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Most human B-cell non-Hodgkin’s lymphomas arise
from germinal centers. Within these sites, the mis-
match repair factor MSHG6 participates in antibody
diversification. Reminiscent of the neoplasms arising
in patients with Lynch syndrome III, mice deficient in
MSHG6 die prematurely of lymphoma. In this study, we
characterized the B-cell tumors in MSHO6-deficient
mice and describe their histological, immunohisto-
chemical, and molecular features, which include
moderate microsatellite instability. Based on histo-
logical markers and gene expression, the tumor
cells seem to be at or beyond the germinal center
stage. The simultaneous loss of MSH6 and of activa-
tion-induced cytidine deaminase did not apprecia-
bly affect the survival of these animals, suggesting
that these germinal center-like tumors arose by
an activation-induced cytidine deaminase-indepen-
dent pathway. We conclude that MSHG6 protects B
cells from neoplastic transformation by preserving
genomic stability. (Am J Patbol 2010, 177:2597-2608;
DOI: 10.2353/ajpath.2010.100234)

DNA mismatch repair (MMR) is a highly conserved pro-
cess that provides protection from errors made during
normal DNA replication and from environmental geno-
toxic agents.’* Heterozygous germline mutations in the
human MMR genes MSH2, MSHE, MLH1, or PMSZ2 lead
to hereditary nonpolyposis colorectal cancer, also called
Lynch syndrome.®>® When the normal allele is lost, the
resulting neoplastic defect in MMR is often accompanied
by deleterious mutations of proto-oncogenes and tumor
suppressor genes, as well as instability in microsatellites.

Recent studies have defined an additional familial cancer
susceptibility syndrome tentatively named Lynch syn-
drome I that is caused by inheritance of homozygous
or compound heterozygous mutations of MMR genes.
This syndrome, also referred to as CoLoN (colon tumors
or/and leukemia/lymphoma or/and neurofibromatosis),®
childhood cancer syndrome,® or constitutional MMR-de-
ficiency syndrome,’® is associated with hematological
malignancies in almost half of the known families'" with
T-cell lymphomas occurring more commonly than B-cell
non-Hodgkin’s lymphomas. Neurological cancers also
occur, most often in children but can also appear during
the second and third decades of life.

Efforts to understand the normal biology of MMR in
mammalian cells, including B lymphocytes in which MMR
plays unique roles, have centered on mice with null or
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mutant alleles of MMR genes. "3 MSH2 and MSH6 form
a heterodimer that recognizes base-base mismatches
arising during DNA replication, as well as mismatches
caused by alkylated DNA adducts formed by chemother-
apeutic agents or oxidative stress.’~* Msh2~/~ mice suc-
cumb rapidly to T-cell lymphomas,*~'® whereas Msh6-
deficient mice die at a somewhat older age, primarily of
B-cell lymphomas.'” That animals lacking both alleles of
an MMR factor develop hematological malignancies is
reminiscent of patients with Lynch syndrome Ill, and
these animals provide a potential model system for ex-
amining this emerging disease.

B-cell lymphomas in Msh6~/~ mice have not yet been
characterized in detail, but the observation that MSH6
deficiency is associated primarily with B-cell lymphomas
suggests that MSH6 might play a special role in protect-
ing B cells from transformation. This finding is of interest
because a high proportion of human B-cell non-
Hodgkin’s lymphomas are believed to arise from germi-
nal center (GC) B cells,'®2° in which MSH6 directly
contributes to the genetic instability required for class
switch recombination (CSR) and somatic hypermutation
(SHM)_21—23

SHM and CSR are mechanisms of antibody diversifi-
cation that occur in GC B cells.'®?* Both are initiated by
activation-induced cytidine deaminase (AID), which
deaminates cytidines in single-stranded DNA at a very
high rate to create uridines that are processed in different
ways. When a uridine is converted to a thymidine during
replication, this is referred to as a phase 1 mutation. On
the other hand, these mutations can be processed by
base excision repair or recognized as G:U mismatches
and processed by MMR.'®24 Paradoxically, the same
base excision repair and MMR factors that typically pro-
mote genomic stability are recruited to these AID-in-
duced lesions in Ig genes in which they mediate error-
prone repair processes that contribute more than half of
the mutations that arise in Ig loci. These additional muta-
tions are referred to as phase 2 mutations.™ Unlike its
heterodimeric partner MSH2, MSH6 physically interacts
directly with mismatched bases®® and bears within its
N-terminal domain a binding motif that probably medi-
ates the interaction of the MMR complex with proliferating
cell nuclear antigen (PCNA), which itself recruits error-
prone polymerases to Ig variable (V) and switch region
sequences.?®?” Besides recruiting the subsequent en-
zymes in MMR, MSH6 can also signal to other cellular
programs, such as the apoptosis machinery, although
the details of this are not well understood.?® These
MSHB6-specific structural and functional features raise
the possibility that it may serve functions that are inde-
pendent of MSH2 and that are distinct from its paralog
MSH3. In MMR, MSH2 can form a heterodimer with
either MSH6, which recognizes single-base mis-
matches, or with MSH3, which recognizes larger
mismatches associated with insertions and deletions.
Nevertheless, the stable expression of MSH6 requires
heterodimerization with MSH2, so most, if not all, of the
functions of MSH6 must depend on the presence of
MSH2.

Derangements of SHM and CSR are believed to
cause many lymphomas. AlD-induced mutations in Ig
loci and proto-oncogenes can lead to double-stranded
DNA breaks and chromosomal rearrangements that
deleteriously place certain genes under the control of
Ig regulatory sequences.?® SHM can be mistargeted to
cancer-related genes, such as Bcl6 and Myc, contrib-
uting to malignant transformation.®® In normal GC B
cells, MMR contributes to the error-free repair of AlD-
induced mutations at many different genomic loci, in-
cluding some oncogenes, but also carries out error-
prone repair of the V and switch regions within the Ig
locus as well as to oncogenes such as Bcl6 and a few
other genes.®' The role of MMR in CSR-mediated
pathogenic translocations or aberrant SHM, however,
is not known.

