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Ligation of two oligonucleotide probes hybridized ad-
jacently to a DNA template has been widely used for
detection of genome alterations. The multiplex liga-
tion-dependent probe amplification (MLPA) tech-
nique allows simultaneous screening of multiple tar-
get sequences in a single reaction by using pairs of
probes that carry tails for binding of common ampli-
fication primers. Resolution of the various targets is
achieved by electrophoresis on the basis of pre-
defined differences in amplicon length. In the con-
ventional MLPA approach, one of the two target
probes is generated by cloning in a single-stranded
bacteriophage vector to introduce a sequence of de-
fined length between the primer binding site and the
specific target sequence. Here we demonstrate that
differences in amplicon length can be achieved by
using multiple short synthetic probes for each target
sequence. When joined by a DNA ligase, these probes
will form a single amplifiable template whose length
is defined by the number and lengths of the individual
probes. We have used this principle to establish a meth-
ylation-specific MLPA (MS-MLPA) assay that simulta-
neously determines the methylation status of five pro-
moter CpG islands, and we have used this assay to
analyze DNA from tumor tissue and corresponding
urine samples from patients with bladder cancer. Our
data show that the use of multiple short synthetic

probes provides a simple means for custom-designed
MS-MLPA analysis. (J Mol Diagn 2010, 12:402–408; DOI:

10.2353/jmoldx.2010.090152)

The principle of using a DNA ligase to covalently join two
oligonucleotide probes hybridized adjacently on a DNA
or RNA template has been widely used to study genome
alterations. First described in 1984 as a means of reducing
nonspecific probe binding,1 DNA ligase-based assays
have been developed for detection of disease-causing mu-
tations and single-nucleotide polymorphisms,2,3 sequence
copy number variations,4 and aberrant DNA methylation.5,6

Ligation of two probes requires that the 3� probe is phos-
phorylated at its 5� end, and the reaction is efficient only
when the two probes lie immediately adjacent to one an-
other and there is a perfect match between template and
probes at the ligation junction. DNA ligases are particularly
sensitive to 3� mismatches,7–9 which is used for allele dis-
crimination in the oligonucleotide ligation assay2 and the
ligase chain reaction10 and for detection of DNA methyl-
ation using bisulfite-treated DNA as a template.6

Multiplex ligation-dependent probe amplification (MLPA)
was first developed as a technique for determining rela-
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tive sequence copy numbers, which uses probe pairs for
up to 40 individual loci in a single reaction.4 Each probe
consists of a target-specific sequence and a nonhybrid-
izing tail containing a universal primer binding site (Fig-
ure 1A). As a means to modulate the length of the ligation
product, at least one of the probes in each pair contains
a “stuffer sequence” of defined length between the
primer binding site and the specific target sequence.
After hybridization to the template, the probe pairs are
joined by ligation, the ligated products are amplified with
a common primer pair, and the probe-derived amplicons
can then be separated by electrophoresis according to
size. Quantitative analysis of the products provides a
measure of the relative sequence copy number, which
has been successfully applied to the detection of dele-
tions in human disease-related genes as well as gene
copy number variations in tumor samples.11 More recent
developments of MLPA include assays to measure rela-
tive mRNA expression levels and assays to detect seg-
mentally duplicated genes and changes in DNA methyl-
ation patterns.11 The principle of methylation-specific
MLPA (MS-MLPA) is the same as for conventional MLPA,
except that the binding site for each probe pair contains
a site for a methylation-sensitive restriction enzyme, usu-
ally HhaI. When the probe-template hybrids are sub-
jected to digestion with this enzyme, the generation of an
amplifiable ligation product will depend on the methyl-
ation status of the target sequence.5 MS-MLPA assays
have been used to study aberrations at imprinted loci in
patients with inherited disorders and at tumor-suppressor
loci in various cancers.11

