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Abstract 

Title of Dissertation: Regulation of translation initiation upon B–cell receptor 

activation 

Name of Candidate: James J. Steinhardt, Doctor of Philosophy, 2014  

Dissertation Directed by: Ronald B. Gartenhaus, M.D., Professor, Department of 

Medicine  

 

Eukaryotic initiation factor 4A (eIF4A) promotes the translation initiation of 

genes harboring 5’ untranslated regions (UTRs) with complex secondary 

structures. eIF4A activity is modulated by its inhibitor, programmed cell death 4 

(PDCD4), which is regulated by the AKT pathway in B-cells. The release and 

degradation of PDCD4 frees eIF4A to bind to eIF4G, which together with the 

m7GTP cap-binding protein, eIF4E, forms the eIF4F cap-binding complex. 

Human diffuse large B-cell lymphomas (DLBCLs) are derived from antigen 

experienced B-cells and often display high expression of oncogenes that contain 

complex secondary structures in their 5’ UTRs. We hypothesized that activated 

B-cells such as GC B-cells require enhanced eIF4A activity through B-cell 

receptor (BCR) stimulation. We found that eIF4A cap-binding activity is in fact 

greatly enhanced upon in vitro activation of human splenic B-cells after treatment 

with anti-BCR, while the pharmacological inhibitor of eIF4A, Silvestrol, potently 

inhibited BCR-induced protein translation.  

Upon antigen-induced activation, naïve, IgM+ B-cells differentiate within 

the germinal centers (GC) and undergo isotype switching to IgG. We found that 



 
 

IgG expressing human splenic B-cells displayed more robust eIF4A cap-binding 

activity and protein translation than IgM expressing B-cells after isotype specific 

BCR-stimulation.  

We also performed translational profiling to determine which mRNAs are 

preferentially loaded onto the polysome upon BCR activation and depleted upon 

pharmacological inhibition of eIF4A. Among the top differentially modulated 

genes was caspase recruitment domain family member 11 (CARD11). We found 

that CARD11, along with the B-cell CLL/lymphoma 10 (BCL10) and mucosa 

associated lymphoid tissue lymphoma translocation gene 1 (MALT1) harbor 

complex 5’UTRs unlike the majority of other components in the BCR signaling 

cascade. Importantly, these proto-oncogenes form the CARD11-BCL10-MALT1 

(CBM) signalosome, which mediates BCR activation of nuclear factor of kappa 

light chain gene enhancer in B-cells (NF-κB) signaling. Both constitutive 

activation of NF-κB and the aberrant expression of CBM components are 

associated with B-cell lymphomas in humans. Collectively, these data indicate 

that eIF4A-mediated control of oncogene translation may be a critical component 

for B-cell lymphoma progression and suggest that pharmacological targeting of 

eIF4A may be an attractive therapeutic approach in the management of human 

B-cell lymphomas.  
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Chapter 1: Introduction 
 
1.1 Diffuse large B-cell lymphoma 

Diffuse large B-cell lymphoma (DLBCL) is a highly malignant form of non-

Hodgkin’s lymphoma (NHL) that constitutes about 40% of all lymphoma 

diagnoses1. In 1966 the chemotherapy regimen of cyclophosphamide, 

hydroxyldaunorubicin, vincristine and prednisone (CHOP) was introduced to 

manage lymphoma. This regimen improved the response rates previously 

achieved by single chemotherapeutic regimens from 50% to 69% as well as 

providing superior survival2-4. Numerous efforts were made over prior decades to 

improve on the results obtained with CHOP, including complicated multi-drug 

regimens such as BEACOPP and COPLAM, unfortunately with no success. It 

was not until 1997 that CHOP was modified with the addition of chimeric 

(mouse/human) anti-CD20 monoclonal antibody rituxamab resulting in 

significantly improved cure rates5, 6. However, with the exception of rituxamab, no 

other targeted therapy has been utilized extensively as a front line therapy for 

DLBCL. This is felt to be in large part due to the heterogeneity of DLBCL and the 

inability to identify the oncogenic drivers responsible for a patient’s disease.   

Other forms of NHL include follicular lymphoma, MALT lymphoma, 

marginal zone lymphoma and Burkitt’s lymphoma. The majority of these 

lymphomas display more homogeneous genetic lesions in patients. Indolent but 

incurable follicular lymphomas arise from follicular B-cells and over 95% of all 

cases have the t(14;18) translocation resulting in the IGH-BCL2 fusion product 7. 

Follicular lymphomas often undergo Richter’s transformation and progress into 
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high grade DLBCLs. Marginal zone lymphoma includes 3 specific entities: 

extranodal marginal zone lymphoma (EMZL) or mucosa-associated lymphatic 

tissue (MALT) lymphoma, splenic MZL (SMZL), and nodal MZL (NMZL) 8. MALT 

lymphomas typically develop due to chronic Helicobacter pylori infection though 

chromosomal rearrangements such as t(11;18)(q21;q21), which forms the API2-

MALT1 fusion transcript, t(14;18)(q32;q21), which forms the IGHV-MALT1 

translocation and t(1;14)(p22;q32), which forms the BCL10-IGHV fusion 

product91011, are also common. MALT lymphomas typically require constitutive 

NF-κB activity often induced by H. pylori infection, and eradication of H. Pylori 

infection generally results in remission. Over 95% of Burkitt’s lymphomas harbor 

the t(8;14) translocation, thus resulting in the over expression of the c-Myc 

oncogene. The endemic form of Burkitt’s, common to sub-Sahara Africa, 

generally occurs in young children infected with both Epstein Barr virus (EBV) 

and malaria 7, 12.  

Unfortunately, DLBCL is both a highly aggressive and highly 

heterogeneous disease. Currently two major classification systems, the cell of 

origin (COO) and the consensus cellular function clustering systems, segregate 

DLBCL into subtypes based on gene expression profiles 13, 14. These 

classifications provide great insights into the oncogenic mechanisms that may be 

crucial for lymphomagenesis as well as prognostic information regarding 

response to current therapies. However, these current classification systems 

primarily look at expression and not dependency and are thus limited to inductive 

or probabilistic reasoning when evaluating alternative therapeutic options. The 
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development of a deductive classification system that identifies subtypes in which 

all patients with a given phenotype require the same oncogenic drivers, and 

would therefore have a similar response to a rational therapy targeting the 

essential drivers, would significantly advance the treatment of DLBCL.  

 

1.2 Oncogene addiction 

The phenomenon of oncogene ‘‘addiction’’ has been defined as a tumor 

requirement for constitutive expression and activity of a single aberrant gene, 

regardless of other tumor-related alterations15. BCR-ABL-expressing chronic 

myelogenous leukemia (CML) exemplifies this phenomenon as the direct 

targeting of BCR-ABL with the specific kinase inhibitor Imatinib results in a 95% 

response rate despite the presence of other genetic lesions such as tumor 

suppressor gene p53, the runt-related transcription factor gene (RUNX1), cyclin-

dependent kinase inhibitor 2A/2B (CDKN2A/B) and Ikaros transcription factor 

(IKZF1) 16-21. This strong clinical evidence for oncogene addiction is further 

supported by the BCR-ABL reactivation that occurs in patients that develop 

resistance to Imatinib with the most common mechanism of resistance being a 

de novo T315I mutation22. This substitution of isoleucine for the “gatekeeper” 

threonine of the ATP-binding pocket confers resistance to Imatinib by eliminating 

a hydrogen bond required for its high-affinity binding and by creating steric 

hindrance23, 24. 

Unlike CML, other malignancies have poorly defined addictions to 

oncogenic drivers.  This is primarily due to the fact that BCR-ABL is a unique 
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fusion protein that is exclusive to CML, while many other malignancies are 

dependent on the overexpression of oncogenic signaling cascades that are not 

cancer specific.  Conversely, it has been demonstrated that the overexpression 

of an oncogene does not necessarily predict for an oncogenic dependency. A 

recent study sought to stratify human cancer cell lines with K-Ras mutations into 

two groups. They examined the requirement for constitutive K-Ras function in 

maintaining viability and established distinct phenotypes for the dependent and 

independent groups25. Their findings demonstrated a correlation between K-Ras 

dependent cell lines and a well-differentiated epithelial phenotype. Current 

studies are exploring the role for oncogene addiction to BCL2, BCL6, NF-κB and 

ALK in DLBCL26. 

Personalizing treatments by identifying patients with oncogenic 

dependencies via genotyping, RNAi approaches or drug screens and then 

specifically targeting the responsible drivers may constitute a novel approach for 

the treatment of DLBCL. A major oncogenic driver in DLBCL is B-cell receptor 

(BCR) signaling. Though there are numerous means for hijacking BCR signaling, 

the net output can be contingent on both the mechanism for hijacking the BCR 

and the isotype of the BCR. Not surprisingly, BCR isotype is well correlated with 

B-cell lymphoma subtypes and disease progression27. 

 

1.3 DLBCL classification systems 

Gene expression signatures have been used to identify relevant diffuse 

large B-cell lymphoma (DLBCL) subsets. The cell of origin (COO) classification 
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system is a developmentally defined system currently used for clinical diagnosis.  

The system divides DLBCL into two main subsets based on how closely the 

tumor resembles either a GCB-DLBCL or an ABC-DLBCL, with tumors that do 

not resemble either being left unassigned or referred to as type III13. The Hans 

classification system is a widely accepted method for clinically diagnosing ABC 

versus GCB-DLBCL28. The method utilizes immunoperoxidase tissue 

microarrays (TMA) and classifies CD10 positive and BCL6 positive/MUM1 

negative tumors as GCB tumors.  Both CD10 and BCL6 are GC markers while 

MUM1 is expressed by plasma cells and later stage B-cells29, 30. The remaining 

BCL6 negative and BCL6 positive/MUM1 negative tumors are then classified as 

non-GC. This classification system is quite useful in understanding the 

mechanisms for lymphomagenesis in DLBCL, as many B-cell lymphomas hijack 

regulatory processes during B-cell development and are functionally defined by 

their differentiation state.   

Recently, a consensus cellular function clustering system has been 

developed to classify DLBCL subsets in an unbiased manner. This highly 

reproducible method has identified B-cell receptor/proliferation (BCR), oxidative 

phosphorylation (OxPhos) and host response (HR) populations14. The BCR 

subtype is characterized by higher expression of BCR signaling components 

such as cluster of differentiation 19 (CD19), immunoglobulin heavy locus (IgH), 

immunoglobulin-associated alpha (Igα), B lymphoid tyrosine kinase (Blk), spleen 

tyrosine kinase (Syk), and phospholipase C γ2 (PLCγ2) and higher expression of 

cell-cycle regulatory genes and DNA repair genes such as CDK2, H2AX and 
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p53. The BCR subtype also displays higher expression of transcription factors 

crucial for B-cell development and maintenance, such as PAX5, OBF-1, E2A, 

STAT6, MYC and BCL6. The OxPhos phenotype has increased expression of 

mitochondrial-associated proteins, such as nicotinamide adenine dinucleotide 

dehydrogenase (NADH) complex, cytochrome c, cytochrome c oxidase (COX), 

and adenosine triphosphate (ATP) synthase components as well as the anti-

apoptotic protein BFL-1.  Finally, the HR tumors are generally characterized by 

their high levels of CD2+/CD3+ infiltrating lymphocytes and CD1a-/CD123- 

dendritic cells as well as their lower expression of genetic aberrations.   

 

1.4 B-cell development  

B-cells primarily originate from common lymphoid progenitor cells in the 

bone marrow and undergo recombinase-activating gene (RAG1 and RAG2) 

mediated gene rearrangement during B-cell development between the pre-B-cell 

and pro-B-cell stage. At the start of recombination, DNA double-strand breaks 

(DSB) are introduced at conserved recombination signal sequences that flank the 

variable (V), diversity (D) and joining (J) gene segments of the immunoglobulin 

(Ig) loci. The DSBs are repaired by non-homologous end-joining (NHEJ) to form 

the variable domains of Ig heavy and light chain genes. Gene rearrangement, 

although essential for the generation of a diverse Ig repertoire, has also been 

shown to contribute to chromosomal translocations between Ig and various 

oncogene loci31. After successfully complete rearrangement, immature B-cells 

express surface IgM and then exit the bone marrow to populate peripheral 
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lymphoid tissue such as the spleen (Figure 1.1). At this stage, mature B-cells 

coexpress IgM and IgD (Figure 1.1). Mature conventional B-cells (B2 cells) from 

the spleen are divided into two main populations: follicular B cells (FO B-cells), 

which constitute the majority, and marginal zone B-cells (MZ B-cells), lining 

outside the marginal sinus and bordering the red pulp (Figure 1.1). Follicular B-

cells reside in the primary and secondary lymphoid follicles around follicular 

dendritic cells of both secondary and lymphoid organs such as spleens and 

lymph nodes where the germinal center reaction occurs. Marginal zone B-cells 

on the other hand, can be rapidly recruited into the early adaptive immune 

responses in a T cell independent manner.  

Interestingly B1-B-cells, unlike B2 cells, are produced by the fetus and 

replenish themselves in the periphery instead of the bone marrow. Additionally, 

while this population produces antibodies against antigens and can act as 

antigen presenting cells much like conventional B-cells, B1-B-cells have no 

memory and are therefore part of the innate immune system.  

http://en.wikipedia.org/wiki/Marginal_zone_B-cell
http://en.wikipedia.org/w/index.php?title=Marginal_sinus&action=edit&redlink=1
http://en.wikipedia.org/wiki/Red_pulp
http://en.wikipedia.org/wiki/T_cell
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Figure 1.1 A diagram of B-cell development. Affinity maturation processes such as 
SHM and CSR occur in the germinal center of secondary lymphoid organs such as 
lymph nodes. 

 

1.5 Follicular B-cell activation 

After the first innate response to an infection, the adaptive immune system 

is also activated in the secondary lymphoid tissues. Pathogens are taken up and 

digested by antigen-presenting dendritic cells that present antigenic fragments to 

T-cells in association with class II major histocompatibility complex (MHC) 

proteins. Antigen-specific T-cells differentiate into various subtypes of effector T-

cells that respond to extracellular or intracellular pathogens. A unique subset of 

T-cells, follicular helper T-cells, interact directly with B-cells to stimulate antigen-

specific humoral responses. BCR crosslinking with an antigen provides the first 

signal for B-cell activation while a second, co-stimulatory signal provided by the 

helper T-cell, such as CD40 ligand, is required for activation of follicular B-cells 32. 
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Additional signals through cytokines will further modulate the B-cell response 33. 

The complex antigen-specific response by helper T-cells, B-cells and follicular 

dendritic cells is collectively called the germinal center (GC) reaction during 

which a morphologically distinct secondary lymphoid structure, the GC, arises 

within the follicle. Within the GC activated B-cells or centroblasts form the dark 

zone of the GC, where they rapidly proliferate, differentiate and revise their 

antigen receptors via somatic hypermutation (SHM) of the Ig heavy and light 

chain variable regions (Figure 1.1). The centroblasts then move out to the light 

zone of the GC, pause proliferation to become centrocytes, which are tested for 

the affinity of their BCR against the target antigen presented by follicular dendritic 

cells (Figure 1.1) 34. Only B-cells that produce Ig with increased affinity to the 

antigen survive at this stage and return to the dark zone for repeated cycles of 

SHM and proliferation. This iterative process is called antibody affinity maturation 

because ultimately it results in expansion of B-cell clones that produce the 

highest affinity antibodies to the antigen. Parallel with SHM, the constant (C) 

genes of Ig heavy chain also undergo class switch recombination (CSR) which 

results in the production of antibodies with different isotypes (IgG, IgA or IgE) 

that, in turn, mediate different effector humoral functions. After the primary 

immune response, a fraction of antigen-specific lymphocytes are retained and 

form memory B-cells and T-cells. Immunological memory allows for rapid 

response upon secondary exposure to the same antigen and generally results in 

drastically elevated IgG production35. 
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1.6 Extrafollicular marginal zone B-cell activation 

Marginal zone (MZ) B-cells are positioned outside the lymphoid follicles 

and, especially within the spleen, are likely to encounter blood borne antigens36. 

T-cell independent (TI) activation can either be mediated in a type 1-manner via 

toll-like receptors, such as TLR4 for lipopolysaccharide (LPS) and TLR9 for 

bacterial CpG DNA, or in a type 2-manner via specific bacterial antigens that 

crosslink the BCR in a multivalent fashion, thus bypassing the requirement for 

co-stimulation37. IgM secretion is then rapidly induced from the proliferating MZ 

B-cells. 

 

1.7 The molecular mechanism of SHM and CSR 

Both SHM and CSR processes are mediated by the enzyme activation-

induced cytidine deaminase (AID or AICDA), which deaminates cytosine to 

uracil. AID preferentially targets RGYW hotspots: A/GGC/TA/T (RGYW) and its 

complement A/TA/GCC/T WRCY) with a preference for RGYW over WRCY (R is 

purine, G is guanine, C is cytosine, Y is pyrimidine, W is A or T) 38. The resulting 

mismatch is typically repaired producing a cytosine to thymidine transition if cell 

division follows deamination. However if uracil is removed by uracil DNA-

glycosylase, which cleaves the N-glycosidic bond to release the base, an abasic 

lesion is generated. The phosphodiester bond of the abasic lesion can then be 

cleaved by an AP endonuclease, leaving 3' hydroxyl and 5' 

deoxyribosephosphate termini ultimately resulting in a double strand break 

requiring NHEJ for repair 38. 

http://en.wikipedia.org/wiki/AP_endonuclease
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During SHM, AID mutates the variable regions of immunoglobulin genes, 

thus diversifying the repertoire of B-cell receptors to improve their potential for 

recognizing a new antigen. Upon cytosine deamination, the uracil DNA-

glycosylase creates an abasic lesion and error-prone DNA polymerases are then 

recruited to fill in the gap and create mutations 38.  

During CSR AID preferentially targets switch regions, which are conserved 

nucleotide motifs upstream of gene segments that encode the constant regions 

of the antibody heavy chains (with the exception of the δ chain). When the DNA 

is nicked and broken at two specific switch regions, the DNA segment in between 

such as μ or δ heavy chain constant region exons are cut out and the two free 

ends are rejoined by NHEJ resulting in the substitution of a γ, α or ε constant 

region gene segment38.  

