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ATM deficiency promotes development of murine B-cell lymphomas that
resemble diffuse large B-cell lymphoma in humans
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The serine-threonine kinase ataxia-telangiectasia mutated (ATM) plays a central role

in maintaining genomic integrity. In mice, ATM deficiency is exclusively associated

e ATM deficiency promotes the
development of murine B-cell
lymphomas that model
human ABC DLBCL.

e T cell-dependent immune
surveillance may be important
to prevent emergence of
ATM-deficient B-cell
lymphomas.

with T-cell lymphoma development, whereas B-cell tumors predominate in human
ataxia-telangiectasia patients. We demonstrate in this study that when T cells are
removed as targets for ymphomagenesis and as mediators of immune surveillance,
ATM-deficient mice exclusively develop early-onset immunoglobulin M* B-cell
lymphomas that do not transplant to immunocompetent mice and that histologically
and genetically resemble the activated B cell-like (ABC) subset of human diffuse large
B-cell lymphoma (DLBCL). These B-cell lymphomas show considerable chromo-
somal instability and a recurrent genomic amplification of a 4.48-Mb region on
chromosome 18 that contains Malt1 and is orthologous to a region similarly amplified
in human ABC DLBCL. Of importance, amplification of Malt1 in these lymphomas
correlates with their dependence on nuclear factor (NF)-«xB, MALT1, and B-cell
receptor (BCR) signaling for survival, paralleling human ABC DLBCL. Further, like some human ABC DLBCLs, these mouse
B-cell lymphomas also exhibit constitutive BCR-dependent NF-kB activation. This study reveals that ATM protects against
development of B-cell ymphomas that model human ABC DLBCL and identifies a potential role for T cells in preventing the

emergence of these tumors. (Blood. 2015;126(20):2291-2301)

Introduction

Ataxia-telangiectasia mutated (ATM) is a serine-threonine kinase
that communicates between molecules that sense DNA double-strand
breaks and downstream effector mechanisms that are necessary to
maintain genomic integrity." ATM primarily functions to coordinate
cellular responses to double-strand breaks by phosphorylating key pro-
teins that initiate activation of DNA damage checkpoints, leading to cell
cycle arrest, DNA repair, or apoptosis. Consequently, when ATM is
deficient, cellular responses to DNA damage are defective, and genomic
integrity is not maintained. Humans with mutations in ATM develop the
autosomal recessive disease ataxia-telangiectasia (A-T). ATM-deficient
mice exclusively develop T-cell lymphomas,>? whereas B-cell malig-
nancies outnumber T-cell malignancies in human A-T patients.*”
Although these findings demonstrate that ATM is required to prevent
T-cell transformation in mice, they fail to explain why other malig-
nancies are rarely seen. To determine whether ATM plays a role in

preventing transformation of non-T-cell lineages, we generated
ATM-deficient mice (ATM knockout [KO]) that also lacked T cells
(CD3¢g-deficient, CD3eKO). Strikingly, ATM- and T cell-deficient
mice (ATMKO.CD3¢KO) develop early-onset B-cell lymphomas
that resemble human activated B cell-like (ABC) diffuse large B-cell
lymphoma (DLBCL).

DLBCLs are highly prevalent and compose 25% of all human
lymphoid malignancies. This is a heterogeneous disease that can be
subdivided into 2 main lymphoma categories, germinal center (GC)
B cell-like (GCB) and ABC, which differ in their gene expression
profiles and clinical outcomes.®'? In addition, ABC DLBCL, but not
GCB DLBCL, depends on constitutively active nuclear factor (NF)-«xB
for survival.!'"'>!* Because ABC DLBCL is more clinically aggressive
and less responsive to therapeutic interventions, models of this disease
would be useful.
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The study presented here extends the requirement for ATM in
preventing T-cell lymphomas to include a role for ATM in also pre-
venting murine B-cell lymphomas. In addition, we identify a previously
unappreciated role for T cells in protection against these B-cell lym-
phomas. Gene expression profiling demonstrates a striking similarity
between mouse ATMKO.CD3¢KO B-cell lymphomas and human
ABC DLBCL. These mouse lymphomas contain a recurrent genomic
amplification of a region on chromosome 18 (MMU18) containing
Malt1'" in the region of highest amplification and orthologous to an
amplification that has been identified in human ABC DLBCL.”° Of
importance, the presence of amplified Malt] in these lymphomas
correlates with their dependence on NF- KB,1 L13 MALT1,14’]6 and
B-cell receptor (BCR)'” signaling for survival, paralleling human ABC
DLBCL, and providing a model to study this disease.

Materials and methods
Mice

ATMKO.CD3¢KO and ATMKO mice were generated on mixed B6 X 129
backgrounds by parallel breeding of ATM™'~.129% with CD3eKO'® and
C57BL/6 mice, respectively. Activation-induced cytidine deaminase (AID)-
deficient mice were generated by interbreeding ATM*~.CD3¢KO mice and
AIDKO.CD3KO mice."” Mouse studies were performed at the Frederick
Cancer Research Facility (Frederick, MD), following protocols approved by the
National Cancer Institute and the Frederick Cancer Research Facility Institutional
Animal Care and Use Committee.

