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Abstract

Targeting Bruton tyrosine kinase (BTK) by ibrutinib is an effective treatment for patients with 

relapsed/refractory mantle cell lymphoma (MCL). However, both primary and acquired resistance 
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to ibrutinib have developed in a significant number of these patients. A combinatory strategy 

targeting multiple oncogenic pathways is critical to enhance the efficacy of ibrutinib. Here, we 

focus on the BCL2 anti-apoptotic pathway. In a tissue microarray of 62 MCL samples, BCL2 

expression positively correlated with BTK expression. Increased levels of BCL2 were shown to be 

due to a defect in protein degradation because of no or little expression of the E3 ubiquitin ligase 

FBXO10, as well as transcriptional upregulation through BTK-mediated canonical nuclear factor-

κB activation. RNA-seq analysis confirmed that a set of anti-apoptotic genes (for example, BCL2, 

BCL-XL and DAD1) was downregulated by BTK short hairpin RNA. The downregulated genes 

also included those that are critical for B-cell growth and proliferation, such as BCL6, MYC, 

PIK3CA and BAFF-R. Targeting BCL2 by the specific inhibitor ABT-199 synergized with 

ibrutinib in inhibiting growth of both ibrutinib-sensitive and -resistant cancer cells in vitro and in 
vivo. These results suggest co-targeting of BTK and BCL2 as a new therapeutic strategy in MCL, 

especially for patients with primary resistance to ibrutinib.

INTRODUCTION

Mantle cell lymphoma (MCL), a B-cell non-Hodgkin lymphoma, remains incurable with the 

current treatment modalities.1,2 The B-cell antigen receptor (BCR) signaling pathway is 

essential for normal B-cell development, proliferation and differentiation and has an 

important role in the pathogenesis of several types of non-Hodgkin lymphoma, including 

MCL.3–6 An antigen-driven process of MCL has been suggested by sequence analysis of the 

immunoglobulin variable region genes that revealed a biased repertoire and stereotyped 

usage in >40% of cases.7 That MCL cells acquire BCR signaling for survival is supported by 

the observation that pharmacological inhibition of downstream signaling triggered cell 

apoptosis.8–12 Bruton tyrosine kinase (BTK), a key component of the early BCR signaling 

pathway, has emerged as a promising therapeutic target. Ibrutinib, a specific inhibitor that 

binds covalently to the active site of BTK at cysteine 481, has been approved for the 

treatment of MCL. In a recent Phase II study, treatment for relapsed or refractory MCL with 

ibrutinib alone achieved a response rate of 68%.2 Although this response rate is striking, 

approximately one-third of patients show primary resistance, and acquired resistance with a 

C481S mutation in BTK can also develop.11 To overcome primary and acquired resistance to 

BTK inhibition, a combinatory strategy that targets multiple pathways is needed.

BCR crosslinking causes BTK and other tyrosine kinases to interact with the inner leaflet of 

the plasma membrane to constitute the BCR signalosome, which subsequently activates 

many downstream pathways, including nuclear factor (NF)-κB.13,14 BCR-mediated NF-κB 

activation is through the canonical NF-κB pathway in which the Ikappa B kinase (IKK) 

complex (IKKα, IKKβ, regulatory IKKγ subunit) phosphorylates IκBα for proteasomal 

degradation, leading to nuclear translocation of the heterodimeric NF-κB transcription 

factors, predominantly the p50/p65 dimer.15,16 The CARD11, MALT1 and BCL10 (CBM) 

signaling complex, the intermediate between the BTK and IKK complex, is essential for NF-

κB activation.16–19 Somatic mutations or chromosomal translocations impacting the CBM 

pathway contribute to pathogenesis of several lymphoma subtypes.16,18,20 Although genetic 

alterations in the canonical NF-κB pathway are rare in MCL, recent studies have revealed 

that the noncanonical NF-κB pathway is pathogenetically altered.10,21,22 The noncanonical 
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NF-κB pathway targets activation of the p52/RelB NF-κB complex via processing of p100, 

the precursor of p52 and a RelB-specific inhibitor.23 The p100 phosphorylation leading to its 

processing is mediated by NF-κB-inducing kinase (NIK).23 The basal level of NIK is low 

because of constant degradation by a TRAF2/3-cIAP destruction complex but the signal-

induced noncanonical NF-κB signaling from a subset of TNF receptor family members (for 

example, BAFF receptor) prevents such a degradation and mediates nuclear translocation of 

the p52/RelB dimer.23 The evidence of the BAFF/BAFF receptor signaling pathway in the 

pathogenesis of B-cell lymphomas has been well documented.24–29 However, whether BTK 

is required for this alternative NF-κB signaling in malignant B cells remains undefined.

BCL2 and its family member genes (for example, BCL-XL and MCL1) are targets of NF-

κB signaling and are upregulated in cancer cells.30–32 In B-cell lymphomas, BCL2 is 

deregulated through other mechanisms as well, including chromosomal translocations,33 

genomic amplification and gene mutations.34,35 Recently, we have demonstrated 

posttranslational regulation of BCL2 in human lymphomas.36 BCL2 protein can be targeted 

for proteasomal degradation by the E3 ubiquitin ligase FBXO10. The FBXO10 gene is 

infrequently mutated in diffuse large B-cell lymphoma (DLBCL) but its expression is 

reduced in the majority of cases. FBXO10 functions as a potential tumor suppressor because 

many types of human lymphoma cells are sensitive to FBXO10 overexpression, with the 

most sensitive one being MCL.36

To gain new insights into the molecular pathogenesis of MCL, we analyzed expression of 

and association among FBXO10, BCL2 and BTK in 62 MCL samples, and functionally 

dissected their role in regulation of cell proliferation, survival and apoptosis in MCL cell 

lines. These functional analyses together with the results from the MCL xenografts provided 

the mechanistic rationale for a combination of the BCL2 and BTK small molecule 

inhibitors, ABT-199 and ibrutinib, in the treatment of MCL.

