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ABSTRACT 

The activation of caspases is an important step not only in apoptosis induction, 

but in cellular processes such as proliferation, differentiation, and the immune response. 

Here, we show that the AP-1 family transcription factor JunB is cleaved and 

dephosphorylated in a caspase-dependent manner in apoptotic cells. We demonstrate 

that JunB is cleaved directly by caspases, and identify aspartic acid 137 as the cleavage 

site. JunB cleavage separates the amino-terminal transactivation and carboxy-terminal 

DNA binding/dimerization domains to disrupt JunB transcriptional activity. Moreover, 

the carboxy-terminal cleavage fragment retains DNA binding activity, and the ability to 

dimerize with AP-1 proteins. This fragment interferes with full-length JunB binding to 

AP-1 sites and inhibits AP-1–dependent transcription. Finally, we show that the carboxy-

terminal cleavage fragment impairs proliferation and promotes apoptosis when 

overexpressed in a T-cell lymphoma cell line. In summary, our findings reveal a novel 

mechanism of regulating the activity of an AP-1 family transcription factor.  
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1.1:  ANAPLASTIC LYMPHOMA KINASE POSITIVE, ANAPLASTIC LARGE CELL LYMPHOMA 

(ALK+ ALCL) 

Cancers of the immune system such as leukemias and lymphomas are 

responsible for a significant number of illnesses and deaths each year (1). Many of these 

cancers arise from mutations that result in the dysregulation of cell proliferation and 

survival. Anaplastic lymphoma kinase positive, anaplastic large cell lymphoma (ALK+ 

ALCL), a lymphoma of T-cell origin (2,3), is an example of how dysregulated signal 

transduction pathways can result in cancer pathogenesis.  

1.1.1:  Characteristics of ALK+ ALCL 

First identified in 1985, anaplastic large cell lymphoma (ALCL) was described as a 

unique large cell lymphoma with a dedifferentiated cell morphology that expresses the 

CD30 (Ki-1) antigen, an activator antigen found in a number of other cancers (4). CD30, a 

member of the tumour necrosis factor (TNF) family of receptors, typically mediates 

signalling in activated T and B lymphocytes that leads to cell-type dependent 

consequences ranging from cell proliferation, cell survival, or apoptosis (5,6). CD30 is 

often found to be expressed in cancers such as Hodgkin lymphoma and ALCL (7), 

however its function in ALCL is not well understood. In Hodgkin lymphoma, the high 

expression of CD30 results in the constitutive activation of the NF-κB pathway to result 

in cell proliferation and survival. In ALCL however, the activation of CD30 generally 

results in cell cycle arrest and apoptotic cell death (8-10) – although it appears that the 

method and duration of CD30 stimulation can affect its signalling and the induction of 

apoptosis (11). 

Further characterization of ALCL came with subsequent reports (12-15) that 

found recurrent chromosomal translocations in some of these lymphomas, determined 
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in 1994 to be a translocation between chromosomes 2 and 5, to result in the aberrant 

expression of the anaplastic lymphoma kinase (ALK) fusion protein (16). Under the 

current World Health Organization (WHO) classification Scheme for lymphomas (2,17), 

ALCL that expresses ALK is a distinct subset of T cell neoplasms known as ALK+ ALCL.  

Although these lymphomas are characterized by the appearance of ‘hallmark 

cells’ with morphological features that include horseshoe or kidney shaped nuclei, 

dispersed nuclear chromatin, prominent perinuclear/Golgi staining, and occasionally 

multi-nucleated large cells (2,17), the definitive diagnosis of ALK+ ALCL is the detection 

of the expression of ALK by antibodies (18). It is now widely accepted that most ALCL 

tumour cells are derived from T-lymphocytes as these cells are reported to have 

undergone clonal rearrangements at the TCR locus (19). However, these cells are often 

characterized as T or null cell immunophenotype as they often do not express 

characteristic T-cell markers such as CD3 and ZAP70 (20). The specific subset of T-cells 

that ALCL cells are derived from remains unknown, as genome wide studies of ALK+ 

ALCL gene expression shows that these cells were equally different from CD8+ and CD4+ 

T-cells (21). Nevertheless, the expression of cytotoxic molecules such as granzyme B and 

perforin in ALK+ ALCL cells seems to suggest that these cells may be derived from 

cytotoxic lymphocytes (22,23).  

In affected patients, ALK+ ALCL presents as an aggressive disease with 

infiltration of lymph nodes by dedifferentiated T/null lymphoid cells (5), with extranodal 

disease occurring in skin, bone, soft tissues, and in rare cases the CNS and GI tract as 

well to result in systemic disease (reviewed in (24)). ALK+ ALCL occurs mostly in children 

and young adults, but can also occur in older patients. In children, ALK+ ALCL represents 

84-95% of pediatric cases of ALCL – making it the most common non-Hodgkin lymphoma 
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in children (25,26). ALK+ ALCL is typically treated with combination chemotherapy using 

the CHOP (cyclophosphamide, hydroxydaunorubicin/doxorubicin, oncovin, and 

prednisone) regimen (27). This regimen is typically used in the treatment of non-

Hodgkin lymphomas and includes the DNA damaging agents cyclophosphamide (an 

alkylating agent) and hydroxydaunorubicin/doxorubicin (a DNA intercalating agent), the 

mitotic inhibitor oncovin that disrupts microtubule assembly, and the corticosteroid 

prednisone which likely functions as an immunosuppressant. The prognosis for patients 

diagnosed with ALK+ ALCL is generally quite good, with 5-year survival rates up to 85% 

in children, and 80% in young adults with conventional chemotherapy (28-31). More 

recently, both CD30 and NPM-ALK have been used as therapeutic targets, with the 

development of drugs that target these molecules, such as Brentuximab vedotin – a 

CD30 targeting monoclonal antibody-drug conjugate approved in 2011 for use in 

Hodgkin lymphoma and systemic ALCL (32); and Crizotinib – an ALK inhibitor that was 

approved in 2011 for use in ALK expressing non-small cell lung cancers (33), and 

currently undergoing clinical trials for advanced disseminated ALCL (34) and 

neuroblastoma (35).  

1.1.2:  The anaplastic lymphoma kinase (ALK) 

The anaplastic lymphoma kinase (CD246) is a receptor tyrosine kinase of the 

insulin receptor superfamily, and is typically expressed in the cells of the central and 

peripheral nervous systems (25,36-38).  The normal function of ALK is not well known, 

and ALK-deficient mice do not appear to have any overt developmental defects (39-42). 

However, in experiments conducted in Drosophila melanogaster, ALK has been found to 

function as a receptor for the neurotrophic factor jelly belly protein (Jeb) (43-45), and 

other studies have shown that ALK can act as a receptor for the mammalian proteins 
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pleiotrophin and midkine (46,47). The activation mechanism of ALK has been suggested 

to involve the removal of its inhibitor phosphatase, receptor tyrosine phosphatase β/ζ 

(RPTP β/ζ), following binding of pleiotrophin to RPTP β/ζ (48). Additionally, it was found 

that the expression of wildtype ALK induced apoptosis in rat neuroblast cells, although 

the addition of activating antibodies of ALK was able to reduce the apoptotic cell deaths 

of these cells (49). This led to the suggestion that ALK may function as a dependence 

receptor, a receptor that normally induces apoptosis when unbound, but suppresses 

apoptotic signalling when bound by its ligand (49,50). Outside of the nervous system, 

ALK is found to be aberrantly expressed in a number of cancers, most notably in ALK+ 

ALCL, non-small-cell lung cancer (NSCLC) (51-54), and inflammatory myofibroblastic 

tumours (IMT) (55-62). In many of these cancers, the aberrant expression of ALK is due 

to chromosomal translocations that results in the formation of an ALK fusion gene. 

Fusion partners of ALK vary from cancer to cancer, and common ALK fusion partners 

include echinoderm microtubule-associated protein-like 4 (EML4-ALK) in NSCLC (51), 

tropomyosin 3 (TPM3-ALK) in IMT (56,63), and the well characterized nucleophosmin 

(NPM-ALK) fusion in ALK+ ALCL. ALK expression can also be increased without 

chromosomal translocations, such as in the case in neuroblastomas, where ALK 

expression is dysregulated due to gene amplifications and activating mutations (64-69). 

The most well characterized ALK gene fusion is in ALCL, where over half of all 

ALCL cases contain chromosomal translocations that result in the fusion of the 

Anaplastic Lymphoma Kinase (ALK) to another gene, usually nucleophosmin (NPM) (70). 

NPM, a carrier protein that shuttles proteins between the cytoplasm and nucleolus and 

is involved in a number of processes including ribosome biogenesis and transport, DNA 

repair, tumour suppression through the p53 pathway (71-74), is the fusion partner of 
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ALK in over 80% of the cases of ALK+ ALCL (75). The t(2;5)(p23;q35) chromosomal 

translocation generates a fusion gene under the control of the NPM promoter that 

contains the oligomerization domain of NPM, and the cytoplasmic tail and kinase 

domain of ALK (Figure 1.1). This gene fusion results in a expression of a constitutively 

active NPM-ALK fusion protein that activates down-stream signalling events to promote 

proliferation, survival, and migration in ALK+ ALCL (reviewed in (39,75,76)). Signalling 

pathways that are upregulated by NPM-ALK have been reviewed extensively in the 

literature (24,75,77), and include the JAK/STAT, MEK/ERK, PI3K/Akt, and PLCγ pathways 

(Figure 1.2). Among the many signalling molecules that are upregulated by NPM-ALK are 

a family of transcription factors known as AP-1 transcription factors, including proteins 

such as c-Jun and JunB, which have been shown to be important for the proliferation of 

ALK+ ALCL (78,79), and will be the subject of my thesis project. 
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Figure 1.1: The chromosomal translocation that results in the formation of the NPM-
ALK fusion protein in ALK+ ALCL.  

ALK+ ALCL features recurrent chromosomal translocation that results in the aberrant 
expression of the anaplastic lymphoma kinase (ALK). Typically, chromosomal 
translocations between chromosomes 2 and 5 result in a fusion gene that driven by the 
NPM promoter to form a constitutively active fusion protein that contains the 
dimerization domain (DZD) of NPM and the tyrosine kinase (TK) domain of ALK. 
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Figure 1.2: Signalling pathways affected by NPM-ALK in ALK+ ALCL cells. 

NPM-ALK promotes the proliferation, survival, and migration of ALK+ ALCL cells through 
the MEK/ERK, PI3K/Akt, JAK/STAT, JNK, and PLCγ signalling pathways. The Jun proteins 
c-Jun and JunB, which promote the proliferation of ALK+ ALCL cells, are upregulated by 
NPM-ALK signalling through a number of pathways. c-Jun is upregulated by the 
activation of JNK, while JunB transcription is upregulated by the activation of the ETS-1 
transcription factor by ERK. JunB translation is also promoted by mTOR, which is 
activated through both the MEK/ERK and PI3K/Akt pathways. Signalling through the 
PI3K/AKt and JAK/STAT pathways block apoptosis to promote survival.   
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1.2:  THE AP-1 FAMILY OF TRANSCRIPTION FACTORS  

1.2.1:  Introduction 

The Activator Protein-1 (AP-1) family of transcription factors are dimeric basic 

region-leucine zipper (bZIP) domain containing proteins that include Jun, Fos, activating 

transcription factor (ATF) and Maf family members (80-82). AP-1 transcription factors 

were first identified as proteins that bound to the promoter regions of genes stimulated 

by 12-O-tetradecanoylphorbol-13-acetate (TPA), a phorbol ester that activates protein 

kinase C (PKC) (83). These transcription factors dimerize through their leucine zippers to 

form homo and heterodimers that can bind to DNA through the basic domain of the 

proteins. Typically, dimers that are formed between Jun family members are unstable, 

while heterodimers between Jun and Fos family members are more stable and, as a 

result, more transcriptionally active (84-90). Fos family members, however, cannot 

homodimerize, and must form heterodimers with other AP-1 family member proteins 

(86,87,91). Dimerization between AP-1 proteins is essential for AP-1 activity and target 

specificity, and AP-1 dimers bind to specific TPA response elements (TRE; consensus 

sequence: TGACTCA (92,93) or cAMP response elements (CRE; consensus sequence: 

TGACGTCA (87)) within the promoter regions of genes. The composition of AP-1 dimers 

gives them dimer-specific DNA binding site preferences, and helps modulate the 

different genes that are regulated. For example, Jun/Fos dimers preferentially bind to 

TRE sites, while Jun/ATF dimers bind to CRE sites (94). These AP-1 dimers regulate the 

expression of a diverse group of genes involved in cellular processes such as growth and 

proliferation, apoptosis, and the immune response (82,95).  
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1.2.2:  Structure of AP-1 proteins 

AP-1 proteins can vary structurally between family members, although they retain an 

evolutionarily conserved bZIP motif where the basic and leucine zipper domains are 

responsible for DNA binding and dimerization respectively. The leucine zipper facilitates 

the dimerization of AP-1 proteins by forming parallel α-helices to form the coiled-coil 

structure of the AP-1 complex (96,97). Each half of the leucine zipper consists of regions 

containing characteristic heptad repeats with leucine residues in the 4th position to form 

an amphipathic alpha helix with a hydrophobic region on one side, and a hydrophilic 

region on the other (98) (Figure 1.3A). This arrangement of amino acids allows for 

dimerization of the parallel α-helices along the hydrophobic ridge, at leucine residuesto 

form the leucine “zipper” (99) (Figure 1.3B). Additionally, the positively-charged DNA 

binding basic region, positioned N-terminally of the leucine zipper, is composed of 

positively-charged amino acids such as arginine and lysine to mediate the binding to the 

sugar-phosphate backbone of DNA (90,100) (Figure 1.3B). The basic region also contains 

the nuclear localization signal (NLS) to target these proteins to the nucleus in the cell 

following translation (101). In addition, AP-1 transcription factors may also contain 

transactivation domain(s) that contain phosphorylation sites or binding sites for cofactor 

proteins that can regulate their transcriptional activity, or target it for degradation. 

These transactivation domains are typically located on the N-terminal region of Jun 

family members (102,103) (Figure 1.3C) and are more variable in Fos family members 

(104-107). While there are many AP-1 family member proteins, because the main focus 

of this thesis project will be on the JunB transcription factor, the following sections will 

focus mainly on the function and regulation of the JunB transcription factor.  
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Figure 1.3: Structural domains and phosphorylation sites of JunB. 

A. Helical wheel diagram of parallel alpha helices of a leucine zipper. The leucine residue, 
located on the 4th residue (4) of the heptad repeat, interacts with the other leucine 
residue (4’) of the parallel alpha helix. Figure adapted from (108) B. Structure of DNA 
binding domain and leucine zipper of c-Jun and c-Fos bound to DNA (97) generated by 
the PyMol visualization program (109). The c-Jun/c-Fos dimer (orange) interact via 
leucine residues (red) to form the leucine zipper. The c-Jun/c-Fos basic domain binds to 
DNA (green/yellow) at the major groove of the molecule.  C. Major structural domains 
of JunB are as indicated. JunB contains a highly conserved basic leucine zipper (bZIP) 
domain that contains the basic region which functions as a DNA binding domain (DBD), 
nuclear localization signal (NLS), and a leucine zipper that functions as a dimerization 
domain between AP-1 family members. JunB also contain an N-terminal transactivation 
domain (TAD). JunB function is regulated through phosphorylation, and the sites of 
phosphorylation, the kinases responsible for the phosphorylation, and the 
consequences of phosphorylation are indicated above. 
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1.2.3:  JunB 

 JunB is a member of the activator protein-1 (AP-1) family of transcription 

factors, and was identified in 1988 shortly after the discovery of c-Jun (110). JunB is 

similar to c-Jun structurally and contains a bZIP domain in its c-terminal region that 

allows it to form homodimers with itself and form heterodimers with other AP-1 family 

members including members of the Jun, Fos, ATF, or Maf sub-families (81,82). JunB 

differs from c-Jun in the transactivation domain, resulting in a reduced ability to activate 

transcription (103). Indeed, JunB was first described as an antagonist of c-Jun for its 

ability to inhibit c-Jun transcriptional activity and block the transformation of fibroblasts 

by c-Jun (111,112), and was later shown to block the proliferation of the mouse 

fibroblast cell line 3T3 through the activation of the cyclin-dependent kinase inhibitor 

p16(INK4A) (113).  While JunB has long been thought to function as a negative regulator 

of transcription by acting as an antagonist of c-Jun, JunB is not exclusively an antagonist 

of c-Jun, and has also been shown to promote cell cycle progression. For example, JunB 

can promote the expression of cyclin A to relieve a G2/M impairment in mouse 

fibroblasts (114), and is important for cells to reach S-phase, as the injection of 

antibodies that blocked the function of JunB into mouse fibroblast cells was sufficient to 

significantly inhibit DNA synthesis (115). 

JunB has also been found to play important roles in embryogenesis and 

development, as a JunB knockout in mice is embryonically lethal due to vasculature 

defects in embryonic tissue such as the placenta and yolk sack (116).  Additionally, in c-

Jun deficient mice, JunB was observed to rescue the lethal cell proliferation defects 

during development, as the introduction of JunB into these mice rescued developmental 

defects in the heart and liver in a dose-dependent manner (117). JunB also been 
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implicated in playing a role in myeloid cell differentiation as the conditional deletion of 

JunB in murine cells of myeloid lineage resulted in a chronic myeloid leukemia-like 

disorder (118). In addition, JunB is also important in bone development and resorption, 

as mice with a conditional JunB knockout in cells of macrophage-osteoclast lineage were 

born with an osteopetrosis–like disorder with symptoms including increased bone mass 

and osteopenia (119).  

JunB and other AP-1 transcription factors also play an important role in the 

activation of T-lymphocytes. Following the encounter of antigen by a T cell, downstream 

signalling from the T-cell receptor results in the activation of Nuclear Factor of Activated 

T-cells (NFAT) transcription factors from calcium signalling, and AP-1 transcription 

factors from activated PKC signalling to promote the transcription of genes required for 

the immune response, such as the cytokine IL-2 (120-122). More specifically, JunB was 

found to play an important role in the differentiation of a subset of T-cells known as T-

helper cells that play important roles in B-cell antibody class switching and the 

activation of cytotoxic T-lymphocytes (reviewed in (123)). Naïve T-helper cells can 

differentiate into different types of effector cells, including the IL-2 and IFN-γ producing 

Th1 cells involved in cell mediated immune responses; and the IL-4, IL-5, and IL10 

producing Th2 cells that mediate the humoral immune response (124-129).  The 

differentiation of T-helper cells into Th1 and Th2 cells is largely dependent on the 

cytokine environment, with IL-12 promoting Th1 cell differentiation and IL-4 promoting 

Th2 cell differentiation (130-134). JunB is selectively expressed in Th2 cells (132,135-

137), and dimerizes with c-Maf to activate IL-4 expression (132). Overexpression of JunB 

in Th1 cells also resulted in the expression of the Th2 cytokines IL-4, 5, 6 and 10 (132), 

further supporting its role in promoting Th2 cell differentiation.   
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1.2.3.1:  Regulation of JunB 

JunB is typically expressed at low levels in the cell, but its expression can be 

upregulated during cell division and in response to external stimuli that activate MAPK 

signalling pathways, such as cytokines and growth factors (80). In resting cells, JunB 

protein levels increase from a very low basal level to a transient peak at the G0/G1 

transition, before returning to an elevated level due to mitotic signalling such as MAPK 

signalling (138). In actively dividing cells, JunB expression increases as cells proceed 

through S phase, before returning to reduced levels in the G2/M and G1 phases (138).  

Similar to c-Jun, JunB is regulated post-translationally by phosphorylation 

(Figure 1.3C). Unlike c-Jun however, JunB lacks the N-terminal serines present in c-Jun 

(S63 and 73) that are phosphorylated by Jnk (139), which led to the idea that JunB is not 

a JNK target. However, it was later discovered that JunB contains threonines residues 

(T102 and 104; corresponding to T91 and 93 in c-Jun) that are phosphorylated by JNK to 

promote the transcription of the cytokine interleukin 4 (IL-4) in T-helper cells (132,140). 

Additionally, phosphorylation of JunB on serine 79 by p38 MAPK was demonstrated to 

be important for JunB to associate with the p300 transcriptional co-activator in the 

MC3T3-E1 pre-osteoblast cell line (141). Moreover, JunB was found to be 

phosphorylated at serine residue 186 and a threonine residue homologous to threonine 

153 in human JunB by Cdc2-cyclin B1 complexes during mid-/late G2 phase (142). These 

observations were also confirmed in murine JunB at similar sites (143). In both reports, 

these phosphorylation sites were found within consensus phosphorylation sites of cyclin 

dependent kinase (CDK) complexes, and the phosphorylation at these sites destabilizes 

JunB presumably by targeting the protein for proteasomal degradation (142,143).   
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JunB is also regulated by ubiquitylation. One of the more well characterized 

interactions with JunB and E3 ligases involves F-box and WD repeat domain containing 7 

(Fbw7), a member of the SKP1, CUL1 and F-box protein (SCF) type ubiquitin ligase 

complex. Prior to Fbw7 binding, substrates are phosphorylated within a conserved motif 

known as the Cdc4 phospho-degron (CPD) motif by glycogen synthase kinase 3 

(GSK3)(144). In JunB, the phosphorylation of serine 251 and threonine 255 in HeLa cells 

by GSK-3α/β appears to require a priming phosphorylation at serine 259 by an unknown 

kinase (145). Phosphorylation of these sites has been shown to be required for ubiquitin 

mediated degradation, as mutation of these three phosphosites to alanine attenuated 

the ability of the Fbw7 E3 ubiquitin ligase from interacting with and targeting JunB for 

degradation (145). Moreover, the phosphorylation of homologous sites in c-Jun was also 

found to interfere with DNA binding and negatively impact transcription (146). Other E3 

ubiquitin ligases are known to interact with JunB, including homologous to the E6-AP 

Carboxyl Terminus (HECT) type ubiquitin ligases Itch and Smurf1, and really interesting 

new gene (RING) type ubiquitin ligase COP1 (147-150).  

1.2.4:  Role of AP-1 proteins in cancer 

AP-1 transcription factors regulate many genes that are necessary for 

tumorigenesis, and dysregulation of AP-1 activity often results in diseases such as cancer 

(81,82). For example, in a study examining the transformation of chick embryo 

fibroblasts by AP-1 transcription factors, c-Jun was found to promote growth factor 

independence and inducing anchorage-independent growth by forming dimers with 

ATF-2 and c-Fos, respectively (151). Additionally, c-Jun was found to induce the 

transformation of rat embryo fibroblasts when expressed with Ras (152). c-Jun was also 
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found to promote cell motility, tumour formation in mice, and resistance to estrogen in 

the human mammary carcinoma cell line MCF7 (153).  

