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SUMMARY

Knowledge of oncogenic mutations can inspire therapeutic strategies that are synthetically lethal, affecting
cancer cells while sparing normal cells. Lenalidomide is an active agent in the activated B cell-like (ABC)
subtype of diffuse large B cell ymphoma (DLBCL), but its mechanism of action is unknown. Lenalidomide
kills ABC DLBCL cells by augmenting interferon g (IFNB) production, owing to the oncogenic MYD88 muta-
tions in these lymphomas. In a cereblon-dependent fashion, lenalidomide downregulates IRF4 and SPIB,
transcription factors that together prevent IFN production by repressing /IRF7 and amplify prosurvival
NF-kB signaling by transactivating CARD11. Blockade of B cell receptor signaling using the BTK inhibitor
ibrutinib also downregulates IRF4 and consequently synergizes with lenalidomide in kiling ABC DLBCLs,
suggesting attractive therapeutic strategies.

INTRODUCTION 2009). IRF4 binds to a 10-base-pair motif, termed the ETS/IRF

composite element (EICE) (Kanno et al., 2005; Marecki and

The activated B cell-like (ABC) subtype of diffuse large B cell
lymphoma (DLBCL) is much less curable than the other common
DLBCL subtypes—germinal center B cell-like (GCB DLBCL) and
primary mediastinal B cell lymphoma (PMBL)—necessitating
new therapeutic strategies (Alizadeh et al., 2000; Lenz et al.,
2008b; Rosenwald et al., 2002, 2003). ABC DLBCL tumors
have constitutive NF-kB activity, which maintains their viability
(Davis et al., 2001). Additionally, NF-kB induces expression of
IRF4 (Davis et al., 2001; Saito et al., 2007), a key transcription
factor in B cell differentiation and activation (Shaffer et al.,

Fenton, 2000), in conjunction with one of two highly homologous
ETS-family transcription factors, PU.1 and SPIB (Brass et al.,
1996; Eisenbeis et al., 1995; Shaffer et al., 1997). SPIB is required
for the survival of ABC DLBCL lines and is recurrently amplified
and occasionally translocated in ABC DLBCL, suggesting an
oncogenic function (Lenz et al., 2007, 2008c). IRF4 is required
for the survival of multiple myeloma cells, but its role in ABC
DLBCL has not been addressed (Shaffer et al., 2008).

The molecular basis for constitutive NF-«xB activation in ABC
DLBCL was elucidated using functional and structural genomics.

Significance

New therapies are needed for the activated B cell-like (ABC) subtype of diffuse large B cell ymphoma (DLBCL), the most
refractory subtype of this lymphoma. Oncogenic mutations activate the BCR and MYD88 pathways in ABC DLBCL,
engaging NF-kB and IFNB signaling. Lenalidomide, a drug showing clinical activity against DLBCL, kills ABC DLBCLs by
inducing IFNB and blocking NF-kB. Lenalidomide antagonizes a central regulatory hub in ABC DLBCL governed by
transcription factors IRF4 and SPIB, which together suppress IFNf while augmenting NF-kB. Oncogenic BCR signaling
to NF-kB induces IRF4 expression in ABC DLBCL. Inhibition of BCR signaling with the drug ibrutinib synergizes with
lenalidomide to block IRF4 and kill ABC DLBCL cells, supporting clinical trials of this synthetically lethal drug combination.
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Figure 1. Lenalidomide Induces a Toxic Type I Interferon Response in ABC DLBCL

(A) Viability (MTS assay) of ABC and GCB DLBCL cell lines treated with lenalidomide for 4 days. Error bars show the SEM of triplicates.

(B) Relative expression of interferon signature genes over a time course of lenalidomide (10 uM) treatment. Gene-expression changes induced by lenalidomide
are depicted according to the color scale shown. Average relative expression of interferon signature genes is at the bottom. Yellow bars, genes with overlapping
IRF4/SPIB ChIP-seq peaks.

724 Cancer Cell 21, 723-737, June 12, 2012 ©2012 Elsevier Inc.



Cancer Cell
Synthetic Lethal Therapy of ABC DLBCL

Following BCR engagement, the signaling adaptor CARD11
coordinates the activation of IkB kinase (IKK), a key regulator
of NF-kB signaling (Thome et al., 2010). CARD11 is required
for NF-«xB activity and viability of ABC DLBCL lines (Ngo et al.,
2006), and in ~10% of ABC DLBCLs, CARD11 acquires onco-
genic mutations leading to spontaneous IKK and NF-«kB activity
(Lenz et al., 2008a). In other DLBCLs, BCR signaling engages
wild-type CARD11 to activate NF-kB, a phenomenon termed
chronic active BCR signaling (Davis et al., 2010). More than
20% of ABC DLBCL tumors have mutant forms of the CD79B
and CD79A subunits of the BCR that augment receptor
signaling, establishing the pathogenetic importance of the BCR
pathway in ABC DLBCL (Davis et al., 2010).

The survival of ABC DLBCL lines also depends upon MYD88,
a key adaptor in Toll-like receptor signaling (Ngo et al., 2011).
Oncogenic gain-of-function mutations in MYD88 are among
the most recurrent genetic aberrations in ABC DLBCL (Ngo
etal., 2011). MYD88 promotes NF-kB and JAK/STAT3 signaling,
thereby sustaining ABC DLBCL viability. Additionally, MYD88
mutants induce interferon B (IFNB) production and autocrine
type | interferon signaling, which paradoxically promotes cell-
cycle arrest and apoptosis (Stark et al., 1998).

New therapeutic strategies are being devised to exploit the
separate oncogenic mechanisms in the DLBCL subtypes. A
recent phase 2 clinical trial revealed that lenalidomide is an
active agent in relapsed/refractory DLBCL (Hernandez-llizaliturri
et al., 2011). Retrospective analysis showed a 55% response
rate in non-GCB DLBCL (including ABC DLBCL cases) com-
pared with a 9% response rate in GCB DLBCL. More than half
of the responses in non-GCB DLBCL were complete, extending
the progression-free survival of this cohort, although overall
survival remained unchanged. In the present study, we investi-
gated the molecular mechanisms underlying the toxicity of
lenalidomide for ABC DLBCL cells in order to design rational
strategies to optimize its therapeutic effect.

RESULTS

Lenalidomide Induces a Lethal Type | Interferon
Response in ABC DLBCL

To understand the molecular basis for the efficacy and speci-
ficity of lenalidomide in treating lymphoma, we assessed its
effect on the viability of cell line models of DLBCL. Lenalidomide
treatment was toxic to most ABC DLBCL cell lines, whereas
most GCB DLBCL lines were unaffected (Figure 1A). To in-
vestigate the mechanisms of this toxicity, we profiled gene-
expression changes in ABC DLBCL lines upon exposure to
lenalidomide (Figure 1B). Lenalidomide increased the expression

of 476 genes and reduced the expression of 272 genes (Tables
S1F and S1G, available online). To gain biological insight into
these lenalidomide-responsive genes, we used a database of
gene-expression signatures that reflect signaling and regulatory
processes in normal and malignant cells (Shaffer et al., 2006).
The most consistent signatures upregulated by lenalidomide
were those associated with the type | interferon response
(Table S1A; Figure 1B). Conversely, signatures of NF-kB, JAK,
and MYD88 signaling were downregulated by lenalidomide
(Table S1B), suggesting that blockade of these prosurvival path-
ways contributes to lenalidomide toxicity (see below).