RESULTS

BCL2 is overexpressed while FBXO10 is rarely expressed in MCL Our previous study 

established FBXO10 as the E3 ubiquitin ligase that targets BCL2 for proteasomal 

degradation in DLBCL cell lines.36 FBXO10 expression was reduced in the majority of 

DLBCL patient samples despite elevated levels of FBXO10 expression in germinal center B 

cells that the disease is derived from.36 However, it is unclear whether this is a general 

regulation mechanism that applies to other subtypes such as MCL. To address this question, 

we performed immunohistochemical analysis for expression of BCL2 and FBXO10 in a 

tissue microarray that contained 62 MCL cases. Five BCL2-negative Burkitt lymphoma 

samples were used as staining controls and six lymph nodes served as normal B-cell 

controls. All these MCL cases had the typical chromosomal translocation t(11:14) involving 

cyclin D1 with the morphological characteristics of MCL, as described previously.37 We 

scored protein expression in triplicate cores for each case using Inform advanced image 

analysis software (PerkinElmer, Waltham, MA, USA) and found high levels of BCL2 

expression but no or low FBXO10 expression in MCL cases (Figure 1a, Supplementary 

Figure 1a). The average of FBXO10 expression in these MCL cases was significantly lower 

than that of normal B cells (Supplementary Figure 1b). In comparison with tissue 
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surrounding the tumor, malignant cells from 85% (53/62) of cases were BCL2 positive, 

whereas FBXO10 expression was detected in only 8% (5/62) of cases.

Based on this initial expression analysis, we hypothesized that a defect in FBXO10-

mediated proteasomal degradation contributes to high BCL2 expression in MCL. To test this 

hypothesis, we genetically manipulated FBXO10 expression in MCL cell lines. We screened 

seven MCL cell lines and found five of them to have high levels of BCL2 expression but 

much lower expression of BCL-XL and MCL1 compared with the remaining two cell lines 

and Ramos, a Burkitt lymphoma cell line (Figure 1b). We used the inducible retroviral 

system to overexpress FBXO10 along with green fluorescent protein (GFP) as a marker for 

transduced cells (Figure 1c). Consistent with the results in DLBCL,36 flow cytometric 

analysis revealed that overexpression of FBXO10 resulted in reduced BCL2 expression in 

two representative MCL cell lines (Figure 1c). To test whether reduced levels of BCL2 

expression is due to increased protein turnover by FBXO10, we silenced endogenous 

FBXO10 in the Z138 cell line by the same small hairpin RNA as used for our previous 

study.36 Indeed, after blocking protein synthesis by cycloheximide, the amount of BCL2 

protein was sustained for up to 48 h in these FBXO10 short hairpin RNA (shRNA)-

expressing cells but not in the control shRNA cells (Figure 1d). In contrast, non-shRNA-

targeted MCL1 was turned over rapidly in both conditions. Taken together, the results 

indicate that BCL2 is the predominantly expressed anti-apoptotic protein in MCL, because 

of a specific defect in its proteasomal degradation.

BCL2 is essential for the survival of MCL cells and can be targeted by ABT-199

To examine whether BCL2 has an essential role in cell survival in MCL, we first used the 

selective BCL2 inhibitor ABT-199(ref. 38) and tested cell viability in seven MCL cell lines. 

The Burkitt lymphoma cell line Ramos served as a negative control because of no BCL2 

expression despite abundant BCL-XL expression in this cell line (Figure 1b). The Trypan 

blue exclusion viability assay revealed a dose-dependent toxic effect of ABT-199 on all five 

BCL2-expressing MCL cell lines, whereas the BCL2-negative MCL cell lines, UPN-1 and 

HBL2, and the control cell line Ramos did not respond to the drug (Figure 2a). Flow 

cytometric analysis demonstrated that the toxicity was due to apoptotic cell death triggered 

by ABT-199 (Figure 2b). The results were consistent with previous in vitro cell viability 

assays for the same MCL cell lines and primary cancer cells.39 To rule out the possibility of 

off-target toxicity by ABT-199, we analyzed cell viability upon knockdown of endogenous 

BCL2 by shRNA. Two different BCL2 shRNAs were retrovirally transduced along with the 

marker GFP into lymphoma cells; the percentage of GFP+ cells was calculated by flow 

cytometric analysis during 12 days of observation (Figure 2c). As expected, both BCL2 

shRNAs induced cell death in all BCL2-expressing cell lines but not in BCL2-negative cell 

lines (Figure 2c). The on-target effect of ABT-199 was confirmed by a rescue experiment, 

which demonstrated that the overexpression of BCL2 complementary DNA lacking the 3′-

UTR reversed toxicity by the shRNA that targets the 3′-UTR of BCL2 (Supplementary 

Figure 2).