Cell lines

In vitro cultures of B- and T-lymphoma cell lines were established from spleens
(ATMKO.CD3¢KO) and thymi (ATMKO), respectively, of tumor-bearing mice
using published methods but without interleukin-2 addition.’

Microarray-based gene expression profiling

Total RNA was labeled and applied to 2-color whole-mouse genome microarrays
(Agilent Technologies) according to the manufacturer’s protocols. RNA was
prepared from splenic B cells (ATM wild-type [WT] and KO) treated with or
without goat-anti-mouse-immunoglobulin (Ig)M, GC B cells (ATMWT), and
B-cell lymphomas. For gene expression analysis after Bruton tyrosine kinase
(BTK) inhibition, tumor samples treated with PCI-32765 (Cy5) were compared
to samples treated with dimethylsulfoxide (DMSO) (Cy3). Expression data
(Cy5/Cy3 ratios) were extracted using Agilent Technologies Feature Extraction
software (version 9.1) and analyzed as previously described.”® Raw data were
normalized with the limma package in R (http://www.r-project.org/). Differen-
tially expressed genes were identified with significance analysis of microarrays
(http://statweb.stanford.edu/~tibs/SAM/) with 1% false discovery rate. Data
presented here have been deposited in the National Center for Biotechnology
Information’s Gene Expression Omnibus database,21 GEO Series accession
number GSE68505.

Metaphase preparation and SKY

Metaphase spreads were prepared according to standard protocols and incubated
with spectral karyotyping (SKY) probes prepared as described previously.>**
Imaged metaphase spreads were analyzed using nomenclature and ploidy rules
established for mouse chromosomes (http://www.informatics.jax.org/mgihome/
nomen/anomalies.shtml).>*

Array CGH

Oligonucleotide-based array comparative genomic hybridization (CGH) was
conducted on mouse genome CGH microarray (Agilent Technologies) as de-
scribed previously.25 Scanned images were analyzed using the rank segmenta-
tion and the genomic identification of significant targets in cancer (GISTIC)
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algorithms within the Nexus Copy Number software version 7.5 (BioDiscovery).
Data presented here were deposited in the National Center for Biotechnology
Information’s Gene Expression Omnibus,21 GEO Series accession number
GSE59578.

NF-«xB immunofluorescence

Cells were cultured overnight on poly-D-lysine—coated dishes (MatTek), fixed in
4% paraformaldehyde (Electron Microscopy Sciences), and permeabilized with
0.5% Triton X-100. Cells were stained with anti-Rel (sc-71; Santa Cruz Bio-
technology) and Alexa488-conjugated secondary antibody (A11070; Molecular
Probes, Life Technologies). Nuclei were counter-stained with 50 nM 4,6
diamidino-2-phenylindole (Molecular Probes, Life Technologies).

In vitro cell inhibition experiments

Reagents tested for inhibitory effects on lymphoma cell recovery include PS1145
(inhibitor of NF-«kB [IKK] inhibitor) (Sigma-Aldrich), MLN120B (IKK inhib-
itor) (ChemScene), Z-VRPR-fmk (MALT]1 caspase inhibitor) (Enzo Life Sci-
ences), MI-2 (MALT!1 inhibitor) (Xcess Biosciences), PRT2667 (Syk inhibitor)
(gift of Dr Ryan M. Young, National Cancer Institute), PCI-32765 (BTK
inhibitor) (ChemieTek), and Ly317615 (protein kinase C [PKC]f inhibitor)
(Axon Medchem).Viable cells were counted using trypan blue exclusion, and
percentage inhibition was presented relative to DMSO as ([cell number in DMSO
well — cell number in test well] <+ [cell number in DMSO well]) X 100.

Western blot analysis

Lymphoma cells were treated with PCI-32765 or DMSO at 37°C, and lysates
were prepared as described previously,”® with addition of sodium orthovanadate
(Sigma-Aldrich) and Phosphatase Inhibitor Cocktail 3 (Sigma-Aldrich). Anti-
bodies used include anti-phospho-Ser32-IkBa (p-IkBa) (14D4; Cell Signaling
Technology), anti-lkBa: (44D4; Cell Signaling Technology), and anti-B-actin
(Ac-15; Sigma). Primary antibodies were detected with anti-rabbit immunoglobulin—
horseradish peroxidase (Cell Signaling Technology) or anti-mouse immunoglobulin—
horseradish peroxidase (Cell Signaling Technology).

Results

ATMKO.CD3sKO mice develop early-onset IgM*
B-cell lymphomas

Because T cell-sufficient ATMKO mice develop thymic lymphomas
at high frequency, we generated mice that were both ATM and
T-cell deficient (ATMKO.CD3¢KO) to determine whether ATM
also functions to prevent oncogenic transformation of non-T cells.
ATMKO.CD3eKO mice developed enlarged abdomens between
3 and 9 months old, and at necropsy, 63 of 72 mice exhibited spleno-
megaly and hepatomegaly. Hematoxylin and eosin—stained spleen
sections revealed compressed red pulp and greatly expanded white pulp
containing large cells that were primarily centroblastic with small
prominent nucleoli at the nuclear membrane or that were immuno-
blastic with large bar-shaped magenta nucleoli, features diagnostic
of mouse DLBCL?’ (Figure 1A-C). Immunohistology showed that
these cells were B220™, confirming their B-cell origin (Figure 1D),
and, consistent with T-cell deficiency, GCs were never observed.
Enlarged livers were heavily infiltrated with large lymphoid cells
having the same cytologic features as in spleen. These studies in-
dicated that when T cells were absent, ATM functioned to prevent
transformation of B cells into aggressive lymphomas that histo-
logically resemble DLBCL.