Lenalidomide increased interferon B (IFNB) mRNA expression
and protein secretion in the majority of ABC DLBCL lines, but not
in most other DLBCL lines (Figures 1B-1D). In ABC DLBCL lines,
lenalidomide activated a reporter gene driven by an interferon-
stimulated response element (ISRE), which did not occur in
GCB DLBCL lines, even though they respond to exogenously
added interferon (Figures 1E and S1B). Moreover, the drug
induced phosphorylation of TYK2, a JAK-family kinase associ-
ated with the type | interferon receptor, and STAT1, a transcrip-
tion factor that is phosphorylated by TYK2 (Figure 1F).

Addition of IFN to cultures of ABC DLBCL lines induced cell
death, with a potency that paralleled the effect of lenalidomide,
suggesting that IFNB might contribute to lenalidomide toxicity
(Figures 1G and S1A). Indeed, antibodies against the interferon
a/B receptor chain 2 (anti-IFNAR2) or IFNB inhibited lenalido-
mide-induced death (Figure 1H). Likewise, silencing of the
interferon o/ receptor chain 1 (IFNAR1) or TYK2 by RNA interfer-
ence reduced lenalidomide toxicity (Figures 11, S1C, and S1l).
Moreover, lenalidomide-induced STAT1 phosphorylation was
blunted by anti-IFNAR2 antibodies or by IFNAR1 knockdown
(Figure S1D).

Apoptosis induced by interferon is associated with induction of
TRAIL (Oshima et al., 2001; Ucur et al., 2003). TRAIL (TNFSF10)
mRNA and protein levels were increased by lenalidomide in ABC
DLBCL cells and anti-IFNAR2 antibodies blocked this induction
(Figures 1B and S1E-S1G). Anti-TRAIL antibodies partially
rescued ABC DLBCL cells from lenalidomide-induced death
(Figure S1H), suggesting that TRAIL induction contributes to
lenalidomide toxicity but is not the only cell-death mechanism
involved (see below).

The IRF4 and SPIB Regulatory Network in ABC DLBCL

In a separate initiative, we defined the gene network controlled
by the transcription factor IRF4, allowing us to appreciate
an unexpected regulatory connection between IRF4 and lenali-
domide. IRF4 expression is a hallmark of ABC DLBCL, sec-
ondary to the constitutive NF-kB activation and plasmacytic

(C and D) IFNB mRNA expression and secretion in lenalidomide-treated (10 uM) cells. Error bars show the SEM of triplicates.
(E) Activity of an ISRE-driven luciferase reporter in cells treated with lenalidomide (10 uM) or vehicle control (DMSO) at the indicated times. Error bars show the

SEM of triplicates.

(F) Western blot analysis of the indicated proteins in lenalidomide-treated (10 uM) ABC DLBCL cells.

(G) Viability (MTS assay) of DLBCL cells treated with the indicated amount of human recombinant IFN for 4 days. Error bars show the SEM of triplicates.

(H) Measurement of viability (MTS assay; right) and apoptosis (PARP cleavage and caspase-3 activation by FACS; left) in ABC DLBCL cells treated with control
compounds (DMSO or isotype-matched antibody), lenalidomide (1 1M), or lenalidomide plus the indicated blocking antibodies (2.5 ug/ml) for 4 days. Error bars

show the SEM of triplicates.

(1) Viability (MTS assay) of OCI-Ly10 ABC DLBCL cells in which the indicated shRNAs were induced for 2 days before treatment with DMSO or lenalidomide, as

indicated, for 4 days. Error bars show the SEM of triplicates.
See also Figure S1 and Table S1.
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Figure 2. IRF4 and SPIB Are Required for ABC DLBCL Viability

(A) Toxicity of an IRF4 shRNA in a loss-of-function RNA interference screen of the indicated cell lines. Shown are the log2 ratios of shRNA abundance before
induction (uninduced d0) versus abundance after 21 days in culture (induced d21). shRPS13 targets ribosomal protein S13, an essential gene in all cell types. Error
bars show the SEM for quadriplicates.

(B) Viability of shIRF4+ (GFP+) cells over time after induction as a percentage of live shiIRF4+ cells following shIRF4 induction relative to day 0. The number of
replicate infections is shown in parentheses. Error bars represent the SEM of replicates.

(C) Overlap of IRF4 ChIP-Seq peaks in ABC DLBCL and multiple myeloma, based on all peaks (left), genes with an IRF4 peak within +2 kb of the TSS (middle), and
genes with an IRF4 peak in a region encompassing the gene body and 10 kb upstream of the TSS (right).

(D) Motif discovery using the Weeder and MEME algorithms based on the top 1,000 ABC DLBCL IRF4 ChIP-Seq peaks by sequence tag abundance. The highest
scoring motif is shown with core recognition motifs indicated.
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differentiation that characterizes this subtype (Alizadeh et al.,
2000; Lam et al., 2005; Saito et al., 2007; Wright et al., 2003).
Previously, we demonstrated that all multiple myeloma cell lines
depend on IRF4 for survival (Shaffer et al., 2008). In a focused
RNA interference screen, we observed that IRF4 knockdown
was toxic to both ABC DLBCL and multiple myeloma lines, but
not to a variety of other lymphoma and leukemia lines (Figure 2A;
Table S2A). However, all cell lines were killed comparably when
ribosomal or proteasomal proteins were knocked down. In
confirmatory experiments, induction of an IRF4 shRNA killed
ABC DLBCL and multiple myeloma cells in a time-dependent
fashion, but GCB DLBCL lines were not affected (Figure 2B; Fig-
ure S2H). The toxicity of the IRF4 shRNA was reversed by
ectopic expression of an IRF4 cDNA, confirming its specificity
(Figure S2A). IRF4 mRNA and protein levels were reduced by
~40%-60% by this shRNA, indicating that the ABC DLBCL lines
are sensitive to partial IRF4 knockdown (Figure S2B). The cell
cycle was not affected by IRF4 knockdown, but an increase in
cells with sub-G1 DNA content was evident, indicating cell death
(Figure S2C). IRF4 knockdown activated caspase-3, suggesting
that apoptosis was initiated (Figures S2D and S2E), but a
caspase inhibitor did not alter the kinetics of ABC DLBCL cell
death (Figures S2F and S2G), suggesting that nonapoptotic
cell-death mechanisms are also invoked (Shaffer et al., 2008).