As FBXO10 knockdown by shRNA prolongs BCL2 half-life, we next tested whether the 

FBXO10 shRNA can counteract ABT-199 toxicity. We chose two MCL cell lines Mino and 
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Jeko because both express relatively high levels of FBXO10.36 Indeed, expression of the 

FBXO10 shRNA prevented these two cell lines from ABT-199-mediated cell death (Figure 

2d). Conversely, ectopic expression of FBXO10 synergized with ABT-199 in cell killing 

(Figure 2e).

Furthermore, we evaluated the ability of ABT-199 to suppress tumor growth in vivo in MCL 

xenografts established in immunocompromised mice. We initially subcutaneously implanted 

the representative cell line Z138 in the mice and observed that these cells reached an average 

volume of 172 mm3 after 13 days of injection. The mice bearing the Z138 tumor were then 

treated with ABT-199 intraperitoneally for 18 consecutive days at 100 mg per kg of body 

weight, an optimized dose used in a recent study.38 The results showed that ABT-199 caused 

complete tumor growth inhibition during the period of treatment and delayed tumor growth 

after ceasing treatment (Figure 2f, left top panel). Within 18 days of treatment, we killed all 

mice in the phosphate-buffered saline control group because tumors grew to large sizes (20 

mm in any dimension) or the mice became very sick, whereas all mice with ABT-199 

treatment survived and were relatively healthy (Figure 2f, right top panel). In addition, we 

obtained similar results from Granta-519 xenografts (Figure 2f, bottom panels). Thus, this 

xenograft study together with in vitro functional analyses reinforces the therapeutic potential 

of ABT-199.

BCR/BTK signaling in regulation of cell survival and BCL2 expression in MCL

Several recent studies have demonstrated that MCL cells acquire BTK activity for their 

survival and proliferation.8–10 Indeed, the oncogenic role of BTK in MCL is further 

supported by our biochemical and functional analyses. We found that BTK is constitutively 

activated in all eight MCL cell lines examined and the specific inhibitor ibrutinib blocked 

BTK phosphorylation/activation in these cancer cells (Figure 3a). We performed the Trypan 

blue viability assay and found five out of eight cell lines were sensitive to ibrutinib treatment 

by undergoing apoptotic cell death (Figures 3b and c), with the most sensitive ones being 

BCR dependent. This is, in general, in agreement with a recent study,10 but we noticed that 

two BCR-independent cell lines Z138 and Maver-1 had a mild sensitivity to ibrutinib. This 

unexpected finding prompted us to further evaluate the function of BTK in MCL by using a 

BTK shRNA whose target specificity was confirmed previously.15 Consistently, we observed 

a toxic effect of the shRNA on those MCL cell lines that were sensitive to ibrutinib (Figure 

3d).

Given that BCL2 is a target gene of NF-κB and BCR/BTK signaling contributes to high NF-

κB activity in MCL, we asked whether BCL2 is upregulated through this transcriptional 

mechanism. First, we examined BTK-dependent NF-κB activation by electrophoretic 

mobility shift assay. We used Mino and Jeko as two representative BCR-dependent cell lines 

and found that BTK treatment indeed reduced constitutive NF-κB (p65 and p50) activity in 

both cell lines (Figure 3e). Chromatin immunoprecipitation assay confirmed BCL2 as an 

NF-κB target gene given that p65 enrichment on the BCL2 promoter region was 

significantly reduced when Mino cells were treated with ibrutinib (Figure 3f). Z138 is a 

negative control as the essential BTK downstream gene CARD11 is barely expressed in this 

Li et al. Page 5

Oncogene. Author manuscript; available in PMC 2016 December 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cell line.10 BTK-dependent BCL2 transcription also reflected a reduction in both BCL2 

mRNA (Figure 3g) and protein in cancer cells when treated with ibrutinib (Figure 3h).

To test whether reduced BCL2 transcription represents a mechanism accounting for 

apoptotic cell death triggered by ibrutinib, we expressed BCL2 complementary DNA by the 

above retroviral GFP vector in two sensitive cell lines Jeko and Mino and, indeed, observed 

elevated BCL2 protein in these cells (Supplementary Figure 3). We monitored viable GFP-

positive cells in the absence or presence of various concentrations of ibrutinib by flow 

cytometry and found that the cells with BCL2 overexpression were more resistant to the 

drug treatment than the empty vector control (Supplementary Figure 3). Altogether, the data 

indicate that BCR/BTK signaling promotes the survival of MCL cells through transcriptional 

upregulation of BCL2.

Co-targeting of BTK and BCL2 in MCL

The transcriptional regulation of BCL2 mediated by BCR/BTK signaling prompted us to 

investigate whether there is a positive correlation in gene expression between BTK and 

BCL2 in primary cancer cells. To test this possibility, we performed immunohistochemical 

analysis using BTK antibodies on the same tissue microarray samples described for BCL2 

staining. Indeed, we detected high levels of BTK expression in the vast majority of MCL 

(Figure 4a), which was strongly correlated with BCL2 expression (P<0.0001).

The above data have demonstrated both transcriptional (BTK dependent) and 

posttranslational (reduced proteasomal degradation) mechanisms for BCL2 upregulation in 

MCL. Elevated BCL2, however, can also result from other mechanisms, such as 

amplification. Indeed, this genomic alteration is present in some MCL cell lines, including 

Granta-519 and Z138 used for this study.34 As a result of this BCL2 amplification, inhibition 

of BTK alone by ibrutinib may be less effective at generally triggering apoptosis in MCL 

cells. Instead, a combination of ibrutinib and ABT-199 could be more effective. We tested 

this hypothesis using the three BCR-independent cell lines Z138, Granta-519 and Marver-1. 

