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Hepatocellular carcinoma (HCC) has a 5-year survival
rate of <10% because it is difficult to diagnose early.
Mutations in the TP53 gene are associated with approx-
imately 50% of human cancers. A hotspot mutation, a
G:C to T:A transversion at codon 249 (249T), may be a
potential DNA marker for HCC screening because of its
exclusive presence in HCC and its detection in the cir-
culation of some patients with HCC. A locked nucleic
acid clamp-mediated PCR assay, followed by melting
curve analysis (using the SimpleProbe), was developed
to detect the TP53 249T mutation. In this assay, the
locked nucleic acid clamp suppressed 107 copies of
wild-type templates and permitted detection of 249T-
mutated template, with a sensitivity of 0.1% (1:1000) of
the mutant/wild-type ratio, assessed by a reconstituted
standard within 2 hours. With an amplicon size of 41
bp, it detects target DNA sequences in short fragmented
DNA templates. The detected mutations were validated
by DNA sequencing analysis. We then tested DNA iso-
lated from urine samples of patients with HCC for p53
mutations and identified positive TP53 mutations in
9 of 17 samples. The possibility of using this novel
TP53 249T assay to develop a urine or blood test for
HCC screening is discussed. (J Mol Diagn 2011, 13:
474–484; DOI: 10.1016/j.jmoldx.2011.05.005)
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Hepatocellular carcinoma (HCC) is the fourth leading cause
of cancer and the third leading cause of cancer deaths
worldwide. The 5-year survival rate is 26% among patients
in whom cancer is found at an early stage, compared with
only 2% when it is found after spreading to distant organs.1

A better method for detecting HCC at an early curable
stage is needed to improve the prognosis of this disease.

Mutations in the TP53 gene are associated with ap-
proximately 50% of human cancers. Although the muta-
tions have been found in many sites of the TP53 gene in
cancers, a specific missense mutation, resulting from a
guanine to thymine (G�T) transversion at the third posi-
tion of codon 249 (249T) of the exon 7 of the gene, is the
particular hotspot mutation found almost exclusively in
patients with HCC. Approximately 50% of patients with
HCC have this p53 hotspot mutation2–7; in some patients
with HCC, this p53 hotspot mutation is also found in the
circulation.3,8–11 Thus, the TP53 249T hotspot mutation
could possibly be a DNA marker for HCC screening.

Researchers12–19 have shown that urine contains DNA
from the circulation. We also showed that DNA in urine
can be categorized into two species based on size: high-
molecular-weight (HMW) urine DNA (�1 kb), derived
mostly from sloughed-off cell debris from the urinary
tract; and low-molecular-weight (LMW) urine DNA (ap-
proximately 150 to 250 bp), derived primarily from apop-
totic cells.13 Researchers20–23 have also shown that the
shorter the amplicon size, the higher the sensitivity is of
the assay for detecting circulating DNA markers in the
circulation or in urine. Sikora et al22 and Shekhtman
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et al23 further suggested that PCR assays targeting tem-
plate sequences of �50 nucleotides (nt) are necessary to
obtain a sensitivity �50% to detect circulation-derived
DNA of interest in urine. Thus, one critical criterion for
detecting the sequence of interest in the pool of small
fragmented DNA from the circulation or urine is develop-
ing assays that produce amplicon sizes of �50 bp. We
attempted to detect the HCC-derived TP53 249T hotspot
mutation in the urine of patients with HCC so that a
potential urine test for HCC screening could be explored.

Our previous studies13 suggested that an assay target-
ing a short amplicon with a sensitivity of 10 copies and a
1:100 mutant/wild-type (WT) sequence ratio might be
needed to detect circulation-derived DNA markers in urine.
The TP53 codon 249T hotspot mutation has been detected
by various methods, including restriction fragment length
polymorphism (RFLP) or RFLP-PCR when PCR sequencing
was used to confirm or identify the mutation after
RFLP,11,24–27 short oligonucleotide mass analysis,3,9,10,28

single-strand conformation polymorphism analysis of the
PCR product,29 DNA sequencing of the PCR product,29

denaturing high-performance liquid chromatography,30 or
PCR pyrosequencing.31 These assays are either targeting
an amplicon size of �50 bp, requiring sophisticated instru-
mentation with multiple steps, or requiring less than desired
sensitivity and specificity. In either case, the assay might not
have sufficient sensitivity to detect circulation-derived TP53