To identify genes directly regulated by IRF4, we per-
formed chromatin immunoprecipitation (ChIP) followed by high
throughput DNA sequencing (ChlP-seq) in cell line models of
ABC DLBCL (HBL1) and multiple myeloma (KMS12), as well as
in a GCB DLBCL line that does not express IRF4 (OCI-Ly19).
We identified significant binding events (“peaks”; see Supple-
mental Experimental Procedures) in HBL1 and KMS12 that
were not present in OCI-Ly19 (Figure 2C), and observed that
IRF4 peaks were enriched near transcription start sites (TSSs)
of protein-coding genes (Figure S2I). We confirmed the presence
of 10 IRF4 binding sites in ABC DLBCL by conventional ChIP
(Figure S2J).

Among IRF4 peaks in the ABC DLBCL line, 3,673 (11%) coin-
cided with IRF4 peaks in the multiple myeloma line (Figure 2C).
We defined a “whole gene” window from —10kb relative to the
TSS and extending through the body of the gene, and observed
that 2,112 genes had IRF4 peaks within this window in both ABC
DLBCL and multiple myeloma (Figure 2C; Tables S2B and S2C).
However, a substantial fraction (>60%) of the IRF4 target genes
in these ABC DLBCL and multiple myeloma cell lines were
unique to each tumor. For example, we previously identified
a positive feedback loop between IRF4 and MYC in multiple
myeloma cells whereby each factor binds the other’s promoter
and drives expression (Shaffer et al., 2008). The IRF4 ChIP-Seq

data confirmed IRF4 binding to the MYC locus in multiple
myeloma but not ABC DLBCL (Figure S2K), despite high MYC
expression in ABC DLBCL (Shaffer et al., 2006). IRF4 was itself
an IRF4 target gene in multiple myeloma, suggesting positive
autoregulation, but not in ABC DLBCL (Figure S2K). Conversely,
many genes, such as CD44 and CD40, were bound by IRF4 in
ABC DLBCL but not in multiple myeloma (Figure S2K). These
data suggest distinct IRF4 regulatory networks in these two
malignancies, but analysis of more cell lines will be needed to
fully elucidate these differences.

Using de novo DNA motif discovery algorithms, the most
common sequence in ABC DLBCL IRF4 peaks was an exact
match to the EICE motif (Figure 2D; Table S2D). IRF4 peaks in
multiple myeloma were enriched not for this motif but rather
for a direct repeat of an IRF binding site (GAAT(G/C)GAAT;
Table S2D). Among promoter-proximal peaks, EICE enrichment
steadily increased as a function of IRF4 peak intensity in ABC
DLBCL (p = 1.81E-24) and was located near the point of highest
ChIP-seq intensity within each peak (Figures 2E and S2L). These
data imply that IRF4 binds with an ETS family member to the
EICE motif in ABC DLBCL but relies on other mechanisms to
interact with its target genes in multiple myeloma.

IRF4 binds to the EICE motif with either PU.1 or SPIB, neither
of which is expressed in myeloma cells. SPIB is characteristically
expressed in ABC DLBCL and can be further upregulated by
amplification or translocation of its genomic locus (Lenz et al.,
2007, 2008c). Given that ABC DLBCL lines require SPIB for
survival (Lenz et al., 2008c), we suspected that SPIB was the
relevant IRF4 binding partner in these cells. To perform ChIP-
seq for SPIB, we engineered the HBL1 ABC DLBCL line to
express biotinylated SPIB (SPIB biotag; see Experimental
Procedures). SPIB peaks were found preferentially near TSSs
in ABC DLBCL (Figure S2M), and were enriched for the ETS-
family DNA-binding motif (GGAA; Table S2D). SPIB and IRF4
peaks in ABC DLBCL overlapped 4.3-fold more often than ex-
pected by chance (p < 10E-300) (Figure 2F, Tables S2E and
S2F). EICE motifs within IRF4 and SPIB binding peaks were
enriched near TSSs (p = 1.91E-135) and their frequency
increased as a function of peak intensity (Figures 2E, S2L, and
S2M). Overlapping IRF4-SPIB peaks were present at 3610 genes
in ABC DLBCL, with 33% of those peaks containing at least one
EICE (Table S2F).

The dependence of ABC DLBCLs on IRF4 and SPIB predicted
that disruption of the IRF4-SPIB interaction would be deleterious
to ABC DLBCL viability. A crystal structure of the mouse IRF4
and PU.1 DNA binding domains bound to an EICE motif allowed
us to model the human IRF4-SPIB interaction (Escalante et al.,
2002a, 2002b). IRF4 contacts PU.1 across the DNA minor

(E) Enrichment for the EICE motif in promoter-proximal peaks (+2 kb from the TSS) based on IRF4 and SPIB ChIP-Seq data in ABC DLBCL or multiple myeloma, as

a function of peak percentile, ranked by sequencing tag abundance.
(F) Overlap of IRF4 and SPIB ChIP-seq peaks in ABC DLBCL, as in (C).

(G) Crystal structure of the mouse IRF4 and PU.1 DNA binding domains interacting with an EICE, showing the interacting charged residues conserved in human

IRF4 and SPIB.

(H) Rescue experiment showing the viability of the indicated cell lines bearing empty vector, wild-type IRF4, or mutant IRF4 expression vectors, plotted as the
fraction of shIRF4+ (GFP+) cells at times following shIRF4 induction relative to day 0.

(I) Rescue experiment as in (H) with cells bearing the indicated SPIB expression vectors and an inducible SPIB-3'UTR-targeted shRNA.

(J) Viability (FACS for live cells) of the indicated cell lines expressing an inducible IRF4-SPIB chimeric repressor, plotted as a percentage of live chimeric
repressor+ cells relative to empty vector-bearing control cells, at various times following chimeric repressor induction.

See also Figure S2 and Table S2.
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Figure 3. IRF4 Controls Essential Gene-Expression Programs in ABC DLBCL
(A) IRF4 direct target genes grouped according to gene-expression signatures (Shaffer et al., 2006). Signatures with significant enrichment for IRF4 targets were
grouped by function (Table S3A). Genes that are induced or repressed by IRF4 are indicated in green and red, respectively. Asterisks indicate genes with an

overlapping IRF4-SPIB ChlIP-seq peak.

(B) ISRE-driven luciferase reporter activity in ABC DLBCL lines with control or IRF4 shRNAs after 2 days of induction and subsequent addition of IFNf (1,000 U).

