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SUMMARY
Chronic active B cell receptor (BCR) signaling, a hallmark of the activated B cell-like (ABC) subtype of diffuse
large B cell lymphoma (DLBCL), engages the CARD11-MALT1-BCL10 (CBM) adapter complex to activate IkB
kinase (IKK) and the classical NF-kB pathway. Here we show that the CBM complex includes the E3 ubiquitin
ligases cIAP1 and cIAP2, which are essential mediators of BCR-dependent NF-kB activity in ABC DLBCL.
cIAP1/2 attach K63-linked polyubiquitin chains on themselves and on BCL10, resulting in the recruitment
of IKK and the linear ubiquitin chain ligase LUBAC, which is essential for IKK activation. SMAC mimetics
target cIAP1/2 for destruction, and consequently suppress NF-kB and selectively kill BCR-dependent ABC
DLBCL lines, supporting their clinical evaluation in patients with ABC DLBCL.
INTRODUCTION

The diffuse large B cell lymphoma (DLBCL) diagnostic category

encompasses two molecular subtypes, activated B cell-like

(ABC) and germinal center B cell-like (GCB), which are histolog-

ically indistinguishable but differ profoundly in their gene expres-

sion phenotypes and in the oncogenic genomic variants that

they acquire (Shaffer et al., 2012). The ABC subtype was so

named because its gene expression profile resembles that of

normal B cells in which the B cell receptor (BCR) has been

engaged by antigen (Alizadeh et al., 2000). The vast majority of

ABC DLBCL primary tumors and cell lines have a gene expres-
Significance

The present study uncovers a role for the ubiquitin ligases cIAP
ponents of the CBM complex. SMAC mimetics, which potently
an acceptable safety profile in clinical trials but have yet to sho
ABCDLBCL is a superior clinical setting in which to demonstra
integral components of a key oncogenic pathway in this lymp
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sion signature that reflects nuclear factor kB (NF-kB) pathway

activation, suggesting that this pathway is central to the patho-

genesis of this cancer type (Davis et al., 2001). Indeed, functional

and structural genomic studies have revealed the molecular

mechanisms underlying constitutive NF-kB activity in ABC

DLBCL, highlighting the key role of chronic active BCR signaling

and oncogenic MYD88 mutations (Davis et al., 2010; Lenz et al.,

2008a; Ngo et al., 2011). Thesemolecular insights have led to ad-

vances in the treatment of ABC DLBCL, including the effective-

ness of ibrutinib, a Bruton’s tyrosine kinase (BTK) inhibitor that

prevents BCR signaling from engaging the NF-kB pathway

(Wilson et al., 2015). The success of ibrutinib in producing
1 and cIAP2 in the BCR signaling pathway as resident com-
reduce the abundance of cIAP1 and cIAP2, have displayed
w significant activity against solid tumors. We propose that
te the efficacy of SMACmimetics, since cIAP1 and cIAP2 are
homa subtype.
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remissions in ABC DLBCL prompted us to search for additional

molecular targets in the BCR pathway that are amenable to ther-

apeutic attack.

Protein ubiquitination regulates NF-kB activation at multiple

levels within the various signaling cascades that engage this

survival pathway (Chen, 2012). In particular, the K63-linked

and linear polyubiquitin chains modulate signaling networks

and are required for efficient and fine-tuned NF-kB induction

in response to various stimuli (Walczak et al., 2012). The linear

ubiquitin chain assembly complex (LUBAC), which joins ubiqui-

tin moieties in a head-to-tail fashion, is required for NF-kB-

dependent survival of ABC DLBCL (Yang et al., 2014). In the

chronic active BCR signaling that characterizes ABC DLBCL,

LUBAC associates with the CARD11-BCL10-MALT1 (CBM)

signaling complex, where it attaches linear polyubiquitin to

the NEMO (IKKg) subunit of IkB kinase (IKK), the key regulatory

kinase in the NF-kB pathway. However, the mechanism by

which the CBM complex recruits and regulates LUBAC function

is unknown.

K63-linked ubiquitination controls many aspects of NF-kB

signaling by creating binding platforms for proteins that have

ubiquitin-binding domains that recognize K63 linkages, such

as the LUBAC subunit RNF31 andNEMO (Fujita et al., 2014; Ger-

lach et al., 2011; Ikeda et al., 2011; Kensche et al., 2012). The

cellular inhibitor of apoptosis 1 and 2 (cIAP1 and cIAP2) proteins

are E3 ubiquitin ligases that facilitate the attachment of both

K63-linked and K48-linked polyubiquitin chains to target pro-

teins (Liston et al., 1996). cIAP1 and cIAP2 (cIAP1/2) belong to

the inhibitor of apoptosis protein (IAP) family owing to their three

amino-terminal IAP repeat domains, which facilitate binding to

caspases and other proteins (Roy et al., 1997; Samuel et al.,

2006). In addition, cIAP1/2 have carboxy-terminal RING finger

domains that mediate their E3 ubiquitin ligase activities (Yang

et al., 2000). Although cIAP1/2 can bind to caspases, they are

poor caspase inhibitors (Eckelman and Salvesen, 2006). Instead,

cIAP1/2 regulate various signal transduction pathways,

including the activation of NF-kB in response to various stimuli

(Chu et al., 1997; Park et al., 2004; Rothe et al., 1995; Samuel

et al., 2006; Shu et al., 1996; Varfolomeev et al., 2007; Vince

et al., 2007; Wang et al., 1998).

Initial evidence that cIAP1/2 regulate the classical NF-kB

pathway arose from studies of signaling by tumor necrosis fac-

tor alpha (TNF-a) (Micheau and Tschopp, 2003; Rothe et al.,

1995). Following TNF receptor I engagement by TNF-a, multiple

signaling proteins are recruited to the receptor, including

cIAP1/2. The E3 ligase activity of cIAP1/2 is thereby stimulated,

leading to K63-linked polyubiquitination of cIAP1/2 themselves

and the adapter RIP1. K63-linked polyubiquitin chains are

recognized by the ubiquitin-binding domains of various

signaling mediators, including the TAB1/2-TAK1 complex and

LUBAC (Bertrand et al., 2008; Haas et al., 2009; Varfolomeev

et al., 2008).

A second function of cIAP1/2 is to restrain the alternative NF-

kB pathway, which was uncovered during the genetic analysis of

multiple myeloma (Annunziata et al., 2007; Keats et al., 2007).

Subsequent mechanistic investigations revealed that a protein

complex consisting of cIAP1/2, TRAF2, and TRAF3 functions in

the cytosol to degrade the kinase NIK, an activator of the alterna-

tive NF-kB pathway (Vallabhapurapu et al., 2008; Zarnegar et al.,
2008b). In the current model, cIAP1/2 are believed to mediate

K48 polyubiquitination and degradation of NIK, since deletion

of cIAP1/2 results in NIK accumulation. Ligand engagement by

certain TNF family receptors recruits cIAP1/2-TRAF2-TRAF3

complex to the receptor, causing cIAP1/2 to instead target

TRAF2 and TRAF3 for destruction, thereby stabilizing NIK and

activating NF-kB. Deletion of both cIAP1 and cIAP2 in mouse

B cells results in expansion of the peripheral B cell pool, appar-

ently due to constitutive activation of the alternative NF-kB

pathway (Gardam et al., 2011). Deletion and/or mutation of

TRAF3 occurs in �15% of ABC DLBCL tumors and contributes

to alternative NF-kB activation in these cases (Zhang et al.,

2015).

A role for cIAP1/2 in B cells participating in adaptive immune

responses was revealed by mice lacking expression of cIAP1

and cIAP2 in B cells, which were significantly impaired in their

ability to generate a germinal center immune response to a

T cell-dependent antigen (Gardam et al., 2011). While this

phenotype was ascribed to a defect in CD40 signaling in

B cells, the possibility that BCR signaling might be impaired

was not tested. Following BCR and T cell receptor (TCR) cross-

linking, BCL10 acquires K63-linked polyubiquitin (Satpathy

et al., 2015; Wu and Ashwell, 2008), but the responsible K63

ubiquitin ligase has not been reported. In addition, BCL10 is

modified with linear polyubiquitin following BCR engagement

(Satpathy et al., 2015), which is presumed to be a consequence

of LUBAC association with the CBM complex (Yang et al.,

2014). Ubiquitination of BCL10 is necessary to efficiently recruit

IKK to the CBM complex and activate NF-kB following TCR

engagement (Wu and Ashwell, 2008), but the role of BCL10

ubiquitination in BCR-dependent NF-kB activation has not

been investigated.

Pharmaceutical efforts to inhibit IAP proteins were inspired

by structural and functional analysis of second mitochondria-

derived activator of caspases (SMAC), a small protein that is

released from mitochondria during apoptosis and inhibits IAP

proteins by binding to their BIR domains (Fulda and Vucic,

2012). Small molecules that function like SMAC (SMAC mi-

metics) have a range of specificities for IAP family members,

with some tailored to block XIAP engagement of caspases

while others have more specificity for cIAP1/2. Monomeric

cIAP1/2 exist in an autoinhibited state in which the RING

domain interacts with the BIR3 domain. Certain SMAC mi-

metics bind to the BIR3 domain, thereby releasing the RING

domain to dimerize and become an active E3 ligase, ultimately

leading to intense K48-linked autoubiquitination and destruc-

tion of the protein (Dueber et al., 2011). One such SMAC

mimetic under clinical investigation is birinapant (TL32711), a

dimeric molecule with two cIAP1/2 binding moieties that pro-

motes cIAP1/2 degradation and inhibits NF-kB activation by

TNF-a in various tumor cell models, thereby promoting tumor

cell death (Allensworth et al., 2013; Benetatos et al., 2014; Con-

don et al., 2014; Krepler et al., 2013).

