NEOPLASIA

MSH2deficient murine lymphomas harbor insertion/deletion mutations in the
transforming growth factor beta receptor type 2 gene and display low not high

frequency microsatellite instability

Robert Lowsky, Anthony Magliocco, Ryo Ichinohasama, Armin Reitmair, Stuart Scott, Michele Henry,

Marshall E. Kadin, and John F. DeCoteau

High-frequency microsatellite instability
(MSI), defined as more than 20% unstable
loci, is an inconsistent finding in hemato-
logic malignancies; consequently, the
significance of deficient DNA mismatch
repair (MMR) to their pathogenesis has
been questioned. To further investigate
the relationship between MMR deficiency
and genomic instability in hematologic
malignancies, this study evaluated
MSHZ2-/— murine lymphomas for inser-
tion/deletion (ID) mutations within the
transforming growth factor (TGF)-beta
receptor type Il ( TBR-Il) gene and MSI at
10 neutral microsatellites. The lympho-
mas displayed ID mutations within short

mononucleotide runs of  TBR-// at a high
frequency, whereas nonmalignant tissue
from corresponding animals lacked
mutations. Loss of TBR-// transcripts and
protein was seen in 6 of 7 murine
lymphomas harboring acquired TBR-1I
mutations. In the analysis of paired non-
malignant and tumor DNA samples, low-
frequency but not high-frequency MSI
was found. Low-frequency MSI occurred

in 8 of 20 lymphomas and 12 displayed
microsatellite stability. MSI was even less
frequent in nonmalignant tissue as only 3

of 20 samples displayed low-frequency
MSI and 17 displayed stability. Evaluation

of 20 single cell clones fromthe ~ MSH2—/—

lymphoma cell lines R25 and L15 identi-
fied high-frequency MSl in 4 and 2 clones,
respectively. The remaining clones showed
low-frequency MSI or stability. These  find-
ings suggest that acquired  TBR-/l muta-
tions represent important inactivating events

in tumor pathogenesis following MSHZ2
deficiency. Furthermore, for some hema-
tolymphoid malignancies, the evaluation

of cancer-associated genes for ID muta-
tions may represent a more sensitive
marker of MMR deficiency than evalua-
tion of neutral microsatellites for high-
frequency MSI. (Blood. 2000; 95:1767-1772)
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Introduction

Cancers displaying high-frequency microsatellite instability (MSI¥rom patients with LBL and in acute lymphoblastic leukemia (ALL) cell
defined as more than 20% unstable loci, are considered to havimes, respectivel$?13Zhu et al found 14 of 43 (32.6%imary acute
defective DNA mismatch repair (MMR) systefA.This relation- myelogenous leukemia (AML) samples lack hMSH2 protein ex-
ship has been conclusively demonstrated in hereditary ngpression* Additionally, ID mutations within theBAX (G)8 mono-
polyposis colorectal carcinoma (HNPCC) and in some sporadiccleotide run were reported in 4 of 29 (14%) human hemato-
endometrial, colon, gastric, and pancreatic cancers not associdyeophoid tumor cell lines not selected for MMR deficieri€y.
with HNPCC2% In contrast, tumors displaying low-frequency MSI  Nonmalignant tissue harvested from mice lackM&H2 ex-
often appear to have intact MMR gene systérhsligh-frequency hibit hypermutability. MSH2—/— mice carrying thdacl reporter
MSI has not been a consistent finding in hematolymphoid malignamansgene show an increase in spontaneous transition, transversion,
cies and thus the significance of MMR deficiency to the moleculand insertion/deletion (ID) mutations and hypermutability on
pathogenesis of these tumors has been questfohed. exposure to DNA methylating agents when compared with
Despite the inconsistent finding of high-frequency MSI iMSH2+/+ or MSH2+/— micel617 Furthermore, the finding of
hematolymphoid malignancies, strong evidence implicates defeientical ID mutations within short mononucleotide runs (3-5 base
in MMR genes with their development. We reported tMBH2 pairs) in multiple tissues and in different animals extends the
knockout mice MISH2-/—) uniformly develop aggressive lympho- spectrum of sequences that are altered as a consequence of MMR
mas of thymic origin at an early age that recapitulate the humaleficiency beyond microsatellité%.
entity precursor T-cell lymphoblastic lymphoma (LBY®)Others In humans, thelBR-II gene contains a mononucleotide (A)10
have shown thaPMS2and MLH1 knockout mice are prone to repeat within the 5end of the coding region that appears to be a
develop lymphoma&-1? In humans, coding region mutations inconsistent target for inactivating ID mutations in gastrointestinal
hMSH2andhMLH1 have been identified in primary tumor samplegancers deficient in MMRE19A (GT)3 repeat within the 3end of
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the coding region of BR-Il is also a reported target of mutationalSequence analysis
inactivation in a minority of MMR-deficient human colon CaN-rpe pcR products were cloned using the Zero-Blunt cloning system