Error bars show the SEM of triplicates.
See also Figure S3 and Table S3.

groove via charged residues that are conserved in human
IRF4 (aspartic acid 117) and human SPIB (arginine 219 and
lysine 220) (Figure 2G). We generated IRF4 and SPIB mutants
to test whether this protein-protein interface is essential for
ABC DLBCL survival. As expected, ectopic expression of the
wild-type IRF4 coding region rescued ABC DLBCL and multiple
myeloma lines from the toxicity of a 3'UTR-directed IRF4
shRNA, whereas an IRF4 DNA-binding mutant was inactive (Fig-
ure 2H). IRF4 interaction mutants with histidine or alanine at
position 117 were expressed as efficiently as wild-type IRF4
and were not toxic (data not shown), but did not sustain ABC
DLBCL viability (Figure 2H). By contrast, these mutants did
rescue multiple myeloma cells from IRF4 shRNA toxicity,
demonstrating that they are functional in this context. Wild-
type SPIB was able to rescue ABC DLBCL cells from SPIB
knockdown, but SPIB interaction mutants with alanine or glycine
substitutions at positions 219 and 220 were ineffective, while
being equivalently expressed and nontoxic (Figure 2I; data not
shown).

This mutational analysis indicated that the IRF4-SPIB interac-
tion is critical for ABC DLBCL viability. To test this further, we
created a fusion protein between the DNA binding domains of
IRF4 and SPIB based on previous work showing that an IRF4-
PU.1 fusion functions as a sequence-specific transcriptional
repressor (Brass et al., 1999). The IRF4-SPIB chimeric protein
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was acutely toxic to ABC DLBCL but not to GCB DLBCL lines
(Figure 2J, and see below). This chimeric repressor was not toxic
to IRF4-dependent multiple myeloma lines, suggesting that it
specifically represses genes that require both IRF4 and SPIB
for expression.

Pathways Regulated by IRF4-SPIB in ABC DLBCL

To determine the nature of the genes and pathways controlled by
IRF4 and SPIB in ABC DLBCL, we profiled gene-expression
changes upon IRF4 knockdown, allowing us to define a set of
genes that were consistently downregulated (n = 435) or upregu-
lated (n = 410) (Tables S3G and S3H; Figure S3A). Many of these
genes were similarly regulated by SPIB and the chimeric IRF4-
SPIB repressor (Tables S3I, S3J, and S3K). For example, among
the downregulated genes, 46% and 42% also decreased in
expression following SPIB knockdown and IRF4-SPIB chimeric
repressor induction, respectively. Among IRF4-regulated genes,
we defined “direct targets” as those that had an IRF4 binding
peak within the whole-gene window specified above (Figure 2C).
Many IRF4 direct targets had overlapping IRF4-SPIB peaks
(Figure 3A).

Gene-expression signatures that were enriched among IRF4
targets were those that distinguish the DLBCL subtypes, charac-
terize hematopoietic differentiation states, or are regulated by
signaling pathways active in ABC DLBCL (Figure 3A; Table S3).
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Figure 4. Lenalidomide Toxicity in ABC DLBCL is Opposed by IRF4 and SPIB
(A and C) Western blot of IRF4, SPIB, and B-actin proteins in ABC DLBCL cell lines treated with lenalidomide (10 uM) over time.

(B and D) IRF4 and SPIB mRNA expression quantified by Q-PCR, normalized to 2-microglobulin (B2M) expression, in the ABC DLBCL line OCI-Ly10 treated with
lenalidomide (10 uM). Error bars show the SEM of triplicates.
(E and F) IFNB mRNA expression and protein secretion in the OCI-Ly10 ABC DLBCL line induced for IRF4 or control shRNA expression for 2 days and treated with
lenalidomide (10 uM). Error bars represent the SEM of triplicates.
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Among IRF4 upregulated genes, a signature of genes more
highly expressed in ABC DLBCL than GCB DLBCL was the
most enriched (ABCDLBCL-4, p = 1.18E-18). Represented are
genes that specify the cell-surface phenotype of ABC DLBCL
(CD44, ENTPD1, IL10RA), as well as genes encoding important
regulatory proteins, notably CARD11 (see below). Conversely,
among IRF4 downregulated genes, a signature of genes more
highly expressed in GCB DLBCL than ABC DLBCL was enriched
(GCBDLBCL-3, p = 3.84E-5). IRF4 upregulated genes also
included genes more highly expressed in plasma cells than in
mature B cells (PC-2, p = 2.33E-08), in keeping with the essential
role of IRF4 in plasmacytic differentiation (Klein et al., 2006;
Sciammas et al., 2006). A signature of plasmacytoid dendritic
cells was also enriched among IRF4 upregulated genes (DC-4,
p = 1.53E-08), consonant with the role of IRF4 in the dif-
ferentiation of this lineage (Lehtonen et al., 2005; Schotte et al.,
2003; Tamura et al., 2005).

Prominent among IRF4 direct targets were genes regulated by
key ABC DLBCL signaling pathways. A signature of NF-«kB acti-
vation was enriched among genes that were upregulated by IRF4
(NFKB-10, p = 1.38E-17; Figure 3A). As discussed above, this
NF-kB signature was downregulated by the treatment of ABC
DLBCLs with lenalidomide (Table S1). Signatures that reflect
autocrine IL-10 and/or IL-6 signaling in ABC DLBCL cells were
enriched among genes that were repressed by IRF4, suggesting
that IRF4 dampens JAK/STAT3 signaling in ABC DLBCL
(IL10Up-1, p = 1.83E-15; IL6Up-4, p = 2.23E-11; Figure 3A;
Table S3) (Lam et al., 2008). Finally, a signature of type | inter-
feron signaling was significantly represented among IRF4-
repressed target genes (IFN-3, p = 5.80E-06; Figure 3A, Table
S3). These interferon signature genes were induced by lenalido-
mide treatment of ABC DLBCL cells, and many of these induced
genes had IRF4-SPIB intersection peaks (Figure 1B). Accord-
ingly, IRF4 knockdown in ABC DLBCL lines increased their
response to exogenous IFNB, as measured by an ISRE reporter
(Figures 3B and S3B).

Cancer Cell
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Lenalidomide Toxicity in ABC DLBCL Is Opposed by IRF4
and SPIB

This signature analysis suggested that IRF4 and SPIB cooperate
to modulate type | interferon and NF-«B signaling in ABC DLBCL
in a manner opposite to their regulation by lenalidomide. We
therefore wondered if lenalidomide might have a direct effect
on IRF4 or SPIB expression in ABC DLBCL. Indeed, IRF4 and
SPIB mRNA and protein levels dropped rapidly upon lenalido-
mide treatment of ABC DLBCL cells (Figures 4A-4D), suggesting
that lenalidomide affects the expression of IRF4 and SPIB target
genes by decreasing the levels of both factors.

Given that lenalidomide only reduced IRF4 expression
partially, we tested whether further silencing of IRF4 by RNA
interference would enhance the interferon response in ABC
DLBCL cells. Induction of IFNB mRNA expression and secretion
by lenalidomide was augmented by IRF4 knockdown (Figures 4E
and 4F). IRF4 knockdown also increased lenalidomide-induced
STAT1 phosphorylation, ISRE promoter activity, and TRAIL
upregulation (Figures 4G-4l). Conversely, ectopic expression
of IRF4 suppressed lenalidomide-induced STAT1 phosphoryla-
tion (Figure 4J).

