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Role for CCG-trinucleotide repeats in the pathogenesis of chronic

lymphocytic leukemia

Rebecca L. Auer, Christopher Jones, Roman A. Mullenbach, Denise Syndercombe-Court, Donald W. Milligan,

Christopher D. Fegan, and Finbarr E. Cotter

Chromosome 11q deletions are frequently
observed in chronic lymphocytic leuke-
mia (CLL) in association with progressive
disease and a poor prognosis. A minimal
region of deletion has been assigned to
11922-g23. Trinucleotide repeats have
been associated with anticipation in dis-
ease, and evidence of anticipation has
been observed in various malignancies
including CLL. Loss of heterozygosity at
11g22-23 is common in a wide range of
cancers, suggesting this is an unstable

area prone to chromosome breakage. The
location of 8 CCG-trinucleotide repeats
on 11q was determined by Southern blot
analysis of a 40-Mb YAC and PAC contig
spanning 11g22-qgter. Deletion breakpoints
in CLL are found to co-localize at specific
sites on 11g where CCG repeats are lo-
cated. In addition, a CCG repeat has been
identified within the minimal region of
deletion. Specific alleles of this repeat are
associated with worse prognosis. Folate-
sensitive fragile sites are regions of late

replication and are characterized by CCG
repeats. The mechanism for chromo-
some deletion at 11qg could be explained
by a delay in replication. Described here
is an association between CCG repeats
and chromosome loss suggesting that in

vivo “fragile sites” exist on 11q and that

the instability of CCG repeats may play an
important role in the pathogenesis of
CLL. (Blood. 2001;97:509-515)
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Introduction
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Chronic lymphocytic leukemia (CLL) is characterized by a clonakported in many solid tumof3:2” These observations beg the
proliferation of mature B-lymphocytes increasing in incidencquestion of why the distal portion of chromosome 11 is an unstagle
logarithmically with age in adults.Sporadic CLL may have a region, prone to breakage and rearrangement, in so many cancgrs.
hereditary component because several studies report an elevateGenetic instability is a common feature of many human canceys.
risk for hematologic malignanéy and other cancers in first-degreemicrosatellite instability was first described in hereditary nonpg-
relatives. Familial clustering of CLL does occur; when it does, it igposis colon cancer and is attributable to defective mismatch regair
multigenerational and displays vertical transmission. The phenoglysing mutations at microsatellites harboring dinucleotide, trinue-
enon of anticipation, originally reported for inherited neurodegenyjde, or tetranucleotide repeat sequeriéais form of genomic &
erative dls_ease, re_sults from the expansion of_trlnucleotlde repeﬁ‘l@tability has been commonly reported in sporadic solid tufiorg
and describes an increase in severity or earlier age of onset qf 4 js rare in adult leukemi¥. Mutational expansion of unstable
g'se‘?‘se ct)ccurrlngv:th each s_;;psequerll(t genertatlon inan al{[fsqgi]ﬁlljcleotide repeat sequences, as another form of instability, fas
. . .. . . N
_omlnan r_nann_ ’ owe_\{er, itis n(_)w nown 1o oceur in Other s, heen described and is the cause of anticipation in sevéral
disorders, including familial leukemias, cancers, and GE£S . 1 oy ) ) . ]
. . . . diseases! Briefly, trinucleotide repeats are inherently unstablg,
In patients with sporadic CLL, 11q deletions are a common_ . - g
. . ) : gartlcularly when they exceed a certain length, and are pronéto
chromosomal abnormality. This subset of patients displays an 3

aggressive form of the dised$ewith distinct characteristics, expanlsmn durln_g Virtlc"?‘ll trqnsmlss@)nh. ited ic oh g
including early age of onset and bulky lymphadenopatinat Folate-sensitive fragile sites are inherited cytogenetic phenem-