Table 1. Study Subjects with HCC

Subject Sex Age (years) HBV HCV

T1 Male 51 � NA
T2 Male 74 � NA
T3 Male 58 � �
T4 Male 29 � �
T5 Female 71 � NA
T6 Male 63 � �
T7 Male 65 � NA
T8 Male 43 � �
T9 Male 53 � �
T10 Male 68 � �
T11 Female 66 � �
T12 Female 70 � NA
T13 Female 67 � �
T14 Male 64 � NA
T15 Male 56 � NA
U1 Male 74 � NA
U2 Male 29 � �
U3 Female 71 � NA
U4 Male 53 � �
U5 Female 70 � NA
U6 Female 67 � �
U7 Male 64 � NA
U8 Female 64 NA �
U9 Male 48 � �
U10 Male 58 � NA
U11 Male 41 � �
U12 Male 77 NA NA
U13 Male 51 � �
U14 Male 61 � �
U15 Female 74 � NA
U16 Female 72 � �
U17 Female 52 � �

HBV, hepatitis B virus; HCV, hepatitis C virus; NA, not available; T,
tissue; U, urine; �, infected; -, not infected.
249T in urine.
Previous studies30,32–34 have used a locked nucleic acid
(LNA) clamp to inhibit the amplification of WT DNA in the
PCR for detecting mutated sequences. The SimpleProbe
(Roche Applied Science, Indianapolis, IN) has been used in
real-time PCR assays as a sequence-specific reporting dye
to quantitatively monitor the PCR amplification; it was also
subsequently used to characterize the PCR product by
melting curve analysis after the completion of the PCR am-
plification, such that the amplicon derived from the mutated
and WT templates can be distinguished.35–40 We applied
three strategies for the development of an assay for detect-
ing the circulation-derived TP53 249T mutation in the urine
of patients with HCC: i) an LNA clamp to suppress the
amplification of the WT template to allow the detection of a
small fraction of mutated sequences, ii) a SimpleProbe to
characterize the PCR product by melting curve analysis at
the completion of the PCR, and iii) an amplicon size of 41 bp
to enhance the sensitivity of the assay for detecting circu-
lating DNA markers. We demonstrate that this LNA–clamp-
mediated PCR assay successfully detected the TP53
codon 249 mutation in the urine of patients with HCC, sug-
gesting that a urine test for HCC screening could be
possible.

Materials and Methods

Study Subjects

The HCC tissues and urine samples used in this study
were obtained with informed consent from patients who
underwent radical resection at National Cheng Kung Uni-
versity Medical Center, Taiwan, in accordance with the
guidelines of the Institutional Review Board. The individ-
ual subject information is listed in Table 1. The urine
samples of the healthy control group (with no symptom of
any liver disease, n � 15) were collected at National
Cheng Kung University Medical Center in accordance
with the guidelines of the Institutional Review Board.

Oligonucleotides

Primers, probes, and the LNA clamp used in this study
are listed in Table 2. Oligonucleotides were obtained
from Sigma-Aldrich (St. Louis, MO). The SimpleProbes

Table 2. Sequence and Location in the TP53 of
Oligonucleotides Used in This Study

Primer and
probe name

Nucleotide
location Sequence

P53_qF 14050–14065 5=-CTGCATGGGCGGCATG-3=
P53_249R 14076–14090 5=-TGATGGTGAGGATGG-3=
P53_LNA 14070–14076 5=-GGAGGCC-3=
P53_249_T

probe
14067–14078 5=-ACCGGAGTCCCA-3=

P53_249_C
probe

14067–14078 5=-ACCGGAGCCCCA-3=

P53_249_WT
probe

14067–14078 5=-ACCGGAGGCCCA-3=
TP53 is GenBank no. X54156. The boldfaced and italicized bases
denote LNA bases.
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and LNA clamp were obtained from TIB Molbiol, LLC
(Adelphia, NJ).

Urine Collection and DNA Isolation

The procedures for urine collection and urine DNA isola-
tion were previously described.41 Briefly, 0.5 mol/L EDTA,
pH 8.0, was added to a fresh urine sample to a final con-
centration of 10 mmol/L EDTA to inhibit possible nuclease
activity and stored at �70°C. To isolate total urine DNA, the
frozen urine sample was thawed at room temperature and
then placed immediately in ice before DNA isolation. DNA
was isolated from thawed urine within 1 hour.

Urine samples were mixed with 1 vol of 6 mol/L gua-
nidine thiocyanate by inverting eight times. Then, 1 mL of
resin (Wizard DNA purification kit; Promega, Madison,
WI) was added to the urine lysate and incubated for 2 hours
to overnight at room temperature, with gentle mixing. The
resin-DNA complex was centrifuged, transferred to a mini-
column (provided in the kit), and washed with a buffer
provided by the manufacturer; the DNA was then eluted
with Tris-EDTA buffer. DNA from paraffin-embedded tissue
sections was isolated using the MasterPure DNA kit (Epi-
center, Madison, WI), per the manufacturer’s instructions.

