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ABSTRACT

Up to 15% of all colorectal cancers are considered to
be replication error positive (RER +) and contain
mutations at hundreds of thousands of microsatellite
repeat sequences. Recently, a number of intragenic
mononucleotide repeat sequences have been
demonstrated to be targets for inactivating genes in
RER+ colorectal tumors. In this study, thermostable
DNA ligases were tested for the ability to detect
alterations in microsatellite sequences in colon
tumor samples. Ligation profiles on mononucleotide
repeat sequences were determined for four related
thermostable DNA ligases, Thermus thermophilus
(Tth) ligase, Thermus sp. AK16D ligase, Aquifex
aeolicus ligase and the K294R mutant of the Tth
ligase. While the limit of detection for point mutations
was one mutation in 1000 wild-type sequences, the
ability to detect a single base deletion in a 10 base
mononucleotide repeat was one mutation in 100 wild-
type sequences. Furthermore, the misligation error
increased exponentially as the length of the mono-
nucleotide repeat increased, and was 10% of the
correct signal for a 19 base mononucleotide repeat.
A fluorescent ligase-based assay [polymerase chain
reaction/ligase detection reaction (PCR/LDR)] corre-
lated with results obtained using a radioactive assay
to detect instability within the TGF- ββββ Type II receptor
gene. PCR/LDR was also used to detect the APCI1307K
mononucleotide repeat allele which has a carrier
frequency of 6.1% in Ashkenazi Jewish individuals. In a
blind study, 30 samples that had been typed for the
presence of the APCI1307K allele were tested. The
PCR/LDR results correlated with those obtained
using sequencing and allele-specific oligonucleotide
hybridization for 16 samples carrying the mutation and
13 wild-type samples. Ligation assays that characterize
mononucleotide repeats can be used to rapidly
detect somatic mutations in tumors, and to screen

for individuals who have a hereditary predisposition
to develop colon cancer.

INTRODUCTION

Approximately 15% of the 150 000 new cases of colorectal can
diagnosed each year demonstrate microsatellite instability (1
This instability is now understood to reflect the presence of t
replication error positive (RER+) phenotype in these tumors
(3–8). The RER+ phenotype results from an underlying molecula
defect in the mismatch repair system which leads to a failure
correct frameshift errors in microsatellite repeats (9). Mutations
mismatch repair enzymes, hMSH2, hMLH1, hPMS1 an
hPMS2, leading to RER+ tumors, have been found in both
hereditary cancers and spontaneous cancers (10–15). O
95% of patients with hereditary non-polyposis colorect
cancer (HNPCC) syndrome have a predisposition for t
development of RER+ colorectal cancer due to inherited
mutations in one of the mismatch repair enzymes (16,17).

Slippage errors during DNA replication can produce alteratio
in a microsatellite of defined length. In general, errors
multiple microsatellite repeats are diagnostic of the RE+

phenotype (1–3). Furthermore, specific replication error mutatio
such as the deletion of an adenosine in an A10 repeat, h
been reported in the TGF-β Type II receptor gene, providing a
direct link between the RER+ phenotype and a specific
pathway of tumorigenesis (18). Analyses of RER+ colorectal
tumor samples indicate that >80% of such samples ca
inactivating frameshift mutations in this poly(A) repeat, whic
represents an alternate pathway in the etiology of colorec
tumors (19,20).

The adenomatous polyposis coli (APC) gene represe
another important cellular regulator in colonic epithelial cell
Disruption of APC function is an early event in colorecta
tumorigenesis and is present in a majority of colon tumors (21–2
Germline mutations in the APC gene lead to an inherited col
cancer syndrome known as familial adenomatous polypo
syndrome (FAP), in which affected individuals present wi
thousands of polyps at a young age (24,25) Vogelstein a
colleagues reported a polymorphism (T→A transversion at
APC nucleotide 3920, codon 1307) found in 6.1% o
Ashkenazi Jews and ~28% of Ashkenazim with a fami
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history of colon cancer (26). They have postulated that rather
than altering the function of the encoded protein, this poly-
morphism creates a small hypermutable region of the gene,
indirectly causing cancer predisposition through acquired
somatic mutations. This transversion occurs within an interrupted
stretch of seven poly(A) nucleosides. The polymorphism
converts this region of the gene into an eight nucleotide long
poly(A) microsatellite repeat. The somatic mutations observed
in tumors from patients carrying this allele primarily include
slippage within the microsatellite repeat, as well as some point
mutations in the region (26).