Here we describe our characterization of the stage of
development from which B-cell lymphomas arise in
Msh6~'~ mice and our search for the mechanism of
neoplastic transformation. We report that the lymphomas
arising in Msh6~/~ mice have properties of cells at or
near the GC stage of B-cell development. In addition, the
tumors are quite heterogeneous in their morphology and
expression of GC markers. Genomic analysis of expres-
sion profiles, karyotype, and copy number alterations are
described. We also tested a hypothesis that MSH6 might
perform its protective role by repairing AlD-induced mu-
tations in oncogenes or tumor suppressors. A genetic
cross revealed instead that the events causing malignant
transformation of B cells in these mice are not dependent
on AID. We conclude that Msh6 protects GC B cells from
transformation through its general role in preserving
genomic stability rather than through its specific role in
contributing to the genomic instability of Ig genes that is
associated with SHM and CSR.

Materials and Methods

Mice and Survival Curve

Msh6~'~ mice were described previously'” and housed
in a barrier facility at the Albert Einstein College of Med-
icine. Aicda~’~ mice were the kind gift from Dr. T. Honjo.
Because studies in C57BL/6 mice and humans have
reported no differences between Aicda™" and Aicda™/~
individuals,®273% Msh6~/~Aicda™~ were included in the
cohort of Msh6~/~ mice. Although a recent study®® re-
ported that loss of a single copy of AID attenuated
plasma cell tumors in BALB/c-Bcl-xI transgenic mice, the
dosage effects may reflect stain differences.®® Survival
was analyzed with GraphPad Prism software (GraphPad
Software Inc., San Diego, CA). All experiments were ap-
proved by the Albert Einstein College of Medicine Insti-
tutional Animal Committee.

Histopathology and Immunohistochemistry

Formalin-fixed paraffin-embedded sections were stained
with H&E or antibodies as follows. For AID immunohisto-
chemistry (IHC), antigen retrieval was performed in 1



mmol/L EDTA (pH 7.5) in a microwave oven. After stan-
dard blocking steps, slides were incubated overnight at
4°C with undiluted supernatant from rat anti-AID hybrid-
oma 328.15 (M. Scharff, manuscript in preparation) and
visualized by standard methods. Antigen retrieval before
B220 (BD Biosciences, San Jose, CA), PNA (Vector Lab-
oratories, Burlingame, CA), CD3 (Dako, Carpintera, CA),
Pax5 (BD Biosciences), MAC387 (Dako), Igk (Dako), and
IgM (Southern Biotechnology, Birmingham, AL) staining
was performed in a vegetable steamer in Antigen Un-
masking Solution (Vector Laboratories), and Pax5 IHC
was performed using a Mouse-On-Mouse kit (Vector Lab-
oratories). Bclé IHC (Santa Cruz Biotechnology, Santa
Cruz, CA) was performed as described.®”

Microsatellite Instability, V(D)J Recombination,
and Somatic Hypermutation

Microsatellite instability (MSI) assays were performed
as described in Kuruguchi et al®® and in some cases
were confirmed by direct sequencing. For somatic hy-
permutation (SHM), a 0.5-kb portion of the Ig J.2-J4
intron was sequenced as described?” and analyzed
using SHMTool.3°

Spectral Karyotype Analysis, Array Comparative
Genomic Hybridization, Expression Profiling

For spectral karyotype analysis, lymphomas were disso-
ciated, filtered, and resuspended in RPMI 1640 com-
pleted with fetal calf serum to 10% and with 4 mmol/L
L-glutamine, 1 mmol/L sodium pyruvate, 100 IU/ml peni-
cillin, 100 wg/ml streptomycin, 0.1 mg/ml gentamicin, and
55 umol/L B-mercaptoethanol and supplemented with
100 ng/ml Colcemid (Gibco, Carlsbad, CA), 50 ng/ml
interleukin-4 (R&D Systems, Minneapolis, MN), and 50
pg/ml lipopolysaccharide (Sigma-Aldrich, St. Louis, MO).
After 6 hours of Colcemid treatment, lymphoma cells
were swelled in 75 mmol/L KCI and gradually transferred
to a fixative (3:1 ratio of methanol and glacial acetic acid).
Spectral karyotyping was performed as described?® at
the Genome Imagine Facility of Albert Einstein College of
Medicine. Between five and eight metaphases were an-
alyzed for each tumor, and abnormalities were then de-
fined as described.*’

For array comparative genomic hybridization, genomic
DNA from lymphomas and sex-matched C57BL/6J kid-
ney was submitted to Roche NimbleGen (Madison, WI)
for array comparative genomic hybridization on a mouse
whole genome tiling array (385,000 probes). Analysis
was performed as per Roche NimbleGen and with Path-
way Analysis software (Ingenuity Systems, Redwood
City, CA).

For expression profiling, RNA was isolated from frozen
tumor samples as described previously,*? and amplified
RNA from tumors or normal spleen and from reference
RNA (Universal Mouse Reference RNA, Stratagene, La
Jolla, CA) were labeled to Cy3 and Cy5, respectively,
according to the manufacturer's protocols (Quick-Amp
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Labeling Kit, Agilent Technologies, Santa Clara, CA).
Hybridizations were performed onto a customized mouse
Agilent array (Mmeb 4x44K) covering approximately
36,000 genes produced specifically for the National In-
stitute of Allergy and Infectious Diseases Microarray Re-
search Facility. Data from the scanned chips are stored
at the microarray database (mAdb) maintained by the
Center for Information Technology, NIH. Image analysis
and normalization were done with Feature Extraction Soft-
ware (Agilent Technologies). Clustering and principal
component analysis were performed with Genesis*® and
significance analysis of microarrays was applied as
described.**

Results

Msh6-Deficient Mice Develop B-Cell Lymphomas

Although previous studies have reported that Msh6~/~
mice develop B-cell lymphomas, the stage of B-cell dif-
ferentiation reflected by those tumors has not been ex-
amined.'”*%46 We therefore studied new tumors gener-
ated from fully backcrossed Msh6~'~ mice. The mice
were regularly monitored and necropsied when mori-
bund. Findings at necropsy included marked spleno-
megaly, frequent enlargement of mesenteric and cervical
lymph nodes, and, less frequently, enlarged mediastinal
nodes. Some mice exhibited hepatic involvement with
multiple small white foci.