Fractionation of HMW and LMW DNA by CMBs

The HMW and LMW urine DNA fractions were obtained
using carboxylated magnetic beads (CMBs; Agencourt
Bioscience Corporation, Beverly, MA) and a binding
method developed previously by our laboratory.42 Total
urine DNA (resuspended in Tris-EDTA buffer) was mixed
with 5 mol/L NaCl and 20% polyethylene glycol 8000
(AMRESCO Inc., Solon, OH) to final concentrations of 0.3
mol/L and 8%, respectively. The CMB suspension (Agen-
court Bioscience Corporation) was washed and resus-
pended with Tris-EDTA buffer before use. A prewashed
CMB suspension, 10 �L, was added to the DNA mix and
incubated for 1 to 2 hours at room temperature to allow
binding of HMW DNA to the beads. The beads bound with
HMW DNA were then removed from the suspension using a
magnetic plate (Agencourt Bioscience Corporation). The
LMW DNA remaining in the suspension was collected by
adding 10 �L of prewashed CMB in a solution of 1.2 mol/L
NaCl and 10% polyethylene glycol 8000. The beads bound
with LMW or HMW DNA were then washed with 75% etha-
nol, and the DNA was eluted in Tris-EDTA buffer.

Quantification of DNA Templates by
Real-Time PCR

We developed the real-time PCR assay, targeting a
65-bp �-globin gene (GenBank no. M14695), to quantify
DNA. A 10-�L reaction was assembled using the Light-
Cycler FastStart DNA Master SYBR Green I system
(Roche Applied Science, Mannheim, Germany). The re-
action contained 1� SYBR Green Master Mix, 1.0 �mol/L
primers [Glb-65: 5=- CTTCATCCACGTTCACCTTG-3=
(forward) and 5=-GCATCTGACTCCTGAGGAGA-3= (re-

verse)], 2.5 mmol/L MgCl2, and the DNA template. By
using the Roche LightCycler 2.0 Real-Time PCR system
(Roche Applied Science, Indianapolis, IN), the PCR was
performed under the following conditions: 95°C for 10 min-
utes to activate the FastStart Taq polymerase; then, 95°C for
10 seconds, 58°C for 20 seconds, and 72°C for 10 seconds
for 45 cycles; and, finally, the melting curve at 95°C for 5
seconds, 65°C for 1 minute, and 97°C for continuous hold.
Cooling occurred at 40°C for 30 seconds.

Construction of the Control Plasmids Containing
p53 Codon 249 Mutations

To construct the mutation clone standards, the TP53 nt
position 13975 to 14200 (GenBank no. X54156) was am-
plified from HepG2 cells, which contain the WT TP53
gene, and cloned into pPCR-Script Amp SK(�) vector
using Stratagene’s PCR-Script Amp Cloning Kit (Agilent
Technologies, Santa Clara, CA) and designated as p53
WT. The sequence of the p53 WT clone was confirmed by
DNA sequencing. The p53 WT plasmid was then used as
a template to construct two mutant controls, 249T and
codon 249 G�C mutation (249C), by two-step PCR site-
directed mutagenesis. The DNA sequence of all of the
control clones was confirmed by DNA sequencing by T3
and T7 primers.

Detection of the p53 Codon 249T Mutation

The p53 codon 249T mutation assay was developed us-
ing an LNA clamp-mediated PCR assay, followed by
melting curve analysis using a SimpleProbe. We targeted
a 41-bp DNA fragment from nt position 14048 to 14092 of
the TP53 gene (GenBank no. X54156); the sequences
and locations of primers are listed in Table 2. The PCR
was assembled in a final volume of 10 �L containing 1.0
U Hot Start Taq (Qiagen, Valencia, CA), 1� PCR buffer,
2.5 mmol/L deoxynucleotide triphosphates, 1 �mol/L of
each primer (P53_qF&P53_249R), and DNA templates.
The cycle profile was 95°C for 15 minutes to activate Taq
polymerase, followed by 40 cycles of 95°C for 30 sec-
onds, 54°C for 30 seconds, and 72°C for 20 seconds. The
PCR product was subsequently used for melting curve
analysis. To perform the melting curve analysis, 0.2
�mol/L of the codon 249T–specific SimpleProbe was
added, and the reaction was denatured at 95°C for 10
minutes and cooled to 30°C for 3 minutes. The tempera-
ture was then increased at a transition rate of 0.1°C/
second to 70°C for continuous hold.

