 

and result in bad disease outcome, there was no difference in disease outcome in patients whose 

tumors expressed high versus low HAI-2 levels if their tumors also expressed low levels of 

matriptase (Figure 3.6B).  The pathological impact of HAI-2 on B-cell lymphoma would, therefore, 

appear to be associated with matriptase expression.  This notion is further supported by the 

relatively worse disease outcome in patients with high matriptase and high HAI-2 compared to 

those patients with low matriptase and high HAI-2 (Figure 3.6C) and by the lack of difference in 

disease outcome between high versus low matriptase expression in patients with low HAI-2 

expression (Figure 3.6D).  As described above, it is hard to determine how HAI-2 affects 

matriptase activity when the levels of HAI-2 are low.  This difficulty is reflected by the lack of 

difference in prognosis between high versus low HAI-2 expression in patients with high matriptase 

expression (Figure 3.6E), and likely due to the possibility that the low HAI-2 levels are still high 

enough to support matriptase translocation and zymogen activation in a proportion of those 

patients with low HAI-2 expression, leading to high active matriptase and adverse impact on 

patient survival.  Collectively, these survival analyses reveal that matriptase and HAI-2 could work 

in concert rather than in opposition in B-cell lymphoma.  More importantly, the prognostic value 

for matriptase/HAI-2 could only be identified in those patients with high matriptase and high HAI-

2.     
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Figure 3.6 Kaplan-Meier analysis of overall survival of patients with DLBCL/Burkitt 

lymphoma, as determined by using the matriptase/HAI-2 expression clustering. 

(A) Patients with both MTP/HAI-2 high expression versus both MTP/HAI-2 low expression. (B) 

Low matriptase expressing DLBCL patients: high HAI-2 versus low HAI-2 expression. (C) High 

HAI-2 expressing patients: high matriptase versus low matriptase expression. (D) Low HAI-2 

expressing patients: high matriptase versus low matriptase expression. (E) High matriptase 

expressing patients: high HAI-2 versus low HAI-2 expression. (F) The distribution of matriptase 

and HAI-2 Z score normalized mRNA expression level in 4 clusters. ns for non-significant. 
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3.4 Discussion 

Our current study characterizes the potential pathological role and clinical importance of 

matriptase expression in the context of HAI-2 expression in B-cell malignancy.  Our results 

demonstrate that matriptase suppression might be a novel way, in some circumstances, to 

circumvent ibrutinib resistance, an increasing issue for the management of the disease.  Treatment 

of neoplastic B-cells with matriptase mAbs prevents matriptase zymogen activation and 

subsequently ERK phosphorylation, leading to enhanced sensitivity to ibrutinib.  Although 

biochemically HAI-2 possesses potent inhibitory activity against matriptase enzymatic activity, 

HAI-2 is paradoxically required for and able to promote matriptase function.  This unusual 

relationship results from the promoting role of HAI-2 in matriptase synthesis, trafficking, and 

zymogen activation and their distinct subcellular localizations, leading to an overall increase in the 

levels of extracellular active matriptase when HAI-2 present.  This unusual relationship provides 

the molecular and cellular mechanisms underlying the paradoxical impacts of their expressions on 

the proliferation, ERK phosphorylation, susceptibility to ibrutinib of neoplastic B-cells and 

possibly the differential prognosis among patients with B-cell lymphoma. 

The zymogen activation of serine proteases is executed by a peptide bond cleavage at the 

highly conserved site within the activation motif, which triggers localized conformational changes 

to form the substrate binding pocket.  This activation commonly relies on the action of other active 

proteases.  A much less common mechanism typically found in enzymes at the top of proteolytic 

cascades, employ some other mechanism to achieve this activational cleavage and matriptase 

apparently is one of these.  While the detailed mechanism for matriptase autoactivation has not 

been well-defined, protein-protein interactions involving matriptase non-catalytic domains are 

believed to be required for matriptase autoactivation.  For example, the introduction of point 
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mutations to the LDL receptor class A domains (LDLRA), which collapse the calcium cage and 

abolish the function of the domains and prevent matriptase from undergoing zymogen activation.  