While c-Jun is often seen as an oncogene, JunB was originally thought to lack 

transforming activity because early studies observed that JunB acted as an inhibitor to 

the transforming activity of c-Jun (111,113). It was also shown that JunB inhibits the 

transformation and proliferation of B-lymphoid cells by increasing the expression of the 

cyclin-dependent kinase inhibitor p16(INK4A) (154). Nevertheless, JunB has been shown 

to promote important signalling events in some lymphomas. For instance, JunB is highly 

expressed in Hodgkin lymphoma (155-157), CD30+ diffuse large B-cell lymphoma (156), 

anaplastic lymphoma kinase-negative, anaplastic large cell lymphoma (ALK– ALCL) (156), 

as well as ALK+ ALCL (155,156). Signalling pathways activated by NPM-ALK, and 

dysregulated GSK3β/Fbw7 function in ALK+ ALCL results in the increased expression and 

accumulation of JunB (79,145,158), which promotes the proliferation (79) and 

expression of proteins that contribute to the phenotypic characteristics of ALK+ ALCL 

including CD30/Ki-1 (159) and Granzyme B (160) (Figure 1.4). More recently, the up-

regulation of c-Jun and JunB by NPM-ALK was found to promote the transcription of 

platelet derived growth factor receptor β (PDGFR-β) to promote the growth and spread 

of the lymphomas in an NPM-ALK transgenic mouse model (161) (Figure 1.4).  
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1.2.5:  Role of Jun family transcription factors in ALK+ ALCL 

One of the consequences of NPM-ALK signalling in ALK+ ALCL is the up-

regulation of AP-1 transcription factor family members. The Jun family transcription 

factors c-Jun and JunB are often found to be highly expressed in CD30+ lymphomas 

including Hodgkin lymphoma, diffuse large B-cell lymphoma, and ALK+ ALCL 

(155,156,162). In ALK+ ALCL, NPM-ALK phosphorylates and activates JNK, which 

subsequently activates c-Jun by phosphorylating its serine 73 residue (78). Serine 73 

phosphorylation is thought to activate c-Jun by recruiting the coactivator CREB binding 

protein (163). c-Jun was demonstrated to play an important role in the proliferation of 

ALK+ ALCL cells as the inhibition of either JNK or c-Jun in ALK+ ALCL cells was found to 

reduce cell growth and induce cell cycle arrest at the G2/M transition through the 

downregulation of cyclin A and upregulation of p21 (78). Nevertheless, a subsequent 

study by Staber et al did not find any proliferation defect following c-Jun knockdown by 

siRNA (79). Staber et al instead suggested JunB as the main AP-1 transcription factor 

involved in the proliferation of ALK+ ALCL cells. 

Activated MEK/ERK signalling in ALK+ ALCL activates the transcription factor 

ETS-1, which then promotes the transcription of JunB (158). Additionally, activated 

mTOR signalling in ALK+ ALCL cells results in the increased translation of JunB by 

targeting JunB mRNA to ribosome-rich polysomes (79). JunB, which is expressed at 

higher levels than c-Jun at the mRNA level in ALK+ ALCL cells (79),  was shown to induce 

the expression of CD30 surface antigen in ALK+ ALCL and other CD30+ lymphomas 

(157,158,164), and also appears to play a role in regulating the cell cycle progression of 

ALK+ ALCL cells as the knockdown of JunB in ALK+ ALCL cells by siRNA resulted in a 

proliferation defect at the G2/M stage (79).  
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Figure 1.4: Role of JunB in ALK+ ALCL 

The expression of JunB is upregulated in ALK+ ALCL cells both transcriptionally and 
translationally. NPM-ALK signalling activates MEK-ERK signalling which activates the 
transcription ETS-1 to promote the transcription of JunB. The upregulation of mTOR by 
both the MEK-ERK and PI3K/Akt pathways results in the increased translation of JunB. 
JunB has been shown to promote the proliferation and certain phenotypic 
characteristics of ALK+ ALCL, including the expression of CD30 and GzB. JunB has also 
been shown to promote the expression of PDGFR-β, which can promote tumor growth 
and spread. 

 



19 
 

1.3:  APOPTOSIS 

1.3.1:  Overview of apoptosis 

Apoptosis, a form of programmed cell death, plays important roles in 

maintaining tissue homeostasis and in the clearance of cancerous and virally-infected 

cells (165). Additionally, aberrant apoptosis contributes the pathology of 

neurodegenerative diseases (166), and dysregulated apoptosis often results in cancer 

(167,168) and autoimmune disorders (169,170).  Apoptosis, a tightly regulated cell 

signalling pathway first characterized in 1972, is initiated by two evolutionarily 

conserved pathways. In the extrinsic pathway, external apoptotic stimuli activate 

members of the TNF family receptors (e.g. Fas and TNFRI/II) to initiate apoptosis, while 

the intrinsic pathway is activated by apoptotic stimuli from within the cell such as DNA 

damaging agents, cytotoxic drugs, or oncogenes (171). Apoptosis is characterized by 

well-defined biochemical and morphological changes in the cell, which result in the 

packaging of cellular contents into apoptotic bodies to be removed by phagocytic cells. 

These changes are largely mediated by aspartic acid-specific, cysteine proteases known 

as caspases, which can be induced by both apoptotic pathways (172).  

1.3.2:  Role of apoptosis 

 Apoptosis plays an important role in the development of multicellular organisms. 

During development, excess cells are removed during the developmental program 

through apoptosis, and apoptosis is important for the development of many 

multicellular organisms (173,174). The importance of apoptosis in animal development 

was first observed in studies of the cellular differentiation and developmental processes 

in the Caenorhabditis elegans (roundworm) model. In C. elegans, a transparent 

nematode roundworm, a number of cells are eliminated during development by a 
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genetically controlled apoptotic cell death program (175). Additional experiments using 

human anti-apoptotic proteins to block apoptosis in C. elegans demonstrated the 

evolutionary conservation of these apoptotic pathways (176).  Indeed, apoptosis is 

involved in all stages of animal development from early embryogenesis to digit 

formation in the developing fetus (177,178). The importance of apoptosis in 

development was demonstrated in chickens embryos, where treatment of the 

developing embyro with caspase inhibitors blocked the removal of the intradigital web 

in the chick footpad (179). Additionally, organ remoulding both during development or 

in response to injury involves apoptotic mechanisms (180). 

 Apoptosis plays additional physiological roles beyond development, and is 

important in maintaining tissue homeostasis throughout the life of the organism. 

Approximately 50-70 billion human cells undergo apoptosis each day (174), and 

apoptosis is essential for the removal of these damaged, dying, or otherwise unwanted 

cells. Apoptosis also plays important roles within the immune system, and is involved in 

regulating the number of immune cells during the negative selection of T-cells, and also 

in the elimination of immune cells following clonal expansion post-infection (181).  

Moreover, during the cell-mediated immune response involving natural killer cells and 

cytotoxic T-lymphocytes (CTLs), virally-infected or cancerous cells are removed by the 

release of cytotoxic granules that initiate apoptosis in the target cells (182,183).  Dead 

and dying cells are rapidly removed in vivo by macrophages and other neighboring 

phagocytic cells in a process known as efferocytosis (184). Apoptotic cells are recognized 

by phagocytic cells for engulfment by the exposure of phosphatidylserine residues on 

the cell surface (185-187). Thus, apoptotic cells are able to be eliminated without 

eliciting an inflammatory response (188-190). 
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1.3.3:  Apoptotic pathways 

1.3.3.1:  Extrinsic apoptotic pathway 

 Apoptotic signalling is a tightly regulated process and can be initiated through 

two main pathways. One of these pathways – the extrinsic pathway – involves signalling 

through cell surface death receptors to activate apoptotic signalling pathways.  These 

cell surface death receptors, characterized by a cysteine-rich extracellular region, and a 

cytoplasmic death domain (DD), are members of the tumor necrosis factor (TNF) 

receptor superfamily (191-194).  The death domain, which is a conserved cytoplasmic 

fold, interacts with other apoptotic proteins (195,196).   

 There are a number of death receptors that have been identified in humans, all 

of which are all members of the TNFR family. The best characterized of these death 

receptors are the Fas receptor (also known as CD95/Apo1), which binds Fas ligand 

(FasL/CD95L/DAXX) (197), and TNF receptor I (TNFR1/p55/CD120a), which binds TNFα 

and lymphotoxin α (191,193,198,199). Other death receptors that have been identified 

include death receptor 3 (DR3/Apo3/TRAMP/WSL-1/LARD), which binds the ligand Apo3 

(Apo3L/TWEAK) (200), and death receptor 4 (DR4) and 5 (Apo2/TRAIL-

R2/TRICK2/KILLER), which binds TNF-related apoptosis-inducing ligand (TRAIL/Apo2L) 

(194,201).  

 Apoptotic signalling in the extrinsic pathway involves ligand binding to the death 

receptors, which subsequently result in the activation of caspase 8 and downstream 

executioner caspases. Following the ligation of FasL to the Fas receptor, Fas receptor 

clusters and undergoes conformational changes which allow the cytoplasmic DD of Fas 

to interact with the DD of the adaptor protein Fas-associating protein with death 

domain (FADD). FADD, which also possesses a death effector domain (DED) in addition 
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to its DD, then interacts with the DED of proenzyme procaspase-8 (202). This multi-

protein complex of FasL, Fas, FADD, and procaspase-8 is known as the death inducing 

signalling complex (DISC), and in this complex, procaspase 8 dimerizes and activates 

itself by the proteolytic cleavage of its pro-domain and the inter-subunit linker between 

the large and small subunits. The activated caspase 8 can then activate downstream 

executioner caspases such as caspase 3, 6 and 7 to trigger apoptosis (Figure 1.5).  

Similar to Fas/FasL signalling, the binding of TRAIL to DR4 and DR5 receptors 

result in downstream signalling that results in the formation of a DISC with the same 

protein components (203-205). Unlike Fas-mediated apoptosis, however, TRAIL appears 

to only induce apoptosis in cancer cells, as DR4 and DR5 receptors were found to be 

expressed at higher levels on tumour cells relative to normal cells. In addition, it was 

shown that normal cells express a number of decoy receptors that can bind to TRAIL. 

These receptors, which include decoy receptor 1 (DcR1/TRAIL receptor without 

intracellular domain (TRID)), decoy receptor 2 (DcR2), and osteoprotegerin (OPG) either 

lack a cytoplasmic domain (DcR1 and OPG), or have a truncated death domain (DcR2) to 

block apoptotic signalling following TRAIL binding (206-208). The expression of decoy 

receptors on healthy cells led to the idea that these cells are protected from TRAIL-

mediated apoptosis, and suggests that the TRAIL pathway may be a possible target for 

anti-cancer therapy.  

 TNFα is typically produced by activated macrophages and T-cells following 

infection, and normally results in the induction of pro-inflammatory genes, although 

TNFα can also induce apoptosis (209). Previous studies have shown that signalling 

through the TNFR1 is not exclusively apoptotic and is thought to occur in two multi-

protein complexes following TNFα binding (210). Complex I, which promotes the 
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activation of the NF-κB and MAPK pathways leading to cell survival and the 

inflammatory response, is a membrane bound complex made up of the TNFR-associated 

DD protein (TRADD), TNFR associated factors 2 and 6 (TRAF2 and TRAF6), the receptor 

interacting protein kinase (RIP1) and the cellular inhibitor of apoptosis protein 1 and 2 

(cIAP1 and cIAP2) (211). Complex II, which is thought to promote apoptosis, contains 

TRADD, FADD, caspase 8, and caspase 10. The recruitment of procaspase 8 by FADD can 

result in the activation of procaspase 8 through dimerization and/or auto-proteolytic 

cleavage to result in the subsequent cleavage of downstream executioner caspases to 

trigger apoptosis (212). Whether signalling through the TNFR results in survival or cell 

death is a balance of the pro-survival and pro-apoptotic signals from each complex. 

While NF-κB activation typically suppresses apoptotic signalling, it is thought that other 

apoptotic signals (such as Fas signalling) can inhibit NF-κB to swing the balance towards 

apoptotic cell death (209,213). 

1.3.3.2:  Intrinsic apoptotic pathway 

 The second apoptotic signalling pathway – the intrinsic pathway – is initiated by 

intracellular stresses rather than external signals. These cellular stresses, such as 

ultraviolet radiation, aberrant growth signals, DNA damaging agents and cytotoxic drugs, 

can activate signalling that result in apoptosis (214). One of the ways this occurs is 

through the activation of tumor suppressor genes such as p53 – a transcription factor 

that can initiate DNA repair, cell cycle arrest and apoptosis (215). In healthy cells, p53 

expression levels are kept at a low level through the interaction with its negative 

regulator MDM2, an E3 ubiquitin ligase which targets it for proteasomal degradation 

(216-218). In response to a variety of stress stimuli however, p53 becomes 

phosphorylated and dissociates from MDM2, resulting in its stabilization and 
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accumulation in the cell (219). p53 is then able to induce the expression of genes 

involved in DNA repair, cell-cycle arrest, and apoptosis. These genes include both TNF 

and Fas receptors, and pro-apoptotic proteins belonging to the Bcl-2 family including 

BAX, Noxa and Puma, which are a part of the intrinsic apoptotic pathway (220). 

 In mammalian cells, the Bcl-2 protein family is made up of approximately 25 

members that are either anti-apoptotic or pro-apoptotic regulators, and is characterized 

by the presence of one to four Bcl-2 homology (BH) domains (221) (Figure 1.6). Anti-

apoptotic members of the Bcl-2 family, such as Bcl-2, Bcl-XL, Bcl-w, Mcl-1 and A1 

contain four BH domains (BH1, BH2, BH3, and BH4). Pro-apoptotic members of the Bcl-2 

family may contain one BH domain (BH3-only), like Bim, Bik, Noxa, Puma, HRK, Bid, Bad, 

Bmf; or multiple BH domains (BH1, BH2, and BH3), such as Bak, Bax, and Bok (reviewed 

in (222)). Bcl-2 family members are able to regulate apoptotic signalling by controlling 

mitochondrial outer membrane permeability (MOMP) (223). MOMP, which is largely 

mediated by the pro-apoptotic Bcl-2 members Bax and Bak, is typically inhibited by the 

interaction of Bax and Bak with anti-apoptotic members of the Bcl-2 family (224).  

However, during the initiation of apoptosis, the BH3-only proteins relay pro-apoptotic 

signalling to the mitochondria by disrupting the interaction of Bax and Bak with the anti-

apoptotic Bcl-2 family members (reviewed in (221,225)). Subsequently, the pro-

apoptotic Bcl-2 members Bax and Bak can then translocate to the outer mitochondrial 

membrane and alter its permeability and integrity, which activates the mitochondrial 

permeability transition pore, and results in the release of the mitochondrial protein 

cytochrome c (226). The exception to this, however, is the BH3-only protein Bid, which 

can indirectly induce MOMP by interfering with Bax and Bak’s interaction with anti-

apoptotic Bcl-2 family members after translocating to the mitochondria following a 
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conformational change after cleavage by activated caspase 8 (227-229). The ability of 

caspase 8 to induce MOMP and the subsequent release of cytochrome c through Bid 

represents a point of crosstalk between the extrinsic and intrinsic apoptotic pathways – 

in that extracellular cues can engage the intrinsic apoptotic pathway. 

 Cytochrome c, a protein normally found inside the mitochondria, is able to 

interact with apoptotic protease activating factor-1 (Apaf-1) once it is released into the 

cytoplasm following MOMP (230). Apaf-1 consists of an N-terminal caspase recruitment 

domain (CARD), a central nucleotide oligomerization domain (NOD/NACHT), and C-

terminal WD40 repeats that can bind cytochrome c (231,232). The WD40 repeats of 

Apaf-1, in the absence of cytochrome c, are thought to interact with the CARD domain 

to keep Apaf-1 in an inactive state.  Upon cytochrome c binding to the WD40 repeats, a 

conformational change occurs to uncover the NOD domain of Apaf-1 to allow it to 

heptamerize to form a wheel-shaped platform which can recruit procaspase-9 through 

its CARD domains (233,234). This Apaf-1/cytochrome c/procaspase 9 complex is known 

as the apoptosome (Figure 1.7), and it is here that the dimerization of procaspase-9 

results in its auto-activation, and subsequently the downstream activation of 

executioner caspases, such as caspases 3 and 7. 

 Another way that apoptotic pathways become activated is through cell-

mediated killing by cytotoxic T-lymphocytes (CTLs) and natural killer (NK) cells. CTLs and 

NK cells are a part of the immune system that can kill infected cells (182,183). Apoptosis 

can be triggered through the engagement of both the extrinsic and intrinsic apoptotic 

pathways – through the binding of FasL to the Fas receptor on the target cell to activate 

the extrinsic pathway, or the release of cytotoxic granules that can activate the intrinsic 

apoptotic pathway of the target cell. CTLs and NK cells release cytotoxic granules that 
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contain the serine proteases granzyme A and B, and the membrane disrupting protein 

perforin, that function synergistically to induce apoptotic cell death in the target cell 

(235). Granzyme B has been shown to cleave similar substrates as caspases (236), and 

has also been shown to cleave and activate the executioner caspase, caspase 3, to 

induce apoptosis (237,238). Granzyme B can also induce apoptosis by the cleavage of 

Bid to induce cytochrome c release, which subsequently activates the intrinsic apoptosis 

pathway (239-241). 
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Figure 1.5: The extrinsic apoptotic pathway. 

Activation of the Fas receptor represents one of the ways of activating the extrinsic 
apoptotic pathway. The binding of Fas ligand to the Fas receptor induces a 
conformational change that allows the recruitment of FADD through their death 
domains (DD). FADD then subsequently recruits caspase 8 through the interactions 
between death effector domains (DED) to form the death inducing signalling complex 
(DISC). Caspase 8 is then activated and can then cleave and activate executioner 
caspases to lead to apoptotic cell death. 
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Figure 1.6: Members of the Bcl-2 family of proteins. 

Mammalian Bcl-2 family members are either anti-apoptotic or pro-apoptotic. Anti-
apoptotic Bcl-2 family members contain Bcl-2 homology (BH) domains 1-4 and, with the 
exception of A1, contain a C-terminal transmembrane domain. Pro-apoptotic members 
of the Bcl-2 family are further subdivided into multi-domain members, which contain 
BH1-3 domains, or BH3-only members. Pro-apoptotic Bcl-2 family members may also 
contain a C-terminal transmembrane domain, with the exception of Bid, Bad, and Bmf. 
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Figure 1.7: The intrinsic apoptotic pathway. 

Intracellular stresses lead to the release of cytochrome c from the mitochondria by Bcl-2 
family members Bak and Bax. In the cytoplasm, cytochrome C interacts with the WD40 
domains of Apaf-1 to cause a conformational change to allow it to interact with caspase 
9 via caspase recruitment domains (CARD). Apaf-1 then oligomerizes through its NOD 
domain to form a protein complex known as the apoptosome. Caspase 9 is activated in 
the apoptosome and subsequently activates executioner caspases – which eventually 
results in apoptotic cell death. 
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1.3.4:  Types of caspases in humans 

Twelve caspases have been identified so far in humans, and they are classified 

based on function and conserved protein domains (172,242-244) (Figure 1.8). While the 

majority of caspases that have been identified play a role in apoptosis (caspases 2, 3, 6, 

7, 8, 9, 10), a small subset play a role in the inflammatory response (caspases 1, 4, 5 and 

12). Apoptotic caspases can be subdivided into caspases involved in the initiation of 

apoptosis (apical caspases – 2, 8, 9 and 10) and downstream effector caspases 

(executioner caspases – 3, 6, and 7). Once activated, apical caspases cleave and activate 

the executioner caspases, which then proceeds to cleave various protein substrates to 

result in apoptotic cell death. Caspase 14 does not appear to be involved in either 

apoptosis or inflammation, and has been found to be involved in keratinocyte 

differentiation and the maintenance of skin cell integrity (245).  

1.3.5:  Apical caspases 

 The activation of the initiator/apical caspases (caspase 2, 8, 9 and 10) are 

important steps in both the intrinsic and extrinsic apoptotic pathways. Caspases 2 and 9 

are activated in the intrinsic pathway, while caspases 8 and 10 are activated in the 

extrinsic pathway (244). Apical caspases are characterized by a long N-terminal pro-

domain containing CARD and DED that allow for their recruitment to large, multi-protein 

complexes (243). In both apoptotic pathways, apical caspases dimerize as a part of these 

protein complexes to become activated. Following activation, apical caspases cleave and 

activate the executioner caspases 3, 6, and 7 to trigger apoptosis. 

 In the extrinsic pathway, death receptor signalling results in the activation of 

caspase 8 and 10 at the DISC. The oligomerization of the procaspases at the DISC is 

essential for the formation of active caspase dimers. It was originally thought that these 
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caspases had low intrinsic activity while in the procaspase form, and the cleavage of the 

pro-domain at the DISC during activation resulted in substantially increased enzymatic 

activity (246). However, more recent work has shown that the oligomerization of the 

caspases is the actual activation mechanism, and that the cleavage of the pro-domain 

simply stabilizes the dimeric caspase complex (212,247).   

 In the intrinsic pathway, caspase 9 is the primary apical caspase that is activated, 

and is activated in the apoptosome following cytochrome c release. The mechanism of 

the activation of procaspase 9 in the apoptosome is still not fully elucidated and is the 

subject of debate. While the monomeric form of procaspase 9 was originally suggested 

to be allosterically activated by Apaf-1 (248-250), more recent studies have shown that 

the direct dimerization of procaspase 9 is required for its activation by Apaf-1 (251). 

Once activated, caspase 9 cleaves procaspases 3, 6, and 7 to trigger apoptosis.  

 Caspase 2 is also involved in the intrinsic apoptotic pathway, although not in the 

canonical pathway involving the apoptosome. Caspase 2 has been observed to be 

activated following DNA damage, neurotrophic factor depletion during development, 

and beta amyloid toxicity in Alzheimer’s disease (252,253). Caspase 2 contains an N-

terminal CARD domain similar to caspase 9, and is recruited to the PIDDosome, a multi-

protein complex thought to be capable of generating pro-apoptotic signals through 

caspase 2 activation (254). The PIDDosome is made up of the CARD and DD domain 

containing adaptor protein, RIP associated Ich-1/CED homologous protein with death 

domain (RAIDD), and p53 induced protein with a death domain (PIDD). The PIDDosome 

activates caspase 2 by an autocatalytic cleavage of the caspase, leading to apoptotic cell 

death (254-256). The PIDDosome also generates pro-survival signals through the 

activation of NF-κB, by forming an alternate complex with RIP1 and PIDD instead of 
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RAIDD (257). The differentiation between pro-apoptotic signalling and pro-survival 

signalling by the PIDDosome is largely based on the phosphorylation of PIDD at T788 by 

ATM, where phosphorylated PIDD can trigger apoptotic cell death, and un-

phosphorylated PIDD can promote cell survival (258,259). Caspase 2 therefore appears 

to play a specialized role within the intrinsic apoptotic pathway in response to stimuli 

such as genotoxic stress. Nevertheless, caspase 2 has also been implicated in non-

apoptotic roles such as DNA repair, ER stress, and the heat shock response, and suggest 

additional roles aside from cell death (260). 