constitute rapidly progressive disease with a high mortality tte. €@ that appear as poorly condensed regions of metaphase chrgmo-
Previous reports describe a minimal region of deletion of 2 to 3 MiPMe¥ and are susceptible to breakage under specific experinien-
within 11g22-2311This region includes thaTMgene, which has tal conditions®233 Five fragl_le sites ha_ve b_een characterized at tge
been proposed as a tumor suppressor gene in CLL, basedplecular level, and their expression is due to the extensgle
mutations in a proportion of patient3!4 In mantle cell lym- expansion of CCG-trinucleotide repeats and an associated hyper-
phoma51” and other lymphoid and myeloid malignanciés, methylation of adjacent CpG islanélsExpression of a fragile site
11g21-23 is also a frequent region of loss. Kobayashi*éthalve in chromosome band 11q23.BRA11B has been shown to cause
mapped the inv(11) breakpoint associated with certain myelof@rtial chromosome loss in a chromosome deletion syndrome
malignancies to the same region. This involves BBX10 (Jacobsen syndromé&)in some of these patients, chromosome 11
gene?®2loss of heterozygosity (LOH) at 11g21-23 is commonlys truncated near the site BRA11B and the deleted chromosome
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derives from a parent carrying an expanded CCG repeat. Chron@ening and characterization of a CCG-trinucleotide repeat

§0m(§_ truncations at _an unstable QCG repea_t demonstrate S3lthern blot analysis of the YAC contig with a CCG probe was performed
inherited Compor)ent. in the mechanism by which Chromosomﬁing standard protocof8.Briefly, a 15-base pair oligonucleotide probe
breakage occurs in vivo. (CCG) was end-labeled withy32P-ATP using polynucleotide kinase and
Trinucleotide repeats are associated with anticipation, whi¢fybridized to nylon membranes in a 10% dextran sulfate-Benhardt
has been observed in malignancy. Chromosome deletion has algaridization buffef® overnight at 50°C. Membranes were washed in
been described in association with trinucleotide repeats. Thes@*5SC-0.1% sodium dodecy! sulfate at room temperature and¥85Z—
findings raise the possibility that CCG repeats have a role in tRel% sodium dodecyl sulfate at 55°C for 15 minutes each. A PAC contig
development of neoplasia through instability leading to chrom#@s _constructed between D1151897 and D11$2105_by polymerase chain
some deletion. Some candidate leukemia oncogenes contain C€@stion (PCR) of the RPCI1 PAC library pools (provided by the Human

repeats, including thBCRgené&® and theCBFB*® gene involved in Genome Mapping Project Resource Centre, Hinxton, Cambridge, United
. . . . . . Kingdont?) with microsatellite markers. Further defining of the position of
!nV?I’SIOI’] 16 of acute myeloid leukemia. In addition, an |ncre§s me PACs within the contig was performed by hybridization of PAC end
incidence of spontaneous breakage of chromosomes and fragile éﬁﬁes, derived using a previously described PCR-based technique called
expression has been demonstrated in sporadic Tihis study pypple PCR?2

investigates a potential role for CCG repeats in the pathogenesis ofa 2.8-kb Pst restriction fragment containing a CCG repeat from YAC
CLL. A previously constructed YA and PAC contig® spanning y975H06 was subcloned into PUC18 and transfected into XL1-blue
11922 to the telomere was used to analyze the chromosomecfpetent cells (Stratagene, La Jolla, CA). The fragment was sequenced,
deletions of patients with sporadic CLL and low-grade norgnd the following PCR primers flanking the CCG repeat were construcgd

Hodgkin lymphoma to localize potential tumor suppressor gensruachem, Glasgow, United Kingdom): forward:GCAGAAAGCGTG-
and to Identlfy mechanisms for chromosome breakage. GAGTGAAT; reverse, 5CTCTGGCAATAGGCTGCGAG. PCR reac-a

tions were carried out in a 1@ volume containing 50 ng genomic DNA; 1%
uM each primer; 1.5 mM MgG| 250 pM each of dATP, dCTP, S
deaza-dGTP (Boehringer), and dTTP; 10% dimethyl sulfoxide; 2.5 U Tq

SPEO|UM

Materials and methods DNA polymerase (Qiagen, Hilden, Germany); anduZi o32P-dCTP &?
(Amersham, Amersham, United Kingdom). PCR cycling was performe(gn
Patient samples aBiometra Uniblock thermocycler as follows: 94°C for 5 minutes, followeg