The role of K63-linked polyubiquitination in pro-survival

oncogenic signaling in ABC DLBCL has not been explored in

detail. We hypothesized that K63-linked ubiquitination by

cIAP1/2 had an important role in ABC DLBCL biology and

that cIAP1/2 antagonists may be effective therapeutic agents

in this disease.
Cancer Cell 29, 494–507, April 11, 2016 495



Figure 1. Copy Number Gains of BIRC2/3 Loci in ABC DLBCL Biopsy Specimens

(A) Frequency of BIRC2/BIRC3 copy number changes in ABC and GCB DLBCL cases by aCGH.

(B) Correlation between BIRC2 (left) or BIRC3 (right) mRNA levels with gene copy number in DLBCL.

(C) BIRC3 mRNA levels in 74 ABC DLBCL biopsy specimens.

(D) Chromosomal regions containing BIRC2 and BIRC3 with focal copy number gain in ABC DLBCL samples.

See also Figure S1 and Table S1.
RESULTS

Frequent Copy Number Gains of theBIRC2/BIRC3 Locus
in ABC DLBCL
The genes encoding cIAP1 and cIAP2, BIRC2 and BIRC3,

respectively, are situated next to each other on human chro-

mosome 11. In an array-based comparative genomic hybridiza-

tion (aCGH) dataset from DLBCL tumors (Scholtysik et al.,

2015), gain/amplification of the genomic region encompassing

BIRC2 and BIRC3 was significantly more common in ABC

DLBCL (8 of 49; 16.33%) than in GCB DLBCL (3 of 79, 3.8%)

(Figure 1A). By contrast, both ABC and GCB DLBCL tumors

had comparably low frequencies of copy number loss of the

BIRC2/BIRC3 locus (4.1% versus 6.3%, p = 0.7071). BIRC2

and BIRC3 expression levels correlated with DLBCL copy num-

ber (Figure 1B). In an independent set of ABC DLBCL (Lenz

et al., 2008b), those with BIRC2/BIRC3 copy number gains

had high relative BIRC3 mRNA levels by gene expression

profiling (Figure 1C) and real-time PCR (Figure S1). A majority

(8 of 11) of ABC DLBCL cases with BIRC2/BIRC3 copy number

gains had either an MYD88 or CD79B mutation, while none had

mutations affecting CARD11 or A20, which regulate down-

stream BCR and MYD88 signaling (Table S1). While most of

the BIRC2/BIRC3 locus copy number gains encompassed
496 Cancer Cell 29, 494–507, April 11, 2016
many megabases, aCGH revealed that some were more focal

(Figure 1D). One ABC DLBCL cell line, YM, has a copy number

gain involving BIRC2 and BIRC3 and only three other genes,

which is notable since YM cells depend on cIAP1 and cIAP2

for survival (see below). These genetic findings prompted us

to explore the role of cIAP1/2 in ABC DLBCL biology.

cIAP1/2 Contribute to Classical NF-kB Activity in ABC
DLBCL
To examine the oncogenic role of cIAP1/2 in ABC DLBCL, we

used SMAC mimetics to reduce their expression ABC DLBCL

lines. All three SMAC mimetics tested, AT-146, birinapant, and

SM-164, reduced the protein levels of cIAP1 and cIAP2 in each

ABC DLBCL line (Figure S2A). To gain insight into which biolog-

ical processes were regulated by cIAP1/2 in ABC DLBCL, we

compared the gene expression changes caused by birinapant

with a database of gene expression signatures that reflect regu-

latory processes in normal and malignant blood cells (Shaffer

et al., 2006). The genes downregulated by birinapant overlapped

significantly with signatures reflecting NF-kB signaling in ABC

DLBCL (Table S2 and Figure 2A). NF-kB signaling genes were

downregulated in three BCR-dependent ABC DLBCL lines

(OCI-Ly10, TMD8, and HBL1), but not in the BCR-independent

ABC DLBCL line OCI-Ly3. Expression of NF-kB signature genes



Figure 2. cIAP1/2 Contribute to the Classic NF-kB Activation Pathway in ABC DLBCL

(A) mRNA levels of NF-kB signature genes (Shaffer et al., 2006) in the indicated ABC DLBCL lines treated with birinapant (2.5 mM) relative to DMSO-treated cells.

(B) Immunoblot analysis of the indicated proteins in whole-cell lysates of ABC DLBCL lines treated with birinapant (2.5 mM) for the indicated times.

(C) Relative activity of an NF-kB-dependent luciferase reporter in ABC DLBCL lines after treatment with the indicated birinapant concentrations for 24 hr.

(D) Relative activity of an NF-kB-dependent luciferase reporter in the HBL1 line upon treatment of indicated drugs for 24 hr.

(E) ELISAmeasurement of relative NF-kBp65DNA-binding activity in nuclear extracts fromABCDLBCL lines treatedwith the indicated birinapant concentrations

for 24 hr.

(F) Cell lysates from HBL1 cells transduced with lentiviruses expressing the indicated sgRNAs, puromycin selected (5 days), and further cultured (11 days) were

immunoblotted for the indicated proteins.

(G) The fraction of viable shRNA-expressing cells relative to the total live-cell fraction at the indicated times following induction of the indicated shRNAs,

normalized to day-0 values.

All error bars denote SEM of triplicates. p Values (Student’s t test) compare treatment groups with the DMSO control. *p < 0.05; **p < 0.01. See also Figure S2 and

Table S2.
decreased maximally after 6 hr of birinapant treatment but then

rebounded at 24 hr, which may be partially explained by a

modest rise in cIAP2 protein levels at 24 hr (Figure 2B). However,

this rebound in NF-kB target gene expression may also be ex-

plained by effects of cIAP1/2 depletion on the alternative NF-

kB pathway (see below).

In three BCR-dependent ABC DLBCL lines, but not in the

BCR-independent OCI-Ly3 line, birinapant inhibited NF-kB ac-
tivity in a dose-dependent manner (Figures 2C and S2B). Three

structurally distinct SMACmimetics inhibited the NF-kB reporter

and were as effective as MLN120B, a selective IKKb inhibitor

(Lam et al., 2005) (Figure 2D). Treatment of three BCR-depen-

dent ABC DLBCL lines with birinapant decreased the nuclear

abundance of NF-kB dimers containing the p65 subunit, indi-

cating that cIAP1/2 contribute to classical NF-kB activity in these

cells (Figure 2E).
Cancer Cell 29, 494–507, April 11, 2016 497



Figure 3. cIAP1/2 Participate in Chronic Active BCR Signaling in ABC DLBCL

(A) Immunoprecipitates (IPs) from ABC DLBCL lines using the indicated antibodies were immunoblotted for the indicated proteins.

(B) Relative luciferase activity of an IkBa-luciferase fusion protein in TMD8 cells treatedwith birinapant (5 mM) for 6 hr and thenwith an anti-IgM antibody (10 mg/ml)

for the indicated times. Reporter activity was normalized to values from DMSO-treated samples at time 0. Error bars denote SEM of triplicates. p Values

(Student’s t test) compare treatment groups with the DMSO control. **p < 0.01.

(C) SDS lysates of the indicated lines were subjected to biotin-labeled K63-specific TUBE binding and streptavidin purification. TUBE-purified proteins or total

lysates were analyzed by immunoblotting.

(D) ABCDLBCL lineswere induced to express a CD79A or control (Ctrl.) shRNA. SDS lysatesweremixedwith biotin-labeled, K63-specific, or K48-specific TUBEs

followed by streptavidin purification. TUBE-purified proteins or total lysates were analyzed by immunoblotting.

(E) SDS (1%) lysates prepared from DLBCL lines treated with the indicated SMAC mimetics (5 mM) for 24 hr, diluted, and subjected to anti-BCL10 immuno-

precipitation. IPs or total lysates were analyzed by immunoblotting.

See also Figure S3.
We next used the CRISPR gene-targeting system (Cong et al.,

2013; Mali et al., 2013) to probe the function of cIAP1 and cIAP2

genetically. Small guide RNAs (sgRNAs) targeting the cIAP1 and

cIAP2 coding regions were coexpressed in HBL1 ABC DLBCL

cells with the endonuclease Cas9, as described by Wang et al.