1.3.6:  Executioner caspases 

 The extrinsic and intrinsic apoptotic pathways converge at the activation of the 

executioner caspases 3, 6, and 7. Structurally, the executioner caspases are 

characterized by a short N-terminal pro-domain (243), and do not associate with the 

multi-protein activation complexes. Executioner caspases are known to be cleaved by 

caspases 8, 9, 10, and also Granzyme B (261,262). Executioner caspases are activated 

when cleaved in the inter-domain linker region between the large and small subunits 

(263,264). Indeed, following cleavage by caspase 8, the catalytic activity of caspase 3 

was found to be increased by over 10,000 times (262). In its procaspase form, the 

uncleaved linker region resides in the central cavity of the caspase and results in the 

misalignment of the substrate binding loops (263-266). Even following the activation of 

caspases 3 and 7, the active site does not become properly aligned until substrate 

binding (263,267). These findings suggest that the binding of substrate may be an 

additional component of executioner caspase activation.  
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Figure 1.8: Structural domains of human caspases. 

All caspases contain large and small catalytic subunits (LS/SS) and are grouped according 
to function. Caspases are involved in inflammation (inflammatory caspases 1, 4, 5, and 
12), apoptosis (apical caspases 2, 8, 9, 10 and executioner caspases 3, 6, and 7), or in 
keratinocyte differentiation (caspase 14). Caspases also differ in the structural domains 
of their N-terminal pro-domain. The inflammatory caspases and the apical caspases 
involved in the intrinsic apoptotic pathway contain caspase recruitment domains (CARD), 
while the apical caspases involved in the extrinsic apoptotic pathway contain death 
effector domains (DED). All other caspases contain short N-terminal pro-domains. 
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Figure 1.9: Caspase activation and substrate cleavage. 

 (A) Activation of executioner caspases and the apical caspase 8 requires cleavage 
between the large and small catalytic subunits and/or the N-terminal pro-domain. The 
large and small subunits oligomerize to form a complex with two active sites between 
the catalytic subunits. Caspase 9 is activated through the dimerization of the large and 
small catalytic subunit to form two active sites. The caspase recruitment domain (CARD) 
of one caspase 9 molecule then binds to Apaf-1 to form an apoptosome complex that 
stabilizes the caspase dimer. (B) Simple schematic diagram of the caspase active site. 
The protein substrate (light gray), is cleaved between the P1 and P1’ residues. The 
amino acids N-terminal to the cleavage site are indicated as P1, P2, P3, and so on while 
the amino acids C-terminal to the cleavage site are indicated as P1’, P2’ P3’ and so on. 
The corresponding binding sites within the caspase binding site are indicated as S1, S2, 
or S1’ and S2’ (figure adapted from (268)). 
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1.3.7:  Caspase structure and catalytic activity 

 Caspases belong to the CD clan (containing the catalytic dyad histidine followed 

by cysteine) of cysteine proteases, and is further categorized into the C14 (caspase 

domain containing) peptidase family (269). Structurally, caspases typically contain large 

and small catalytic subunits on the C-terminal end of the protein, with the pro-domain 

making up the N-terminal end of the protein. Typically, pro-domains are regulatory 

domains containing CARD or DED domains, or simply a short N-terminal peptide 

extension, and are cleaved during caspase activation (243). The procaspase molecule, 

which contains both the large and small catalytic subunits, is enzymatically inactive. 

When activated however, caspases form dimers containing two catalytic units – each 

with its own large and small subunit – at either ends of the molecule (270,271) (Figure 

1.9A).   

The amino acid residues of caspase substrate proteins N-terminal of the cleaved 

peptide bond are named P1, P2, and so forth, while residues C-terminal of the cleaved 

peptide bond are named P1’, P2’, and so on (272).  Similarly, the active site of caspases 

contain a large pocket that accommodates the P4-P1 residues, and the specific binding 

sites within the pocket are named S1-S4, with the S1 binding the P1 residue, and S2-S4 

binding the P2-P4 residues (Figure 1.9B). The catalytic mechanism of caspases has been 

reviewed extensively (273), but briefly, within the active site, caspases contain a 

catalytic dyad consisting of histidine and cysteine residues which are required for the 

hydrolysis of the peptide bond. To hydrolyze the peptide bond, the thiol group of the 

catalytic cysteine undergoes de-protonation by the adjacent histidine’s basic side chain, 

which then results in the nucleophilic attack on the P1 aspartic acid residue’s carbonyl 

carbon by the anionic sulphur on the deprotonated cysteine. As a result, the portion of 



36 
 

the substrate C-terminal to the cleavage site (beginning with P1’) is released as a 

fragment, the histidine residue is restored to a deprotonated form, and an intermediate 

thioester is formed between the catalytic cysteine and the substrate’s new carboxy 

terminus. The thioester bond is then hydrolyzed to generate the c-terminal end of the 

cleaved substrate, and also to regenerate the caspase enzyme.  

With very few exceptions, such as the Drosophila caspase DRONC which cleaves 

glutamate residues (274) or caspase 5 which cleaves the Max transcription factor at a 

glutamate residue (275), caspases cleave the peptide bond following an aspartic acid 

residue and therefore have a very strict specificity for aspartic acid for the P1 position 

(236,276-278). In addition, caspases prefer small residues such as glycine, alanine and 

serine for the P1’ position (276,277). Previous studies have looked at the substrate 

profiles of caspases by generating libraries of labelled peptides and looking at its 

cleavage efficiency by caspases. Experiments using these libraries – also known as 

positional scanning synthetic combinatorial libraries (PS-SCL), were able to reveal trends 

in the P4-P2 specificity of caspases (236,278). For example, at the P4 position, 

executioner caspases prefer an aspartic acid residue, while apical caspases prefer 

leucine or valine residues, and inflammatory caspases prefer tyrosine and tryptophan 

(236,278).  Not much is known in terms of in-vivo caspase substrate specificities, 

although inferences made from natural caspase substrates suggests that most cuts 

occur in loop regions, although they can also occur in alpha helices and beta sheets 

(276). Additionally, it has also been speculated that substrate recognition in-vivo may 

also involve an exosite – a site distant from the caspase cleavage site that makes contact 

with the caspase enzyme. A crystal structure of a the caspase substrate p35 (a viral 

caspase inhibitor) bound by caspase 8 showed contacts outside of the active site, 
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although this may be due to p35 functioning as a caspase inhibitor (279). It was also 

found that proteins are more likely to be cleaved by caspases when in complex with 

another caspase substrate (276), suggesting potential caspase substrate specificity 

through quaternary structure. 

1.3.8:  Caspase substrates and consequences of caspase cleavage 

During apoptosis, cells undergo a number of well characterized morphological 

and biochemical changes (280). These changes, which include cell shrinkage, chromatin 

condensation, breakdown of the nucleus, membrane blebbing, DNA cleavage, and the 

formation of apoptotic bodies (reviewed in (281)), are largely mediated by caspases. 

Following activation, executioner caspases cleave a number of protein substrates in the 

cell, of which over 700 have been identified so far (282). These include a number of 

well–characterized substrates such as nuclear lamins (283-285), inhibitor of caspase-

activated DNAse (ICAD) (286-288), and poly ADP ribose polymerase (PARP) (289-291). 

Cleavage of these substrates is largely responsible for the phenotypic changes 

associated with apoptosis, and the study of the consequences of caspase cleavage has 

been important for understanding cell death and other cellular processes.  For example, 

it has been shown that during apoptosis, the cleavage of nuclear lamins is important for 

chromatin condensation and shrinkage of the nucleus (292). Additionally, the cleavage 

of ICAD relieves the inhibition of caspase-activated DNAse (CAD), which can then cleave 

genomic DNA into a characteristic DNA ladder (286-288). Many other proteins have also 

been observed to be cleaved by caspases, and these include proteins involved in almost 

all aspects of the cell (282,293). The cleavage of these proteins can result in either a gain 

or loss of function, and may also result in changes in cellular localization that may be 

important for the progression of apoptosis. It is also likely that some caspase substrates 
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are merely bystanders that become cleaved inadvertently during apoptosis. 

Nevertheless, the cumulative effect of the cleavage of caspase substrates results in an 

irreversible shutdown of cellular processes and dismantling of the cell that ultimately 

results in apoptotic cell death (282,293). 

1.3.9:  Inflammatory caspases and the inflammasome 

 Aside from cell death, some caspases play an important role in inflammation. 

Indeed the first caspase identified in mammals, caspase 1, was found to be involved in 

processing of IL-1β (294). Termed the inflammatory caspases because their known 

cleavage substrates are typically cytokines, these caspases (caspases 1, 4, 5, and 12) are 

structurally similar to caspase 9 and have an N-terminal CARD domain. The activation of 

inflammatory caspases also occur in a multi-protein complex known as the 

inflammasome, typically consisting of the adaptor protein apoptosis-associated speck-

like protein containing a CARD (ASC or PYCARD), the NOD-like receptor, and caspase 1 

and/or 5 (295,296)(Figure 1.10).  

The innate immune system recognizes pathogen-associated molecular patterns 

(PAMPs) with a number of extracellular pattern recognition receptors (PRRs) such as 

Toll-like and C-type lectin receptors (TLRs and CLRs), and intracellular PRRs such as Nod-

like and RIG-I like receptors (NLRs and RLRs) (297-302). Central to the formation of the 

inflammasome are NLRs, which are proteins that contain C-terminal leucine rich repeats 

(LRRs) that functions as sensors of PAMPs, a nucleotide oligomerization domain 

(NOD/NACHT), and additional CARD or Pyrin domains that can interact with other 

proteins (296,303,304). Upon the activation of PRRs, members of the NLR family 

assemble and oligomerize through the NOD domain, and subsequently recruit ASC to 

the protein complex through their pyrin domains. Inflammatory caspases are recruited 
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to the inflammasome either through CARD domains present in some NLRs or through 

the CARD domain of the adaptor protein ASC (305). Recruitment of procaspase 1 to the 

inflammasome results in its activation due to autocatalytic cleavage, and results in a 

number of cleaved, active caspase 1 dimers consisting of the large and small subunits 

(306). The activated caspase 1 then proceeds to cleave a number of protein substrates, 

including the cleavage of pro-IL-1β to IL-1β, cleavage of pro-IL-18 to IL-18 to activate T-

lymphocytes and NK cells (295,307). The other inflammatory caspases are less well 

characterized, although it is thought that human caspases 4 and 5 arose from a gene 

duplication event from the mouse caspase 11 (296). Caspase 5 has been shown to be 

recruited to the inflammasome – suggesting that it may have similar functions as 

caspase 1 (295). Caspase 4 and 12 have also been implicated in the ER stress response, 

although their exact roles are not entirely known (308). Moreover, caspase 12 has also 

been suggested to be an antagonist of caspase 1 (309). 
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Figure 1.10: The Inflammasome.  

Leucine rich repeats (LRR) of Nod-like receptors (NLR) can detect activation signals that 
lead to the formation of the inflammasome. The core structure of the inflammasome is 
made up of NLRs, which recruit the adaptor protein ASC through their pyrin domains 
(PYD). ASC can then recruit inflammatory caspases such as caspase 1 through their 
caspase recruit domain (CARD). This complex oligomerizes to form the inflammasome 
complex, which then cleaves and activates IL-1β and IL-18 to mediate the inflammatory 
response. 
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1.3.10:  Role of AP-1 proteins in apoptosis 

Many transcription factors play important roles in apoptosis, although the role 

of AP-1 proteins can be either pro- or anti-apoptotic depending on cellular context. c-

Jun has been shown to promote apoptosis through the p53 and TNF-α pathways (82), 

and the inhibition of c-Jun or the expression of a c-Jun dominant mutant induces 

apoptosis in neuronal cells (310-312). The expression of a phosphorylation mutant of 

serines 63 and 73 to alanines in c-Jun was also able to protect neuronal cells from 

apoptosis (313). However, c-Jun was found to protect mouse hepatocytes from 

apoptosis during development and mouse fibroblasts that lacked c-Jun were more 

sensitive to apoptosis (314).  

Similarly, the role of JunB in apoptosis is not clearly defined. There is evidence 

to suggest that JunB can be either a pro-apoptotic or an anti-apoptotic factor.  JunB has 

been shown to inhibit cytokine-induced apoptosis by inhibiting ER stress in a pancreatic 

beta cell line (315), yet it has also been shown to promote apoptosis in HeLa cells by 

inhibiting pro-survival autophagy (316).  

1.3.10.1:  Apoptosis in ALK+ ALCL cells 

The dysregulation of apoptotic pathways in cancer cells is a common occurrence 

and ALK+ ALCL does not appear to be an exception. Activated PI3K-Akt signalling results 

in the phosphorylation and subsequent inhibition of the pro-apoptotic Bcl-2 family 

member Bad to release the inhibition on the anti-apoptotic proteins Bcl-2 and Bcl-XL to 

promote the survival of ALK+ ALCL cells (317,318). Nevertheless, despite high expression 

levels of the anti-apoptotic proteins Bcl-2 and BAX in ALK+ ALCL samples, it was also 

found that the basal apoptosis rate of ALK+ ALCL cells were higher than that of ALK- 

ALCL tumors (319). In addition, the amount of activated caspase 3 was also greater in 
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ALK+ ALCL tumors (320). It has been suggested that the ability of ALK+ ALCL cells to 

undergo apoptosis readily explains its responsiveness to chemotherapy involving 

apoptosis inducing agents, and that it is likely caspase 9 and the intrinsic apoptotic 

pathway that is involved in the apoptosis of ALK+ ALCL cells in response to 

chemotherapy treatment (321). 
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1.4:  THESIS OBJECTIVES 

1.4.1:  Rationale 

 Since JunB appeared to be play a major role in promoting the proliferation of 

ALK+ ALCL cells, previous work performed in our laboratory looked at whether or not 

JunB also played other roles in ALK+ ALCL pathogenesis. While performing experiments 

to see if JunB played a role in protecting ALK+ ALCL cells from apoptosis, an interesting 

observation was made in that we noticed that the electrophoretic mobility of JunB 

underwent changes as the cells underwent apoptosis. This cleavage was not observed 

when either JunB expression was knocked down with siRNA or when cells were treated 

with the general caspase inhibitor Z-VAD-FMK (unpublished results, J. D. Pearson and R. 

J. Ingham) – indicating that this is likely a JunB cleavage product, and that this cleavage 

was likely caspase dependent. These observations led us to hypothesize that JunB may 

be a novel caspase substrate – a potentially significant finding as JunB has not been 

previously described as a caspase substrate. Understanding the role of the caspase 

cleavage of JunB in its regulation and function was the main goal of my thesis. 

1.4.2:  Objectives 

The overall goal of this study was to examine whether JunB is cleaved by 

caspases, and whether the cleavage modulates the activity of JunB. Our preliminary 

findings suggest that JunB may be cleaved as ALK+ ALCL cells undergo apoptosis.  

 
The specific aims of this study were: 

1. Characterize the cleavage of JunB and determine if caspases are responsible for 

the cleavage. 

2. Identify the cleavage site(s) of JunB, and determine what cleavage fragments 

are formed.  

3. Determine whether the cleaved JunB fragments have a functional role. 
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CHAPTER 2:      MATERIALS AND METHODS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A portion of this chapter has been submitted for publication: 

Lee JK, Pearson JD, Maser BM, and Ingham RJ. 2013. Cleavage of the JunB transcription 
factor by caspases generates a carboxy-terminal fragment that inhibits activator 
protein-1 transcriptional activity. Journal of Biological Chemistry. [undergoing revision]. 
Some methods described in this chapter were from experiments performed by J. 
Pearson. The original manuscript was written by J. Lee, J. Pearson, and Dr. R. Ingham. 
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2.1:  CELL LINES 

The cell lines used in this study are listed in Table 2.1. The ALK+ ALCL cell lines 

(Karpas 299 and SUP-M2) and Hodgkin lymphoma cell lines (KM-H2 and L428) were gifts 

from Dr. Raymond Lai (University of Alberta), the BJAB and Jurkat-TAg cell lines were 

gifts from Dr. Tony Pawson (University of Toronto), and the Jurkat and DG75 cell line 

was purchased from the ATCC (Manassas, VA). The ALK+ ALCL cell lines (Karpas 299 and 

SUP-M2), Jurkat, Jurkat-TAg, Burkitt lymphoma cell lines (BJAB and DG75), and Hodgkin 

lymphoma cell lines (L428 and KM-H2) were cultured in Roswell Park Memorial Institute 

(RPMI) 1640 media (GIBCO; Carlsbad, CA) supplemented with 10% heat-inactivated FBS 

(PAA; Etobicoke, ON, Canada), 1 mM sodium pyruvate (Sigma-Aldrich; St Louis, MO), 2 

mM L-glutamine (Invitrogen; Carlsbad, CA), and 50 µM 2-mercaptoethanol (BioShop; 

Burlington, ON, Canada). The Hodgkin lymphoma cell lines (KM-H2 and L428) were 

cultured in media as described above except supplemented with 20% heat-inactivated 

FBS. The Epstein Barr Virus-transformed T cell line SIS (322) was cultured in a similar 10% 

FBS supplemented, RPMI media, except for the addition of 20 U/µl of recombinant 

human interleukin-2 (IL-2) (Sigma-Aldrich). All cells were incubated at 37°C in a 5% CO2 

atmosphere.  
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Table 2.1: Cell lines used in this study. 

Cell Line Cell Type Cell Line Characteristics Source 
BJAB B-lymphocyte Burkitt lymphoma, 

established from tumour of 
African case of Burkitt 
lymphoma. 

(323), 
Anthony 
Pawson 

DG75 B-lymphocyte Burkitt lymphoma, 
established from pleural 
effusion of 10-year-old male.  

(324), 
ATCC 

Jurkat T-lymphocyte Acute T cell leukemia, 
established from peripheral 
blood of 14-year-old male. 

(325), 
ATCC 

Jurkat-TAg T-lymphocyte Acute T cell leukemia; stably 
transfected with adenovirus 
large-T antigen 

(326), 
Anthony 
Pawson 

Karpas 299 T-lymphocyte ALK+ ALCL, established from 
blast cells in peripheral blood 
of 25-year-old male. 

(327), 
Raymond 
Lai 

KM-H2 B-lymphocyte Hodgkin lymphoma, cultured 
Reed-Sternberg cells from 
pleural effusion of 32-year-
old male. 

(328), 
Raymond 
Lai 

L428 B-lymphocyte Hodgkin lymphoma, cultured 
Reed-Sternberg cells from 
pleural effusion of 37-year-
old female. 

(329), 
Raymond 
Lai 

SIS T-lymphocyte EBV-positive cell line 
established from peripheral 
blood of 1-year-old male. 

(322) 

SUP-M2 T-lymphocyte ALK+ ALCL, established from 
cerebrospinal fluid from 5-
year-old female. 

(330), 
Raymond 
Lai 
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2.2:  DNA METHODS 

2.2.1:  Polymerase chain reaction 

Polymerase chain reaction (PCR) experiments were carried out in 50µl reaction 

volumes containing 1x Pfu buffer (Fermentas), 0.8 mM deoxynucleotide triphosphates 

(dNTPs) mix (Fermentas), 4 mM MgSO4, 0.3 µM forward and reverse primers (Table 2.2) 

(IDT; Coralville, IA), and 0.5 U/µL of Pfu polymerase (Fermentas). Each reaction used 50 

ng of plasmid DNA as template. The primers that were used are listed in Table 2.2. PCR 

reactions were carried out using either a PTC-100 Peltier thermal cycler (Bio-Rad; 

Hercules, CA) or a Biometra T-gradient thermal cycler (Biometra; Goettingen Germany). 

The typical PCR cycling parameters used for amplifying JunB were an initial denaturing 

step at 95°C for 5 min followed by 35 cycles of denaturing at 95°C for 40 seconds, 

annealing at 57°C for 40 seconds, and extension at 72°C for 3 min. A final extension step 

was carried out at 72°C for 5 min, followed by an indefinite hold at 4°C.  

2.2.2:  Agarose gel electrophoresis and gel extraction 

PCR products, and restriction endonuclease digested DNA were resolved on 1% 

weight/volume (w/v) agarose (Invitrogen) gels prepared  in 1x TAE buffer (40 mM Tris-

acetate, 1 mM EDTA) with 1:10,000 SYBR Safe DNA gel stain (Invitrogen). Six times 

loading dye (Fermentas; Burlington, ON, Canaada) was added to samples before they 

were run on gels. The agarose gels were typically run at 140 V constant voltage for 30 

min, and bands were then visualized using the Bio-Rad XR+ gel doc system. 
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Table 2.2: Oligonucleotides used in this study. 

Name Sequence (5’ → 3’) Restriction 
Site* 

Description Source 

JunB 5’  TTT TTT GAA TTC 
TGC ACT AAA ATG 
GAA 

EcoRI Used to generate JunB for 
cloning into pcDNA3.1a-
Myc-JunB vector following 
NT Myc tag. 

IDT 

JunB 3’  TTT TTT GGT ACC 
TCA GAA GGC GTG 
TCC 

KpnI Used to generate JunB for 
cloning into pcDNA3.1a 
vector. 

IDT 

JunB 
(S251/T25
5/S259A) – 
5’ 

GAG GCG CGC GCC 
CGG GAC GCC GCG 
CCG CCG GTG GCC 
CCC ATC 

N/A Used to mutate serine 
residues 251 and 259, and 
threonine residue 255 to 
alanine to generate JunB 
phosphorylation mutant. 

IDT 

JunB 
(S251/T25
5/S259A) – 
3’ 
 

GAT GGG GGC CAC 
CGG CGG CGC GGC 
GTC CCG GGC GCG 
CGC CTC 

N/A IDT 

JunB 
(D137/144
/145A)  – 
5’ 

GGC TTC GCC GGC 
TTT GTC AAA GCC 
CTG GCC GCT CTG 
GCC GCT CTG CAC 
AAG 

N/A Used to mutate aspartic 
acid residues 137, 144, and 
145 to alanine to generate 
JunB mutant. 

IDT 

JunB 
(D137/144
/145A)  – 
3’ 
 

CTT GTG CAG AGC 
GGC CAG GGC TTT 
GAC AAA GCC GGC 
GGC GAA GCC 

N/A IDT 

JunB 
(D144/145
A)  – 5’ 

GGC TCC GCC GAC 
GGC TTT GTC AAA 
GCC CTG GCC GCT 
CTG CAC AAG 

N/A Used to mutate aspartic 
acid residues 144 and 145 
to alanine to generate JunB 
mutant. 