Metaphase chromosomes were prepared from B-lymphocytes after HYeSE’ cycles of 94°C for 30 seconds; 60°C for 30 seconds; 72°C for 5O

stimulation of peripheral blood with phorbol-12-myristate-13-acetate (fin?ofe:é)en;so’n?gd(;; f'rglil :le’rllg;ti'gg (?;nYaztucr:infor (lalos Zrllr:jmrii ;2?‘35'%56%3:
concentration, 0.05.g/mL) (Sigma, St Louis, MO) and by blocking o polyacty 99 9

dividing cells in metaphase by the addition of Colcemid (Karyomax; Gibcénarkers that consisted of YAC DNA containing (CG&and PAC DNA

Paisley, United Kingdom). Cells were harvested according to stand C(%ntamlng (CCGY After electrophoresis, the gel was exposed to X-OMAF

=1
. ) ; : » ) - . x-ray film (Kodak, Rochester, NY). Haplotype analysis using tige
gﬁi‘;ggﬁgzg‘;lfzgzmq”es’ fixed in methanol-acetic acid (3:1), and dropped, - llite markers D1151302, D11S1294, D11S2106, D11S2093,

DNA was purified from whole blood, the malignant B-cell population,pll.82221’ D11S1300, D1151347, and D11S1885 was carried out § a
and buccal mouthwashes of patients with chronic Iymphoproliferativsém”arWay'
disorders and from the whole blood of ethnically matched control subjects
of similar age, using Qiagen columns, according to the manufacturer’s
instructions. Malignant B cells were isolated from the blood of 137 patienﬁ
with CLL and 3 patients with mantle cell lymphoma using CD19 esults

Dynabeads (Dynal, Oslo, Norway).

00|q,

Definition of a minimal region of deletion on 11q

6 Aq ypd"605/51 9065 1/605/2/ 5

Probes With a selection of YAC probes covering the 11g21-qgter region :&f

Whole chromosome 11 paints (Vector Laboratories, Peterborough, Uniggromosome 1% FISH was used to define a minimal region i
Kingdom) were hybridized to the patient material according to manufactuf€letion by hybridization to the metaphase chromosome spreads of
er's instructions. A digoxigenin-conjugated chromosome 11-speci§iat- CLL cells. These were taken from patients with known 1%y
ellite probe (Oncor, Gaithersburg, MD) was used to confirm the identity afeletions defined by cytogenetic analysis. Nine patients with
normal and derivative chromosome 11. Cosmid, PAC, and YAC prob& CLL (identified by morphology and immunophenotyping) were
were used in dual-color fluorescence in situ hybridization (FISH) analysisiudied. For many patients with CLL, no cytogenetic data were
DNA was labeled with either biotin-16-dUTP or digoxigenin-11-dUTP byyyqilable. To try and further refine the minimal deleted region by
nick-end translatio? Probe detection was performed using ﬂuoresceiﬁnalyzing a larger set of patient material, haplotype (microsatellite
isothiocyanate-conjugated avidin D and biotinylated goat anti-avidin an --CR) analysis was performed. Tumor DNA and DNA from the

body (both Vector Laboratories) and anti-digoxigenin rhodamine antibo . .
(Boehringer Mannheim, Mannheim, Germany). Whole bloo_d or buccal mouthwashes from 60 patients with CLL
were examined.

Analysis of the metaphase material using overlapping YAC
clones and LOH data of 60 patients with the microsatellite markers
Metaphase chromosomes were denatured in 70% formamideS€, and D11S51302, D11S1294, D11S2106, D11S2003, D11S2221,
probes were hybridized in a 50% formamide—10% dextran sulfate 50'”“951181300, D11S1347, and D11S1885 (Figure 1) defined a mini-
overnight at 37°C. Then 200 ng PAC DNA, 300 ng YAC DNA, or 100 N4y, m region of 11q deletion in patients with CLL. The size of this
cosmid DNA was hybridized per slide in the presence of COT-1 DN eletion is approximately 4 Mb, it involves bands 11g22.3 to

(Gibco). Post-hybridization washes were performed at 45°C in 50% o .
formamide—xSSC. The chromosomes were counterstained withtd23-1 anditlies between D1152106 and YAC y797E07 (Figure

DAPI (Sigma) in phosphate-buffered saline—anti-fade (Citifluor, Londort)- LOH analysis of patient 5 revealed heterozygosity in both the
United Kingdom), and images were captured with a cooled chargedtmor and buccal samples for the marker D11S2106. However,
coupled device camera linked to an Apple Macintosh computer with IP Lafalysis with an adjacent marker D11S2221 (more telomeric)
Spectrum software (Digital Scientific, Cambridge, United Kingdom). showed heterozygosity in the buccal sample but homozygosity in