By histological criteria,*”**® 10 of the 12 cases studied
in detail were diagnosed as B-cell lineage neoplasms
with another two diagnosed as T-cell lymphoblastic lym-
phomas. The B-cell neoplasms included plasmacytomas,
B-cell lymphoblastic lymphomas, immunoblastic lym-
phoma, and follicular lymphoma (Table 1). The degree to
which neoplastic populations ablated normal histological
architecture was variable both between mice and across
different anatomical sites within a given mouse. In some
instances, an entire lymph node was replaced by sheets
of neoplastic cells, whereas in others the tumor cells
comprised a minor population. In addition, some tumors
were associated with large populations of histiocytes.

The most common findings were mixed populations of
neoplastic cells with features of immunoblasts of GC or
early post-GC origin, as well as anaplastic and plasma-
blastic plasma cells, but only rare mature plasma cells.
Depending on the dominance of a particular cell subset,
these presentations were consistent with diagnoses of
immunoblastic lymphoma and anaplastic and plasma-
blastic plasmacytoma (APCT)*® (Figure 1, A and E). His-
tiocytic infiltrates, including some suggestive of true his-
tiocytic sarcoma including multinucleate giant cells
(Figure 1B, arrow) were also common. In cases classified
as lymphoblastic lymphoma (LL), spleen and peripheral
lymph nodes and sometime submandibular and perirenal
lymph nodes were densely populated by lymphoblasts
associated with frequent mitotic figures and a typical
starry sky appearance (Figure 1, C and G) because of the
presence of tingible body macrophages containing
apoptotic bodies (Figure 1G, arrow). The histiocytic-like
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Table 1. Histological, Immunohistochemical, and Clonal Analysis of MshG’~ Lymphomas

Case Classification* Clonality™ B220* CD3 BCL6 PAX5 PNA AID IgM lgk
1125 DLBCL Oligo + + + + + + - +
1301 HS + APCT Mono + - + + + - + +
1281 FBL ND + - + + + + - —
850 LL Oligo + +/- - + - - - -
480 HS + LL Mono + +/— - + - — + —
624 HS + PB PCT Oligo + - + + + - +/- +
599 LL Oligo + + - + — — - —
720 LL Mono + + - + - - + -
981 LL Oligo + + + - +/- +/— - —
164 IB-APCT Mono + + + + +/- + +/- -

*Classification based on H&E analysis: DLBCL, diffuse large B cell lymphoma; HS, histiocytic sarcoma; FBL, follicular B cell lymphoma; LL,
lymphoblastic lymphoma; PB PCT, plasmablastic plasmacytoma; APCT, anaplastic plasmacytoma; IB-APCT, mixed immunoblastic lymphoma and
APCT. Mice 599, 720, 981, and 164 were generated from an Msh6*/~ by Aicda™’~ cross and were heterozygotic at the Aicda locus.

TPCR products from tumors were compared with those from wild-type spleen, in which all possible rearranged alleles were detected. Oligo,
oligoclonal; mono, monoclonal; ND, not determined.

HWhen both B220 (B cells) and CD3 (T cells) staining was observed, the dominant stain among neoplastic cells was used to assign lineage; two
cases scored as T-cell ymphomas are not listed.

neoplastic cells did not stain with the F4/80 antibody cases identified four APCTs, three LLs, one compound
(Figure 1F). Finally, one case was diagnosed as follicular APCT and histiocytic sarcoma, and three diffuse large
B-cell ymphoma with a dense mixture of centrocytes and B-cell lymphomas (DLBCLs) with a variable background
centroblasts in greatly enlarged splenic follicles (Figure of histiocytes (not shown). This finding is consistent with
1, D and H). previous reports’”#%4€ in which most tumors of Msh6 =/~
Although the B-cell ymphomas identified in the original mice were histologically of B-cell origin but were fre-
report of MSH6-deficient mice were from stock on a quently associated with large accumulations of normal-
mixed genetic background,’” a reexamination of these appearing or possibly transformed histiocytes.
Anaplastic Histiocytic Lymphoblastic Follicular

plasmacytoma sarcoma lymphoma lymphoma

Figure 1. Loss of Msh6 leads largely to B-cell lymphomas of diverse morphology. All panels were stained with H&E, except for F, which was stained by F4/80
(brown) and hematoxylin (blue). A: Tumor 1301 is an example of an anaplastic plasmacytoma that effaced the splenic follicular architecture with a uniform
population of round cells (E) with ample pale basophilic cytoplasm with round nuclei (plasmacytoid) admixed with histiocytes. B: Tumor 624 is an example of
a histiocytic sarcoma in which nuclei are large and oval, and large multinucleated forms are apparent (double arrow). F: The histiocytic-like neoplastic cells do
not stain with the F4/80 antibody; a reactive macrophage in the micrograph (arrow) demonstrates effective immunohistochemistry with this antibody. C: Tumor
981 is an example of lymphoblastic lymphoma, with splenic architecture effaced by small dark round cells with uniform round stippled nuclei with one to two
generally centrally placed nucleoli and scant cytoplasm (G). Throughout the lesions there were many tingible body macrophages carrying apoptotic bodies
(arrow), endowing these tumors with a “starry sky” appearance. D: Tumor 1281 is an example of follicular lymphoma, in which neoplastic B cells have formed
nodules composed of generally small cells with round-to-ovoid stippled nuclei, with numerous cells which are histiocytic in appearance (H). Original
magnification: X5 (D); X10 (A and C); X10 (B, E-H).