cers!® To further investigate the relationship between MMRynyitrogen). Ten clones from 2 separate PCR experiments were sequenced
deficiency and genomic instability we evaluated the thymic lymphasing the ABI Prism Dye Terminator Cycle Sequencing kit with AmpliTaq
mas arising irMSH2—/— mice for ID mutations within th&BR-Il  FS (Perkin Elmer ABI, Foster City, CA) and analyzed on a 310 Genetic
gene and the frequencies of MSI at 10 neutral microsatellitedalyzer (Perkin Eimer ABI).

Compared with nonmalignant tissues, the murine lymphomas

displayed a high frequency of ID mutations within short monoReVerse transcriptase PCR (RT-PCR)

nucleotide runs in th@BR-II gene. A high level of concordance Total cellular RNA was isolated from tumor samples by the RNAzol B
was found betweempR-II ID mutations and loss dfBR-Il MRNA  method according to the manufacturer’s instructions (Cinna/Biotecx, Friends-
transcripts and protein. In addition, the murine lymphomas af¢od. TX). Single-stranded complementary DNA (CDNA) was prepared

nonmalignant tissues showed low-frequency but not higlf]r_om‘total ceIIuIarRNAbyreversgtranscrlptlon according to the manufac-
turer's recommendations (Perkin-Elmer, Branchburg, NJ). To evaluate

frequency MSI at neutral microsatellites. These findings mdmag;(pression OTBR-Il messenger RNA (MRNA), cDNA was amplified using
that disruption of thelBR-II gene is likely an important inactivat- the primers JR-5 5CTCACCTACCACGGCTTCAC-3 nucleotides 353
ing molecular event in lymphomagenesis following MMR defito 372, and JR-6'5CTCAGCTTCTGCTGCCGGTG-3 nucleotides 611
ciency. Furthermore, for some hematolymphoid malignancies, ttwe630. The cycling conditions were 95°C for 1 minute, 55°C for 1 minute,

evaluation of genes implicated in tumor pathogenesis for |B1d72°Cfor 1 minute for 30 cycles. The primers JR-BETGCTTTCAG-
mutations may represent a more sensitive marker of MMRTTTATGAG-3, nucleotides 701 to 720, and JR-8GATGCAAGC-
TAAAAGACATA-3 ', nucleotides 899 to 918, were used to evaluate the

deficiency than evaluation of neutral microsatellites for h'ghéxpression OBR-I MRNA as a control (GenBank Accession # L15 436).

frequency MSI. Cycling conditions for these sets of experiments were 95°C for 1 minute,
55°C for 1 minute, and 72°C for 1 minute for 30 cycles. PCR products were
visualized by electrophoresis in a 1.8% agarose gel containing ethidium

Materials and methods bromide. All experiments were performed in duplicate.