Median age at necropsy of ATMKO.CD3¢KO mice with these
pathological findings was 5.1 months. In contrast, ATMKO mice on a
similar mixed B6 X 129 genetic background but WT for CD3¢ and,
consequently, T-cell sufficient, died of thymic lymphomas (median
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Figure 1. ATMKO.CD3¢KO mice develop early-onset B-cell lymphomas in spleen and liver that resemble DLBCL. (A) Representative image of spleens (right) and
livers (left) from ATMWT.CD3¢eKO and ATMKO.CD3tKO mice. (B) Hematoxylin and eosin staining showing spleen and liver sections from ATMWT.CD3¢KO (top) and
ATMKO.CD3¢KO mice (bottom) (original magnification X10; bar represents 200 um). (C) Hematoxylin and eosin staining of a spleen section prepared from a tumor-bearing
ATMKO.CD3¢KO mouse (original magnification X1000; bar represents 20 um). Red and black arrows denote centroblasts and immunoblasts, respectively. (D) B220 staining
of a spleen section from a tumor-bearing ATMKO.CD3¢KO mouse (original magnification x400; bar = 100 pm) using 3,3'-diaminobenzidine tetrahydrochloride as
chromogen. Images were viewed with an Olympus BX41 microscope and photographed with an Olympus DP71 camera. Dynamic positioning controller software (version
3.3.1.292) was used for image acquisition. (E) The probability of dying with a tumor was determined using the Kaplan-Meier method. Kaplan-Meier analysis of tumor incidence
studies in ATMKO.CD3eKO (n = 25) and ATMKO (n = 24) mice. ATMKO.CD3¢KO mice died with B-cell ymphomas and ATMKO mice died with thymic T-cell ymphomas. No
thymic T-cell lymphomas were observed in ATMKO.CD3¢KO mice and no B-cell lymphomas were detected in ATMKO mice. No ATMWT.CD3¢KO or ATMWT mice died with
lymphomas. Mice euthanized and not found to have either a B- or T-cell tumor had their observations censored in the analysis. (F) Flow cytometric analysis of IgM, B220,
CD40, MHC class | (MHCI; K°), MHC class Il (MHCII; IA®), CD95, and CD86 expression (open histogram) or isotype control staining (shaded histogram) on normal splenic
B cells (gated on IgM* cells) and on 1 representative ATMKO.CD3:KO B-cell lymphoma. (G) CD21 and CD23 expression on splenic B220" B cells and 1 ATMKO.CD3:KO
B-cell lymphoma. These histograms are representative of results obtained from 20 individual tumors. Data acquisition was performed using a FACSCaliber flow cytometer

(BD Biosciences), and FlowJo software (Tree Star) was used for analysis.

survival, 8.5 months; Figure 1E). Therefore, failure to detect B-cell
lymphomas in T cell-sufficient ATMKO mice was not due to T-cell
lymphomas killing mice before B-cell lymphomas develop but rather
suggests that T cells play a pivotal role in preventing emergence of
these B-cell malignancies.

Flow cytometry demonstrated that ATMKO.CD3¢KO lymphomas
expressed surface markers characteristic of mature activated B cells
(Figure 1F). All lymphomas were IgM ™ and expressed B-cell markers
(B220 and CD40), as well as high levels of major histocompatibility
complex (MHC) class I (K®), MHC class II (IAY), costimulatory
(CD86), and death receptor (CD95) molecules. In addition, they had an
unusual CD21 CD23" phenotype that is shared with T-independent
(T-I) memory B cells (Figure 1G).%®

Sequencing of immunoglobulin heavy chain variable (VH) regions
from early passage lymphomas isolated from 6 different mice demon-
strated that each was monoclonal and used different V, D, and J genes.
Each cell line contained shared VH mutations (present in all or most
cells) and unique mutations (present in only a few cells), suggesting

monoclonal origins and ongoing somatic mutation® (Table 1; sup-
plemental Figures 2-7, available on the Blood Web site). Overall, the
frequency of mutations was 3.5 to 8.7 X 10~ */bp, a frequency higher
than that detected in activated B cells from AID-deficient mice, but
lower than that reported for T-dependent (TD) GC B cells.*® Con-
sistent with the detection of ongoing VH mutations, quantitative
polymerase chain reaction revealed that these lymphomas expressed
Aicda at levels similar to those detected in lipopolysaccharide-
activated normal B cells (supplemental Figure 1).