(2014). cIAP1 and cIAP2 sgRNAs effectively reduced or elimi-

nated expression of their targets after 16 days, while a control

sgRNA had no effect (Figure 2F). Inactivation of cIAP1 or cIAP2

decreased phosphorylation of IKKb and stabilized the IKK sub-

strate IkBa, indicating lower activity of the classical NF-kB

pathway (Figure 2F). Similarly, knockdown of cIAP1 or cIAP2 us-

ing small hairpin RNAs (shRNAs) was toxic for BCR-dependent

ABC DLBCL lines but not for the BCR-independent OCI-Ly3

line (Figures 2G and S2C). Depletion of both ubiquitin ligases

was more toxic than depletion of either alone, indicating that

they function in a partially redundant fashion. The gene signa-

tures that were downregulated upon knockdown of cIAP1 and
498 Cancer Cell 29, 494–507, April 11, 2016
cIAP2 overlapped with those altered by birinapant, many of

which reflect NF-kB signaling (Table S2, Figure S2D). Together,

these genetic data indicate that cIAP1/2 participate in NF-kB

activation in ABC DLBCL.

cIAP1/2 Contribute to Chronic Active BCR Signaling in
ABC DLBCL
We next investigated the role of cIAP1/2 in the BCR and

MYD88 pathways, both of which govern NF-kB activity in

ABC DLBCL. cIAP2 co-immunoprecipitated with the MALT1

subunit of the CBM complex in two ABC DLBCL lines, suggest-

ing a role for cIAP2 in BCR signaling (Figure 3A). By contrast,

little if any association between cIAP2 and IRAK1, which medi-

ates MYD88 signaling in these ABC DLBCL lines, was de-

tected. To test whether cIAP1/2 contribute to BCR-dependent

IKK activity, we engineered TMD8 cells to express an IKK re-

porter consisting of the IKK substrate IkBa fused to luciferase



Figure 4. cIAP1/2 Is Required for BCL10 Binding to IKK NEMO in ABC DLBCL

(A) NEMO IPs or total lysates from HBL1 and TMD8 cells treated with birinapant (5 mM) for 24 hr were immunoblotted for the indicated proteins.

(B) Cell lysates of HBL1 cells expressingWT or 2KRmutant BCL10 were subjected to biotin-labeled K63-specific TUBE binding and streptavidin purification, and

analyzed by immunoblotting.

(C) Control or BCL10 shRNAs were inducibly expressed in HBL1 cells that had been transduced with WT or 2KR BCL10, or with a control vector. Lysates were

analyzed by immunoblotting for the indicated proteins. Relative phospho- (p-) IKKb levels were quantified by densitometry (right). Error bars denote SEM.

p Values (Student’s t test) compare the BCL10 WT and 2KR rescue groups.

(D) HBL1 cells transduced with WT or 2KR BCL10, or with a control vector, were induced to express control or BCL10 shRNAs along with GFP. The fraction of

viable, GFP+/shRNA+ cells relative to the live-cell fraction, is plotted at the indicated times following shRNA induction, normalized to day-0 values. Error bars

denote SEM. p Values (Student’s t test) compare the BCL10 WT and 2KR rescue groups at the indicated time points.

(legend continued on next page)

Cancer Cell 29, 494–507, April 11, 2016 499



(Lam et al., 2005). Anti-immunoglobulin M (IgM)-mediated

crosslinking of the BCR on the surface of these cells decreased

IkBa-luciferase levels within 5–10 min, indicating an increase in

IKK activity, but birinapant treatment prevented this IKK activa-

tion (Figure 3B). Thus, cIAP1/2 are integral components of the

CBM complex that are required for optimal BCR-dependent

IKK activation.

Many components of the CBM complex, including TRAF6,

MALT1, and BCL10, have been suggested to undergo K63-spe-

cific ubiquitination in normal T lymphocytes upon TCR stimula-

tion (Oeckinghaus et al., 2007; Sun et al., 2004; Wu and Ashwell,

2008), but the ubiquitination of these proteins has not been care-

fully evaluated in DLBCL lines. To address this issue we used

biotin-labeled, K63-specific tandem ubiquitin-binding entities

(K63-TUBE), which can selectively enrich for polyubiquitinated

proteins that have K63 linkages rather than K48 linkages (Silva

et al., 2015). K63-TUBE-mediated pulldown in ABC DLBCL lines

enriched for ubiquitinated BCL10, which ran as a broad smear in

immunoblots, but this was not observed in GCB DLBCL lines

(Figure 3C). Inhibition of chronic active BCR signaling by knock-

down of the BCR subunit CD79A substantially reduced the

levels of K63-ubiquitinated BCL10 in ABC DLBCL lines (Fig-

ure 3D). Likewise, SMAC mimetic-mediated depletion of cIAP1

or cIAP2 decreased ubiquitinated BCL10 in BCR-dependent

ABCDLBCL lines but not in GCBDLBCL lines (Figure 3E). Deple-

tion of cIAP1/2 had no effect on BCL10 polyubiquitination in OCI-

Ly3 cells,which has an activatingCARD11mutation (Figure S3A),

which fits with previous evidence that activating CARD11 mu-

tants can induce BCL10 ubiquitination (Chan et al., 2013).

Indeed, ectopic expression of a constitutively active CARD11

mutant in ABC DLBCL cells with a wild-type (WT) CARD11 locus

counteracted birinapant toxicity, leading to selective outgrowth

of these transduced cells (Figure S3B).

In contrast to the pronounced K63 ubiquitination of BCL10 in

ABC DLBCL lines, little if any K48 ubiquitination of BCL10 could

be detected using a K48-specific TUBE (Figure 3D), and BCL10

protein stability was unchanged following depletion of cIAP1/2

with birinapant (Figure S3C). Thus, cIAP1/2 act downstream of

BCR signaling to modify BCL10 with K63-linked polyubiquitin

in ABC DLBCL.

cIAP1/2-Dependent BCL10 Ubiquitination Promotes
IKK Recruitment to the CBM Complex
Following TCR signaling, K63 polyubiquitination of BCL10 is

recognized by the UBAN ubiquitin-binding domain of the IKK

NEMO subunit, resulting in the recruitment of IKK to the CBM

complex (Wu and Ashwell, 2008). In ABC DLBCL cell lines, ubiq-

uitinated BCL10 constitutively associated with NEMO, which

was abrogated by treatment with SMAC mimetics (Figures 4A
(E) Anti-HA IPs or total lysates of HBL1 cells expressing the indicated HA epitope

indicated proteins.

(F) Control or NEMO shRNAs were inducibly expressed in HBL1 cells that had bee

analyzed by immunoblotting for the indicated proteins. Relative p-IKKb levels were

compare the NEMO WT and L329P rescue groups.

(G) Cells transduced with WT or L329P NEMO, or with a control vector, were induc

GFP+/shRNA+ cells relative to the live-cell fraction is plotted at the indicated times

p Values (Student’s t test) compare the NEMO WT and L329P rescue groups at

*p < 0.05; **p < 0.01. See also Figure S4.
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and S4A). Likewise, the constitutive binding of NEMO to

MALT1, another component in CBM complex, was also inhibited

by birinapant treatment of ABC DLBCL lines (Figure S4B). Thus,

K63 polyubiquitination by cIAP1/2 is essential for IKK recruit-

ment to the CBM complex in ABC DLBCL.

Of the 15 lysine residues in BCL10, K31 and K63 are apparent

attachment sites for K63 polyubiquitin in TCR signaling (Wu and

Ashwell, 2008). To probe the function of BCL10 ubiquitination in

ABC DLBCL cells, we ectopically expressed WT BCL10 or the

BCL10 2KR mutant in which both K31 and K63 were changed

to arginine. BCL10, enriched using the K63-specific TUBE from

cells transduced with WT BCL10, ran as a polyubiquitinated pro-

tein smear, which was significantly reduced in cells expressing

BCL10 2KR (Figure 4B). To assess the contribution of BCL10

ubiquitination to NF-kB activity and viability in ABC DLBCL, we

knocked down endogenous BCL10 using an shRNA targeting

the BCL10 30 UTR and ectopically expressed WT or 2KR

BCL10 coding regions. BCL10 knockdown decreased IKKb

phosphorylation, which was restored by WT but not 2KR

BCL10 (Figure 4C). Similarly, the toxicity of BCL10 knockdown

in ABC DLBCL cells was reversed by ectopic provision of WT

but not 2KR BCL10 (Figure 4D).

To further assess the impact of BCL10 polyubiquitination on

NF-kB activation in ABC DLBCL, we engineered HBL1 cells to

express either WT IKK NEMO or the L329P mutant that abro-

gates ubiquitin binding by the NEMO UBAN domain (Wu et al.,

2006). Polyubiquitinated BCL10 was co-immunoprecipitated

with WT NEMO but not with the L329P mutant (Figure 4E). NF-

kB pathway activity, as judged by IKKb phosphorylation, was

decreased by NEMO knockdown, which could be reversed by

ectopic expression of WT but not L329P NEMO (Figure 4F). Like-

wise, the toxicity of NEMO knockdown for ABC DLBCL lines

was mitigated by re-expression of WT but not L329P NEMO

(Figure 4G). Overall, our data support a model in which

cIAP1/2-dependent polyubiquitination of BCL10 promotes IKK

recruitment to the CBM complex in a fashion that depends on

ubiquitin binding by IKK NEMO.