We also used the two BCR-dependent cell lines Mino and Jeko as positive controls because 

synergistic toxicity of ibrutinib and ABT-199 in BCR-dependent MCL cells was reported 

recently.39,40 As shown in Figure 4b, ABT-199 synergized with ibrutinib in cell killing in all 

the five cell lines tested. The synergistic toxicity was also observed either in cells that 

expressed shBTK in the presence of ABT-199 (Supplementary Figure 4a) or in cells that 

expressed shBCL2 in the presence of ibrutinib (Supplementary Figure 4b).

We next used the above Z138 xenograft murine model to test antitumor effect by a 

combination of ibrutinib and ABT-199. We reduced ABT-199 to 30 mg/kg from the above 

optimal dosage of 100 mg/kg in order to observe possible synergistic effects with ibrutinib. 

The dosage for ibrutinib was 12 mg/kg as suggested in a previous study.41 As expected, co-

treatment of ABT-199 and ibrutinib remarkably inhibited tumor growth when compared with 

the ABT-199 alone group (Figure 4c, left panel). Interestingly, a dose of ibrutinib at 12 

mg/kg had limited effects on tumor inhibition, which is distinct from DLBCL xenografts.41 

This was consistent with our recent combinatorial screening study, which revealed a strong 

synergism between ibrutinib and ABT-199 in DLBCL.42 In chronic lymphocytic leukemia 

xenograft models, an optimal dose of ibrutinib was 25 mg/kg.43,44 It is likely that 12 mg/kg 
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of ibrutinib is a suboptimal dose for the Z138 xenografts, based on these studies and our 

observations.

Further, we performed xenograft analysis on synergism between ibrutinib and ABT-199 in 

the Granta-519 cell line. Granta-519 cells have high levels of BCL2 expression (Figure 1b) 

and are insensitive to BTK inhibition by both ibrutinib and shRNA (Figures 3b and d). 

Therefore, Granta-519 can be considered a model cell line for the study of primary 

resistance to ibrutinib. We subcutaneously implanted Granta-519 cells (4 million per mouse) 

in the mice and started treatment when these cells reached an average volume of 864 mm3. 

The mice were treated intraperitoneally with ABT-199 (30 mg/kg), or ibrutinib (25 mg/kg), 

or both, for 18 consecutive days. The results showed that combination treatment caused 

nearly complete tumor growth inhibition during the period of treatment and delayed tumor 

growth after ceasing treatment (Figure 4c, right panel) when compared with the ABT-199 

alone group. Consistent with in vitro analyses, ibrutinib alone had no effect on inhibition of 

tumor growth, the same as the phosphate-buffered saline control. Thus, both our in vitro 
Trypan blue toxicity assay and in vivo xenograft analysis demonstrate that co-targeting of 

BCL2 and BTK is a promising therapeutic strategy for MCL cases where BTK inhibition 

fails to reduce BCL2 expression.

Noncanonical NF-κB signaling pathway and its association with BTK in MCL

A recent study demonstrated no BCR-mediated NF-κB activation in the Z138 cell line 

because of almost no CARD11 expression, whereas the noncanonical NF-κB pathway is 

constitutively activated because of an inactivating mutation of the negative regulator gene 

TRAF2 (Supplementary Figure 5).10 These findings together with our observations 

indicating the sensitivity of Z138 cells to ibrutinib treatment prompted us to explore whether 

there is a link between BTK activity and the noncanonical NF-κB pathway. We started to 

analyze Z138 cells for their expression of CD40 and BAFF receptor (BAFF-R), two major 

receptors responsible for activation of the noncanonical NF-κB pathway. CD40 expression 

was low in Z138 cells when compared with naive B cells, DLBCL cells and some other 

MCL cell lines, but BAFF-R was highly expressed (Supplementary Figure 6, Figure 5a). 

BAFF-R expression was also detected in all other seven MCL cell lines (Figure 5a). The 

BAFF-R signaling pathway is functioning because its stimulation by BAFF elevated p100 to 

p52 processing in Mino and Jeko cells (Figure 5b). Z138 has constitutive p100 to p52 

processing because of TRAF2 deficiency, which was not further increased by BAFF 

treatment. Similarly, the Maver-1 cell line that harbors a biallelic TRAF3 deletion and 

constitutive noncanonical NF-κB activation10 also did not further increase p100 to p52 

processing in response to BAFF treatment.

A biochemical study on BTK-deficient murine B cells revealed that BTK is downstream of 

BAFF-R signaling for NF-κB activation.45 BTK inhibition by ibrutinib reduced BAFF-

mediated p100 to p52 processing in Mino and Jeko cells. Similarly, ibrutinib also reduced 

the levels of both p100 and p52 in Z138 and Maver-1 cells (Figure 5b). We next treated 

Z138 cells with ibrutinib and observed a time-dependent reduction in p100 and 52 levels, 

which was accompanied by reductions in phosphorylated IKKα/β levels (Figure 5c). More 

marked changes in p100, p52 and phosphorylated IKKα/β, as well as RelB, were observed 
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in Z138 cells with BTK knocked down (Figure 5d). Reduced RelB and p52 nuclear 

translocation because of BTK inhibition was confirmed by electrophoretic mobility shift 

assay with anti-RelB antibody (Figure 5e) and by immunoblotting for measuring nuclear 

p52 protein (Figure 5f), respectively.