Many Msh6~'~ Lymphomas Share Features of
GC and Post-GC B Cells

To further investigate the stage of differentiation of MSH6-
deficient B-lineage lymphomas, we analyzed the tumors by
immunohistochemistry. As suggested by the histological
analysis, 10 tumors classified as B-cell lineage lymphomas
were confirmed to be of B-cell origin on the basis of B220
staining, and 9 of the 10 were PAX5™ (Table 1). Many cases
had prominent populations of CD3* T cells that were rarely
dominant over the B220™ cells and probably represented
infiltrating reactive T cells. Variable staining for IgM was
observed in four cases and staining for « light chains was
observed in three of the cases diagnosed with populations
of plasmablastic and anaplastic plasma cells, as expected
from previous studies.*® Three cases (1125, 1281, and 164)
were strongly positive for both BCL6 and PAX5, which are
highly expressed in normal GC B cells, and they were also
positive for expression of two other GC B-cell markers, PNA
and AID. One tumor (1301) was positive for BCL6, PAX5,
and PNA, and another (981) was strongly positive for
BCL6 and weakly positive for PNA and AID. The expres-
sion of multiple GC markers suggests that at least six
(1125, 1301, 1281, 624, 981, and 164) (Table 1) of the ten
tumors were GC-experienced B cells, even though they
varied somewhat in their histological appearance.

Microarray expression profiling was performed on three
LLs (850, 981, and 480) and one mixed immunoblastic
tumor with anaplastic plasmacytoma (IB-APCT) (164). The
expression profiles for the LLs were very similar to each
other and distinct from those of normal spleens, and the
profiles for the LLs differed from that for the IB-APCT by
hierarchical clustering (Supplemental Figure S1A, heat
map, see http://ajp.amjpathol.org) and principal compo-
nent analysis (Supplemental Figure S1B, see hitip:/ajp.
amjpathol.org) in keeping with their distinct histopathological
presentations. To determine whether the pattern of gene
expression for the LLs could be associated with a particular
normal cell of origin, we compared the pattern for LLs with
profiles established by microarray analyses of sorted puri-
fied splenic GC B cells, class-switched memory B cells, and
plasma cells.>° As detailed in Supplemental Table 1 (see
http.//ajp.amjpathol.org), expression of a number of genes
was significantly increased or decreased in the LLs. These
genes were uniformly over- or underexpressed in all three
LLs compared with normal spleen (Supplemental Figure
S1, B and C, see http.//ajp.amjpathol.org). The results did
not reveal a clear relationship of the LLs to a specific normal
cell type but did suggest a state of differentiation between
GC and plasma cells. This was most easily seen with the
“splitting” of canonical GC genes (eg, Aicda increased and
Bcl6 decreased) and plasma cell genes (eg, Atf6 increased
and Prdm1 decreased).

Msh6 '~ Lymphomas Bear Fully Recombined
V(D)J Heavy and Light Chain Alleles and Are
Monoclonal or Oligoclonal

Although most tumors displayed histological, phenotypic,
and molecular features consistent with GC or post-GC
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B-cell lineage lymphomas, these characteristics are not
predictive of clonality. Therefore, we assessed the status
of V(D)J recombination of the IgH and k chain locus by
PCR with a panel of degenerate primers that recognize
the vast majority of V., and D families and « light
chains.®"®2 Fully rearranged alleles were amplified from
DNA of all but one (1281) of the lymphomas tested (Table
1). In four tumors (720, 164, 1301, and 480), the presence
of a single amplicon was indicative of monoclonality. In
the remaining five tumors, several V. ,DJ,, amplicons or
VyDJy, and DJ,, amplicons were identified, compatible
with the presence of a single clone with two rearranged
heavy chain alleles or of a nonproductive DJ and a pro-
ductive VDJ rearrangement. In some of the tumors that
appeared oligoclonal for IgH (850, 624, and 599), a sin-
gle k chain rearrangement was detected, effectively rul-
ing out a polyclonal tumor pattern (data not shown).
Although we were unable to clearly distinguish mono-
clonality from oligoclonality in some tumors, polyclonal
patterns similar to those seen in wild-type spleens were
not observed in any of the cases. Thus, the Msh6~/~
B-lineage neoplasms appeared to be monoclonal or
oligoclonal.

Microsatellite Instability in Msh6 '~ B-Cell
Lymphomas

Loss of MSH6 enzymatic activity is associated with MSI in
mouse and human tumors.*® To determine whether MS]|
is also a feature of the tumors studied here, paired DNAs
prepared from tumors and tails of individual mice were
assayed for MSI using a panel of five mononucleotide
and dinucleotide repeats. These markers are among
those commonly used to evaluate MSI in mice, and two
were selected for their high sensitivity (Table 2).5375% All
tumors showed clear instability for at least one locus;
instability was observed in 4 of 12 assays at mononucle-
otide tracts and in 4 of 7 assays at dinucleotide tracts
(Figure 2A and data not shown). These results suggest
that MSI could contribute to lymphoma initiation or pro-
gression in Msh6~'~ mice.

MSI occurs within the coding region of the TGFBR2
gene in human colon cancers®” and in T-cell lymphomas
of MSH2-deficient mice.®® Although the (AAAAG), se-
quence in the murine coding region would be expected
to provide less opportunity for slippage events than its
human counterpart, which is a true mononucleotide re-
peat, this site has nevertheless been observed to be
unstable in murine Msh2~/~ lymphomas. Assays of
Msh6~/~ tumors for MSI in the repeat tracts within the
coding sequence of Tgfbr2 were negative (Figure 2B),
and this result was confirmed by direct sequencing (data
not shown).