The majority of mutation detection methods rely on the
polymerase chain reaction (PCR) to initially amplify a target
DNA region followed by subsequent analysis using either
restriction endonuclease digestion, dideoxy sequencing, allele-
specific hybridization, or polymerase-based detection (27).
Microsatellites, in particular, are analyzed by PCR amplification
followed by electrophoretic separation on gels (28,29). These
methods are not well suited for the detection of variations
occurring within mononucleotide repeats and closely clustered
mutations, especially in tumor samples.

Our laboratory has developed a combined polymerase chain
reaction/ligase detection reaction (PCR/LDR) method for
discriminating single-base mutations (30–33). In LDR, thermo-
stable DNA ligase specifically links two adjacent oligonucleo-
tides when annealed at 65°C to a complementary target only
when the nucleotides are perfectly base-paired at the junction.
A single-base mismatch at the junction prevents ligation/
amplification and is thus distinguished from a perfect match.
While frameshift mutations occurring in mononucleotide
repeats cannot be detected using allele-specific PCR, they may
be amenable to detection using PCR/LDR. The feasibility of
using PCR/LDR to detect the presence of a single nucleotide
deletion in an A10 repeat sequence was tested using synthetic
substrates. Subsequently, the assay was extended to detect
alterations in mononucleotide repeat sequences in clinical
samples. Finally, PCR/LDR was used to detect the
APCI1307K polymorphism from DNA isolated from both
blood and from archival paraffin-embedded colorectal tumor
samples.

MATERIALS AND METHODS

Oligonucleotide synthesis and purification

Oligonucleotides were synthesized on an ABI 394 DNA
Synthesizer (PE Biosystems Inc., Foster City, CA). Oligo-
nucleotides used in LDR were purified by electrophoresis on
10% polyacrylamide/7 M urea gels. Bands were visualized by
UV shadowing, excised from the gel, and eluted overnight at
64°C in TNE buffer (100 mM Tris–HCl pH 8.0, 500 mM
NaCl, 5 mM EDTA). The oligonucleotides were recovered
from the eluate using C18 Sep-Pak cartridges (Waters Corp.,
Milford, MA) following the manufacturer’s instructions.
Oligonucleotides were resuspended to ~1 mM in 100µl TE
(10 mM Tris pH 8.0, 1 mM EDTA). For LDR, gel purified
stock solutions were diluted to 100µM (100 pmol/µl).

The upstream, or discriminating oligonucleotides were
labeled with fluorescent reporter groups at their 5′ termini during
synthesis using Fam or Tet phosphoramidites (PE Biosystems
Inc., Foster City, CA). The downstream, or common

oligonucleotides, were phosphorylated at the 5′ end using a
chemical phosphorylation reagent, and blocked at the 3′ end
using a 3′-spacer C3 CPG (Glen Research, Sterling, VA).

DNA extraction from cell lines

Cell lines (SW620, HCT116 and DLD1) were grown in RPM
culture media with 10% fetal bovine serum. Harvested ce
(~1× 107) were resuspended in DNA extraction buffer (10 mM
Tris–HCl pH 7.5, 150 mM NaCl, 2 mM EDTA) containing
0.5% SDS and 200µg/ml proteinase K and incubated at 37°C
for 4 h. Next, a 30% vol of 5 M NaCl was added and th
mixture was centrifuged. DNA was precipitated from th
supernatant with 3 vol of ethanol (EtOH), washed with 70
EtOH and resuspended in TE buffer (10 mM Tris–HCl pH 7.
2 mM EDTA pH 8.0).

DNA extraction from paraffin sections

DNA was prepared from 55 paraffin-embedded archival col
tumors and 36 paraffin-embedded pancreatic tumors. Th
samples represent a series of primary cancers removed
surgical resection at Memorial Sloan-Kettering Cancer Cent
Tissue sections (10 sections, 10µm thick) were cut from
paraffin blocks and excess paraffin was removed. Samp
were deparaffinized via sequential extraction with xylen
100% EtOH and acetone, and dried under vacuum. The pe
was incubated overnight with proteinase K (200µg/ml in
50 mM Tris–HCl pH 8.5, 1 mM EDTA and 0.5% Tween-20) a
55°C. After heating at 100°C for 10 min, debris was removed
by centrifugation and the supernatant was stored at 4°C.
Greater purity of DNA was achieved by phenol–chloroform
extraction and ethanol precipitation, or by using the QIAam
Tissue Kit (Qiagen, Chatsworth, CA) when needed.