Fluorescence in situ hybridization
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Patient 1 -
Patient 2 -
Patent3 -
Patient 4 o
Patient 5
| Minimal region deletion |
Figure 1. Localization of the minimal region of deletion and patients’ breakpoints on the 40-Mb 11q contig. The locations of the trinucleotide repeats and the FRA11B

fragile site are indicated by bold type. The various genes and D11S markers in the region are also indicated at the top of the figure, from centromeric to telomeric and from left to
right. Below this the location of various YACs and PACs and their relative sizes are indicated by gray boxes together with the relevant identification number, corresponding to
the identification number in the text. Patient identification numbers are indicated on the left of black horizontal boxes that correspond to the portion of chromosome 11 present in
the patient CLL material, as determined by FISH and haplotype analysis. (+) The nearest retained marker to the deleted region. The unfilled area between the boxes
represents the area of deletion. Grey boxes represent the maximum extent of the region in which the breakpoint must be located with the most proximal deleted marker,
denoted by (—). Proximally our minimal region of deletion is defined by patient 5, and distally it is defined by patients 3 and 4. The previously published data on the minimal
region of 11q deletion for CLL and mantle cell lymphoma are indicated in the same manner, and the disease type (CLL, chronic lymphocytic leukemia; MCL, mantle cell
lymphoma) is indicated in the gap representing the deleted region. The hatched box represents an area that was not analyzed.

the tumor sample (Figure 1). The detection of LOH with D11S222trinucleotide repeat on chromosome 11q). TNR/11g#l is ¢

in this tumor further refines the minimal region of deletion. Outained within our defined minimal region of deletion in CLL an

data are in concordance with previously published redits within previously published critical regions of 11q deletion
(Figure 1) for the 11qg-deleted region in CLL (all of which includeCLL11(Figure 1).
the trinucleotide repeat TNR/11g#1; see below). Taken together
with the published data, we further reduced the size of the minimal

o M -
deleted region for CLL. The published data for mantle cell & o = § § T
lymphoma®17show less concordance (Figure 1). T B T IR~
Whole chromosome 11 paints were used to determine whether P11S# & 2§ @ 8 & S 8 £ 8 § =

the deleted portion of chromosome 11q had been simply deleted R R
from the malignant cell or had been part of a more complex
rearrangement, with the 11q region translocated to another chromo- 89-B4
some. The results showed a simple deletion of chromosome 11, ol St =
with no transfer of chromosome 11 material to other regions of 151C17[2, 4 - L &
the genome. 236-H14[ + +

240-L12]7% ¥
Identification of a CCG repeat within the minimal deleted region 253-G20| + +

b030-C24[ 5 = ¥

Southern blot analysis of the 40-Mb 11q YAC costigvas
performed with a CCG-trinucleotide probe to identify sites of
CCG-repeat sequenc#s.Nine overlapping YACs (y986C07,

y984E06, y891F09, y952H06, y921B11, y795F05, y975HO06, 30_57 : :
y793D09, y920C04), located within the CLL minimal deleted 30-M5| + +
region, were found to contain the same trinucleotide repeat. The 279-J10) +° +
high density of microsatellite markers in this region of the YAC ;Egiglgﬁ—ﬁ

contig allowed the accurate localization of this CCG-repeat to

. re 2. PAC contig constructed between D11S1897 and D11S2105 within the
between D11S1897 and D11S2105. A PAC Comlg was ConStrUCEr:%Qr#mal region of 11q deletion in CLL showing the localization of TNR/11g#1.

between these markers (Figure 2) to further refine the location $s markers within the contig are listed without the D11 prefix for clarity. STSs were
the repeat. Southern blot analysis of the PAC contig revealed tldehonstrated within PACs by PCR. PAC end clones are given the prefix ec, together
this CCG repeat was contained within PACs dJ65-P7 and dJZMb the clone name and the end from which they are derived; they were screened

.. . ainst PACs by hybridization. (+) Positive results for PCR of STSs or hybridization
D(?" Iocallzmg it between_ markers _D1182003 and D11S22 h PAC end clones. Overlap of PAC clones in the contig was also determined by
(Figure 2). We have designated this CCG repeat TNR/11q#tbss-hybridization of PACs against each other. (?) Unclear hybridization.