Results

Development and Characterization of an LNA
Clamp-Mediated PCR Assay for p53 Codon
249 Mutations

Circulation-derived urine DNA is a collection of DNA frag-
ments. We have shown that this circulation-derived DNA
is part of an LMW urine DNA fraction that has primarily

�300 bp.13 A tumor-derived DNA marker is assumed to



p53 Codon 249 Hotspot Mutation in Urine 477
JMD September 2011, Vol. 13, No. 5
be in a small fraction of LMW urine DNA isolated from
patients with cancer; thus, it would require selective am-
plification to be detected. The LNA clamp assay has
been used by researchers30,32–34 to suppress the ampli-

Figure 1. Detection of p53 codon 249 mutations by an LNA clamp-mediated
PCR assay and melting curve analysis with SimpleProbes. A: Locations and
sequences of primers (arrows), clamp (underlined), and probes (shaded)
used in the assay. Codons 248 and 249 are indicated by vertical lines. LNAs
are italicized. SimpleProbe sequences shown with LNA are italicized and
capitalized. PCR products derived from plasmids p53 WT, p53_249T,
p53_249C, or H2O (arrows) were determined by melting curve analysis with
the SimpleProbes 249WT (B), 249T (C), and 249C (D).
fication of the WT template during the PCR so that detec-
tion of a small fraction of mutated DNA from the pool of
WT DNA templates could be accomplished. A 7-nt LNA
clamp (Figure 1A) was designed to suppress the ampli-
fication of WT sequences. To prevent the LNA clamp from
serving as a primer for polymerization, the 3= end of the
LNA oligonucleotide was phosphorylated to reduce the
possibility of a false-positive result.

As previously mentioned, the size of the amplicon
should be �50 nt to have sufficient sensitivity to detect
sequences of interest in a fragmented short DNA sub-
strate. In this assay, we designed primers to amplify a
41-nt region (Figure 1A). The PCR was designed to am-
plify selective p53 templates that contained any mis-
matches with the LNA clamp. At the completion of the
PCR, a SimpleProbe was added to each reaction to char-
acterize the PCR product by melting curve analysis.

Characterization of PCR Products by Melting
Curve Analysis Using SimpleProbes

Three SimpleProbes, SP_WT, SP_249T, and SP_249C, for
the region of interest were designed (Figure 1A) for the
melting curve analysis. The melting curves generated by
different templates with SimpleProbes SP_WT, SP_249T,
and SP_249C are shown in Figure 1, B–D. In this exper-
iment, we performed PCR using the control plasmid DNA
clones, p53_WT, p53_249T, and p53_249C, generated
as described in Materials and Methods. The PCR products
were analyzed by three different SimpleProbes. As ex-
pected, the PCR products generated from the p53_WT
template had the highest Tm; (approximately 62°C) com-
pared with templates p53_249T and p53_249C when a
SimpleProbe SP_WT was used (Figure 1B). This occurred
because of the 100% homology of the probe with the PCR
product from the WT template and one mismatch existing
between the PCR products generated from mutated tem-
plates and the probe. When the melting curve analysis
was performed with SP_249T, the PCR products gener-
ated from the p53_249T-mutated sequence exerted the

Figure 2. Selective suppression of PCR amplifi-
cation of TP53 WT templates by the LNA clamp.
Melting curve analysis of the PCR products gen-
erated from the p53_WT (gray) or p53_249T
(black) template in the absence (-) or presence
(�) of the LNA clamp using SimpleProbe
SP_249T. A and B: The PCR products were gen-
erated from a range of 101 to 107 copies of WT
(gray) templates, with 10 copies of the p53_249T
(black) template in each reaction. The ratios of
p53_249T/p53_WT are indicated. C and D: Melt-
ing curve analysis of the PCR products generated
from a range of 101 to 107 copies of the mutated
p53_249T template with 107 copies of the
p53_WT template. The ratios of p53_249T/
p53_WT are indicated.
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highest Tm of 63°C (Figure 1C) compared with that of WT
and p53_249C. No melting curve was observed for the
PCR performed with no template (H2O control). When the
SimpleProbe SP_249C was used for melting curve anal-
ysis, the PCR products generated from the p53_249C
exhibited a Tm of approximately 62°C; a Tm of approxi-
mately 47°C was observed for the PCR products gener-
ated from p53_249T. However, no clear peak was de-
tected for the PCR products derived from the p53_WT
template (Figure 1D). For subsequent experiments, we
used the SimpleProbe SP_249T for melting curve analy-
sis because 249T was the mutation of interest and it
generated clear melting curves with the PCR products
from all three templates.