PCR conditions

PCR amplifications were carried out in a volume of 50µl in
10 mM Tris–HCl buffer pH 8.3 containing 10 mM KCl, 4.0 mM
MgCl2, 250 µM dNTPs, 1µM forward and reverse primers
(50 pmol of each primer), and between 50 and 100 ng
genomic DNA extracted from paraffin blocks or from ce
lines. After a 10 min denaturation step, 1.5 U ofAmplitaq Gold
DNA polymerase (Perkin Elmer, Norwalk, CT) was adde
under hot start conditions, and amplification achieved by therma
cycling for 35 or 40 cycles of 94°C for 30 s, 60°C for 1 min,
72°C for 1 min and 72°C for 3 min for a final extension. Four
microliters of the PCR product were analyzed on a 2% agar
gel to verify presence of amplification product of the expecte
size. For DNA isolated from paraffin sections,Pfu polymerase
(Stratagene, La Jolla, CA) was used for PCR amplificati
following the manufacturer’s instructions. The sequences
PCR primers used are listed in Table 1.

LDR conditions

LDR reactions were carried out in a 20µl mixture containing
20 mM Tris–HCl pH 7.6, 10 mM MgCl2, 100 mM KCl, 10 mM
DTT, 1 mM NAD+, 25 nM (500 fmol) of the detecting primers
and mixtures of PCR products from cell lines or tumo
samples. The reaction mixture was heated for 1.5 min at 94°C
prior to adding 25 fmol of the wild-type or mutantThermus
thermophilus(Tth) DNA ligase. Ligases were overproduce
and purified as described previously (34).Tth DNA ligase is
available from New England Biolabs. LDR reactions we
ii
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thermally cycled for 20 cycles of 15 s at 94°C and 2 min at
65°C. Reactions were stopped by adding 0.5µl of 0.5 mM
EDTA. Aliquots of 2.5µl of the reaction products were mixed
with 2.5µl of loading buffer (83% formamide, 8.3 mM EDTA
and 0.17% Blue Dextran). The mixture was supplemented with
0.5 µl Rox-1000, or TAMRA 350 molecular weight marker,
denatured at 94°C for 2 min, chilled rapidly on ice prior to
loading on an 8 M urea–10% polyacrylamide gel, and electro-
phoresed on an ABI 373 DNA sequencer at 1400 V for 2 h.
Fluorescent ligation products were analyzed and quantified
using the ABI Gene Scan 672 software. The amount of product
is calculated from a calibration curve (one fmol = 600 peak
area units). The sequences of LDR primers used are listed in
Table 1.

Sequencing

PCR products were sequenced using fluorescent dideoxy
nucleotides andTaq FS polymerase (Perkin Elmer Cetus,
Norwalk, CT). Following an initial denaturation at 94°C for
2 min, the sequencing reactions were carried out using
25 cycles of 94°C for 10 s, 50°C for 5 s, 60°C for 3 min. The
products were electrophoresed as described above and
analyzed using ABI Genescan sequence analysis software.

Restriction analysis

PCR primers used to convert the APC1307 region to anMboII
site or anAseI site were 5′-CTG CTA ATA CCC TGC AAA
TAG CAG AA G-3′ and 5′-AGA TTC TGC TAA TAC CCT
GCA AAT AGC ATT AA-3′, respectively. The reverse primer

used for PCR in both cases was 5′-TGC TGT GAC ACT GCT
GGA ACT TC-3′. Aliquots of PCR reactions were digeste
using eitherMboII or AseI (New England Biolabs, Beverly,
MA) in the appropriate buffers. The digested products we
electrophoresed on a 3% agarose gel, and stained w
ethidium bromide.

RESULTS AND DISCUSSION

Detection of mononucleotide repeat polymorphisms using
thermostable ligase

A preliminary assay was devised to determine whether
ligase-based assay could detect slippage mutations in a mo
nucleotide microsatellite repeat sequence. The region of
TGF-β Type II receptor region containing a mononucleotid
repeat sequence was synthesized and used to test the specific
Tth ligase in discriminating a mononucleotide repeat of A1
from A9 and A8 (Fig. 1, top). NAD+-dependent thermostable
ligases cloned fromAquifex aeolicus, T.thermophilusand
Thermus AK16D, were compared using this ligation assay. A
of these thermostable DNA ligases demonstrated high fide
in an LDR assay for frameshift mutations (results forTth ligase
are shown in Fig. 1, bottom).