Specimens Immunohistochemistry

Details for the generation dfISH2—/— mice and characterization of the Immunohistochemical detection ofR-Il was performed using an affinity
lymphomas they develop have been previously repdfté¥Briefly, the purified rabbit polyclonal antibody to humargR-Il prepared against a
median time to tumor development was 3.8 months and all tumogynthetic peptide corresponding to amino acid residues 246 to 266 (L-21;
represented a single histopathologic entity closely resembling hum&anta Cruz Biotechnology, Santa Cruz, CA) that cross-reacts to mouse
precursor T-cell LBL. By histology, the tumors were comprised of moréBR-Il. Staining was done on formalin-fixed paraffin embedded tissue
than 95% malignant cells. Tumor specimens and histologically nonmaligections using the ImmunoCruz Staining System (Santa Cruz Biotechnol-
nant tail (germline) tissue from each animal were snap frozen in liquRgy)- In brief, sections were de-paraffinized and heated at 95°C in 10 mM
nitrogen and stored at70°C before DNA and RNA extraction. A portion of Sodium citrate for 5 minutes. Quenching of endogenous peroxidase activity
each tumor specimen and nonmalignant small intestine tissue was fixed@fif! Plocking of nonspecific protein binding was accomplished using
formalin and embedded in paraffin blocks. The cell lines L15 and R25 welg29ents supplied by the manufacturer. Sections were sequentially incu-

established from thymic LBLs from 2 differeMSH2—/— mice. Twenty bated with prediluted L-21 primary antibody for 2 hours, a biotinylated

single cell clones from each cell line were generated by limiting dilutioﬁecondary antibody for 30 minutes, and horseradish peroxidase-strepavidin

and expanded into & 1CP cells (approximately 19 cell divisions) in tissue complex for 30_m|nute_s with phosphate-buffered saline (PBS) Wash'ng
culture wells. Cells were harvested by centrifugation and stored as a cSthps. between incubations. _After a final _vvash step, the immunostaining

R d by g f2action was revealed by incubation with a substrate prepared from
pelletat—70"C before DNA extraction. substrate buffer, DAB chromogen and peroxidase substrate supplied by the
manufacturer. Slides were then counterstained in Gill's hematoxylin.
Detection of ID mutations inthe  TBR-// gene by denaturing

polyacrylamide gel analysis Western blot analysis

High-fidelity polymerase chain reaction (PCR) amplification was pefrot€in samples were separated by electrophoresis on a 10% sodium
formed withPfU polymerase (Invitrogen, San Diego, CA) using genomi@lOdeCyl sulfate_ (SDS)-polyacrylamide gel, transferrgd to nltrocellulo_se
DNA isolated from tumor samples and corresponding nonmalignant tissﬁfé‘.embranes (Bio-Rad, Hercu_les, CA), and‘blocked in 5% nonfat milk
The primers JR-1 5GAAGATGCCGCTTCTCCCAA-3, nucleotides 377 powder and 0.1% Tween 20 in buffered saline (PBS-T). The membranes

1356, a0 JR25GCTGGTGGTGTATTCTTCEG-S nokouces dsoto 55,5 TEURIed i died (1560 1 o ik pencer, £65-0)
505, were used to amplify a region of the murifgR-Il gene (GenBank poly Y. P 9

A ion # S69 114 taining th leotide (A ; TRR-II that cross-reacts with mous@R-1I (H-567; Santa Cruz Biotechnol-
ceession } containing the mononucleotide (A) repea correspoy y) overnight at 4°C. Following incubation with the primary antibody, the

ir}g to the (A)10 repeat of the huma‘FBR-II.gene. The primers JR-3 membranes were incubated with a horseradish peroxidase conjugated
5'-GAGACTTTGACCGAGTGCTG-3, nucleotides 1580 101599, and JR-4, ira it antibody (1:2000 in 1% milk powder PBS-T) for 2 hours at room