Because AID has been shown to play an essential role in some
models of B-cell lymphomagenesis,®' > we compared AID-deficient
and -sufficient ATMKO.CD3¢KO littermates to determine whether
AID was required for B-cell tumor development in this model. Fourteen
of 22 AIDKO and 43 of 59 AIDWT ATMKO.CD3¢KO mice died with
B-cell lymphomas (median survival, 4.4 and 4.6 months, respectively).
Tumor phenotypes were indistinguishable, demonstrating that AID
was not required for B-cell lymphomagenesis in this model (sup-
plemental Figure 8).

Zz0z Arenige4 9z uo 1senb Aq pd- L 622/97968€ L/1.622/02/9Z L 4Pd-8[onie/poojq/Bio-suonesligndyse/:duy wouy papeojumoq



2294 HATHCOCK et al

BLOOD, 12 NOVEMBER 2015 + VOLUME 126, NUMBER 20

Table 1. Mutational analysis of IgM VH regions in ATMKO.CD3¢KO B-cell lymphomas

Tumor identification no.

12437 16508 25787 39317 178119 180764
VDJ J558.74.176, J558.54.148, Vh10.2b, J558.66.165, J606.1.79, J558.16.106,
DFL16.1, JH4 DST4.2, JH4 DSP2.2, JH1 DSP2.12, JH2 DFL16.1, JH3 DSP2.5, JH3
Clones, N (~350 bp per clone) 8 5 6 7 10 4
Mutations, N 13 13 15 8 30 11
Mutation frequency (x1073) 4.6 8 7 3.5 8.7 8

Each tumor was derived from a different mouse.

ATMKO.CD3eKO lymphomas stimulate in vitro T-cell responses
and undergo in vivo T cell-dependent rejection

We established in vitro cell lines from enlarged ATMKO.CD3eKO
spleens and attempted to propagate these cells by in vivo transfer.
Transferred cell lines grew progressively in T cell-deficient CD3¢KO
mice but not in T cell-sufficient (B6 X 129)F1 mice (the mixed genetic
background of ATMKO.CD3¢KO lymphomas) (Figure 2A). Consistent
with their high levels of expressed MHC and costimulatory molecules
(Figure 1F),** these lymphomas stimulated vigorous in vitro prolif-
eration of CD4 ™" T cells from both (B6 X 129)F1 and allogeneic BALB/c
mice (Figure 2B). These results indicate that ATMKO.CD3¢KO
B-cell lymphomas are immunogenic and provide a possible ex-
planation for their absence in T cell-sufficient ATMKO mice
and for their inability to expand when adoptively transferred into
T cell-sufficient mice.

Gene expression profiling of ATMKO.CD3¢KO lymphomas
reveals similarities to human ABC DLBCL

To further characterize these B-cell lymphomas, we compared gene
expression profiles of 9 cell lines to those of anti-IgM—stimulated
primary B cells (ATMKO.CD3eKO and ATMWT.CD3¢KO) and GC
B cells (ATMWT). The heat map generated by unsupervised clustering
of all genes showed that lymphomas and primary mouse B-cell
populations have distinct patterns of gene expression (Figure 3), as was
reported when gene expression profiling of human primary B cells and
DLBCL was performed.® We identified clusters of coordinately ex-
pressed genes and analyzed these clusters to identify those statistically
enriched for gene expression signatures that define specific signaling
pathways and differentiation states® (supplemental Table 1). Clusters
C1 to C3 were associated with high expression in activated B cells and
were enriched for pathways that include BCR, cytokine, interferon, and
NF-«B signaling. Cluster 1 was generally restricted to BCR activation
of primary B cells and was not a feature of GC B cells or our lymphoma
cells, whereas cluster 2 was more highly expressed in all primary cells
compared to lymphomas. Cluster 3, which was highly expressed in
activated B cells and lymphomas but low in GC B cells, was enriched
in genes that define the B-cell activation and differentiation states of
human ABC DLBCL, namely BCR signaling, NF-kB activation, and
plasmacytic differentiation. Cluster 4 was generally higher in GC
B cells and enriched for genes associated with metabolic demands of
proliferation, such as ribosomal genes. Cluster 5 was also associated
with proliferation, but had features of NF-«kB signaling and MYC
activation, and was most highly expressed in GC B cells and in B cells
after 6 hours of activation. Gene expression in cluster 6 was substan-
tially higher in, and specific to, the B-cell tumors and contained genes
that define the human ABC DLBCL phenotype, including Malt] and
Tcf4. Lastly, genes that are associated with cell cycle progression during
proliferation were upregulated in lymphomas and in GC B cells and
were not induced in primary activated B-cell samples.