IDT 

JunB 
(D144/145
A)  - 3’ 
 
 

CTT GTG CAG AGC 
GGC CAG GGC TTT 
GAC AAA GCC GTC 
GGC GAA GCC 

N/A IDT 

JunB 
(D137A)  – 
5’ 

GGC TTC GCC GCC 
GGC TTT GTC AAA 
GCC CTG GAC GAT 
CTG CAC AAG 

N/A Used to mutate aspartic 
acid residue 137 to alanine 
to generate JunB mutant. 

IDT 

JunB 
(D137A)  - 
3’ 

CTT GTG CAG ATC 
GTC CAG GGC TTT 
GAC AAA GCC GGC 
GGC GAA GCC 

N/A IDT 
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JunB 
(D31A)  – 
5’ 

TTT TTT GAA TTC 
TGC ACT AAA ATG 
GAA CAG CCC TTC 
TAC CAC GAC GAC 
TCA TAC ACA GCT 
ACG GGA TAC GGC 
CGG GCC CCT GGT 
GGC CTC TCT CTA 
CAC GCC TAC AAA 
CTC 

EcoRI Used to mutate aspartic 
acid residue 31 to alanine 
to generate JunB mutant. 
Primer contains restriction 
site, JunB start, and D31A 
mutation. 

IDT 

JunB NT 
Fragment 
– 3’ 

TTT TTT GAA TTC 
GGC TTT GTC AAA 
GCC CTG GAC GAT 
CTG CAC AAG 

KpnI Used to add stop codon 
after aspartic acid 137 to 
generate JunB N-terminal 
truncation mutant 

IDT 

JunB CT 
Fragment - 
5’ 

TTT TTT GGT ACC 
CTA GTC GGC GAA 
GCC CTC CTG CTC 
CTC 

EcoRI Used to add start codon 
after aspartic acid 137 to 
generate JunB C-terminal 
truncation mutant 

IDT 

*Restriction site underlined in primer sequence. 
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2.2.3:  Agarose gel electrophoresis and gel extraction 

To purify DNA from agarose gels, the bands of interest were excised from the 

gel and purified using the QIAquick Gel Extraction Kit (Qiagen; Germantown MD), per 

the manufacturer’s protocol. Briefly, the excised gel fragment was dissolved in 3 

volumes of solubilisation buffer at 50°C, and then transferred to a DNA-binding QIAquick 

spin column. The sample was then washed with an ethanol containing wash buffer, and 

the DNA was eluted in 30-50µl of the supplied elution buffer (EB) by centrifugation at 

maximum speed for 1 min. Eluted DNA was quantified using a NanoDrop 1000 

spectrometer (Thermo Fisher; Waltham, MA). 

2.2.4:  Restriction endonuclease digestion 

Restriction endonuclease digestions of 0.5-3 µg of plasmid DNA and PCR 

products were carried out in buffer containing 1x NEB (New England BioLabs; Ipswich, 

MA) or 1X FastDigest (Fermentas) buffer, 100 µg/ml of bovine serum albumin (BSA) 

(New England BioLabs), and 20-60U of various restriction enzymes for 1-3 h at 37°C. 

2.2.5:  DNA ligation 

The restriction endonuclease digested PCR products were ligated into the 

pcDNA3.1a vector (Invitrogen) using 5-10U of T4 DNA ligase (Fermentas). Reactions 

were carried out in 1X T4 DNA ligase buffer (Fermentas) in 10-20µL volumes with an 

insert to vector molar ratio of 3:1 or 5:1. Ligation reactions were incubated overnight at 

room temperature.  

2.2.6:  Bacterial transformation 

Chemically competent DH5α Escherichia coli (E. coli) were transformed with 

plasmid DNA by heat shock transformation (331). Briefly, competent DH5α cells were 
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incubated with plasmid DNA on ice for 30 min, heat shocked at 42°C for 1 min, and then 

allowed to recover for 5 min on ice. Transformed bacteria were then plated on Luria-

Bertani (LB) broth agar plates (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 15 g/L 

agar, pH 7.4) containing 100µg/ml ampicillin (Sigma-Aldrich). LB agar plates were then 

incubated at 37°C for 16-20 h. 

2.2.7:  Isolation and purification of plasmid DNA  

The isolation and purification of plasmid DNA was performed using either the 

Qiagen Qiaprep Spin Miniprep or the Plasmid Maxiprep kits as per the manufacturer’s 

protocols. Briefly, an overnight culture of DH5α E. coli grown in LB media (10 g/L 

tryptone, 5 g/L yeast extract, 10 g/L NaCl, pH 7.4) supplemented with 100µg/ml 

ampicillin was harvested and lysed. After a neutralization step that precipitates the 

genomic DNA and proteins, the lysate containing the plasmid DNA was run through DNA 

binding column and purified through a number of washing steps in the supplied PE wash 

buffer. The DNA was finally eluted in either elution buffer (EB) or Tris-EDTA (TE) buffer, 

and quantified by the NanoDrop 1000 spectrometer. 

2.2.8:  DNA sequencing and analysis 

DNA sequencing reactions were performed by The Applied Genomics Centre 

(TAGC) (University of Alberta) using the T7-forward and bovine growth hormone (BGH)-

reverse sequencing primers supplied by TAGC. The resulting DNA sequences were 

analyzed by the basic local alignment search tool (BLAST) (National Center for 

biotechnology Information (NCBI)) and aligned using the MAFFT sequence alignment 

program (332) and the Protein Family Alignment Annotation Tool (PFAAT) (333). 
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Sequencing chromatograms were read using BioEdit (BioEdit (URL: 

http://www.mbio.ncsu.edu/BioEdit/)). 
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2.3:  CLONING 

2.3.1:  Plasmids 

Vectors used in this study are listed in Table 2.3. The pAP1-Luc AP-1 promoter 

firefly luciferase vector was purchased from BD Biosciences (Franklin Lakes, NJ), the 

pGL2 and phrl-tk-Renilla luciferase vectors were purchased from Promega (Fitchburg, 

WI). The pcDNA3.1a (-) Myc/His expression vector was purchased from Invitrogen. The 

pBlueScript-Myc2 cloning vector was purchased from Stratagene (La Jolla, CA). The 

pcDNA3-FLAG-c-Fos(WT) vector (334) was purchased from Addgene (Cambridge, MA; 

Addgene ID 8966). Other vectors were generated as described below. 

2.3.2:  Generation of Myc-tagged JunB  

The pcDNA3.1a-Myc-JunB construct was generated by Joel Pearson. The 

construct was generated by first PCR amplifying human JunB from a FLAG-tagged JunB 

cDNA using the JunB 5’ and JunB 3’ PCR primers (Table 2.2). The JunB PCR product was 

then subcloned using the EcoRI and SalI sites of the PCR product into the pBlueScript-SK-

MycII vector at the EcoRI and XhoI sites to add a 5’ double Myc-tag. Myc-JunB was then 

isolated by digestion with KpnI and SalIm and cloned into the pcDNA3.1a(-)Myc-His 

eukaryotic expression vector at the EcoRI and KpnI restriction sites with a translational 

stop site before the C-terminal Myc/His tags (Note: the SalI/XhoI restriction sites were 

destroyed in the process). The Myc-JunB construct was verified by DNA sequencing. 

2.3.3:  Generation of Myc-tagged JunB cleavage site mutants 

The putative caspase cleavage site mutants were generated by site-directed 

mutagenesis where aspartic acid residues 31, 137, 144, and/or 145 were mutated to 

alanine by PCR using pcDNA3.1a-Myc-JunB as template. For the D137A, D144/145A, 



54 
 

D137/144/145A JunB mutants (Figure 2.1), point mutations were introduced into the 

PCR product using DNA oligonucleotides designed with a mutant sequence by overlap 

extension PCR (335).  Each half of the PCR product was generated by PCR using a 5’ or 3’ 

JunB flanking primer (JunB 5’ and 3’) and a 3’ or 5’ mutagenic primer (JunB (D137A) 5’ 

and 3’, JunB (D144/145A) 5’ and 3’, and JunB (D137/144/145A) 5’ and 3’ primers). 

Following PCR, a small amount of the 2 PCR products were mixed together, annealed 

and PCR amplified using the 5’ and 3’ JunB flanking primers. For the JunB D31A mutant, 

because of the proximity of the site of mutagenesis to the 5’ end of JunB, a large primer 

was designed to be both the flanking and mutagenic primer spanning the N-terminus 

and the sequence to be mutated. To generate the JunB D31A mutant, one round of PCR 

was performed using the JunB (D31A) 5’ and JunB 3’ for pcDNA primers. The full length 

PCR products containing the mutation(s) were then cloned into the pcDNA3.1a 

expression vector using the EcoRI and KpnI restriction sites of the PCR product.  All JunB 

cDNAs generated were verified by DNA sequencing.   

2.3.4:  Generation of Myc-tagged JunB truncation mutants 

Using the Myc-tagged JunB as template for PCR, the N-terminal truncation 

mutant (Figure 2.1) was generated by introducing a stop codon following aspartic acid 

137, while the C-terminal truncation mutant (Figure 2.1) was generated by introducing a 

start codon immediately following aspartic acid 137. Primer pairs used for the PCR 

reaction were JunB 5’ and JunB NT fragment 3’ primers for the N-terminal JunB 

fragment, and the JunB CT fragment 5’ and JunB 3’ primers for the C-terminal JunB 

fragment. The PCR products were then cloned into the pcDNA3.1a expression vector 

using the EcoRI and KpnI restriction sites of the PCR product.  All JunB cDNAs generated 

were verified by DNA sequencing. 
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Table 2.3: Vectors used in this study. 

Plasmid Characteristics Source 

pBlueScript-SK-Myc2 Cloning vector containing N-terminal 
double Myc-tag 

Stratagene 

pcDNA3.1a  Expression vector with T7 and CMV 
promoters 

Invitrogen 

pcDNA3.1a-Myc-JunB Double Myc-tagged wild-type JunB Joel Pearson 
pcDNA3.1a-Myc-
JunB(D31A) 

Myc-tagged JunB with D31A mutation This study 

pcDNA3.1a-Myc-
JunB(D137A) 

Myc-tagged JunB with D31A mutation This study 

pcDNA3.1a-Myc-
JunB(D144/145A) 

Myc-tagged JunB with D144/145A 
mutations 

This study 

pcDNA3.1a-Myc-JunB 
(D137/144/145A) 

Myc-tagged JunB with D137/144/145A 
mutations 

This study 

pcDNA3.1a-Myc-JunB-
NT (1-137) 

Myc-tagged N-terminal JunB (terminating 
at D137) 

This study 

pcDNA3.1a-Myc-JunB-
CT (138-347) 

Myc-tagged C-terminal JunB (start after 
D137) 

This study 

pcDNA3-FLAG-c-Fos FLAG-tagged wild-type c-Fos Addgene (334) 
pGL2 Luciferase reporter vector Promega 
phRL-TK-Renilla Renilla luciferase Promega 
pAP1-Luc AP-1 luciferase reporter  BD 
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Figure 2.1: JunB mutants generated in this study. 

The schematic diagram of wild-type Myc-JunB is illustrated with its Myc-tag, 
transactivation domain, and the DNA binding/dimerization domain (containing the DNA 
binding domain, nuclear localisation signal (NLS), and leucine zipper). The epitope 
recognized by the JunB C-terminal antibody, and the immunogen of the N-terminal JunB 
antibody are also shown.  The JunB (1-137) and (138-347) mutants are the N and C-
terminal truncation mutants, respectively, of JunB at the D137 site. Point mutations 
were made in D31, 137, or 144/145 to generate the putative JunB cleavage site mutants. 
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2.4:  TRANSFECTIONS 

2.4.1:  General transfection protocol 

Cells (1–2x107 cells/ml) were transfected by electroporation in 500 µl of 

complete RPMI media in a 4 mm gap cuvette (VWR International; Mississauga, ON, 

Canada). Electroporations were carried out using a BTX ECM 830 square wave 

electroporator (BTX; San Diego, CA) with the following settings: 225V, 3 pulses, 8 ms 

pulse length, 1 s between pulses. Cells were allowed to rest for 5 min following 

electroporation, then resuspended in 10-15 ml of RPMI media, and then incubated at 

37°C in a 5% CO2 atmosphere. The transfection of the BJAB Burkitt lymphoma cell line 

was performed as described above, with the exception that cells were resuspended in 

cold RPMI media and kept on ice throughout the transfection process to reduce cell 

death. 
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2.5:  PROTEIN METHODS 

2.5.1:  Antibodies 

Antibodies used in this study are listed in Table 2.4. The anti-caspase 3 mouse 

monoclonal antibody (mAb) (3G2), and rabbit anti-cleaved caspase 3 polyclonal 

antibody (pAb) (9661) were purchased from Cell Signalling Technology (Danvers, MA). 

The mAbs against c-Jun (60A8), JunB (C-11 and 204C4a), JunD (329), Fra2 (Q-20), c-

Fos(C-10), FosB(102), Myc (9E10), tubulin (DM1A), and PARP-1 (5A5) were purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA). The mouse anti-β-actin mAb (AC-15) 

was purchased from Sigma-Aldrich, the rabbit anti-pJunB (S259) pAb (ab30628) was 

purchased from Abcam (Cambridge, MA), and the rabbit anti-caspase 3 pAb (used in 

Figure 1A) was a gift from Dr. Michele Barry (University of Alberta) (336). For western 

blotting, antibodies were diluted to the specified working concentration (Table 2.4) in 1x 

Tris-buffered saline (TBS) (20 mM Tris base, 137 mM NaCl, pH 7.5) with 0.02% NaN3.  

2.5.2:  Putative caspase cleavage site prediction 

The computational identification of caspase substrate cleavage sites in JunB and 

other AP-1 family proteins was performed by the Cascleave webserver 

(http://sunflower.kuicr.kyoto-u.ac.jp/~sjn/Cascleave/webserver.html), using a number 

of sequence encoding schemes that take into account protein sequence and predicted 

protein structure to make the caspase cleavage site predictions (337).  
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Table 2.4: Antibodies used in this study. 

Antibody Species Working concentration Source 
Actin (AC-15) Mouse 1:5,000 Santa Cruz 
Caspase 3 Rabbit 1:5,000 (336),  

Michele Barry 
c-Fos (C-10) Mouse 1:200 Santa Cruz 
c-Jun (60A8) Rabbit 1:1,000 Santa Cruz 
Cleaved-Caspase-3 (9661) Rabbit 1:2,000 Cell Signalling 
FLAG M2 Mouse 1:1,000 Sigma 
FosB (102) Rabbit 1:200 Santa Cruz 
Fra2 (Q-20) Rabbit 1:200 Santa Cruz 
JunB (204c4a) Mouse 1:200 Santa Cruz 
JunB (C-11) Mouse 1:200 Santa Cruz 
JunD (329) Rabbit 1:200 Santa Cruz 
Myc (9E10) Mouse 1:200 Santa Cruz 
PARP (5A5) Mouse 1:5,000 Santa Cruz 
pJunB (S259) Rabbit 1:200 Cell Signalling 
Pro-Caspase-3 (3G2) Mouse 1:1,000 Cell Signalling 
Tubulin (DM1A) Mouse 1:5,000 Santa Cruz 
Goat α-Mouse HRP Goat 1:10,000 Bio-Rad 
Goat α-Rabbit HRP Goat 1:5,000 – 1:10,000 Bio-Rad 
 

 

 

 

 

 

 

 

 

 

 

 

 



60 
 

2.5.3:  Cell lysis 

Cells were collected by centrifugation at ~700g, washed in PBS (137 mM NaCl, 

2.7mM KCl, 10 mM Na2HPO4.2H2O, 2 mM KH2PO4, pH 7.4), and lysed in a 1% Nonidet P-

40 (NP-40) lysis buffer (1% NP-40, 50 mM Tris pH 7.4, 150 mM NaCl, 2 mM EDTA, 10% 

glycerol) containing 1 mM PMSF (BioShop), 1 mM sodium orthovanadate (Sigma), and 

protease inhibitor cocktail (Sigma-Aldrich). Cell lysates were cleared of detergent-

insoluble material by centrifugation at ~20,000g for 10 min, and stored at -80°C.  

2.5.4:  Apoptosis Induction 

Cells (5x105-1x106 cells/ml) were induced to undergo apoptosis by treatment 

with either 5 µM of doxorubicin for 12 h or 2 µM of staurosporine for 6 h (ALK+ ALCL) or 

8 h (BJAB) at 37°C. For time course and dose response experiments, the treatment times 

and drug concentrations are indicated in the respective figures. Staurosporine and the 

pan–caspase inhibitor, Z-VAD-FMK, were purchased from Enzo Life Sciences (Plymouth 

Meeting, PA). Doxorubicin was purchased from Sigma-Aldrich. Following drug treatment, 

cells were lysed as previously described and cell lysates used for SDS-PAGE and western 

blotting.  

2.5.5:  Immunoprecipitations 

For immunoprecipitations, cleared lysates were incubated with 1-2 µg of antibody and 

Protein G-Sepharose beads (Sigma-Aldrich) for 1-2 h on a nutator at 4°C. Beads were 

then washed with 1% NP-40 lysis buffer containing 1mM PMSF. Proteins were eluted by 

boiling in SDS-PAGE sample buffer. Immunoprecipitates and cell lysates were resolved 

on SDS-PAGE gels before being transferred to nitrocellulose membranes. 
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2.5.6:  Dephosphorylation assays 

6x106 Karpas 299 cells were lysed in 1 ml of 1% NP-40 lysis buffer with inhibitors. 

Immunoprecipitations were performed, and immunoprecipitates were washed in 1% 

NP-40 lysis buffer without EDTA and sodium orthovanadate followed by a wash in 

FastAP buffer (Fermentas). JunB was then dephosphorylated by incubating 

immunoprecipitates with 2U of FastAP Thermosensitive Alkaline Phosphatase 

(Fermentas) in FastAP buffer for 1 h at 37°C. Immunoprecipitations were again washed 

in FastAP buffer, before proteins were eluted by the addition of SDS-PAGE sample buffer. 

2.5.7:  Nuclear/cytoplasmic fractionation 

Nuclear/cytoplasmic lysates to be used for western blotting and EMSAs were 

prepared using either the ProteoJET cytoplasmic and nuclear protein extraction kit 

(Fermentas) or the NE-PER nuclear and cytoplasmic extraction reagent (Thermo Fisher) 

using the manufacturer’s protocols.  Cytoplasmic and nuclear extracts collected by both 

kits were stored at -80°C 

With the ProteoJET kit, cells were first collected by centrifugation at ~650g, 

washed in PBS, and lysed in the supplied cell lysis buffer, supplemented with 1 mM 

PMSF, 1 mM sodium orthovanadate, and protease inhibitor cocktail. The cytoplasmic 

fraction was then isolated by collecting the supernatant following centrifugation at 

20,000g. The pellet, containing the nuclear fraction, was then washed with the supplied 

nuclei washing buffer (with 1 mM PMSF, 1 mM sodium orthovanadate), resuspended in 

nuclei storage buffer (with 1 mM PMSF, 1 mM sodium orthovanadate), and lysed in the 

supplied nuclei lysis reagent. The nuclear fraction was collected from the supernatant 

following centrifugation at 20,000g.   
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With the NE-PER kit, cells were similarly collected and washed with PBS. The cell 

pellet was then resuspended in the supplied cytoplasmic extraction reagent (CER) I 

buffer, vortexed, and then mixed with the supplied CER II buffer, and vortexed again. 

The cytoplasmic fraction was then collected from the supernatant following 

centrifugation at 20,000g. The nuclear fraction was then extracted from the pellet by 

resuspended it in the supplied nuclear extraction reagent (NER) buffer, vortexing, 

centrifugation at 20,000g, and collecting the supernatant.   

2.5.8:  Electrophoretic mobility shift assay 

For EMSA experiments, Karpas 299 cells were transfected with 5 µg pcDNA3.1a 

empty vector, pcDNA3.1a-Myc-JunB (WT or Myc-JunB C-terminal fragment). For 

competitor experiments, Karpas 299 cells were transfected with empty vector (20 µg) or 

5, 10 or 20 µg Myc-JunB C-terminal fragment. Empty vector was added where necessary 

to bring the total DNA per transfection to 20 µg. Nuclear fractions were collected 24 h as 

described previously. EMSA experiments were performed using the LightShift 

chemiluminescent EMSA kit (Thermo Fisher). Binding reactions were performed with a 

biotinylated probe containing repeating AP-1 binding sites (GGG TTC CTG CTCTGG GCT 

GAATAG GTG GTC CACTCT GAGTCA TCA GCT GTG GGT GAT G), 3.5 µg of nuclear extract 

and 1 µg of the indicated antibody. The nuclear extract and antibodies were pre-

incubated on ice for 15 min prior to addition of the biotinylated probe. EMSA 

experiments were performed by Joel Pearson. 

2.5.9:  In-vitro caspase cleavage assay 

Assays were performed as previously described (338). Briefly, Myc-tagged JunB 

was produced using the TNT T7 Quick Coupled Transcription/Translation System 
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(Promega), with 1 µg of the pcDNA3.1a empty vector or pcDNA3.1a-Myc-JunB (WT or 

site mutants) plasmid DNA (all containing T7 promoters) as template.  The DNA was 

incubated with the TNT kit components (1x TNT Quick master mix and 20 µM unlabelled 

methionine) in a 50 µl reaction at 30°C for 1-1.5 h. Transcription of the plasmid DNA to 

RNA was carried out by T7 RNA polymerases, and translation to protein by rabbit 

reticulocyte lysate. 

Two microliters of this reaction mixture was incubated with 256 ng of 

recombinant, active caspase 3 (Sigma-Aldrich) (134 or 268 pM; ~9x10-4-1.8x10-3 U) in 

cleavage buffer (20 mM PIPES, 100 mM NaCl, 40 mM DTT, 1 mM EDTA, 0.1% CHAPS, 10% 

Sucrose) for the indicated times. Reactions were stopped by the addition of SDS-PAGE 

sample buffer. Recombinant human caspases used for the cleavage experiment in Figure 

3.11 was purchased from Millipore (Billerica, MA), and cleavage reactions were 

performed as described above with the exception that 2 U of each of the caspases was 

incubated with 0.5 µl TNT extract. 

2.5.10:  Protein quantification by bicinchoninic acid assay 

The protein concentration of the cleared lysates was determined using the 

bicinchoninic acid (BCA) Protein Assay Kit (Thermo Fisher) based on manufacturer’s 

protocol. Ten µL of diluted cell lysates (1:5 in water), along with a standard curve of 

increasing concentrations of bovine serum albumin (BSA) was mixed with 90 µL of BCA 

reagent were loaded in triplicate in a 96-well plate and incubated at 37°C for 30 min. 