A major drawback of MLPA lies in the requirement for
long probes, which cannot be made efficiently by chem-
ical synthesis. In the original MLPA protocol,4 which also
forms the basis for commercially available MLPA kits, a
library of probes with different stuffer sequences was
generated by cloning target-specific sequences into a
panel of specially designed M13 vectors. This procedure
is not feasible for custom design of MLPA assays con-
taining a limited number of specific targets. Here we

describe an alternative and simple approach to MLPA
analysis, which involves the use of multiple short syn-
thetic probes for each target site. The length of the probe-
derived amplicons can be easily and accurately preset
by the number and lengths of probes in the individual
probe sets. We have applied this strategy to establish an
MS-MPLA assay that simultaneously detects hypermeth-
ylation of the promoter regions of the genes encoding
retinoic acid receptor � (RARB), adenomatous polyposis
coli (APC), WNT inhibitory factor 1 (WIF1), secreted friz-
zled-related protein 1 (SFRP1), and the cyclin-dependent
kinase inhibitor, p16 (INK4A). All five target sequences have
previously been shown to be frequently hypermethylated in
bladder cancer.12–17 Here we have used this assay to
study methylation patterns in tumors and correspond-
ing urine samples from patients with bladder cancer.

Materials and Methods

Cell Lines, Clinical Samples, and DNA Isolation

Human bladder cancer (T24) and melanoma (FM3,
FM28, and FM79) cell lines were cultured in RPMI me-
dium supplemented with 10% fetal bovine serum and 100
units each of penicillin and streptomycin (Invitrogen,
Gaithersburg, MD). Tumor biopsies from 46 patients with
bladder cancer (36 males and 10 females, median age �
67.5 years, range 45–90 years) and normal bladder mu-
cosa samples from one bladder cancer patient (CB27)
and six patients (3 males and 3 females, median age �
69.8 years, range 53–86 years) with noncancerous uri-
nary lesions (three with benign prostate hyperplasia and
three with painful bladder syndrome [interstitial cystitis])
were snap-frozen in liquid nitrogen and stored at �80°C.
Naturally voided morning urine samples from 26 blad-
der cancer patients (19 males and 7 females, median
age � 66.5 years, range 45–90 years) and seven healthy
nonsmoking individuals (four males and three females,
median age � 32 years, range 24–47 years) were cen-

Figure 1. A: Principle of short-probe MLPA. In
conventional MLPA, two oligonucleotide probes
are generated for each target sequence, includ-
ing a short probe generated by chemical synthe-
sis and a long probe containing a stuffer se-
quence introduced by cloning in bacteriophage
vectors. In short-probe MLPA, multiple short
synthetic probes are included for each target,
which hybridize adjacently and can be joined by
DNA ligase into a single amplifiable product.
The length of the final ligation product is deter-
mined by the number and lengths of the probes.
The arrows in the lower portion of A indicate
universal amplification primers. B: Short-probe
MS-MLPA assay for methylation analysis of the
RARB, APC, WIF1, SFRP1, and INK4A promoter
regions. Sets of three to five probes for these
targets and the GAPDH control sequence (lack-
ing a HhaI recognition site) were hybridized to
50 ng of genomic DNA in singleplex and multi-
plex. After digestion with HhaI, in vitro-methyl-
ated DNA (IVM) gave positive signals from all six
targets, whereas only a GAPDH signal was ob-
tained when PBL DNA was used as template. M
indicates 25-bp ladder.
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trifuged at 2000g for 10 minutes, and the sediment was
washed once with phosphate-buffered saline and stored
at �80°C. DNA was extracted using the QIAamp DNA
Mini Kit (Qiagen GmbH, Hilden, Germany). Informed con-
sent was obtained from all subjects, and the project was
approved by the Ethical Committee of Copenhagen and
Frederiksberg.

Oligonucleotide Probes

Oligonucleotide probes were designed for RARB, APC,
WIF1, SFRP1, INK4A, and GAPDH (Table 1). Each of the
target sequences except GAPDH contained a recognition
site for the methylation-sensitive restriction enzyme HhaI
(GCGC). In general, we adhered to previously described
guidelines for probe design (MRC-Holland, Amsterdam,
the Netherlands; date of accession 04/16/2008). Care
was taken to position the ligation sites in regions devoid
of single-nucleotide polymorphisms and other sequence
variation that could potentially interfere with the ligation
reaction. Gene sequences were retrieved from the UCSC
Genome Browser (accession numbers listed in Table 1).
The 5� and 3� probes in each set were synthesized with
tails containing binding sites for universal primers (Figure
1A), and all probes except the 5� probes were synthe-
sized with a 5� phosphate group to allow for ligation. All
probes were synthesized at 0.2 �mol scale and purified
by polyacrylamide gel electrophoresis (Sigma-Genosys,
Haverhill, UK).