@pd-ep!ue/pomq/}eu'suoueouqndqse//:duq woyy pspeojumod

B0SRL.

¥20Z AeN 81 uo 3senb Aq 4pd-60G/51.9065 |



512  AUERetal BLOOD, 15 JANUARY 2001 - VOLUME 97, NUMBER 2

Table 1. Genotype data for (CCG)n within the control (normal) Table 3. Comparison of TNR/11g#1 CCG-repeat length between patients
and patient populations with advanced or progressive disease and the control population
Genotypes Controls Patients Genotype Controls Patients
6,6 10 11 At least one allele has a repeat of exactly 6 53 40
6,12 37 42 Both alleles have repeats greater than 6 44 21
6,13 1 0 ~ ]
6.14 5 3 P = .021 (Yates correction).
12,12 38 67
12,13 1 0 Localization of CLL deletion breakpoints to CCG repeats
12,14 4 11
12,15 0 A proportion of patients with CLL and cytogenetically defined 11g-
14,14 0 were also analyzed by dual-color metaphase FISH to localize
15,15 ! 0 deletion breakpoints to identify potential mechanisms for chromo-
Total 97 140

some breakage. FISH with YAC clones from the 11qg contig

In the genotype column, the two numbers refer to the size of each of the 2 alleles ~ mapped the distal breakpoints to regions containing CCG repeats.
for TNR/11g#1 (eg, 12,6 = [CCGCl.2, [CCC]g). The breakpoint regions corresponded to those previously observed
in Jacobsen syndroni& The mechanism of breakage in Jacobsen

. syndrome has been shown to directly relate to CCG repeats {£g,
A 2.8-kb Pst fragment from YAC y975H0_6 containing the FRA11B.34 The effect of a trinucleotide repeat (chromosonie
repeat was cloned and sequenced, revealing the presenceorgf

. - akage and deletion) may be manifested a number of kilob%es
Et? Cct:)a-l;TCgT.CC} tr:nusldeotlde_ repea]'fl(rel:erreqrh)@sl l(CEF ) away from the location of the repeat sequence (eg, fragile%X
e text). Oligonucleotide primers flanking a1 Wer&: ndromé3and Jacobsen syndroffg It is therefore more suitableS

constructed for use in PCR analysig o.f CCG-repeat length. T gdemonstrate CCG-related breakage by FISH with probes imie-
repeat was found to be polymorphic in the control IOOpuIat'oaiately flanking the repeat rather than by Southern blot analﬁis

(n = 97; heterozygosity, 49.5%; Table 1) with 6 or 12 copies of t ith . e &
; i . a probe from the repeat region. Southern hybridization n@&a
CCG trinucleotide representing the most common alleles. Rarﬁe% P P g Y 2y

. . . . . t demonstrate a rearrangement because of the distance gwa
allele sizes include 14 and 15 copies of the CCG trinucleotide agd i the breakpoint regiong PACs from regions flanking CC%‘;N ’
were present in only 5.67% of normal chromosomes. : p