5'-CCATCTTCTGGAATCTTCTC-3, nucleotides 1700 to1719, amplified tomperature. The membranes were then developed using a chemilumines-

the area of the gene containing the(&T)3 repeat tract. The blunt-ended cance detection system (NEN Life Science Products, Boston, MA) and
PCR products generated byfU polymerase were resolved on 6%exposure to Hyperfilm MP (Amersham Pharmacia Biotech, Piscataway,
denaturing polyacrylamide, 8.3 mol/L urea gels, transferred to nylaqg). The membranes were then incubated in stripping buffer (62.5 mM
membranes and UV cross-linked. The PCR products were hybridizedtgs-HCI pH 6.8, 2% SDS, 100 mM 2-mercaptoethanol) for 30 minutes at
internal oligonucleotide probes, JR-14GGCGAGACTTTCTTCATGTG- 50°C, washed several times in PBS-T and re-probed with a rabbit

3', nucleotides 425 to 444, or JR-156CAGAGCGCTTCAGTGAGCT- polyclonal antibody corresponding to an internal domain @RT of
3, nucleotides 1640 to 1659, end-labeled using T4 polynucleotide kinaseman origin that cross-reacts with mous@RFl (V-22; Santa Cruz
andy32P-dATP. Biotechnology) with detection as foSR-II.
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Microsatellite instability analysis v A%

DNA was extracted from tumor and corresponding nonmalignant tissue
from 20 differentMSH2—-/— mice and from 20 single cell clones from each

cell line using DNAzol (Gibco-BRL, Bethesda, MD) according to the A
manufacturer’s instructions. To assay for MSI, DNA was genotyped at 1C
loci: D1Mit4, D2Mit16, D3Mit11, D4Mit11l, D5Mit10, D6Mit8, D7Mit12,
D8Mit4, DOMIt17, and D10Mit2. PCR was performed using approximately

50 ng genomic DNA, with primers and conditions as recommended by the
protocol supplied by Research Genetics for MouseMapPairs (Huntsville
AL). Equal volumes of PCR reaction products and STOP solution B
(Sequenase kit Version 2.0, USB, Cleveland, OH) were mixed, boiled, ani
placed onice. Then 2 pL of the mixture was loaded onto 6% polyacrylamide
gels containing 8.3 mol/L urea and electrophoresed at 70 W. Products wel
transferred to prewetted nylon membranes and the DNA was fixed by U\
cross-linking. Microsatellite alleles were detected by hybridization to
end-labeled sense primers using T4 polynucleotide kinasey&RddATP

and exposure to x-ray film. High-frequency MSI was defined by the
presence of unambiguous band shifts in more than 20% of loci evaluatec
Low-frequency MSI was defined as 20% or less unstable loci anc
microsatellite stability as 0% unstable I&ci. ¢ A A & ¢ ¢ ¢ & Tt ¢ T ¢ A ¢ &

Results

ID mutations in  TBR-Il MSH2—/— murine lymphomas
. . . Figure 2. Sequence analysis of the  TBR-// gene in MSH2—/— murine lympho-
Frameshift ID mutations within the (A)lO repeat of meR'” gene as. Examples of the genomic sequence profile of clones obtained from tumor DNA

occur frequently in MMR-deficient human colon and gastriépecimens demonstrating denaturing polyacrylamide gel band shifts in the region
cancerss819The sequence of the (A) repeat of the murTrﬁeR-II containing the mononucleotide (A) repeat (A and B) and in the region containing the

, : . (GT)3 repeat (C and D). (A) Mutant sequence with adenine insertion mutations
gene 3-AAAAGAAAAG-3 ', nucleotides 411 to 420, differs from (arrows), (B) corresponding wild type sequence, (C) mutant sequence with cytosine

the human (A)10 repeat because it contains guanine nucleotidegegtion mutation (arrow), (D) corresponding wild type sequence.
positions corresponding to the 5th and 10th adenine nucleotides of

the human repeat. We analyzed 10 of WSH2-/= murine o> ) ooy rine lymphomas for acquired ID mutations within a

lymphomas for ID mutations within a 129 bp DNA fragment:L40 bp DNA fragment of thaBR-Il gene containing the (GT)3

containing the (A) repeat by denaturing polyacrylamide gel electr<r)e-peat One lymphoma showed a mobility shift by denaturing
phoresis. Comparison of tumor DNA with corresponding nonmali?J- :

. . . ! ; . olyacrylamide gel electrophoresis consistent with an acquired
n_ant DNA.ShOWEd mobility shifts con_slstent with acqum_ed NS€'eletion mutation. Sequence analysis confirmed an acquired dele-
tion mutations in 6 of 10 (60%) murine lymphomas (Figure 1)1.