Chromosomal Changes in Msh6~'~ Tumors

Many types of human B-cell non-Hodgkin’s lymphomas
exhibit recurrent translocations that place proto-onco-
genes under the control of regulatory sequences in the IgH
or IgL loci.™® In mouse B-cell lineage neoplasms, T(12;15)
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Table 2. PCR Primers

Assay Primer names

Sequence or reference Notes

Microsatellite instability
mBat-37

Bacher et al.>®

A27 Kabbarah et al.>*

(GT)5 tract of Tgfbr2

(AAAAG), tract of TGFBR2-Fwd
Tgfor2 TGFBR2-Rev2

D7Mit123

D7Mit91

U12235

5'-TACCCGGGATAACTACTCACCTTC-3'

UniSTS Accession No. 116680

UniSTS Accession No. 131298

Lowsky et al.>®
5'-GACCCCAAGCTCACCTACCAC-3’

35 cycles of 95°C for 1
minute, 62°C for 30
seconds, 72°C for 30
seconds

50 cycles of 94°C for 30
seconds, 58°C for 30
seconds, and 72°C for
30 seconds

30 cycles of 94°C for 60
seconds, 56°C for 60
seconds, and 72°C for
30 seconds

A hemi-nested PCR was performed using primers P1 and P25° for 25 rounds of 94°C for 30 seconds,

60°C for 1 minute, and 72°C for 2 minutes, followed by 35 rounds with primers P1 and P3 of 94°C
for 30 seconds, 58°C for 30 seconds, and 72°C for 30 seconds

Quantitative RT-PCR
Mouse AID QRT-PCR-mAID.up2
QRT-PCR-mAID.down2

Mouse GAPDH

Somatic hypermutation

Jy2-Jyd intron JH2-JH4 fwd

JH2-JH4. Adown

V(D)J recombination
Heavy chain locus
Light chain V-Jk

5'-CTGGGAAGGGCTACATGAAA-3'
5'-GAAATGCATCTCGCAAGTCA-3'
QRT-PCR-mGAPDH.fwd  5’-GGCATTGCTCTCAATGACAA-3'
QRT-PCR-mGAPDH.rev  5'-CCCTGTTGCTGTAGCCGTAT-3’

5'-GGCACCACTCTCACAGTCTCCTCAGG-3'

5'-CCTGACCCAGACCCATGTCTCAACTTT-3’

As per Ehlich et al.>"
As per Yamagami et al.®?

95°C for 15 minutes
followed by 40 cycles of
94°C for 15 seconds,
60°C for 30 seconds,
72°C for 30 seconds

95°C for 5 minutes
followed by 35 cycles of
95°C for 30 seconds,
60°C for 1 minute, 72°C
for 1 minute

Hot-start PCR

translocations juxtaposing Myc and the IgH locus are a
feature of more than 90% of pristane-induced plasmablastic
plasmacytomas,®® whereas IgH/Bcl6 translocations have
been identified in a minority of mouse DLBCLs.° Here,
we used spectral karyotyping to determine whether tu-
mors of Msh6-deficient mice exhibited translocations or
other gross chromosomal anomalies. Spectral karyo-
typing of four primary tumors and a cell line derived
from one of those tumors revealed that all cases were
diploid or near diploid with chromosome numbers
ranging from 38 to 42 (Supplemental Figure S2A, see
http://ajp.amjpathol.org). No chromosomal transloca-
tions were observed. Losses and/or gains of whole
chromosomes were observed in most spreads from
each tumor and the cell line, but there were no obvious
recurrent patterns of gain or loss.

Segmental aneuploidies have been implicated in colon
cancers in MMR-deficient mice and microsatellite-unsta-
ble human colon cancers.®"%2 To test for tumor-specific
losses or gains in chromosomal regions beyond the res-
olution of spectral karyotype, we used array comparative
genomic hybridization (Table 3). Excluding physiological
V(D)J recombination events within the IgH locus, seven
copy number alterations (CNA) involving segmental
losses and one involving a gain were detected in the four
tumors tested. Among these, one alteration was ob-
served in three of four tumors, four were observed in two
of four tumors, and three were observed in only one

tumor. The coordinates in Table 3 are based on the
shortest instance of each CNA. The deletion found in
three of four tumors (CNAQ3) on chromosome 11 (Supple-
mental Figure S3, see http://ajp.amjpathol.org) includes one
known gene, Sfil, which has a predicted function in centro-
some assembly based on its yeast homolog® and has
been reported to be expressed in T cells by expression
profiling studies.®*6®

Survival of Msh6 ™/~ Mice Is Not Affected by
AID Deficiency

Because the highly mutagenic enzyme AID is strongly
expressed in normal GC B cells and we observed AID
protein in a few of the samples, we asked whether any of
the lymphomas exhibited AID-induced SHM. The J,,2-J,,4
intron of the Igh locus is highly targeted by AID in normal
B cells. We amplified and sequenced genomic DNA from
this region®® from four tumors. Mutations at frequencies
that were higher than the PCR error rate were detected in
RGWY hotspot sequences preferentially targeted by
AID'3 in tumor 624 that had BCL6+ and PAX5+ cells and
in tumor 850 that was PAX5" but BCL6™ (Table 1). In
contrast, the frequency of mutations was not above the
PCR error rate in tumor 1125, which was BCL6+, PAX5+,
PNA+, and AID+, nor in tumor 1301, which was BCL6+,
PAX5+, and PNA+. The finding of mutations even in
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Figure 2. MshG '~ B-cell lymphomas display microsatellite instability. Dif-
ferences in the size of the amplicon between normal tail DNA and tumor
DNA from the same mouse, resolved on sequencing gels, indicate instability
not encoded in the germline. A: Examples of instability at dinucleotide repeat
D7Mit123 in tumors 624 and 981 and of mononucleotide repeat mBat37 in
tumor 624 and of mononucleotide repeat 427in tumor 599. B: Five MshG™/~
tumors, as well as a cell line derived from tumor 599, were stable at the
(AAAAG), tract within the coding region of 7gfbr2. Stability was also ob-
served at the (GT); repeat tract of the same gene (not shown).

non-AlD-expressing tumors suggests that AID was func-
tional at some point during the lifespan of at least some of
the MSH6-deficient tumors.