Sensitivity of the TP53 249 Mutation Assay

To determine the sensitivity of the TP53 249 mutation
assay, we first assessed the extent of the suppression of
the PCR amplification of the WT template by the LNA
clamp and the specificity of LNA suppression. Two sets
of experiments were performed. First, we measured the
degree of suppression of PCR amplification of the WT
templates. The PCRs were performed in the presence or

s of the HCC tissue DNA samples that contained the p53 mutation detectable
(-) or presence (�) of the LNA clamp using the SimpleProbe SP_249T are
sequencing analysis of the respective PCR clones, as described in the text,
Figure 3. Comparison of melting curve analyses and DNA sequencing chromatogram
by the p53_249 assay. Melting curves of the PCR products generated in the absence
shown in A and B. The chromatograms of the sequence of interest, obtained by DNA
Table 3. Detection of p53 Mutations in HCC Tissues by the
TP53 249 Assay

Tissue

Tm by SP_249T
Sequence

(5=-CCGGAGGCCCA-3=)Without LNA With LNA

1 48°C (WT) – ND
2 48°C (WT) 58°C 5=-CCGGAGCCCCA-3=
3 48°C (WT) 63°C 5=-CCGGAGTCCCA-3=
4 48°C (WT) –* ND
5 48°C (WT) – ND
6 48°C (WT) – ND
7 48°C (WT) – ND
8 48°C (WT) – ND
9 48°C /57°C 63°C 5=-CCGGAGTCCCA-3=

10 48°C (WT) 63oC ND
11 48°C (WT) 60°C 5=-CCGGAGTCCCA-3=
12 48°C (WT) Insertion†

13 48°C (WT) 63°C 5=-CCGAAGGCCCA-3=
14 48°C (WT) – ND
15 48°C (WT) – ND

The boldfaced and underlined mutations are those detected by DNA
sequencing, and the italicized and underlined sequence is that of the LNA
clamp.

*No peak detected.
†Identified as underlined in the following sequences: 5=-CATGA-AC-

CGGAGGC-CCA-3= and 5=-CATGA-TGTTCCCAGCAGGCTACACGCTC-
or inserted sequences are boxed. In each reaction, p53_WT and p53_249T
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absence of the LNA clamp, with WT templates ranging
from 101 to 107 copies. To control for PCR amplification in
the presence of LNA, we added 10 copies of p53_249T
templates to each reaction (Figure 2, A and B). After
completion of PCR amplification, the PCR products were
analyzed by melting curve analysis using a SimpleProbe
SP_249T probe. In the absence of LNA, the PCR prod-
ucts generated by the WT templates ranging from 101 to
107 copies, were readily detected with a Tm of approxi-
mately 52°C. Only the 1:1 ratio of mutant/WT (10 copies of
p53_249T and 10 copies of p53WT templates) was able
to deliver a detectable PCR product of Tm of 63°C specify-
ing the 249T-mutated sequence (Figure 2A). In contrast,
amplification of WT templates was undetectable by melting
curve analysis when 2.0 �mol/L of LNA clamp was used in
the PCRs (Figure 2B), even with 107 copies of WT tem-
plates. Encouragingly, in the presence of LNA, a clear melt-
ing curve peak (Tm, approximately 63°C) of 10 copies of
TP53 249T-mutated templates was detected even when it
was mixed with 10,000 copies of WT templates, with a ratio
of mutant/WT templates of 0.1% (1:1000).

Next, we determined the minimum amount of mutated
templates that could be detected against the back-
ground of 107 copies of WT templates. Mutated tem-
plates, ranging from 1 to 107 copies, were mixed with 107

copies of WT template and subjected to the TP53 249
mutation assay. In the absence of the LNA clamp, the
assay could detect only 106 copies of the p53_249T
template (1:10 ratio of mutant/WT, Figure 2C). The assay
was able to detect 104 copies of mutated templates (ie, a
1:1000 ratio of mutant/WT; Figure 2D). As expected, the
amplification of 107 WT templates was undetectable by
the SimpleProbe in the presence of the LNA clamp. Thus,
the sensitivity of the TP53 249 mutation is 0.1%, as de-

Table 4. Detection of the p53 Mutation in the Urine of Patients

Urine

HMW urine DNA

Copy/mL* Without LNA With LNA Copy/m

1 3.06 � 104 WT – 1.43 � 1
2 9.74 � 103 WT – 5.51 � 1
3 7.60 � 100 WT – 2.40 � 1
4 3.28 � 102 WT – 3.39 � 1
5 2.35 � 103 WT – 1.02 � 1
6 1.19 � 103 WT – 7.53 � 1
7 3.74 � 103 WT Mut 3.09 � 1
8 6.30 � 104 WT – 8.57 � 1
9 1.88 � 104 WT – 1.25 � 1