To further determine whether BTK-dependent noncanonical NF-κB activation is required for 

cancer cell survival, we used those shRNAs that were used in a recent study to knockdown 

NIK, p52 and RelB.10 We obtained an expected result demonstrating that all these shRNAs 

selectively killed Z138 and Marver-1 cells but not the control cell lines Mino and Jeko in 

which the noncanonical NF-κB pathway is not active (Figure 5g).

Given that BTK can mediate both canonical and noncanonical NF-κB activation pathways, 

we thought to determine whether BTK targets a similar set of genes. To this end, we 

knocked down the expression of BTK by shRNA (shBTK) in Z138 cells (BCR-independent 

MCL) as well as in Mino cells (BCR-dependent MCL) and performed the whole genome 

transcriptome analysis in these cell lines by RNA-sequencing (RNA-seq). As expected, we 

found that a significant number of genes were upregulated and downregulated in either Mino 

or Z138 cells. Surprisingly, the set of genes that differentially expressed in Mino cells is 

strikingly different from that of Z138 cells (Figure 6a). Further comparison of 

downregulated genes in Mino and Z138 cells revealed only about 10% (58 genes) of 

overlapped genes (Figure 6b). Similarly, a small set of common upregulated genes was 

identified in the two cell lines upon BTK inhibition (Figure 6b), suggesting that BTK-

mediated regulation of gene expression in BCR-independent MCL cells is distinct from 

those in BCR-dependent cells.

We next focused on these downregulated genes and performed signature enrichment analysis 

using the DAVID gene ontology tool.46 We observed that the common enriched signature in 

both Mino and Z138 cell lines was associated with regulation of apoptosis, with a greater 

enrichment score in Mino cells than that in Z138 cells (Figure 6c). As expected, among 70 

genes in Mino cells, many regulate B-cell proliferation, differentiation and apoptosis, such 

as BCL2, MYC, BCL6, MYC, PIK3CA and TNFAIP3 (Figure 6d). Although only 23 genes 

in Z138 cells were enriched in the regulation of the apoptosis pathway, some of them are 

well-defined cell survival genes, including BCL-XL, BCL2L2 (BCL-W), DAD1 and 

TNFRSF13C (BAFF-R) (Figure 6d). Notably, many pro-apoptotic genes, such as FAS, 

FOXO3B, BCLAF1, CASP1 and CASP4, are upregulated by BTK shRNA in Z138 cells 

(Supplementary Table 1). Combined, these data demonstrate that BTK mediates 

noncanonical NF-κB activation in MCL, and provide a molecular mechanism by which 

BCR-independent MCL cell lines such as Z138 respond to ibrutinib treatment.

DISCUSSION

The anti-apoptotic gene BCL2, initially identified in follicular lymphoma with the t(14;18) 

chromosomal translocations,33,47 is overexpressed in many types of non-Hodgkin 

lymphoma, including MCL.31,48–50 As there are no such chromosomal translocations in 

MCL, how BCL2 is upregulated in this cancer type remains elusive. In this study, we for the 

first time demonstrate two distinct mechanisms underlying BCL2 overexpression in MCL, 
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one at the posttranslational level and the other at the transcriptional level. By analyzing a 

tissue microarray of 62 cases, we have found no expression of the E3 ubiquitin ligase 

FBXO10 in ~ 90% of cases. Further functional and biochemical analyses have confirmed 

that FBXO10 targets BCL2 for proteasomal degradation in MCL. Also, we have discovered 

a strong positive correlation in gene expression between BCL2 and BTK, an essential 

component of the BCR signaling complex. BTK activity in MCL promotes BCL2 

transcription through the canonical NF-κB pathway.

The role of BTK in B-cell development, proliferation, differentiation and apoptosis has been 

well studied since the discovery of its mutation two decades ago that causes X-linked 

immunodeficiency in mice and X-linked agammaglobulinemia in humans.51 The research 

effort has improved understanding of how BTK mediates BCR signaling in the canonical 

NF-κB pathway, but little is known about the role of BTK in regulating noncanonical NF-

κB signaling. To our knowledge, there is only one study in BTK-deficient murine B cells 

suggesting that BAFF-mediated NF-κB activation requires BTK.45 This is an important 

research area given that the noncanonical pathway is constitutively active because of genetic 

alterations or activated upon CD40 or BAFF receptor engagement in many types of human 

lymphomas, and NF-κB activation through these mechanisms promotes cancer cell survival 

and proliferation.20 Indeed, knockdown of genes in the noncanonical pathway, such as NIK, 

p52 or RelB, or a specific NIK inhibitor induces apoptotic cell death of MCL cell lines. We 

here provide compelling evidence that BTK is required for either constitutive or BAFF-

mediated noncanonical NF-κB activation in some of the MCL cell lines analyzed. Future 

studies are required to determine the underlying molecular mechanisms.