The epitope recognized by mAb M32 was previously shown to be on the third LDLRA.  It seems 

that the binding of this mAb to the third LDLRA may interfere with some protein-protein 

interactions required for matriptase zymogen activation.  As well as the M32 mAb, the mAb M24, 

which recognizes the fourth LDLRA, also can suppress matriptase zymogen activation, reduce 

ERK phosphorylation, and increase Ramos cell sensitivity to ibrutinib (data not shown).  In 

addition to preventing matriptase zymogen activation, matriptase biological function might also 

be suppressed by inhibiting matriptase enzymatic activity due to the fact that matriptase biological 

function is likely executed by its proteolytic activity acting on downstream substrates.  Several 

small molecule and peptide-based inhibitors targeting matriptase catalytic activity have been 

developed and characterized by ourselves and others[93-97].  Although these inhibitors are highly 

potent and relatively selective for matriptase, they are still far from matriptase-specific and might 

be expected to produce off-target issue.  For example, the MALT1 protease, a major regulator in 

antigen receptor signaling to NF-κB, has been implicated in lymphocyte function, immune 

signaling, inflammation, B-cell lymphoma and other cancers [353].  The sequence of the peptide 

inhibitor of the MALT1 protease, z-VRPR-FMK [354, 355], suggest that matriptase catalytic 

inhibitors that typically have negatively charged amino acid residues at the P1 and P3/4 sites [25] 

could cross-inhibit this paracaspase.  Matriptase catalytic inhibitors might also experience a 

mechanistic difficulty associated with the tight coupling of matriptase zymogen activation with 

the activation of matriptase downstream substrates by nascent active matriptase, and the short 

lifespan of active matriptase.  In those matriptase-expressing cells, which also express HAI-1, 

while active matriptase is short-lived due to rapid HAI-1-mediated inhibition, the nascent active 
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matriptase is still able to act on its substrate prostasin, indeed matriptase-mediated prostasin 

activation can be not suppressed by the small molecule matriptase catalytic inhibitor CVS-3983 

[356].  While HAI-1 is commonly not expressed in the neoplastic B-cells, other endogenous 

protein protease inhibitors, such as antithrombin and other serpins bound to the cell surface and/or 

in the interstitial fluids, could rapidly inhibit active matriptase [17, 18, 357].                      

Matriptase is expressed virtually in all epithelium-containing organs.  The neonatal death 

of matriptase knockout mice due to severe dehydration raises a concern regarding the potential 

toxicity and side effects, which could be associated with a therapeutic regiment involving 

matriptase suppression.  There is, however, a genuine physiological difference in the epidermal 

differentiation and barrier function of activity matriptase in the skin of humans versus mice.  In 

contrast to the neonatal death for matriptase knockout mice, patients with matriptase mutations 

that suppress or eliminate matriptase activation or expression, exhibit only mild symptoms, mainly 

concentrated on epidermis and hair follicles.  This suggests that mechanistic side effects caused 

by matriptase suppression in human could be relatively mild. 
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Chapter 4 SUMMARY AND PERSPECTIVES 

4.1 Pericellular proteolysis and lymphoma 

Pericellular proteolysis plays an important role in the generation of biologically active molecules, 

which are involved in a broad range of cellular processes.   Such processes include the degradation 

of extracellular matrix, cell growth, differentiation, adhesion, migration, and programmed cell 

death [1], all of which have been considered to be important for tumor development, and 

progression. While the role played by pericellular proteolysis in tumor progression has primarily 

been characterized in carcinomas - epithelial cancers, pericellular proteolysis is also important in 