Samples were read using a FLUOstar OPTIMA microplate reader (BMG Labtech; 

Ortenberg, Germany). A standard curve was generated using the BSA standards and 

used to determine the protein concentration of samples.  
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2.5.11:  Protein quantification by Bradford assay 

The protein concentrations of the nuclear and cytoplasmic fractions were determined 

using the Bradford assay (339). Ten µL of protein standard or extract was incubated with 

250 µL of Bradford Dye Reagent (Bio Rad) at room temperature for 15 min. Samples 

were loaded in triplicate in a 96-well plate and read using a FLUOstar OPTIMA 

microplate reader (BMG Labtech). A standard curve was generated using the BSA 

standards and used to determine the protein concentration of samples.  

2.5.12:  SDS-polyacrylamide electrophoresis 

Cell lysates were prepared in either a 5x sample buffer or 2x sample buffer (4% 

SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol blue, and 125mM 

Tris-HCl pH 6.8), and boiled at ~95°C for 5 min. Samples were resolved on SDS-PAGE gels 

using a Hoefer SE260 mini-vertical gel electrophoresis unit (Hoefer; Holliston, MA) at 25 

mA constant current for approximately 1.5 h. Gels were run in a running buffer made up 

of 25 mM Tris base, 192 mM glycine and 0.1% SDS. SDS-PAGE gels were made up of a 5% 

acrylamide stacking gel (125 mM Tris base, 0.1% SDS, pH 6.8; 5% acrylamide, 0.05% 

ammonium persulphate (APS) and 0.1% tetramethylethylenediamine (TEMED))   and an 

8-14% acrylamide resolving gel (375 mM Tris base, 0.1% SDS, pH 8.8; 8-14% acrylamide, 

0.05% APS and 0.1% TEMED). All empty wells were loaded with 1x sample buffer and a 

PAGEruler prestained protein ladder (Fermentas) was used as a molecular mass 

indicator. 
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2.5.13:  Semi-dry transfer 

The semi-dry transfer of proteins from the SDS-PAGE gel to nitrocellulose 

membranes were performed with a Bio-Rad TransBlot SD transfer apparatus at a 

constant voltage of 15 V for 30-60 min. Prior to transfer, both the SDS-PAGE gel and 

nitrocellulose membrane were equilibrated in 1X transfer buffer containing 25 mM Tris 

base, 192 mM glycine, and 20% methanol for 10 min prior to transfer. Following transfer, 

membranes were stained with 0.1% Ponceau S stain (Sigma-Aldrich) – a reversible 

protein dye – to check the quality of the transfer and equal protein loading. The 

Ponceau S stain was then removed by washes with 0.05% TBST (1x TBS with 0.05% 

Tween-20). 

2.5.14:  Western blotting 

The nitrocellulose membranes were blocked in 5% non-fat milk powder in 1x 

TBS for 30 min before being probed with primary antibody for 1 h at room temperature, 

then overnight at 4°C with shaking. Blots were then washed 3 times for 10 min each 

with 0.05% TBST, and probed with horseradish-peroxidase (HRP) -conjugated secondary 

antibodies (Bio-Rad) for 30 min at room temperature. Membranes were then washed 3 

more times for 10 min each with 0.05% or 0.1% TBST. Proteins were visualized by 

incubating membranes for 5 min with SuperSignal West Pico Chemiluminescent 

Substrate (Thermo Fisher), and then exposed to autoradiography film (Clonex; Markham, 

ON, Canada). Films were developed using an M35A X-OMAT film developer (Kodak; 

Rochester, NY). Reprobed blots were first stripped in a 0.1% TBST, pH 2 stripping 

solution with 3 washes of ~30 min each, followed by 2 washes with 0.05% TBST at 5 min 

each, before being reprobed as described above. 
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2.6:  ADDITIONAL ASSAYS 

2.6.1:  Luciferase assays 

Cells were transfected with the indicated amounts of pGL2 vector, pcDNA3.1a 

vector, or Myc-JunB (WT/NT/CT) cDNAs; 5 µg of the pAP1-Luc AP-1 promoter firefly 

luciferase vector; as well as 1 µg of the CMV promoter-driven Renilla luciferase 

construct which is constitutively expressed and used as an internal control for 

transfection efficiency. Cells were collected by centrifugation at ~650g and counted 24 h 

post-transfection. 1x106 cells were analyzed in triplicate in a 96-well plate for Renilla 

and firefly luciferase activity using the Dual-Glo Luciferase Assay System (Promega) in a 

FLUOstar OPTIMA microplate reader (BMG Labtech). Briefly, the cells were first mixed 

with the Dual-Glo luciferase reagent and incubated at room temperature for 10 min 

prior to the firefly luminescence reading. The firefly luminescence was then quenched 

by the addition of the Dual-Glo Stop & Glo reagent (made by diluting the Stop & Glo 

substrate 1:100 in Stop & Glo buffer) for 10 min at room temperature. The addition of 

the Stop & Glo reagent is also a substrate of the Renilla luciferase to produce the 

luminescence to be read by the plate reader. The firefly to Renilla luciferase activity 

ratio was calculated for each sample and then averaged for the triplicate measurements. 

Results are expressed relative to the vector alone–transfected cells and represent the 

average and standard deviation of at least three independent experiments. Statistical 

significance was determined by paired, one-tailed t-tests. 

2.6.2:  Resazurin-based viability assay 

Karpas 299 cells were transfected with 20 µg of empty vector (pcDNA3.1a) or 

the indicated JunB constructs, and resuspended to 5x104 cells/ml. Cell viability was then 

measured using a resazurin–based cell viability assay (340). At the indicated time points 
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after transfection, 100 µl of transfected cells were loaded in triplicate in a 96-well plate 

and mixed with resazurin (Sigma-Aldrich) to a final concentration of 44 µM. Cells were 

incubated at 37°C for 2-4 h before the fluorescence reading – until a colour change was 

observed. Fluorescence was then measured on a BMG Labtech FluoStar Optima Plate 

Reader (excitation – 544 nm, emission – 590 nm). Each sample was assayed in triplicate, 

the triplicate measurements averaged, and the cell viability expressed relative to empty 

vector–transfected cells. Statistical significance was determined by paired, one-tailed t-

tests. Viability assays were performed by Joel Pearson. 

2.6.3:  Apoptosis and proliferation assays 

Karpas 299 cells were transfected with 20 µg of empty vector or the indicated 

JunB constructs. Apoptosis was assessed 48 h after transfection using the Annexin V-

FITC Apoptosis Detection Kit I (BD Biosciences). Briefly, 1x105 cells from each sample 

were washed with PBS, stained with FITC-conjugated Annexin V and propidium iodide 

(PI), and incubated for 15 min at room temperature in the dark. Cells were also left 

unstained, stained with Annexin V-FITC alone, or PI alone for compensation controls. 

The stained cells were then mixed with 1x binding buffer, and analyzed by the 

FACScalibur flow cytometer (BD Biosciences). Statistical significance was determined by 

paired, two-tailed t-tests. The apoptosis assays were performed by Joel Pearson. 

To measure cell proliferation, cells were transfected as described in the 

apoptosis assay, and were then assayed by measuring BrdU incorporation 48 h after 

transfection using the FITC BrdU Flow Kit (BD Biosciences). Briefly, were incubated with 

10 µM of BrdU solution at a density of 1.5-3x105 cells/ml for 4 h at 37°C. Cells were then 

fixed and permeabilized, DNase treated, and stained with antibody before being 
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analyzed for BrdU incorporation using the FACScalibur flow cytometer (BD Biosciences). 

Statistical significance was determined by paired, one-tailed t-tests.  Proliferation assays 

were performed by Joel Pearson. 
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CHAPTER 3:      INVESTIGATING THE CLEAVAGE OF JUNB BY CASPASES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A portion of this chapter has been submitted for publication: 

Lee JK, Pearson JD, Maser BM, and Ingham RJ. 2013. Cleavage of the JunB transcription 
factor by caspases generates a carboxy-terminal fragment that inhibits activator 
protein-1 transcriptional activity. Journal of Biological Chemistry. [undergoing revision] 

The pcDNA3.1A-Myc-JunB(WT) vector was generated by J. Pearson. The experiments 
contained in this chapter were performed by J. Lee, J. Pearson, and Dr. R. Ingham. 
Experiments in figures 3.8B, 3.11, 3.20, 3.22-27 were performed by J. Pearson, and 
experiments in figure 3.8A was performed by R. Ingham. The original manuscript was 
written by J. Lee, J. Pearson, and Dr. R. Ingham.  
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3.1:  CHANGES TO JUNB ELECTROPHORETIC MOBILITY IN APOPTOTIC ALK+ ALCL CELL 

LINES 

Previous experiments performed in the laboratory to examine whether JunB 

protects ALK+ ALCL cell lines from apoptosis caused by the apoptosis-inducing drug 

doxorubicin resulted in the observation of changes to the electrophoretic mobility of the 

anti-JunB immunoreactive bands. This was similar to the changes observed following 

treatment with the apoptosis-inducing drug staurosporine (Figure 3.1A). The 

characteristic JunB bands observed in untreated cells, which typically appeared as a 

doublet of ~43 kDa in size, was not evident in the staurosporine–treated cells. We 

instead observed a single band with the same electrophoretic mobility as the lower 

molecular weight band in the untreated samples at approximately 43 kDa. Moreover, 

we observed the appearance of an additional anti-JunB immunoreactive band of 

approximately 28 kDa (Figure 3.1A). We also observed similar results probing lysates 

from another staurosporine–treated ALK+ ALCL cell line, SUP-M2 (Figure 3.1B). 

3.1.1:  Caspase dependence of electrophoretic mobility change 

Since the loss of the JunB doublet and the appearance of the ~28kDa JunB 

immunoreactive band in staurosporine–treated cells correlated with the activation of 

caspase 3, (Figure 3.1A and B), we next examined whether the change in JunB 

electrophoretic mobility was dependent on caspases. Co-treatment of Karpas 299 or 

SUP-M2 cells with staurosporine and the pan–caspase inhibitor, Z-VAD-FMK (341), 

blocked the appearance of the ~28 kDa anti-JunB immunoreactive band and preserved 

the JunB doublet (Figure 3.2). These results thus demonstrate the caspase dependence 

of the changes in JunB electrophoretic mobility.  
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Figure 3.1: The electrophoretic mobility of JunB is altered in lysates of ALK+ ALCL cell 
lines treated with staurosporine. 

Lysates from Karpas 299 cells (A) or SUP-M2 cells (B) treated with (+) or without (-) 
staurosporine were western blotted (WB) with an anti-JunB antibody. The efficacy of 
apoptosis induction in all panels was determined by the disappearance of pro-caspase 3 
and the appearance of cleaved, active caspase 3. Anti-actin blots are included to 
demonstrate protein loading. The electrophoretic mobility of molecular mass standards 
are indicated to the left of blots. 
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Figure 3.2: The electrophoretic mobility of JunB is altered in a caspase–dependent 
manner in lysates of ALK+ ALCL cell lines treated with staurosporine. 

Karpas 299 and SUP-M2 cells were untreated, treated with staurosporine, or co-treated 
with staurosporine and Z-VAD-FMK. Lysates from these cells were then probed with an 
anti-JunB antibody.  The efficacy of apoptosis induction in all panels was determined by 
the disappearance of pro-caspase 3 and the appearance of cleaved, active caspase 3. 
Anti-actin blots are included to demonstrate protein loading. The electrophoretic 
mobility of molecular weight standards are indicated to the left of blots. 
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3.1.2:  Time and dosage dependence of electrophoretic mobility change 

We further investigated the altered JunB electrophoretic mobility by examining 

the time and dosage dependence of drug treatment on the changes in JunB 

electrophoretic mobility. Staurosporine time–course (Figure 3.3A) and dose–response 

(Figure 3.3B) experiments further revealed a correlation between the appearance of the 

~28kDa anti-JunB immunoreactive band and the activation of caspase 3. The 

appearance of the ~28kDa anti-JunB immunoreactive band also correlated with cleavage 

of the caspase substrate, PARP. The disappearance of the JunB doublet was also time 

and dosage dependent (Figure 3.3A and B). 

3.1.3:  Changes following doxorubicin treatment 

We next examined whether other apoptosis–inducing agents could similarly 

affect the electrophoretic mobility of JunB in ALK+ ALCL cell lines. Doxorubicin promotes 

apoptosis in ALK+ ALCL cell lines (320,342,343), and is one component of the CHOP 

(cyclophosphamide, hydroxydaunorubicin (doxorubicin), oncovin, and prednisone) 

chemotherapy regimen used clinically to treat ALK+ ALCL (27). Similar to staurosporine 

treatment, we found that the treatment of both Karpas 299 and SUP-M2 cell lines with 

doxorubicin resulted in the appearance of the ~28 kDa JunB protein and a single band in 

place of the JunB doublet (Figure 3.4A and B). The change in JunB electrophoretic 

mobility induced by doxorubicin was also dependent on caspase activation, as both the 

appearance of the ~28 kDa band and the loss of the JunB doublet were blocked by the 

co-treatment of cells with Z-VAD-FMK (Figure 3.4A and B). Thus, our findings suggest 

that JunB may be cleaved by caspases in apoptotic ALK+ ALCL cells induced by the 

apoptosis inducing agents staurosporine and doxorubicin. 
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Figure 3.3: The electrophoretic mobility of JunB is altered in a time– and dosage–
dependent manner in lysates of ALK+ ALCL cell lines treated with staurosporine. 

Karpas 299 cells were treated for increasing times (A) or with increasing concentrations 
(B) of staurosporine, and lysates from these cells were probed with an anti-JunB or anti-
PARP antibody. The efficacy of apoptosis induction in all panels was determined by the 
disappearance of pro-caspase 3 and the appearance of cleaved, active caspase 3. Anti-
tubulin blots are included to demonstrate protein loading. The electrophoretic mobility 
of molecular weight standards are indicated to the left of blots. 
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Figure 3.4: Doxorubicin treatment alters the electrophoretic mobility of JunB in a 
caspase–dependent manner in ALK+ ALCL cell lines. 

Karpas 299 (A) or SUP-M2 (B) cells were left untreated, treated with doxorubicin, or 
treated with doxorubicin and Z-VAD-FMK. The efficacy of apoptosis induction in all 
panels was determined by the disappearance of pro-caspase 3, the appearance of 
cleaved, active caspase 3, and the cleavage of PARP. Anti-tubulin blots are included to 
demonstrate protein loading. The electrophoretic mobility of molecular weight 
standards are indicated to the left of blots. 
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3.1.4:  Changes in electrophoretic mobility of other AP-1 family proteins 

We also investigated whether the electrophoretic mobility of other AP-1 family 

members were altered in staurosporine–treated cells. Although staurosporine 

treatment significantly reduced c-Jun levels, we observed no bands of altered 

electrophoretic mobility (Figure 3.5). We also observed no alteration in FosB 

electrophoretic mobility in response to staurosporine treatment. We did observe 2 

lower molecular weight anti-c-Fos immunoreactive bands in staurosporine–treated cells, 

and the appearance of this band could be blocked by the co-treatment of the cells with 

Z-VAD-FMK. However, these bands were only evident with longer exposure times, and 

much less prominent than was observed for JunB (Figure 3.1).   

The electrophoretic mobility of JunD also did not appear to be significantly 

affected following staurosporine treatment, although the Fra2 doublet appeared to 

collapse in a similar manner as what we had observed in JunB. Interestingly, we only 

observed these changes at the 12 h time point but not at any of the previous time 

points (Figure 3.6). However, there were numerous bands detected by both the JunD 

and Fra2 antibodies both with and without staurosporine treatment, making it difficult 

to determine whether these are non-specific bands or potential JunD and Fra2 cleavage 

products (Figure 3.6).  
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Figure 3.5: The electrophoretic mobility of c-Jun, c-Fos and FosB in lysates of ALK+ 
ALCL cell lines treated with staurosporine. 

Karpas 299 and SUP-M2 cells were untreated, treated with staurosporine, or co-treated 
with staurosporine and Z-VAD-FMK. Lysates from these cells were then probed with an 
anti-c-Jun, c-Fos, or FosB antibody. The asterisk (*) indicates new c-Fos immunoreactive 
bands following staurosporine treatment. The efficacy of apoptosis induction in all 
panels was determined by the appearance of cleaved, active caspase 3 and PARP 
cleavage. Anti-actin blots are included to demonstrate protein loading. The 
electrophoretic mobility of molecular weight standards are indicated to the left of blots.  
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Figure 3.6: The electrophoretic mobility of Fra2 and JunD in lysates of ALK+ ALCL cell 
lines treated with staurosporine. 

Karpas 299 and SUP-M2 cells were untreated or treated with staurosporine. Lysates 
from these cells were then probed with an anti-Fra2 (A) or JunD (B) antibody.  The 
efficacy of apoptosis induction was determined by the disappearance of pro-caspase 3, 
the appearance of cleaved, active caspase 3 and/or PARP cleavage. Asterisks (*) indicate 
non-specific bands detected by the JunD antibody. Anti-tubulin and anti-actin blots are 
included to demonstrate protein loading. The electrophoretic mobility of molecular 
weight standards are indicated to the left of blots. 
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3.1.5:  Changes in JunB electrophoretic mobility in other cell types 

To determine if the electrophoretic mobility of JunB can be affected in other 

cells upon the induction of apoptosis, we co-treated two JunB-expressing Hodgkin 

lymphoma cell lines (KM-H2 and L428) with staurosporine and the tyrosine kinase 

inhibitor AG17 (Tyrphostin) – a combination which has previously been shown to induce 

apoptosis in Hodgkin lymphoma cell lines (344). Following treatment with either 

staurosporine, or staurosporine and AG17 together, the protein levels of both JunB and 

pro-caspase 3 decreased in KM-H2 cells but not the L428 cells, possibly indicating that 

more KM-H2 cells were undergoing apoptosis compared to L428 cells (Figure 3.7A). 

Nevertheless, the ~28 kDa JunB band typically observed in apoptotic Karpas 299 cells 

was not observed in both Hodgkin lymphoma cell lines (Figure 3.7A). Drug treatment of 

the SIS EBV-positive T-cell line, which also expresses JunB endogenously, resulted in 

similar observations. Some apoptosis was observed with drug treatment based on the 

cleavage of PARP, but no changes in JunB electrophoretic mobility was observed, 

although JunB protein levels appeared to decrease with staurosporine treatment (Figure 

3.7B). The electrophoretic mobility of the JunB doublet also did not appear to change 

(Figure 3.7B). However, the limited apoptosis induction in the L428 Hodgkin lymphoma 

cell line likely affected the changes in JunB electrophoretic mobility, and the overall low 

expression levels of endogenous JunB in the SIS cells likely affected our ability to draw 

conclusive results from the data. Additionally, the KM-H2 results may also suggest that 

JunB may not always be cleaved under apoptotic conditions.  
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Figure 3.7: Electrophoretic mobility of JunB in drug-treated ALK+ ALCL, Hodgkin 
lymphoma, and EBV positive T-cell cell lines. 

 A. The Hodgkin lymphoma cell lines KM-H2, L428, and the ALK+ ALCL cell line Karpas 
299 left untreated, treated with staurosporine, treated with AG17, or co-treated with 
staurosporine and AG17 as indicated, while the B. The SIS EBV-containing T-cell line or 
was either treated with or without staurosporine, etoposide, or doxorubicin for the 
times indicated, while the Karpas 299 (K299) cell line was treated with or without 
staurosporine for 6 h. Lysates were then western blotted (WB) with an anti-JunB 
antibody. The efficacy of apoptosis induction in all panels was determined by the 
disappearance of pro-caspase 3 or cleavage of PARP. Anti-tubulin or actin blots are 
included to demonstrate protein loading. The electrophoretic mobility of molecular 
weight standards are indicated to the left of blots. 
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To examine whether the electrophoretic mobility of JunB was altered in other 

apoptotic cells which express little endogenous JunB, we used an N-terminal Myc-

tagged wild-type JunB construct. We first investigated whether the Myc-tagged JunB 

can be induced to undergo electrophoretic mobility changes similar to the endogenous 

JunB in staurosporine treated Karpas 299 cells (Figure 3.8A). Indeed, expression of the 

Myc–tagged JunB construct in Karpas 299 cells resulted in the appearance of a doublet 

band, which despite being shifted in molecular weight from the Myc epitope tag, was 

very similar to the endogenous JunB doublet in these cells (Figure 3.8A). In 

staurosporine–treated Karpas 299 cells expressing Myc-JunB, we observed a loss of the 

Myc-JunB doublet and the appearance of a single band of ~55 kDa which had the same 

electrophoretic mobility as the lower molecular weight band in the untreated samples 

(Figure 3.8A). Since the lower molecular weight band was detected by the anti-Myc 

antibody, it is unlikely that this shift represents a cleavage product of Myc-JunB at 

aspartic acid 31. We also observed the appearance of a ~24 kDa anti-Myc 

immunoreactive doublet in Myc-JunB–expressing cells treated with staurosporine 

(Figure 3.8A). Furthermore, anti-JunB blots of these lysates demonstrated an increase in 

the amount of the ~28 kDa JunB fragment in the Myc-JunB–expressing cells compared 

to the vector alone–transfected cells (Figure 3.8A). The simplest interpretation of this 

latter observation is that increased levels of the ~28kDa fragment in the Myc-JunB 

expressing cells is due to cleavage of both endogenous and Myc-tagged JunB. 

Importantly, the electrophoretic mobility shift of Myc-JunB in response to staurosporine 

treatment was also dependent on caspase activity (Figure 3.8A). 
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Figure 3.8: The electrophoretic mobility of Myc-tagged JunB is changed in apoptotic 
ALK+ ALCL and Burkitt lymphoma cell lines. 

Karpas 299 (A) or BJAB (B) cells transfected with either vector alone or a Myc-JunB 
cDNA construct were left untreated, treated with staurosporine, or treated with 
staurosporine and Z-VAD-FMK as indicated. Lysates were then western blotted (WB) 
with an anti-Myc and/or JunB antibody. The band marked by an asterisk (*) in B. is a 
non-specific band. Note: the anti-Myc blots are different exposures of the same 
membrane. The efficacy of apoptosis induction in all panels was determined by the 
disappearance of pro-caspase 3 and/or the appearance of cleaved, active caspase 3. In 
panel B, PARP cleavage also demonstrates the induction of apoptosis and activation of 
caspases. Anti-actin blots are included to demonstrate protein loading. The 
electrophoretic mobility of molecular weight standards are indicated to the left of blots. 
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To examine whether an exogenous Myc-JunB protein could undergo similar 

changes in electrophoretic mobility following staurosporine treatment, we transfected 

the BJAB Burkitt lymphoma cell line, a cell line that expresses little to no endogenous 

JunB, with a myc-tagged JunB protein. Treatment of these cells with staurosporine 

resulted in a similar collapse of the Myc-JunB doublet and the appearance of the ~24kDa 

anti-Myc immunoreactive band (Figure 3.8B) as observed in the Myc-JunB expressing 

Karpas 299 cells. Therefore, the alteration of JunB electrophoretic mobility in response 

to apoptosis–inducing drugs is not restricted to ALK+ ALCL cell lines. 