Involvement of BTK in the noncanonical NF-κB pathway forms the molecular basis of 

synergism between ibrutinib and ABT-199 in cell killing, especially in BCR-independent 

cell lines including Z138 and Maver-1. These two cell lines have unique features in NF-κB: 

impaired BCR signaling-mediated canonical NF-κB activation because of low CARD11 

expression but increased noncanonical NF-κB activation because of TRAF2 or TRAF3 

mutation.10 BTK-mediated NF-κB activation is essential for the survival of cancer cells 

given their sensitivity to ibrutinib or BTK shRNA. However, BTK inhibition by ibrutinib 

does not reduce BCL2 expression in these cells. High levels of BCL2 protein in Z138 cells 

are likely due to genomic amplification plus defects in FBXO10-mediated degradation.34 

Therefore, blocking of BCL2 anti-apoptotic pathway by ABT-199 is necessary to enhance 

the efficacy of ibrutinib. A study using siRNA or an antisense oligonucleotide against BCL2 

has supported our findings about BCL2-mediated resistance to apoptosis in Z138 cells and 

revealed that silencing of BCL2 is associated with reduced NF-κB activity, transient loss of 

p53, and a decrease in cyclin D1.52 Our RNA-seq analysis has revealed that BTK activity in 

Z138 cells is required for expression of an array of genes that regulate cell growth, 

proliferation, differentiation and apoptosis, such as BCL-XL, DAD1, HIPK2, TNFRSF18 

and TNFRSF13C (BAFF-R) (Figure 6, Supplementary Table 1). As both BCL2 and BTK are 

indispensable for cancer cell survival and function in distinct survival/signaling pathways, it 

is not surprising that a combination of ibrutinib and ABT-199 produces synergistic antitumor 

effects, as shown in our in vitro functional analysis as well as by the Z138 xenograft model.
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The synergism between ibrutinib and ABT-199 has also been observed in BCR signaling-

dependent cell lines such as Mino and Jeko. Similarly, this group of cell lines has a defect in 

BCL2 proteasomal degradation because of low levels of FBXO10 expression.36 An 

additional mechanism for BCL2 upregulation is increased gene transcription by active 

BCR/BTK signaling through canonical NF-κB activity (Figure 3f), and this is further 

demonstrated by our RNA-seq study (Figure 6d). The RNA-seq analysis also provides new 

insights into the molecular pathogenesis of BTK in MCL. In addition to regulation of 

apoptosis, BTK activity is involved in a diversity of biological processes, such as 

transcriptional regulation, response to organic substance, positive regulation of biosynthetic 

process, and B-cell homeostasis and activation (Figures 6c and d). These findings elucidate 

the molecular mechanisms underlying synergistic co-targeting of BCL2 and BTK in MCL. 

Given the high expression levels of BTK and BCL2 and the failure of BCL2 protein 

degradation in the vast majority of cases, combination treatment by ibrutinib and ABT-199 

would be expected to be more effective than the single drugs against MCL.

The third group of MCL cell lines, including Granta-519, HBL2 and UPN-1, is independent 

of BCR signaling possibly due to reduced or lack of BCR gene expression.10 This molecular 

feature is similar to that observed in Z138 and Maver-1 cell lines. However, unlike Z138 

cells that are dependent on noncanonical NF-κB signaling for survival, these three cell lines 

are all resistant to ibrutinib treatment. The mechanisms of BTK resistance are unknown 

despite the fact that BTK is phosphorylated and that ibrutinib can block BTK 

phosphorylation in these cells. In this group, the anti-apoptotic pathway is often deregulated, 

leading to high expression levels of BCL2 and BCL-XL (Figure 2a). In the case of 

Granta-519 cells, genomic amplification renders BCL2 expression to desensitize cancer cells 

to ibrutinib treatment but an addition of ABT-199 can restore sensitivity of cancer cells to 

ibrutinib (Figures 4b and c). This suggests that targeting of BCL2 or other family members 

is a potential therapeutic strategy to overcome primary resistance to ibrutinib. In this 

treatment setting, the first generation inhibitor Navitoclax targeting BCL2, BCL-XL and 

BCL-W may be more effective.53

In summary, this study elucidated mechanisms of BCL2 overexpression and association of 

this survival pathway with the BCR/BTK signaling pathway in MCL, and revealed the role 

of BTK in noncanonical NF-κB activation, which also promotes cancer cell survival. Our 

data provided a mechanistic rationale for co-targeting of these two oncogenic pathways by 

their specific inhibitors ABT-199 and ibrutinib as a new therapeutic strategy in a pre-clinical 

setting. Most importantly, the findings indicate that this combination has a synergistic effect 

on the killing of both BCR-dependent and -independent MCL cells. As these two signaling 

pathways are deregulated in DLBCL and follicular lymphoma,6,35,42,54,55 co-targeting by 

ibrutinib and ABT-199 may provide an attractive therapeutic strategy for these additional 

lymphoma patients as well.
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MATERIALS AND METHODS

Patient samples

A tissue microarray of 62 cases of MCL was obtained from our previous study,37 with 

approval from the University of Wisconsin—Madison institutional review boards (UW 

protocol M-2008-1011 and MCRF protocol SHA 10109).

Xenografts

Male and female NOD-Prkdcscid-IL-2Rγ −/− (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, 

abbreviated as NSG) breeder pairs were purchased from The Jackson Laboratory (Bar 

Harbor, ME, USA) and bred in our animal care facility at the Wisconsin Institutes of 

Medical Research, University of Wisconsin Madison. NSG mice were bred under specific 

pathogen-free conditions in sterile ventilated racks. All of the animal protocols were 

approved by the Institutional Animal Care and Use Committees. See more details in 

Supplementary Materials and Methods.