Short-Probe MS-MLPA Assay

The MLPA reagent kit EK1 was obtained from MRC-
Holland (Amsterdam, The Netherlands), and hybridiza-

tion, ligation, and enzyme digestion were performed in a
Peltier Thermal Cycler with heated lid (PTC-200; MJ Re-
search), essentially as described.5 Briefly, DNA in 5 �l of
TE buffer (10 mmol/L Tris–HCl and 1 mmol/L EDTA, pH
8.5) was denatured at 98°C for 10 minutes and incubated
overnight at 60°C after the addition of 1.5 �l of MLPA
Buffer (MRC-Holland) and 1.5 �l of a probe mix contain-
ing 20 fmol of each GAPDH probe, 12 fmol of each RARB
and WIF1 probe, and 4.5 fmol of all other probes. After
hybridization, 3 �l of Ligase buffer A (MRC-Holland) and
10 �l of H2O were added at room temperature, and the
mixture was divided into two tubes and then subjected to
ligation and combined ligation and digestion, respec-
tively. For combined ligation and digestion, 0.25 �l of
Ligase-65 (MRC-Holland), 0.5 �l of HhaI (Promega; 10
U/�l), 1.5 �l of Ligase buffer B (MRC-Holland), and H2O
were added to a final volume of 20 �l. After initial incu-
bation at 54°C for 15 minutes, the temperature was low-
ered to 37°C, and incubation was continued at 37°C for
30 minutes after the addition of 0.5 �l of HhaI. In the
ligation reaction, the HhaI enzyme was replaced with an
equal volume of H2O, and the mixtures were incubated at
54°C for 30 minutes. After inactivation of the enzymes at
98°C for 5 minutes, 3.7 �l of the reaction mixtures were
subjected to PCR in a total volume of 12.5 �l containing
1 � Multiplex PCR Master Mix (QIAGEN, Valencia, CA),
1 � Q-Solution (QIAGEN), and 1 �mol/L each primer
(5�-TATGTAAAACGACGGCCAGT-3� and 5�-TATTAT-
AGGGCGAATTGGGT-3�). PCR conditions were: 95°C for
15 minutes to activate the enzyme, followed by 40 cycles at
95°C for 30 seconds, 52°C for 30 seconds, and 72°C for 30
seconds. The PCR products were resolved by electro-
phoresis in 4% NuSieve GTG agarose gels (Cambrex, East
Rutherford, NJ) and visualized by ethidium bromide stain-

Table 1. Oligonucleotide Probes for the MS-MLPA Assay

Gene
Number
of probes

GenBank
accession no. Probe sequences

Product
length (bp)

RARB 3 NM_016152 �X��5�-GAGGCGAGCGGGCGCAGGCG-3� 100
5�-P-GAACACCGTTTTCCAAGCTA-3�
5�-P-AGCCGCCGCAAATAAAAAGG-3�-�Y�

APC 3 U02509 5�- �X�-GTCGGGAAGCGGAGAGAGAAGCAGC-3� 115
5�-P-TGTGTAATCCGCTGGATGCGGACCA-3�
5�-P-GGGCGCTCCCCATTCCCGTCGGGAG-3�-�Y�

WIF1 4 AF122922 �X�-CCCAAGTGGCGGCCGCCCAG-3� 128
5�-P-GCCTCGCGGGCCCCACTCCTCGC-3�
5�-P-TCGCACCTCGCTCGCGCCAGCC-3�
5�-P-CTTCCCGCTCTTCTGTTCTCGCT-3�-�Y�

SFRP1 3 NM_003012 �X�-CTGGTTCTAGTAAACCGAACCCGCTCGCGAGGGAG-3� 145
5�-P-GCGATTGGCTCCCGCGCCGGTGACGGACGTGGTAA-3�
5�-P-CGAGTGCGGCTCGCCCCGCCGGGAGCTGATTGGCT-�3� �Y�

INK4A 5 NM_000077 �X�-TCACCAGAGGGTGGGGCGGACCGCG-3� 165
5�-P-TGCGCTCGGCGGCTGCGGAGAGGGG-3�
5�-P-GAGAGCAGGCAGCGGGCGGCGGGGA-3�
5�-P-GCAGCATGGAGCCGGCGGCGGGGAG-3�
5�-P-CAGCATGGAGCCTTCGGCTGACTGG-3�-�Y�

GAPDH 4 NM_002046 �X�-CCAGCACCGATCACCTCCCATCGGGCCAATCTCAGTC-3� 182
5�-P-CCTTCCCCCCTACGTCGGGGCCCACACGCTC-3�
5�-P-GGTGCGTGCCCAGTTGAACCAGGCGGCTGC-3�
5�-P-GGAAAAAAAAAAGCGGGGAGAAAGTAGGGCCCGGCTACTAGCGG-3�-�Y�

Recognition sites for the methylation-sensitive restriction enzyme, HhaI, are underscored.
�X� � 5�-TATGTAAAACGACGGCCAGT-3�.
�Y� � 5�-ACCCAATTCGCCCTATAATA-3�.
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ing. In vitro-methylated DNA (CpGenome Universal Methyl-
ated DNA; Millipore, Billerica, MA) was used as a positive
control for methylation.

For PCR confirmation of INK4A deletions, the following
primers were used: 5�-GGAAATTGGAAACTGGAAGC-3�
and 5�-TCTGAGCTTTGGAAGCTCT-3� for INK4A, and 5�-
CTTTCCTCTCGGGATTTCTTG-3� and 5�-GGGTATACAT-
GGGCTTGGATC-3� for PAH.

Methylation-Specific Melting Curve Analysis

Two micrograms of genomic DNA were treated with sodium
bisulfite according to standard procedures.18 The bisulfite-
modified DNA was resuspended in 30 �l of TE buffer (10
mmol/L Tris–HCl and 1 mmol/L EDTA, pH 8.5) and stored at
�80°C until use. Complete bisulfite conversion was con-
firmed by lack of amplification in a TaqManassaywith primers
for a normal, nonconverted ACTB sequence.19 Methylation-
specific melting curve analysis (MS-MCA)20 was performed
using the LightCycler 1.2 instrument (Roche) and the Fast-
Start DNA Master SYBR Green I Kit (Roche). Primer se-
quences and PCR conditions are listed in Table 2.

Results

Ligation of Multiple Short Synthetic Probes

The aim of our study was to establish a simple MS-MLPA
assay for early detection of bladder cancer, which can be
used in most laboratories with minimum equipment re-
quirements. To circumvent the tedious and time-consum-
ing generation of probes by cloning into phage vectors,
we investigated the possibility of joining multiple short syn-
thetic probes into an amplifiable template of defined length
(Figure 1). A total of five sets of probes were designed for
the promoter regions of RARB, APC, WIF1, SFRP1, and
INK4A (Figure 1B; Table 1). One of the probes in each set
contained a HhaI recognition site (GCGC) to allow methyl-
ation-dependent analysis. We also designed an additional
probe set, which hybridizes to a GCGC-free region of
GAPDH and will serve as a methylation-independent posi-
tive control for hybridization, ligation, and PCR. The lengths
of the final products varied from 100 to 182 bp and were
defined by the lengths (20–44 bp of target-specific se-
quence) and numbers (3–5) of probes to allow separation
by agarose gel electrophoresis (Figure 1B).

To test whether multiple adjacent probes can be effec-
tively joined by DNA ligase into an amplifiable product,

we first hybridized the six probe sets individually to genomic
DNA isolated from peripheral blood lymphocytes (PBL)
from healthy donors, followed by ligation and amplification.
All probe sets gave rise to a single band of the expected
size (Figure 1B). Furthermore, a mix of the 22 probes rep-
resenting all of the six targets gave rise to a ladder of six
bands of equal intensity. These data show that ligation of
multiple short synthetic probes provides a simple means for
target detection in a multiplex format.