3.1.6:  The D137A mutation protects JunB from cleavage in apoptotic ALK+ ALCL cells 

The generation of Myc-JunB constructs allowed us to identify possible cleavage 

sites. To narrow down the potential cleavage sites, we first performed in silico caspase 

cleavage site prediction using the Cascleave webserver (337), which predicted 3 possible 

cleavage sites at aspartic acid residues 31, 137, and 145. The size of the lower molecular 

weight bands observed after anti-JunB (~28kDa) and anti-Myc (~24kDa) immunoblotting 

of lysates from apoptotic cells (Figure 3.8A), suggested that JunB is cleaved at one or 

more sites in the middle of the protein, which would be consistent with cleavage at 

aspartic acid 137 and/or 145 identified by Cascleave (Figure 3.9A).  

To investigate whether these residues were cleavage sites, we generated a 

number of mutant JunB constructs, including constructs where aspartic acid 31 or 137 

were mutated to alanine (Myc-JunB D31A, Myc-JunB D137A). Because aspartic acid 145 

is immediately preceded by another aspartic acid residue, we mutated both these 

residues to alanine (Myc-JunB D144A/D145A). We also generated a mutant where all 

three of the central aspartic acid residues (D137/144/145) were mutated to alanine 
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(Myc-JunB 3A). In staurosporine–treated Karpas 299 cells we observed a collapse of the 

JunB doublet with all of these JunB mutant proteins (Figure 3.9B). However, while we 

observed the ~24kDa Myc cleavage fragment in cells expressing the Myc-JunB D31A and 

D144A/D145A constructs, we did not observe this band in cells expressing the Myc-JunB 

D137A or Myc-JunB 3A constructs (Figure 3.9B). These results demonstrate that 

cleavage of JunB at aspartic acid 137 is responsible for generating the anti-Myc reactive 

~24kDa cleavage product. 
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Figure 3.9: Mutation of aspartic acid 137 blocks the appearance of the lower molecular 
weight JunB cleavage product. 

 A. Cartoon of JunB showing the location of putative caspase cleavage sites (D31, D137, 
D145) in JunB, and the approximate locations of the transactivation domain, DNA 
binding domain, nuclear localization signal (NLS), and dimerization domain (Leucine 
zipper; Leu. Zipper) are shown. Also indicated is the location of the epitope recognized 
by the anti-JunB antibodies used for western blotting. B. Karpas 299 cells transfected 
with the indicated constructs were left untreated or treated with staurosporine. Lysates 
from these cells were then probed with an anti-Myc antibody. Note: the anti-Myc blots 
are different exposures of the same membrane. The band marked with an asterisk (*) is 
a non-specific band detected by the anti-Myc antibody. The efficacy of apoptosis 
induction in all panels was determined by the disappearance of pro-caspase 3 and/or 
the appearance of cleaved, active caspase 3. Anti-actin blots are included to 
demonstrate protein loading. The electrophoretic mobility of molecular weight 
standards are indicated to the left of blots.  
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3.2:  CLEAVAGE OF JUNB BY CASPASES 

3.2.1:  JunB is cleaved directly by caspase 3 

Since our time course experiments showed that JunB cleavage roughly 

correlated with caspase 3 activation (Figure 3.3), we examined whether JunB could be 

directly cleaved by caspase 3. We set up an in-vitro caspase cleavage assay using in-vitro 

transcribed/translated Myc-JunB proteins as substrates for recombinant caspase 3. We 

observed a time–dependent increase in the ~24kDa Myc reactive cleavage product 

when Myc-JunB protein was incubated with caspase 3 (Figure 3.10A). The 

electrophoretic mobility of the higher molecular weight Myc-JunB immunoreactive band 

generated in the in-vitro transcription/translation reaction was unchanged by caspase 

treatment, and had the same electrophoretic mobility as the lower molecular weight 

protein in the JunB doublet and the ~40kDa band evident after staurosporine treatment 

(Fig 3.10A). 

3.2.2:  The D137A mutation prevents JunB cleavage by recombinant caspase 3  

We also investigated whether purified caspase 3 could cleave the aspartic acid 

mutant JunB constructs in the in-vitro cleavage assay. Consistent with our results in 

Karpas 299 cells (Figure 3.9B), we found that Myc-JunB D144A/D145A was cleaved by 

recombinant caspase 3, but the Myc-JunB D137A and Myc-JunB 3A constructs were not 

(Figure 3.10B). Therefore, these findings demonstrate that JunB is directly cleaved by 

caspase 3, and confirm our previous observations that aspartic acid 137 is the site of 

cleavage. 
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Figure 3.10: In-vitro cleavage of JunB at aspartic acid 137 by caspase 3. 

A. In-vitro transcribed and translated Myc-JunB was incubated with (+) or without (-) 
134 or 268 pM of purified, active recombinant caspase 3 for the indicated times. 
Reactions were then western blotted (WB) with an anti-Myc or anti-cleaved caspase 3 
antibody. Lysates from Myc-JunB–expressing Karpas 299 cells were included to compare 
the electrophoretic mobility of cleaved Myc-JunB in cells with that in the in-vitro 
cleavage assay. B. The indicated in-vitro transcribed and translated Myc-JunB proteins 
were incubated with or without 256ng of purified, active recombinant caspase 3 for 4 h. 
Reactions were then western blotted with an anti-Myc or anti-cleaved caspase 3 
antibody. The electrophoretic mobility of molecular weight standards are indicated to 
the left of blots. 



88 
 

3.2.3:  In-vitro cleavage of JunB by other caspases 

Other caspases are known to play important roles in processes other than 

apoptosis, and we were interested in whether JunB could be directly cleaved by other 

caspases. Similar to the caspase 3 cleavage experiments, we set up an additional in-vitro 

caspase cleavage assay using in-vitro transcribed/translated Myc-JunB proteins as 

substrates for recombinant caspases 1, 6, and 8. We observed the appearance of the 

~24 kDa Myc reactive cleavage product matching the expected size of the JunB cleavage 

products when Myc-JunB protein was incubated with recombinant active caspases 

following the incubation with caspases (Figure 3.11). Additionally, we did not observe 

the ~24 kDa cleavage product when the cells were transfected with the D137A mutant 

(Figure 3.11), demonstrating that these other caspases are also cleaving Myc-JunB at the 

aspartic acid 137 residue. Although we observed a number of additional cleavage 

products and non-specific bands in these experiments (Figure 3.11), none of these 

bands were observed in the lysate of apoptotic ALK+ ALCL cells. These bands may be an 

artifact of the in vitro cleavage assay and may not be relevant in apoptosis, although it 

may be relevant in a non-apoptotic context. Therefore, these findings demonstrate that 

JunB can be directly cleaved at the aspartic acid 137 residue by a number of different 

caspases. 
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Figure 3.11: In-vitro cleavage of JunB by other caspases. 

2U of Purified, active recombinant caspases 1, 6, and 8 was incubated with (+) or 
without (-) in-vitro transcribed and translated wild-type (WT) or mutant (D137A) Myc-
JunB for 4 h. Reactions were then western blotted (WB) with an anti-Myc antibody. The 
~24 kDa cleaved Myc-JunB bands are indicated by the arrow in the anti-Myc blot. Non-
specific bands (*) and other potential cleavage products (#) are also indicated. The 
electrophoretic mobility of molecular weight standards are indicated to the left of blots. 
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3.2.4:  Sequence analysis of the JunB cleavage site 

Having identified the caspase cleavage site of JunB, we performed sequence 

analyses using bioinformatics to determine whether the cleavage site was evolutionarily 

conserved in other Jun family proteins, and in JunB proteins of other animals. In the 

human Jun family members JunB, c-Jun and JunD, the sequence around the cleavage 

site is well conserved, however, the aspartic residue present in JunB is a glutamic acid 

residue in both c-Jun and JunD (Figure 3.12A), possibly explaining our observation that 

they were not cleaved in apoptotic ALK+ ALCL cells (Figure 3.6 and Figure 3.7), although 

glutamic acid residues are sometimes cleaved by caspases in rare situations (274,275).  

The JunB transcription factor is found in all vertebrates, and the protein 

sequence is well conserved in non-human JunB proteins (345), ranging from a sequence 

identity of approximately 50% in fish and amphibian species to 99% sequence identity in 

primates. However, the protein sequence adjacent to the cleavage site is very well 

conserved (Figure 3.12B), regardless of overall JunB sequence identity. The aspartic 

residue of the JunB cleavage site is conserved in mammalian, avian, reptilian, amphibian 

and most fish species (Figure 3.12B). This observation may suggest a potentially 

important role of this site, which may account for its conservation across different 

species. 
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Figure 3.12: Conservation of the JunB cleavage site. 

A. Amino acid sequence alignment of the JunB caspase cleavage site of human Jun-
family members, (*) indicates the D137 residue of human JunB. B. Amino acid sequence 
alignment of select sequences near the JunB caspase cleavage site of human and 
vertebrates. Sequences were collected using the NCBI protein database, (*) indicates 
the D137 residue of human JunB. Protein sequences were aligned using the MAFFT 
alignment tool, and the sequence alignment data prepared using Pfaat software 
(332,333). 
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3.3:  DEPHOSPHORYLATION OF JUNB IN APOPTOTIC ALK+ ALCL CELL LINES 

3.3.1:  The shift in the electrophoretic mobility of the JunB doublet following 

dephosphorylation is similar to the shift of the JunB doublet in apoptotic ALK+ ALCL 

cell lines 

Our results do not support the idea that the change in electrophoretic mobility 

of the ~43 kDa JunB immunoreactive band observed in staurosporine- or doxorubicin-

treated cells is due to caspase–mediated cleavage of JunB, as we did not observe 

differences in the electrophoretic mobility of the JunB doublet in any of the Myc-JunB 

site mutants following staurosporine treatment (Figure 3.9). Therefore, we examined 

whether this alteration in JunB electrophoretic mobility could be due to a change in 

another post-translational modification. Western blotting of lysates from untreated or 

staurosporine–treated Karpas 299 and SUP-M2 cells with an antibody that recognizes 

phosphorylated serine 259 (S259) of JunB, demonstrated that JunB is phosphorylated on 

this site in untreated cells but not in staurosporine–treated cells (Figure 3.13A). The 

phosphorylation of JunB at this residue appears to be restricted to the higher molecular 

protein in the JunB doublet in the untreated samples, and phosphorylation of JunB at 

this site could be partially restored by co-treatment of cells with Z-VAD-FMK (Figure 

3.13A). 

3.3.2:  Phosphorylation of JunB in ALK+ ALCL cell lines 

JunB is phosphorylated on a number of serine and threonine residues (132,141-

143,145,346,347), and phosphorylation regulates JunB levels and transcriptional activity 

(132,141-143,145,346).To further investigate whether the collapse of the JunB doublet 

represents dephosphorylation of JunB, we immunoprecipitated JunB from untreated 

Karpas 299 or SUP-M2 cell lysates, and treated the immunoprecipitates with alkaline 
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phosphatase. Western blotting these immunoprecipitates with an anti-JunB antibody 

demonstrated that phosphatase treatment of JunB collapses the doublet to the lower 

molecular weight form, and also results in the decreased phosphorylation of JunB on 

S259 (Figure 3.13B and C). 

The shift in the electrophoretic mobility of the JunB doublet following 

dephosphorylation was similar to the shift observed in the doublet after staurosporine 

treatment (Figure 3.14A). Furthermore, the immunoprecipitation of JunB from lysates of 

staurosporine–treated cells followed by phosphatase treatment did not result in a 

further shift in JunB electrophoretic mobility over staurosporine treatment alone (Figure 

3.14B), suggesting that the changes in JunB electrophoretic mobility is likely due to 

dephosphorylation. Taken together, these findings argue that the higher molecular 

weight JunB species observed in apoptotic ALK+ ALCL cell lines is a dephosphorylated 

JunB species, and that this dephosphorylation is caspase dependent.  
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Figure 3.13: JunB is phosphorylated in ALK+ ALCL cell lines, and phosphorylated JunB 
levels are reduced in apoptotic ALK+ ALCL cells. 

A. Lysates from Karpas 299 (left) or SUP-M2 (right) cells either untreated, treated with 
staurosporine, or treated with staurosporine and Z-VAD-FMK were western blotted (WB) 
with antibodies that recognize JunB when phosphorylated at serine 259 (anti-pJunB 
(S259)) or total JunB (anti-JunB). Anti-pro-caspase 3 and anti-cleaved caspase 3 blots 
demonstrate the induction of apoptosis, whereas the anti-actin blot demonstrates 
protein loading. Lysates from Karpas 299 (B) or SUP-M2 (C) cells were 
immunoprecipitated (IP) with an anti-JunB antibody, and immunoprecipitates were 
either left untreated or treated with alkaline phosphatase. Immunoprecipitates were 
then western blotted with an anti-JunB or anti-pJunB S259 antibody. The 
electrophoretic mobility of molecular weight standards are indicated to the sides of 
blots. 
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Figure 3.14: The change of JunB electrophoretic mobility in apoptotic cells is similar to 
the dephosphorylation of JunB. 

A. Karpas 299 (left) or SUP-M2 (right) lysates were immunoprecipitated (IP) with an anti-
JunB antibody, and immunoprecipitates were either left untreated or treated with 
alkaline phosphatase. Immunoprecipitates were then western blotted with an anti-JunB 
or anti-pJunB S259 antibody. Cell lysates from untreated or staurosporine–treated cells 
were also western blotted on the same membranes. B. Lysates from untreated (-) or 
staurosporine–treated (+) cells were immunoprecipitated, treated with (+) or without (-) 
phosphatase, and western blotted as described in A. The electrophoretic mobility of 
molecular weight standards are indicated to the sides of blots. 
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3.4:  BIOLOGICAL ROLES OF THE JUNB CLEAVAGE FRAGMENTS 

3.4.1:  The C-terminal JunB cleavage product inhibits AP-1 dependent transcription 

The cleavage of JunB at aspartic acid 137 separates the N-terminal 

transactivation domain from the C-terminal dimerization and DNA binding domains (see 

Figure 3.9A). Thus, while this cleavage would be predicted to inactivate the protein, the 

cleavage products may retain some biological activity. For example, the C-terminal 

fragment may be able to interfere with the ability of full-length JunB or other AP-1 

family proteins from binding DNA (348,349). Previous studies conducted by the Birrer 

group on c-Jun function used a dominant-negative mutant that is similar to the C-

terminal JunB cleavage fragment we have identified. The dominant negative c-Jun 

mutant, named TAM67, was made by deleting the N-terminal transactivation domain 

(amino acids 3-122) of c-Jun (348). The His-122 residue of c-Jun is analogous to the His-

147 residue of JunB, and as such the TAM67 mutant is quite similar to the JunB C-

terminal fragment (Δ2-137) structurally (Figure 3.15).  

To examine whether the C-terminal JunB cleavage product affected AP-1–

dependent transcription, we examined its ability to regulate transcription from an AP-1–

responsive luciferase reporter construct. We found that expression of full-length JunB in 

Karpas 299 cells resulted in an approximate 2.5-fold increase in luciferase activity 

compared to vector alone–transfected cells (Figure 3.16). In cells transfected with the N-

terminal cleavage fragment, there was no significant difference in luciferase activity 

over cells transfected with vector alone; however, in cells transfected with the C-

terminal JunB fragment, luciferase activity was significantly reduced compared to vector 

alone–transfected cells (Figure 3.16).  
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Figure 3.15: Sequence alignment of the JunB C-terminal cleavage fragment and the c-
Jun TAM67 mutant. 

Amino acid sequence alignment of the TAM67 c-Jun (Δ3-122) truncation mutant and the 
JunB C-terminal cleavage fragment (AA138-347). Sequences were collected using the 
NCBI protein database, and protein sequences were aligned using the MAFFT alignment 
tool, and the sequence alignment data prepared using Pfaat software (332,333). 
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Figure 3.16: The C-terminal JunB cleavage fragment inhibits AP-1–dependent 
luciferase activity. 

Karpas 299 cells were transfected with 5 µg of vector alone, or cDNAs encoding for Myc-
tagged JunB (WT), Myc-tagged N-terminal JunB cleavage fragment (NT), or Myc-tagged 
C-terminal JunB cleavage fragment (CT) along with an AP-1 firefly luciferase reporter 
construct and a constitutively expressed Renilla luciferase vector. Cells were lysed and 
luciferase activity was measured as described in the Experimental Procedures. The 
results shown represent the mean and standard deviation of twelve independent 
experiments. p values were calculated by performing paired, one-tailed t tests. NS 
indicates no significant difference. The anti-Myc western blot (WB; to the right) 
indicates the expression of the respective Myc-tagged constructs (anti-Myc blot), 
whereas the anti-JunB blot illustrates the level of the over-expressed protein relative to 
endogenous JunB. Note: the epitope recognized by the anti-JunB antibody is not present 
in the N-terminal JunB protein. Anti-Myc western blots are included to illustrate the 
expression level of the Myc-JunB proteins, and anti-actin western blots are included to 
demonstrate protein loading. The electrophoretic mobility of molecular weight 
standards are indicated to the left of western blots.  
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Figure 3.17: The C-terminal JunB cleavage fragment inhibits AP-1–dependent 
luciferase activity. 

Karpas 299 cells were transfected with 5 µg of vector alone, or cDNAs encoding for Myc-
tagged JunB (WT), Myc-tagged N-terminal JunB cleavage fragment (NT), or Myc-tagged 
C-terminal JunB cleavage fragment (CT) along with an AP-1 firefly luciferase reporter 
construct and a constitutively expressed Renilla luciferase vector. Empty vector was 
added to some samples to ensure equal amounts of transfected DNA in all samples. 
Cells were lysed and luciferase activity was measured as described in the Experimental 
Procedures. The results shown represent the mean and standard deviation of five 
independent experiments. p values were calculated by performing paired, one-tailed t 
tests (* p < 0.05; ** p < 0.01, *** p < 0.001). Anti-Myc western blots are included to 
show the expression level of the Myc-JunB proteins. Anti-Myc western blots are 
included to illustrate the expression level of the Myc-JunB proteins, and anti-actin 
western blots are included to demonstrate protein loading. The electrophoretic mobility 
of molecular weight standards are indicated to the left of western blots. 
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We further found that the C-terminal JunB fragment functioned as a dose–

dependent inhibitor of AP-1 transcriptional activity in Karpas 299 cells, whereas in these 

same experiments we found that the N-terminal fragment had a minor effect on AP-1 

luciferase activity at two points where the N-terminal fragment was expressed at high 

levels (Figure 3.17).  Similar to the full length Myc-JunB, we also observed that the N- 

and C-terminal fragments can appear as a doublet (see western blot in Figure 3.17), 

possibly due to the phosphorylation of these proteins. 

To determine if the C-terminal JunB fragment can also inhibit AP-1 transcription 

in a non-ALK+ ALCL cell line, we performed the same luciferase assay as Figure 3.16 in 

the DG75 Burkitt lymphoma cell line, a cell line that expresses low levels of endogenous 

JunB. Although the overexpression of full-length Myc-JunB was able to increase the AP-1 

luciferase activity to a greater extent than observed in the ALK+ ALCL cell line (Figure 

3.18), we found that the C-terminal fragment inhibited AP-1 luciferase activity in DG75 

cells in a similar manner as in the Karpas 299 cells (Figure 3.18). Taken together, the 

results from both the Karpas 299 and DG75 cell lines demonstrate that neither of the 

JunB cleavage products is able to promote transcription from an AP-1 reporter, and the 

C-terminal fragment can inhibit AP-1–dependent transcription. 
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Figure 3.18: The C-terminal JunB cleavage fragment inhibits AP-1–dependent 
luciferase activity in DG75 cells. 

DG75 B cells were transfected with 5 µg of vector alone, or cDNAs encoding for Myc-
tagged JunB (WT), Myc-tagged N-terminal JunB cleavage fragment (NT), or Myc-tagged 
C-terminal JunB cleavage fragment (CT) along with an AP-1 firefly luciferase reporter 
construct and a constitutively expressed Renilla luciferase vector. Cells were lysed and 
luciferase activity was measured as described in the Experimental Procedures. The 
results shown represent the mean and standard deviation of three independent 
experiments. p values were calculated by performing paired, one-tailed t tests. NS 
indicates no significance difference. Anti-Myc western blots are included to illustrate the 
expression level of the Myc-JunB proteins, and anti-actin western blots are included to 
demonstrate protein loading. The electrophoretic mobility of molecular weight 
standards are indicated to the left of western blots. 
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3.4.2:  Subcellular localization of the JunB cleavage fragments 

We next explored the mechanism by which the C-terminal fragment could be 

inhibiting AP-1–dependent transcription. We postulated that because this fragment 

contains the dimerization and DNA binding domains, but lacks the transcriptional 

activation domain, it may bind AP-1 DNA binding sites as a homodimer or a 

transcriptionally inactive/impaired heterodimer, and prevent transcriptionally 

competent AP-1 dimers from binding. To test these possibilities, we first examined 

whether the C-terminal fragment was present in the nucleus. Nuclear and cytoplasmic 

fractionation experiments demonstrated that Myc-JunB was predominantly found in the 

nuclear fraction (Figure 3.19). The C-terminal fragment was also enriched in the nuclear 

fraction likely due to the fact that this fragment possesses the JunB nuclear localization 

signal (Figure 3.9A). In contrast, the N-terminal fragment was exclusively found in the 

cytoplasmic fraction. 

3.4.3:  Wild-type JunB and the C-terminal JunB fragment bind other AP-1 family 

transcription factors. 

Because AP-1 transcription factors form dimers with other AP-1 proteins to 

promote transcription, we examined whether the C-terminal fragment could associate 

with other AP-1 family proteins. Co-immunoprecipitation experiments using an anti-Myc 

antibody demonstrated that full-length JunB and the C-terminal fragment, but not the 

N-terminal fragment, could co-precipitate with endogenous c-Fos and Fra2 in Karpas 

299 cells (Figure 3.20). Moreover, performing the reverse co-immunoprecipitation 

experiments using anti-c-Fos or anti-Fra2 antibodies also co-precipitated the full length 

and C-terminal JunB, but not the N-terminal fragment (Figure 3.21A and B). Thus, the C-

terminal JunB cleavage fragment retains its ability to dimerize with AP-1 family proteins. 
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Figure 3.19: Subcellular localization of wild-type JunB and JunB truncation mutants. 