LUBAC Recruitment to the CBMComplex in ABC DLBCL
Depends on cIAP1/2
In ABC DLBCL lines with chronic active BCR signaling, LUBAC

associates constitutively with the CBM complex, where it rec-

ognizes and linearly ubiquitinates IKK NEMO (Yang et al.,

2014). The LUBAC subunit SHARPIN associated with the

CBM component MALT1 in BCR-dependent ABC DLBCL lines

but not in GCB DLBCL lines, but treatment with SMAC mi-

metics reduced this association (Figures 5A and S5A). The

zinc-finger domain of the LUBAC subunit RNF31 binds pref-

erentially to K63-polyubiquitin chains, which is essential for
-tagged WT or L329P mutant NEMO were analyzed by immunoblotting for the

n transduced with WT or L329P NEMO, or with an empty vector. Lysates were

quantified by densitometry. Error bars denote SEM. p Values (Student’s t test)

ed to express control or NEMO shRNAs along with GFP. The fraction of viable,

following shRNA induction, normalized to day-0 values. Error bars denote SEM.

the indicated time points.



Figure 5. LUBAC Recruitment to the CBM Complex in ABC DLBCL Depends on cIAP1/2

(A) SHARPIN IPs or total lysates of the indicated DLBCL lines treated with birinapant (5 mM) for 24 hr were immunoblotted for the indicated proteins.

(B) Total SDS lysates after biotin-labeled K63-specific TUBE binding and streptavidin purification from the indicated DLBCL lines were analyzed by immuno-

blotting.

(C) SHARPIN IPs of DLBCL lines treated with birinapant (5 mM) for 24 hr or total lysates were immunoblotted for the indicated proteins.

(D) Lysates prepared using 1% SDS from HBL1 cells treated with birinapant (5 mM) or ibrutinib (10 nM) for 24 hr were diluted and then subjected to immuno-

precipitation. IPs or total lysates were immunoblotted for the indicated proteins.

(E) Lysates prepared using 1%SDS from ABCDLBCL cells treated with birinapant (5 mM) for 24 hr were diluted and subjected to immunoprecipitation. IPs or total

lysates were immunoblotted for the indicated proteins.

See also Figure S5.
LUBAC recruitment to receptor complexes (Gerlach et al.,

2011; Haas et al., 2009; Ikeda et al., 2011). The SHARPIN-

MALT1 association was equivalent in cells expressing either

WT or 2KR BCL10, suggesting that BCL10 ubiquitination by

cIAP1/2 is not necessary for LUBAC recruitment (Figure S5B).

We therefore tested whether LUBAC might directly interact

with K63-polyubiquitin chains formed on cIAP1/2 by autoubi-

quitination (Blankenship et al., 2009). Using a K63-specific
TUBE assay, we observed abundant K63 polyubiquitination of

cIAP1 and cIAP2 in ABC but not GCB DLBCL lines (Figure 5B).

By co-immunoprecipitation, SHARPIN associated with ubiquiti-

nated cIAP1 and cIAP2 in two ABC DLBCL lines but not in a

GCB DLBCL line, and this association was prevented by

SMAC mimetics (Figures 5C and S5C), suggesting that autou-

biquitination of cIAP1/2 could be responsible for LUBAC

recruitment to the CBM complex.
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Given the role of cIAP1/2 in recruiting LUBAC to theCBMcom-

plex, we assessed the influence of birinapant on linear ubiquiti-

nation of NEMO (Figure 5D). Birinapant partially inhibited linear

ubiquitination of NEMO in HBL1 cells, as did treatment with the

BTK inhibitor ibrutinib, which inhibits CBM activity. The residual

NEMO ubiquitination may bemediated byMYD88, since LUBAC

also associates with the mutant MYD88 signaling complex in

ABC DLBCL cells (Yang et al., 2014). A recent study revealed

that BCL10 is modified by linear polyubiquitin in a mouse B cell

line following BCR crosslinking (Satpathy et al., 2015). BCL10

was also linearly ubiquitinated in ABC DLBCL lines, and SMAC

mimetics decreased this modification, in keeping with their

ability to block LUBAC recruitment (Figures 5E and S5D).

Linear ubiquitin chains could either attach to BCL10 directly or

contribute to branched polyubiquitin chains that are built upon

K63-linked chains attached to BCL10, as described during inter-

leukin-1 signaling (Emmerich et al., 2013). In summary, cIAP1/2-

mediated polyubiquitination is required for the recruitment of

LUBAC to the CBM complex and the linear ubiquitination of

NEMO and BCL10.

Role of cIAP1/2 in Alternative NF-kB Pathway Activation
in ABC DLBCL
In normal B cells, cIAP1/2 promote the K48 polyubiquitination

and destruction of NIK, a kinase that activates the alternative

NF-kB pathway (Vallabhapurapu et al., 2008; Zarnegar et al.,

2008a). Consequently, loss of cIAP1/2 leads to NIK stabilization,

IKKa activation, proteolytic processing of NFKB2 from its p100

isoform to its p52 isoform, and nuclear accumulation of the alter-

native NF-kB heterodimer p52/RelB. In untreated ABC DLBCL

lines we observed little NIK protein expression, but 6-hr treat-

ment with birinapant caused NIK to accumulate and induced

the processing of NFKB2 p100 into p52 (Figure 6A). Treatment

of HBL1 cells for 1 day with birinapant decreased nuclear NF-

kB binding activity involving the p65 and p50 subunits, consis-

tent with the role of cIAP1/2 in promoting IKKb activation of the

classical NF-kB pathway (Figure 6B). In contrast, birinapant

treatment increased NF-kB motif binding by p52 and RelB,

consistent with NIK stabilization and activation of the alternative

NF-kB pathway (Figure 6B). Treatment with an NIK inhibitor

decreased p52 and RelB DNA binding (Figure 6B), suggesting

that HBL1 cells have a basal degree of alternative NF-kB activa-

tion, a view supported by their low NIK protein levels and basal

processing of NFKB2 into the p52 isoform (Figure 6A). Knock-

down of NIK, IKKa, or RELB as well as treatment with a NIK in-

hibitor decreased the NF-kB pathway activity in HBL1 cells (Fig-

ures 6C and 6D). Addition of birinapant further decreased NF-kB

activity, consistent with combined inhibition of the classical and

alternative NF-kB pathways (Figures 6C and 6D). Accordingly,

birinapant had more toxicity for HBL1 cells when the alternative

NF-kB pathway was simultaneously inhibited by NIK, IKKa, or

RELB shRNAs, or by the NIK inhibitor (Figures 6E and 6F).

While treatment with birinapant for 1 day stabilized NIK in two

ABC DLBCL lines, NIK levels dropped unexpectedly over the

next 2 weeks of treatment, despite addition of fresh birinapant

every 3 days (Figure 6G). Interestingly, TRAF3 levels increased

during prolonged birinapant treatment, which could contribute

to the fall of NIK levels over time (see Discussion) and are consis-

tent with reports of cIAP1/2-mediated K48 polyubiquitination
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and degradation of TRAF3 (Figure 6G) (Vallabhapurapu et al.,

2008; Zarnegar et al., 2008b). Thus, at early time points the

decrease in classical NF-kB activity caused by birinapant is

counterbalanced by an increase in alternative NF-kB activity,

but at later time points birinapant primarily decreases classical

NF-kB activity.

Birinapant Is Selectively Toxic for BCR-Dependent ABC
DLBCL Models
To investigate the therapeutic potential of SMAC mimetics in

DLBCL, we determined the viability of ABC and GCB DLBCL

lines after treatment with birinapant for 5 days (Figures 7A and

S6A). In all six ABC DLBCL lines with chronic active BCR

signaling, birinapant was toxic in a dose-dependent manner.

By contrast, birinapant had little if any toxicity for two BCR-inde-

pendent ABCDLBCL lines or for sevenGCBDLBCL lines. Birina-

pant treatment induced apoptotic cell death in BCR-dependent

ABC DLBCL lines, as measured by cleavage of both PARP and

caspase 3 (Figure 7B). Two other SMAC mimetics, AT-406 and

SM-164, exhibited similar efficacy and specificity in killing

BCR-dependent ABC DLBCL lines (Figures S6B and S6C).

We next investigated whether birinapant would combine

favorably with other drugs that inhibit oncogenic survival mech-

anisms in ABCDLBCL. The anti-apoptotic protein BCL2 is highly

expressed in ABC DLBCL, and BCL2 inhibition by BH3mimetics

is toxic to ABC DLBCL lines (Mathews Griner et al., 2014). Since

birinapant as a single agent induced apoptotic cell death in ABC

DLBCL cells (Figure 7B), we combined it with the BH3 mimetic

ABT-199 and observed synergistic effects on the viability of

three BCR-dependent ABC DLBCL lines (Figure 7C). Since the

viability data in these plots were normalized to remove the effect

of birinapant as a single agent, the left shift of the toxicity curves

indicates more than additive (i.e. synergistic) toxicity of the drug

combination, a view further confirmed by a formal mathematical

algorithm (Greco et al., 1990) (Figure S6D). By contrast, birina-

pant did not synergize with the BTK inhibitor ibrutinib, which is

understandable since these two drugs target closely related no-

des within the BCR pathway (Figure S6E).

Finally, we evaluated the ability of birinapant to retard the

growth of ABC DLBCL xenografts. We established ABC DLBCL

xenograft mouse models using the HBL1 and DLBCL2 cell lines.