In order to test whether the position of the ligation junctio
along a repetitive sequence would affect ligation fidelity, ligatio
primers which positioned the ligation junction at different poin
along the mononucleotide repeat sequence were synthes
Templates containing either nine or 10 mononucleotide repe

Table 1.PCR and LDR primers used to analyze mutations in intragenic mononucleotide repeats
in the TGF-β Type II receptor and APC genes

Primer type Primer sequence

TGF forward TGF Top1Tm: 70.1°C

PCR primer 5′-CTT TAT TCT GGA AGA TGC TGC TTC TC-3′

TGF reverse TGF Bot2RTm: 69.6°C

PCR primer 5′-GTC AGG ATT GCT GGT GTT ATA TTC TTC-3′

APC forward APC1307 Top1Tm = 70.6°C

PCR primer 5′-GCT GCC ACT TGC AAA GTT TCT TC-3′

APC reverse APC1307 Bot2RTm = 71.5°C

PCR primer 5′-AGT GGG GTC TCC TGA ACA TAG TGT TC-3′

TGF common TGF commonTm = 66.3°C

LDR primer 5′-p AAA AGC CTG GTG AGA CTT TCT TC-3′

TGF mutant Fam-TGF mt5ATm = 68.5°C

LDR primer 5′-Fl- AC CAA AGT GCA TTA TGA AGG AAA AA-3 ′

TGF wildtype Fam-TGF wt6ATm = 66.5°C

LDR primer 5′-Fl- AA ACA AAG TGC ATT ATG AAG GAA AAA A-3 ′

APC common APC1307 commonTm = 67.0°C

LDR primer 5′-p AAA AGA AAA GAT TGG AAC TAG GTC AG-3 ′

APC wild-type APC1307 wt3ATTm = 66.6°C

LDR primer 5′-Fl- CTA ATA CCC TGC AAA TAG CAG AAA T-3′

APC mutant APC1307 mt4ATm = 66.6°C

LDR primer 5′-Fl- A AAA CTA ATA CCC TGC AAA TAG CAG AAA A -3′
iii
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generated ligation products only in the presence of oligo-
nucleotides that perfectly matched the number of repeated
nucleotides. The site of the ligation junction along the nucleotide
repeat did not influence the ability of the oligonucleotides to
ligate. Thus, for short mononucleotide repeats, the ligation
fidelity was determined to be independent of position of the
ligation junction along the mononucleotide repeat sequence
(Fig. 2). A study of steady-state kinetics for discrimination of a
G:T mismatch demonstrated that a K294R mutantTth ligase,
Tsp AK16D ligase andAquifex ligase demonstrated greater
ligation fidelity compared to the wild-typeTth DNA ligase
(35,36). A comparison of these four ligases on a mononucleotide
target sequence yielded similar ligation profiles for each
enzyme. These enzymes could detect the presence of a

single-base frameshift mutation in up to a 100-fold excess
wild-type DNA sequence (Fig. 3). Calibration curves wer
constructed for theTthDNA ligase enzyme to compare fidelity
for point mutations versus frameshift mutations in a repetiti
sequence (Fig. 4). LDR could detect one point mutation
1000 copies of wild-type sequence and was quantitative ove
three-log range (33). However, for frameshift mutations in
repetitive region, LDR was quantitative for less than a two-lo
range and could detect one mutation in 100 copies of wild-ty
sequence. On the other hand, thePyrococcusand T4 ligases
could not detect single-base frameshift mutations with
mononucleotide repeats due to the high level of backgrou
misligation on wild-type sequences (data not shown). Th
difference was primarily a result of the higher rate of misligatio
for the frameshift mutations, as compared to the misligati
rate for point mutations.