RNA-seq

Control shRNA and shBTK in Mino and Z138 cells were induced with 20 ng/ml of 

doxycycline for 2 days. Total RNA from cells was extracted using RNeasy plus mini kit 

(Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol. RNA-seq libraries 

were prepared using the Illumina TruSeq stranded mRNA LT Sample Preparation Kit (San 

Diego, CA, USA). See more details in Supplementary Materials and Methods.

Cell culture, doxycycline-inducible system and retroviral transduction, plasmid construction, 

immunohistochemical staining and quantification, cell viability assay, apoptosis analysis, 

flow cytometry, quantitative RT–PCR (qPCR), electrophoretic mobility shift assay, 

immunoblotting assay, chromatin immunoprecipitation assay and statistical analysis are 

described in Supplementary Materials and Methods.
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Figure 1. 
High levels of BCL2 expression and defects in FBXO10-mediated proteasomal degradation 

in MCL cell lines. (a) A tissue microarray (TMA) of 62 cases was used for 

immunohistochemical staining for BCL2 and FBXO10 expression and analyzed with Inform 

advanced image analysis software (PerkinElmer) (***P<0.001). Representative staining 

images from a MCL patient are shown. Infiltrating lymphocytes of a Burkitt lymphoma (BL) 

served as a positive control for FBXO10 staining and malignant cells as a negative control 

for BCL2 staining. (b) Immunoblotting assay for expression of BCL2, BCL-XL and MCL1. 

Histone H3 served as a loading control. Note genomic deletion of BCL2 in UPN-1 and 

BCL2 amplification in Granta-519 and Z138 (ref. 34) BL cell line Ramos served as a 

negative control for BCL2. (c) Structure of the inducible GFP retroviral vector. Two 

tetracycline repressor binding sites (Tet operators) were inserted into the CMV promoter, 

which drives FBXO10 expression. LTR, long terminal repeat; puror/GFP, fusion of 

puromycin resistance and green fluorescent protein gene; Pgk, phosphoglycerate kinase 

promoter; Δenh., deletion of LTR promoter sequences. Intracellular BCL2 flow cytometric 
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analysis of two MCL cell lines after 2 days of FBXO10 expression. (d) FBXO10 silencing 

by shRNA prolongs BCL2 half-life. Two days after shRNA induction with 20 ng/ml of 

doxycycline, Z138 cells were treated with 20 μg/ml of cycloheximide and analyzed by 

immunoblotting for indicated proteins.
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Figure 2. 
Targeting BCL2-dependent MCL by ABT-199. (a) Quantitative measurement of ABT-199-

mediated toxicity by Trypan blue dye exclusion cell viability assay in the indicated cell lines 

after 3 days of treatment. Error bars represent mean ± s.d. of triplicates. (b) Flow cytometric 

analysis of apoptotic cell death by propidium iodide and annexin V co-staining after 3 days 

of treatment. (c) BCL2 knockdown by shRNAs is toxic to BCL2-expressing MCL cells. 

Histograms show reduced BCL2 expression by two shRNAs. The percentage of viable GFP

+ shBCL2 expressing cells was normalized to that of the control shRNA for each time point. 
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(d) Silencing endogenous FBXO10 attenuates ABT-199-mediated cell killing. Three days 

after shRNA induction, cells were treated with ABT-199 for 72 h before flow cytometric 

analysis. Error bars represent mean ± s.d. of triplicates (*P<0.05). (e) Ectopic expression of 

FBXO10 increases ABT-199-induced toxicity. The cells were pretreated with 0.01 μM 

ABT-199 for 2 days and then induced for FBXO10 expression for an additional day before 

flow cytometric analysis. Error bars represent mean ± s.d. of triplicates (*P<0.05). (f) 
ABT-199 inhibits xenograft tumor growth. Z138 and Granta-519 cells were established as a 

subcutaneous tumor (average 172 mm3 for Z138, and 864 mm3 for Granta-519) in 

immunodeficient mice, and then treated daily for 18 days with ABT-199 (100 mg/kg) or 

phosphate-buffered saline/dimethylsulfoxide control by intraperitoneal injection. Tumor 

progression was monitored by measuring tumor volumes (left panel) or overall survival 

(right panel). Error bars show the s.e.m. of seven or eight mice per group (**P<0.01, 

***P<0.001, ****P<0.0001).
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Figure 3. 
BTK-mediated canonical NF-κB activation and targeting BTK by ibrutinib in MCL. (a) 

Immunoblotting analysis of BTK and p-BTK in MCL cell lines. Cells were treated with 10 

μM ibrutinib or dimethylsulfoxide control for 15 min. (b) Quantitative measurement of 

ibrutinib-mediated toxicity by Trypan blue dye exclusion viability assay in the indicated cell 

lines after 6 days of treatment. Error bars represent mean ± s.d. (n = 3). (c) Flow cytometric 

analysis of apoptotic cell death by propidium iodide and annexin V co-staining after 6 days 

of ibrutinib treatment. (d) Flow cytometric analysis of BTK shRNA expressing cells. The 
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percentage of viable GFP+ shBTK expressing cells was normalized to that of the control 

shRNA for each time point. Data are representative of three independent experiments. (e) 