 

1.8 Somatic mutagenesis links GC reaction to lymphomagenesis 

It has been shown that AID, albeit with low efficiency, can target many 

transcribed genes in GC B-cells39 and in some cases, notably Bcl6, Myc and 

Pax5 oncogenes, inefficient DNA repair may result in accumulation of point 

mutations in these oncogenes40. Earlier observations have provided 

circumstantial evidence for the link between AID enzymatic activity and IgH-cMyc 

translocations41 as well as showing that AID is necessary for BCL6-mediated 

lymphomagenesis in some DLBCL populations42. More recent experiments have 

convincingly demonstrated that AID targets the c-Myc oncogene during CSR and 

when simultaneous DSB occur between an IgH switch region and c-Myc there is 

http://en.wikipedia.org/wiki/Exon
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a certain probability of chromosome translocation that may underlie 

lymphomagenesis43. GCB-DLBCLs are DLBCLs that resemble germinal-center 

B-cells. They generally have switched IgH classes and continue to undergo 

somatic hypermutation. Translocations between BLC6, BCL2 or Myc with IGH 

such as t(3;14), t(14;18) and t(8;14) respectively are commonly observed in this 

population44, 45. These translocations may lead to a malignant transformation by 

preventing apoptosis or blocking terminal differentiation by placing these genes 

under the IGHV promoter, which results in their constitutive expression. Under 

normal conditions, GC B-cells are primed for apoptosis as BCL6 activation 

suppresses the levels of the anti-apoptotic protein BCL2 and require antigenic 

selection to progress and further differentiate46. The t(14;18) translocation results 

in an increased expression of BCL2 and provides a mechanism for GCB-DLBCL 

to evade apoptosis. The differentiation of GC B-cells can be inhibited by BCL6 

proteins, which work along with other transcription factors such as BLIMP1, 

PAX5 and XBP1, to regulate GC B-cell to plasma cell differentiation. 

Activated peripheral blood B-cell lymphoma (ABC-DLBCL) origination is 

less understood but this subtype is characterized by a gene expression pattern 

similar to that of normal plasma cells, including the expression of the transcription 

factor XBP1, which regulates immunoglobulin secretion47, 48. The ABC subtype is 

also characterized by constitutive NF-κB activity, which induces IRF4 

expression49. Generally this would drive B-cells towards plasmacytic 

differentiation but some data suggests that inactivation of BLIMP-1 in IgM-

positive post-GC memory cells inhibits plasmacytic differentiation and may be 
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crucial for lymphomagenesis in the ABC subtype50. Other data suggest that ABC-

DLBCL may develop from extra-follicular B-cells with high levels of AID51. 

Regardless of its origin, this subtype accumulates chromosomal translocations 

involving the IgH switch regions as a result of high levels of AID-generated 

double strand breaks that occur during CSR. One study c-Myc translocations in 

both WT and AID-/- mice and found 55 hotspots in the WT mice and only 15 in the 

AID-/- mice suggesting that c-Myc contains AID hotspots which could promote the 

formation of translocations during CSR31, 52. 

 

1.9 Structure and function of BCR isotypes 

Naïve follicular B-cells express membrane bound immunoglobulins (mIg) 

of the IgM and IgD isotype, which depend entirely on the associated Igα and Igβ 

for signal transduction as the cytoplasmic tails of transmembrane IgM and IgD 

are very short, consisting of only 3 amino acids 53, 29. Upon antigen-induced 

activation and differentiation within the germinal center (GC), most B-cells 

undergo switching to other Ig isotypes, mainly IgG, and differentiate into Ig-

secreting plasma cells or memory B-cells. GC and memory B-cells that express 

IgG display more robust signaling upon BCR activation, including higher levels of 

MAPK and calcium signaling, than naïve B-cells 29, 53, 54. Since IgG has a much 

longer cytoplasmic tail than IgM or IgD it is able to interact with different signaling 

effectors and can better evade negative regulation by CD2253. Human B-cells 

also express the isotypes IgA and IgE, which are associated with mucous 

secretions and parasite/allergen responses, respectively. IgE has a cytoplasmic 
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tail similar to IgG while IgA has a cytoplasmic tail that is longer than IgM and IgD 

but shorter than IgG and IgE53. In DLBCL, the BCR isotype can serve as a 

surrogate for the GCB and ABC molecular subtypes27. 

“Tonic” BCR signaling is an antigen-independent mechanism to maintain 

basal B-cell processes through low level BCR signaling. While the exact 

mechanism has yet to be elucidated, proposed mechanisms for “tonic” BCR 

signaling include self-aggregation, stable constitutive oligomerization, constitutive 

lipid-raft localization and homeostatic regulation of receptor-associated protein 

tyrosine kinase and protein tyrosine phosphatase symmetry54. “Tonic” BCR 

signaling is often hijacked by DLBCLs characterized by the Shipp group as 

“BCR/proliferative” 55 while “chronic” or pathologically activated BCR signaling 

frequently occurs in the ABC-DLBCL subtype56. 

 

1.11 B-cell antigen signaling  

During B-cell development, B-cell antigen signaling propagates signals 

promoting cell growth, survival and maturation as well as directs the removal of 

self-reactive B-lymphocytes. Antigen binding to the B-cell receptor (BCR) triggers 

proximal phosphorylation of tyrosine residues in the immuno-tyrosine activation 

motifs (ITAMs) of Igα or Igβ by the Src family kinases Lyn, Fyn or Blk. This 

results in the subsequent recruitment of the tyrosine kinase Syk, which binds to 

the phospho-tyrosine residue on the ITAM through its Src homology 2 (SH2) 

domains (Figure 1.2). Syk further phosphorylates the ITAMs, which triggers the 
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activation of downstream pathways including Ras/Raf/MEK/Erk, AKT/mTOR and 

p70s6K 57, 58.  

BCR signaling regulates phosphatidylinositide 3-kinase (PI3K) signaling 

after Bruton’s tyrosine kinase (BTK) is recruited to the plasma membrane through 

its Pleckstrin homology domain and phosphorylated by Syk. BTK phosphorylates 

PLCγ2 resulting in the cleavage of phosphatidylinositol 4,5-bisphosphate (PIP2) 

into inositol 1,4,5-trisphosphate (IP3) and diacylglyceride (DAG). PIP2 is 

converted by PI3K into phosphatidylinositol (3,4,5)-trisphosphate (PIP3) and 

these molecules coordinate and promote the activation of both 3-

phosphoinositide dependent protein kinase-1 (PDK1) and AKT, which are 

recruited to PIP2 and PIP3 via the Pleckstrin homology domains they contain. 

PDK1 in turn can phosphorylate AKT, leading to downstream mTOR and AKT 

signaling (Figure 1.2) 59. 

BCR signaling can also activate NF-κB signaling through both BTK and 

PLCγ2. Production of IP3 by PLCγ2 stimulates the release of calcium ions (Ca2+) 

from the smooth endoplasmic reticulum by binding IP3 receptors on calcium 

channels. Both the increase in DAG and Ca2+ results in the activation of protein 

kinase C β (PKCβ). PKCβ can then phosphorylate CARD11 on its linker domain 

thus allowing CARD11 to associate with BCL10 and MALT1 (Figure 1.3). The 

CARD11/BCL10/MALT1 complex (CBM) is responsible for the activation of the 

IκB kinase (IKK) complex, leading to NF-κB activation60. 
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Figure 1.2 A diagram of BCR activation of AKT-mTOR signaling via CD19 and 
PI3K. CD19 serves as a scaffolding protein for PI3K in B-cells and production of PIP3 
promotes the recruitment and activation of both PDK1 and AKT. 

 

1.10 CD19 coreceptor 

CD19 is transmembrane B-cell coreceptor that is proximal to the BCR and 

is expressed throughout B-cell development. CD19 is a critical component of the 

CD19/CD21/CD81/Leu13 coreceptor complex but CD19 has also been 

implicated in CD40, CD38, CD72, VLA-4 and FcγRII signaling 61-65. Signaling 

through CD19 is the result of its scaffolding and recruitment of proteins including 

Lyn, PI3K and Vav (Figure 1.2). Differential phosphorylation of the functional 

tyrosines on CD19, Y513, Y5482 and Y391, modulates the activation of downstream 

pathways66. IgG activation results in faster phosphorylation of CD19 at Y513 and 

more intense phosphorylation of CD19 at Y392 than IgM activation66. CD19 
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synergizes with IgM to activate AKT and downstream signaling67, which includes 

p70s6K. Interestingly, CD19 deficient mice have a reduction in the B-cell 

compartment and a limited antibody response to T-cell dependent antigens68, 69.  

 

1.12 NF-κB proteins 

The NF-κB protein family shares an N-terminal Rel homology domain, 

which appears to form DNA-binding complexes.  The class I NF-κB proteins are 

NF-κB1/p105 and NF-κB2/p100 and undergo ubiquitin/proteasome mediated 

partial degradation of their C-terminus to produce active p50 and p52 subunits, 

respectively 70. Class II NF-κB proteins include RelA/p65, RelB and c-Rel which 

all have transactivation domains in their C-terminus and generally form 

heterodimers with class I NF-κB proteins to initiate transcription activation 70. NF-

κB activity is regulated by the IκB family of inhibitors, which bind to NF-κB dimers 

and sequester them in the cytoplasm. IκB phosphorylation by the IKK complex on 

S32/S36 results in IκB ubiquitination and proteasomal degradation, thus 

releasing the NF-κB dimer for nuclear translocation and induction of gene 

transcription. This mechanism makes NF-κB a rapidly acting primary transcription 

factor, as it does not require new protein synthesis for activation. In B-cells, NF-

κB signaling is involved in numerous cellular functions such as proliferation, 

isotype switching, cytokine production, and mature B-cell maintenance71-73.  

After ligand binding, TNFR-associated factors (TRAFs), facilitate NF-κB 

activation. For B-cells, this is primarily mediated by TRAF6, which associates 

with the CARD11, BCL10 and MALT1 complex (Figure 1.3)70, 74. After recruitment 
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to the CBM complex, TRAF6 catalyzes the K63 polyubiquitination of itself and 

RIP1. The polyubiquitin chains allow RIP1 to interact with the TAK1 regulatory 

subunits, TAB2 and TAB3 as well as NEMO (IKKγ). This brings TAK1 into close 

proximity with the IKK complex, allowing it to phosphorylate IKKα and IKKβ. The 

IKK complex then phosphorylates IκBα, thus promoting IκBα’s degradation by the 

βTRCP-proteasome pathway. This releases p50/p65 (NF-kB1/RelA) and allows it 

to rapidly translocate into the nucleus to activate transcription. 

Non-canonical NF-κB signaling can occur through the recruitment of the 

TRAF3/TRAF2/cIAP/NIK complex. TRAF2 K63 polyubiquitinates itself and cIAP 

while TRAF2/cIAP together K48 polyubiquitinate TRAF3, thus resulting in TRAF3 

proteasomal degradation. After degradation of TRAF3, NIK autophosphorylates 

itself and can phosphorylate and activate IKKα. p100/RelB is then 

phosphorylated by the IKK alpha and then processed to p52 and allows it to 

rapidly translocate into the nucleus to activate transcription70, 75. 
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Figure 1.3 A diagram of BCR mediated activation of NF-κB signaling via the 
CARD11/BCL10/MALT1 complex. After PLCγ2 is activated, DAG and calcium levels 
increase, resulting in the activation of PKCβ. PKCβ can then phosphorylate CARD11 on 
its linker domain, allowing CARD11 to bind to MALT1 and BCL10. This complex then 
activates the IKK complex thus resulting in NF-κB signaling. 

 

1.13 NF-κB and B-cell development 

NF-κB signaling is critical during B-cell development and maturation. 

Ectopic expression of the NF-κB inhibitor IkBα decreases the percentage of pre-

B and immature B-cell subsets in the bone marrow and further impairs the 

development of follicular mature B-cells and marginal zone (MZ) B-cells in the 

periphery, while the development of T-lymphocytes and myeloid cell lineages are 

not drastically affected76.  

The five members of the NF-κB transcription factor family (p50, p52, 

RelA/p65, RelB and c-Rel) that have been explored in knockout mouse models 

display distinct gene expression patterns and function in the hematopoietic 

system. c-Rel knockouts, for instance, have normal lymphoid development but 
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exhibit significant defects in antigen-induced proliferation and survival77. 

Additionally, p50/p65 knockout mice demonstrate compromised T- and B-cell 

development at an early precursor stage77, while p50/p52 knockout mice have a 

B-cell developmental block at the T1 stage (IgM++, IgD-, CD21-, CD23-), as B-

cell activating factor (BAFF) signals cannot be received78, 79. MZ B-cell 

development is completely impaired in p50 knockout mice or greatly reduced in 

c-Rel knockout mice80. One study utilized the pan-NF-κB inhibitor, IκBα, and 

observed developmental blocks in B-cell development at the pre-B/immature B-

cell viability checkpoint and at the checkpoint providing survival and maturation 

signals for follicular mature B-cell development76. Of significance, this study 

demonstrated that T-lymphocyte and myeloid cell lineages were not grossly 

affected by transduced IκBα, suggesting that therapies targeting the NF-κB 

pathway near this node would have a general specificity for B-lymphocyte 

populations.  

 

1.14 NF-κB activation in B-cell lymphoma 

Numerous mechanisms for constitutive NF-κB signaling have been 

implicated in DLBCL, which has made defining a dependent population rather 

difficult. The NF-κB family Rel protein was first linked to lymphomagenesis in an 

avian reticulo-endotheliosis viral study 81. The v-Rel oncoprotein rapidly induced 

fatal hematological malignancies in birds with numerous studies thereafter 

making similar observations in human cells82. Gene signature analysis has 

shown increased expression of NF-κB target genes such as BCL2 family 
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proteins, IL6, IL10, c-FLIP and cyclin D2 in ABC-DLBCL49. Constitutive NF-κB 

activity characterized by high NF-κB DNA binding activity, IKK activity and IκB 

degradation have also been observed exclusively in ABC-DLBCL and has 

become the hallmark of this subtype49. It is interesting to note that the IκB gene is 

rarely mutated in DLBCL83. In contrast, upstream activation of IKK via CARD11, 

BCL10, and MALT1 dependent mechanisms are commonly observed in ABC-

DLBCL. CARD11 associates with BCL10 and MALT1 to form the CBM complex, 

which mediates the activation of NF-κB by signals propagated from the BCR84 

with CARD11 serving as a scaffolding protein that promotes the activation of 

IKKβ85. TRAF6 directly binds to MALT1 and also activates the IKK complex. 

Studies have demonstrated that CARD11 expression is required for constitutive 

activation of NF-κB in ABC-DLBCL, while RNAi approaches demonstrated a 

strong dependence on CARD11 expression56. Furthermore, roughly 10% of ABC-

DLBCLs harbor activating CARD11 mutations, thus rendering them refractory to 

BTK inhibition86. Many ABC-DLBCL tumors without CARD11 mutations display 

chronic activation of BCR signaling which activates the CBM complex56, 86. 

Amplification of c-Rel at 2p13 has also been observed in roughly 27% of 

DLBCL87. Recent studies also found that 30% of ABC-DLBCLs have biallelic 

inactivation of the A20 deubiquitinase which negatively regulates NF-κB, 

suggesting another mechanism for constitutive NF-κB expression88. Mutations in 

oncogenic MyD88, an adaptor protein that mediates toll and interleukin receptor 

signaling, are observed in 39% of ABC-DLBCL and also activate NF-κB 

signaling89. The recurrence of aberrant NF-κB signaling through the hijacking of 
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signaling pathways essential for normal B-cell homeostasis strongly suggests a 

dependency within the ABC-DLBCL subtype. 

 

1.15 Targeting NF-κB  

The NF-κB pathway has been targeted through IKK-specific kinase 

inhibitors, heat shock protein 90 (HSP90) inhibitors, IκB super-repressor 

molecules and proteasome inhibitors. The small molecule IKK inhibitors PS-1145 

and MLX015 are highly specific kinase inhibitors that were found to be very 

effective at inducing cell death in ABC-DLBCL cells after reducing NF-κB target 

genes and inducing activation of pro-apoptotic caspases90. The HSP90 inhibitor 

Geldanamycin has also shown efficacy by disrupting the formation of the 

HSP90/IKK complex91. HSP90 controls IKKs at two levels, inducibility of 

enzymatic activity and biogenesis, which impacts downstream NF-κB activity92. 

The use of the super-repressor IκBα (S32G/S36A) results in selective killing of 

the ABC-DLBCL cell lines OCI-Ly3 and OCI-Ly10. The super-repressor cannot 

be phosphorylated by IKK, preventing its degradation and the activation of NF-

κB, which is critical for the survival of ABC-DLBCL. Indirect inhibition of NF-κB 

has been accomplished through the use of the proteasome inhibitor bortezomib, 

which prevents IκBα degradation. Phase II clinical trials for bortezomib, in 

combination with chemotherapy, demonstrated response rates of 85% in 

refractory ABC-DLBCL but only 13% in germinal center B-cell (GCB)-DLBCL, 

again demonstrating a NF-κB dependency in the ABC subtype. Recently, the 

NEDD8 activating enzyme (NAE) has been targeted with the drug MLN4924, 
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which potently inhibits the beta-transducin repeat containing (βTrCP) ubiquitin 

ligase. βTrCP is responsible for the ubiquitination of IκBα and may prove to be an 

innovative and effective strategy for inhibiting NF-κB in DLBCL 93.  

 

1.16 Eukaryotic protein translation  

Protein translation has three basic steps: (1) initiation, (2) elongation, and 

(3) termination. Mechanisms modulating protein synthesis have been greatly 

implicated in lymphomagenesis, many of which could potentially be linked to 

BCR signaling. These mechanisms include modulation of micro-RNA expression, 

selective mRNA capping, mRNA stabilization and signaling pathways that 

regulate cap-binding machinery and ribosomagenesis. 

Eukaryotic protein translation initiation is a complex process dependent on 

spatial and temporal interactions between numerous eukaryotic initiation factors 

(eIFs). Three of these, eIF1, eIF1A1 and eIF3 promote the recruitment of the 

eIF2-GTP-Met-tRNAi
Met (ternary complex) to the 40S ribosome, thus forming the 

43S pre-initiation complex (PIC). mRNA binding to the eukaryotic 40S ribosomal 

subunit is a rate limiting step during translation initiation and can be modulated 

through numerous signaling cascades94. The two well-characterized mechanisms 

for ribosome binding to mRNA and translation initiation are cap-dependent 

translation, which requires eIF4F, and cap-independent translation, which often 

requires an internal ribosome entry site (IRES) sequence.  

After translation initiation, peptidyltransferase binds incoming amino acids 

to the peptide chain. eEF-1α-GTP brings aminoacyl-tRNAs to the ribosome while 
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eEF-1β/γ hydrolyzes the GTP into GDP to release eEF-1α. Hydrolysis of the GTP 

bound to the translocase eEF-2, by eIF-2B, moves the ribosome down one 

codon towards the 3’ end95, 96. 

Translation termination is mediated by release factors. RF-1: recognizes 

the stop codons UAA and UAG while RF-2: recognizes the stop codons UAA and 

UGA. When RFs bind to the A site of the ribosome, peptidyltransferase is 

stimulated to transfer the peptidyl group to water instead of to an aminoacyl-

tRNA96, 97. 