Figure 1. (Top) Synthetic substrate assay designed to test LDR on mono-
nucleotide repeat sequences. Primers designed to detect A10, A9 and A8
templates. Primer Com A4 is phosphorylated on its 5′ terminus and has a Fam-label
on its 3′ terminus. The primers LP3′-A6, LP3′-A5 and LP3′-A4, have repeat
sequences at their 3′ termini and varying length tails at their 5′ termini. Primer
5′Tet-Com-3T5.rev has a Tet-label on its 5′ terminus and five thymidines on
its 3′ terminus. The primers LP5′-T3.rev, LP5′-T4.rev and LP5′-T5.rev are
phosphorylated on their 5′ termini and have varying length tails on their 3′ termini.
The ligase reaction was carried out using 500 fmol of each primer and 50 fmol
of template DNA in a 20µl reaction with 25 fmol ofTth ligase per reaction.
After ligation, the primers were separated and analyzed on an ABI 373 automated
DNA sequencer. (Bottom) The primers designed for the poly(A) target were
tested using the LDR on a template containing an A9 repeat. The ligation reaction
could determine the length of the template in either a uniplex (side lanes) or
multiplex format (center two lanes). There was only minimal misligation in
the last lane.

Figure 2. LDR results for varying the position of the ligation junction through
a repeat region. The ligation reaction was tested using common primers
contained from one to six adenosines at their 3′ termini (lower set of numbers
above gel) which were paired with discriminating primers that contained t
remaining adenosines required to form an A10 or A9 repeat (upper set of num
above gel). The results of ligation are shown for both A10 and A9 templates.

Figure 3. Ligation profiles of the wild-typeTth, K294RTth, Thermus AK16D
andAquifexDNA ligases for different concentrations of target DNA template
Various concentrations of A9 template (from 0 to 200 fmol) were diluted int
1000 fmol of A10 template. Ligase detection reactions were carried out
described in Materials and Methods. The graph depicts the amount of LD
product formed for each enzyme.
iv
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As the length of mononucleotide repeats is increased, a
sequence will be reached for which theTth DNA ligase would
tolerate single-base insertions or deletions. To determine this
length, templates containing longer poly(A) stretches were
synthesized, gel-purified and tested. In an LDR assay, theTth
DNA ligase was able to distinguish an A16 template from an
A15 template. There was only a slight increase in the amount
of product generated from misligations for the incorrect
template, ranging up to 4% of the correct product signal. For
LDR on templates up to 19 mononucleotide repeats, the
amount of signal generated from incorrect hybridization of the
LDR primers to the synthetic templates increased to ~10% of
the correct product signal.

PCR amplification of mononucleotide repeat sequences

The greatest source of error for analysis of mononucleotide
repeat sequences, however, is the error generated during PCR

amplification of microsatellite repeats. Polymerases that la
exonucleolytic activity typically generate non-templated 3′-
terminal nucleotides that interfere with proper sizing of PC
amplicons. In addition, polymerases that possess exonucle
activity remove 3′-terminal bases from PCR amplicons an
therefore produced a mixed population of PCR products (3
In either case, determination of mononucleotide repeat len
based solely on the size of PCR products is complicated
these factors. In contrast, neither of these modifications
PCR products affect the ability to use LDR to determine th
size of a mononucleotide repeat in a PCR product. Accumulat
of errors during PCR amplification usually compounds th
error rate of the DNA polymerase utilized (38). Therefor
even a moderate increase in replication fidelity of
polymerase can produce significant improvements in t
fidelity of PCR amplification

A variety of PCR conditions were tested for genomic DN
samples in order to minimize the amount of slippage in t
repeat regions during PCR amplification. The enzymes tes
included Taq and AmpliTaq Goldpolymerase, Vent (exo+)
polymerase, Vent (exo–) polymerase, UlTma polymerase an
Pfu polymerase. Each of the polymerases was tested in
native buffers with 2 mM Mg2+ and a dNTP concentration of
250µM. Of the polymerases tested,Taqdemonstrated the leas
fidelity, generating 50% slippage error when amplifying
control plasmid containing the TGF-β Type II receptor A10
repeat sequence. The polymerase with the greatest fidelity
amplification of this A10 region wasPfu polymerase, with an
error band that was <20% of the control band after 30 roun
of PCR amplification. However, for amplification of poly-
guanosine or polycytosine mononucleotide repeats (i.e., the
region of the BAX gene),AmpliTaq polymerase did not
generate slippage artifacts (data not shown).