We next examined genes that were statistically overexpressed or
underexpressed in specific cell populations. Genes that were more
highly expressed in primary cells than in lymphomas fell into gene
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Figure 2. ATMKO.CD3:KO B-cell tumors activate in vitro T-cell responses
and undergo in vivo T cell-dependent rejection. (A) ATMKO.CD3cKO B-cell
tumors grow progressively in T cell-deficient (CD3¢KO) (closed symbols), but not in
T cell-sufficient (B6 X 129)F1 (F1; open symbols, which are all on the x-axis), host
mice. A total of 2 X 10° B-cell lymphomas (B1, B2, and B3) were injected in 100 uL
of phosphate-buffered saline into the anteromedial thigh of host mice, and tumor
growth (plotted as tumor volume) was calculated as described in supplemental
Materials and Methods. This experiment is representative of 4 independent exper-
iments using 3 B-cell tumors and 2 to 4 host mice per group. (B) ATMKO.CD3cKO
B-cell lymphomas stimulate in vitro CD4 " T-cell proliferation. No T cells (-) or a total
of 1 X 10° CD4" T cells from (B6 x 129)F1 (F1) or BALB/c mice were cocultured
with 1 X 10° irradiated (60 Gy) B-cell lymphomas (none, B1, or B2) for 72 hours in
96-well plates. T-cell proliferation was assessed by [*H] thymidine uptake and
presented as counts per minute (CPM) = standard error of the mean for triplicate
wells. This experiment is representative of 3 experiments using 2 B-cell tumors.
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Figure 3. Microarray-based gene expression pro-
filing of primary B cells and B-cell lymphomas. Heat
map of RNA gene expression profiles from splenic
B cells (ATMWT [WT] and ATMKO [KQ]), treated with
or without goat-anti-mouse IgM (15 wg/mL) stimulation
(at 0, 3, 6, and 12 hours), ATMWT GC B cells (GCB),
and 9 ATMKO.CD3¢KO tumors. RNA was labeled with
Cy5 and compared to a common pool of reference RNA
labeled with Cy3 to allow direct comparison of all sam-
ples to each other. Clusters of genes with similar be-
haviors were identified (supplemental Table 1) and
captured for subsequent signature analysis (supple-
mental Table 2) to identify enriched functions and path-
ways. Genes representative of a particular function are
listed on the right. Relative differences in expression are
indicated by the color bar; * indicates a technical replicate
of that sample.
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signatures®>>® that included those defining cytokine (Jak2) and

interferon signaling (/rf7 and Irf9) (supplemental Table 2). Of interest,
ABC DLBCL typically also downmodulates interferon responses to
avoid the toxic effects of autocrine/paracrine type I interferon.>’” Genes
more highly expressed in GC B cells than in lymphomas were those that
define both the GCB phenotype (Aicda) and proliferation state (Cdc6
and Mdm1). Genes that were more highly expressed in tumors than in
primary cells were again enriched for signatures associated with human
ABC DLBCL and included genes sets that define NF-kB signaling
(Irf4), cytokine signaling (1/10), and plasmacytic differentiation (Xbp 1),
as well as genes that distinguish ABC DLBCL from GCB DLBCL
(Tcf4).

ATMKO.CD3¢KO lymphomas exhibit chromosome instability
and recurrent amplification of a 4.48-Mb region on MMU18
containing Malt1 in the region of highest amplification

SKY?*% revealed that both freshly explanted (a mix of lymphoma cells
and nontransformed splenocytes) and early-passage lymphomas had
near-diploid abnormal karyotypes with chromosomal instability. Cells
exhibited chromosomal imbalances and structural aberrations such
as deletions, duplications, and unbalanced translocations, whereas

reciprocal translocations, a feature of ATMKO T-cell lymphomas,?
were rare (Figure 4A-B; supplemental Table 3). Of interest, SKY
identified gains at the distal end of MMU18 in 4 of 5 of the day
0 lymphomas and in all (11/11) of the early-passage lymphomas
analyzed. This gain resulted primarily from amplifications occurring in
the form of homogeneously staining regions or unbalanced transloca-
tions involving MMU18.

Array CGH? confirmed and extended the SKY results, demon-
strating that these lymphomas exhibited high levels of aneuploidy and a
recurrent 4.48-Mb common region of high-level genomic amplification
at chromosome 18:65,490,103-69,966,590. This MMU18 amplicon
was detected in 7 of 9 day O cells and was retained in all (11/11) early-
passage cells (Figure 4C-F). Gene expression profiling revealed that the
majority of genes present in the MMU18 amplicon were found in
clusters 6 and 7 (Figure 3) and were associated with high expression in
B-cell tumors and with low expression in primary B-cell populations.
When expression of these genes was directly examined (Figure 4G), 37
of 38 genes in the amplicon were indeed overexpressed, suggesting that
amplification leads to upregulation of genes in this region.

GISTIC,® a tool used to identify genes affected by copy number
alterations that drive cancer growth, identified a statistically significant
peak of amplification within the MMU18 amplicon that mapped to
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Figure 4. ATMKO.CD3¢KO B-cell lymphomas exhibit chromosomal instability and a gain of a 4.48-Mb region on MMU18. (A) SKY image of a metaphase
chromosome spread prepared from an early-passage (6 weeks) ATMKO.CD3¢KO B-cell lymphoma (16508) identifies structural and numerical aberrations, including
deletions (MMU6 and MMU12), unbalanced translocations [T(14;6), T(15;1), T(16;18;14), and T(19;1)], and an aberrant MMU18 with an amplified homogeneous staining
region (Hsr). (B) SKY images from 3 ATMKO.CD3¢KO tumors (39317 and 180764 (left) and 141645 at day 0 and early passage (right) provide examples of structural
aberrations that contributed to copy number gains of MMU18 sequences in these tumors. Metaphase images (15 per sample) of day 0 (n = 5) and early-passage tumors
(n = 11) were collected at room temperature using a Leica DMRBE epifluorescence microscope fitted with a charge-coupled device camera, a 63X oil-immersion lens,
and SpectraCube SD200 acquisition software (Applied Spectral Imaging). Analysis was performed using SKYview software (Applied Spectral Imaging). Array CGH
analysis of genome-wide copy number alteration changes in day 0 (n = 9) (C) and early-passage (n = 12) ATMKO.CD3¢KO tumors (D) using Nexus Copy Number
software (BioDiscovery). Identification of the minimal region of genomic amplification on MMU18 (black arrow) that is present in day 0 (n = 9) (E) or early-passage (n = 12) samples
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of genes found in the recurrent amplicon on MMU18 in these B-cell tumors. Relative differences in expression are indicated by the color bar; * indicates a technical
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Zz0z Arenige4 9z uo 1senb Aq pd- L 622/97968€ L/1.622/02/9Z L 4Pd-8[onie/poojq/Bio-suonesligndyse/:duy wouy papeojumoq