 

1.17 Internal ribosome entry site (IRES) mediated translation 

IRES mediated cap-independent translation is a process that allows for the 

translation of specific mRNAs due to the unique sequences in their UTRs, which 

promotes the recruitment of ribosomes. Much of our mechanistic knowledge has 

come from the studies of viral IRESs, especially from the Picornaviridae and 

Flaviviridae virus families. IRES activity was first observed in the Picornaviruses, 

Poliovirus and encephalomyocarditis virus (EMCV) where non-capped virus was 

efficiently translated98, 99. The hepatitis C virus (HCV) and classical swine fever 

virus (CSFV)-related IRESs are exceptional in that they are capable of directly 

binding the 40S ribosomal subunit and inserting their initiator codons into the 

ribosomal P-site, while most other IRESs require additional eIFs to facilitate this 

process 100-102. Some IRESs have been characterized by the specific IRES trans-

acting factors (ITAFs) that are required for translation, many of which are mRNA 

binding proteins implicated in polypyrimidine tract recognition such as PTB. Not 

surprisingly, many IRESs contain polypyrimidine tracts at their 3’ end. HCV IRES 



25 
 

activity is modulated by PTB as it harbors the PTB consensus motif 

CYYYYCYYY(G|Y)G, where Y is a pyrimidine103, 104. In addition to ITAFs, IRES 

activity is largely dependent on both secondary and tertiary structures. Many 

Flaviviridae IRES secondary structures have been predicted using computer 

models such as MFOLD including HCV and CSFV which have similar secondary 

structures105, 106. Tertiary structures of HCV have since been resolved using X-

ray crystallography107, nuclear magnetic resonance (NMR) 108-110 and cryo- 

electron microscopy (EM) 111. Domain III of HCV has been shown to directly 

interact with eIF3 and the 40S ribosomal subunit through quantitative binding 

assays107. Furthermore, cryo-EM studies have demonstrated that domains II and 

III wrap around the 40S subunit and interact with the E-site111. Taken together, a 

large body of work has established that the preservation of the IRES structure, 

not the actual sequence, is essential for interacting with the ribosome and 

initiating cap-independent protein translation. Most eukaryotic mRNAs require a 

5’ cap to be recruited to the ribosome but cellular stress response genes such as 

c-Myc, Apoptotic protease activating factor 1 (Apaf-1), X-linked inhibitor of 

apoptosis protein (XIAP) and fibroblast growth factor 2 (FGF2) harbor IRES 

sequences to mediate translation when cap-dependent translation has been 

compromised112-116.  
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1.18 Cap-dependent translation  

For cap-dependent translation, the 43S PIC binds to or near the 5’ cap 

structure, 7-methyl guanosine 5’triphosphate (m7GTP) and scans 5’ to 3’ until the 

AUG start codon is identified and discriminated with the help of the eIF4F 

complex117. The m7GTP cap, in addition to being necessary for the translation of 

the majority of mRNAs, stabilizes the mRNA, protects it from exonucleauses as 

well as promotes transcription, splicing, polyadenylation and nuclear export. 

During mRNA transcription, enzymes that catalyze the formation of the m7GTP 

cap are recruited to RNA polymerase II. RNA 5’ trisphosphatase hydrolyzes the 

5’triphosphate group on newly transcribed mRNA resulting in diphosphate-RNA. 

Then, a guanylyltransferase catalyzes the addition of GMP to the disphosphate-

RNA resulting in a guanosine cap. Finally, the guanosine cap is methylated at the 

N-7 position by RNA (guanine-7-) methyltransferase (RNMT), which utilizes S-

adenosylmethionine (SAM) as the methyl donor, to produce the m7GTP cap. 

 

1.19 eIF4E 

The eIF4F ternary complex is a major regulator of protein synthesis at the 

level of cap-dependent translation initiation. The eIF4F complex is composed of 

eIF4E, eIF4G and eIF4A and the association of these ternary complex proteins 

primarily controls the modulation of translation initiation. eIF4E is an m7GTP cap-

binding protein and the cellular levels of eIF4E is roughly 10-30 lower than other 

initiation factors118, 119. The protein expression and association of eIF4E with the 

eIF4F ternary complex has been largely been considered to be the rate limiting 
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step for translation initiation120, 121. Interestingly, eIF4E overexpression has been 

shown to increase the translational efficiency of mRNAs contain complex 

5’UTRs122 such as c-Myc112, 113. Furthermore, initial studies on eIF4E established 

it as an oncogene capable of transforming immortalized cell lines resulting in 

increased growth and invasiveness123, 124. Not surprisingly, many malignancies 

including hematological malignancies such as non-Hodgkin’s lymphoma, acute 

myelogenous leukemia (AML) and chronic myelogenous leukemia (CML) 

overexpress eIF4E125, 126. Overexpression of eIF4E has been attenuated through 

multiple approaches including RNA interference of eIF4E127, 128 and small 

molecule inhibitors that mimic m7GTP such as Ribavirin129, 130.  

 

1.20 eIF4G 

The scaffolding protein, eIF4G, binds to the mRNA cap-binding protein, 

eIF4E, as well as the serine/threonine kinase, Mnk1, which phosphorylates 

eIF4E131. In addition to the previously mentioned therapies directly targeting 

eIF4E, small molecule inhibitors such as 4EGI-1 have been utilized to target the 

interaction between eIF4G and eIF4E and potently inhibit proliferation and induce 

apoptosis in cancer cell lines including AML132, 133.  

 

1.21 eIF4A 

 eIF4A, another core component of the eIF4F complex, also binds to 

eIF4G and has been shown to cycle through the eIF4F complex134. eIF4A is the 

“Godfather” of the DEAD box proteins and, like most proteins in the family, has 
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been shown to unwind RNA in vitro135. While the ribosome has some limited 

capacity to resolve mRNA secondary structures, eIF4A helicase activity is 

generally required for the translation of mRNAs containing more stable 

secondary structures136. Both mammalian and plant cells express three eIF4A 

proteins, eIF4A-I, -II and –III with eIF4AIII being implicating in RNA splicing 

instead of translation. eIF4A-I and –II share 90-95% sequence identity with 

eIF4A-I being primarily expressed in actively growing cells while eIF4A-II is more 

commonly expressed in quiescent cells. Interestingly, eIF4A-II is transcriptionally 

upregulated upon suppression of eIF4A-I, though eIF4A-II cannot compensate 

and rescue protein translation 137. Mutational analysis has been used to 

interrogate the role of the conserved motifs eIF4A contains. Motifs I and II, which 

are also known as Walker A- and Walker-B motif/DEAD-box, are involved in ATP 

binding and hydrolysis, respectively. Motif VI (HRIGRGGR) is involved in RNA 

binding while motif III (SAT) is involved in performing the helicase activity138. Both 

eIF4B and eIF4H can serve as eIF4A cofactors that promote the unwinding of 

mRNA secondary structures139-143.  

 

1.22 eIF4A cofactors  

 eIF4A, together with its cofactors, eIF4B and eIF4H, promotes the 

unwinding of complex 5’ UTR structures 138-140, 143, 144. eIF4A has a higher affinity 

for ADP than ATP until bound by eIF4B, thus enhancing eIF4A’s weak RNA 

helicase activity. Additionally, eIF4G has been shown to stimulate the ATPase 

and helicase activities of eIF4A. One study proposed a two-site model for eIF4A 
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binding to an 83.5 kDa eIF4G fragment (eIF4G-MC) and that eIF4G-MC and 

eIF4B act synergistically in stimulating the ATPase activity of eIF4A142. 

Furthermore, this study suggests mutually exclusive binding between eIF4A and 

either eIF4G or eIF4B. eIF4G may prime eIF4A for binding to eIF4B, ATP and 

RNA, which is in agreement with the soft clamp model145. A recent study 

demonstrated that eIF4B is overexpressed in DLBCL and results in the selective 

upregulation of mRNAs encoding anti-apoptotic and DNA repair proteins 146. 

 

1.23 5’UTRs in oncogenes 

Oncogenes and growth factors, which are involved in proliferation such as 

c-Myc and CCND2, are enriched for complex 5’UTRs with stable secondary 

structures that suppress translation initiation while housekeeping genes generally 

harbor less complex 5’UTRs147. The complexity of the 5’UTR is often associated 

with the length of the 5’UTR. One of the primary measures for complexity is 

computer predicted ΔGibb’s (ΔG) free energy for 5’UTR folding. 5’UTRs with 

more negative ΔG values are predicted to form energetically favorable secondary 

structures that would require a helicase in order to be resolved136. Rarely, some 

genes harbor such short 5’UTRs that folding is energetically unfavorable for them 

to form secondary structures and therefore have positive ΔG 5’UTRs. 

 

1.24 Pharmacological inhibitors of eIF4A 

The pharmacological inhibitors of eIF4A, Hippuristanol, Pateamine A and 

Silvestrol, are natural compounds isolated from a sea gorgonian (Isis hippuris), a 
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marine sponge (Mycale sp) and a mahogany plant (Aglaia silvestris), 

respectively148-150.  These compounds have shown a degree of B-cell-specificity 

and promise in treating B-cell malignancies 150-152.  Specifically, in an NCI 60-cell 

line screen, Silvestrol produced a pattern of roughly 10-fold greater total growth 

inhibition in B-cell malignancies than the average of all other cell lines tested152-

155 while Silvestrol also demonstrated chemosensitization properties in refractory 

murine lymphoma models156. 

 

1.25 mTOR signaling  

The mammalian target of rapamycin (mTOR) is a highly conserved 

serine/threonine kinase. mTOR is the core component of both the mTOR 

complex 1 (mTORC1) and mTORC2, which are both structurally and functionally 

different. mTORC1 is composed of mTOR, raptor, mLST8, PRAS and GβL and 

carries out the phosphorylation of eIF4E binding proteins (4EBPs), thus allowing 

eIF4E to bind eIF4G (Figure 1.4)  157-159. mTORC2 on the other hand is 

composed of mTOR, rictor, Sin1, DEPTOR, PRR5 and GβL and is responsible 

for carrying out the phosphorylation of AKT at serine 473 and serine 450, 

promoting subsequent phosphorylation events carried out by 3-phosphoinositide 

dependent protein kinase-1 (PDK1) 160. mTORC1 has previously been 

characterized as rapamycin sensitive while mTORC2 has been described as 

being relatively insensitive while both are sensitive to Torin1 and other mTOR 

inhibitors161. mTOR has been targeted through multiple approaches due to the 

positive effect mTOR signaling has on cap-dependent translation and cancer 
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growth. Pim2, which is highly expressed in numerous lymphocytes, can also 

phosphorylate 4EBPs and has been implicated in drug resistance including 

therapies targeting the mTORC1 pathway such as rapamycin156. 

 

Figure 1.4 A diagram of mTOR and Pim2 regulation of 4EBP1 and eIF4G binding to 
eIF4E. After 4EBP1 is phosphorylated by either mTOR of Pim2, eIF4E is free to bind to 
the scaffolding protein, eIF4G, and form the eIF4F cap-binding complex. 

 

1.26 p70s6K signaling 

The serine/threonine kinase, p70s6K, sequentially integrates signals from 

ERK, PDK1 and mTORC1 to acutely regulate the helicase activity of eIF4A 162-

164. p70s6K phosphorylates eIF4B, thus freeing eIF4B from p70s6K, which allows 

eIF4B to bind eIF4A and enhance eIF4A’s weak helicase activity. p70s6K also 

carries out the phosphorylation of the eIF4A inhibitor, PDCD4 (Figure 1.5) 165, 166. 

Phosphorylation of PDCD4 promotes its βTRCP mediated ubiquitination and 

degradation, thus freeing eIF4A for mRNA binding and cap-complex formation167. 

Of significance, 86% of PDCD4-/- mice succumb to B-cell lymphomas 168, 
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suggesting that PDCD4-mediated inhibition of eIF4A may be particularly critical 

in B-cell homeostasis. Furthermore, gene expression analysis of different B-cell 

compartments demonstrated that GC B-cells have markedly repressed PDCD4 

expression169. 

 

Figure 1.5 A diagram of p70s6K regulation of helicase activity. After p70s6K is 
phosphorylated by mTOR at Thr389, p70s6K phosphorylates PDCD4 to release eIF4A 
to join the eIF4F complex as well as eIF4B. 
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1.27 Goals, hypothesis and aims 

The central hypothesis of this study is that B-cell lymphoma-associated 

oncogenes are characterized by complex 5’UTR that require eIF4A activity for 

increased translation, therefore BCR activation, which is thought to be essential 

for DLBCL development, should also increase eIF4A activity in B-cells. 

Specific Aim 1: Explore how BCR activation in primary human splenic B-

cells modulates p70s6K/eIF4A signaling 

Specific Aim 2: Determine what role, if any, the isotype of the BCR plays 

in modulating p70s6K/eIF4A signaling  

Specific Aim 3: Characterize the 5’UTRs and protein stability of genes 

such as CARD11, BCL10 and MALT1 which are translationally upregulated upon 

BCR activation and then depleted upon pharmacological inhibition of eIF4A  

 

Here we demonstrate a hitherto unrecognized link between BCR 

activation of primary human splenic B-cells and eIF4A-dependent translation. We 

also show that protein expression of oncogenes that are implicated in DLBCL 

development, such as CARD11, BCL10 and MALT1, (CBM complex) contain 

complex 5’UTRs and are sensitive to eIF4A inhibition in both primary and 

malignant B-cells. Our data provides compelling rationale for the use of eIF4A 

pharmacological agents in lymphoma and other lymphoid diseases characterized 

by unrestricted BCR activation, enhanced dependency on the CBM complex and 

NF-κB activation.  
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Chapter 2: Materials and Methods 

2.1 Antibodies for Western blotting 

Phospho-CD79a (Tyr 182), CD79a, phospho-Erk (Thr 202/Tyr 204), Erk, 

phospho-PDK1 (Ser 241), PDK1, phospho-mTOR (Ser 2448), mTOR, phospho-

4EPB1 (Ser36/37), 4EBP1, phospho-p70s6K (Thr 389), p70s6K, phospho-RPS6 

(Ser 235/236), RPS6, p-eIF4B (Ser406), eIF4B, eIF4AI, eIF4G, PDCD4, Pim2 

CARD11, BCL10, MALT1, c-Myc and CCND2 (Cell Signaling Technology), 

phospho-PDCD4 (Ser 67), phospho-CD40 (Thr 254), CD40, GAPDH and β-actin 

(Abcam) and eIF4E (Santa Cruz). 

 

2.2 Primers  

Table 1. qRT-PCR primers  

CARD11 Forward: TGAATGTAATGCTGGGGACA 

CARD11 Reverse: GGCAAGCTGTTCACAAACAA 

BCL10 Forward: AGGTCTGGACACCCTTGTTG 

BCL10 Reverse: TCGTGCTGGATTCTCCTTCT 

MALT1 Forward: TCTTGGCTGGACAGTTTGTG 

MALT1 Reverse: GCTTTTGGGAAGTTGGTTCA 

GAPDH Forward: GAGTCAACGGATTTGGTCGT 

GAPDH Reverse: TTGATTTTGGAGGGATCTCG 

 

 

 



35 
 

Table 2. Cloning primers  

FL_HCV-IRES_RL lentiviral vector  primers 

XbaI_FireflyForward: 

AGTCAGATCTACCGCCATGGAAGACGCCAAAAACATAAAGAAAGG 

NotI_ Renilla Reverse: AGTAGCGGCCGCTTATTGTTCATTTTTGAGAACTCGCTCAACG 

5’UTR Cloning Primers 

XBaI_CARD11 Forward: AGTCTCTAGAAGTCTCATTTCCTGTCGGGTTTTGCATTTCC  

CARD11_Genomic Reverse: CTGGGGCGCTCATGCTCC 

CARD11_Genomic Forward: 

GGAGCATGAGCGCCCCAGATCCCAAGCACTGCAAGTCCAGAT 

XBaI_CARD11 Reverse: AGTCTCTAGAGGAGGGGTGCTCACACACAGG 

XBaI_BCL10 Forward: AGTCTCTAGACCCGAAGTGAGCAGGCAGC 

XBaI_BCL10 Reverse: AGTCTCTAGAGGTGGAGGCGGGAGATGGC 

XBaI_MALT1 Forward: AGTCTCTAGACGAGGCTCCGTGCCCC 

XBaI_MALT1 Reverse: AGTCTCTAGAGGCCCTCGCCGGCG 

Xbal_eIF4A Forward: GCATGGTCTCTCTAGAGGAACTAACGTCATGCCGAGTTGCT 

XBaI_eIF4A Reverse: GCATGGTCTCTCTAGAGATCCTTAGAAACTAGGGCGGAGTGCC  

XBaI_eIF4E(non-complex) Forward: 

GCATGGTCTCTCTAGAGAGTATTGCCTTTGGCCCCCAC 

XBal_eIF4E(non-complex) Reverse: GCATGGTCTCTCTAGAGAAGGGGAAGGGGCGGC 

XBaI_eIF4E(complex) Forward: 

GCATGGTCTCTCTAGAGCACAGGCAGCCTGCATACACTC 

XBal_eIF4E(complex) Reverse: 

GCATGGTCTCTCTAGACTTAGATCGATCTGATCGCACAACCG 

XBaI_GAPDH Forward: AGTCTCTAGAGCCTCAAGACCTTGGGCTGGG 

XBaI_GAPDH Reverse: AGTCTCTAGAGGTGTCTGAGCGATGTGGCTCG 
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2.3 RNA and genomic DNA (gDNA) purification and cDNA synthesis 

For RNA purification and cDNA synthesis, SUDHL4 cells were harvested by 

centrifugation, washed in cold PBS and resuspended in 0.5 mL of cold PBS. 

RNA was then extracted by phenol-chloroform. Briefly, 0.5 mL of Trizol was 

added to resuspended cell pellets and gently mixed. Then, 0.3 mL of chloroform 

was added and again gently mixed and then centrifuged (16 100 g, 30 minutes, 

4°C). The upper aqueous fraction was then collected RNA was coprecipitated 

for an hour at -20°C with GlycoBlue after adding 0.7 mL of cold isopropanol. 

RNA was pelleted by centrifugation (16 100 g, 30 minutes, 4°C), washed with 

cold 70% ethanol, air dried and then resuspended in elution buffer. 

 

cDNA was synthesized from 200 ng of isolated RNA using ProtoScript. Briefly, 

200 ng of RNA, and 50μM of random primer mix were denature at 65°C for 5 

Table 3. CSFV IRES cloning primers  

XbaI_Firefly 

Forward:AGTCTCTAGAACCGCCATGGAAGACGCCAAAAACATAAAGAAAGG 

Firefly Reverse:TTACACGGCGATCTTTCCGCC 

Firefly-CSFV 

Forward:GGCGGAAAGATCGCCGTGTAAGTATACGAGGTTAGTTCATTCTCGTATACACGA

TTGG 

CSFV Reverse-

Renilla:TTTCGAAGTCATGTGCCATGTACAGCAGAGATTTTTATACTAGCCTAATAGTG 

CSFV-Renilla 

Forward:TGTACATGGCACATGACTTCGAAAGTTTATGATCCAGAACAAAGG 

Renilla_NotI Reverse:AGTAGCGGCCGCTTATTGTTCATTTTTGAGAACTCGCTCAACG  
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minutes and then held at 4°C. ProtoScript reaction mix and enzyme mix 

containing the M-MuLV reverse transcriptase was then added and incubated at 

25°C for 5 minutes and then 42°C for 60 minutes. The enzyme was then 

inactivated at 80°C for 5 minutes before again holding the reaction at 4°C. 