B-cell lymphomas, likely playing a similar role in regulating tumor progression.  While the 

transformation events in B-lymphocytes often begin with genetic alterations caused by 

chromosomal translocations involving the immunoglobulin (Ig) loci and a proto-oncogene, signals 

from the lymphoma microenvironments are essential for the development and progression of the 

disease.  These signals could come from the direct physical contact of B-lymphoma cells with the 

surrounding cells and matrix, the engagement of B-cell receptors by antigens, and from the 

crosstalk between cancer cells and stromal cells via a number of cytokines, chemokines, and 

growth factors.   Many of these cytokines and growth factors are synthesized as pro-forms that 

require proteolytic cleavage to generate active peptides.  Furthermore, these cytokines and growth 

factors are frequently deposited in the extracellular matrix (ECM), and remolding of the ECM by 

proteolytic enzymes is an important regulatory mechanism for the functions of cytokines and 

growth factors.  The proteases that participate in the release and activation of cytokines and growth 

factors and the remodeling of the extracellular matrix likely play important roles in the 

development and progression of lymphomas.  Matriptase represents one such important protease, 

which is able to serve as a pericellular activator to recruit and activate other proteases, such as a 

urokinase type plasminogen activator (uPA), a major ECM-degrading protease, and growth factors, 
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such as hepatocyte growth factor (HGF), an important growth factor involved in the progression 

of B-cell lymphomas [358]. 

4.2 HAI-2 replaces HAI-1 as the predominant endogenous matriptase inhibitor in 

neoplastic B-cells 

In carcinomas, matriptase activity is tightly regulated by autoactivation and extremely rapid HAI-

1-mediated inhibition.   HAI-1 is, however, either not expressed or expressed at very low levels in 

matriptase-expressing neoplastic B-cells, in which HAI-2 is commonly expressed.  Matriptase is 

synthesized as a zymogen and undergoes autoactivation to gain its proteolytic activity, which 

could be toxic if left unchecked too long.  Inhibition of active matriptase by endogenous Kunitz 

type serine protease inhibitor is carried by forming stable a complex in which the active site triad 

of serine protease is blocked by the protease inhibitor.  The formation of activated matriptase-HAI-

2 complex following the induction of matriptase zymogen activation clearly demonstrates that 

HAI-2 is able to control matriptase proteolytic activity.   

4.3 HAI-2 is beyond a classic protease inhibitor  

One of the most intriguing features of matriptase regulation is that matriptase synthesis and 

intracellular trafficking through the secretory pathway depends on the co-expression of 

endogenous protease inhibitors.  This conclusion was drawn from a study using a model system in 

which matriptase and/or HAI-1 are exogenously expressed in carcinoma cells endogenously 

expressing neither matriptase nor HAI-1.  In Daudi Burkitt lymphoma cells, the very low levels of 

HAI-2 expression appears to support matriptase synthesis to certain levels and only a small 

proportion of HAI-2 trafficking to the cell surface.  A slight increase in HAI-2 expression 

significantly increases matriptase protein expression and the ratio of cell surface matriptase.  These 

observations suggest that HAI-2 is not just a matriptase catalytic inhibitor but also plays an 

important role in promoting matriptase function.        
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4.4 HAI-2 paradoxically promote matriptase proteolytic activity in NHL 

Although HAI-2 exhibits potent activity inhibiting matriptase proteolytic activity, its primary 

intracellular localization makes it relatively ineffective for suppressing extracellular matriptase 

activity.  In conjunction with its role in promoting matriptase synthesis and intracellular trafficking, 

HAI-2 expression in fact paradoxically promotes matriptase activity and function.  This is in a 

marked contrast to HAI-1, which is expressed primarily on the cell surface and has direct access 

to pericellular active matriptase.   Although the overall protein domain structures between HAI-1 

and HAI-2 are very similar: both contain a C-terminal transmembrane domain and two Kunitz 

domains within the extracellular N-terminal portion.  HAI-1 also contains a MANSC domain and 

an LDL receptor class A domain.   Both the MANSC and LDLRA domains could drive HAI-1 to 

the plasma membrane.   Alternatively, the amino acid sequences in the short intracellular domains 

and transmembrane domains of HAI-1 and HAI-2 might play the roles in their distinct subcellular 

trafficking.  In the future, the swapping of these intracellular domains and/or transmembrane 

domains between HAI-1 and HAI-2 might be the first step to investigate the molecular 

determinants, which dictate their subcellular localization.        