Detection of DNA Methylation by Short-Probe
MS-MLPA

We next tested the ability of the short-probe MS-MLPA
assay to distinguish between methylated and unmethyl-
ated targets. When the individual probe sets were hybrid-
ized to PBL DNA, digestion with HhaI abolished amplifi-
cation from all targets except for GAPDH, which lacks a
HhaI recognition site (Figure 1B). When all probe sets
were combined in the multiplex format, ligation and di-
gestion resulted in a single band (GAPDH) with PBL DNA
as template and in all six bands with in vitro-methylated
DNA (Figure 1B).

To further validate the multiplex assay, we analyzed
DNA from 4 cancer cell lines (Figure 2A). These cell lines
gave rise to positive signals for the control gene (GAPDH)
and between 0 and 4 of the cancer-specific targets (see
supplemental Table S1 at http://jmd.amjpathol.org). The
methylation status of the RARB, APC, WIF1, SFRP1, and
INK4A promoter regions was also examined by MS-MCA
in these cells lines (Figure 2B). All fully and partially
methylated sequences (as determined by MS-MCA)
gave positive signals with the MS-MLPA assay; however
MS-MLPA could not distinguish between the fully and
partially methylated states (Figure 2B). Taken together,
these results demonstrate that the short-probe MS-MLPA
assay can reliably determine the methylation status at five
genomic loci in the same reaction.

Limit of Detection and Assay Sensitivity

To assess the minimum level of input DNA required for
the short-probe MS-MLPA assay to work reliably, we
analyzed serial dilutions of human genomic DNA. Us-
ing PBL DNA as template, all bands appeared at equal
intensities and complete digestion was obtained with
as little as 12.5 ng of input DNA (Figure 3A). With

Table 2. Primer Sequences and PCR Conditions for MS-MCA

Gene Forward primer Reverse primer

Product
length
(bp)

Annealing
temperature

(°C)

RARB 5�-GGTTTATTTTTTGTTAAAGGGG-3� 5�-AAAAATCCCAAATTCTCCTTC-3� 124 63
APC 5�-TGGGAGGGGTTTTGTGTTTTATT-3� 5�-CCATTCTATCTCCAATAACACCCTAA-3� 196 65
WIF1 5�-AGGAGGTTTTGAGTAGTATGGTT-3� 5�-CCATAAATACAAACTCTCCTCCT-3� 134 65
SFRP1 5�-AGTTTTGTAGTTTTAGGAGTTAGTGT-3� 5�-AAACAAAAAACTCAATCCCCAA-3� 128 65
INK4A 5�-GTTGTAGATTTTTTATTTATTTGG-3� 5�-AACCTTCCACTAACTAACTAACCAC-3� 142 65

GenBank accession numbers are shown in Table 1.
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respect to the maximum amount of input DNA, we
occasionally experienced unequal band intensities
and incomplete digestion when using 200 ng or more
of DNA (Figure 3A). On the basis of these experiments,
the use of 20–100 ng of template DNA appears to be
optimal for ensuring robust amplification and restriction
enzyme digestion.

To test the sensitivity of the assay, we serially diluted in
vitro–methylated DNA into PBL DNA. With an input of 50
ng of DNA, the assay could simultaneously detect hyper-
methylated copies of all five targets down to the 5% level
in a background of wild-type DNA (Figure 3B). As the
total amount of DNA was kept constant in the mixtures of
in vitro–methylated DNA and PBL DNA, the number of
GAPDH targets also remained constant in these samples.
Nevertheless, as amplification of the different targets with

the primer set is competitive, the signal intensity of the
GAPDH signal increased when the number of methylated
targets is decreased (Figure 3B).