AID has been implicated in B-cell lymphomagenesis
by virtue of its expression in tumors®”® and its ability to
introduce double-stranded breaks and point mutations in
or near proto-oncogenes.?® The lack of chromosomal
translocations in the Msh6 '~ lymphomas suggested that
inappropriately resolved CSR was not a mechanism of
neoplastic transformation in these animals. A well recog-
nized alternative mechanism is that perturbations in the
targeting of SHM contribute to B-cell lymphomagenesis.
Aberrant SHM has been reported in human DLBCLs in
several oncogenes,®® and AID induces phase 1 muta-
tions in scores of highly expressed genes in normal GC B
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cells®! including CD95,%° Iga and IgB,”® and BCL6.""
When MMR encounters AlD-induced mutations within the
Ig locus of GC B cells, it recruits error-prone repair,
leading to the further introduction of phase 2 mutations.
Qutside of the Ig locus, MMR recruits error-prone repair
to only a few genes such as BCL6 but mostly mediates
error-free repair of non-lg genes including oncogenes
targeted by AID within GC B cells.®' The mechanisms
that regulate this targeting are poorly understood but
may involve ubiquitylation of proliferating cell nuclear
antigen (PCNA).2627

We hypothesized that MSH6 participates in this error-
free repair of AID mutations at oncogenes or tumor sup-
pressors and that this is the way in which it might protect
B cells from neoplastic transformation. Rather than pro-
ceeding to phase 2 mutagenesis, as it does in the Ig
locus, MSH6 may recruit error-free repair to these AlD-
induced lesions. If this were true, it would provide an
explanation for why B cells are the lineage that becomes
malignant in the absence of MSH®, since AID expression
is largely limited to B cells. In addition, it might shed light
on why Msh2~/~ mice do not develop B-cell lymphomas,
because it is a domain within the MSH6 protein that
mediates physical recognition and binding of the MSH2/
MSH6 complex to G:U mismatches.?>”2 Finally, it might
also help explain why Msh3~/~ mice do not develop
B-cell lymphomas either, because MSH3 does not rec-
ognize single base pair mismatches.

To test this hypothesis, we generated mice doubly
deficient in MSH6 and AID (Msh6~/~Aicda™'~) and com-
pared their survival with that of mice deficient in MSH6
alone for development of disease (Figure 3). If the hy-
pothesis were false, then withdrawal of AID from the
Msh6~'~ mice should have no effect on survival. If the
hypothesis were true, then removing AID would eliminate
the initial hit, the repair function of MMR would be ren-
dered unnecessary, and the mice should exhibit normal
survival. Mutant mice of both genotypes began to die at
approximately 2 months of age and all were dead at
approximately 14 months. Although the median survival
for the double knockout mice was 6.0 months versus 8.5
months for Msh6 '~ animals, suggesting a trend toward
shorter latency in the absence of AID, the survival curves
were not significantly different (n = 48, log-rank test P =
0.456). The Msh6~'~Aicda™'~ mice died of lymphomas
that histologically and by IHC were largely B-cell LLs

Table 3. Copy Number Alterations in MshG '~ Lymphomas

CNA Chr Tumor no. Band Start Stop Length (bp) Type
CNAO1 Chr10 164, 480 gA4 27,519,847 27,577,357 57,510 Loss
CNAO02 Chr7 164, 981 gA3 26,605,452 26,657,288 51,836 Loss
CNAO3 Chr11 164, 480, 981 gA1 3001,791 3099,730 97,939 Loss
CNA04 Chr14 981 qC2 52,652,778 53,130,162 477,384 Loss
CNAO5* Chr12 164, 480 agF1, gF2 114,068,720 114,971,457 902,737 Loss
CNAO6 Chr4 480 qC4, qC5 88,688,443 91,879,594 3,191,151 Loss
CNAO7 Chre 164, 480 aF3 129,938,558 130,203,359 264,801 Loss
CNAO08 Chri1 164 gA1, gA2 11,201,260 16,186,605 4,985,345 Gain

CNA, arbitrary identification assigned to the alterations in this study; Chr, chromosome; Tumor no., the tumors that exhibited the alteration; Start, Stop, and
Length coordinates are based on mouse genome assembly February 2006 (mm8); chromosomal bands are from the UCSC Genome Browser.

* This deletion occurred in the IgH locus.
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Figure 3. Survival curves for control, MshG6™'~, and MshG '~ Aicda™'~
mice. Animals were fully backcrossed to C57BL/6, housed in the same barrier
facility and monitored daily for morbidity and mortality. Log-rank test P =
0.456.

(data not shown). Thus, the hypothesis that MSH6 pro-
tects B cells by repairing AID-induced lesions is incorrect
and B-cell lymphomas arise in Msh6~/~ mice through an
AlD-independent pathway.