 

For genomic DNA purification, HEK 293T cells were harvested by centrifugation, 

washed in cold PBS and resuspended in 0.5 mL of cold PBS. The genomic DNA 

was then extracted by phenol-chloroform. Briefly, 0.5 mL of phenol was added 

to resuspended cell pellets and gently mixed. Then, 0.3 mL of chloroform was 

added and again gently mixed and then centrifuged (16 100 g, 30 minutes, 4°C). 

The aqueous phase overlying the interphase was removed completely. Then 

0.15 mL of 100% ethanol was added and the samples was gently mixed and 

incubated at room temperature for 3 minutes. The sample was then centrifuged 

(2000 g, 5 minutes, 4°C) to pellet the DNA. The phenol-ethanol supernatant was 

removed and the DNA pellet was washed with 1mL of sodium citrate/ ethanol 

solution (0.1 M sodium citrate in 10% ethanol, pH 8.5) for 30 minutes at room 

temperature. The sample was then centrifuged (2000 g, 5 minutes, 4°C) to pellet 

the DNA, the supernatant was removed and discarded. The DNA pellet was 

then incubated with 1mL of 75% ethanol for 20 minutes at room temperature, 

centrifuged (2000 g, 5 minutes, 4°C) and the supernatant was removed and 

discarded. The DNA pellet was allowed to air dry before resuspension in 8mM of 

NaOH. 

 



38 
 

2.4 IRES cloning 

The HCV lentiviral bicistronic luciferase construct (cap-dependent firefly 

luciferase and internal ribosome entry site [IRES] renilla luciferase) was 

generated by amplifying the Firefly luciferase, Hepatitis C Virus IRES sequence 

and the renilla luciferase from pFR_HCV_xb (Addgene 11510)  170 using the 

primers in Table 2.  

 

The CSFV IRES lentiviral bicistronic luciferase construct was generated by 

amplifying the Firefly luciferase and Renilla luciferase sequences from 

pFR_HCV_xb using primers from Table 3. The CSFV IRES sequence was 

amplified from the synthetic CSFV IRES vector generated by IDT with the 

following sequence: 

CSFV IRES Sequence: 

5’GTATACGAGGTTAGTTCATTCTCGTATACACGATTGGACAAATCAAAATTAT

AATTTGGTTCAGGGCCTCCCTCCAGCGACGGCCGAACTGGGCTAGCCATG

CCCATAGTAGGACTAGCAAAACGGAGGGACTAGCCATAGTGGCGAGCTCC

CTGGGTGGTCTAAGTCCTGAGTACAGGACAGTCGTCAGTAGTTCGACGTGA

GCAGAAGCCCACCTCGAGATGCTACGTGGACGAGGGCATGCCAAGACACA

CCTTAACCCTAGCGGGGGTCGCTAGGGTGAAATCACACCACGTGATGGGA

GTACGACCTGATAGGGCGCTGCAGAGGCCCACTATTAGGCTAGTATAAAAA

TCTCTGCTGTACATGGCAC-3’ 

 

The IRES sequence was amplified with the primers from Table 3 using the 

Phusion polymerase in GC buffer and 3% DMSO. These three fragments were 

then gel purified using QG buffer according to the GeneJET Plasmid Miniprep 

Kit. The primers were designed such that these three products would overlap and 

anneal to each other at a temperature of 72°C.  A secondary PCR reaction using 
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primers from Table 3 again using Phusion with GC buffer and 3% DMSO resulted 

in the full-length product the Firefly luciferase, CSFV IRES sequence and renilla 

luciferase.  

 

These amplicons were subsequently column purified and cloned into the pCDH 

lentiviral vector (System Biosciences #CD513B-1) by digesting the products and 

the vector with XbaI and NotI, adding FastAP to the vector digestion reaction (to 

prevent religation), ligating the products into the vector with T4 DNA ligase to 

generate the FL_HCV_RL and FL_CSFV_RL lentiviral vectors, respectively. 

These vectors were then used to transform DH5α E. coli cells which were grown 

overnight at 37°C on LB Agar plates with 100µg/mL ampicillin so that plasmids 

could be amplified and purified from ampicillin resistant colonies and then 

sequenced. 

 

2.5 5’UTR characterization and cloning 

The 5’UTR sequences of CARD11, BCL10, MALT1, GAPDH, eIF4A, eIF4B, 

eIF4G1 and eIF4E1 were obtained from the NCBI Reference Sequence 

Database (RefSeq). For 5’UTR analysis, predicted Gibb’s free energy (ΔG) was 

calculated using DINAMelt as previously described 171 with more negative ΔG’s 

indicating a more energetically favorable reaction in terms of secondary structure 

formation.  For CARD11, BCL10, MALT1 and eIF4A the 5’UTRs of the primary 

transcripts NM_032415.5, NM_003921.4, NM_006785.3 and NM_001416.3 were 

used for analysis, respectively. For GAPDH, the transcript containing the longest 
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and most complex 5’UTR (NM_001256799.2) with a predicted ΔG of -133 as 

opposed to the 5’UTR from the shortest and least complex transcript 

(NM_002046.5) with a predicted ΔG of -70 was utilized as a control. For eIF4E1, 

the transcripts NM_001130679.1 and NM_001968.3 contain 5’UTRs that are 

1523 nucleotides long and have predicted ΔG’s of -471, while the transcript 

NM_001130678.1 has a 5’UTR that is only 120 nucleotides long with a predicted 

ΔG of -40.  

 

The 5’UTRs of BCL10, MALT1, GAPDH, eIF4A and eIF4E1 (NM_001130678.1) 

were amplified from cDNA using the primers in Table S2. The Phusion 

polymerase and high fidelity (HF) buffer were utilized for the amplification of the 

products, which were subsequently digested with XbaI.  

 

The 5’UTR of eIF4E1 (NM_001130679.1/NM_001968.3) was amplified from 

gDNA using the Phusion polymerase and GC buffer with 3% DMSO. The 5’UTR 

of eIF4E1 (NM_001130679.1/ NM_001968.3) contains an XbaI restriction site so 

the product was digested with BsaI (Eco31I), which is an endonuclease that cuts 

outside of its recognition sequence, such that it would generate overhangs 

compatible with the XbaI overhangs in the FL_HCV_RL vector.  

 

The 5’UTR of CARD11 was amplified from gDNA in a two step reaction. Briefly, 

the 5’UTR region of CARD11 from intron 1 and the 5’UTR region of CARD11 

from intron 2 were amplified using primers from Table 2 with the Phusion 
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polymerase in GC buffer and 3% DMSO. These two fragments were then gel 

purified using QG buffer according to the GeneJET Plasmid Miniprep Kit. The 

primers were designed such that they would overlap and anneal to each other at 

a temperature of 72°C.  A secondary PCR reaction using primers from Table 2, 

again using Phusion with GC buffer and 3% DMSO, resulted in the full-length 

product of the CARD11 5’UTR which was then gel purified. After purification, the 

product was digested with XbaI.  

 

The FL_HCV_RL vector was digested with XbaI and treated with FastAP, to 

prevent religation of the vector. Then, 75 fmols of column purified digested 5’UTR 

products were ligated into 25 fmols of column purified digested FL_HCV_RL 

vector using the T4 DNA ligase. These vectors were then used to transform 

DH5α E. coli cells which were grown overnight at 37°C on LB Agar plates with 

100µg/mL Ampicillin so that plasmids could be amplified and purified from 

ampicillin resistant colonies with GeneJET Plasmid Miniprep Kit and then 

sequenced. 

 

2.6 Lentivirus production and lymphocyte transduction 

Viral particles were produced as previously described 172. Briefly, 150 mm cell 

culture dishes were coated with poly-D-lysine and HEK293T cells were plated at 

a confluency of roughly 30%. The following day, 20μg of vector, 14μg of psPAX2 

(Addgene plasmid 12260), and 7μg of pMD2.G (Addgene plasmid 12259) were 

mixed and vortexed with 93μL of polyethylenimine (PEI) in 1mL of OPTI-MEM for 
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15 seconds and then allowed to incubate at room temperature for 15 minutes. 

HEK293T cells were the transfected with the mixture and 8 hours after 

transfection, media was changed. Media was then collected and replaced 24 

hours, 48 hours and 72 hours after transfection. Media was then filtered through 

a 45μm syringe filter and then virus was pelleted by centrifugation (10 000g, 90 

minutes, 4°C). The virus pellet was then resuspended in 200 μL of RPMI 

overnight on a rocker at 4°C. A total of 2 × 106 SUDHL4 were transduced with 

virus for the bicistronic luciferase constructs and then selected by puromycin (0.5 

μg/mL) for one week. 

 

2.7 Lentiviral bicistronic luciferase (cap-dependent firefly luciferase and 

[IRES] renilla luciferase) assays 

After transduction and selection by puromycin, cells were harvested, and 

luciferase activity was measured using the Dual Luciferase Reporter Assay 

system (Promega) on a Tecan F200 plate reader. 

 

2.8 Primary human splenic B-cell isolation 

Primary human spleens from otherwise healthy motor vehicle collision patients 

were provided by the R. Adams Cowley Shock Trauma Center and UMGCC 

Pathology Biorepository and Research Core in accordance with the guidelines of 

the University of Maryland Medical School Institutional Review Board and 

conform to the Declaration of Helsinki. Spleens were minced on ice in RPMI and 

lymphocyte populations isolated through ficoll separation. Briefly, splenocytes in 
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RPMI were layered on top of ficoll separation media at a 1 to 1 ratio and then 

centrifuged at 400 g for 25 minutes with slow acceleration and no brake applied. 

Lymphocytes were then collected from the buffy coat, washed in HBSS and then 

viably frozen in 95% fetal bovine serum (FBS) and 5% DMSO.  

 

B-cell populations were isolated from viably frozen splenic lymphocytes through 

negative selection using a human B-cell Isolation Kit (MiltenyiBiotec Cat # 130-

093-660) as per the manufacture’s protocol. After purification, lymphocytes were 

washed in cold HBSS containing 5% FBS and then stained for 15 minutes on ice 

with CD19-APC (BD Bioscience 555415) and CD3-FITC (BioLegend 317305). 

Cells were then analyzed using a FACSCanto II (BD Bioscience) flow cytometer 

and determined to be 95-99% B-cells (Figure 2.1-CD19 positive and CD3 

negative).  

 

 

Figure 2.1 FACS analysis of splenic B-cell purity after purification by magnetic 
columns. Forward scatter (FSC) and side scatter (SSC) were used to identify viable 
lymphocyte populations. B-cell purity and T-cell contamination was determined by 
staining and analyzing CD19 and CD3 expression respectively. 
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2.9 Primary human splenic B-cell culture and activation 

Primary human splenic B-cells were cultured in RPMI containing 10% FBS, 1% 

Pen/Strep and 1% amphotericin B. In a 24-well plate, 2.5×106/mL primary human 

splenic B-cells were treated in the following conditions: Isotype control: 1 μg/mL 

mouse IgG1 K Isotype control (eBioscience 16-4714-82), anti-BCR: 1 μg/mL 

F(ab’)2 anti-human IgA+IgG+IgM (H+L) (Jackson ImmunoResearch 109-006-

064), anti-CD40: 1 μg/mL anti-CD40 clone 5C3 (eBioscience 16-0409-85) or 

anti-BCR + anti-CD40 for 24 hours. 

 

2.10 Brightfield microscopy 

Representative figures of cellular aggregation were obtained 24 hours after 

activation and treatment in each of the triplicate wells for three separate patient 

samples using a 10X objective on the Nikon Eclipse TE2000-5 microscope using 

NIS-Elements software. 

 

2.11 Flow sorting of B-cell populations 

Viably frozen human splenic lymphocytes from patients between the age of 41 

and 88 years of age were thawed and stained with CD19-APC (BD Bioscience 

555415), IgG-Brilliant Violet (BD Bioscience 562581) and IgM-PE (eBioscience 

12-9998-42) in HBSS containing 5% FBS. Cells were then sorted using a 70μM 

nozzle at 70psi or 85uM nozzle at 45psi pressure on a FACSAria II (BD 

Bioscience) cell sorter to a purity of greater than 95%. Live, single B-cells were 

identified by light scatter profile, pulse width and CD19+ staining. B-cells were 
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then sorted with gates identifying IgG+/IgM- or IgG-/IgM+ subsets for over 95-99% 

purity (see Figure 4.1 for representative gating strategy and purity). To verify that 

antibody staining and sorting did not alter the activation status of B-cells per se, 

cells were stained or left unstained and mock sorted on forward light scatter 

(FSC) only. Mock-sorted cells cultured in vitro without anti-BCR stimulation 

showed no elevated levels of phospho-p70S6K or phospho-PDCD4 (Figure 4.2).  

 

2.12 Isotype specific activation of B-cell populations 

After flow sorting, 2.5×106/mL of IgG+/IgM- and IgG-/IgM+ B-cells were treated in 

the following conditions: anti-goat control: 2 μg/mL F(ab’)2 donkey anti-goat IgG 

(H+L) (Jackson ImmunoResearch 705-006-147), goat anti-human IgG + anti-

goat: 2.5 μg/mL goat anti-human IgG Fcγ (Jackson ImmunoResearch 109-005-

098), or goat anti-human IgM + anti-goat: 2.5 μg/mL goat anti-human IgM Fc5μ 

(Jackson ImmunoResearch 109-005043). 

 

2.13 Drug treatment 

A stock solution of Silvestrol was prepared by dissolving Silvestrol (MedChem 

Express HY-13251) in DMSO to a concentration of 1μM. For Silvestrol 

treatments, human splenic B-cells were either treated with Isotype control or anti-

BCR as described under B-cell activation assay. Under both conditions, B-cells 

were simultaneously treated with either a Vehicle control (DMSO) or 10 nM 

Silvestrol for 24 hours.  
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2.14 Flow cytometry analysis (FACS) 

24 hours after activation, primary human splenic B-cells were washed in cold 

HBSS containing 5% FBS and then stained for 15 minutes on ice with CD69-

FITC (eBioscience 11-0699-42). Cells were then analyzed using a FACSCanto II 

(BD Bioscience) flow cytometer. 

 

SUDHL4 cells were washed 24 hours after activation and treatment in cold HBSS 

and then stained for 15 minutes on ice with PI (Sigma Aldrich P4864). Cells were 

then analyzed using a FACSCanto II (BD Bioscience) flow cytometer. 

 

2.15 Cell lysis and immunoblotting  

Cells were harvested from cells by centrifugation, washed in PBS and 

resuspended in a buffer containing 50mM Tris HCL (pH 7.5), 150mM NaCl, 1mM 

EDTA, 1mM EGTA, 1% Triton X-100, 0.5% NP-40, with 2 mM dithiothreitol, and 

1 mM phenylmethylsulfonyl fluoride. Lysates were pelleted (10 000 g, 10 minutes, 

4°C), prepared in a 4X loading buffer (Invitrogen), resolved on a 4-12% gel 

(Invitrogen), transferred to a polyvinylidene difluoride (PVDF) membrane 

(Millipore) and blocked for 1 hour in 5% milk. Blots were probed with antibodies 

recognizing: phospho-CD79a (Tyr 182), CD79a, phospho-Erk (Thr 202/Tyr 204), 

Erk, phospho-PDK1 (Ser 241), PDK1, phospho-mTOR (Ser 2448), mTOR, 

phospho-p70s6K (Thr 389), p70s6K, phospho-RPS6 (Ser 235/236), RPS6, 

eIF4AI, PDCD4, CARD11, BCL10, MALT1, c-Myc and CCND2 (Cell Signaling 

Technology), phospho-PDCD4 (Ser 67), phospho-CD40 (Thr 254), CD40, 
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GAPDH and β-actin (Abcam) and eIF4E (Santa Cruz). Signals were detected 

with enhanced chemiluminescence according to the manufacturer's instructions 

(Thermo Scientific). 

  

2.16 Cell lysis and 7-methyl-GTP Sepharose 4B pull-down 

24 hours after activation and treatment, cells were lysed with 

immunoprecipitation (IP) buffer, and whole-cell lysates were used for pull-down 

with 7-methyl-GTP cap analog Sepharose 4B beads (GE Healthcare). Pull-down 

reactions were resolved by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) gels and analyzed by immunoblotting for eIF4A1, 

eIF4G and eIF4E. 

  

2.17 Cell lysis, sucrose fractionation and polysomal profiling 

Primary human splenic B-cells under Isotype + Vehicle, Isotype + 10nM 

Silvestrol, anti-BCR + Vehicle and anti-BCR+10nM Silvestrol, were collected 24 

hours after treatment by centrifugation, washed in cold PBS and resuspended in 

a buffer containing 5mM Tris, 2.5mM MgCl2, 1.5mM KCl, 1% Triton X-100, 0.5% 

Sodium Deoxycholate with 2 mM dithiothreitol, 1 mM phenylmethylsulfonyl 

fluoride. Lysates were pelleted (10 000g, 10 minutes, 4°C), and the cytoplasmic 

extracts were then loaded onto 10% to 50% sucrose gradients and centrifuged 

(Figure 2.2) (Beckman SW41, 35 000g, 3 hours, 4°C; Beckman Coulter). 

Subsequently, the material was fractionated into 1-mL aliquots using a gradient 

fractionator (Brandel) and monitored by optical density measurement (A254).  
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Figure 2.2 A diagram of polyribosome profiling. A sucrose gradient is utilized to 
separate out the free mRNA (fractions 1-3), the monoribosomes (fraction 4-7) and the 
polyribosomes (8-10), which is where actively translated mRNAs are located. 

 

2.18 Trichloroacetic acid (TCA) precipitation of sucrose fractionated 

proteins 

Briefly, 500μL of each sucrose fraction was incubated with deoxycholate (final 

concentration 0.02%, RT, 15min). Each sample was then further incubated with 

TCA (final concentration 6%, 1hr, on ice), and supernatant removed after 

centrifugation (14,000rpm, 10min, 4°C). The TCA pellet was incubated with ice-

cold acetone (2X volume, 15min, on ice), re-pelleted (14,000rpm, 10min, 4°C) 

and supernatant removed. The pellet was allowed to air dry before adding 4X 
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loading buffer (Invitrogen) and resolving by Western blot analysis for eIF4A1 and 

RPS6.  

 

2.19 Polysomal RNA isolation and RNA-sequencing 

To identify genes that are translationally upregulated upon BCR activation, 

human splenic B-cells were either treated with an isotype control or anti-BCR. 