10 2.87 � 103 WT – 8.88 � 1
11 9.06 � 103 WT – 3.31 � 1
12 2.45 � 103 WT – 3.54 � 1
13 6.60 � 103 WT – 1.15 � 1
14 5.96 � 104 WT – 5.83 � 1
15 9.56 � 102 Mix – 3.31 � 1
16 3.93 � 103 WT – 2.58 � 1
17 7.20 � 103 WT – 7.24 � 1

The PCR reaction of the p53 mutation assay was performed in the abs
were used as WT and 249T mutation sequence controls in each assa
SimpleProbe. The DNA equivalent of 200 �L urine was used in each ass

*DNA quantification was determined by the quantitative PCR assay, a
WT, Tm of the PCR product is the WT sequence; Mut, Tm of the PCR

NA, not available.
termined by both sets of experiments.
Validation of the TP53 249T Mutation Assay by
DNA Sequencing Using HCC Tissues

To validate the assay, we performed the TP53 249 mu-
tation assay on archived DNA isolated from HCC tissues,
followed by DNA sequencing analysis to confirm the mu-
tation detected by the LNA clamp-mediated TP53 249
mutation assay. The plasmid DNA, p53_WT, and
p53_249T were used as controls for the assay. Fifteen
HCC tissue DNA samples were tested in the absence or
presence of the LNA clamp, followed by melting curve
analysis with a SimpleProbe SP_249T. Of the 15 HCC
tissue DNA samples tested, six contained p53 mutations
(Table 3). The melting curves of the PCR products gen-
erated in the presence or absence of the LNA clamp of
the samples that contained detectable mutations are
shown in Figure 3. In the absence of the LNA clamp, PCR
products generated from all of the reactions contained
the WT sequence (Tm, 48°C) by melting curve analysis
with a SimpleProbe SP_249T. A combination of two peaks
was detected in two DNA samples (T9 and T13), sug-
gesting that most of the DNA samples contained predom-
inantly WT sequences and that only these two samples
contained a sufficient amount of mutated sequences to
be detected in the absence of LNA clamp suppression.

To confirm that the p53 mutations detected by the
TP53 249 PCR assay were not false-positive results, we
performed DNA sequencing analysis of the PCR prod-
ucts that showed the Tm of the mutated sequences. Be-
cause a 41-bp PCR product is too short to perform DNA
sequencing directly, we cloned the PCR products gen-
erated in the presence of the LNA clamp into the plasmid
vector and then sent the cloned plasmid DNA for DNA
sequencing analysis using a T7 primer. Five clones from

C

W urine DNA HCC tissue
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Mix Mut T4 WT –
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identified are listed in Table 3, and the chromatograms of
the sequencing data are shown in Figure 3.

Because the mutation was detected by inhibiting the

Figure 4. Detection of p53 mutations in urine samples from patients with HCC.
Methods, were subjected to the LNA clamp-mediated PCR assay for the p53 mu
melting curve analysis using the SimpleProbe SP_249T followed. In each reacti
amplification of WT sequences by the LNA clamp during
the PCR, it is expected that the mutations occurring in the
region of the LNA clamp would be detected. Table 3
indicates that we detected mutations in codons 248 and

nd LMW urine DNA samples (U1 to U17), isolated as described in Materials and
CRs were performed in the absence (-) or presence (�) of the LNA clamp; the
WT and p53_249T templates were used as controls. (figure continues)
249 and one insertion mutation in sample T12, which was
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not previously described. When we compared DNA se-
quencing analysis results with melting curve analysis re-
sults, we did not detect any false-positive results using

Figure 4. Continued
the p53 mutation assay developed in this study. How-
ever, the melting curve analysis could accurately identify
the 249T mutation only when a SimpleProbe SP_249T
was used. For other codon 249 mutations such as p53

codon 249C, the assay could not detect only the exis-
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tence of mutations in the region of interest other than the
type of mutation.

Detection of a p53 Mutation in the Urine of
Patients with HCC by the LNA Clamp-Mediated
PCR Assay