We next tested whether expression of IRF4 and SPIB in ABC
DLBCL interferes with the toxicity of lenalidomide. We infected
cells with vectors that expressed IRF4 or SPIB shRNAs along
with green fluorescent protein (GFP), allowing us to visualize
the subpopulation of cells that had been transduced with the
shRNA. By comparing the viability of shRNA-transduced
(GFP+) and shRNA-nontransduced (GFP-) cells, which were
equally exposed to lenalidomide, we could discern how IRF4 or
SPIB knockdown influenced lenalidomide toxicity. In the
absence of lenalidomide, knockdown of IRF4 or SPIB alone
was toxic for ABC DLBCLs, as expected (Figure 4K). The
addition of lenalidomide accelerated the loss of cells bearing
IRF4 and SPIB shRNAs relative to those bearing a control
shRNA (Figure 4K). Conversely, ectopic expression of IRF4 coun-
teracted lenalidomide toxicity in ABC DLBCL (Figure 4L). Also,

(G) Western blot of the indicated proteins in OCI-Ly10 following induction of IRF4 or control shRNAs for 2 days and treatment with lenalidomide (10 M) for the
indicated times.

(H) ISRE-driven luciferase reporter activity in OCI-Ly10 with control or IRF4 shRNAs after lenalidomide (10 uM) treatment. Error bars represent the SEM of
triplicates.

() TRAIL mRNA quantified by Q-PCR, normalized to B2M, in OCI-Ly10 cells with shRNA induction for 2 days and lenalidomide (10 uM) treatment for the indicated
times. Error bars show the SEM of triplicates.

(J) Western blot analysis of the indicated proteins in OCI-Ly10 cells transduced with a flag epitope-tagged IRF4 expression vector or an empty vector, induced for
48 hr, then treated with lenalidomide (10 uM) for the indicated times. The lower IRF4 band is endogenous IRF4; the upper band is FLAG-tagged exogenous IRF4.
(K) Viability of ABC DLBCL lines induced to express control, IRF4, or SPIB shRNAs and treated with DMSO or lenalidomide (10 uM) over a time course of
induction. See text for details.

(L) Viability of OCI-Ly10 cells transduced with an IRF4 expression or empty vector, induced for 24 hr, and then treated with DMSO or lenalidomide for 4 days. Error
bars represent the SEM of triplicates.

(M) Viability (MTS assay) of OCI-Ly10 cells induced to express the indicated shRNAs for 2 days and treated with lenalidomide at the indicated concentrations for
4 days. ctrl.,control. Error bars show the SEM of triplicates.

(N) IFNB mRNA expression, measured by Q-PCR, in OCI-Ly10 cells induced to express CRBN shRNAs for 2 days and treated with lenalidomide (10 uM) for the
indicated times. Error bars show the SEM of triplicates.

(O) TMD8 ABC DLBCL cells expressing an IkBa-luciferase fusion protein were induced to express control or CRBN shRNAs for 2 days, then treated with
lenalidomide at the indicated concentrations or DMSO for 2 days. Luciferase activity was normalized to the DMSO control. As a positive control, cells were treated
with the IKKB inhibitor MLN120B (10 pM) for 2 days. Error bars show the SEM of triplicates.

(P) IRF4 and SPIB mRNA expression, quantified by Q-PCR, in TMD8 cells transduced with the indicated shRNAs. shRNA expression was induced for 2 days
followed by lenalidomide treatment (10 uM) for 24 hr. Error bars show the SEM of triplicates.

(Q) Western blot for the indicated proteins in TMD8 cells induced to express CRBN or control shRNAs for 2 days, followed by treatment with lenalidomide (10 uM)
for 24 hr.

See also Figure S4.
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Figure 5. IRF4-SPIB Block Interferon Signaling by Repressing IRF7

(A) UCSC browser depiction of ChIP-seq data from HBL1 ABC DLBCL cells showing IRF4 and SPIB-biotag binding at the IRF7 promoter. Arrow indicates the TSS.
(B) IRF4 binding at the IRF7 locus by ChIP in OCI-Ly10 ABC DLBCL cells treated with DMSO (-) or lenalidomide (10 uM) for 24 hr. Error bars show SEM of

triplicates.

(C) Q-PCR quantification of IRF7 mRNA levels, normalized to B2M, in OCI-Ly10 cells with control (ctrl.) or IRF4 shRNAs, treated with lenalidomide (10 uM) or

DMSO. Error bars show SEM of triplicates.
(D) Western blot of the indicated proteins in cells from (C).

(E) Viability (MTS assay) of OCI-Ly10 cells induced to express the indicated shRNAs for 2 days and then treated with DMSO or lenalidomide (10 uM) for 4 days.

Error bars show SEM of triplicates.

(F) Western blot of the indicated proteins in ABC DLBCL lines induced to express control or IRF7 shRNAs for 2 days and then treated with DMSO or lenalidomide

(10 uM) for the indicated times.

(G and H) Q-PCR analysis, normalized to B2M, of IFNB (G) or TRAIL (H) mRNA levels in OCI-Ly10 cells induced to express control or IRF7 shRNAs for 2 days and
treated with DMSO (-) or lenalidomide (10 uM; +) for 24 hr. Error bars show SEM of triplicates.

the IRF4-SPIB chimeric repressor potentiated lenalidomide-
induced IFNB expression and increased lenalidomide toxicity
(Figures S5F and S5G). Hence, IRF4 and SPIB regulate
lenalidomide-induced interferon responses and toxicity in ABC
DLBCL.

Cereblon Mediates the Toxic Effect of Lenalidomide

in ABC DLBCL

Recent studies have demonstrated that the activity of thalido-
mide and lenalidomide is mediated by cereblon (CRBN), a
component of a ubiquitin-ligase complex (Ito et al., 2010; Zhu
et al., 2011). To address whether CRBN is required for the toxic
effects of lenalidomide in ABC DLBCL, we identified three
shRNAs that reduced CRBN mRNA expression by ~50% (Fig-
ure S4A). CRBN knockdown was moderately toxic for ABC
DLBCL cells (Figure S4C), an effect that was reversed by ectopic
expression of CRBN. CRBN depletion substantially reduced the
toxicity of lenalidomide for ABC DLBCL cells (Figures 4M, S4B,
and S4C) and interfered with the ability of lenalidomide to induce
an interferon response and block NF-kB signaling (Figures 4N,
40, S4D, and S4E). CRBN depletion lowered IRF4 mRNA and
protein levels in ABC DLBCL cells and reduced the effect of lena-
lidomide on IRF4 levels (Figures 4P, 4Q, and S4F). Similarly, SPIB
mRNA and protein levels were also diminished upon CRBN

knockdown (Figures 4P and 4Q). Thus, CRBN is required to
maintain IRF4 and SPIB levels in ABC DLBCL, accounting for
the toxicity of CRBN depletion. Moreover, these findings suggest
that CRBN mediates most of the effects of lenalidomide in ABC
DLBCL.