Under both conditions, B-cells were also treated with either a vehicle control or 

10 nM Silvestrol. After 24 hours of treatment, lysates were prepared and sucrose 

fractionated to isolate RNA from the higher molecular weight polysomal 

containing fractions (fractions 8, 9 and 10) by Trizol. These fractions are enriched 

for mRNAs that are actively being translated. RNA from two independent 

experiments under isotype + vehicle, isotype + Silvestrol, anti-BCR + vehicle and 

anti-BCR + Silvestrol conditions had libraries prepared for RNA-sequencing by 

the Weill Cornell Medical College Epigenomics Core facility according to 

Illumina’s protocol. Bioinformatics analysis was carried out by having the original 

sequences aligned to hg19. The reads per kilobase (RKFB) for each gene and 

isoform were normalized using DNAStar software. The differentially expressed 

genes were identified with F-test for isotype + vehicle, isotype + Silvestrol, anti-

BCR + vehicle and anti-BCR + Silvestrol. 

 

2.20 Radiolabeling of nascent proteins 

Analysis of de novo translation was carried out using methodology previously 

described 173.  Briefly, 24 hours after treatment, 2.5×106 primary human splenic 
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B-cells were starved in RPMI without L-glutamine, L-methionine & L-cysteine 

(cellgro) for 30 minutes. Cells were then incubated with 1 mCi L-[35S]methionine 

and L-[35S]cysteine (Easy Tag EXPRESS; PerkinElmer Life and Analytical 

Sciences) per 12-well plate for 30 minutes, whereupon cells were lysed using IP 

buffer. Cell lysates were then quantified and resolved by SDS-PAGE, transferred 

onto PVDF membranes, and visualized by PhosphorImager (GE Healthcare). 

 

2.21 qRT-PCR of target genes 

Total RNA and polysomal RNA was isolated from human splenic B-cells using 

Trizol reagent (Invitrogen) and cDNA synthesized using qScript (Quanta). qRT-

PCR was performed with SYBR Green reagent (Quanta) using the primers 

shown in  Table 1. GAPDH was used as a control.  

 

2.22 Protein stability assay 

OCI-Ly10 and SUDHL4 cells were treated with 100μg/mL cycloheximide to block 

de novo protein translation for various time points, and lysates were collected 

and resolved by Western blot analysis for CARD11, BCL10, MALT1 and GAPDH. 

 

2.23 Statistical analysis 

Results were analyzed using Microsoft Excel (Microsoft).  Statistical significance 

was determined when a P value less than 0.05 was attained using Student’s T-

test. 
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Chapter 3: B-cell receptor activation enhances eIF4A cap-binding activity 

3.1 Introduction: 

Many mechanisms have been proposed for gene specific regulation by 

translation with oncogenes often associated with enhanced global translation. 

For this reason, much focus has been given to cap-binding protein, eIF4E. 

Interestingly, many oncogenes harbor complex 5’UTRs and therefore require 

helicase activity to be effectively translated. This aspect cannot be solely 

accounted for by enhanced eIF4E activity as the ribosome has limited helicase 

activity. Therefore, we asked, how oncogenes with complex 5’UTR and those 

associated with BCR activation and lymphomagenesis are translated? The most 

likely culprit was eIF4A because of its inherent helicase activity. However, the 

regulation of eIF4A activity in the context of B-cell activation had yet to be 

explored. 

eIF4A is negatively regulated by PDCD4 which is downregulated in the 

germinal center where activated follicular B-cells undergo affinity maturation169. 

In addition to being downregulated, PDCD4 is the target for miR-21, which is a 

target of NF-κB signaling174. Another regulator is the p70s6K axis, which is a 

central node for eIF4A helicase activity both through the phosphorylation and 

degradation of the eIF4A inhibitor, PDCD4, and through the phosphorylation and 

activation of the eIF4A cofactor, eIF4B143, 167. We therefore, decided to confirm 

and expand on these studies through dissection of relevant signaling cascades, 

protein translation assays and pharmacological inhibitors. 
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For our model, we utilized primary human splenic B-cells as opposed to 

immortalized cell lines. B-cells can be immortalized by the Epstein Bar Virus to 

form lymphoblastoid cell lines (LCL). We did generate LCLs from both germinal 

center B-cells and naïve B-cells isolated from tonsillar lymphocytes but the 

elevated basal level of signaling in these transformed populations was not 

suitable for our analysis. Furthermore, a major confounding factor was that LCLs 

express the EBV protein, LMP2A, which serves as a BCR mimic and could 

potentially alter the signaling potential of the cells.  

 The spleen serves as a secondary lymphoid organ as well as a blood 

filter. In the white pulp of the spleen there are numerous Malpighian corpuscles, 

which are composed of both lymphoid follicules rich in B-cells and periarteriolar 

lymphoid sheaths (PALS) rich in T-cells. B-cells in the spleen are typically IgM 

expressing naïve, follicular or marginal zone B-cells. MZ B-cells can be activated 

by lipopolysaccharide (LPS), which is found on gram-negative bacteria and elicits 

a T-independent response. Follicular B-cells can be activated with antibodies 

against the BCR and/or CD40. We decided to explore the latter combination in 

the splenic B-cells to further dissect the signaling cascades specifically 

associated with the BCR in follicular B-cells. 
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3.2 Results: 

3.2.1 Treatment with anti-BCR and anti-CD40 enhances Igα and CD40 

phosphorylation 

 We activated purified, human splenic B-cells with antibodies against BCR, 

CD40, or BCR and CD40 together. Anti-BCR treatment mimics antigen-specific 

stimulation whereas CD40 engagement serves as a co-stimulatory signal typical 

for T-dependent B-cell activation32. Upon in vitro activation by anti-BCR, with or 

without anti-CD40, we observed enhanced phosphorylation of Igα at Tyr188 

(which corresponds to Tyr182 in mouse) within 30 minutes of stimulation, which 

is the alpha chain of the heterodimeric intracellular signaling component of the B-

cell antigen receptor complex (Figure 3.1). The Tyr182 residue is one of the two 

critical residues within the ITAM motif of Igα and is phosphorylated by Src family 

kinases such as Lyn and Syk. Interestingly, 24 hours after stimulation, we 

observed a reduction in phosphorylation of Igα after stimulation with anti-BCR, 

which is the result of Igα endocytosis upon phosphorylation.  

 CD40 activity was also monitored due to CD40’s critical role during B-cell 

activation. Reduced CD40 signaling can cause hyper-IgM immunodeficiency 

syndrome type 1 (HIGM1) as B-cells are unable to undergo isotype switching175. 

Interestingly, we only observed a significant increase in CD40 phosphorylation at 

Thr254 under anti-BCR+anti-CD40 conditions (Figures 3.1). This may be due to 

the lack of CD40’s intrinsic kinase activity as well as the ability for the BCR to 

more effectively recruit activating kinases. 
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Figure 3.1 BCR and CD40 activation enhances Igα and CD40 phosphorylation, 
respectively. (A) Protein lysates from human splenic B-cells were harvested 30 
minutes after treatment with either Isotype, anti-BCR, anti-CD40 or anti-BCR+CD40 
and then analyzed by Western blot analysis for p- Igα (Tyr182), total Igα, p-CD40 
(Thr254) and total CD40. (B) Densitometry was used to quantify p-Igα (Tyr182), total 
Igα, p-CD40 (Tyr254) and total CD40 expression and data are means ± SEM of two 
independent experiments (two individual spleens). (*P<0.05). 
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Figure 3.2 BCR activation enhances the activity of p70s6K regulatory kinases. (A) 
Protein lysates from human splenic B-cells were harvested 30 minutes after treatment with 
either Isotype, anti-BCR, anti-CD40 or anti-BCR+CD40 and then analyzed for p-ERK 
(Thr202/Tyr204), total ERK, p-PDK1 (Ser241), total PDK1, p-mTOR (Ser2448) and total 
mTOR. GAPDH served as a loading control and data is representative of three independent 
experiments. (B) Densitometry was used to quantify p-ERK (Thr202/Tyr204) and total ERK 
expression and data are means ± SEM of two independent experiments (two individual 
spleens). (*P<0.05). 
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3.2.2 Treatment with anti-BCR enhances the activation of kinases that 

regulate p70s6K activity 

 Regulators of protein translation were analyzed for Erk phosphorylation at 

Thr202/Tyr204, PDK1 phosphorylation at Ser241 and mTOR phosphorylation at 

Ser2448 (Figure 3.2), as these are activating phosphorylation events and 

collectively they lead to full activation of p70s6K176. CD40 activation enhances 

ERK activation (Figure 3.2), which is mediated through TRAF2/TRAF1/MKK 

signaling and is consistent with previous reports177. Surprisingly, we did not 

observe a significant increase in ERK phosphorylation upon BCR activation 

alone in 30 minutes, which may be more apparent at a later time point. 

Additionally, anti-BCR stimulation induces phosphorylation of both PDK1 and 

mTOR, (Figure 3.2). After AKT phospholipid binding, PDK1 phosphorylates AKT 

in its activation loop at Ser308. Binding to PIP3 is critical for AKT activation and 

PIP3 and PI3K are highly associated with CD19 and therefore BCR signaling in 

B-cells67. Not surprisingly, B-cells deficient in CD19 display a drastic reduction in 

AKT activation68. AKT carries out the phosphorylation of mTOR at Ser2448 and 

mTOR in turn fully activates AKT by phosphorylating it at Ser473.  
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Figure 3.3 B-cell aggregation after activation. Brightfield microscopic analysis of B-
cell aggregation upon stimulation at 10X magnification 24 hours after activation. 
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3.2.3 Treatment with anti-BCR enhances both lymphocyte aggregation and 

surface CD69 expression 

 As a surrogate for B-cell activation, B-cell aggregation was observed via 

brightfield microscopy. Activation of B-cells, especially CD19, results in LFA-1-

dependent homotypic adhesion, thus promoting the clumping of B-cells. We 

noticed that upon treatment with anti-BCR, B-cell aggregation was significantly 

enhanced as compared to the isotype control, which displayed no aggregation 

(Figure 3.3). Treatment with anti-CD40 also promoted aggregation of B-cells but 

to a lesser degree. Significantly, treatment with both anti-CD40 and anti-BCR 

greatly qualitatively augmented B-cell aggregation. 

 The transmembrane type C activation marker, CD69, is upregulated 24 

hours after stimulation by anti-BCR (Figure 3.4) 178. CD69 is the earliest inducible 

cell surface glycoprotein that is expressed upon lymphocyte activation and is also 

associated with T-cell and NK cell activation. Other surface markers for B-cell 

activation include CD80 and CD38 but we were unable to detect any changes in 

these markers at the 24 hour time point suggesting that these events occur at a 

later time point (data not shown). 
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Figure 3.4 BCR activation enhances CD69 expression. Human splenic B-cells were 
harvested, washed and stained for CD69 marker 24 hours after activation. Flow 
cytometry analysis was used to quantify surface CD69 expression. Data are means ± 
SEM of three independent experiments (three individual spleens). (*P<0.05). 
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3.2.4 Activation of splenic B-cells enhances protein translation 

 A significant increase in global protein synthesis was observed in B-cells 

24 hours after activation by BCR stimulation relative to control cultures and B-

cells stimulated by anti-CD40 alone, as demonstrated by 35S-radiolabeled amino 

acid incorporation (Figure 3.5). Interestingly, polysome distribution profile 

analysis via sucrose fractionation and absorbance at 254nm along with area 

under the curve (AUC) analysis with ImageJ software showed enhanced 

polysome formation and 80S monosome formation upon stimulation by anti-BCR 

or anti-CD40 (Figure 3.6). Anti-CD40 stimulation, compared to the isotype 

control, would likely provide growth and survival signals, thus potentially 

increasing total RNA synthesis. This may account for the increased AUC 

observed through a mass affect but the main increase observed with anti-CD40 

as compared to isotype control is in the polysome fractions (fractions 6-9). The 

recruitment of mRNA to the 60S and 80S ribosome (fractions 4-5) is not 

increased in B-cells stimulated by anti-CD40 as compared to isotype control. This 

suggests that either translation elongation or translation termination are more 

heavily influenced by CD40 stimulation whereas translation initiation is more 

positively influenced by BCR stimulation. Together, these results demonstrate 

that BCR activation enhances global protein translation.  

 

 

 



61 
 

 

 

Figure 3.5 BCR activation augments protein translation. Cells were incubated with 1 
mCi L-[35S]methionine and L-[35S]cysteine 24 hours after treatment and lysates were 
harvested and analyzed for radiolabel incorporation. Densitometry was used to quantify 
radiolabel incorporation and data are means ± SEM of three different experiments (three 
individual spleens). (*P<0.05). 
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Figure 3.6 BCR activation enhances mRNA recruitment to the polyribosomes. (A) 
Protein lysates were sucrose fractionated and then the optical density at 254 nm was 
measured 24 hours after activation as described in Figure 1A. Protein lysates from each 
fraction were precipitated via TCA and resolved by Western blot. eIF4A and RPS6 
served as sucrose fractionation loading controls. (B) Area under the curve (AUC) for the 
monoribosome fractions (4-5) and the polyribosome fractions (6-9) was analyzed using 
ImageJ and EXCEL utilizing an arbitrary baseline. (*P<0.05). 
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3.2.5 BCR activation significantly enhances p70s6K signaling in human 

splenic B-cells 

To determine how BCR activation affects the p70s6K-eIF4A axis, lysates 

were harvested 24 hours after B-cell activation and analyzed by Western blot. 

Consistent with previous studies increased p70s6K phosphorylation at Thr389, 

which is carried out by mTOR, was observed under anti-BCR conditions58 (Figure 

3.7). Since the p70s6K axis is a central node for eIF4A helicase activity through 

the phosphorylation and degradation of the eIF4A inhibitor, PDCD4, and through 

the phosphorylation and activation of the eIF4A cofactor, eIF4B we specifically 

explored the modulation of these substrates. We observed enhanced 

phosphorylation of p70s6K substrates, ribosomal protein S6 (RPS6) at 

Ser235/236, programmed cell death 4 (PDCD4) at Ser67 and eIF4B at Ser406, 

further suggesting that the p70s6K axis is activated under anti-BCR conditions 

(Figure 3.7). Additionally, we observed a reduction in the 52 kDa full length form 

of PDCD4 under anti-BCR conditions suggesting that, upon phosphorylation, 

PDCD4 is ubiquitinated and degraded as previously reported167 (Figure 3.7).  

Phosphorylation of the inhibitor of eIF4E, 4EBP1, at Thr36/37 was 

enhanced when B-cells were stimulated with both anti-BCR and anti-CD40 

(Figure 3.7, lane 4). Phosphorylation of 4EBP1 results in its dissociation from 

eIF4E, thus allowing the scaffolding protein eIF4G to bind eIF4E. Enhanced 

4EBP1 phosphorylation may be due to increased mTORC1 activity upon BCR 

stimulation (see Figure 3.2), although in addition to mTOR, Pim2, which is 

expressed in B-cells regardless of activation status (Figure 3.7), can also 
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phosphorylate 4EBP1. Under anti-BCR or anti-CD40 conditions alone we did not 

observe significant 4EBP1 phosphorylation. Interestingly, 4EBP1, despite being 

an inhibitor of eIF4E, is lowly expressed in normal B-cells and more highly 

expressed in malignant cells. eIF4E is also overexpressed in numerous 

malignancies and 4EBP1 expression may be linked to eIF4E expression as an 

attempt to counter unrestrained eIF4E activity. The phosphorylation event that is 

associated with dissociation from eIF4E (such as Thr70) is not believed to be 

carried out by mTOR and was not detectable in our experiments. In addition, 

4EBP2, which shares 56% homology to 4EBP1, can also negatively regulate 

eIF4E and eIF4G interactions, though the involvement of 4EBP2 was not 

extensively explored in this study due to its low abundance in B-cells.  

The MNK kinases, which were explored in our laboratory in parallel with 

this study, can module eIF4E and eIF4G activity through phosphorylation of 

eIF4E at Ser209 and binding to eIF4G, though these studies have been 

controversial and investigators have yet to come to an agreement. It is likely 

though, that the MNK kinases, which are downstream of ERK, could be 

modulated by both CD40 and BCR stimulation and may potentially play a role in 

the modulation of protein translation upon BCR activation, but this question was 

beyond the scope of this study,. 
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Figure 3.7 p70s6K signaling is enhanced upon BCR activation. Protein lysates from 
human splenic B-cells were harvested 24 hours after treatment with Isotype, anti-BCR, 
anti-CD40 or anti-BCR+CD40 and then analyzed by Western blot analysis for p-4EBP1 
(Thr36/37), total 4EBP1, Pim2, p-p70s6K (Thr389), total p70s6K, p-eIF4B (Ser406), total 
eIF4B, p-RPS6 (Ser235/236), RPS6, p-PDCD4 (Ser67) and total PDCD4. GAPDH 
served as a loading control and data is representative of three independent experiments. 
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3.2.6 BCR activation significantly enhances eIF4A cap-binding activity in 

human splenic B-cells 

To observe cap-complex formation, protein lysates were incubated with 

m7GTP Sepharose beads and analyzed for eIF4E, eIF4G and eIF4A cap-binding 

activity. We observed enhanced eIF4A cap-binding activity specifically under 

anti-BCR conditions, consistent with the signaling cascade (Figure 3.8). 

Additionally, we observed no significant change in eIF4E cap-binding activity. 