repeat® were applied as probes in dual-color metaphase FISHito
Analysis of TNR/11g#1 among patients with CLL further refine the deletion mapping and to determine a possi?le
involvement for CCG repeats in chromosome breakage (Figuresl).
PCR analySiS of TNR/llq#l (Table 1) on DNA from the blood of FISH ana|ysis of patient 1 (karyotype 46,XY, |nv(l)§
140 patients with chronic low-grade lymphoproliferative diseasge|(11)[(2q?%]) placed the distal deletion breakpoint between
(137 with CLL and 3 with mantle cell lymphoma), with primersp1152090 (PAC dJ36-N10) and D11S707 (PAC dJ177-H4) (F%-
flanking the CCG repeat, was performed to examine repeat sige 1), which are less than 1 Mb apart. Within this regic§1
within the patient population. A significant increase in the preseng§yR/11g#7 has been located. We have also recently mappedgthe
of the larger repeat (12 or more copies of the CCG trinucleotidg}eakpoint of a patient with Jacobsen syndrome to the sage
was found compared to the control growg ith Yates correction; repeat® A further CCG repeat (TNR/11g#6) was located withig
P = .036) (Table 2). PAC dJ36-N10 less than 1 Mb from the repeat TNR/11g#7. 8
Distribution of repeat size for different stages of disease was The distal breakpoint of patient 2 (karyotype 46,X&
performed. Patients with Binet stage B or C disease (ie, patiepfg|(11)[q2?1¢2?3]) mapped to a more centromeric region of 11¢23.
with advanced-stage disease) and those with progressive diseaggl-color FISH analysis with PAC probes dJ133-C4 and dJ7-L47
(classified by a change in Binet stage) all had significant increasgtfowed that the former was deleted and the latter retained (Figure
in the presence of alleles containing the larger repeats q@#th 1), The distal breakpoint for this patient maps to betwA@DC =
Yates correctionP = .021; Table 3). Patients with stable stage Aynd D11S667, a region of no more than 250 kb that contains 2 CEG
disease from presentation did not differ significantly from thgepeats (TNR/11g#3 and TNR/11q#4). Most Jacobsen syndr(ﬁne
control population in distribution of allele size (Table 4). Thesgreakpoints are within this region between D11S924 and D118925.
data suggest that the presence of the larger allele alone defines gatients 3 (karyotype 46,XY, del(11)[q21]) and 4 (karyotype
poor prognosis for patients with CLL. 46,XY, del(11)[q2?2g2?3]) both map to the same distal breakpoint
PCR across large CCG-repeat expansions is difficult and, agrgure 1). YAC y966F02 was deleted in both patients, and the
result, cannot be relied on for identifying long repeats. Southegjjacent YAC y797E07 was retained. These YACs flank another
blot analysis was performed on a proportion of patients with @CG repeat (TNR/11q#2) and represent a total area of 2.8 Mb. This
0.7-kb fragment containing TNR/11g#1 to detect long repeats thatan area of breakage described in both CLL and mantle cell
might have been missed by PCR analysis. However, no additiofghphoma. In the latter, most patients’ deletion breakpoints are
bands of hybridization other than those containing repeat lengigstered® Monni et al® have recently mapped the distal break
previously detected by PCR were present (data not shown).  point in 12 of 19 patients with mantle cell lymphoma to y785E12,

Table 2. Comparison of TNR/11g#1 CCG-repeat length between patients Table 4. Comparison of TNR/11g#1 CCG-repeat length between patients
with CLL and the control population with stable stage A disease from presentation and the control population

Genotype Controls Patients Genotype Controls Patients
At least one allele has a repeat of exactly 6 53 56 At least one allele has a repeat of exactly 6 53 26
Both alleles have repeats greater than 6 44 84 Both alleles have repeats greater than 6 44 25