Nuclear and cytoplasmic fractions of Karpas 299 cells expressing vector alone, Myc-JunB, 
Myc-JunB N-terminal fragment (NT), or Myc-JunB C-terminal fragment (CT) were 
western blotted (WB) with an anti-Myc antibody. Anti-PARP and anti-tubulin blots were 
performed to validate the fractionation of the nuclear and cytoplasmic fractions, 
respectively. The electrophoretic mobility of molecular weight standards are indicated 
to the left of western blots. 
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Figure 3.20: Wild-type JunB and the C-terminal JunB fragment interacts with the c-Fos 
and Fra2 transcription factors. 

Karpas 299 cells were transfected with 20 µg of vector alone, or cDNAs encoding for 
Myc-tagged JunB (WT), Myc-tagged N-terminal JunB cleavage fragment (NT), or Myc-
tagged C-terminal JunB cleavage fragment (CT). Cells were lysed after 24 h and lysates 
were immunoprecipitated (IP) with an anti-Myc antibody, and western blotted with an 
anti-c-Fos, Fra2 or Myc antibody. Note: IgH and IgL indicate the location of the 
immunoglobulin heavy and light chains respectively. Whole-cell lysates were also 
western blotted to illustrate the expression level of the Myc-JunB proteins. The 
electrophoretic mobility of molecular weight standards are indicated to the sides of 
blots. 
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Figure 3.21: Wild-type JunB and the C-terminal JunB fragment interacts with the c-Fos 
and Fra2 transcription factors. 

A. Karpas 299 cells were transfected with 20 µg of vector alone (V), or cDNAs encoding 
for Myc-tagged JunB (WT), Myc-tagged N-terminal JunB cleavage fragment (NT), or Myc-
tagged C-terminal JunB cleavage fragment (CT). Cells were lysed after 24 h and lysates 
were immunoprecipitated (IP) with an anti-c-Fos antibody, and western blotted with an 
anti-c-Fos or Myc antibody. A control IP without lysate was also performed. Note: IgH 
and IgL indicate the location of the immunoglobulin heavy and light chains respectively. 
Whole-cell lysates of transfected cells were also western blotted to illustrate the 
expression level of the Myc-JunB proteins. The electrophoretic mobility of molecular 
weight standards are indicated to the sides of blots. 
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3.4.4:  The C-terminal JunB cleavage product is able to bind DNA 

Since the C-terminal JunB fragment was present in the nucleus, we used EMSA 

to examine whether this fragment could bind DNA. We found that a biotinylated AP-1 

probe was able to bind a protein(s) in Karpas 299 cell nuclear extract (Figure 3.22; lane 

2), and the electrophoretic mobility of these complexes was altered when the probe 

was incubated with extracts from cells expressing the Myc-tagged JunB C-terminal 

fragment compared to when incubated with extracts from vector alone–transfected 

cells (compare Figure 3.22; lanes 2 and 8; compare Figure 3.22; lanes 2 and 3). 

Moreover, the addition of an anti-JunB antibody to these probe-protein complexes 

resulted in a super-shift in the complex, demonstrating that JunB is present in these 

probe-protein complexes (Figure 3.22; lane 3). These probe-protein complexes could 

also be shifted with an anti-Myc antibody when incubated with nuclear extracts from 

Myc-tagged JunB (Figure 3.22; lane 7) or Myc-tagged JunB C-terminal fragment 

expressing cells (Figure 3.22; lane 10), but not vector alone–transfected cells (Figure 

3.22; lane 4). Importantly, this latter result demonstrated that the C-terminal JunB 

cleavage fragment can bind DNA. 

3.4.5:  The C-terminal JunB cleavage product prevents endogenous AP-1 family 

proteins from binding DNA 

We next examined whether the C-terminal fragment could compete with 

endogenous JunB for binding to this AP-1 probe. We again performed EMSA, this time 

using an anti-JunB antibody for super-shift that recognizes an epitope in the N-terminus 

of JunB, which is not present in the C-terminal fragment. This N-terminal JunB antibody 

allowed us to distinguish the endogenous full-length JunB from the exogenous C-

terminal JunB fragment. In these experiments, we observed super-shifting with the C-
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terminal anti-JunB antibody that recognizes both endogenous JunB and the C-terminal 

fragment (Figure 3.23 lanes 10 through 13). These findings are consistent with the 

notion that the C-terminal JunB caspase cleavage product binds AP-1 sites and prevents 

endogenous AP-1 family proteins from binding these sites.  

We also examined whether in-vitro transcribed/translated Myc-JunB C-terminal 

cleavage fragment could bind this AP-1 probe independent of other factors present in 

Karpas 299 nuclear extract. Intriguingly, neither extracts of in-vitro 

transcribed/translated Myc-JunB or the C-terminal cleavage fragment alone were able 

to shift the AP-1 probe (Figure 3.24; lanes 3 and 5). However, we observed shifting of 

this probe when extracts containing Myc-JunB (lane 8) and the C-terminal fragment 

(lane 10) were incubated with extract containing FLAG-c-Fos. This suggests that the in-

vitro transcribed/translated wild-type and C-terminal Myc-JunB can dimerize with the 

in-vitro transcribed/translated FLAG-c-Fos to bind the AP-1 probe. Taken together, our 

EMSA results are consistent with the notion that the C-terminal JunB caspase cleavage 

product binds AP-1 sites, prevents endogenous JunB from binding these sites, and at 

least with this synthetic AP-1 probe, binds as a heterodimer. 
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Figure 3.22: The C-terminal JunB cleavage fragment binds DNA. 

EMSAs were performed by incubating nuclear extracts prepared from Karpas 299 cells 
transfected with the indicated cDNAs with a biotinylated AP-1 probe. The indicated 
antibodies were also included to test for super-shifting of probe-protein complexes. 
“Control IgG” is an irrelevant, isotype control antibody that serves as a negative control 
for super-shifting. In the lane labeled “probe alone”, no nuclear extract or antibody was 
included in the reaction. The western blot below is included to demonstrate the 
expression of the Myc-tagged proteins in the nuclear fractions used for EMSA. The 
electrophoretic mobility of molecular weight standards are indicated to the left of 
western blots. 
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Figure 3.23: The C-terminal JunB cleavage fragment binds DNA, and competitively 
inhibits full-length JunB from binding DNA. 

EMSAs were performed by incubating nuclear extracts prepared from Karpas 299 cells 
transfected with the indicated amounts of the Myc-JunB C-terminal (CT) fragment with a 
biotinylated AP-1 probe.  Super-shifts were performed using the indicated antibodies. In 
the lane labeled “probe alone”, no nuclear extract or antibody was included in the 
reaction. The western blot to the right indicates the expression level of the Myc-JunB 
(CT) fragment in the different nuclear fractions. The electrophoretic mobility of 
molecular weight standards are indicated to the left of western blots. 
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Figure 3.24: Full-length JunB and the C-terminal JunB cleavage fragment forms 
heterodimers with c-Fos to bind DNA. 

EMSAs were performed using the indicated in-vitro transcribed/translated Myc-JunB 
and/or FLAG-c-Fos proteins as well as a biotinylated AP-1 probe. Bands indicated with 
an asterisk (*) are biotinylated proteins in the wheat germ extract, whereas the band 
mark with the number sign (#) is a complex between the probe and a wheat germ 
extract protein. The western blot to the right of the EMSA demonstrates the production 
of the indicated proteins using the in-vitro transcription/translation system. The 
electrophoretic mobility of molecular weight standards are indicated to the left of 
western blots. 
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3.4.6:  The C-terminal JunB cleavage fragment reduces proliferation and enhances 

apoptosis when ectopically expressed in Karpas 299 cells  

Both JunB and c-Jun have been shown to promote the proliferation of Karpas 

299 cells (34,54). Since the C-terminal JunB fragment interfered with AP-1–dependent 

transcription, we examined whether this fragment had any effect on the viability of 

Karpas 299 cells. Using a resazurin–based cell viability assay, we noted a time–

dependent decrease in the number of viable cells when Karpas 299 cells were 

transfected with a cDNA encoding for the C-terminal JunB fragment, but not cDNAs 

encoding for full-length JunB or the N-terminal cleavage product (Figure 3.25).  

We next investigated whether the reduced viability was due to decreased 

proliferation, increased apoptosis, or both these processes. BrdU labeling of Karpas 299 

cells expressing the C-terminal cleavage fragment was significantly reduced compared 

to vector alone–transfected cells and cells expressing Myc-JunB or the N-terminal 

cleavage fragment (Figure 3.26A and B). In addition, we observed a modest increase in 

apoptosis in Karpas 299 cells expressing the C-terminal JunB cleavage fragment (Figure 

3.27). Thus, a decrease in proliferation and an increase in apoptosis are likely accounting 

for the reduced viability observed in cells expressing the C-terminal cleavage fragment. 
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Figure 3.25: The C-terminal JunB cleavage fragment reduces the viability of Karpas 299 
cells. 

Karpas 299 cells were transfected with vector alone or cDNAs encoding for Myc-JunB 
(WT), the Myc-JunB N-terminal (NT) fragment, or the Myc-JunB C-terminal (CT) 
fragment. The viability of cells was then measured at the indicated times post-
transfection using a resazurin–based viability assay. The results represent the average 
and standard deviation of three independent experiments. p values were calculated by 
performing paired, one-tailed t tests. The anti-Myc western blot (WB) to the right 
indicates the expression of the indicated Myc-tagged JunB proteins 24 h post-
transfection, and the anti-actin blot demonstrates equivalent protein loading. The 
electrophoretic mobility of molecular weight standards are indicated to the left of 
western blots. 
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Figure 3.26: Expression of the C-terminal JunB cleavage fragment impairs proliferation 
in Karpas 299 cells. 

A. Karpas 299 cells were transfected with vector alone or cDNAs encoding for the 
indicated Myc-tagged JunB proteins. Forty-eight hours post-transfection, cells were 
pulsed with BrdU for 4 h and analyzed for BrdU incorporation by flow cytometry. The 
western blot to the right indicates the expression of the indicated Myc-tagged JunB 
proteins 48 h post-transfection, and the anti-actin blot demonstrates protein loading. B. 
The values presented represent the mean and standard deviation of four independent 
experiments as described in A. p values were calculated by performing paired, one-
tailed t tests. 
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Figure 3.27: Expression of the C-terminal JunB cleavage fragment in Karpas 299 cells 
increases spontaneous apoptosis. 

A. Karpas 299 cells were transfected with vector alone or cDNAs encoding for the 
indicated Myc-tagged JunB proteins, and the percentage of Annexin V–
positive/propidium iodide–negative cells (early apoptotic) was determined 48 h post-
transfection. The values presented represent the mean and standard deviation of four 
independent experiments. p values were calculated by performing paired, two-tailed t 
tests. NS indicates no significance difference. The western blot (WB) to the right 
indicates the expression of the indicated Myc-tagged JunB proteins 48 h post-
transfection, and the anti-actin blot demonstrates protein loading. The electrophoretic 
mobility of molecular weight standards are indicated to the left of western blots. 
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CHAPTER 4:      DISCUSSION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A portion of this chapter has been submitted for publication: 

Lee JK, Pearson JD, Maser BM, and Ingham RJ. 2013. Cleavage of the JunB transcription 
factor by caspases generates a carboxy-terminal fragment that inhibits activator 
protein-1 transcriptional activity. Journal of Biological Chemistry. [undergoing revision]. 
The original manuscript was written by J. Lee, J. Pearson, and Dr. R. Ingham. 
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4.1:  SUMMARY OF RESULTS 

Activated caspases are associated with the alteration of the architecture and 

function of the cell during apoptotic cell death, and plays important roles in cell 

proliferation, cell differentiation and the immune response. In this study, we make the 

novel observation that the JunB transcription factor is a caspase substrate in apoptotic 

cells, and that cleavage of JunB generates a C-terminal fragment that inhibits AP-1-

dependent transcription. We identified aspartic acid 137 as the JunB caspase cleavage 

site both in vivo and in-vitro. This site is conserved in all mammalian JunB proteins, and 

cleavage of JunB at this site separates the N-terminal transactivation domain from the 

C-terminal DNA binding and dimerization domains. Not only does cleavage inactivate 

the protein, but it generates a C-terminal fragment that inhibits AP-1–dependent 

transcription. Our results are consistent with a model (Figure 4.1) whereby the C-

terminal JunB cleavage fragment binds AP-1 sites either as a homodimer, or as a 

heterodimer with c-Fos or other AP-1 family proteins. These C-terminal JunB fragment 

containing dimers can then prevent transcriptionally–competent AP-1 dimers from 

binding these sites and promoting transcription. The importance of this inhibition is 

demonstrated by our finding that the C-terminal cleavage fragment interferes with AP-1 

function to the extent that there is impaired cell proliferation and survival when the C-

terminal cleavage fragment is overexpressed in an ALK+ ALCL cell line. 
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Figure 4.1: Overview of caspase-mediated JunB cleavage and its consequences. 

A. Activated caspases cleaves the JunB transcription factor at aspartic acid residue 137 
to generate an N-terminal fragment containing the transactivating domain (TAD) and a 
C-terminal fragment containing the DNA binding and dimerization domains (bZIP). JunB 
was also observed to be dephosphorylated during apoptosis. B. When expressed in ALK+ 
ALCL cells, the C-terminal JunB truncation mutant functions as an inhibitor of AP-1 
transcription by either homodimerizing to “block” AP-1 promoter access, or 
heterodimerizes with other AP-1 proteins to form non-functional dimers that “quench” 
the AP-1 proteins in the cell. In both scenarios, functional wild-type AP-1 dimers are 
unable to bind to AP-1 promoter sites. The decreased AP-1 activity from both 
mechanisms results in impaired proliferation and survival of ALK+ ALCL cells. Figure 
adapted from (349). 
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4.2:  CASPASE-MEDIATED CLEAVAGE OF JUNB 

4.2.1:  Consequences of caspase cleavage 

The C-terminal JunB cleavage fragment we have characterized is structurally and 

functional reminiscent of TAM67, a dominant-negative c-Jun construct generated by the 

Birrer group (348). TAM67 lacks amino acids 3-122 of c-Jun, which comprises the 

majority of the transcriptional activation domain, but retains the DNA binding and 

dimerization domains (348). Because the H122 residue of c-Jun is analogous to the H147 

residue of JunB, the two truncated proteins are very similar structurally as JunB is 

cleaved at the D137 residue (Figure 3.15). Indeed, similar to our findings, TAM67 was 

shown to bind AP-1 sites and interfere with AP-1–dependent transcription (348,349). As 

an inhibitor of AP-1 dependent transcription, the TAM67 mutant has been used in a 

number of different cell types as a tool to study AP-1 function. The expression of TAM67 

has been shown to alter the expression of cell cycle proteins to negatively affect cell 

growth in lung cancer (349), breast cancer (350) and nasopharyngeal carcinoma models 

(351,352). Moreover it was found to block the proliferation of a fibrosarcoma cell line 

(353). The expression of TAM67 was also found to sensitize neuroblastoma cells for 

apoptosis induced by oxidative stress and blocked neuronal differentiation (354), and 

TAM67 was shown to block the differentiation of melanoma cells by inhibiting the 

transcription of the melanoma differentiation associated genes (355). There have also 

been many studies using TAM67 to examine the role of AP-1 transcription factors in 

keratinocytes, and TAM67 has been shown to inhibit keratinocyte differentiation and 

the expression of terminal differentiation markers (356-359).  

In light of their observation that TAM67 interferes with AP-1 activity, the Birrer 

group proposed 2 mechanisms by which TAM67 was interfering with AP-1 signalling. 
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They hypothesized that TAM67 was either present at high enough levels to form TAM67 

homodimers that bound to AP-1 sites to “block” AP-1 transcription, or was able to form 

defective heterodimers with endogenous AP-1 proteins to “quench” the AP-1 

population in the cell to block transcription (Figure 4.1B)(348). Because TAM67 is able to 

form stable dimers with other AP-1 proteins to bind DNA, the authors concluded that 

TAM67 primarily inhibits transcription via a “quenching” mechanism (349). In this model, 

transcriptionally impaired TAM67/c-Fos or TAM67/c-Jun heterodimers bind AP-1 sites in 

place of more transcriptionally active c-Jun homodimers or c-Jun/c-Fos heterodimers 

(349). Our findings are consistent with their findings as the C-terminal JunB cleavage 

fragment functions in a similar manner. We demonstrated that the C-terminal JunB 

cleavage fragment is also able to bind other AP-1 transcription factors, and when over-

expressed, out-compete wild-type AP-1 proteins for binding to AP-1 promoter 

sequences, suggesting that the C-terminal JunB fragment can also function to “block” or 

“quench” AP-1 transcription.  

4.2.2:  The caspase cleavage site of JunB 

 In this study, we identified that JunB can be cleaved by caspases at the aspartic 

acid 137 residue, with the sequence of the cleavage site being GFAD↓G (↓ indicating 

the cleaved peptide bond). The identified cleavage site appears to be a suitable caspase 

cleavage site, as it contains an aspartic acid residue at the P1 position. Although the P4-

P2 sequence of the JunB cleavage site does not match canonical sites for either apical, 

executioner, or inflammatory caspases, the P1’ residue of the JunB caspase cleavage site, 

which is a glycine, satisfies the preference of caspases for a small residue at the P1’ 

position (276,277). Nevertheless, the idea that caspases have stringent substrate 

specificities and only cleave substrates containing canonical cleavage sites may be an 
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oversimplification of how caspases cleave protein substrates (268). This notion, 

stemming from the early experiments using the cleavage of synthetic peptides by 

caspases to characterize caspase cleavage sites (236,278) – neglects to take into 

consideration additional factors that influence caspase activity such as protein structure 

(172). Additionally, natural caspase substrate cleavage sites often deviate from the 

consensus sequence, made evident by the observation that the apparent consensus 

sequence for caspase 3 (DEVD) makes up less than 1% of known caspase substrate 

cleavage sites, while the more general DXXD motif only made up 22% of substrates in 

apoptotic Jurkat cells (276). Therefore, it appears that the presence of the consensus 

sequence is not sufficient nor is it necessarily required for caspase cleavage. When we 

take into account other determinants of caspase cleavage, such as secondary, tertiary, 

and quaternary protein structure (reviewed in (172)), the actual specificities for caspase 

substrate cleavage sites may be more variable than previously thought. 

In this study, our in-vitro caspase cleavage data demonstrated that recombinant 

caspase 3 was able to cleave in-vitro transcribed and translated Myc-JunB protein at 

aspartic acid 137. Although the cleavage of Myc-JunB by caspase 3 was not very efficient, 

as indicated by a significant amount of full-length Myc-JunB that was left uncleaved, it 

corresponded to our observations that a large amount of the  full-length endogenous 

JunB was left uncleaved as well. The low efficiency of the in-vitro cleavage of Myc-JunB 

may have been due to technical reasons such as the in-vitro reaction conditions, or it 

may be due to JunB may be cleaved by other caspases in vivo. While we were unable to 

determine whether or not JunB is primarily cleaved by caspase 3 in apoptotic cells, the 

kinetics of our time course experiments seemed to suggest that it occurred later in 

apoptosis, roughly correlating with the activation of caspase 3 and the cleavage of the 
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caspase 3 substrate PARP. These observations suggests that JunB may be cleaved by an 

executioner caspase. We found that other caspases were able to cleave JunB, including 

caspases 1, 6, and 8. This suggested that other caspases may be responsible for the 

cleavage of JunB in apoptotic cells or in other non-apoptotic situations.  

4.2.3:  JunB cleavage in other cell types 

We observed the caspase-mediated cleavage of endogenous JunB in 2 ALK+ 

ALCL cell lines, as well as cleavage of exogenous JunB in the Burkitt lymphoma cell line 

BJAB. We were intrigued by the possibility that the cleavage of JunB may be a more 

universal mechanism of regulating JunB in other cell types, although there were a 

number of factors that affected the ability to observe JunB cleavage in other cell types.  

The two main factors that contributed to our observation of JunB cleavage in 

ALK+ ALCL cells were the high levels of JunB expressed by ALK+ ALCL cells relative to 

other lymphoma cells, and the relative ease of inducing apoptosis in ALK+ ALCL with 

apoptosis-inducing drugs. We performed experiments to try to look for endogenous 

JunB cleavage in other cell types that express high levels of JunB, such as Hodgkin 

lymphoma cell lines, but were unable to observe JunB cleavage, despite observing some 

caspase 3 activation and PARP cleavage. It may be possible that a smaller proportion of 

cells were undergoing apoptosis which may affect the ability to observe the JunB 

cleavage. It is also likely that these cancers have acquired mechanisms to block 

apoptosis or enhance the efflux of the apoptosis inducing agents (360,361), resulting in 

decreased caspase activation and subsequent cleavage of JunB. Moreover, as 

transcription and translational processes are often affected during apoptosis (362), JunB 

protein levels itself may also decrease, and affect the ability to detect JunB by western 

blotting. Therefore, while the cleavage by caspases may be a regulation mechanism of 
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JunB in other cell types, it may require more sensitive methods to detect the low levels 

of JunB cleavage in other cells types.  

In addition to drug treatment, we also attempted to use other methods of 

inducing apoptosis in the ALK+ ALCL cells. Experiments performed by Drs. Ingham and 

Barry using a vaccinia virus (Copenhagen) with a deletion in the antiapoptotic viral 

protein F1L (VV(Cop)ΔF1L), which has previously been shown to initiate apoptosis upon 

infection (363). Upon infection of ALK+ ALCL cells with the virus, we observed that while 

apoptosis was induced in cells, there was not much, if any, JunB cleavage (M Barry and 

RJ Ingham, unpublished data). Additionally, we also did not observe any 

dephosphorylation of JunB (M Barry and RJ Ingham, unpublished data). This may have to 

do with the different method of inducing apoptotis, and the virus may also regulate the 

phosphatase/kinase involved in the JunB dephosphorylation in a different way. 

 

 

 

 

 

 

 

 

 

 

 

 



123 
 

4.3:  CASPASE-MEDIATED DEPHOSPHORYLATION OF JUNB 

In addition to its cleavage by caspases, we also observed what was likely a 

dephosphorylation of the JunB to result in the apparent collapse of the JunB doublet 

into a lower molecular weight form. Although it is possible that staurosporine, a kinase 

inhibitor, may be responsible for some of the dephosphorylation we have observed, the 

fact that JunB was dephosphorylated similarly following doxorubicin treatment, and that 

JunB was not dephosphorylated to as large of an extent in cells treated with 

staurosporine and Z-VAD-FMK seems to indicate that at least a part of the 

dephosphorylation of JunB was caspase-dependent. We were intrigued by this 

observation, as a number of studies have implicated phosphorylation as an important 

mechanism of regulating JunB activity. As JunB and AP-1 transcription factors are heavily 

regulated by phosphorylation, the dephosphorylation of JunB can either positively or 

negatively regulate the transcriptional activity of JunB, or target it for proteasomal 

degradation (132,141-143,145,346). 