. ) . fion mutation as 1 of 3 cytosines in nucleotides 1617 to 1619
Sequence analysis confirmed the presence of acquired mutatl%r(l:%ted just upstream of the (GT)3 repeat was deleted (see Figure
within the (A) repeat in all 6 lymphomas. In 4 of the 6 lymphoma J P P g

. .. This deletion results in a premature STOP codon predicted to
the second half of the repeat (nucleotides 416-419) was expan co?ie for a truncated protein of 528 amino acids. Sequencing of the

by 1 ade_nme n_ucleotlde. The wild typ@_FR . protgln consists .Of lymphomas whose PCR products lacked mobility shifts and
567 amino acids and these frameshift mutations result in the . . . . .
. . nonmalignant tissue from 6 mice showed the wild-type sequence in
generation of a premature STOP codon predicted to encodeal ases

truncated protein of 137 amino acids. In the other 2 lymphomas, The ID mutations located in the (A)10 repeat of the human
acquired insertion mutations occurred in both the first and secondp, | gene are associated with reduced levelSaR-Il MRNA 18
halves of the repeat (Figure 2). Sequence analysis of the 129 “refore, we evaluated all 10 murine lymphomas T@RLII
DNA fragment from the 4 lymphomas lacking mobility shifts anc{ra '

from nonmalignant tissue from the 6 mice with ID mutations in the nsc_rlpts b_y .RT_PCR' All 6 of the lymphomas harboring 1D
. . mutations within the (A) repeat showed an absenceT®R-Il
tumor DNA showed the wild-type sequence in all cases.

L , . .. mRNA (Figure 3). In contrasfBR-Il MRNA was detectable in the
The (GT)3 repeat within the’nd of TBR-II coding region is lymphoma containing the deletion mutation within the region of

also a reported target of mutational inactivation in a minority 9 . h
- e (GT)3 repeat and in lymphomas lackif@R-Il gene mutations.
MMR-deficient human colon cancet&We analyzed the same 10Immunohistochemi(:al and Western blot analysis confirmed the

RT-PCR results. Murine lymphomas without detectable RNA

N T N T N T N T transcripts by RT-PCR lacked detectable protein by either of these
methods, whereas those with positive RT-PCR results showed
. detectable protein. In contrast, all of the murine lymphomas had
Wt - TBRR-I protein by Western blot analysis (Figure 4).
Y W W G e WS Smwe W

Figure 1. Denaturing polyacrylamide gel analysis of the TBR-II gene in Microsatellite instability in MSH2=/= murine lymphomas

MSH2—/— murine lymphomas. Examples of the analysis of DNA containing the A common strategy to detect underlying MMR deficiency is the

mononucleotide (A) repeat from paired nonmalignant (N) and whole lymphoma tumor . . .
specimens (T). Slow migrating bands consistent with acquired frameshift insertion comparison of germ“ne DNA with tumor DNA for MSI. We

mutations are seen in the tumors in 3 of the 4 paired specimens. evaluated the thymic lymphomas arising inl@H2—/— mice for