Cap-binding by eIF4G was enhanced both in anti-BCR and anti-CD40 conditions 

(Figure 3.8), which surprisingly did not entirely correspond to the 4EBP1 

phosphorylation status (Figure 3.7). Both 4EBP1 and eIF4B were analyzed for 

cap-binding activity and were undetectable. Total eIF4E protein expression 

(Figure 3.8) increased only slightly under anti-BCR conditions. This observation 

is consistent with previous studies demonstrating increased eIF4E protein 

expression upon lymphocyte activation179. Together, these data demonstrate that 

eIF4A cap-binding activity and p70s6K signaling is rapidly enhanced upon BCR 

activation. 
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Figure 3.8 eIF4A cap-binding activity is enhanced upon BCR 
activation. (A) Protein lysates were harvested 24 hours after 
activation and incubated with m7GTP Sepharose beads overnight at 
4°C. Western blot analysis was used to observe eIF4A, eIF4G and 
eIF4E binding to m7GTP. Data is representative of three 
independent experiments (three individual spleens). (B) 
Densitometry was used to quantify total eIF4E, eIF4A, eIF4G and 
GAPDH protein expression and data are means ± SEM of two 
independent experiments. (*P<0.05). 
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3.2.7 Silvestrol reduces eIF4A cap-binding activity and protein translation  

 To explore the therapeutic potential for eIF4A inhibition in the context of 

BCR activation, we treated human splenic B-cells with either an isotype control or 

anti-BCR antibody and simultaneously treated cells in both conditions with either 

vehicle or 10nM of the eIF4A inhibitor, Silvestrol. We utilized a dose of 10nM of 

Silvestrol for 24 hours, a previously established dose and time point for inhibiting 

protein translation without significantly inducing apoptosis in primary chronic 

lymphocytic leukemia cells152, 180. Silvestrol reduced eIF4A cap-binding under 

anti-BCR conditions (Figure 3.9) as well as eIF4E total protein levels and eIF4E 

cap-binding under all conditions. Silvestrol also attenuated global protein 

translation upon BCR activation, shown either by 35S-radiolabeled amino acid 

incorporation into nascent proteins (Figure 3.10) or through mRNA polysomal 

loading and 80S formation (Figure 3.11). Treatment with Silvestrol effectively 

reduced BCR-induced 35S-radiolabel incorporation back to levels comparable to 

isotype plus vehicle treatment (Figure 3.10). 
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Figure 3.9 Silvestrol reverses BCR induced eIF4A cap-
binding activity. Protein lysates from human splenic B-cells 
were harvested 24 hours after treatment with either Isotype + 
Vehicle, Isotype + 10nM Silvestrol, anti-BCR + Vehicle or anti-
BCR + 10nM Silvestrol, and incubated with m7GTP Sepharose 
beads overnight at 4°C. Western blot analysis was used to 
observe eIF4A and eIF4E binding to m7GTP. Data is 
representative of three independent experiments 
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Figure 3.10 Silvestrol inhibits BCR induced protein translation. (A) 24 hours after 
treatment, cells were incubated with 1 mCi L-[35S]methionine and L-[35S]cysteine and 
lysates were harvested and analyzed for radiolabel incorporation. (B) Densitometry was 
used to quantify radiolabel incorporation and data are means ± SEM of three different 
experiments (three individual spleens). (*P<0.05). 
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Figure 3.11 Recruitment of mRNA to the polyribosome upon BCR activation is 
inhibited by Silvestrol. (A) Protein lysates were sucrose fractionated and then the 
optical density at 254 nm was measured 24 hours after activation as described in Figure 
1A. Protein lysates from each fraction were precipitated via TCA and resolved by 
Western blot. eIF4A and RPS6 served as sucrose fractionation loading controls. (B) 
Area under the curve (AUC) for the monosome fractions (4-5) and the polysome 
fractions (6-9) was analyzed using ImageJ and EXCEL utilizing an arbitrary baseline. 
(*P<0.05). 
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3.3 Discussion:  

It has been established that eIF4A activity is directly correlated to the 

degree of mRNA 5’UTR secondary structure136. A significant role for augmented 

eIF4F activity and cap-dependent translation during lymphomagenesis has been 

established through both mouse models and in vitro pharmacological studies156, 

181, 182. Furthermore, PDCD4-/- mice have a high penetrance for B-cell 

lymphomas168. Moreover, Silvestrol has demonstrated chemosensitization 

properties in refractory murine lymphoma models156 and multiple tumor types 

characterized by persistent formation of the eIF4F complex through multiple 

mechanisms183. Interestingly, in an NCI 60-cell line screen, Silvestrol produced a 

pattern of roughly 10-fold greater total growth inhibition in B-cell malignancies 

than the average of all other cell lines tested152-155. Most recently it has been 

reported that unique RNA G-quadruplex structures, which are rich in guanine and 

are capable of forming four-stranded structures through Hoogsteen hydrogen 

bonding, increase the 5’UTR structure complexity of some oncogenic messages 

which were shown to be highly dependent on eIF4A activity184. The advent of 

pharmacological inhibitors of eIF4A such as Silvestrol and Hippuristanol 

combined with these compounds’ general specificity and high efficacy in B-

lymphoid tumors suggests that the role for eIF4A in B-cell malignancies should 

be further elucidated.   

 PDCD4 has been shown to be downregulated by miR-21, a target of NF-

κB transcription and is correlated with ABC-DLBCLs185. Furthermore, gene 

expression analysis of different B-cell compartments demonstrated that GC B-
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cells have markedly repressed PDCD4 expression169. While rapid induction of 

NF-κB-dependent transcription and enhanced p70s6K signaling58 upon BCR 

activation are well characterized, much less is known about the potential 

involvement of mTOR and p70s6K in the regulation of translation initiation during 

the early phases of B-cell activation. 

p70s6K is subject to regulation by ERK, PDK1 and mTORC1, which 

phosphorylate p70s6K on its auto-inhibitory domain, activation loop and 

hydrophobic motif, respectively176. Consistent with previous studies, we found 

that these kinases, as well as PDCD4 and RPS6, substrates of p70s6K, are 

phosphorylated and activated upon BCR activation (Figures 3.2 and 3.7). 

Additionally, total PDCD4 protein levels were reduced upon BCR activation, 

which frees eIF4A to bind the cap-binding complex (Figures 3.7 and 3.8). We 

also analyzed the mTOR substrate/eIF4E inhibitor, 4EBP1, for phosphorylation at 

Thr36/37 and found no specific correlation with upstream signaling, which may 

be the result of the expression another 4EBP1 kinase, Pim2 (Figure 3.7).  

 To our surprise, we observed that eIF4E cap-binding activity was not 

highly modulated upon BCR activation despite enhanced eIF4E protein 

expression (Figure 3.8). Instead, we observed a significant increase in p70s6K 

signaling and eIF4A cap-binding activity (Figures 3.7 and 3.8) while we also 

observed enhanced eIF4G cap-binding when B-cells were stimulated through 

either BCR or CD40 (Figure 3.8). Intuitively, low levels of translation of house-

keeping genes that generally contain less complex 5’UTRs and therefore require 

less eIF4A activity, must continue even in quiescent cells. Since eIF4A binds to 
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eIF4E via eIF4G, complex formation is likely a sequential process. eIF4G must 

bind to eIF4E before eIF4A can be bind and be detected. Detection of eIF4A is 

further complicated by the fact that interaction with the cap-complex is relatively 

transients134. Not surprisingly, we were not able to detect any eIF4B cap binding, 

despite being able to detect phosphorylation of eIF4B at Ser406 by p70s6K, 

which may be due to the fact that eIF4B can only join the cap complex after 

eIF4A binding (Figure 3.7). Surprisingly, throughout the course of our studies, we 

were able to occasionally detect eIF4H binding to the cap complex, which is an 

eIF4A cofactor much like eIF4B except significantly smaller (data not shown). 

Very little information is known about the regulation of eIF4H. 

 The pharmacological inhibitor of eIF4A, Silvestrol, was utilized to 

investigate the impact of eIF4A on global translation upon BCR activation. 

Treatment with Silvestrol was able to reverse BCR-induced eIF4A cap-binding 

(Figure 3.9). Additionally, eIF4E cap-binding and total eIF4E protein levels were 

reduced upon Silvestrol treatment under both isotype treatment and anti-BCR 

stimulation (Figure 3.9). Although the 5’UTRs of some eIF4E transcripts are 

highly complex, so far we have not found evidence that eIF4A would directly 

regulate eIF4E translation either at basal conditions or upon activation 

(discussed later). Silvestrol treatment also resulted in a drastic reduction in BCR-

induced protein translation as assessed by 80S formation/polysomal mRNA 

recruitment (Figure 3.11) and 35S-radiolabeled amino acid incorporation (Figure 

3.10). 
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BCR signaling has been implicated as a pivotal pathway in an increasing 

number of malignancies. Mechanisms for BCR activation include chronic 

antigenic drive by (1) microbial or viral antigens such as Helicobacter pylori and 

HCV, (2) autostimulation of B-cells by self-antigens as exemplified by chronic 

lymphocytic leukemia (CLL), (3) glycosylation of the BCR as exemplified by 

follicular lymphoma and (4) activating mutations in intracellular components of 

the BCR pathway such as mutations in Igα and Igβ56, 186-188. While there is a 

great deal of heterogeneity for the culprit of BCR activation, kinase inhibitors 

against BCR signaling components are showing great efficacy in many mature B-

cell malignancies. Here, we demonstrate that an additional, potential requisite for 

BCR-mediated activation is eIF4A activity and therefore eIF4A could be a rational 

target for combinatory therapeutic approaches.  
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Chapter 4: BCR isotype-specific stimulation correlates with a translational 

phenotype in both normal and malignant B-cells  

4.1 Introduction: 

Stimulation through IgG and IgM produce qualitatively different BCR 

signals. IgG is expressed on memory and a subset of GC B-cells whereas IgM is 

mainly expressed on naïve, follicular and also on marginal zone B-cells (Figure 

4.1)  53. Many lymphomas are derived from antigen experienced B-cells and 

therefore likely hijack pathways that are already intact in their non-malignant 

counterpart. To determine if the different signaling capacities of IgG and IgM are 

also reflected in different translational activation, we sorted human splenic B-cells 

for IgG+/IgM- or IgG-/IgM+ subpopulations (Figure 4.2). We also sorted tonsillar B-

cells for IgG+/IgM- or IgG-/IgM+ subpopulations but we focused on splenic B-cells 

both for consistency and also because, barring a patient with a severe acute 

infection, the IgG+ B-cells would be more homogeneous for memory B-cells in 

the spleen. Since we observed that older patients typically had a greater number 

of IgG+ B-cells, and these cells were always the limiting factor for these studies, 

we utilized spleens from older patients to enrich for IgG+ B-cells. 
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Figure 4.1 A depiction of IgM versus IgG signaling. IgM Signaling: (1) Short 
cytoplasmic tail, therefore requiring Igα and Igβ for intracellar signaling (2) Subject to 
CD22 regulation (3) More intense proliferation signaling (4) Characteristic of marginal 
zone B-cells. IgG Signaling: (1) Long cytoplasmic tail (2) Not negatively regulated by 
CD22 (3) More differentiation oriented signaling involving calcium and MAPK (4) 
Characteristic of memory B-cells.  
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Figure 4.2 Isolation of IgG+ and IgM+ splenic B-cells. Human splenic lymphocytes 
isolated from motor vehicle collision patients between the ages of 41 and 88 years were 
stained and then sorted for IgG high/IgM low or IgG low/IgM high CD19+ B-cell 
populations. Representative data from a 41 year old patient is shown. 
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4.2 Results: 

4.2.1 Cell sorting does not affect p70s6K activation and BCR isotype does 

not significantly affect cell viability after cell sorting 

To rule out that the sorting and/or staining protocol activate splenic B-

cells, we purified lymphocytes and then compared unstained/unsorted, 

unstained/FSC-sorted, stained/unsorted, stained/FSC-sorted cells without 

treatment to unstained/unsorted cells treated with anti-BCR. Neither the sorting 

nor the staining procedure appeared to activate p70s6K signaling in splenic 

lymphocytes (Figure 4.3, lanes 1-4 compared to lane 5). Additionally, since Ig 

isotypes mark different B-cell populations, and each population may have 

differential survival capacities, we verified that the IgG+/IgM- and IgG-/IgM+ B-

cells were sorted with similar initial viabilities (82±2.5% and 76±3% respectively), 

as assessed by trypan blue exclusion. Equal numbers of cells of each population 

were then treated with either anti-IgG Fcγ-specific or anti-IgM Fcμ-specific 

antibodies followed by secondary antibody crosslinking 30 minutes after primary 

antibody incubation. After 24 hours of treatment cell viability remained 

comparable under all conditions though there was a slight reduction in viability 

across the IgM+ B-cells as compared to the IgG+ B-cells (Figure 4.3). 
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Figure 4.3 Cell sorting does not alter activation status of viability of human B-cell 
per se. (A) Human splenocytes were stained with a cocktail of anti-CD19, anti-IgG and 
anti-IgM antibodies, or left unstained, and mock sorted on forward light scatter (FSC) 
only. Aliquots of mock sorted and unsorted cells were cultured in vitro for 24 hours and 
monitored for phospho-p70S6K or phospho-PDCD4 as activation markers (lanes 1-4). 
None of the unsorted or mock-sorted cells showed elevation of these activation markers 
without stimulation, in contrast to unsorted cells stimulated with anti-BCR crosslinking 
(lane 5). (B) In vitro culture and stimulation does not significantly alter the viability of 
human B-cells. 

A 

 

B 
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4.2.2 IgG positive primary human splenic B-cells have enhanced ERK and 

p70s6K signaling upon BCR stimulation 

After 24 hours of activation, we observed enhanced ERK phosphorylation 

in IgG+ B-cells under both basal conditions (Figure 4.4, lane 1 and 3) and anti-

IgG activation (lane 2) as compared to IgM+ B-cells (lanes 4-6), consistent with 

previous reports53. We also observed increased ERK phosphorylation in IgM 

positive B-cells activated by anti-IgM (lane 6) though this level was not even 

comparable to the basal levels of ERK activation in the IgG+ B-cells. Additionally, 

we observed substantially more enhanced phosphorylation of PDK1 at Ser241, 

mTOR at Ser2448, p70s6K at Thr389, RPS6 at Ser235/236 and PDCD4 at 

Ser67 in activated IgG+ B-cells compared to activated IgM+ B-cells (Figure 4.4, 

lane 2). We did observe increased phosphorylation of PDK1 at Ser241, mTOR at 

Ser2448, p70s6K at Thr389, RPS6 at Ser235/236 and PDCD4 at Ser67 in IgM+ 

B-cells activated by anti-IgM (Figure 4.4, lane 6) as compared to non-stimulated 

IgM+ B-cells.  
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Figure 4.4 IgG positive B-cells have enhanced p70s6K signaling 
upon BCR activation as compared to IgM positive B-cells. Each 
population was treated with either no treatment, goat anti-human IgG 
Fcγ or goat anti-human IgM Fc5μ. Isotype specific activation was then 
induced 30 minutes after primary antibody incubation by treating all 
conditions with anti-goat IgG. 24 hours after activation protein lysates 
were harvested and analyzed for p-ERK (Thr202/Tyr204), total ERK, 
p-PDK1 (Ser241), total PDK1, p-mTOR (Ser2448), total mTOR, p-
p70s6K (Thr389), total p70s6K, p-RPS6 (Ser235/236), RPS6, p-
PDCD4 (Ser67) and total PDCD4. β-actin served as a loading control 
and data is representative of two independent experiments. 
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4.2.3 IgG positive primary human splenic B-cells have enhanced eIF4A cap-

binding upon BCR stimulation 

Consistent with the upstream signaling, 24 hours after activation, eIF4A 

binding to the m7GTP cap was more enhanced in IgG+ B-cells under both basal 

conditions (Figure 4.5, lane 1 and 3) and activation (lane 2) as compared to IgM+ 

B-cells (lanes 4-6). Interestingly, IgG+ B-cells also displayed higher protein 

expression of eIF4A and eIF4E than IgM+ B-cells, which could contribute to the 

observed enhanced eIF4A cap-binding activity. Additionally, we observed that 

there was a slight increase in both eIF4A and eIF4E cap-binding activity in IgM+ 

B-cells activated by anti-IgM, though at a significantly lower level then IgG+ B-

cells.  
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Figure 4.5 IgG positive B-cells have enhanced eIF4A cap-binding activity after 
BCR activation as compared to IgM positive B-cells. (A) 24 hours after activation 
protein lysates were incubated with m7GTP Sepharose beads overnight at 4°C and 
Western blot was used for analysis of eIF4E and eIF4A cap-binding activity. (B) 
Densitometry was used to quantify protein expression and data are means ± SEM of 
three independent experiments. 
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4.2.4 IgG positive primary human splenic B-cells have enhanced protein 

translation under both basal and activated conditions 

Upon activation, B-cells likely require enhanced translation for 

immunoglobulin production and secretion as well as cell growth and expansion, 

regardless of isotype. Both marginal zone B-cells and memory B-cells will rapidly 

produce and secrete IgM and IgG, respectively, upon activation. To determine if 

enhanced cap-complex formation and eIF4A activity translated to enhanced 

protein synthesis, we analyzed protein translation via 35S-radiolabeled amino acid 

incorporation 24 hours after activation. Consistent with both the signaling and 

cap-binding analysis, we observed that IgG+ B-cells were roughly 5-fold more 

translationally active under basal conditions as compared to IgM+ B-cells, as 

demonstrated by 35S-radiolabeled amino acid incorporation (Figure 4.6, lanes 1 

and 4). Additionally, global protein synthesis further increased in activated IgG+ 

B-cells by 2-fold (Figure 4.6, lane 2) and in activated IgM+ B-cells by 4-fold (lane 

6). In the spleen there are numerous B-cell populations so both the IgG and IgM 

positive populations are likely very heterogeneous. Analysis of splenic B-cells for 

various surface markers suggests that, at least in healthy individuals, there are 

very few germinal center B-cells so the majority of IgG positive B-cells are 

memory-like (Data not shown). On the other hand, IgM positive B-cells in the 

spleen can be naïve follicular, marginal zone or even CD5+ B1 B-cells. Thus, a 

caveat to this analysis is that the robust increase in protein translation upon BCR 

stimulation in the IgM positive population may be specific only to one of these 

populations. Therefore, further dissection of these B-cell populations will further 
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expand our knowledge and understanding of translational control during BCR 

activation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



87 
 

 

Figure 4.6 IgG positive B-cells have enhanced protein 
translation after BCR activation as compared to IgM 
positive B-cells. (A) 24 hours after isotype specific activation, 
cells were incubated with 1 mCi L-[35S]methionine and L-
[35S]cysteine and lysates were harvested and analyzed for 
radiolabel incorporation. (B) Densitometry was used to quantify 
radiolabel incorporation and data are means ± SEM of three 
different experiments.  
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4.2.5 IgG positive primary human splenic B-cells have enhanced CARD11 

expression upon activation, which can be attenuated by treatment with 

Silvestrol 

Through both RNA-sequencing of mRNA loading unto the polysome and 

monitoring of BCR signaling components, we identified CARD11 as a gene 

regulated by BCR activation and eIF4A at the level of translation. Importantly, Ig-

isotype-specific BCR activation of IgG+ B-cells enhanced CARD11 expression, in 

a manner that could be attenuated by treatment with Silvestrol, while in IgM+ B-

cells, CARD11 expression was only reduced by Silvestrol in resting but not 

activated B-cells (Figure 4.7). This finding is interesting in that it is consistent with 

the enhanced eIF4A activity and global translation displayed by IgG positive B-

cells. What is particularly surprising is that marginal zone B-cells and other IgM- 

positive B-cells are characterized by their enhanced requirement for NF-κB 

signaling. In this regard, the data is counter intuitive in that upon BCR 

stimulation, we did not observe enhanced CARD11 expression in the more NF-

κB signaling-dependent IgM positive population. As discussed previously, the 

IgM population is likely very heterogeneous and may potentially contain more 

quiescent B-cell populations that do not respond significantly to BCR stimulation 

and do not require augmented NF-κB signaling. In a bulk setting, these 

populations could skew the results so that IgM positive B-cells as a whole do not 

respond as significantly and modulate CARD11 expression. 
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Figure 4.7 IgG positive B-cells display more significant 
modulation of CARD11 protein levels upon BCR activation and 
treatment with Silvestrol. IgG positive and IgM positive B-cells were 
treated with either no treatment or goat anti-human IgG Fcγ or goat 
anti-human IgM Fc5μ, respectively. Isotype specific activation was 
then induced 30 minutes after primary antibody incubation by treating 
all conditions with anti-goat IgG. Additionally, under both no treatment 
or isotype specific activation, B-cells were treated with either a vehicle 
control or 10nM Silvestrol. Protein levels of CARD11 were measured 
by Western blot analysis 24 hours after activation and treatment. β-
actin served as a loading control. 
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4.3 Discussion: 

We observed that IgG+ human splenic B-cells display higher levels of 

signaling upon activation than IgM+ B-cells (Figure 4.4). Signaling through the 

various immunoglobulin isotypes has been a complex topic explored in numerous 

studies. Some suggest that ERK and calcium signaling is enhanced in IgG 

positive B-cells due to the longer cytoplasmic tail of IgG heavy chains and other 

studies have demonstrated that IgM positive B-cells require CD19 for sufficient 

activation of AKT due to the shorter cytoplasmic tail67. In contrast, using a 

combination of Ig transgenic mice, others demonstrated that the cytoplasmic tail 

of different isotypes does not alter the signaling capacity of the BCR189. It is also 

possible that the signaling differences we, and others have observed are more 

associated with stimulation of different B-cell subpopulations. Different B-cell 

populations are likely to differentially express coreceptors and various signaling 

molecules. Assuming that IgG is a surrogate for memory B-cells, our data 

suggests that human splenic memory B-cells have enhanced ERK signaling and 

upon activation have more enhanced signaling through the mTOR-p70s6K axis. 