IRF4 Represses the Interferon Pathway by Inhibiting
IRF7 Expression
We noted that three IRF family member genes that regulate the
type | interferon responses—/RF2, IRF7, and IRF9—were bound
by IRF4 and SPIB (Table S3F). We focused on a strong IRF4-
SPIB peak in the promoter of the IRF7 gene (Figure 5A), since
it is a master regulator of interferon responses that is strongly
induced by IFNB as part of a positive-feedback loop (Honda
et al., 2005; Marié et al., 1998; Sato et al., 1998). Binding of
IRF4 to the IRF7 promoter was confirmed by an independent
ChlIP assay, and lenalidomide reduced this binding (Figure 5B).
IRF7 mRNA and protein were specifically induced in ABC DLBCL
by lenalidomide and were further induced by knocking down
IRF4 (Figures 5C and 5D). Together, these results suggest that
IRF7 is negatively regulated by IRF4 and SPIB, and that lenalido-
mide can blunt this negative regulation.

We next examined whether IRF7 expression is important
for the toxicity of lenalidomide in ABC DLBCL cells. IRF7
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Figure 6. IRF4-SPIB and CARD11 Form an Essential Oncogenic Loop in ABC DLBCL

(A) UCSC browser depiction of ChIP-seq data from the HBL1 ABC DLBCL line showing IRF4 (in triplicate) and SPIB-biotag binding at the CARD11 locus, with an
evolutionarily conserved EICE binding motif indicated. Control (IRF4): OCI-Ly19 (IRF4-). Control (SPIB): HBL1 with empty biotag vector. Arrow indicates the TSS.
(B) ChIP analysis in HBL1 cells for IRF4 and SPIB binding at the CARD11 peak identified in (A) or at a negative control (ctrl.) locus. IRF4 or control shRNAs were
induced for 4 days. GCB DLBCL line: OCI-Ly19 (IRF4-) is IRF4-negative. Error bars show SEM of triplicates.

(C) Relative CARD11 mRNA expression, depicted according to the color scale shown, from gene-expression profiling of ABC DLBCL lines after induction of
shIRF4 or the IRF4-SPIB chimeric repressor for 4 days.

(D) IKK activity measured by an IkBa-luciferase reporter in TMD8 (ABC DLBCL) after induction of various shRNAs for 3 days (left) or the IRF4-SPIB chimeric

repressor for 1 day (right). Also shown is the effect of 1 day exposure to an IKKB inhibitor (MLN120B) or DMSO. Error bars show SD of triplicates.
(E) Western blot analysis of the indicated proteins following treatment of OCI-Ly10 cells with lenalidomide (10 uM) for the indicated times.
(F) IKK activity measured by an IkBa-luciferase reporter after treatment of TMD8 cells with lenalidomide at the indicated concentrations for 48 hr. Error bars show

the SEM of triplicates.
See also Figure S5.

knockdown attenuated the toxicity of lenalidomide in ABC
DLBCL cells (Figure 5E). IRF7 depletion additionally impaired
lenalidomide-induced STAT1 phosphorylation, IFNB expression,
and TRAIL mRNA induction (Figures 5F-5H). Hence, IRF7 pro-
motes lenalidomide toxicity by facillitating lenalidomide-induced
IFNB secretion and signaling.

IRF4-SPIB and CARD11 Form an Essential Oncogenic
Loop in ABC DLBCL

While treatment with lenalidomide induces a toxic interferon
response in ABC DLBCLs, blocking interferon signaling did not
fully rescue the cells. We therefore wondered if there might be
other mechanisms by which lenalidomide kills these lymphoma
cells. Given that ABC DLBCL cells depend upon the NF-«B
pathway for survival (Davis et al., 2001; Lam et al., 2005) and
that lenalidomide suppressed the NF-«kB gene-expression
signature (Table S1), we hypothesized that decreased NF-«B
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signaling contributes to the toxicity of lenalidomide in ABC
DLBCL cells.

Since lenalidomide downregulates IRF4 and SPIB (Figures 4A
and 4B), we were intrigued that CARD11 was a direct IRF4 and
SPIB target (Figure 3A, Tables S2B, S2E, and S2F). CARD11
plays an essential role in the constitutive NF-kB activity that
maintains ABC DLBCL viability (Davis et al., 2001; Lam et al.,
2005; Ngo et al., 2006). The CARD11 locus had prominent,
overlapping IRF4 and SPIB binding peaks located +705 bp rela-
tive to the TSS, coinciding with an evolutionarily conserved
EICE motif (Figure 6A). IRF4 and SPIB binding was confirmed
by independent ChIP assays, and IRF4 knockdown diminished
this binding (Figure 6B). Gene-expression profiling and quanti-
tative PCR analysis showed that CARD11 mRNA levels are
diminished by knockdown of IRF4 or SPIB, as well as by ex-
pression of the IRF4-SPIB chimeric repressor (Figures 6C
and S5A). CARD11 protein levels were also reduced after
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IRF4 knockdown or chimeric repressor induction (Figure S5B
and S5C).

Since CARD11 coordinates the activation of IKK (Thome,
2004), the key regulatory kinase in the classical NF-xB pathway,
we assessed IKK function using an ABC DLBCL reporter line
engineered to express a fusion protein between luciferase and
the IKK substrate IkBa. (Lam et al., 2005). Phosphorylation of
this fusion protein by IKK promotes its degradation, and thus
IKK inhibition increases luciferase activity. Knockdown of either
IRF4 or SPIB reduced IKK activity in the ABC DLBCL line TMD8,
as did CARD11 knockdown or treatment with a small molecule
IKK inhibitor, but two other toxic shRNAs targeting MYC and
RPL6 did not (Lam et al., 2005) (Figure 6D). Moreover, induction
of the chimeric IRF4-SPIB repressor also inhibited IKK activity
(Figure 6D). Similar results were observed in an ABC DLBCL
line, OCI-Ly3, that relies on an oncogenically active CARD11
mutant for survival (Lenz et al., 2008a), in keeping with an effect
of IRF4 and SPIB on CARD11 transcription (Figure S5H). In
accord with these functional experiments, knockdown of IRF4
decreased IKKB phosphorylation, a modification associated
with IKK activation downstream of CARD11 (Figure S5E). The
effect of IRF4 on the NF-kB pathway was confirmed using an
independent ABC DLBCL reporter system in which luciferase
is driven by an NF-kB-dependent promoter (Figure S5D).

Lenalidomide treatment of an ABC DLBCL line reduced
CARD11 expression and IKKB phosphorylation, and inhibited
IKK activity (Figures 6E and 6F). Together, these data suggest
that IRF4 and SPIB act together to amplify NF-kB signaling in
ABC DLBCL by transactivating CARD11 and that lenalidomide
inhibits NF-kB by downregulating IRF4 and SPIB, breaking this
positive feed-forward loop.