1770  LOWSKY etal BLOOD, 1 MARCH 2000 « VOLUME 95, NUMBER 5

M 1 2 345 6 7 8 9 1011121314 15616 17 1819 20

Discussion

We previously reported thaiISH2—-/— mice uniformly develop
aggressive thymic lymphomas of a single histopathologic subtype
at an early age and demonstrate aberrant activation of T-cell
associated oncogend®BTN-2and TAL-11° In this study, we used

the MSH2-/— murine lymphomas as a model to investigate the
spontaneous mutations arising in these tumors in vivo as a
consequence of MMR deficiency. A high frequency of ID muta-
Figure 3. TBR-/l mRNA expression in  MSH2—/— murine lymphomas. RT-PCR tl(?nS Wlthm_ the TBR'” gene was Observ_ed in the _tumors_of
was used to assess the expression of TBR-// (lanes 1-10) and TBR-/ (lanes 11-20)  different animals, whereas the corresponding nonmalignant tissue
mRNA in 10 whole lymphoma tumor specimens. Tumor specimens with frameshift  |3cked mutations. These findings suggest that in addition to the
mutations in the mononucleotide (A) repeat of TBR-/I (lanes 1, 3-6, 9) show absence | | . . fRBTN-2 d TAL ired TBR-II

of TBR-Il mRNA transcripts, whereas all other tumor specimens (lanes 2, 7, 8, 10) mo ec_u ar activation _O -Zzan 'l'_ acq_uwg BR- )
express TBR-Il. All tumor specimens, including those with TBR-I/ frameshift muta- ~ mutations represent important molecular inactivating events in
tions, show TBR-/MRNA transcripts. tumor pathogenesis followinglSH2deficiency. In contrast, when
tumor and nonmalignaMiSH2—-/— tissues were compared for the

instability at 10 neutral microsatellites. In the analysis of 20§€duency of MSI at neutral microsatellites no appreciable differ-

paired nonmalignant and tumor DNA samples high-frequency M&['¢& Was observed because both showed low-frequency but not

was not observed. Low-frequency MSI occurred in 8 of oBigh-frequency MSI. This lack of difference implies that analysis
cancer-associated genes for ID mutations may be a more

lymphomas with none showing alterations at more than ot AT > < ]
microsatellite. Twelve of 20 lymphomas displayed microsatellig€nsitive indicator of underlying MMR deficiency than analysis of
stability (Figure 5). MSI was even less frequent in nonmalignafutral microsatellites for MSI.
tissue because none of the 20 tail tissue samples displayed!t Nas been previously established théSH2 and PMS2
high-frequency MSlI, 3 of 20 displayed low-frequency MSI, and 1#hockout mice exhibit hypermutability consistent with deficient
of 20 displayed microsatellite stability. MMR.16:17.2Nonmalignant tissues harvested fronSH2—/— and

A more sensitive strategy to detect MSI uses DNA from singl@MS2-/— mice bearing the neutral reporter transgelaes supF,
cell clones?! We evaluated DNA from 20 single cell clones fromOr SUpFG1 demonstrate a high frequency of base transitions,
the MSH2—/— murine thymic lymphoma cell lines R25 and L15transversions, and ID mutations in short mononucleotide runs. In
for instability at the same 10 neutral microsatellites used to detdbg present study, we evaluated a known tumor suppressor gene and
MSI in whole tumor DNA (Figure 6). For the R25 cell line, found that theTBR-II ID mutations occurred in short mononucleo-
high-frequency MSI was found in 4 of 20 clones, low-frequenciide runs. Our findings corroborate that short mononucleotide runs
MSI in 14 of 20 clones, and stability in 2 of the 20 clones. In the may represent potential mutational hotspots in the setting of MMR
high-frequency MSI clones, instability was seen in 6 of théeficiency. The high frequency of ID mutations within the (A)10
microsatellite loci in 1 clone, 5 of the loci in 2 clones, and 4 of theepeat of[BR-Il in human MMR-deficient cancers further supports
loci in 1 clone. For the L15 cell line, high-frequency MSI was lesthis contention.
common than in the R25 cell line and was observed in 2 of 20 Escape from TGHB-mediated growth inhibition, due to muta-
clones. Low-frequency MSI was seen in 16 of 20 clones arigbns in TBR-II or loss of BR-II surface protein expression (or
stability in 2 clones. both), is a defined pathogenetic mechanism in many cancers,