Detection of mononucleotide repeat mutations in TGF-ββββ
Type II receptor using PCR/LDR

The HCT116 cell line has been reported in the literature to
RER+ and demonstrates slippage in the TGF-β Type II receptor
(18,39,40). Using optimized amplification conditions, genom
DNA extracted from the HCT116 cell line and human umbilic
cord blood were typed to verify the presence and absence
mononucleotide slippage mutations. Subsequently, 12 caro
endarterectomy specimens (40) were typed using PCR/L
and the results were compared to those obtained by P
amplification followed by restriction digestion of the PCR
amplicon to generate DNA fragments that could be siz
precisely. The results were concordant using both methods
all of the samples tested and there was quantitative correla
between the results in each case (Fig. 5).

Detection of the APCI1307K mononucleotide repeat
polymorphism in clinical samples using PCR/LDR

The APCI1307K allele creates an A8 stretch within the codin
region of the APC gene. LDR primers were designed for t
detection of the APCI1307K allele and were initially tested o
synthetic substrates. Blinded genomic DNA samples, initia
typed using allele specific oligonucleotides (ASOs) we
obtained from Dr Ostrer’s laboratory at the Human Geneti
Program at New York University Medical College. All positive
samples and some negative samples had been sequenc
confirm the initial result in these samples (26). Thirty sampl

Figure 4. Calibration curves for LDR for point mutations and frameshift
mutations usingTth DNA ligase. The ‘C’ point represents the amount of noise
generated from misligation of the LDR primers on the excess wild-type template
present in the reaction. The ligase detection reaction is quantitative over three
orders of magnitude for point mutations (A), but less than two orders of magnitude
for frameshift mutations in repetitive regions (B). In both cases, the ligase
detection reactions were carried out using a dilution of mutant template in
1000 fmol of wild-type template. The detection limit is one mutant in 1000
wild-type sequences for point mutations and one mutant in 100 wild-type
sequences for slippage mutations in repetitive sequences.
v



e40 Nucleic Acids Research, 1999, Vol. 27, No. 24

R,
he
y

st,
for

ng
ate
is
of

ly
t of
by

g
e.
llele
lso
le.

ce

ut
he
le
s,

n).

ase

nd
the

in
CR
red

ro-

e
ses

o-
s
size
h

ich

tide
hed
sm
were tested using PCR/LDR in an initial study and the same
30 samples were resorted and retested in a follow-up study.
Representative PCR/LDR results for detection of the
APCI1307K allele are shown (Fig. 6, top). In both studies, the
results obtained using the PCR/LDR method matched those
obtained by the hybridization and sequencing except for one
sample. This sample was repeatedly typed as positive by PCR/
LDR and had been typed as negative by ASO hybridization.
The sample was sequenced using fluorescent dideoxy
sequencing and the presence of the APCI1307K allele was
confirmed. This sample therefore represents a false negative
missed by the hybridization method and correctly typed using
the PCR/LDR primers.

In a subsequent study to determine whether PCR/LDR could
be used to screen for the APCI1307K allele in archival specimens,
genomic DNA obtained from paraffin-embedded tissue was
analyzed (33). In this study, archival tumor specimens from
55 Ashkenazi Jewish patients treated at Memorial Sloan-
Kettering Cancer Center were analyzed (41). Genomic DNA

extracted from these samples was analyzed using PCR/LD
and seven of the 55 samples were found to carry t
APCI1307K allele. Four of the positive samples found b
PCR/LDR analysis are shown (Fig. 6, bottom). In contra
only one of the 36 pancreatic cancer samples tested positive
the APCI1307K allele. The prevalence rate of the allele amo
the colorectal cancer samples (12.7%) was similar to the r
published in the original Vogelstein study (10.4%) (26). Th
rate is significantly higher than the 6.1% carrier frequency
the polymorphism in the Ashkenazi Jewish population (χ2 = 4.4,
P < 0.036). This result is in agreement with the statistical
significant association obtained between the developmen
colorectal cancer and the APCI1307K allele in the study
Lakenet al.(26).

Comparison of amplification-created restriction site (ACRS)
analysis and PCR/LDR for detecting the APCI1307K
mononucleotide repeat polymorphism

The seven APCI1307K+ tumor samples were retested usin
PCR/LDR to confirm the presence of the APCI1307K allel
The samples were also sequenced and the presence of the a
was confirmed in the seven samples. ACRS analysis was a
used in order to confirm the presence of the APCI1307K alle
The restriction enzyme used wasAseI, which requires two base
substitutions to convert the wild-type APC1307 sequen
(AGAAAT) to its ATTAAT recognition sequence. TheAseI
conversion leaves the APCI1307K allele undigested, b
digests sequences that were originally wild-type. Using t
AseI conversion method, the presence of the APCI1307K alle
was confirmed for the seven APCI1307K+ tumor sample
although PCR amplified fragments resistant toAseI digestion
were also observed in wild-type samples (data not show
Attempts to create anMseI restriction site (AAAT to AATT)
gave false positive results, the consequence of polymer
misextension from a 3′-terminal mismatched base (42,43).