Both kinases and phosphatases have been observed to be caspase substrates 

(reviewed in(364)). The cleavage of kinases typically results in increased apoptotic 

signaling through a number of mechanisms. For example, the cleavage of pro-apoptotic 

kinases such as PKCδ (365), ROCK1 (366,367), and MEKK1 (368-371) results in their 

activation to amplify pro-apoptotic signaling. Alternatively, the cleavage of pro-survival 

kinases such as Akt (372,373) and FAK (374,375) results in their inactivation and the 

subsequent termination of pro-survival signaling in the cell. Phosphatases are also 

known to be cleaved by caspases. For example, protein phosphatase 2A (PP2A) is 

activated following cleavage of its regulatory subunit Aα by caspase 3 (376). 

Additionally, the phosphatase PP1 is also known to be activated by caspases, as caspase 
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3 was found to cleave its inhibitor PP1 inhibitor-3 to activate the PP1α and PP1γ1 

phosphatases (377). Thus, during apoptosis, caspases can activate or inactivate kinases 

and phosphatases by cleavage, and it is likely that the caspase-dependent 

dephosphorylation of JunB may be due to the activation of a phosphatase(s), 

inactivation of a kinase(s), or both these processes. However, to begin to address these 

questions we first need to identify the sites of JunB phosphorylation in ALK+ ALCL, and 

the kinases and phosphatases that regulate these sites. 

Whether there is a relationship between JunB dephosphorylation and caspase 

cleavage is also an important question, as several studies have demonstrated that 

phosphorylation can regulate the caspase-mediated cleavage of substrates. For example, 

cleavage of the Max transcription factor at glutamic acid 10 residue by caspase 5 was 

found to be is inhibited by phosphorylation of Max at serine 11 (275), while the 

phosphorylation of the threonine 59 residue of Bid blocked its cleavage by caspase 8 at 

the aspartic acid 60 residue (378). In contrast, cleavage of PKC-δ by caspase 3 at aspartic 

acid 327 was promoted by phosphorylation of the adjacent tyrosine residue (379). 

Additionally, it has been suggested that the phosphorylation of the P3 residue on the 

caspase substrate can enhance its cleavage by caspase 8 (380). Nevertheless, the 

nearest potential phosphorylation site to aspartic acid 137 in JunB is threonine 129, 8 

AA residues away, and there are no reports indicating this residue is phosphorylated, 

although it is likely too distant from aspartic acid 137 to affect caspase cleavage even if 

it were phosphorylated. Although we are not aware of any published reports of a distal 

phosphorylation site on the substrate protein that regulates caspase cleavage, we can’t 

exclude the possibility of a phosphorylation site that can affect the cleavage of JunB by 

caspases. It is possible that the phosphorylation of JunB at a distal site can change the 
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conformation of JunB to expose the caspase site for enhanced cleavage, or expose an 

exosite that may interact with caspases. Nevertheless, we have found that the 

phosphorylation of some sites of JunB does not appear to be required for its cleavage, 

as a phosphorylation mutant of JunB generated in our laboratory, where the serines 

251, 259, and threonine 255 were mutated to alanine, was still found to be cleaved in 

apoptotic ALK+ ALCL cell lines (JD Pearson, unpublished data). Moreover, the fact that 

the in-vitro transcribed and translated JunB used in our in-vitro cleavage assay appears 

not be phosphorylated, but was still cleaved by caspases, suggested that the 

phosphorylation of JunB is likely not a requirement for caspase cleavage.  
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4.4:  CASPASE-DEPENDENT CLEAVAGE OF TRANSCRIPTION FACTORS  

The destruction of the nucleus is a key event during apoptotic cell death, and 

caspases play an important role in this through the cleavage of a large number of 

substrates. Caspases cleave nuclear proteins such as nuclear lamins to result in the 

disassembly of the nuclear lamina, nuclear pore proteins to block nuclear transport, 

DNA repair and synthesis proteins, chromatin binding proteins, and also transcription 

factors (reviewed in (282,293)). The cleavage of these nuclear proteins contribute to the 

apoptotic phenotype, and has been suggested to play important functions including the 

breakdown of the nucleus, chromatin condensation and DNA cleavage, and also limiting 

the spread of viral DNA in infected cells undergoing apoptotic cell death (281,282). Of 

the many nuclear proteins that are caspase substrates in apoptotic cells (282), many 

transcription factors such as the NF-κB subunits, p65/RelA, p50, and (381,382), as well 

as c-Rel (383), STAT1 (384), STAT3 (385), FOXO3a (386), and GATA-1 (387) are cleaved 

during apoptosis.  

4.4.1:  Separation of transactivating and DNA binding domains 

During the caspase mediated cleavage of JunB, we noted that the cleavage at 

aspartic acid 137 resulted in the generation of cleaved fragments that separated the 

transcriptional activation domain from the DNA binding/dimerization domain of JunB. 

Interestingly, the separation of the transactivation domain from the DNA binding 

domain is also a consequence of the caspase–mediated cleavage of other transcription 

factors. These include p65/RelA (382), FOXO3a (386), Ying Yang 1 (YY1) (388), as well as 

PU.1 (389). 

The separation of the transactivating domain from the DNA 

binding/dimerization domains of some transcription factors by caspase cleavage has 
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also been demonstrated to generate an inhibitory fragment of transcription, similar to 

what we had observed for JunB. One such transcription factor is the NF-κB p65/RelA 

subunit, which has been shown to be cleaved by caspases during apoptosis (381). This 

discovery, made by Levkau et al following an interesting observation that NF-κB was 

activated during growth factor deprivation in a number of cell types (382). They found 

that despite NF-κB being a generally pro-survival transcription factor, most cells 

underwent apoptosis and lost NF-κB activity. Nevertheless, cells that did survive growth 

factor deprivation maintained NF-κB activity. This unusual observation was reconciled 

by the discovery that during apoptosis, the cleavage of p65/RelA by executioner 

caspases generates cleavage products that interferes with NF-κB activity. Cleavage of 

p65/RelA by caspases generates an N-terminal fragment where the transcriptional 

activation domains have been disrupted, but the fragment still retains the DNA binding 

domain (382). This fragment was demonstrated to inhibit overexpressed full-length 

p65/RelA from promoting transcription, and as a result also blocked cell survival. 

Additionally, a non-cleavable p65/RelA mutant was found to protect HUVEC cells from 

apoptosis induced by growth factor withdrawal, suggesting a role for the N-terminal 

cleavage product in apoptosis induction (382).  

Similarly, cleavage of the yin yang 1 (YY1) transcription factor at aspartic acid 

119 generates a transcriptionally–inactive fragment that retains DNA binding and is able 

to inhibit transcription mediated by full-length YY1 (388). YY1, a zinc finger transcription 

factor, is involved in regulating genes that regulate a number of genes involved in 

cellular processes such as proliferation, differentiation, and embryogenesis (reviewed in 

(390)). During apoptosis, YY1 localizes rapidly to the nucleus, and was found to be 

cleaved at multiple sites in its transactivation domain. As a result of the caspase 
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cleavage, the YY1 cleavage fragment – which contains the DNA binding domain but not 

the transactivation domain – acts as a dominant negative protein as it loses the ability to 

recruit cofactors required for the transcriptional activation of its target genes. 

Additionally, the expression of the YY1 cleavage product also sensitized HeLa cells to 

Fas–mediated apoptosis (388).  

Our results demonstrating that the overexpression of the C-terminal JunB 

cleavage fragment resulted in a modest increase of apoptotic cells, represents another 

example of caspase–mediated cleavage of a transcription factor promoting apoptosis. 

However, unlike what was observed with p65/RelA, we found that the overexpression of 

non-cleavable D137A JunB mutant did not protect cells from undergoing apoptosis (JD 

Pearson and RJ Ingham, unpublished data). Thus, it is possible that the caspase–

mediated cleavage of some transcription factors can inactivate their transcriptional 

activity, and in some cases this cleavage may generate fragments which inhibit 

transcription, although the cleavage of JunB does not appear to play a major role in the 

apoptosis of ALK+ ALCL cells.  
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4.5:  ROLE OF JUNB CLEAVAGE DURING APOPTOSIS 

In both JunB and other caspase substrates, it is difficult to conclude definitively 

whether a protein cleaved during apoptosis is a caspase substrate that plays an 

important role in apoptosis, or is simply cleaved as a bystander. It is also possible that 

the caspase cleavage of that protein may only be required for certain processes, making 

its cleavage during apoptosis appear to be redundant. Nevertheless, unless the cleavage 

of a bystander protein results in a significant blockage of apoptotic signalling or 

execution, there is little selection pressure to limit the cleavage of these bystander 

proteins by caspases (172). Indeed, as apoptosis is the cumulative effect of the cleavage 

of many caspase substrates, and the cleavage of a single caspase substrate is likely not 

sufficient to result in apoptosis, or block the induction of apoptosis (282). For example, 

even mice lacking the well characterized caspase substrate PARP show no overt 

phenotypes that would be indicative of either impaired apoptosis nor resistance to Fas 

or TNFR mediated apoptosis (391). Moreover, as the expression of an non-cleavable 

PARP mutant only resulted in the temporary delay of apoptosis (392), demonstrating 

that the cleavage of PARP is neither sufficient nor necessary for apoptosis.  

Nonetheless, it is still interesting to ponder the reason that JunB is cleaved by 

caspases during apoptosis. A role of caspases during apoptosis is to cleave proteins that 

function in energy intensive processes to conserve the cell’s energy consumption during 

apoptosis. For example, uncontrolled PARP-mediated DNA repair during apoptosis can 

result in the depletion of cellular stores of ATP and lead to necrosis instead of apoptosis 

(393-395). One of the processes interrupted by caspases’ cleavage of protein substrates 

during apoptosis is the energy intensive process of protein translation. Proteins involved 

in translation initiation, such as eukaryotic initiation factors are cleaved during apoptosis 
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to block transcription initiation (reviewed in (362)). A recent study by Rajani et al 

demonstrated that in addition to these eukaryotic initiation factors, RNA processing 

proteins such as anti-silencing factor 1 (ASF1) and heterogeneous nuclear 

ribonucleoproteins (hnRNPs) are cleaved by granzyme A during immune cell mediated 

apoptosis affected RNA processing, and interfered with the export of mRNA transcripts 

which required splicing, such as c-fos and c-myc, while leaving intron-less mRNA such as 

c-jun unaffected (396).  

These findings are interesting as it suggests that the inhibition of mRNA 

processing during apoptosis may be an important step of apoptosis, and that it may be 

possible that the caspase cleavage of the intron-less JunB may be a mechanism of 

eliminating proteins translated from intron-less mRNA that escape this mechanism of 

translation inhibition during apoptosis. The requirement to conserve the cell’s energy 

stores in order to complete apoptotic cell death necessitates the shutdown of energy 

intensive processes. While genes that require mRNA processing can be targeted by the 

process described by Rajani et al, caspase cleavage may be how proteins translated 

from intron-less genes are shut down. Although it is not known whether caspases cleave 

other proteins derived from intron-less genes during apoptosis, it is an interesting 

theory that could potentially explain the importance of the cleavage of JunB during 

apoptosis, and why it occurs. 
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4.6:  NON-APOPTOTIC ROLES OF JUNB CLEAVAGE BY CASPASES 

Although we make the novel discovery in this study that JunB is a caspase 

substrate in apoptotic cells, whether or not it is cleaved to perform a biologically 

relevant role during apoptosis, or is cleaved merely as a bystander protein remains to be 

determined. Indeed, the caspase cleavage of a transcription factor such as JunB late in 

apoptosis is unlikely to affect the outcome of apoptosis in a major way. Nevertheless, 

cleavage of substrate proteins by caspases do not occur solely during apoptosis, and in 

fact plays important roles in a number of different processes. These non-death 

processes may be relevant to JunB’s cleavage by caspases and may be a way of 

regulating JunB function.   

4.6.1:  Caspases in lymphocyte activation 

Both caspases and AP-1 transcription factors play important roles in the 

activation of lymphocytes. Caspase 8 has been shown to play a role in T, B, and natural 

killer cell activation (397,398), and caspase 8 mutations in humans that produce an 

inactive caspase 8 results in immunodeficiency due to defects in lymphocyte apoptosis 

and homeostasis (reviewed in (399)). Caspase 8 mutations have also been shown to 

impair the activation of T and B lymphocytes and NK cells, suggesting a role in immunity 

in addition to its pro-apoptotic role (397).  During T-cell activation, caspase 8, but not 

caspase 3, was found to be activated. In addition, the addition of caspase inhibitors 

during T-cell activation was found to reduce cell proliferation and the production of IL-2 

(400,401). It is thought that caspase 8, along with its inhibitory homologue c-FLIP, play 

an important role in modulating NF-κB signalling (402,403). Caspase 8 and c-FLIP can 

either homodimerize with itself or heterodimerize with each other (402,404,405). 

Whereas the formation of caspase 8 homodimers can lead to the formation of DISC and 
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the induction of apoptosis, the formation of caspase 8 and c-FLIP heterodimers or c-FLIP 

homodimers can result in NF-κB activation (405-408).  Experiments performed by Su et 

al described impaired NF-κB activation in caspase 8 deficient cells following TCR 

stimulation (409). Additionally, it is thought that during the limited activation of caspase 

8 in these caspase 8/c-FLIP heterodimers, caspase 8 can be sequestered onto lipid rafts 

where only select substrates are cleaved to promote the activation of NF-κB (410). 

JunB, which can function as a c-Jun antagonist to inhibit AP-1 transcription, may 

be inactivated by caspase cleavage in a similar mechanism. Whether JunB is cleaved by 

caspases during T-cell activation warrants further investigation. We have found that 

JunB can be cleaved in-vitro by caspases including caspase 8. The cleavage of JunB by 

caspase 8 suggests that JunB cleavage may be important in lymphocyte activation in 

addition to apoptosis.  

4.6.2:  Caspases in cell cycle 

Caspases have also been shown to directly influence cell proliferation through 

the modulation of the cell cycle. While the expression levels of cell cycle proteins 

through cell cycle progression are often regulated by ubiquitin ligases (411), recent 

studies have shown that caspases may also play a role in regulating cell cycle 

progression. Active caspase 3 was found to be expressed in proliferating rat brain cells 

(412), and caspase 3 was specifically found to be upregulated prior to mitosis in HeLa 

cells (413). Additionally, treatment of HeLa cells with caspase 3 inhibitors resulted in cell 

death at late mitosis (414). Other caspases, such as caspase 7, have also been shown to 

regulate cell cycle (415,416), although the specific substrate proteins cleaved by 

caspases to modulate the cell cycle has not been identified.  
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The cleavage of JunB may be relevant in the context of cell cycle, as JunB can 

reduce the proliferation and promote the differentiation of a number of cell types 

including erythrocytes and keratinocytes (417,418). As JunB can be cleaved by multiple 

caspases in vitro, it may be possible that JunB is cleaved in progenitor cell types to 

prevent differentiation into more specialized cell types. 

4.6.3:  Caspases in cell differentiation 

Caspase activity has been found to be required for certain cell types to reach a 

terminally differentiated state, usually through the removal of specific organelles. 

Examples of caspases playing a role in the differentiation of cells include the 

differentiation of macrophages, erythrocytes and keratinocytes. For example, the 

maturation of red blood cells during erythropoiesis is a process that involves the 

extrusion of the erythrocyte nucleus to be digested by macrophages, and significant 

remodelling of the cells cytoskeleton to form the distinctive shape of the mature 

erythrocyte (419-422). During erythrocyte differentiation, activated caspases are 

responsible for the morphological changes during erythrocyte maturation, such as 

chromatin condensation, loss of organelles, and extrusion of the nucleus to be broken 

down by macrophages (423,424). Similarly, activated caspases 3 and 14 function in 

keratinocytes to remove organelles during the terminal differentiation of keratinocytes 

into corneocytes, and are also required for the removal of the nucleus, or enucleation of 

these cells (425,426). 

Caspases are involved in the differentiation of cells that do not reach a terminal 

differentiated state as well. The differentiation of monocytes to activated macrophages, 

for example, involves the activation of caspases. In response to macrophage colony-

stimulating factor (M-CSF), caspases 8, 9, and 3 become activated and cleave a number 



134 
 

of protein substrates to mediate macrophage differentiation (427). Cells lacking caspase 

8 or treated with caspase inhibitors failed to differentiate into macrophages. It is 

thought that the cleavage of RIP1 by caspase 8 blocked the activation of NF-κB to favour 

the differentiation into macrophages (428). A number of cytoskeletal proteins have also 

been identified to be caspase substrates, and its cleavage is thought to facilitate the 

cytoskeletal changes involved in macrophage differentiation (429). 

 JunB is also involved in the differentiation of a number of different cell types, 

and its cleavage by caspases may influence this process. In erythrocytes, the 

erythropoietin (EPO) induced expression of JunB is required for the differentiation of 

primary erythroid cells (417). Also key to erythrocyte differentiation are the 

transcription factors GATA-1 and Tal1, which are also activated by EPO. Interestingly, 

these transcription factors are protected from caspase cleavage in the presence of EPO, 

which protects the cell from undergoing apoptosis completely. In the absence of EPO 

however, both GATA-1 and Tal1 are cleaved by caspases, and the erythrocyte undergoes 

apoptosis (424,430). As we have observed that JunB can be cleaved by caspases 

including caspase 8, it may be possible that JunB is protected by a similar mechanism in 

differentiating cells, or that the caspase cleavage of JunB may be a way of limiting cell 

differentiation.   

4.6.4:  Caspases in inflammation 

Caspases are also important in the innate immune response as caspase 1 is a 

major component of the inflammasome complex, and plays a major role in activating 

pro-inflammatory cytokines (296,431). However, in addition to cytokine processing, 

caspases can modulate inflammatory signalling through the cleavage of protein 

substrates. Work performed by Rajput et al described a mechanism by which caspase 8 
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can suppress inflammatory signalling. It was found that caspase 8 is recruited to the 

retinoic acid-inducible gene I (RIG-I) signalling complex, a cytoplasmic RNA sensor that 

activates the proinflammatory transcription factor interferon regulatory factor 3 

(IRF3)(432). Caspase 8 cleaves polyubiquitylated kinase RIP-1 within the RIG-I complex 

to downregulate IRF3 signalling to downregulate the inflammatory response (432). 

Caspase 8 appears to play an important role in suppressing inflammation as caspase 8 

deficient mice develop chronic inflammatory diseases (433,434), demonstrating a non-

apoptotic role for a caspase traditionally associated with apoptosis. JunB, which is 

known to be able to promote pro-inflammatory signalling by inducing the expression of 

proinflammatory cytokines such as TNF-α, IL-6, and IL-12 (435), may also be regulated 

by caspase 1 cleavage to downregulate the inflammatory response. Whether JunB is 

cleaved by caspases under non-apoptotic conditions, and whether this cleavage is 

biologically important, warrants further investigation. Nevertheless, we have observed 

that JunB can be cleaved in-vitro by caspase 1. The potential cleavage of JunB by 

caspase 1 suggests that JunB cleavage may be relevant in inflammation as well.  
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4.7:  FUTURE WORK 

In this study we identified and characterized a mechanism by which JunB was 

cleaved by caspases to generate an inhibitory fragment. Whether or not the cleavage of 

JunB plays a role in apoptosis or in another non-apoptotic situation remains to be 

determined. The identification of the situation where JunB is cleaved, and the cellular 

caspase that cleaves JunB may help further narrow down the context in which JunB is 

cleaved naturally. Current experiments being performed in the Ingham lab is looking at 

whether JunB can be cleaved in cells following the activation of the inflammasome. 

Further experiments using either siRNAs or specific caspase inhibitors may help 

determine the caspase(s) that cleave JunB in cells. 

Another aspect of JunB cleavage that also warrants further investigation is the 

dephosphorylation of JunB during apoptosis, whether or not it affects JunB cleavage or 

activity, and which phosphatase or kinase is responsible for the dephosphorylation. 

Experiments to study this aspect of JunB cleavage would involve determining the 

phosphorylation site(s) of JunB affected during apoptosis, which phosphatases/kinases 

usually phosphorylate/dephosphorylate those residues, and how they are affected by 

caspases. It would also be interesting to determine how changes in phosphorylation 

affect the cleavage of JunB. 

The overexpression of the C-terminal JunB cleavage fragment resulted in 

decreased viability of the Karpas 299 ALK+ ALCL cell line through a combination of 

reduced proliferation survival. The identification of the gene targets that are affected by 

the overexpression of the C-terminal JunB cleavage fragment is important in 

determining the mechanism by which this occurs. Recent work in our laboratory made 

use of an mRNA microarray to identify differentially regulated genes in cells expressing 
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either the C-terminal JunB fragment, or vector alone (JD Pearson and RJ Ingham, 

unpublished data). Work is currently underway to validate the microarray results and 

identifying possible gene targets. As the reduced proliferation and survival of ALK+ ALCL 

cells following the expression of the C-terminal JunB fragment likely involves a number 

of different genes, it would be interesting to see the other proteins that are involved in 

this phenotype. 

 Finally, it would be interesting to determine the physiological role(s) of JunB 

cleavage. The generation of transgenic mice expressing the non-cleavable D137A JunB 

mutant can be used to identify any biological differences, and can be used to determine 

whether the cleavage of JunB plays important roles in any biological processes such as 

cell proliferation, differentiation, or in inflammation. 
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4.8:  CONCLUSIONS 

The cleavage of transcription factors by caspases during apoptosis has been 

shown to be a way of modulating their activity during programmed cell death and other 

processes such as cell proliferation and differentiation. This project has identified and 

characterized the cleavage of a novel caspase substrate – the JunB transcription factor – 

by caspases in apoptotic cells. We demonstrated that JunB is cleaved directly by 

caspases at aspartic acid 137 and that the cleavage of JunB generates a C-terminal 

cleavage fragment that can bind to DNA and other AP-1 proteins to interfere with their 

function. The C-terminal cleavage fragment that we have identified may also be useful 

in determining both JunB and AP-1 protein function – similar to how the dominant 

negative c-Jun mutant TAM67 was used to study c-Jun and AP-1 function. As we have 

shown that the overexpression of the JunB fragment can interfere with AP-1 function, it 

is possible that the truncated JunB mutant can be used as a similar tool to study JunB 

function, especially in tumours or other diseases that result in the elevated expression 

of JunB or other AP-1 proteins. In conclusion, our observations reveal a novel 

mechanism of modulating JunB function during apoptosis, and due to the many non-

apoptotic roles of caspases, JunB cleavage may well be relevant in other processes 

regulated by caspases. 
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