Figure 4. Immunohistochemical and Western Blot
detection of T BR-II protein. (A) Example of a thymic
o lymphoma with wild-type TBR-II (A) repeat and detect-
A" 7% 5 aple mRNA by RT-PCR. All tumor cells show strong
immunohistochemical staining for TBR-II. (B) Example of
a thymic lymphoma harboring an (A) repeat ID mutation,
and showing no detectable mRNA by RT-PCR, demon-
strates the absence of immunohistochemical staining for
protein. (C) Nonmalignant tissue from the small intestine
of the animal from panel B shows strong immunohisto-
chemical staining for TBR-II. (D) Representative Western
analysis of 2 murine lymphomas. Lane 1, lymphoma
harboring TBR-II (A) repeat ID mutation; lane 2, lym-
TBR-I phoma showing wild-type TBR-/I (A) repeat. Top panel
demonstrates absence of TBR-II protein in lane 1. Bottom
panel is the same blot re-probed with an antibody to
TBRR-I as control.

..,'-'-.

1 2
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investigated. Our findings strengthen the association betaesprired

abnormalities iMTBR-I1I following MSH2 deficiency and tumorigen-

D - = esis and suggest that some hematolymphoid malignancies may

- = ! share similar pathogenetic mechanisms as some solid cancers.
The lack ofTBR-II ID mutations in the nonmalignant tail tissue

of MSH2-/— mice is not entirely clear but may in part reflect

tissue-specific differences in mutational frequencies. In studies of

>
" -

N T N T N T N T N T . . ;
MSH2-/— mice bearing thdacl transgene, ID mutations were
=S = - = greatest in tissues characterized by having a comparatively high
B — i i
= = = = = == & cell turnover rate such as.the small intestine and t_hy%ﬁé?s.
SN - In contrast to the high frequency of acquird@R-Il ID

mutations inMSH2-/— murine lymphomas, only low-frequency
Figure 5. Microsatellite analysis of ~ MSH2—/— murine lymphomas. (A) Examples MSI was detected in the anaIYSIS of neutral mlcro_satellltes' Others
of the analysis of DNA from paired nonmalignant (N) and whole lymphoma twumor ~ have also found a lack of high-frequency MSI in some tumors
specimens (T) at the D5Mit10 marker. Novel microsatellite alleles are present in 1 tumor arising in the setting of bona fide MMR deﬁcienje%—ZS Tumor
specimen. (B) Examples of the analysis of DNA from paired normal tissue (N) and h ki . d beli d be i
whole tumor tissue (T) at the D7Mit12 marker. No microsatellite instability is seen. growt . Inetics and tumor age are. elieved to be important
determinants for frequency of MSI. Shibata et al used xenografts of
single cell clones of the human mutator phenotype colorectal cell

line HCT 116 to simulate mutator phenotype tumors with rapid
deficient human cancers, ID mutations within thgR-Il (A)10 b yp b

. . J . %ro th rates and found a low frequency of altered microsatellite
repeat are predominantly deletions and are associated with redu ﬁq/v . S . 5 i
dlleles despite a high intrinsic mutation r&té?” In comparison,

levels of TBR-Il MRNA transcripts that are thought to be secondarg/ ) ) . .
S . . low-growing adenomas displayed greater microsatellite allele
to decreased mMRNA stabili#§.In contrast to ID mutations in the ~. ‘ L .
glver3|ty.26~27 In MSH2-/—, APC +/— mice, intestinal adenomas

TBR-Il (A)10 repeat in human cancers, all of the ID mutation | hat lack MBIThe sh itotic hi P
within the murineTBR-II mononucleotideArepeatwereinsertions.de\’e op atayoung age that lac The short mitotic history o

The reason for this difference is not entirely clear but may reflefitese adenomas has been suggested as a possible explanation for
sequence differences because the murine repeat contains guafiid@ck of MSE-?8 Thus, in rapidly growing tumors, absence of
nucleotides at positions corresponding to the 5th and 10th adenftgh-frequency MSI may not preclude underlying MMR  defi-
nucleotides of the human repeat. A high frequency of insertigitency. Taken together, we reason that the lack of high-frequency
mutations has been reported in other mononucleotide runs in #M&! in theMSH2-/— murine lymphomas may have its basis in the
setting of MMR deficiency. For example, in human MMR-deficientapid growth characteristics of these aggressive high-grade lympho-
gastrointestinal cancers, tHAX (G)8 andhMSHG6 (C)8 mono- mas and their short mitotic history, because the median time to
nucleotide runs show a high frequency of insertion mutati8As. tumor development is 3.8 montHs.