In both models, oral treatment with birinapant significantly

slowed tumor growth (Figures 7D and S7A) and reduced cIAP1

and cIAP2 protein levels (Figures 7E and S7B). NIK protein levels

in HBL1 xenografts after 1 or 2 weeks of treatment were substan-

tially lower than in HBL1 cells treated in vitro with birinapant for

1 day (Figure 7E), in keeping with the drop in NIK protein levels

observed after prolonged in vitro treatment with birinapant (Fig-

ure 6G). Accordingly, IkBa accumulation and IKKb phosphoryla-

tion reduction were observed in the HBL1 xenografts at the treat-

ment endpoint (Figures 7E and S7C), indicating NF-kB pathway

inhibition. At the doses used, birinapant was well tolerated by

mice, with no change in body weight or hematologic parameters

(Figures S7D–S7F).

DISCUSSION

We describe a role for the E3 ubiquitin ligases cIAP1 and

cIAP2 in the oncogenic BCR signaling that characterizes



Figure 6. Negative Regulation of Alternative NF-kB Activity by cIAP1/2 in ABC DLBCL

(A) Lysates of ABC DLBCL lines treated with birinapant (5 mM) for 6 hr analyzed by immunoblotting for the indicated proteins.

(B) NF-kBDNA-binding activity utilizing the indicated NF-kB subunits determined in nuclear extracts of HBL1 cells treated with birinapant (5 mM) or a NIK inhibitor

(1 mM) for 24 hr, relative to DMSO-treated cells.

(C) Relative activity of an NF-kB-dependent luciferase reporter in HBL1 cells expressing the indicated shRNAs for 2 days followed by birinapant treatment for

24 hr.

(D) Relative activity of an NF-kB-dependent luciferase reporter in HBL1 cells following treatment (24 hr) with the indicated concentrations of birinapant ± an NIK

inhibitor.

(E) Relative numbers of viable HBL1 cells that were induced to express the indicated shRNAs for 2 days followed by treatment with the indicated birinapant

concentrations for 4 days.

(F) Relative viability of HBL1 cells following treatment (4 days) with the indicated concentrations of birinapant ± an NIK inhibitor.

(G) Lysates of HBL1 or TMD8 cells treated with birinapant (2.5 mM) for the indicated times analyzed by immunoblotting for the indicated proteins.

Error bars denote SEM of triplicates. p Values (Student’s t test) compare treatment groups with the DMSO control in (B); the control and experimental shRNA

groups at the same birinapant concentrations in (C) and (E); and the DMSO and NIK inhibitor groups at the same birinapant concentrations in (D) and (F). ns, no

statistical difference; *p < 0.05; **p < 0.01.
ABC DLBCL, and provide a strategy to exploit this knowledge

therapeutically using SMAC mimetics. Based on our functional

and biochemical analysis of cIAP1/2 action in ABC DLBCL, we

propose a working model for CBM-dependent NF-kB activa-

tion involving these ubiquitin ligases (Figure 8). cIAP1/2 reside

in the CBM complex in ABC DLBCL and are heavily modified

by K63-polyubiquitin chains, presumably due to autoubiquiti-

nation. cIAP1/2 recruit the LUBAC ubiquitin ligase to the

CBM complex, presumably because K63-polyubiquitin chains

are recognized by the NZF1 ubiquitin-binding domain of the

LUBAC RNF31 subunit (Fujita et al., 2014; Gerlach et al.,

2011; Ikeda et al., 2011). Separately, cIAP1/2 are necessary

for IKK recruitment to the CBM complex in a fashion that de-
pends on BCL10 ubiquitination. BCL10 is modified by both

K63-polyubiquitin and linear polyubiquitination in ABC DLBCL,

and both modifications depend on cIAP1/2. The recruitment of

IKK NEMO depends on its UBAN ubiquitin-binding domain,

which binds both K63 and linear polyubiquitin chains with

different relative affinities (Kensche et al., 2012; Ngadjeua

et al., 2013). Conceivably, the initial recruitment of IKK to the

CBM complex may depend on its interaction with K63-ubiqui-

tinated BCL10, while IKK retention in the CBM complex may

be fostered by linear ubiquitination of BCL10 subsequent to

LUBAC recruitment to the CBM complex. As a consequence

of these several biochemical activities, cIAP1/2 contribute

significantly to BCR-dependent activation of NF-kB in ABC
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Figure 7. Selective Toxicity of Birinapant for

BCR-Dependent ABC DLBCL Lines

(A) Viability of the indicated DLBCL lines treated

with birinapant at the indicated concentrations for

5 days, normalized to DMSO-treated cells.

(B) Relative apoptotic cells in DLBCL lines treated

with birinapant (2 days) at the indicated concen-

trations, normalized to DMSO-treated cells.

(C) Viability of ABC DLBCL lines after treatment

(4 days) with the indicated concentrations of bir-

inapant, ABT-199, or both. Data are normalized to

DMSO-treated cells and then to cells treated with

birinapant alone.

(D) NOD/SCID mice bearing HBL1 (left) and

DLBCL2 (right) xenografts were treated with bir-

inapant or vehicle. Tumor growth was measured

as a function of tumor volume. Error bars denote

SEM of n = 3 (HBL1) or n = 5 (DLBCL2).

(E) HBL1 cells were established and treated as in

(D). Cell lysates from malignant cells purified from

tumors were immunoblotted for the indicated

protein. Relative IkBa levels were quantified by

densitometry (right).

Error bars denote SEM of triplicates. P values

(Student’s t test) compare the vehicle and bir-

inapant groups in (A), (B), and (E), or the ABT-199-

only group with the birinapant plus ABT-199 group

at the highest ABT-199 concentration (C). *p <

0.05; **p < 0.01. See also Figures S6 and S7.
DLBCL, accounting for the selective toxicity of SMAC mimetics

in BCR-dependent ABC DLBCL lines.

Copy number analysis of DLBCL tumors revealed gain or

amplification of the BIRC2/BIRC3 locus in �16% of ABC but

not GCB DLBCL tumors, providing genetic evidence to support

an essential role for cIAP1/2 in chronic active BCR signaling in

ABC DLBCL. Interestingly, inactivating mutations in BIRC3 are

recurrent in chronic lymphocytic leukemia (CLL; �9% of cases),

mantle cell lymphoma (MCL; �6%–10% of cases), and splenic

marginal zone lymphoma (�5% of cases), and lead to the alter-
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native NF-kB activation (Bea et al., 2013;

Puente et al., 2015; Rahal et al., 2014;

Rossi et al., 2012). Inactivating mutations

of BIRC3 have not been reported in

genomic analyses of DLBCL (Lohr et al.,

2012; Morin et al., 2011; Pasqualucci

et al., 2011; Zhang et al., 2013), which is

consistent with our evidence that cIAP2

is required for BCR-dependent NF-kB

activation in ABC DLBCL. In CLL and

MCL cases with BIRC3 mutations the

BIRC2 locus is invariably unmutated,

raising the possibility that cIAP1 could

maintain BCR signaling in these cases.

During prolonged birinapant treatment

over several days, NIK levels dropped

and alternative NF-kB activity waned,

suggesting that a negative feedback

loop was triggered. During this extended

time course TRAF3 protein levels rose, in

keeping with previous studies showing
that cIAP1/2 mediate the degradation of TRAF3 (Vallabhapurapu

et al., 2008; Zarnegar et al., 2008b). The rise in TRAF3 could

conceivably be responsible for the fall in NIK levels, since birina-

pant-treated cells have residual cIAP1/2 that could work with

TRAF3 and TRAF2 to degrade NIK.

Previous studies of SMAC mimetics in cancer have empha-

sized their ability to sensitize cancer cells to pro-apoptotic stimuli

and to switch the response of cancer cells to TNF-a from survival

to death (Fulda and Vucic, 2012). By contrast, SMAC mimetics

target chronic active BCR signaling in ABCDLBCL by eliminating



Figure 8. Model of cIAP1/2 Action in the CBM Complex

The cartoon depicts a working model of how cIAP1/2 K63 ubiquitination

controls the recruitment of LUBAC and IKK to the CBM complex, thereby

activating IKK activation and increasing NF-kB levels in ABC DLBCL.
cIAP1/2, which we have shown are intrinsic components of the

CBM complex that are necessary for BCR-dependent NF-kB

activation. From this perspective, SMAC mimetics could be

more effective against ABC DLBCL than against solid tumors

because they directly target an essential oncogenic pathway in

ABC DLBCL. Based on our mechanistic and functional studies,

clinical evaluation of SMAC mimetics in DLBCL should proceed

selectively in the ABC DLBCL subtype, both as a single agent

and in combinationwith other drugs that inhibit pro-survival path-

ways in ABC DLBCL, such as the BCL2 inhibitor ABT-199.

EXPERIMENTAL PROCEDURES

See Supplemental Experimental Procedures for full details.

Patient Samples

All samples were studied according to a protocol approved by the National

Cancer Institute Institutional Review Board.