P = .036 (Yates correction). P = .80 (Yates correction).
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which lies within 300 kb of the breakpoint we describe (Figure 1jranscribed sequence and influence transcription. In the normal
Furthermore Zhu et & demonstrate that discontinuous deletionpopulation, allele frequencies for these polymorphic trinucleotide
occur in patients with CLL specifically involving y785E12. Thisrepeats are usually in Hardy-Weinberg equilibrium. However, in
YAC contains TNR/11g#2 and tf@MAandAPOC3genes. some disease populations, the presence of Hardy-Weinberg disequi-
Finally, in patients 1 and 2, a split signal was seen with PAGbrium for a particular repeat-length allele would represent linkage
dJ13-H12, which lies approximately 100 kb from €&S1lgenein to a gene important in the pathogenesis of the distase
11924 (Figure 1). This PAC also contains a CCG-repeat (TNRRkample of this is glutathione-S-transferase and liver disease—
119#8). Overlapping probes on either side of the CCG repeat gageat length may influence enzyme acti¢ftigzssentially persons
a normal retained signal. This raises the possibility that a mowngth specific alterations of CCG-repeat length alleles may be more
complex rearrangement, such as an inversion, has occurredpibne to specific diseases.
addition to the deletion. An alternative explanation for the correlation of CCG-repeat
length with progression of the disease is the presence of a common
founder chromosome harboring a (CG&3)llele at the TNR/11g#1
locus and a mutation within a nearby tumor-suppressor gene. The
CCG repeat may not be involved directly in the function or
Deletions of chromosome 11q are common in low-grade lymph8XPression of this gene but may only represent a closely linked
proliferative diseas&“5Patients with this chromosomal abnormal marker to the mutation that causes the disease. This hypothesis can
ity have aggressive disease and poor prognbascontig of this be tested by a more thorough analysis of allelic haplotypes in §1e
region has been used to identify a region of deletion that m;%,lrrounding region. It is interesting to note that haplotype analygis
contain disease-associated genes. In addition a possible insight fitdamily members with CLL, though only with polymorphicg
the mechanism of chromosome breakage may also be obtainedN&'kers close to th&TM gene, did not show any evidence of
region of deletion minimum of approximately 4 Mb, extendingJe”EtiC linkage at thATM locus#® However, this region is locatedz
from 11g22.3 to 11923.1, has been identified for CLL by metapha@BProximately 2 Mb centromeric to TNR/11g#1; as such, t@e
FISH and LOH analysis with 8 microsatellite markers. This regiofnkage data from th&TMregion are not informative for the regiorg
lies within that previously describ& for CLL and includes the W€ describe. TheATM gene is undoubtedly important in- the
region for mantle cell ymphoma described by Monni etéaiyt it pathogenesis of CLL, but mutations have only been found irga
differs by a small distance from the region described by StilgeRroportion of patientd**Our minimal region of deletion, together
bauer et df for mantle cell lymphoma (Figure 1). A polymorphic With those of Monni et afand Zhu et al! excludes thTM gene.
CCG repeat (TNR/11g#1) has been identified within our minimdihese observations could suggest that mutation& TV may <
region of deletion. PCR analysis has demonstrated that a repeidispose to chromosome deletions and that a second gerge at
length of 12 to 15 copies of the CCG trinucleotide is more commohLd22.3 is important to the pathogenesis of the disease. 9
among the patien’[ group, particu|ar|y those with an 11q deletion, The co-localization of CCG repeats, with chromosome deletign
and is a marker of disease of worse prognosis. Analysis of the digeggakpoints in patients with CLL, suggests a second role for thgse
deletion breakpoint regions for patients with CLL reveals clustefequences in the pathogenesis of CLL. Of only 8 CCG repeats
ing at specific hot spots on distal 11q, where other CCG repeats itentified in the 40-Mb YAC contig, 4 are shown here to be C|Ose§0
known to be located. CCG repeats, in a manner similar to that ferromosome deletion breakpoints in patients with CLL, agd
microsatellite regions, may be polymorphic. These results suggagother is shown to be close to an additional chromosoge
that the stability of CCG-repeat sequences may be an import&@@rrangement. Of importance, TNR/11q#2 is close to a clusteEof
genetic factor in the pathogenesis of CLL and some forms @gletion breakpoints found in patients with mantle cell lyng-
low-grade lymphoma. phoma® of 19 patients, 12 were found to have a deletign
Two distinct and independent mechanisms for the potential rdieakpoint within the same YAC (y785E12) that contains TNR/
of CCG repeats in CLL can be proposed from this study. First, tddg#2. This region is also involved in the discontinuous deletidfis
association of a specific TNR/11g#1 allele with progression of tistescribed by Zhu et & in CLL. It could be speculated thatt
disease implies that this genetic element may be linked to a neafyR/110#2 is a particularly potent hot spot for deletion breag-
tumor suppressor gene. Genes close to CCG repeats may have @iits in CLL and mantle cell lymphoma. In addition, these distal
patterns of expression altered by the presence of the repdaltl deletion breakpoints lie close to chromosome deletion
particularly when the length is enlarg&dlt is possible that the breakpoints in the rare inherited 11q deletion syndrome (Jacobsen