Electrophoretic mobility shift assay (EMSA) for NF-κB activity in Mino and Jeko cells 

when treated with 10 μM ibrutinib. Oct-1 served as a loading control. (f) Chromatin 

immuneprecipitation (ChIP) assay with anti-p65 antibody in Mino and Z138 cells after 6 h 

of treatment with 2 μM ibrutinib. The occupancy of p65 on BCL2 promoter region was 

determined by standard qPCR. IgG antibody served as a negative control and the signal from 

IgG ChIP was negligible. (g) Measurement of BCL2 mRNA by qPCR in the indicated MCL 

cell lines after 24 h of treatment with 2 μM ibrutinib. Error bars represent mean ± s.d. of 

triplicates (*P<0.05, ***P<0.001). (h) Measurement of BCL2 protein in Mino and Z138 

cells after treatment with 10 μM ibrutinib for the indicated times.
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Figure 4. 
Positive correlation between BCL2 and BTK and co-targeting MCL by ABT-199 and 

ibrutinib. (a) Shown are a strong positive correlation between BCL2 and BTK in 62 MCL 

cases analyzed (left plot) and examples of immunohistochemical staining of BCL2 and BTK 

in positive vs negative cases (right panels). ‘r’ denotes nonparametric Spearman’s rank 

correlation coefficient. (b) Synergism between ABT-199 and ibrutinib in cell killing in Mino 

and Z138 cells. Cells were pretreated with ibrutinib for 3 days, and then exposed to 

ABT-199 and ibrutinib either alone or in combination for additional 3 days before Trypan 
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blue dye exclusion viability assay. Error bars represent mean ± s.d. of triplicates. 

Combination index (CI) was calculated with CompuSyn software (Compusyn, Inc., 

Paramus, NJ, USA). (c) ABT-199 enhances the efficacy of ibrutinib in inhibiting xenograft 

tumor growth. Z138 cells were established as a subcutaneous tumor (average 172 mm3) in 

immunodeficient mice, and then treated daily for 21 days with either ABT-199 (30 mg/kg) 

or ibrutinib (12 mg/kg) or in combination by intraperitoneal injection (left panel). Mice with 

the Granta-519 tumor (average 864 mm3) were treated daily for 18 days with either 

ABT-199 (30 mg/kg) or ibrutinib (25 mg/kg) or in combination by intraperitoneal injection 

(right panel). Tumor progression was monitored by measuring tumor volumes. Error bars 

show the s.e.m. of six or seven mice (**P<0.01, ***P<0.001, ****P<0.0001 between 

phosphate-buffered saline/dimethylsulfoxide control and single ABT-199 

group; +P<0.05, ++P<0.01 between single ABT-199 and ABT-199 and ibrutinib combination 

group).
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Figure 5. 
BTK-mediated noncanonical NF-κB activation in MCL. (a) Flow cytometric analysis of 

BAFF receptor in the indicated cell lines and naïve B cells. (b) Ibrutinib blocks BAFF-

induced noncanonical p100 processing to p52 in Mino and Jeko cells. Z138 and Maver-1 

cells served as controls because TRAF2 or TRAF3 mutations by which this pathway is 

deregulated. Cells were pretreated with 10 μM ibrutinib or dimethylsulfoxide (DMSO) 

control for 48 h and then stimulated with 100 ng/ml of BAFF for 24 h before 

immunoblotting analysis for p100 and p52 expression. (c, d) BTK inhibition by ibrutinib or 
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BTK shRNA reduces p100 and p52 levels in Z138 cells. Cells were treated with 10 μM 

ibrutinib at the indicated time (c) or 4 days after shBTK induction (d) before 

immunoblotting analysis for expression of p100, p52, phospho-IKKs, and RelB. Histone H3 

served as a loading control. (e) Electrophoretic mobility shift assay (EMSA) with anti-RelB 

antibody in Z138 cells treated with 10 μM ibrutinib or DMSO control for 24 h. Oct-1 served 

as a loading control (left panel). RelB and Oct-1 bands were quantified using the NIH Image 

J software (NIH, Bethesda, MD, USA) (right panel). (f) BTK inhibition reduces nuclear p52 

protein in Maver-1 and Z138 cells. Cells were treated with 10 μM ibrutinib for 72 h, nuclear 

and cytoplasmic fractions were extracted as described in Materials and methods section 

before immunoblotting for p100, p52, β-actin (cytoplasm) and histone H3 (nucleus). (g) 

Flow cytometric analysis of cells expressing NIK, p52 or RelB shRNAs. The percentage of 

viable GFP+ shRNA-expressing cells was normalized to that of the control shRNA for each 

time point. Data are representative of three independent experiments.
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Figure 6. 
RNA-seq analysis reveals distinct sets of genes regulated by shBTK between Mino and 

Z138 cells. (a) A heatmap of differentially expressed genes in untreated (control) and 

shBTK-treated (shRTK) Mino and Z138 cells. The gene expression (RPKM) values for each 

gene were normalized to the standard normal distribution to generate Z-scores. The color bar 

indicates expression levels from low in blue to high in red. (b) Venn diagrams showing the 

overlap of downregulated genes (upper panel) and upregulated genes (bottom panel) 

between Mino and Z138 cells. (c) Enrichment for ontological categories. (d) A heatmap 
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shows distinct apoptosis-associated genes downregulated by shBTK in Mino and Z138 cells. 

The complete gene lists for a to d are provided in Supplementary Tables 1c–1f.
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