BLOOD, 12 NOVEMBER 2015 - VOLUME 126, NUMBER 20

a similar location in day 0 and in cultured lymphoma cells. GISTIC
identified a 0.6-Mb minimal region in day O cells and a 0.35-Mb region
in early-passage cells that mapped to chr18:65,490,103-66,087,220 and
chr18:65,490,103-65,840,172, respectively (g < 1e-03). Thus, both
freshly explanted and cultured ATMKO.CD3eKO B-cell lymphomas
exhibited aneuploidy and chromosomal instability, with a characteristic
MMU18 genomic amplification defined by GISTIC.

We next asked whether genes present in the MMU18 amplicon
might contribute to transformation and/or survival. We identified Malt1
as a candidate for further study because it was the only full-length gene
contained within the region identified by GISTIC. In addition, MALT1
links BCR signaling to downstream NF-kB activation''***® and is
known to contribute survival signals to human ABC DLBCL.'*'®
Therefore, we investigated whether B-cell lymphomas were dependent
on MALT1 and NF-«B for survival.

ATMKO.CD3:KO lymphomas express activated NF-xB and
depend on NF-kB for survival

NF-kB activation begins when inhibitory proteins sequestering inactive
NF-kB in the cytoplasm are phosphorylated by activation and subse-
quently degraded, thereby allowing nuclear translocation of NF-«kB
proteins.*! Therefore, as a measure of NF-kB activation, we quantitated
relative levels of Rel in the cytoplasm and nucleus by immunofiuores-
cence. Strong Rel staining was observed in both the cytoplasm and the
nucleus of B-cell lymphomas (Figure SA); in contrast, strong Rel staining
was detected in the cytoplasm, but not in the nucleus, of control T-cell
lymphomas. Correspondingly, the quantified Rel nuclear/cytoplasmic
ratio was significantly higher in B-cell tumors than in T-cell tumors
(Figure 5B), consistent with NF-kB activation in B-cell lymphomas.

Demonstrating that B-cell lymphomas expressed activated NF-xB
prompted us to ask whether they also required NF-«B for survival.
Because NF-kB signaling requires IKK activation, we tested NF-kB
dependence by assessing viable cell recovery in the presence of either of
2 IKK inhibitors: PS1145* or MLN120B* (Figure 5C-D). Viable cell
recovery of B-cell lymphomas, but not ATMKO T-cell lymphomas,
was substantially inhibited by treatment with either agent. Therefore,
as assessed by IKK inhibition, these mouse B-cell lymphomas are
dependent on NF-«B for viability.

ATMKO.CD3eKO B-cell lymphomas depend on MALT1 activity
for survival

We next asked whether Maltl, encoded in the recurrent amplicon on
MMU 18, also contributes to survival of these B-cell lymphomas. Real-
time polymerase chain reaction demonstrated that Maltl transcript
levels were substantially higher in lymphomas than in activated normal
B cells (Figure SE), confirming the results of gene expression profiling
presented previously. In vitro recovery of B-cell lymphomas, but not
T-cell lymphomas, was substantially inhibited by treatment with either
of 2MALTI inhibitors: Z-VRPR-fmk'® or MI-2* (Figure 5F-G). These
results demonstrate that B-cell lymphomas express elevated levels of
Maltl and depend on MALT1 activity for their survival, providing an
important functional link between Maltl gene amplification and the
requirement for MALT] in survival of these B-cell lymphomas.

Blockade of BCR signaling components impairs survival
and suppresses NF-kB activation in ATMKO.CD3¢KO
B-cell lymphomas

For normal and many malignant B cells, BCR signaling provides
essential survival signals, in part throngh MALT1-dependent activation
of NF-kB signaling.'"'>7394547 Ag compared to T-cell lymphomas,

ATM-DEFICIENT B-CELL LYMPHOMAS = 2297

cell recovery of B-cell tumors was substantially and preferentially
inhibited by in vitro coculture with Syk (PRT2667), BTK (PCI-32765),
and PKCp inhibitors (Ly317615) (Figure 6A-C). These results demon-
strate that survival of ATM-deficient B-cell lymphomas is, at least in
part, dependent on Syk, BTK, and PKC signaling and further suggest
that they are dependent on BCR signaling for survival.