Synergism between Lenalidomide and NF-«xB Pathway
Inhibitors

Since lenalidomide only partially inhibits IRF4 and SPIB expres-
sion (Figures 4A-4D), we speculated that we could achieve
greater toxicity by additionally blocking IKK, thereby further
reducing NF-«B-dependent IRF4 expression. The IKKf inhibitor
MLN120B selectively kills ABC DLBCL cells, as does ibrutinib,
a BTK kinase inhibitor that blocks signaling from the BCR to
IKK (Davis et al., 2010; Lam et al., 2005). Treatment of ABC
DLBCL cells with either MLN120B or ibrutinib alone decreased
IRF4 protein levels, but when these agents were combined
with lenalidomide, IRF4 became undetectable (Figure 7A). The
combination of ibrutinib and lenalidomide induced a stronger
interferon response than lenalidomide alone, as measured by
ISRE reporter activity and STAT1 phosphorylation (Figures 7A
and 7B). These two drugs also cooperated in blocking IKK
activity (Figure 7C).

To test for synergistic toxicity, an ABC DLBCL line was treated
with the MLN120B at a range of doses that were only modestly
toxic, in the presence or absence of low dose lenalidomide.
The ABC DLBCL cells were killed more efficiently with the combi-
nation of these drugs than with either drug alone (Figure 7D).
Similarly, synergistic toxicity was observed in ABC DLBCL lines
when lenalidomide and ibrutinib were combined, but no toxicity
was observed in GCB DLBCL lines that lack oncogenic activa-
tion of the BCR and MYD88 pathways (Figures 7E and S6A). A
formal mathematical algorithm (Greco et al., 1990) confirmed

the strong synergism between ibrutinib and lenalidomide in
killing three ABC DLBCL lines (Figure S6B). Finally, we tested
this drug combination in a xenograft mouse model created using
the OCI-Ly10 ABC DLBCL cell line (Figures 7F and S6C). At the
concentrations of lenalidomide and ibrutinib chosen, both drugs
had little effect on the growth of the xenografts as single agents
(Figures 7F and S6C) but were quite effective in combination in
arresting the growth of established tumors.

DISCUSSION

New treatments for ABC DLBCL should ideally exploit emerging
insights into oncogenic pathways, which create opportunities for
synthetic lethal interactions with drugs that target these path-
ways (Figure 8). The BCR and MYD88 signaling pathways
promote ABC DLBCL viability by inducing NF-kB, and both path-
ways are affected by recurrent oncogenic mutations in ABC
DLBCL. However, the penalty that ABC DLBCLs pay by acquiring
oncogenic MYD88 mutations is the production of IFNB (Ngo
et al., 2011), which is toxic to these tumors. The present study
revealed that IRF4 places a brake on IFN expression by repres-
sing IRF7, allowing ABC DLBCLs with MYD88 mutations to
survive and proliferate. Additionally, IRF4 sustains ABC DLBCL
survival by transactivating CARD11 and potentiating NF-«xB
signaling. IRF4 emerges from these studies as a central regula-
tory hub in ABC DLBCL, making it an attractive therapeutic
target. IRF4 and its regulatory partner SPIB were downregulated
by treatment of ABC DLBCL lines with lenalidomide, a drug that
has shown preferential activity against this lymphoma subtype
in early-phase clinical trials (Hernandez-llizaliturri et al., 2011).
Lenalidomide toxicity for ABC DLBCL was associated with
heightened IFNB production and diminished NF-kB activity.
Hence, lenalidomide toxicity in ABC DLBCL relies upon its modu-
lation of oncogenically activated signaling pathways, and there-
fore is an instance of “synthetic lethality” (Kaelin, 2005).

This study highlights the central role of IRF4-SPIB hetero-
dimers in ABC DLBCL biology, particularly in amplifying NF-kB
signaling while blocking type | interferon signaling. In addition,
IRF4 directly upregulates a large number of genes that distin-
guish ABC DLBCL from other lymphoma subtypes, many of
which may contribute to viability or other attributes of these
lymphoma cells. Remarkably, survival of ABC DLBCL cells
depended on a single amino acid in IRF4 that mediates its inter-
action with SPIB on composite EICE motifs. IRF4 is clearly
central to the action of lenalidomide in ABC DLBCL, since en-
forced overexpression of IRF4 blocked the toxic effect of this
drug, presumably by driving IRF4-SPIB interactions by mass
action. IRF4 is similarly downregulated by lenalidomide in
multiple myeloma (Li et al., 2011; Lopez-Girona et al., 2011;
Zhu et al., 2011). In both ABC DLBCL and multiple myeloma,
IRF4 levels are maintained by CRBN, a subunit of a ubiquitin
ligase complex. We discovered that CRBN also controls SPIB
levels in ABC DLBCL, which is not relevant to multiple myeloma,
as these cells do not express SPIB. Thalidomide, a chemically
related cousin of lenalidomide, physically interacts with CRBN
and blocks the ability of this ubiquitin ligase complex to autoubi-
quitinate (Ito et al., 2010). Further investigation is needed to
discern how this ubiquitin ligase might control IRF4 and SPIB
expression, apparently at the level of transcription.

Cancer Cell 27, 723-737, June 12, 2012 ©2012 Elsevier Inc. 733
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Figure 7. Synergy between Lenalidomide and NF-kB Pathway Inhibitors in ABC DLBCL

(A) Western blot of the indicated proteins in OCI-Ly10 cells treated with lenalidomide (5 pM) alone or with MLN120B (10 pM), ibrutinib (5nM), or DMSO for the
indicated times.

(B) ISRE-driven luciferase activity in OCI-Ly10 cells treated with lenalidomide (5 uM) + ibrutinib (5 nM) for the indicated times. Error bars show the SEM of
triplicates.

(C) IKK activity measured by an IkBa-luciferase reporter in TMD8 cells treated with ibrutinib at the indicated concentrations + lenalidomide (1 uM) for 48 hr. Error
bars show the SEM of triplicates.

(D) Viability (MTS assay) of OCI-Ly10 treated with MLN120B at the indicated concentrations =+ lenalidomide (1 uM) for 4 days relative to DMSO-treated cells. Error
bars show the SEM of triplicates.

(E) Viability (MTS assay) of DLBCL lines treated with ibrutinib, lenalidomide, or both for 4 days at the concentrations indicated. Error bars show the SEM of
triplicates.

(F) OCI-Ly10 ABC DLBCL cells were established as a subcutaneous tumor (average 80 mm?) in immunodeficient mice, and then treated daily for 20 days with
DMSO, lenalidomide (10 mg/kg), ibrutinib (3 mg/kg), or lenalidomide plus ibrutinib by intraperitoneal injection. Tumor progression was monitored as a function of

tumor volume. Error bars show the SEM of 5 mice per group.
See also Figure S6.