Discussion

Chromosomally unstable mouse tumors can serve as
informative models for human malignancies and facilitate
the identification of new loci that contribute to malignant
transformation.”® In humans, defects in MMR predispose
to colon and hematopoietic malignancies. In mice,
MSH2-deficiency is associated mostly with T-cell lympho-
mas, whereas defects in MSH6 result primarily in B-cell
lymphomas. In some strains of mice that develop both T-
and B-cell lymphomas, the latency for T-cell tumors is
shorter.”*75 The scarcity of B-cell lymphomas in MSH2-
deficient mice might simply be due to the longer latency
required for the appearance of B-cell lymphomas. This
view is supported by the observation that MSH2-deficient
nude mice that lack T cells develop B-cell lymphomas.*®

MSH6 contains an N-terminal domain that is absent
from MSH2 and differs in primary sequence from that of
MSH3.7¢ This domain of MSH6 contains intrinsic DNA-
binding activity, mediates the interaction with proliferat-
ing cell nuclear antigen (PCNA), and is likely to mediate
other protein-protein interactions as well.”®~"® Whereas
single mismatched base pairs are recognized by the
MSH2/MSH6 heterodimer, both smaller and larger
stretches of mismatches or loops resulting from dele-
tions or insertions are recognized by a heterodimer
formed by MSH2 and MSH3. Whereas MSH3 and
MSH6 compete for interaction with MSH2 to recruit
downstream MMR pathway members to their respec-
tive types of DNA lesions, there is in fact some func-
tional redundancy between them.?"”® That AID-generated
lesions in the Ig locus are single-base G:U mismatches
provides an explanation for why MSH2/MSH6, and not
MSH2/MSHS, is important for SHM and CSR in normal
GC B cells. Msh3~/~ mice are not especially prone
to developing neoplasms. Doubly deficient Msh3 '~
Msh6~'~ mice have shorter survival and increased intes-
tinal tumor development compared with Msh6~'~ mice,
but interestingly, loss of MSH3 does not affect lym-

phomagenesis.®®" This observation suggests that the
role MSH6 plays in protecting B cells from neoplastic
transformation or progression is distinct from MSH3
and depends on its ability to recognize single-base
mismatches.

In addition to the correction of mispaired bases, MMR
is involved in the processing of DNA damage and the
subsequent induction of an apoptotic response.”® An
inability to mount an apoptotic response to DNA damage
is unlikely to be a factor in the genesis of the B-cell
lymphomas described here, since mice with a point mu-
tation in MSH6 that markedly interferes with repair func-
tion, but not with apoptotic signaling, also die of B-cell
lymphomas with similar latencies.*® Likewise the recently
reported ability of MSH2 to suppress Eu-myc-driven B-
cell lymphomas seems to be unrelated to MMR-depen-
dent apoptosis.82 On the other hand, the unique geno-
toxic stress to which GC B cells are subjected'® and the
intrinsic MSI exhibited by these cells®® raise the possibil-
ity that MSH6 protects B cells through its traditional en-
zymatic role in mismatch repair.

A protective role for MSH2 and MSHG6 in B cells is
somewhat paradoxical because the MSH2:MSH6 het-
erodimer contributes ~50% of the AID-dependent muta-
tions in SHM (phase 2) and plays an important role in the
recombination events that are involved in CSR,"®2* ac-
tivities that might be expected to contribute to B-cell
transformation. Most of the tumors in the Msh6~/~ mice
were diagnosed histologically as B-cell lineage lympho-
mas belonging to different categories including LLs,
DLBLCs with centroblastic or immunoblastic features,
PCT with anaplastic, plasmablastic, and plasmacytic fea-
tures, and histiocyte-associated DLBCLs. Histiocyte-rich
B-cell lymphomas represents another clinical entity that
would benefit from an animal model,®* and it would be
interesting in future studies to examine closely the histi-
ocytic component in these tumors. Recent studies sug-
gest that APCT with anaplastic and plasmablastic cytol-
ogies are more closely related to memory B cells than to
mature plasma cells or GC B cells, even though they
exhibit expression of genes that might traditionally be
associated with GC or plasma-cell differentiation pro-
grams (H. Morse, unpublished observations).

In addition, we studied a cell line (designated “599”)
cloned from one of the oligoclonal B-cell lymphoblastic
lymphomas (tumor 599) whose karyotype is listed in Sup-
plemental Figure S2B (see http.//ajp.amjpathol.org). We
presume it arose from a minor population of the tumor, as
its surface molecule phenotype by flow cytometry
(B220*, IgM*, and PNA™) was closer to that of normal
GC B cells than most of the tumor cells visualized by IHC
in the sectional stains of its parent tumor (not shown). This
cell line readily formed DLBCL-like tumors in recipient
immunosuppressed mice, and AID expression could be
induced in culture (not shown). Despite the fact that we
were unable to detect ongoing SHM or CSR in this line,
these cells may be a potentially useful tool for future
studies. Moreover, these observations also suggest
that some tumor cells may have expressed GC markers
at levels below the sensitivity of IHC or that only minor
populations of cells within the tumors have character-



istics of GC cells. This notion is corroborated by the
finding that tumor 850 exhibited signature AID-like so-
matic mutations even though GC markers were not
detected by IHC (Table 1 and Supplemental Table 2,
see http.//ajp.amjpathol.org).

AID-dependent balanced translocations that juxtapose
proto-oncogenes to Ig gene regulatory elements are the
initiating events in mature B-cell neoplasms of humans
and mice as well as mouse plasmacytomas.®9:8%8¢ By
spectral karyotype, the B-cell lineage tumors of MSH6-
deficient mice did not bear chromosomal translocations,
although chromosomal aneuploidies were common. Sim-
ilar abnormalities have been observed in embryonic fi-
broblasts from mice deficient in MSH28287 and in colon
cancers in MMR-deficient mice and humans with micro-
satellite instability.®'62