Because inhibition of BTK signaling impaired survival of ATMKO.
CD3eKO B-cell lymphomas, we asked whether BTK signaling was
also essential for NF-kB activation in these tumors. B-cell lymphomas
were treated with PCI-32765 or DMSO, lysed, and subjected to se-
quential western blot analysis to detect p-IkBa (an indicator of activated
NF-kB) and IkBa (a measure of total cellular NF-kB).*8 Decreasing
p-IkBo/IkBa ratios were detected beginning as early as 1 hour after
PCI-32765 addition (Figure 6D), demonstrating that BTK signaling
was required for NF-«kB activation in these lymphomas.

Previously, gene expression profiling of a human ABC DLBCL cell
line treated with PCI-32765 identified a set of genes that were coordi-
nately downregulated by BTK inhibition.*” Therefore, we performed
gene expression profiling to examine the behavior of these human
malignancy—defined genes in ATMKO.CD3¢KO B cell tumors treated
with the BTK inhibitor. These same genes were inhibited in mouse
lymphomas (Figure 6E), and there was statistically significant overlap
between the genes downregulated by BTK inhibition in human ABC
DLBCL cell lines and in mouse lymphomas (supplemental Table 4).
NF-kB—dependent genes defined in human ABC DLBCL were also
downregulated, thus identifying them as targets for BTK inhibition in
these mouse lymphomas as well (Figure 6F; supplemental Table 4). These
approaches demonstrate that NF-«kB activation in ATMKO.CD3¢KO
B-cell tumors is dependent on BTK signaling and suggest that the effect
of inhibiting BTK and/or BCR signaling on cell viability is a conse-
quence of inhibiting downstream NF-«kB activation. Activation of
NF-kB by BCR signaling is a defining feature of human ABC DLBCL
and is strikingly similar in these ATMKO.CD3¢KO B-cell lymphomas.

Discussion

We established a mouse model of ATM deficiency in the absence of
T cells to explore the extent to which ATM influences development
of non—T-cell malignancies. We demonstrate that ATM is required to
prevent B-cell lymphomagenesis and identify an unexpected role of
T cells in preventing development of these B-cell lymphomas. When
T cells are absent, ATM deficiency allows exclusive and early devel-
opment of clonal B-cell lymphomas that are immunostimulatory and
have an array of characteristics that resemble human ABC DLBCL.
Somatic mutations or deletions of ATM are observed in sporadic
human lymphoid malignancies, including >11% of DLBCLs.**->>
Although 10% to 15% of all A-T patients develop a spectrum of
malignancies, primarily lymphoid, early in life,*>4%33% B-cell
malignancies are approximately 4 times more frequent than T-cell
malignancies*” and only thymic T-cell lymphomas develop in ATM-
deficient mice.® In contrast to the recurrent translocations involving the
T-cell receptor & locus on MMU14 present in ATMKO T-cell lym-
phomas, no recurrent translocations were identified in the B-cell lym-
phomas characterized here. The observed differences in translocations
involving immune receptor genes between ATM-deficient T- and B-cell
tumors may reflect differences in the development stages at which T- and
B-cell transformation occurs. That is, T-cell transformation occurs in
immature T cells when T-cell receptors are rearranging, whereas these
B-cell lymphomas appear to arise from B cells undergoing transformation
at a later stage of development, after BCR rearrangement is complete.
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Figure 5. NF-xB expression and dependence of ATMKO.CD3¢KO B-cell lymphomas. (A) Immunofluorescence images showing staining for Rel (Alexa488), 4,6
diamidino-2-phenylindole (DAPI), or both in an ATMKO.CD3¢KO B-cell tumor (left) and an ATMKO T-cell tumor (right) (original magnification X40). Images were collected
at room temperature using a Zeiss LSM510 META confocal microscope fitted with a 63X oil-immersion lens. (B) Quantification of mean nuclear/cytoplasmic intensity ratio
for Rel staining shown for 2 B-cell tumors (closed symbols) and 2 T-cell tumors (open symbols) and calculated from 200 images collected for each tumor. Inhibition of
ATMKO.CD3eKO B-cell tumors (closed symbols) and ATMKO T-cell tumors (open symbols) cocultured with the IKK inhibitors PS1145 (C) or MLN120B (D). (E) quantitative
polymerase chain reaction detection of Malt1 expression in B-cell tumors (B1, B2, and B3) and lipopolysaccharide (LPS)-activated B cells. Data were collected on the ABI
9700 real-time polymerase chain reaction system (Applied Biosystems), and relative expression of Malt1 was determined using the 2744C method, normalized to B-actin
expression, and presented as fold expression (+ standard deviation) relative to LPS-activated B cells. This experiment is representative of 3 independent experiments for each
sample. Inhibition of B-cell tumors (closed symbols) and T-cell tumors (open symbols) cocultured with the MALT1 inhibitors Z-VRPR-fmk (F) or M1-2 (G). For panels C-D and F-G,
viable cells were counted and inhibition was calculated as described. Data are representative of 3 independent experiments examining survival of 4 to 6 B-cell tumors and 2 to 4

T-cell tumors in each experiment.