Similar to studies of MMR-deficient human cancers,MfgH2—/— Analysis of single cell clones is a more sensitive method to
murine lymphomas showed concordance between the presenceeatect MSI compared with analysis of whole tumor sampids.

ID mutations within the mononucleotide A repeat T8R-1l and  keeping with the increased sensitivity, we observed high-frequency
loss of TBR-II mMRNA transcripts and protein as detected by1S|in a minority of single cell clones obtained from the R25 and
RT-PCR, immunohistochemistry, and Western blot analysis. Theses cell lines, 20% and 10%, respectively. Although analysis of
ID mutations were detected on 1 allele. Thus, other genetic gfgle cell clones increases the ability to detect MS, it remains an
epigenetic changes may be present to account for the 10sSjQf actical method to screen human cancers for underlying MMR
transcripts and protein. For example, our study analyzed 269 of iciency.

1704 bp in theTBR-II coding region and it is possible other Our finding that links MMR deficiency with frameshift muta-

mutations may be present. Furthermore, epigenetic changes sucﬁo%% within theTBR-Il gene may not be generalized to all subtypes

gene inactivation through promoter hypermethylation remain to %? hematolymphoid malignancies. Childhood ALL represents a
subtype of hematolymphoid malignancy with a distinct biologic
behavior associated with a generally favorable outcome. Molenaar
et al found mutations within the repeat tracts of BAeXandTRR-II
genes in 3 of 6 adult ALL cell lines but not in 55 cases of childhood
ALL.2° Thus, in humans, MMR deficiency an@R-1I frameshift
mutations may represent pathogenetic events more important to the
development of adult leukemia/lymphoma.

High-frequency MSI has been an inconsistent feature in human
hematolymphoid malignancies and consequently MMR gene de-
fects have been thought not to significantly contribute to their

including some hematolymphoid malignanciés! In MMR-

1
—
e

A

1 2

3 4 5 6 7 '8 9 10
.- esEneee

. molecular pathogenesis. Acquired alterations within neutral micro-
satellites likely do not confer a selective growth advantage and may
Figure 6. Microsatellite analysis of ~ MSH2—/— murine lymphoma single cell be difficult to detect amid the large background of normal alleles,

clones. (A) Examples of analysis of DNA from single cell clones derived from the R25 even when using a more sensitive method such as the analysis of

cell line at D6MIt8 marker. No microsatellite instability is seen. (B) Examples of . 21.26-28 . .
analysis of DNA from single cell clones derived from the L15 cell line at D8Mit14 Slngle cell cloneév. ' The lack of hlgh_frequency MSI in

marker. Novel microsatellite alleles are present in 2 of the clones (lanes 2 and 6). MSH2-/- lymphomas implies that MSI at neutral microsatellites
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may not always reflect MMR status. Rather, we observed a higiore sensitive marker of MMR deficiency than evaluation of
frequency of ID mutations within a cancer-associated gegB; I,

LOWSKY etal

in the MSH2-/— lymphomas. Whether these ID mutations repre-

sent commonly occurring early events in tumor pathogenesis or
events that contribute to clonal expansion and dominance remaméknomedgmems
to be determined. Irrespective of the potential role of these

mutations in cancer development or progression, we submit that idre authors would like to thank Mr Bob van den Beuken and Mr
some rapidly growing hematolymphoid malignancies, the evaluiedd Reichert for assistance in preparing the figures, and Dr T
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neutral microsatellites for high-frequency MSI.

tion of cancer-associated genes for ID mutations may represernilarweigeri for his support.
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