Consequently, these IgG+ B-cells also have enhanced eIF4A cap-binding activity 

(Figure 4.5) and are more translationally active (Figure 4.6) under both basal and 

activated conditions than IgM+ B-cells. Notably, despite the fact that IgM+ B-cells 

exhibit lower levels of eIF4E and eIF4A cap-binding, global protein translation is 

as much or even more increased upon BCR activation than in IgG+ B-cells. 

Multiple factors can also augment protein synthesis including enhanced 

transcription and mRNA capping, which are likely promoted upon BCR activation.  
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We also observed that IgG+ B-cells enhance CARD11 expression upon 

BCR activation unlike IgM+ B-cells, which, we believe, is the result of enhanced 

eIF4A activity (Figure 4.7 and see below). Additionally, this increase in CARD11 

expression in IgG+ B-cells can be attenuated by treatment with Silvestrol, while 

CARD11 expression was only reduced in IgM+ B-cells that were not stimulated 

and treated with Silvestrol, which is probably the result of not only differential 

eIF4E and eIF4A cap-binding capabilities but also of basal transcriptional control 

of these proteins.  

It is important to note that quantitative increases in protein translation can 

impact cell growth during cellular transformation, representing a first “hit” for 

cancer formation while enhanced translation initiation through increased activity 

of eIFs, such as eIF4A, may also qualitatively enhance the translation efficiency 

of the poorly translated mRNAs involved in cell growth and survival182. Clearly, 

IgG+ and IgM+ B-cells are qualitatively different with respect to cell signaling and 

eIF4A-dependent regulation of protein translation, and this difference may also 

contribute to the fact that antigen-experienced B-cells are typically the cell of 

origin for many lymphomas, including DLBCL. Rapid production of large 

quantities of antibody is critical for the humoral immune response. In terms of 

immune memory, there are two layers 25. The first layer consist of long lived 

plasma cells, which constantly produce and secrete neutralizing antibodies in the 

serum even in the absence of antigenic challenge and provide sterilizing 

immunity against pathogens,. These long lived plasma cells reside primarily in 

the bone marrow.  
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The second layer of memory are the memory B-cells that, after re-

immunization, will proliferate, divide and differentiate to produce new memory B-

cells, short lived plasma cells and long lived plasma cells. Additionally, during the 

first antigenic challenge a rapid and albeit “generic” IgM response from the 

marginal zone B-cell population, located such that they can intercept blood borne 

pathogens, helps bridge the innate and humoral response. 

For these reasons, immunoglobulin production and secretion as well as 

cell growth and expansion, which all require enhanced protein translation, is 

critical for both marginal zone B-cells and memory B-cells that produce and 

secrete IgM and IgG, respectively. While it is quite clear that IgG positive B-cells, 

that are primarily memory B-cells, have higher basal translation, the fold increase 

in translation was most significant in the IgM positive population. Future studies 

could potentially explore the translational status of IgM positive and CD21 

positive marginal zone B-cells specifically. CD21, complement receptor 2, is 

predominantly expressed on marginal zone B-cells and forms a complex with 

CD19 and CD81, called the B-cell coreceptor complex or TAPA complex190. 

When mIgM binds to an antigen, CD21 can bind to the antigen via complement 

fragment C3d, resulting in a greatly enhanced response to the antigen191. Some 

of this response is likely mediated through CD19, which has been shown to be 

critical for IgM activation of AKT67.  

Memory B-cells on the other hand highly express CD27, a TNF-receptor 

superfamily protein. CD27 activation results in the activation of pathways such as 

NF-κB and JNK via numerous TRAF proteins. CD27, along with CD73, CD80 
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and PD-L2, can be used to distinguish IgG positive memory B-cells from IgG-

positive GC B-cells29. While the memory response is often facilitated through the 

GC response, BCL6-/- mice, which cannot generate GCs, still develop both IgM 

and IgG1-positive memory B-cells192. These B-cells though, can be distinguished 

from GC derived memory B-cells through the absence of CD73. 

The existence and the role for IgM-positive memory B-cells is relatively 

under explored. A recent study has provided evidence for the existence of 

compartmentalized memory B-cell subsets. When immunized with the protein 

antigen phycoerythrin (PE) with complete Freund’s adjuvant, to allow for the 

identification of responding B-cells through PE-bead enrichment, both IgM and 

IgG1 memory B-cells were identified with the IgM population providing a more 

long-term response 156. After transfer into a naïve host and upon antigenic re-

challenge, the IgM-positive population returned to the GC to produce IgM and 

IgG1 GC B-cells. Keeping with the two layer model of humoral immunity, IgM-

positive memory B-cells exist but are revealed only after the decline of circulating 

protective antibodies, whereas IgG-positive memory B-cells could expand in 

response to challenge even with high levels of antigen-specific antibodies 156. 

Using genetically-engineered animal models, the same B-cell population 

with the same expression of coreceptors such as CD40, CD19, CD21, CD81 and 

CD27, but different expression of membrane bound immunoglobulin can be 

compared, side by side to rule out the modulation of the immunoglobulin 

signaling capacity by these coreceptors 152. In our study, this would not be 

possible in human B-cell populations that have not undergone isotype switching 
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such as marginal zone or naïve B-cells, therefore memory B-cells were used as a 

comparator. Considering the sprinter-like phenotype of the IgG positive memory 

B-cells versus the marathon-like phenotype of IgM positive memory B-cells, it 

would be interesting to explore translational control under both basal and 

activated conditions. 
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Chapter 5: CARD11 requires enhanced eIF4A mediated translation  

5.1 Introduction: 

 The proto-oncogenic proteins CARD11, BCL10 and MALT1 form the CBM 

complex, which is critical for both BCR and T-cell receptor (TCR) mediated NF-

κB signaling. After antigenic stimulation of either B or T lymphocytes, either 

PKCβ or PKCθ, respectively, are activated resulting in the activation of IKK. 

CARD11 associates with BCL10 after antigen receptor activation via a CARD 

dependent interaction85, while BCL10 and MALT1 constitutively interact with 

each other, even in unstimulated T-cells. BCL10 and MALT1 can form complexes 

with other CARD proteins such as CARD10, which is sometimes deregulated in 

cancer, and CARD14, which, when mutated, can result in the hereditary 

transmission of some inflammatory disorders of the skin such as psoriasis and 

ptiriasis193. 

 CARD11 is a scaffold protein also known as CARMA1 or Bimp3 and 

contains a caspase activation recruitment domain (CARD) and shares homology 

with membrane-associated guanylate kinase (MAGUK) proteins194-196. MAGUK 

proteins are comprised of multiple domains that support their function including 

one to three PDZ domains, which targets the protein to the plasma membrane; 

followed by a Src homology domain 3 (SH3), and a guanylate kinase (GUK) 

domain197. The SH3 domain and GUK domain of CARD11 interact with each 

other to keep CARD11 in an inactive conformation198, 199. Finally, CARD11 also 

contains a CARD domain and a coil-coil domain, the former mediating 

CARD/CARD interaction between other CARD containing proteins.  
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 Like CARD11, BCL10 contains a CARD domain, which allows for its direct 

interaction with CARD11194, 195, 200. Additionally, BCL10 interacts with MALT1 

through a small region of the carboxy terminal of its CARD domain along with the 

following thirteen adjacent amino acids. MALT1 interacts with BCL10 via its 

immunoglobulin-like domain201. Interesting features of MALT1 include a death 

domain in its N-terminus and a protease domain that shares homology with 

proteases of the caspase and metacaspase family202, 203. MALT1 also contains a 

binding motif for TRAF6, which serves as the signal transducer for the activation 

of IKK and NF-κB signaling.  

 Considering the oncogenic addiction that many lymphomas including 

ABC-DLBCLs and MALT lymphomas have for constitutive NF-κB signaling, it’s 

not surprising that there are numerous oncogenic translocations and mutations 

associated with the CBM complex. As mentioned before, activating missense 

mutations in CARD11 are observed in 10% of ABC-DLBCLs while many ABC-

DLBCL tumors without CARD11 mutations display chronic activation of BCR 

signaling which activates the CBM complex56, 86. Additionally MALT lymphomas, 

in which the splenic form often transforms into ABC-like DLBCL, are associated 

with specific chromosome translocations. The most common translocation is 

t(11;18)(q21;q21), which forms the API2-MALT1 fusion transcript and occurs in 

about 30% of  MALT lymphoma cases9. Another frequent translocation is 

t(14;18)(q32;q21), which forms the IGHV-MALT1 translocation and occurs in 

about 15-20% of all MALT lymphoma cases10. Finally, a rare translocation is 

t(1;14)(p22;q32), which forms the BCL10-IGHV fusion product that is detected in 
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only 1% of MALT lymphomas11. Despite this, BCL10 is commonly overexpressed 

in MALT lymphoma through mechanisms such as gene amplification. As 

mentioned before, RNAi approaches demonstrated a strong dependence of 

ABC-DLBCL cells on CARD11, BCL10 and MALT1 expression56. Because of 

their specific oncogenic potential in B-cell lymphomas and critical role in BCR-

associated signaling, we hypothesized that members of the CBM complex could 

be targets of the eIF4A-mediated translational control of protein expression in 

primary, as well as in transformed B-cells. Here, we utilized splenic B-cells, 

DLBCL cell lines and Silvestrol treatment to explore the translational regulation 

and protein stability of the CBM complex. 

 

 

 

 

 

 

 

 

 

 

 

 

 



98 
 

5.2 Results: 

5.2.1 B-cell receptor activation enhances the expression of CARD11, BCL10 

and MALT1 in primary human splenic B-cells and is sensitive to treatment 

with Silvestrol 

Throughout the course of our studies we monitored the expression of 

several components of the BCR signaling pathway and found that the proto-

oncogenes CARD11, BCL10 and MALT1, are enhanced at the protein level upon 

BCR activation (Figure 5.1). Similar to other proto-oncogenes such as CCND2 

and c-Myc, CBM complex protein levels are enhanced upon BCR activation and 

are more sensitive to eIF4A inhibition than housekeeping genes such as GAPDH 

(Figures 5.1). For CARD11, the change in protein expression could not be 

accounted for by enhanced mRNA expression, as total mRNA levels of CARD11 

did not change upon activation and actually increased in splenic B-cells treated 

with Silvestrol (data not shown). Instead, we observed enhanced loading of 

CARD11 mRNA to the higher molecular weight polysomal fractions (numbers 8-

10) upon activation, which could be reduced upon treatment with Silvestrol 

(Figure 5.2). Together, these data suggest that pharmacological inhibition of 

eIF4A-mediated translation upon BCR activation in primary splenic B-cells 

potently reduces the expression of oncoproteins including CARD11, BCL10 and 

MALT1; and, specifically, CARD11 translation is enhanced upon BCR activation. 
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Figure 5.1 CARD11, BCL10 and MALT1 protein expression are enhanced upon 
BCR activation and attenuated by treatment with Silvestrol in primary human 
splenic B-cells. (A) Protein levels of CARD11, BCL10, MALT1, c-Myc and CCND2 were 
measured by Western blotting 24 hours after activation and treatment with Silvestrol. 
GAPDH served as a loading control. (B) Densitometry was used to quantify protein 
expression and data are means ± SEM of three independent experiments (three 
individual spleens). (*P<0.05). 
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Figure 5.2 CARD11 polysomal loading is enhanced upon BCR activation and 
attenuated by treatment with Silvestrol. Cells were fractionated through sucrose 
gradients and the relative distribution of CARD11 (normalized to GAPDH) was analyzed 
by qRT-PCR analysis of RNA in each of the 10 gradient fractions. Data is representative 
of two independent experiments with cells from two individual spleens.  
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5.2.2 B-cell receptor activation enhances the expression of CARD11, BCL10 

and MALT1 in DLBCL cell lines and is sensitive to treatment with Silvestrol 

Using bioinformatics approaches, we have found that the 5’UTRs of 

CARD11, BCL10 and MALT1 are highly complex (Figure 5.6-5.8). Since we 

observed that translation of CBM proteins is dependent on enhanced eIF4A 

activity, the role of the complex 5’UTR in regulation of protein translation initiation 

was tested directly using luciferase reporters. Due to the limitations of transient 

transfection of human splenic B-cells, we instead used the GCB-DLBCL cell line 

SUDHL4 and ABC-DLBCL cell line OCI-Ly10, which respond to antigen 

stimulation and are also defined as BCR/proliferate cell lines 13, 14. As a negative 

control we utilized the GCB-DLBCL/OxPhos cell line Toledo. We treated DLBCL 

cells with either isotype control or anti-BCR antibody and then simultaneously 

treated both conditions with vehicle or Silvestrol. Similar to splenic B-cells, we 

found elevated levels of CARD11, BCL10 and MALT1 in the BCR-active cell lines 

SUDHL4 and OCI-Ly10 24 hours after BCR activation while expression was 

reduced with Silvestrol treatment (Figure 5.3).  
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Figure 5.3 CARD11, BCL10 and MALT1 protein expression are 
enhanced upon BCR activation and attenuated by treatment with 
Silvestrol in BCR-activated DLBCL cell lines. SUDHL4, OCI-Ly10 and 
Toledo cells were harvested 24 hours after treatment with Isotype + Vehicle, 
Isotype + 10nM Silvestrol, anti-BCR + Vehicle or anti-BCR + 10nM Silvestrol. 
Protein levels of CARD11, BCL10 and MALT1 were measured by Western 
blotting. GAPDH served as a loading control and data is representative of 
two independent experiments. 
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5.2.3 Treatment with Silvestrol reduces the viability of DLBCL cell lines 48 

hours after treatment 

The reduction in CBM component expression was not due to reduced 

viability, as we observed no significant increase in cell death 24 hours after 

activation or treatment, as assessed by propidium iodide (PI) staining (Figure 

S5C). We also analyzed cells for annexin-V binding to phosphatidyl serine (PS) 

(a marker of early apoptosis) 204 but found that after treatment with anti-BCR, 

surface PS expression was increased within 24 hours and then reduced back to 

basal levels within 48 hours and therefore wasn’t suitable for the analysis of 

apoptosis. The cleavage and activation of caspase 3 can also result in the 

cleavage of eIF4G and the inhibition of cap-dependent translation during 

programmed cell death205. Therefore, we used Western blot analysis of caspase-

3 and PARP1 cleavage, which occur upon induction of apoptosis, and showed 

that caspase 3 or PARP1 cleavage was not significantly increased (Figure 5.3). 