Our findings provide a sound mechanistic basis for clinical
trials in ABC DLBCL that rationally combine lenalidomide with
other drugs that modulate NF-kB signaling. Drugs targeting
NF-kB hold promise in cancer therapy, despite some concerns
about long-term suppression of this pathway (Baud and Karin,
2009; Gupta et al., 2010). In ABC DLBCL, NF-«kB activity relies
upon chronic active BCR signaling, which can be blocked by
several drugs that are currently in clinical trials, including ibrutinib
(targeting BTK) (Davis et al., 2010), fostamatinib (targeting SYK)
(Friedberg et al., 2009), and CAL-101 [targeting PI(3) kinase 9]

734 Cancer Cell 21, 723-737, June 12, 2012 ©2012 Elsevier Inc.

(Herman et al., 2010; Hoellenriegel et al., 2011). Additionally,
NF-kB signaling can be inhibited by interfering with IkBa. degra-
dation, which can be achieved with the proteasome inhibitor
bortezomib (Dunleavy et al., 2009) or the neddylation inhibitor
MLN4924 (Milhollen et al., 2010). As a single agent, the BTK
inhibitor ibrutinib is highly active against ABC DLBCL cells
in vitro (Davis et al., 2010), and is showing clinical activity in a
subset of patients with relapsed/refractory ABC DLBCL (L.M.S.,
unpublished data). We observed striking synergy between ibru-
tinib and lenalidomide in blocking IRF4 expression, increasing
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IFNB production, and killing ABC DLBCL cells in vitro and in vivo,
supporting clinical evaluation of this treatment regimen.

The effectiveness of this drug combination in ABC DLBCL
capitalizes on recurrent genetic alterations in ABC DLBCL in
two ways. First, the MYD88 L265P mutant promotes the
abnormal synthesis and secretion of IFNB. Second, mutations
in the BCR subunits CD79A and CD79B promote chronic active
BCR signaling, which activates NF-«B and induces IRF4, thereby
dampening the toxic type | interferon response while augmenting
the prosurvival NF-kB response. Hence, these recurrent onco-
genic mutations in ABC DLBCL and the constitutive signaling
pathways that they engage place IRF4 in a central regulatory
position (Figure 8). Indeed, one reason that CD79B mutations
often coexist with the MYD88 L265P mutation in ABC DLBCL
tumors (Ngo et al., 2011) may be that the production of IRF4 in
response to chronic active BCR signaling is necessary for the
tumor to dampen the interferon response caused by the
MYD88 L265P mutation. The rational therapeutic combinations
proposed herein act in a synthetic lethal fashion to exploit this
IRF4 addiction.
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EXPERIMENTAL PROCEDURES
(See Supplemental Experimental Procedures for details.)

Cell Culture and Constructs

Methods for cell culture, plasmid transfection, retroviral transduction, and
plasmid constructs were described previously (Lenz et al., 2008c; Ngo et al.,
2006; Shaffer et al., 2008).

Chromatin Imnmunoprecipitation

Chromatin immunoprecipitations (ChIP) were performed as described (Shaffer
et al.,, 2008). Such ChIP-enriched DNA was either used in region-specific
assessment of antibody binding by real-time PCR, or made into libraries for
ChlIP sequencing on a Genome Analyzer Il (GAIl, lllumina, Inc.) according to
manufacturer’'s recommendations. See Supplemental Experimental Proce-
dures for details.

Gene Expression: Q-RTPCR and Profiling
Unless otherwise described, Q-RTPCR was performed on cDNA as previously
described in Sciammas et al. (2006) and Shaffer et al. (2004, 2008), using pre-

Autocrine
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Figure 8. Exploiting Synthetic Lethality for
the Therapy of ABC DLBCL

Recurrent oncogenic mutations in ABC DLBCL
activate both the BCR and MYD88 pathways
to drive prosurvival NF-kB signaling. However,
MYD88 signaling also induces IFNB, which is
detrimental to ABC DLBCL survival. IRF4 and
SPIB lie at the nexus of both pathways, promoting

TYK2 ABC DLBCL survival by repressing IRF7, thereby
+ blocking IFNB, and transactivating CARD11,
® thereby increasing NF-«kB signaling. NF-kB factors

STATD

transactivate /IRF4, creating a positive feedback
oncogenic loop. Lenalidomide targets this circuitry
by downmodulating IRF4 and SPIB, thereby
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_) @ tested Assay-on-demand probe/primer sets from

Applied Biosystems or primers designed for use
with SYBR green using an ABI 7700 Tagman
machine for 40 cycles with an annealing tempera-

ture of 60°C. Gene expression was normalized to

the expression of beta-2-microglobulin for all samples. 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.

Cell Viability—MTS—Assay

Cells were plated in triplicate at a density of 15,000 cells per well in 96-well
plates. Cell viability after indicated treatments was assayed by adding
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-
2H tetrazolium and an electron coupling reagent (phenazine methosulphate;
Promega), incubated for 3 hr and measured by the amount of 490 nm absor-
bance using a 96-well plate reader. The background was subtracted using
a media-only control.

NF-«B Reporter Assays

The assay for IkB kinase activity using the IxBalpha-photinus luciferase
reporter has been described (Lenz et al., 2008a), as has use of the IkB kinase
inhibitor (Lam et al., 2005). In addition, cell lines were created with an NF-xB
transcriptional reporter by transduction with lentiviral particles containing an
inducible NF-kB -responsive luciferase reporter construct (SA Biosciences)
and selected with puromycin. Luciferase activity was measured using the
Dual-Luciferase Reporter Assay System (Promega) on a Microtiter Plate
Luminometer (Dyn-Ex Technologies).

ISRE Reporter Assay

Cell lines were transduced with lentiviral particles containing an inducible
ISRE-responsive luciferase reporter construct (SA Biosciences) and selected
with puromycin. Luciferase activity was measured using the Dual-Luciferase
Reporter Assay System (Promega) on a Microtiter Plate Luminometer (Dyn-
Ex Technologies).

IFNB ELISA
Human IFNB was measured using ELISA kits from PBL InterferonSource. The
results were normalized to live cell numbers.

Tumor Model and Therapy Study

The xenograft tumor model of human ABC DLBCL lymphoma was established
by subcutaneous (s.c.) injection of cells into nonobese diabetic/severe
combined immunodeficient (NOD/SCID) mice (NCI-Frederick, Frederick,
MD). Tumor growth was monitored by measuring tumor size in two
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orthogonal dimensions. See Supplemental Experimental Procedures
for details. All 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.

ACCESSION NUMBERS

Gene-expression data has been deposited under accession numbers
GSE32456 and GSE33012. All ChIP-Seq data can be found under accession
SRA025850.

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures, three tables, and Supplemental
Experimental Procedures and can be found with this article online at
doi:10.1016/j.ccr.2012.05.024.
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