4.5 Extracellular matriptase proteolytic activity induces ERK phosphorylation in 

neoplastic B-cells 

As described above, matriptase could promote cancer development and progression by activating 

growth factors and cytokines and modulating tumor microenvironments via processing of the 

components of the extracellular matrix.  All of these activities could converge into intracellular 

signaling pathways through which matriptase could exert its pathological functions.  One of the 

possible steps in this intracellular signaling is ERK phosphorylation, which is known to contribute 

to cell proliferation. Constitutive high levels of ERK phosphorylation in Ramos cells can be 

suppressed by reducing the levels of active matriptase via either matriptase knockdown or HAI-2 
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knockout.  The resultant suppressed ERK phosphorylation can be rescued by treating the cells with 

active matriptase. The role of matriptase on the proliferation of neoplastic B-cells could be in part 

attributed to ERK phosphorylation.   In spite of these well-defined studies, it remains to be 

determined which substrate(s) have been activated by extracellular matriptase activity and how the 

extracellular signal results in ERK phosphorylation.  This will be explored in future studies.   

4.6 The Matriptase-ERK axis contributes to Ibrutinib resistance   

Along with the progress in detection, diagnosis and treatments, drug resistance becomes clinically 

important for NHL.  In addition to promoting cell proliferation, the matriptase-ERK axis confers 

upon neoplastic B-cells the ability to survive Ibrutinib treatment.  Consistent with being derived 

from a Burkitt lymphoma, the proliferation of the Ramos cell line is proposed to be tonic BCR 

signal dependent, which is mainly maintained by the activation of PI3K-Akt-mTOR signaling.  

The phosphorylation of Akt, the key component of PI3K signaling, is, however, undetectable in 

Ramos cells, suggesting that some undefined signaling is supporting the proliferation of neoplastic 

B-cell besides canonical BCR signaling. While ERK signaling has been linked to the susceptibility 

of neoplastic B-cells to ibrutinib in recent studies [329, 330], the ectopic expression of matriptase 

in some NHLs could allow the neoplastic B-cells in these tumors to upregulate ERK 

phosphorylation and subsequently to become less susceptible to and survive the blocking of BCR 

signaling.  

4.7 Matriptase mAbs as a potential therapeutic approach to circumvent Ibrutinib 

resistance 

The pivotal role of matriptase in ERK phosphorylation and Ibrutinib resistance makes matriptase 

a potential drug target for those NHL patients who lack response to Ibrutinib.   Although small 

molecular and peptide inhibitors against matriptase catalytic activity have been developed with 

great potency, the high degree structural homology of the serine protease domain among different 
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serine proteases makes it possible for these matriptase selective inhibitors to cross-suppress other 

serine proteases.  This mechanistic off-target effect could potentially result in toxicity.  An 

alternative way to suppress matriptase enzymatic activity is to take the advantage of matriptase 

autoactivation as the mechanism to acquire its enzymatic activity.  The success of the matriptase 

mAb M32 to block matriptase zymogen activation, ERK phosphorylation and Ibrutinib resistance 

provides a proof-of-concept for the use of matriptase mAbs as therapeutics for NHL.  The 

matriptase mAb could, therefore, represent a novel immunotherapeutic strategy in matriptase over-

expressing neoplastic B-cell.  Moreover, antibody-induced cytotoxicity such as the induction of 

antibody dependent cellular cytotoxicity (ADCC) and the complement mediated cytolysis induced 

cell death could potentiate the efficacy of mAb M32 treatment.  The epitope recognized by the 

M32 mAb is in the third LDL receptor class A domain of matriptase, which has been shown to be 

important for matriptase zymogen activation.  Future studies aimed to provide understanding of 

the molecular events involved in matriptase zymogen activation, particularly the role of the LDL 

receptor class A domains, could not only reveal the molecular mechanism by which neoplastic B-

cell dysregulate matriptase but also provide novel avenues to develop drugs for suppressing 

matriptase function and subsequently NHL. 