Array comparative genomic hybridization, with its
greater resolution, did reveal chromosomal regions that
were amplified or deleted, and some of these were com-
mon to two or three of the four tumors examined (Table 3).
Excluding the IgH locus, the seven CNAs identified in this
study included the coding regions of 29 genes, of which
Ingenuity Pathway Analysis identified 5 (Cdkn2a, Cdkn2b,
Kira4, Ikzf1, and Grb10) with known roles in cancer. The
tumor suppressor genes Cdkn2a (p16'™*2) and Cdkn2b
(p15'"P) are frequently lost in human leukemias and
lymphomas, including DLBCLs,®##° and they were de-
leted in one tumor (480, CNAOB6) in this study. /kzf1
(Ikaros), a regulator of lymphocyte differentiation that
participates in translocations with BCL6 in DLBCLs,®°
was amplified in tumor 164 (CNAQO8) but its expression
was decreased in most of the tumors (Supplemental Ta-
ble 1, see http://ajp.amjpathol.org). The CNAOQ8 region
also includes Grb10, a gene shown to limit in vitro trans-
formation of fibroblasts.®' The fifth gene with an anno-
tated cancer function was Kira4 (Ly49D) on chromosome
6 that was deleted in two tumors (164 and 480, CNAQ7).
In vitro studies have suggested that Ly49D inhibits che-
motaxis of natural killer cells,®® a finding of possible rel-
evance to immune surveillance of tumors. The copy num-
ber alteration that recurred in three of four tumors
(CNAQ3) in band 11gA1 is in a region syntenic with
human chromosome 22g12.2 that includes the human
gene neurofibromatosis 2 (NF2). This finding is interest-
ing in light of the clinical overlap between Lynch syn-
drome Il and neurofibromatosis type 1,'° although it is
unclear whether there is a mechanistic link between
these two types of neurofibromatosis.®®

Like the MSI observed in these tumors (Figure 2), the
presence of recurrent losses and gains of small chromo-
somal segments suggests that absence of Mshé is asso-
ciated with increased chromosomal instability in B cells.
This instability may contribute to or even cause the tu-
mors, as has been reported for MMR-deficient murine
colon cancer.®' However, it is also possible that the
CNAs simply accumulated during the course of the neo-
plastic proliferation. Although MSH6-deficient patients do
not exhibit the severe MSI phenotype seen in other MMR-
defective hereditary nonpolyposis colorectal cancer,®?
approximately half of MSH6-mutated hereditary nonpol-
yposis colorectal cancer tumors exhibit low levels of
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MSI,%5:%6 and a few MSH6-deficient human tumors have
been reported to have high levels of MSI.°7°8 We have
previously reported low-to-moderate levels of MSI in mu-
rine tumors deficient in MSH6'” or carrying inactivating
point mutations of MSH6.%® The partially redundant activ-
ities of MSH6 and MSH3 are likely to explain why MSH6-
deficient tissues only accumulate low amounts of MSI.
These observations are interesting in light of the report
that normal GC B cells themselves accumulate instability
at microsatellites®® (see below).

AID is responsible not only for initiating point mutations
during SHM as a canonical function but is also involved in
noncanonical “off target” SHM activity affecting non-Ig
genes that may introduce activating mutations in BCLE,
MYC, and other proto-oncogenes. The GC and post-GC
stage of differentiation of the tumors from MSH6-deficient
mice and the heightened expression of Aicda transcripts
seen in the LL prompted us to ask whether AID might
contribute to the pathogenesis of these neoplasms, per-
haps by introducing phase 1 mutations in oncogenes or
tumor suppressors around the genome that are normally
repaired in a high-fidelity fashion by MSH6. To address
this issue genetically, we generated mice that were both
AlD-deficient and MSH®6-deficient and compared their
survival with that of mice deficient for MSH6 alone. The
survival of Msh6~'~Aicda™'~ mice was somewhat but not
significantly shorter than that of Msh6 '~ mice (Figure 3),
suggesting that, although AID was not playing a critical
role in B-cell neoplasia in Msh6™/~ mice, its presence
might affect some events late in the transformation pro-
cess, perhaps even exerting a subtle protective effect.
Similar studies of AID in Eu-myc and AMYC transgenic
mice also showed no significant differences in survival,
although there was not a consensus as to whether tumors
in AID-deficient mice were less mature.®699199 |n Bcl6-
Myc double transgenic mice, the presence or absence of
AID also had no effect on overall mortality, but the tumors
of AlD-deficient mice were of pre-GC origin compared
with the GC origins of the tumors in mice that were
AlD-sufficient.®® These findings raise the possibility that
in B-cell precursors having already experienced a tumor-
initiating event early in development,®® there may be
conditions or factors besides AID that are unique to this
lineage and are normally repaired or modulated by MSH6
to protect them from undergoing additional transforming
events. Non-neoplastic MMR-deficient GC B cells display
high levels of MSI,®% and GC B cells generate abnormally
high numbers of point mutations and double-stranded
breaks even in the absence of AID."°"'%4 GC B cells are
subjected to genotoxic stress due to their rapid division
times'®® and to the suppression of DNA damage-re-
sponse pathways.'%¢719° |n addition, in the absence of
AID, GC B cells seem less likely to undergo apoptosis.’'©
We speculate that these or other special mechanisms
that B cells have evolved have allowed them to tolerate
mutagenic and oncogenic events triggered by AID and
explain why the AID-sufficient mice survived slightly
longer than the doubly deficient mice. Although the mo-
lecular nature of these mechanisms is not known, our
characterization of Msh6~'~ mice supports the notion
that B cells are particularly dependent on MMR to main-
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tain genomic stability and prevent lymphomagenesis and
that this role for MMR is either not dependent on AID or
perhaps an alternative scenario in which the absence of
MSH®6 allows so much instability that the contributions of
AID cannot be detected. This study did reveal that AID is
not playing a critical role in MSH6-deficient B-cell lym-
phoma; however, we were unable to clearly explain why
loss of MSHG6 predisposes to B-cell ymphoma and loss of
MSH2 causes T-cell lymphoma. Further examination of
the role of MSH6 would provide important insights into the
origins of B-cell lymphomas.
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