Once the assay was validated for detection of p53 mu-
tations, we used 17 urine samples from patients with HCC
to see if it was able to detect the circulation-derived p53
mutation. Total urine DNA was isolated and fractionated
into HMW and LMW DNA fractions, as described in Ma-
terials and Methods. The amount of the DNA template was
quantified by a PCR assay we developed that targeted
the �-globin gene, as described in Materials and Methods.
The amount of DNA template (copy number per milliliter
urine) in both HMW and LMW urine DNA fractions was
determined and listed in Table 4. The amount of DNA
from 200 �L of urine was subjected to the LNA clamp-
mediated p53 mutation assay. The PCRs were performed
with or without the LNA clamp. The results are shown in
Figure 4 and summarized in Table 4. Of 17 urine sam-
ples, 10 contained detectable p53 mutations in the LMW
urine DNA fraction, as shown by melting curve analysis of
the PCR product generated in the presence of the LNA
clamp. More strikingly, mutations were detected in five
LMW urine DNA samples, U2, U3, U4, U7, and U14, even
in the absence of the LNA clamp, suggesting that the
amount of mutated DNA was clearly �1% because we
were not able to detect 1% of mutated DNA in a recon-
stituted sample when the PCRs were preformed in the
absence of the LNA clamp (Figure 2). With the exception
of U7, no mutation was detected in the HMW urine DNA
fractions that were matched with p53 mutation-positive
LMW DNA fractions, suggesting that the p53 mutations
detected in the LMW urine DNA fraction were clearly
derived from the circulation, most likely from the HCC,
because the TP53 249T hotspot mutation is rarely found
in other cancers. In addition to U7, the HMW urine DNA
fraction, which contained a detectable p53 mutation, the
HMW urine DNA fraction of U15 also contained a non-WT
melting curve in the absence of the LNA clamp. Interest-
ingly, this non-WT melting curve was not detectable in the
presence of the LNA clamp during the PCR amplification
or in the LMW DNA fraction. As controls, LMW urine DNA
isolated from 15 age- and sex-matched individuals was
also subjected to p53 codon 249 mutation detection; we
found no detectable p53 codon 249 mutation in any of the
normal urine samples (data not shown). Detection of the
p53 mutation in the LMW urine DNA fraction shows that
the LNA clamp-mediated p53 PCR assay was able to
detect a circulation-derived p53 DNA mutation in urine. It
was of interest to see how many of the urine samples from
patients with HCC who had TP53 249 mutations were
positive for the mutation. However, only 7 of the 17 urine
samples had corresponding tissue samples available, as
listed in Table 4. These seven HCC tissues were part of
the samples used to validate the TP53 249 mutations
(Table 3). Three different scenarios were observed: i)

tissue positive, urine positive (T9/U4 and T13/U6); ii) tis-
sue positive, urine negative (T2/U1); and iii) tissue nega-
tive, urine positive (T4/U2, T5/U3, T12/U5, and T14/U7).

Discussion

We have developed an assay that can detect an HCC-
associated p53 codon 249T hotspot mutation with high
sensitivity and specificity. The running time of the assay is
�2 hours; it has the potential to be transformed to a high
throughput format for a blood or urine test for HCC
screening. This screening assay will be helpful in regions
with high aflatoxin B1 exposure and high geographical
prevalence for the TP53 codon 249T hotspot mutation, such
as the Asian and African populations.43–45 For areas with a
low prevalence of the mutation, this screening assay will
have to be combined with other complementary screening
tests, such as the �-fetoprotein blood test and ultrasono-
graphic imaging. Three approaches were used for assay
development. First, an LNA clamp was used to suppress
the amplification of a WT DNA template, showing that the
sensitivity and specificity of the assay could be enhanced.
Second, the amplified region in the DNA template was only
41 bp. Third, SimpleProbes were used to characterize the
PCR product by melting curve analysis.

The method described herein was benchmarked
against other procedures available for the detection of
TP53 249 mutations. First, in terms of high sensitivity and
specificity, the LNA clamp-mediated PCR assay could
detect up to a single copy of the mutated sequence with
a high specificity ratio of 1:1000 (0.1%) of mutant/WT
sequences. The short oligonucleotide mass analysis46

detected as little as 1% of mutant material47; the RFLP
assay was marginally less sensitive than short oligonucleo-
tide mass analysis, although RFLP was substantially more
sensitive than other mutation detection methods. RFLP
could detect mutant material at a minimum rate of approx-
imately 3% to 6% compared with WT sequences.26

Next, the simplicity of the assay was achieved by sup-
pressing PCR amplification of the WT templates using the
LNA clamp instead of restriction endonuclease HaeIII
digestion in the RFLP. HaeIII digestion was also often
used to distinguish the PCR product generated from mu-
tated templates from that of WT templates, because only
the WT template contained the HaeIII recognition site at
codon 249. In this assay, two molecules, SimpleProbe
and LNA, were used to replace HaeIII digestion. The
SimpleProbe was used to perform a 15-minute melting
curve analysis of a PCR product in a 96-well PCR plate to
characterize the PCR product, and the LNA clamp was
used to selectively suppress the PCR amplification of WT
templates. The application of these two molecules sim-
plifies the assay procedure; the entire detection assay
can be completed in �2 hours. Thus, this assay can be
further developed to a high-throughput format.