CONCLUDING REMARKS

PCR/LDR has been shown to be a powerful tool in cancer a
disease gene mutation detection (30–33,44). In this study,
specificity and fidelity limits of different thermostable ligase
enzymes were compared for the analysis of polymorphisms
mononucleotide repeat sequences of different lengths. P
conditions with various thermostable polymerases were compa
in order to create a PCR/LDR assay for characterizing mic
satellite instability in clinical samples. The optimal PCR
conditions for amplification of polyadenosine mononucleotid
repeat DNA necessitated the use of thermostable polymera
with exonucleolytic proofreading activity.

The genetic alterations found in RER+ colorectal tumors
occur primarily in repetitive DNA sequences such as mon
nucleotide repeats. RER+ tumors are less likely to have mutation
in p53, are poorly differentiated, and are more prone to metasta
to other organs (45). Approximately 89% of patients wit
multiple primary tumors have RER+ tumors (46).

Genes containing intragenic mononucleotide repeats wh
have been shown to be altered in RER+ colorectal tumors
include the TGF-β Type II receptor, Bax gene, hMSH3 and
hMSH6 genes (1,2,18,47–53). These intragenic mononucleo
repeats are all amenable to analysis using PCR/LDR (unpublis
results). Furthermore, screening for the APCI1307K polymorphi

Figure 5. Comparison of PCR/LDR with PCR/RE for analysis of TGF-β Type II
receptor slippage mutations. Genomic DNA from carotid endarterectomy
specimens were analyzed for mutations in the TGF-β Type II receptor by primary
PCR amplification followed by either restriction digestion to remove PCR
sizing artifacts or LDR. The relative percentage of mutant compared to wild-type
signals were quantitated using a phosphoimager for PCR/RE and using an
ABI 373 for PCR/LDR. (Top) Graph depicting the correlation between the
two methods. (Bottom) Gel results from PCR/RE and PCR/LDR analysis of
12 carotid endarterectomy specimens. The samples included two mutant samples
and one sample which was a primary culture of a mutant sample that was partially
transfected with a plasmid containing wild-type TGF-β Type II receptor.
vi
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was demonstrated on both genomic DNA from whole blood
and archival tumor specimens from Ashkenazi Jewish individuals.

Multiplexed ligation reactions have now been validated to
distinguish 19 possible mutations in K-ras(33), over 30 mutations
in the cystic fibrosis transmembrane conductance regulator
gene (44), and over 55 mutations in thep53gene (unpublished
results). PCR/LDR reactions are compatible with a universal
DNA array detection scheme (54), and with this work, we
extend this versatility to include mononucleotide repeat
sequences as well.

This level of multiplexing is not possible with other mutation
detection methods such as allele-specific PCR (AS-PCR),
ASO hybridization, dideoxy sequencing, or restriction endo-
nuclease digestion. For AS-PCR, attempts to analyze more
than four mutations have required splitting different sets of
primers into different tubes either because of closely clustered
mutations or failure to PCR amplify all allele-specific primers
simultaneously (55–61). Likewise, restriction digestion
methods are not amenable to multiplexing. Further, for both
allele-specific and ACRS techniques, false positive results may be
obtained due to polymerase misextension from a 3′-terminal
mismatched base (42,43).

Molecular characterization of colorectal tumors may eventually
play a role in the clinical management of this disease. There is

already some indication that adjuvant chemotherapy based
the status of molecular markers may be beneficial for som
patients (62). Microsatellite instability in colorectal tumors
associated with diploid status, tumors in the proximal colo
and poor differentiation (63). Preliminary studies have al
shown that patients with tumors that demonstrated microsate
instability at two or more loci had an increased overall surviv
rate when compared to patients with tumors which lack
genomic instability (64). The ability to rapidly characteriz
alterations in microsatellite repeats using ligase-based ass
may eventually aid in the clinical management of colorectal canc
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