length of the CCG-repeat TNR/11g#1 directly affects the functiosyndrome). Specifically, the repeats TNR/11g#3 and TNR/11g#4
or expression of a tumor-suppressor gene, which in turn plays af¢ within the region containing most Jacobsen deletion break-
important role in the pathogenesis of CLL. Specific alleles of points?* whereas TNR/11g#7 and TNR/11g#8 are also breakpoint
similarly sized CCG repeat within thPABP2 gene have been regions in the syndrom&.
shown to cause oculopharyngeal muscular dystréfphiie normal The potential role of fragile sites in cancer and leukemia is a
population has 6 copies of the CCG trinucleotide; the addition ebntroversial issue, and statistical associations between the loca-
only 2 more copies is sufficient to cause the phenotype of titiens of fragile sites and both oncogenes and translocation break-
disorder. In this disease a relatively frequent allele among tipeints are contradictord?-5* However, recent work has demon
normal population, (CCG) can act as a modifier of a dominantstrated that the aphidicolin-inducible fragile site®RA3B and
phenotype or as a recessive mutation. It is therefore clear that snk@RA7G are the sites of frequent chromosome rearrangements in
increases in the length of a CCG repeat (as seen with the longaany types of neoplasf&;® regardless of their significance to
allele at TNR/11g#1) may be of pathologic significance. tumorigenesis. In particular an increased level of spontaneous
Polymorphic trinucleotide repeats have already been identifibdeakage and fragile site expression has been observed fof"CLL.
in a number of known disease-associated géh&ome genes  The clustering of breakpoints to CCG-repeat loci on 11q in
contain CCG repeats within the’ muintranslated portion of the patients with CLL and mantle cell lymphoma suggests a common
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mechanism of chromosome breakage in these diseases. The digssentially having deleted this region of DNA from the cell. The
role of a CCG repeat in causing chromosome breakage has bessult is a failure of replication as the cell continues cycling with a
described; expansion of tHERA11BCCG-repeat has been shownconsequent loss of DNAin that region in the newly formed cell. If a
to cause chromosome deleticighough the breakage points dotumor-suppressor gene is deleted, tumorigenesis may occur.
not occur directly at the repeat sequence. Detection of expansionsPreviously, fragile sites have been characterized exclusively by
of CCG repeats after deletion may be problematic because thevitro cytogenetic criteria. However, the co-localization of CCG
repeat may be within the deleted region. However, FISH analysispeats with chromosome breakage in different diseases suggests
provides good evidence for their involvement. It is possible th#éhat classification may be possible, based on these in vivo
those CCG repeats, which co-localize with chromosome deletiobservations. Analysis of the timing of replication at the chromo-
breakpoints in patients with CLL, are the locations of previouslgome deletion breakpoints identified in this study will shed light on
unidentified folate-sensitive fragile sites on chromosome 11the potential role of CCG repeats in their etiology and would
Fragile sites are expressed when cells are cultured under condititursher justify their classification as fragile sites.
that inhibit DNA replication? If fragile sites are to be considered We have shown that the chromosome breakpoints of patients
regions of late replication, it is possible that CCG repeats mediatéth CLL cluster at specific hot spots on distal 11q, where
chromosome deletions by a mechanism involving the failure trfinucleotide repeats are located. In addition, a polymorphic CCG
DNA replication. The folate-sensitive fragile sitélRAXA and repeat has been identified within the minimal region of deletion,
FRAXE are located in regions that have been identified amd itis shown thatthis may have an effect on the pathogenesis and
late-replication sites. For both these sites, replication is delayedtcome of chronic LPD. Although we cannot rule out t
even further on chromosomes carrying a CCG-repeat expansjmrssibility of an association by chance alone, the results o&er
compared to chromosomes with a normal CCG-repeat léigth. evidence that trinucleotide repeats may be responsible for %he
By contrast, though the mechanism of expression of tl@hromosome breakage and rearrangementin malignancy and ®u|d
aphidicolin-inducible fragile sites, such BRA3BandFRA7G is  underlie tumor predisposition and development.
not related to trinucleotide repeat sequences, the role of DNA
replication timing in the expression ¢fRA3B has been estab-
lished®2 In a manner similar to the folate-sensitive fragile sites, thaAcknowledgments
aphidicolin-inducible fragile sites are also late-replicating regions
of the genome. In vitro experimental evidence has demonstratd thank Sandra Merscher for her generous gift of 11913 cosmid
that, in the case dfRA3B when cells are exposed to aphidicolin teclones. We thank Michael James for the generous provision%of
inhibit DNA polymerasea and B, it induces expression of the YAC clones from his 40-Mb YAC contig. We thank the staff a@
fragile site by delaying DNA replication in regions that initiate thishe Regional Cytogenetics Department at the Birmingh&n
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DNA replication late in the S phase. Furthermore these cells cé#omen’s Hospital for their assistance in the preparation ©f
enter G2 having failed to complete the replicationféif{A3Band patient metaphases. 3
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