Multiplex Methylation Detection in Clinical
Samples

To test the ability of the short-probe MS-MLPA assay to
detect methylation patterns in heterogeneous clinical
samples containing a mixture of tumor cells and normal
cells, we first analyzed DNA isolated from 46 bladder
tumor biopsies representing various tumor stages (Figure
4A; see supplemental Table S1 at http://jmd.amjpathol.
org). All samples gave positive signals for the GAPDH
control sequence but showed highly variable signal pro-
files for the cancer-specific targets. The frequencies of
promoter hypermethylation were 17% for RARB, 35% for
APC, 33% for WIF1, 39% for SFRP1, and 2% for INK4A
(see supplemental Table S1 at http://jmd.amjpathol.org).
The low frequency of INK4A hypermethylation in this se-
ries of bladder tumors is consistent with some previous
studies17,21 and was confirmed by MS-MCA (see supple-
mental Figure S1 at http://jmd.amjpathol.org). For many of
the samples, we observed that the methylation-specific
signals were weaker than the GAPDH signal, which would
be expected because of tumor heterogeneity and con-
tamination of the samples with normal cells. However, in
the current setting of the assay, it is not possible to obtain
quantitative information. A total of four tumors (9%)
showed loss of signal from the INK4A probe set in both
the ligation and ligation-digestion reactions (see Figure

Figure 2. Short-probe MS-MLPA analysis
(A) and MS-MCA (B) of cancer cell lines.
MS-MCA distinguishes methylated (M)
from unmethylated (U) sequences on the
basis of differences in melting tempera-
ture after bisulfite treatment. Fluorescence
data were converted into melting peaks
by plotting the negative derivative of flu-
orescence over temperature (�dF/dT)
versus temperature. Partially methylated
sequences result in broadened melting
peaks located between the melting peaks
of the unmethylated and fully methylated
sequences (RARB in the FM79 and T24
cell lines and SFRP1 in the T24 cell line).
MS-MCA data on INK4A methylation are
not shown for FM3, which harbors a
homozygous INK4A deletion. IVM indi-
cates in vitro–methylated DNA; M,
20-bp ladder.

Figure 3. Limit of detection and assay sensitivity. A: Serial dilutions of
genomic DNA isolated from PBL were subjected to short-probe MS-MPLA
analysis. B: In vitro-methylated DNA (IVM) was diluted into PBL DNA and
subjected to short-probe MS-MLPA using a total of 50 ng of these mixtures as
template. M indicates 20-bp ladder.
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4A for examples). The lack of probe binding may be
explained by homozygous deletions at this locus, which
are common in bladder cancer.22,23 Indeed, the pres-
ence of INK4A deletions in these samples was confirmed
by PCR analysis (see supplemental Figure S2 at
http://jmd.amjpathol.org).

We next used the MS-MLPA assay to the analysis of DNA
isolated from urine samples from 26 of the bladder cancer
patients from whom tumor DNA was also available. Repre-
sentative results for paired tumor and urine samples are
shown in Figure 4B. Of 37 independent methylation events
found in the tumor samples, 33 could also be detected in
the corresponding urine samples (89%; see supplemental
Table S1 at http://jmd.amjpathol.org).

Finally, we used the assay to analyze DNA from seven
urine samples from healthy controls and seven normal
bladder mucosa samples (Figure 4, C and D). Although
the majority of the urine samples were negative for all
markers, with the exception of one being positive for WIF1
(HCU5) and one showing weak WIF1, APC, and RARB
bands (HCU6), the majority of bladder tissue samples
gave positive signals for WIF1 and SFRP1.

Discussion

The development of the MLPA technology has signifi-
cantly advanced the study of genomic changes in inher-
ited disorders and cancer.11 Commercially available
MLPA kits usually contain up to 40 probe pairs for se-
lected targets with amplicon lengths of up to 500 bp.
However, as many MLPA applications require a special
design of probes for a limited number of specific targets,
which may not be included in currently available kits,
there is an urgent need for new developments that allow

simple alternatives to vector-based probe generation. Syn-
thetic probes of up to 100 bp in length have been used for
some MLPA applications,24,25 but chemical synthesis of
longer oligonucleotides is still problematic. Here we have
introduced a general approach to custom-designed MLPA,
which is based on the use of multiple short synthetic probes
for each target sequence. The probes hybridize adjacently
to the DNA template and can be joined by a DNA ligase to
form a single amplifiable template. The use of three or more
probes results in highly specific target recognition as the
formation of full-length ligation products requires at least
two independent ligation events. This approach provides a
simple, cost-effective, and flexible means of tailoring MLPA
assays with respect to both the number and lengths of
individual targets and may be adapted to any set of targets
in a user-defined configuration.