Our study suggests that T cell-dependent immune surveillance
is an important mechanism preventing development of B-cell malig-
nancies in the context of ATM deficiency. ATMKO.CD3eKO B-cell
lymphomas express high levels of MHC and costimulatory mole-
cules that may promote their in vivo recognition and elimination by
activated T cells. These tumors also express CD95 that may pre-
dispose them to apoptosis by FAS ligand—positive T cells, a mech-
anism recently reported to mediate immune surveillance against
some B-cell lymphomas.>® AIDS patients and immune-suppressed
individuals with impaired T-cell function also develop B-cell ma-
lignancies with increased frequency, and, in the context of aging-
associated decreases in T-cell function, development of ABC
DLBCL, but not GCB DLBCL, is substantially elevated in elderly
patients.”’"> The findings reported here provide a model to further
assess the mechanisms by which T cells control the emergence of
ABC DLBCL.

It is thought that DLBCL derives from GC or post-GC B cells'
that undergo TD antigen-driven GC differentiation, leading to altered
gene expression®?® and somatically mutated BCRs.?*"°* The B-cell
lymphomas described here develop in the absence of T cells and,

therefore, in the absence of conventional TD GC, yet they resemble
GC-experienced cells. They have gene expression profiles similar
to post-GC ABC DLBCL and express IgM™ BCR, with ongoing
somatic hypermutation and associated Aicda expression. Further,
detection of shared IgVH mutations in each cell line suggests that
activation, induction of AID, and somatic hypermutation preceded
transformation. Itis not clear how AID is regulated in these lymphomas;
although expressed AID is sufficient to promote ongoing IgVH
mutations, it is not sufficient to promote class-switch recombina-
tion (CSR), because all lymphomas were IgM *. This defectin CSR
could result from recombination defects®' or lack of targeting to switch
regions® arising from ATM deficiency. Hypermutation independent of
GC or T cells has been previously reported.?®%** In this context, ATM-
deficient lymphomas resemble memory B cells induced by T-I type 2
polysaccharide antigens, in that they share an unusual CD21 CD23™
phenotype and express BCRs with only low-level IgVH mutations.*®
Therefore, exposure to environmental T-1 type 2 antigens, such as
Streptococcus pneumonia, occurring in the context of T-cell defi-
ciency may provide critical activation signals that promote B-cell
transformation in ATMKO.CD3eKO mice and in humans.
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Figure 6. Inhibition of BCR signaling suppresses cell A 60
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recovery and NF-kB activation in ATMKO.CD3s¢KO
B-cell lymphomas. ATMKO.CD3¢KO B-cell lymphoma
lines (closed symbols) and ATMKO T-cell lymphoma
lines (open symbols) were cocultured with titrated
amounts of PRT2667 (Syk inhibitor) (A), Ly317615
(PKCB inhibitor) (B), or PCI-32765 (BTK inhibitor) (C).
For panels A-C, viable cells were counted, and inhibi-
tion was calculated as described in “Materials and
methods.” Data are representative of 3 independent ex-
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NF-kB is a tightly regulated signaling pathway that inhibits
apoptosis and promotes cell proliferation. Recent studies demon-
strating that human ABC DLBCL depends on constitutive NF-kB
activation for survival'""'? highlight the fact that deregulated
NF-kB signaling can promote tumor development.s‘lz’65 For some
lymphomas, genetic mutations that enhance NF-kB signaling
(CARMAI, MyD88, or BCR) or minimize inhibition of NF-«B sig-
naling (TNFAIP3) have been identified,'"% but for many other lym-
phomas, including the ATMKO.CD3eKO lymphomas, the mechanisms
mediating NF-«kB activation are unknown. Although it is unclear
whether the mutations leading to constitutive NF-kB activation in
human or mouse lymphomas are early transforming events or are

byproducts of transformation, it is clear that NF-«B activation
provides them with a survival advantage.

MALT1 is a component of a complex that links BCR signaling to
downstream NF-«kB activation and plays important roles in normal
B-cell biology and in the pathogenesis of human ABC DLBCL. 4163945
The MMU18 amplicon in ATMKO.CD3¢KO lymphomas, containing
Mailtl, is orthologous to a region that is amplified in >30% of human
ABC DLBCL™ and correlates with Malt! overexpression in these
mouse lymphomas. Despite studies implicating MALT1 in lymphoma-
genesis, evidence documenting an ability of MALT1 to directly activate
NF-kB in the absence BCR signaling or to be itself oncogenic has
been difficult to demonstrate.®”* Although the mechanism by which
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MALT1 contributes to pathogenesis of ATMKO.CD3¢KO lympho-
mas remains to be determined, the ubiquitous expression of amplified
Maltl in these lymphomas suggests that genomic amplification is an
early event in tumor development and that maintenance is important for
tumor survival.

This report demonstrates that ATM deficiency profoundly pre-
disposes mice to develop B-cell lymphomas that resemble human
ABC DLBCL and that emergence of these tumors occurs only
when T cells are absent. This mouse model may be useful for
studying both etiology and therapy of ABC DLBCL, as well as the
role of T-dependent mechanisms in preventing development of
these B-cell lymphomas.
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