4.8 Matriptase proteolytic activity as prognosis markers for B-cell lymphomas 

The pathophysiological function of matriptase is attributed to its enzymatic activity. While 

intuitively matriptase proteolytic activity could be positively linked to the matriptase expression 

level and negatively linked to the HAI-2 expression level, the current study clearly demonstrated 

that the level of matriptase enzymatic activity depends on the dynamic relation between matriptase 

and HAI-2.  In the presence of very low levels of HAI-2, matriptase expression might be reduced.  

Under some circumstances, in which matriptase is synthesized normally, matriptase might not 

sufficiently translocated to the plasma membrane due to the low level of HAI-2 expression.  While 
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HAI-2 is a potent matriptase inhibitor, its predominant intracellular localization makes HAI-2 an 

ineffective inhibitor for the extracellular active matriptase.  High levels of HAI-2 expression 

cannot substantially suppress matriptase activity.   As rule of thumb, HAI-2 expression will 

promote matriptase activity and pathophysiological function.  Low level of HAI-2 expression 

could result in suppression of matriptase activity.  It remains very challenging to quantitatively 

determine the level or the range at which HAI-2 expression would positively or negatively regulate 

matriptase enzymatic activity.  This difficulty was reflected by the complicated results on the 

impact of matriptase and HAI-2 expression on the disease outcomes of NHL.  While NHL patients 

with high matriptase and high HAI-2 expression exhibit much worse survival than patients with 

low matriptase and low HAI-2 expression, the adverse impact of high matriptase expression on 

disease outcome was only observed in NHL patients with high HAI-2 expression.  For those NHL 

patients with low HAI-2 expression, high matriptase expression does not lead to worse disease 

outcome compared with low matriptase expression.   

While it is challenging to determine the impact of matriptase from mRNA expression level, the 

acid induction of matriptase activity, followed by tryptic activity assay accompanied with the 

western blot detection of matriptase and HAI-2 levels might be an efficient and economic method 

for evaluating the potential for ibrutinib resistance in NHL patients. In addition, dual channel flow 

cytometry based on matriptase and HAI-2 monoclonal antibodies conjugated to different 

fluorescence markers might have value in the prediction of NHL progression in clinical diagnosis. 

The development and evaluation of such approaches will be established and linked to the NHL 

patient prognosis in future studies. 
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4.9 Conclusion    

In this thesis, I firstly verified the role of endogenous HAI-2 in paradoxically promoting matriptase 

proteolytic activity. Secondly, in Ramos cell, the expression of HAI-2 is essential for the 

extracellular distribution of amplified matriptase, which is directly linked to the maximum level 

of shed matriptase proteolytic activity and cell proliferation. Thirdly, the matriptase proteolytic 

activity is directly associated with the level of ERK phosphorylation, which is suggested to be a 

potential mechanism for ibrutinib resistance. Given the role of matriptase in promoting 

tumorigenesis and modulating the tumor microenvironment, the proteolytic activity of matriptase 

may provide a malignant advantage for matriptase-positive non-Hodgkin's lymphoma and may 

have clinical significance in predicting disease progression and prognosis, which was 

demonstrated in the cross-database prognostic analysis in about 1,500 DLBCL patients. In 

summary, my findings regarding HAI-2 regulated matriptase proteolytic activity provided a 

valuable reference in the area of protease-inhibitor regulation and a novel target for the treatment 

and diagnosis of non-Hodgkin lymphoma. 
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