We did observe a significant increase in cell death 48 hours after Silvestrol 

treatment in both SUDHL4 and OCI-Ly10 but not Toledo cells as assessed by PI 

staining (Figure 5.4). These data suggest that protein translation is inhibited first 

and then cell death follows. 
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Figure 5.4 Cell viability is reduced 48 hours after treatment with Silvestrol in BCR-
activated DLBCL cell lines. Cell viability was analyzed 24 hours after treatment by PI 
incorporation. Data are means ± SEM. Cell viability was analyzed 48 hours after 
treatment by PI incorporation. Data are means ± SEM. (*P<0.05). 
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5.2.4 CARD11, BCL10 and MALT1 protein have short half-lives 

Cycloheximide is produced by the bacterium Stretomyces griseus and 

inhibits eukaryotic translation elongation by preventing the translocation of tRNA 

and mRNA in the ribosome and is widely used to monitor the stability of 

eukaryotic proteins. Cycloheximide blockade of protein translation showed that 

CARD11, BCL10 and MALT1 all have much shorter half-lives of approximately 3, 

2 and 6 hours, respectively, as compared to the low turnover, housekeeping 

protein GAPDH (Figure 5.5). These findings are consistent with the notion that 

the CARD11, BCL10 and MALT1 oncogenes, like many other oncogenes, are 

tightly regulated at the protein level by their short half-lives. Many oncogenes are 

associated with enhanced growth and proliferation and in normal cells are 

generally transiently expressed during phases of rapid growth. For example, the 

proto-oncogenes CCND2 and c-Myc are required for cell cycle progression and 

growth and have half-lives of less than 1 hour. The higher turnover rate of these 

proteins prevents their accumulation, which in quiescent cells could lead to 

aberrant growth and transformation.  
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Figure 5.5 CARD11, BCL10 and MALT1 have short protein half lives. (A) Cells were 
treated with 100 μg/mL of cycloheximide and lysates were collected at the indicated time 
points. Protein levels of CARD11, BCL10 and MALT1 were measured by Western 
blotting. GAPDH served as a loading control and data is representative of two 
independent experiments. (B) Densitometry was used to quantify total CARD11, BCL10, 
MALT1 and GAPDH protein expression. Relative expression was then plotted in Excel 
using the respective time points to approximate the 0.5 fold intercept and protein half-
lives. 
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5.2.5 CARD11, BCL10 and MALT1 genes have complex 5’UTRs 

To directly test the function of the 5’UTRs of CARD11, BCL10 and 

MALT1, that have predicted ΔG values of -174, -258 and -156, respectively 

(Figure 5.6-5.8), we cloned them into dual luciferase plasmid constructs. In these 

plasmids, Firefly luciferase expression is controlled by cap-dependent translation 

and the respective 5’UTR element while renilla luciferase expression is controlled 

by the eIF4A-independent HCV IRES element100. The GAPDH 5’UTR from the 

longest and most complex transcript (NM_001256799.2, predicted ΔG -133), as 

opposed to the 5’UTR from the shortest and least complex transcript 

(NM_002046.5, predicted ΔG -70), was also cloned in and served as a control 

(Figure 5.9). SUDHL4 cells that were stably transduced with each construct were 

treated with either isotype control or anti-BCR antibodies and simultaneously 

treated with either vehicle or Silvestrol. Under basal conditions, the ratio between 

cap-dependent and cap-independent translation was greatly reduced in the 

CARD11 construct as compared to GAPDH, demonstrating that the 5’UTR of 

CARD11 effectively suppresses translation initiation (Figure 5.10). Also, when 

normalized to the GAPDH ratio between cap-dependent and cap-independent 

translation, all components of the CBM complex were more sensitive to Silvestrol 

treatment than GAPDH (Figure 5.10). Together, these data demonstrate that 

CARD11, BCL10 and MALT1 have short protein half-lives, complex 5’UTRs and 

are sensitive to eIF4A inhibition.  
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Figure 5.6 The 5'UTR of CARD11. CARD11 has a length of 404 nucleotides and a 
predicted Δ G of -174. 
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Figure 5.7 The 5'UTR of BCL10. BCL10 has a length of 552 nucleotides and a 
predicted Δ G of -258. 
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Figure 5.8 The 5'UTR of MALT1. MALT1 has a length of 258 nucleotides and a 
predicted Δ G of -156. 
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Figure 5.9 The 5'UTR of GAPDH. GAPDH has a length of 348 nucleotides and a 
predicted Δ G of -133. 
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Figure 5.10 The 5’UTRs of CARD11, BCL10 and MALT1 
suppress protein translation. Cells were treated with 
either isotype control or anti-BCR and then treated with 
either vehicle or Silvestrol (10nM) and lysates were 
collected 24 hours after treatment. (A) A graph of the ratio 
between Firefly luciferase units (FLU) and renilla luciferase 
units (RLU) demonstrating the impact each respective 
5’UTR has on cap-dependent translation. Data are means 
± SEM from triplicates and representative of three different 
experiments. (B) A graph of the fold change from Isotype + 
vehicle for CARD11, BCL10 and MALT1 5’UTR FLU/RLU 
ratios normalized to GAPDH’s 5’UTR FLU/RLU ratio. Data 
are means ± SEM from triplicates and representative of 
three different experiments. (*P<0.05). 
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5.2.6 Some eIF4E1 transcripts harbor complex 5’UTRs 

The reduction in total eIF4E protein expression upon Silvestrol treatment 

was surprising and suggested that eIF4E protein translation may be also 

dependent on eIF4A activity. We analyzed the 5’UTRs of the major eIF4E1 and 

eIF4A1 mRNA transcripts using DINAMelt171. For eIF4E1, the transcripts 

NM_001130679.1 and NM_001968.3 contain 5’UTRs that are 1523 nucleotides 

long and have predicted ΔG’s of -471, while the transcript NM_001130678.1 has 

a 5’UTR that is only 120 nucleotides long with a predicted ΔG of -40. These 

observations suggested that eIF4E1 might require enhanced eIF4A helicase 

activity to augment protein expression of eIF4E1 upon lymphocyte activation. 

Surprisingly, using the dual luciferase approach described before, we found that 

while the complex-form of the eIF4E 5’UTR greatly suppressed translation 

(Figure 5.11), translation was not enhanced upon BCR activation, while the non-

complex form of the eIF4E 5’UTR, which did not suppress translation, responded 

to BCR activation (Figure 5.11). Furthermore, neither the 5’UTRs of eIF4A nor of 

eIF4E responded to Silvestrol treatment under any condition (Figure 5.11). 

Further studies will be required to determine the significance of the highly 

complex 5’UTR of eIF4E and its interactions with eIF4A. 
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Figure 5.11 The complex form of the eIF4E 5’UTR suppresses protein translation 
in a manner independent of BCR activation and eIF4A activity. (A) A graph of the 
ratio between firefly luciferase units (FLU) and renilla luciferase units (RLU) 
demonstrating the impact each respective 5’UTR has on cap-dependent translation. 
Data are means ± SEM. (B) A graph of the fold change from Isotype + vehicle for eIF4A, 
eIF4E (non-complex) and eIF4E (complex) 5’UTR FLU/RLU ratios normalized to 
GAPDH’s 5’UTR FLU/RLU ratio.  
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5.3 Discussion: 

The CBM complex is required for the coupling of BCR signaling to NF-κB 

signaling56, 60, 86. After antigen exposure, CARD11 serves as a scaffolding protein 

for BCL10 and MALT1 that promotes the activation of the IκB kinase β (IKK) 85. 

Normal B-cells display antigen-independent “tonic” BCR signaling and NF-κB 

activation is required for the survival and differentiation of specific B-cell 

subpopulations84, 206-210. We utilized the DLBCL cell lines SUDHL4, OCI-Ly10 

and Toledo to both confirm our results obtained in splenic B-cells and to further 

investigate the translational regulation of CBM components (Figure 5.1 and 5.3). 

The cell line SUDHL4 has previously been characterized by “tonic” BCR 

signaling, OCI-Ly10 harbors an Igα truncation resulting in “chronic” BCR 

signaling while Toledo has been characterized as a BCR independent cell line 

neither expressing IgM nor IgG55, 56. The BCR active cell lines SUDHL4 and OCI-

Ly10 displayed enhanced expression of CBM components upon activation, which 

could then be attenuated by inhibition of eIF4A while the non-BCR active cell line 

Toledo did not display any increase after BCR activation (Figure 5.3). 

Additionally, both SUDHL4 and OCI-Ly10 had reduced viability 48 hours after 

inhibition of eIF4A while there was no significant change in viability in Toledo 

(Figure 5.4). 

We observed that CARD11, BCL10 and MALT1 are relatively short-lived 

proteins (Figure 5.5), suggesting that translational inhibition may be a rational 

therapy for malignancies dependent on these oncogenes. Interestingly, the 

stability of both CARD11 and BCL10 can be positively or negatively regulated 
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through multiple post-translational modifications. Activation of CARD11 is 

primarily regulated by phosphorylation of its linker region at Ser645 and Ser552 

by PKCβ or PKCθ in B and T-cell, respectively85, which can promote its 

degradation211. This phosphorylation event results in the dissociation between 

the SH3 and GUK domain of CARD11, thus opening it up for scaffolding and 

active signaling with BCL10 and MALT1. BCL10 appears to be primarily 

regulated by IKKβ, which both positively and negatively regulates its stability. 

IKKβ is constitutively associated with BCL10 and MALT1 and initially its 

phosphorylation of BCL10 stabilizes the CBM complex212. IKKβ can then 

phosphorylate BCL10 to promote its dissociation from MALT1 as well as its 

ubiquitination and degradation. BCL10 may be ubiquitinated and degraded 

through either the NEDD4/Itch E3/lysosomal pathway212, 213 or the 

βTrCP/proteasome pathway214. Future studies exploring the stability of these 

proteins in the context of different post-translational modification may help 

characterize the various effects of upstream signaling cascades in the regulation 

of the CBM protein half-lives. 

Furthermore, we observed that the 5’UTRs of CARD11, BCL10 and 

MALT1 suppress translation initiation and all CBM components were sensitive to 

pharmacological inhibition of eIF4A (Figure 5.6-5.8, 5.10). Unlike the majority of 

the components of the BCR signaling pathway, which contain relatively non-

complex 5’UTRs, the CARD11, BCL10 and MALT1 contain complex 5’UTRs with 

ΔG’s of -174, -258 and -156. Interestingly, both CARD10 and CARD14 contain 

much less complex 5’UTRs with ΔG’s of >0 and -56, respectively.  
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Studies have demonstrated that CARD11 expression is required for 

constitutive activation of NF-κB in ABC-DLBCL. RNAi approaches demonstrated 

a strong dependence of ABC-DLBCL cells on CARD11, BCL10 and MALT1 

expression56. Furthermore, roughly 10% of ABC-DLBCL cases harbor activating 

CARD11 mutations, thus rendering the mutant cells refractory to pharmacologic 

inhibition of the more upstream BTK kinase86. Not surprisingly we found that 

inhibition of CBM protein expression in the cell line OCI-Ly10, which is an ABC-

DLBCL cell line characterized by “chronic” BCR signaling, resulted in significant 

cell death within 48 hours (Figure 5.4). Additionally inhibition of CBM protein 

expression in SUDHL4, which is a GCB-DLBCL cell line characterized by “tonic” 

BCR signaling, resulted in significant cell death within 48 hours. However, this 

cell line has not be characterized as CBM dependent, therefore the decreased 

viability could be through the inhibition of other oncogenes harboring complex 

5’UTRs such as c-Myc and CCND2. Finally, consistent with the hypothesis that 

BCR dependent lymphomas have an enhanced requirement for eIF4A activity, 

the viability of the non-BCR cell line Toledo was relatively unaffected by 

treatment with Silvestrol, even 48 hours after treatment.  
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Chapter 6: Future directions 

 

Figure 6 A model of how BCR activation enhances eIF4A helicase activity. The 
enhanced eIF4A activity via p70s6K signaling results in enhanced CARD11, BCL10 and 
MALT1 protein synthesis. This may ultimately result in enhanced NF-κB activation. 
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6.1 Explore the role for eIF4A during B-cell activation of various B-cell 

populations in vivo 

The studies from chapters 3, 4 and 5 suggest further exploration into the 

role for eIF4A during B-cell activation (Figure 6). Future studies may explore in 

vivo B-cell activation and utilize Silvestrol to monitor induction of GC formation, B 

memory response and T-cell independent B-cell activation and determine the 

impact of pharmacological inhibition of eIF4A on each response. These studies 

could utilize sheep red blood cells (SRBCs) and NP-Ficoll to induce T-cell 

dependent GC formation/memory response and T-cell independent activation, 

respectively. Two days after primary immunization by SRBC or NP-Ficoll and two 

days after re-immunization by SRBC, Silvestrol (or the next generation Silvestrol 

analogue compound 76215) can be administered at a dose of 0.2mg/kg through 

daily intraperitoneal injections216. GC formation can be analyzed 7-10 days after 

SRBC immunization, at which point mice can be euthanized and splenic tissue 

and serum can be harvested for GC analysis by FACS and IHC with PNA and 

GL7 staining as well as measuring serum IgG levels with ELISA217. T-cell 

independent B-cell activation can be analyzed 3 days after NP-Ficoll 

immunization by FACS and IHC analysis for changes in CD21+/CD23- 

populations as well as measuring specific serum IgM levels with ELISA218. 

Memory response can be analyzed 5 days after re-immunization in mice that 

were initially not treated with Silvestrol during primary immunization using FACS 

and IHC analysis for changes in CD27+/IgG+ populations as well as measuring 

serum IgG levels with ELISA. Finally, activated GC, memory and MZ B-cell 
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populations can be sorted by flow cytometry and analyzed for eIF4A cap-binding 

activity. These studies would help determine if (1) GC B-cells downregulate 

PDCD4 because they require enhanced eIF4A activity, (2) memory B-cells, 

which have enhanced eIF4A cap-binding activity, require eIF4A for the enhanced 

protein production and secretion they display upon activation and (3) MZ B-cells 

require eIF4A for the enhanced NF-kB signaling which could be mediated by the 

eIF4A-sensitive CBM complex. 

 

6.2 Explore the role for eIF4A during B-cell activation of both IgM positive 

and IgG positive memory B-cells 

To expand on the studies in aim 2, memory B-cells can be isolated from 

either human or murine spleens for ex vivo analysis. This CD19/CD27 positive 

population can be further segregated by IgG and IgM isotype and then analyzed 

by isotype specific activation for p70s6K signaling, radiolabel incorporation and 

eIF4A cap-binding. Additionally, in vivo analysis of isotype-specific memory 

response after re-immunization in mice that were not treated during primary 

immunization can be performed by FACS and IHC analysis for changes in 

CD27+/IgG+ and CD27+/IgM+ populations. These studies would help determine 

if memory B-cells as a whole or memory B-cells expressing a specific BCR 

isotype require, enhanced eIF4A cap-binding activity. 
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6.3 Explore the role for CD19 in the activation of p70s6K signaling and 

eIF4A activation in IgM positive B-cells 

Since CD19 is a critical transmembrane B-cell coreceptor where 

differential phosphorylation of the functional tyrosines on CD19, Y513, Y5482 and 

Y391, can modulate the activation of downstream pathways66, its impact on 

p70s6K and eIF4A activity should be explored. Furthermore, the IgM isotype 

BCR cannot potently induce AKT activation without CD1967. To explore the role 

for CD19 in the activation of p70s6K and eIF4A, isotype specific activation +/- 

anti-CD19 could be utilized to active B-cells then Western analysis, m7GTP cap-

binding and radiolabel incorporation could be used to analyze signaling, cap-

binding and protein translation, respectively. These studies would help determine 

if CD19 therapies may be a rational therapy for B-cells that require enhanced 

eIF4A cap-binding activity. 

 

6.4 Explore the role for PDCD4 and eIF4A in the development and 

progression of lymphoma in both Sca1-MALT1 and Eμ-BCL10 lymphoma 

models 

One study demonstrated that p65 is specifically inhibited by PDCD4 

binding219. Future studies can determine which, if any, NF-κB heterodimers form 

and translocate to the nucleus in the context of PDCD4 inhibition. Furthermore, 

future studies can determine how heterodimer formation is modulated upon 

treatment with pharmacological inhibitors of eIF4A. Finally these studies can 
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explore the effect of eIF4A modulation on NF-κB-regulated cancer genes during 

lymphoma progression in PDCD4 knockout mice. 

PDCD4 knockout mice develop lymphomas of the B cell lineage with 

diffuse, but not follicular, patterns. The malignant cells are generally small in size 

and express high levels of B220, surface IgM and IgD, as well as BCL2, BCL6, 

and c-Myc, while not expressing the early B-cell marker CD43 168. Two other 

lymphoma models are the Sca1-MALT1 and Eμ-BCL10 transgenic mice. The 

Sca1-MALT1 mouse model develops human like MALT lymphomas within 30 

months220. Roughly 35% develop splenic forms of MALT lymphomas, which 

much like their human counterpart, spontaneously transform into ABC-DLBCL. 

Even more interestingly, when crossed with p53 null mice, Sca1-MALT1 mice 

develop ABC-DLBCL with a high penetrance as opposed to the thymic T-cell 

lymphomas that p53 null mice generally develop220, 221. Not surprisingly, both of 

these models are characterized by constitutive NF-κB signaling. Like the Sca1-

MALT1 mice, Eμ-BCL10 mice are characterized by the constitutive activation of 

both canonical and noncanonical NF-κB pathways 222. Additionally, these mice 

have an expansion in the MZ B-cell compartment due to lymphoaccumulation as 

opposed to lymphoproliferation and develop splenic MZ lymphomas. 

The PDCD4 knockout mouse could be utilized to determine if Sca1-

MALT1 × PDCD4-/- and Eμ-BCL10 × PDCD4-/- mice have enhanced B-cell 

lymphoma development. We believe that due to augmented NF-κB transcription 

and unrestrained eIF4A activity, these mice will exhibit a higher incidence and 

earlier onset of B-cell lymphomas. Additionally, the ability for Silvestrol and next 
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generation Silvestrol analogues to attenuate lymphoma development could be 

evaluated in both of the proposed lymphoma models. For both models, Silvestrol 

alone could be administered at 0.2 mg/kg (daily intraperitoneal injections) 216upon 

formation of palpable tumors. Mice would then be monitored twice a week for 

signs of morbidity and lymphoma development, the latter scored by peripheral 

lymph node palpation. Tumor-free survival would be defined as the time from 

birth to the time of appearance of a palpable lymphoma. Data will be analyzed in 

the Kaplan-Meier format using the log-rank (Mantel-Cox) test for statistical 

significance. Tumors could be harvested and analyzed for formation of ABC-

DLBCL via IHC for CD20, Foxp1, CD10, Gcet1, Mum1/Irf4 and BCL6 according 

to the Hans classification223. Additionally, tumors could be harvested and 

analyzed for eIF4A cap-binding activity, as assessed by m7GTP pull-down 

assays as well as protein translation as assessed by radiolabel incorporation. 

Differential NF-κB activation should be analyzed as well through EMSA, nuclear 

translocation of NF-κB components and qRT-PCRs for NF-κB target genes. 

Finally, CBM component expression and signalosome formation should be 

analyzed by Western blot analysis and co-IPs. These studies would help 

determine if enhanced eIF4A cap-binding activity is an onco-requisite for 

lymphomagenesis in NF-κB dependent lymphomas. 

 

6.5 Compare the requirement for eIF4A between ABC- and GCB-DLBCL 

A surprising finding in this study was that IgG positive B-cells display 

enhanced eIF4A cap-binding activity and modulation of CARD11 protein 
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expression than IgM positive B-cells (Figure 4.4 and 4.6). This is surprising as 

both IgM positive B-cells and ABC-DLBCLs, which are typically IgM positive as 

well, require CARD11 and enhanced NF-κB signaling 27. To explore whether or 

not there is a differential requirement for eIF4A activity between the ABC-DLBCL 

and GCB-DLBCL subtypes, single cell suspensions from characterized primary 

tumors will need to be obtained and analyzed for both eIF4A cap-binding activity 

and p70s6K signaling. Cell lines representing both the ABC-DLBCL and GCB-

DLBCL subtypes could be utilized as well, but identifying a differential phenotype 

in immortalized cell lines that often have enhanced protein translation would have 

significant limitations. Conversely, analyzing the efficacy of Silvestrol in a panel 

of cell lines representing both the ABC-DLBCL and GCB-DLBCL subtypes could 

serve as a preclinical study for the personalization of eIF4A inhibitors in the 

management of DLBCL. Additionally, the differential stability of the CBM 

components could be explored in ABC-DLBCL and GCB-DLBCL utilizing 

cycloheximide blockade of translation to determine if ABC-DLBCLs, which are 

dependent on the CBM complex, have enhanced CBM turnover and could 

potentially be more susceptible to eIF4A inhibitors than GCB-DLBCLs86, 211, 213. 

These studies would help determine if ABC-DLBCLs require enhanced eIF4A 

cap-binding activity and if eIF4A inhibitors would be a rational therapy the 

management of this disease. Furthermore, CARD11, BCL10 and MALT1 could 

be overexpressed without their 5’UTRs in these cell lines to determine if they 

rescue the viability of cell lines that are sensitive to eIF4A inhibitors. These 

studies would demonstrate (1) which DLBCL subtype, if any, is more sensitive to 
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eIF4A inhibitors and (2) whether or not the mechanism of action of eIF4A 

inhibitors in B-cell malignancies is primarily through inhibition of NF-κB signaling. 
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