We used the short-probe MLPA approach to analyze
promoter methylation at five loci that have been reported
relevant for bladder cancer. The MS-MLPA assay was
designed to require only minimal instrumentation (a ther-
mal cycler), and the product lengths were adjusted to
allow resolution by agarose gel electrophoresis (i.e., with
10- to 15-bp-size increments). However, the number and
lengths of the ligation products can be easily adjusted to
suit other applications or separation techniques, such as
capillary electrophoresis, which allows resolution of 3- to
4-bp differences.25 Short-probe MS-MLPA analysis of 46
cases of bladder cancer showed a great intertumor varia-
tion in the profiles of hypermethylation events, whereas
paired tumor and urine samples in most cases showed
identical patterns. Thus, in cases of bladder cancer where
tumor cells are released into the urine, this assay may be
used for noninvasive detection of bladder tumors and for
disease monitoring. Urine samples from healthy donors
were negative in this assay; however, this result should be
interpreted with caution as these samples were not age
matched to urine samples from bladder cancer patients.

The short-probe MS-MLPA approach described here
has many of the same advantages and limitations as
conventional MS-MLPA based on vector-generated
probes.5 The advantages include the use of genomic
DNA instead of a bisulfite-treated template, the ability to
analyze multiple targets using as little as 50 ng of DNA as
starting template, and the ability to detect homozygous
deletions. One limitation of the assay is that it does not
distinguish between fully and partially methylated se-
quences. Another important limitation is related to the use
of a methylation-sensitive restriction enzyme to discrimi-
nate between methylated and unmethylated sequences.
Incomplete digestion of unmethylated targets may lead to
false-positive results and is a caveat inherent in most
restriction enzyme-based methylation assays.26 We oc-
casionally observed weak methylation signals in samples
from healthy controls, which may be the result of incom-
plete digestion. However, most of these signals were
from WIF1 and SFRP1, which have previously been re-
ported to be frequently hypermethylated in bladder tissue
from normal bladder mucosa.13,14,27 This suggests that
WIF1 and SFRP1 may have limited use as markers for
noninvasive detection of bladder tumors compared with
the other loci examined (INK4A, APC and RARB), which

Figure 4. Short-probe MS-MLPA analysis of bladder tumors, urine speci-
mens, and normal bladder mucosa. A: Tumor samples. B: Paired tumor and
urine samples. The origin of the band between the APC and RARB bands in
samples T54 and U59 is unknown. C: Urine from healthy subjects. D: Bladder
mucosa from patients with noncancerous urinary lesions. IVM indicates in
vitro–methylated DNA; M, 20-bp ladder.
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showed consistent hypomethylation in urine from healthy
subjects and bladder mucosa from patients with noncan-
cerous urinary lesions.

A potential limitation specific for the short-probe MLPA
approach is the need for a longer stretch of template
DNA to assist in the generation of a full-length, amplifi-
able ligation product (cf. Figure 1A). As the signal inten-
sity from a probe set is directly related to the number of
intact template molecules, a reduced signal will be ex-
pected from the longer probe sets if the template DNA is
degraded. As a control for DNA integrity, the longest probe
set in our assay was designed for a target sequence with no
HhaI recognition site, whose amplification will depend
solely on presence of an intact template. Using DNA from
cancer cell lines, urine samples, and fresh-frozen tissues,
we did not observe a decrease in PCR performance with
increasing target length. However, analysis of long ligation
products may be problematic in samples characterized by
a high degree of DNA degradation, such as formalin-fixed
paraffin-embedded tissue. For analysis of low-quality DNA,
we therefore recommend the use of only two or three short
probes for each target sequence.

In conclusion, we have shown that the use of multiple
short synthetic probes may provide a simple and cost-
effective approach to custom-designed MLPA. The use
of entirely synthetic probes allows a flexible assay de-
sign, and the addition of a probe set or replacement of
one probe set requires only few adjustments of the assay.
The external probes of each set may be short and contain
only the sequence required for primer binding, as in the
assay described here, or they may be long synthetic
probes containing stuffer sequences. We have specifi-
cally used the short-probe approach to MS-MLPA, but
the same approach may be used for most other MLPA
applications and thus provide the basis for a more wide-
spread usage of the MLPA technology.
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