BIRC2 and BIRC3 Copy Number Analysis

Affymetrix 250k-Sty SNP array data were downloaded from the GEO data-

base (http://www.ncbi.nlm.nih.gov/geo/) using accession number GEO:

GSE57612. Gains and losses were determined by the GLAD method, imple-

mented in R. Affymetrix SNP 6.0 data were analyzed using the Aroma algo-

rithm, and segments assigned to copy categories as described by Lenz et al.

(2008b). Differences in BIRC2/BIRC3 copy number prevalence between ABC

and GCB DLBCL was tested using Fisher’s exact test.
Cell Culture

Cell lines for inducible shRNA-mediated knockdown were modified to express

an ecotropic retroviral receptor and a fusion protein of the Tet repressor and

the blasticidin resistance gene, as described previously (Ngo et al., 2006).

For CRISPR-Cas9 knockdown, cells were transduced with lentiviruses ex-

pressing Cas9 and an sgRNA (lentiCRISPR), as described by Shalem et al.

(2014).

Tumor Model and Therapy Study

Animal experiments were approved by the National Cancer Institute Animal

Care and Use Committee (NCI ACUC) and were performed in accordance

with NCI ACUC guidelines. Human ABC DLBCL xenograft models were estab-

lished by subcutaneous injection of lymphoma cell lines into NOD/SCID (non-

obese diabetic/severe combined immunodeficient) mice. For biochemical

analysis, xenografts were harvested 24 hr after final dosing with birinapant

or vehicle, and lymphoma cells were purified from mouse cells using the

MACS Mouse Cell Depletion Kit (Miltenyi Biotec).

ACCESSION NUMBERS

Genomic data has been submitted to theGEOdatabase (http://www.ncbi.nlm.

nih.gov/geo/) with the accession numbers GEO: GSE73281 and GSE73639.
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Figure S1, related to Figure 1: Confirmation of BIRC3 copy number gains by real-time PCR in 
ABC DLBCL tumors. 
Genomic DNA of 10 ABC DLBCL cases and 6 normal controls were isolated, purified and the relative 
abundance of BIRC3 copy number were determined by real-time PCR, normalized to a stable control 
region (CHMP4A), and then normalized to the average copy numbers of 6 normal samples. Error bars 
denote SEM of triplicates.



Table S1, related to Figure 1: Co-occurrence of BIRC2/BIRC3 copy number  
gain/amplification with other genetic lesions in ABC DLBCL cases.  
 
 

 

Sample Name 
BIRC2/3 
copy # 
status 

CARD11 
mutational 

status 

CD79A 
mutational 

status 

CD79B 
mutational 

status 

MYD88 
mutational 

status 

A20 
mutational 

status 
ABC DLBCL 

case #1 Gain/Amp WT WT WT WT WT 

ABC DLBCL 
case #2 Gain/Amp WT WT WT L265P WT 

ABC DLBCL 
case #3 Gain/Amp WT WT WT WT WT 

ABC DLBCL 
case #4 Gain/Amp WT WT Y196C WT WT 

ABC DLBCL 
case #5 Gain/Amp WT WT WT WT WT 

ABC DLBCL 
case #6 Gain/Amp WT WT Y196H WT WT 

ABC DLBCL 
case #7 Gain/Amp WT Deletion 

aa191-226 WT L265P WT 

ABC DLBCL 
case #8 Gain/Amp WT WT WT V217F WT 

ABC DLBCL 
case #9 Gain/Amp WT WT E197G WT WT 

ABC DLBCL 
case #10 Gain/Amp WT WT WT L265P WT 

ABC DLBCL 
case #11 Gain/Amp WT WT WT W218R/I220

T WT 
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Figure S2, related to Figure 2: cIAP1/2 contribute to the classic NF-κB activation pathway in ABC DLBCL. 
(A) HBL1 ABC DLBCL cells were treated with 3 SMAC mimetics (5 μM) for indicated time. Total cell lysates 
were analyzed by immunoblotting for the indicated proteins. (B) Relative activity of an NF-κB-dependent luciferase 
reporter in four ABC DLBCL lines (BCR-dependent or BCR-independent) after treatment with the indicated 
concentrations of 3 SMAC mimetics or the IKKβ inhibitor MLN120B for 24 hours. Error bars denote SEM of 
triplicates. p values (Student’s t test) compare treatment groups with the DMSO control; * p < 0.05; ** p < 0.01.  
(C) Whole cell lysates from HBL1 ABC DLBCL cells expressing the indicated shRNAs were analyzed by 
immunoblotting for the indicated proteins. (D) Changes in NF-κB signature genes expression in ABC DLBCL 
cell lines over a time course of cIAP1/2 shRNA induction.  Shown are genes that reflect NF-κB activity in ABC 
DLBCL. Relative mRNA levels are depicted according to the color scale shown.  



Table S2, related to Figure 2, is provided as separate Excel files. 
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Figure S3, related to Figure 3: cIAP1/2 expression is required for BCL10 K63-specific ubiquitination in 
CARD11 WT but not in CARD11 mutated ABC DLBCL cells. 
(A) SDS (1%) lysates prepared from OCI-Ly3 cells treated with indicated SMAC mimetics (5 μM) for 24 hours 
were diluted and subjected to anti-BCL10 immunoprecipitation. Immunoprecipitates or total cell lysates were 
analyzed by immunoblotting for the indicated proteins.  (B) Viability of ABC DLBCL lines expressing control, 
CARD11 WT, or CARD11 G166S mutant were treated with DMSO, SM-164 (5 μM), Birinapant (5 μM) or 
At-406 (5 μM) and analyzed by FACS for viable GFP  /CARD11-expressing cells over a time course, normalized 
to the day 0 values.  (C) HBL1 ABC DLBCL cells were pre-treated with DMSO or birinapant for 2 hours, 
followed by treatment with Cycloheximide (10 μg/ml) for the indicated times. Total cell lysates were prepared 
and analyzed by immunoblotting for the indicated proteins. The relative BCL10 protein signal intensity was 
determined by densitometric analysis (right).
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Figure S4, related to Figure 4: The binding of NEMO to CBM complex in ABC DLBCL cells depends 
on cIAP1/2. 
(A) ABC DLBCL line HBL1 was treated with indicated SMAC mimetics (5 μM) for 24 hours and 
immunoprecipitated with anti-NEMO antibody.  Immunopreciptates or total cell lysates were immunoblotted
for the indicated proteins.   (B) DLBCL lines were treated with birinapant (5 μM) for 24 hours. Lysates were 
prepared and subjected to anti-NEMO immunoprecipitation, followed by immunoblotting for indicated proteins.   
Lysates were additionally analyzed by immunoblotting for the indicated proteins.
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Figure S5, related to Figure 5: LUBAC recruitment to the CBM complex in ABC DLBCL depends on cIAP1/2. 
(A) HBL1 ABC DLBCL cells were treated with indicated SMAC mimetics (5 μM) for 24 hours and subjected to 
anti-SHARPIN immunoprecipitation.  Immunoprecipitates or total cell lysates were immunoblotted for the indicated 
proteins.  (B) Control or BCL10 shRNAs were inducibly expressed using retroviral vectors in HBL1 cells that had 
been transduced with retroviral vectors expressing Flag epitope-tagged WT or 2KR BCL10, or with a control 
vector. shRNA induced cells were prepared and subjected to anti-SHARPIN immunoprecipitation, followed by 
immunoblotting for indicated proteins.   Lysates were additionally analyzed by immunoblotting for the indicated 
proteins.  (C) Lysates prepared from HBL1 cells treated with indicated SMAC mimetics (5 μM) for 24 hours were 
subjected to anti-SHARPIN immunoprecipitation.  Immunoprecipitates or total cell lysates were immunoblotted for 
the indicated proteins.  (D) Lysates prepared using 1% SDS from HBL1 ABC DLBCL cells treated with indicated 
SMAC mimetics (5 μM) for 24 hours were diluted and then subjected to immunoprecipitation with anti-BCL10 
antibody or with control IgG.  Immunoprecipitates or total cell lysates were immunoblotted for the indicated proteins.
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Figure S6, related to Figure 6: SMAC mimetic drugs are selectively toxic for BCR-dependent 
ABC DLBCL lines.  
(A) Viability of the indicated DLBCL lines treated with birinapant at the indicated concentrations 
for 5 days, normalized to DMSO-treated cells.  (B) Relative apoptotic cells, measured by cleavage 
of PARP and Caspase 3, in DLBCL lines treated with AT-406 or SM-164 at the indicated 
concentrations for 2 days, normalized to DMSO-treated cells.  (C) Viability of the indicated 
DLBCL lines treated with AT-406 or SM-164 at the indicated concentrations for 5 days, 
normalized to DMSO-treated cells.  Dependence of each line on BCR signaling is indicated.  (D) 
Formal calculation of synergism between ABT-199 and birinapant. The raw cell viability data from 
Figure 7C was entered into an S-plus program developed based on the method in (Greco et al., 
1990). The resulting contour plots; the synergism-antagonism factor, and the convergence tolerance 
are shown.  High positive synergism-antagonism factor values indicate strong synergy. (E) 
Viability of ABC DLBCL lines after treatment for 4 days with the indicated concentrations of 
birinapant, the BTK inhibitor ibrutinib, or birinapant + ibrutinib.  Data are normalized to DMSO-
treated cells, and then to cells treated with birinapant alone. Error bars denote SEM of triplicates. p 
value was calculated using Student’s t test comparing treatment groups with DMSO control; * 
indicates p < 0.05; ** indicates p < 0.01. 
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Figure S7, related to Figure 7: Birinapant inhibits mice xenograft models of ABC DLBCL in 
vivo.  
(A) Tumor weight of DLBCL2 xenografts from NOD/SCID mice after 15-day treatment with either 
birinapant (30 mg/kg; three times per week) or vehicle. Horizontal bars indicate the mean (n=5 
mice). p values (Student’s t test) compare the vehicle and birinapant groups; ** p < 0.01.  (B) 
Human tumor cells were purified from DLBCL2 xenografts (see Experimental Procedures) at the 
endpoint of birinapant treatment (30 mg/kg; three times per week), and total cell lysates were 
analyzed by immunoblotting for the indicated proteins.  (C) Human tumor cells were purified from 
HBL1 xenografts (see Experimental Procedures) at the endpoint of treatment in Figure 7D, and 
total cell lysates were analyzed by immunoblotting for the indicated proteins. The tumor from 
birinapant-treated mouse #2 was very small and yielded insufficient protein for analysis.  (D) Body 
weight change in NOD/SCID mice carrying HBL1 tumors, following 24 day treatment with 
birinapant (30 mg/kg; TIW) or vehicle. Body weight was measured at day 0 and day 24, and the 
change in weight is shown.  (E) Blood cell parameters from NOD/SCID mice carrying HBL1 
tumors following treatment with either birinapant (30 mg/kg; three times per week) or vehicle for 
24 days. Blood was obtained via cardiac puncture from mice 24 hours post-final birinapant or 
vehicle treatment. The indicated blood cell parameters were determined using the MASCOT 
Hematology Profile on an automated Hemavet 950 FS analyzer (Drew Scientific Group). Untreated 
NOD/SCID mice served as a control for baseline blood cell parameters. Data indicate the mean ± 
SEM (n=3 mice). No statistically significant differences were determined.  (F) Body weight of 
individual NOD/SCID mice carrying DLBCL2 xenografts, following treatment with either 
birinapant (30 mg/kg; TIW) or vehicle. Body weight was measured at the indicated time points of 
treatment. No statistically significant differences were found between birinapant and vehicle 
treatment groups. Horizontal bars indicate the mean (n=5 mice). 