The suppression of WT template amplification by the
LNA clamp is based on the perfect match of the LNA
clamp to the WT sequences. The base pairing of LNA to
DNA exerts higher thermostability than that of DNA to
DNA, thus providing a wide range of Tm differences (from

6°C to 10°C) between the perfect match and a single bp
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mismatch. This Tm difference allowed us to optimize a
PCR condition to selectively amplify only the mutated
sequence and not the WT sequence. We demonstrated
the almost complete suppression of 107 copies of the WT
sequence when PCR products were detected by the
SimpleProbe (Figure 2). In fact, we noticed that the sup-
pression was not complete because we detected WT
sequences in some of our PCR clones by DNA sequenc-
ing. Nevertheless, the detection of mutated sequences
was the purpose of the assay. The inability to visualize a
low level of PCR products that leaked through the LNA
suppression by the SimpleProbe did not hinder the pur-
pose of the assay. More interestingly, the LNA suppres-
sion covers codons 248 to 250; thus, this assay is able to
detect the 249T mutation and any mutation in the region
of the LNA clamp. From the 15 HCC tissues we tested, we
identified a 249T mutation, a 248A mutation, and a pre-
viously unpublished insertion mutation.

Our results are consistent with those from our previous
studies (ie, the circulation-derived urine DNA is primarily in
the LMW urine DNA fraction, and the HMW DNA is derived
primarily from the cells sloughed off from the urinary tract).13

Of the 10 urine samples that contained detectable p53
mutations in the LMW urine DNA fraction, we detected the
p53 mutation in only one HMW urine DNA fraction (ie, U7).
Interestingly, U7 urine samples contained a high level of
p53-mutated DNA because the mutated peak was clearly
detected by the p53_249 mutation assay, even in the ab-
sence of the LNA clamp in the U7 LMW urine DNA. Thus, it
is possible that the p53-mutated DNA detected in the U7
HMW DNA fraction was contaminated with small fragments
of DNA (�1 kb) because the method of fractionation yielded
approximately 95% removal of HMW DNA from the total
DNA fraction.42 Another possibility is that some of the cir-
culation-derived DNA was �1 kb. Nevertheless, it is clear
that the p53 mutation detected in the urine of patients with
HCC is derived from the circulation.

When we compared the ability of the assay to detect
TP53 249 in urine and in matched tissue samples using a
small sample size (n � 7, Table 4), we observed the three
scenarios previously mentioned: i) tissue positive, urine
positive (T9/U4 and T13/U6); ii) tissue positive, urine nega-
tive (T2/U1); and iii) tissue negative, urine positive (T4/U2,
T5/U3, T12/U5, and T14/U7). The first two scenarios were
expected because of the sensitivity of the urine test. The
third scenario (ie, tissue negative, urine positive) is interest-
ing. It is possible that the mutation detected in the urine
samples was derived from tissue other than that sampled.
HCC can occur in multiple sites of the liver, and each HCC
nodule could be distinct.48–50 The p53 mutation detected in
urine could be from an HCC nodule that was different from
the tissue sampled. It is also possible that the p53 mutation
detected was derived from another site because urine is a
fluid collected from all parts of the body. A large-scale study
to determine the concordance value and the sensitivity and
specificity of the TP53 249 mutation assay to distinguish
HCC from other liver diseases in a urine test is in progress.

The only mutation sequence this assay could identify
was that with the sequence of the probe used. For in-
stance, the 249T mutation could only be identified when

a SimpleProbe 249T was used; although it detected the
presence of other mutations, it was unable to identify the
type of mutation. This defect can potentially be improved
by performing a melting curve analysis using a different
SimpleProbe. For instance, 248C could be clearly verified
when we used the SimpleProbe 248C (data not shown).
Because the 249T mutation is the hotspot mutation for
HCC, we chose to use the SimpleProbe 249T in this
assay for screening purposes. This assay is an end point
analysis; thus, we were unable to determine the quantity
of mutated sequences. The TP53 gene is an important
tumor suppressor gene involved in at least four major
cancer pathways: cell survival/apoptosis, cell prolifera-
tion, chromosome stability, and cell cycle.51 Mutation of
the TP53 gene is detrimental to the cells. With an assay
sensitivity of 0.1% or 10 copies per assay, we did not
detect any p53 mutation in normal urine (n � 15, data not
shown) or in the eight of nine HMW urine DNA fractions of
HCC urine that contain a detectable p53 mutation, which
suggests that the qualitative assay for TP53 249 might be
sufficient to use in a urine or blood screening test for HCC.
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