 
Supplemental Experimental Procedures 

 

Patient samples. Tumor biopsy specimens prior to treatment were obtained from 

patients with de novo DLBCL, which were previously classified by gene expression 

profiling. The normal genomic samples were from peripheral blood mononuclear cells of 

health donors. DNA from patient samples was extracted with the DNeasy Tissue kit 

(Qiagen) according to the manufacturer’s instructions. 

 

BIRC2 and BIRC3 copy number and gene expression analysis. The R package 

aroma.affymetrix (Bengtsson et al., 2008) was used to pre-process the Affymetrix 250k-

Sty SNP array data (.CEL files).  The subtype classification (ABC and GCB) of 128 

DLBCL cases was extracted from the GEO meta data. The GLAD method (Gain and 

Loss Analysis of DNA. R package version 2.30.0.) was used for calling segment copy 

numbers. Genome positions of BIRC2 and BIRC3 were used to extract sample copy 

numbers for these two genes. The R Bioconductor (Gentleman et al., 2004) and affy 

package (Gautier et al., 2004) was used to process the raw Affymetrix GeneChip Human 

Genome U133A microarray data. Normalization was done using the RMA method 

(Bolstad et al., 2003). The annotation based on the R hgu133a.db package was used to 

extract expression values of the BIRC2 and BIRC3 genes. The R language was used to 

calculate and plot correlation of gene expression levels with copy number for BIRC2 and 

BIRC3. The correlation of the gene expression of BIRC2 and BIRC3 in U133A 

microarray with the relative copy number was plotted.  Copy number 0 means no copy 

number changes (N=2).  

Samples for Affymetrix SNP6.0 array analysis were processed with the standard 

Affymetrix protocol for the Genome-Wide Human SNP Nsp/Sty 6.0 array (Affymetrix 

Genome-Wide Human SNP Nsp/Sty 6.0 User Guide, rev 8), using the isopropanol 

precipitation PCR purification option.  Signal copy values for individual probes were 

generated using Aroma Affymetrix algorithm (Bengtsson et al., 2008), as implemented in 

the CRAN library (https://cran.r-project.org/web/packages/aroma.affymetrix/). Based on 

these signal values, the chromosomes of a given sample were divided into segments of 



similar signal value, each of which was assigned to one of 5 categories (homozygous 

deletion, heterozygous deletion, wild- type, single copy gain, amplification) according to 

previously described methods (Lenz et al., 2008b).  The genomic coordinates on 

chromosome 11 in Figure 1D are based on human genome build 37 (hg19). 

 

Cell Culture. The DLBCL cell lines BJAB, SUDHL4, HBL1, DLBCL2, TMD8, U2932, 

SUDHL2, and YM were grown in RPMI-1640 medium (Invitrogen) +10%FBS 

(Hyclone, Defined) +pen/strep (Invitrogen); the cell lines OCI-Ly3, OCI-Ly10, OCI-

Ly7, OCI-Ly8, OCI-Ly1 and OCI-Ly19 cell lines were grown in IMDM medium 

(Invitrogen) +20% human serum +pen/strep (Invitrogen). All cell lines were grown to 

log phase at 37oC, 5% CO2 when experiments started. 

 

Real-Time Quantitative PCR.  Real-time quantitative PCR was used to evaluate copy 

number alterations detected by array CGH as described previously (Bea et al., 2005) 

(Rosenwald et al., 2003) (Ngo et al., 2011). The genomic copy number of BIRC3 was 

determined relative to the control genes CHMP4A, which is not subject to copy number 

alterations in ABC DLBCL. To determine the cut-off values for a genomic 

gain/amplification, 6 DNA samples from peripheral blood of healthy individuals were 

studied. The following quantitative PCR primers were used: CHMP4A-F, 5′- 

GGCATTGTTGCGTGATTTCTTAGC-3′ (qPCR control gene); CHMP4A-R, 5′- 

AGAAATGGCATCTGAGATCTGCTG-3′ (qPCR control gene); BIRC3-F, 5′- 

GTTCTCTGACCCAACCCAGA-3′ (qPCR BIRC3); BIRC3-R, 5′- 

GAGCAATTGTTGGCTGATGA-3′ (qPCR BIRC3); 

 

Gene expression profiling: Gene expression profiling was performed using two-color 

human Agilent 4x44K gene expression arrays, exactly as described by the manufacturer, 

comparing signal from control cells (Cy3) and experimentally manipulated cells (Cy5). 

Array elements were filtered for those meeting confidence thresholds for spot size, 

architecture, and level above local background. These criteria are a feature of the Agilent 

gene expression software package for Agilent 4x44k arrays.  

 



Antibodies and reagents. The antibodies used in this study were purchased as follows: 

anti-IKKβ, anti-phospho-IKKβ, anti-IκBα, anti-phospho-IκBα, anti-cIAP1, anti-NIK 

from Cell Signaling Technologies; anti-cIAP2 from BD Pharmingen; anti-ubiquitin (VU-

1), anti-linear ubiquitin (LUB9) from Life Sensors; polyclonal anti-

NEMO/IKKγ (FL−419),  anti-β-actin, anti-IRAK1, anti-MALT1, anti-BCL10 from Santa 

Cruz Biotechnology; monoclonal anti-NEMO/IKKγ,   anti-MALT1, anti-BCL10 and 

anti-CD79A from Santa Cruz Biotechnology; anti-SHARPIN from BETHYL; anti-

FLAG-tag from Sigma; anti-human IgM from Jackson ImmunoResearch Lab. Isotype 

control antibodies were obtained from the same company as each experimental antibody. 

Secondary HRP-conjugated antibodies were obtained from GE Healthcare. 

           The SMAC mimetics compounds AT-406, birinapant, SM-164 and NIK inhibitor 

were from the National Center for Advancing Translational Sciences (NCATS).  The 

BCL2 inhibitor ABT-199 was obtained from selleckchem.  The IKKβ inhibitor 

MLN120B was obtained from Millennium Pharmaceuticals. The BTK inhibitor 

(ibrutinib) was obtained from Pharmacyclics, Inc. Tissue culture grade DMSO vehicle 

control was obtained from Sigma-Aldrich. 

 

Immunoblotting.  Cell pellets were lysed in the modified RIPA buffer (50mM Tris-HCl 

pH 7.5, 150mM NaCl, 1% NP40, 0.25% deoxycholic acid, 1mM EDTA) supplemented 

with protease inhibitor tablet and phosphatase inhibitor tablet (Roche), 1mM DTT, 1mM 

Na3VaO4, 1mM PMSF. Protein concentration was measured by BCA Protein Assay Kit 

(Thermo Scientific). Total proteins were separated on 4% to 12% SDS-polyacrylamide 

gels and transferred to nitrocellulose membranes. 

 

BCL10/NEMO immunoprecipitation and ubiquitination analysis. For BCL10 

ubiquitination, cells were boiled 15 minutes in 1% SDS before immunoprecipitation. 

Boiled lysates were diluted to 0.1% SDS with a modified RIPA buffer (50mM Tris-HCl 

pH 7.5, 150mM NaCl, 1% NP40, 0.25% deoxycholic acid, 1mM EDTA, supplemented 

with protease inhibitors and 5mM N-ethylmaleimide (Sigma)). Cleared lysates were 

incubated overnight with polyclonal anti-BCL10 antibody (Santa Cruz H-197).  

Immunoprecipitates were washed 5 times with lysis buffer, separated by SDS-PAGE, 



transferred to nitrocellulose and analyzed by immunoblotting with an anti-ubquitin 

antibody (VU-1). 

The method for the detection of BCL10/NEMO linear polyubiquitination was 

described (Tokunaga et al., 2011). In brief, cells were boiled 15 mins in 1% SDS then 

diluted to 0.1% SDS with a modified RIPA buffer. Cleared lysates were subjected to 

immunoprecipitation with polyclonal anti-NEMO/IKKγ antibody (Santa Cruz 

FL−419) or anti-BCL10 antibody (Santa Cruz H-197).  Immunoprecipitates were 

separated on 4% to 12% SDS-polyacrylamide gels and transferred to nitrocellulose 

membranes, autoclaved with distilled water at 121 degree for 30 min, and then 

autoclaved again for 15 min without water. Membranes were analyzed by 

immunoblotting with an anti–linear ubiquitin antibody (LUB9).  

 

Co-immunoprecipitation. Cells were lysed in an endogenous lysis buffer (20mM Tris-

HCl pH 7.6, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 30mM NaF, and 2mM 

sodium pyrophosphate) supplemented with complete protease inhibitor cocktail (Roche), 

phosphatase inhibitor tablet (Roche), 1mM DTT, 1mM Na3VaO4, 1mM PMSF. Cleared 

lysates were incubated overnight with polyclonal anti-MALT, anti-IRAK1, ant- 

SHARPIN and control antibodies. Immunoprecipitates were washed 5 times with 0.5M 

NaCl lysis buffer, separated by SDS-PAGE, transferred to nitrocellulose and analyzed by 

immunoblotting. 

 

Tandem Ubiquitin Binding Entities (TUBEs) assay.  Biotin labeled K63 and K48 

specific Tandem Ubiquitin Binding Entities (TUBEs) were obtained from LifeSensors.  

To measure K63 or K48 specific protein ubiquitination in DLBCL cells, cells were 

boiled 30 mins in 1% SDS then diluted to 0.1% SDS with a modified RIPA buffer. 

Cleared lysates were subjected to incubation with K63 or K48 specific Tandem Ubiquitin 

Binding Entities (TUBEs) overnight, and then purified with streptavidin beads. 

Immunoprecipitates were separated by SDS-PAGE, transferred to nitrocellulose and 

analyzed by immunoblotting with anti-BCL10, anti-cIAP1 or anti-cIAP2 antibodies.  

 

NF-κB family subunits DNA-binding ELISA. NF-κB family subunits DNA-binding 



activity was measured using TransAM NF-κB Transcription Factor ELISA Kits obtained 

from Active Motif, following manufacturer’s instructions. In brief, an oligonucleotide 

containing the NF-κB consensus site (5 ́-GGGACTTTCC-3 ́) has been immobilized in a 

96-well plate. The activity of NF-κB subunits contained in nuclear extract was measured 

by the binding ability to this oligonucleotide. The p65, p50, p52, c-Rel or RelB 

antibodies are accessible only when the corresponding NF-κB subunits is activated and 

bound to its target DNA. 

 

IκB kinase activity reporter assay. The assay for IκB kinase activity using the IκBα-

photinus luciferase reporter has been described (Lenz et al., 2008a). In brief, stable 

clones of TMD8 were constructed with vectors to express a fusion protein between IκBα 

and Photinus luciferase (from pGL3; Promega) as the reporter, and Renilla luciferase 

(from phRL-TK; Promega) for normalization. The ratio of IκBα –Photinus to Renilla 

luminescence was measured by Dual- Glo luciferase assay system (Promega), and was 

normalized to that in untreated controls. 
 

NF-κB reporter assays.  NF-κB transcriptional reporter ABC DLBCL lines were 

generated by transduction with lentiviral particles containing an inducible NF-κB 

responsive luciferase reporter construct (SA Biosciences) and selected with puromycin. 

Luciferase activity was measured using the Dual-Luciferase Reporter Assay System 

(Promega).  

 

Cell viability (MTS) assay.  Cells were plated in triplicate at a density of 10,000 cells 

per well in 96-well plates. Cell viability after indicated treatments was assayed by adding 

MTS reagents (Promega), incubated for 1h and measured by the amount of 490nm 

absorbance using a 96-well plate reader. The background was subtracted using a media 

only control.  

 

Apoptosis measurement.  The activation of programmed cell death was measured by 

intracellular flow cytometry methods (Sciammas et al., 2006) using antibodies against 



cleaved (activated) caspase-3 (PE, Becton-Dickenson) and cleaved PARP (APC, Becton-

Dickenson), according to the manufacturer’s instructions. 

 

Retroviral vectors and transduction for expression in lymphoma cells.  The retroviral 

vectors for shRNA expression were described before (Ngo et al., 2011).  Sequences for 

control and target specific shRNAs are as following: Control shRNA 

(CTCTCAACCCTTTAAATCTGA); cIAP1 shRNA (TAGTCTGCTTTGGTACTAATA); cIAP2 

shRNA (GCCCTCTAGTGTTCTAGTTAA); NIK shRNA (GGTGTGAAAGTCCAAATACAG); 

IKKα shRNA (GGTGGAAAGATAATACATAAA); RELB shRNA 

(GCCATTGCCTTTCACGTACCT); NEMO shRNA (GGCCACTGCCTGCCGAGGACG); BCL10 

shRNA  (CTGACATTGTCTCCTATATAT). Human BCL10 and NEMO constructs were 

provided by Dr. Jonathan D. Ashwell, (National Cancer Institute, National Institutes of 

Health, Bethesda, MD) and were described (Wu and Ashwell, 2008). CARD11 wild type 

and G166S constructs were described in (Lenz et al., 2008a).  

 

Purification of cIAP1 and cIAP2 double knockdown cells.  Retroviral constructs for 

shRNA expression are described (Lenz et al., 2008c; Shaffer et al., 2008).  For cIAP2 

shRNA, the puromycin selectable marker is replaced by a puro-GFP fusion gene for 

tracking by flow cytometry.  For cIAP1 shRNA, the puromycin selectable marker is 

replaced by a Lyt2/CD8a gene for tracking by flow cytometry and purification.  For 

double knockdown purification, double infected cells were first selected with puromycin, 

recovered, and then secondary purified with the mouse CD8 (Lyt2) Dynabeads 

(Invitrogen, Catalog # 11447D).  

 

LentiCRISPR and transduction for expression in lymphoma cells.  Lentiviral 

expression vector for Cas9 and sgRNA (lentiCRISPR) was descripted (Shalem et al., 

2014). For lymphoma transduction, sgRNA constructs were mixed with the packaging 

and envelope plasmid psPAX2 and pMD2.G and were transfected into 293T cells using 

the Lipofectamine 2000 reagent (Invitrogen). The produced lentiviral was concentrated 

using Lenti-X™ Concentrator (Clontech), and was used to infect lymphoma cells in the 

presence of 8mg/ml polybrene in a single spin infection.  Puromycin was used to select 



for stable integrants over 12 days.  Sequences for control and target specific sgRNAs are 

as following: AAVS1/Control sgRNA (GGGGCCACTAGGGACAGGAT); cIAP1 #1 sgRNA 

(CATGGGTAGAACATGCCAAG); cIAP1 #2 sgRNA (GAGTTCTTGATACGAATGAA); cIAP2 

#1 sgRNA (CCTACCTGTTCAAGTAGATG); cIAP2 #2 sgRNA 

(GACTCTGCATTTTCATCTCC); cIAP2 #3 sgRNA  (CTATCCACATCAGACAGCCC). 

 

Tumor model and therapy study: To establish tumor xenografts, 2x106 HBL1 cells, 

and 5x106  DLBCL2 cells were inoculated into the right flank of female NOD/SCID mice  

(NCI-Frederick, Frederick, MD). Cells were administered in a 1:1 solution of PBS and 

Matrigel. Tumor growth was monitored by measuring tumor size in two orthogonal 

dimensions, using digital calipers. Tumor volume was calculated using the formula (long 

dimension/2) x (short dimension)2. For the birinapant treatment schedule, mice were 

administered 30 mg/kg/day birinapant (in 200 µL volume) by intraperitoneal injection 

three times per week (i.e. on Monday, Wednesday and Friday). Birinapant was 

formulated in 12.5% Captisol® (Cydex Pharmaceuticals, Kansas) vehicle solution. 

Vehicle was formulated by slowly adding Captisol® to sterile water, and stirring rapidly 

until dissolved (25 g/200 mL). The pH was adjusted to 4.0 whilst mixing on low speed. 
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