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Abstract
Purpose—Defining an adequate resection margin of colorectal cancer liver metastases is
essential for optimizing surgical technique. We have attempted to evaluate the resection margin
through a combination of histopathologic and genetic analyses.

Experimental Design—We evaluated 88 samples of tumor margins from 12 patients with
metastatic colon cancer who each underwent partial hepatectomy of one to six liver metastases.
Punch biopsies of surrounding liver tissue were obtained at 4, 8, 12 and 16 mm from the tumor
border. DNA from these biopsies was analyzed by a sensitive PCR-based technique, called
BEAMing, for mutations of KRAS, PIK3CA, APC, or TP53 identified in the corresponding
tumor.

Results—Mutations were identified in each patient’s resected tumor and used to analyze the 88
samples circumscribing the tumor-normal border. Tumor-specific mutant DNA was detectable in
surrounding liver tissue in five of these 88 samples, all within 4 mm of the tumor border. Biopsies
that were 8, 12, and 16 mm from the macroscopic visible margin were devoid of detectable mutant
tumor DNA as well as of microscopically visible cancer cells. Tumors with a significant
radiologic response to chemotherapy were not associated with any increase in mutant tumor DNA
in beyond 4 mm of the main tumor.

Conclusions—Mutant tumor-specific DNA can be detected beyond the visible tumor margin,
but never beyond 4 mm, even in patients whose tumors were larger prior to chemotherapy. These
data provide a rational basis for determining the extent of surgical excision required in patients
undergoing resection of liver metastases.

Introduction
Margin status is one of the most important factors in determining the success of a solid
tumor resection. Surgical margins that show the presence of cancer cells have an increased
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risk of local recurrence, aggressive biology and a decreased overall survival (1–4). As a
result, a margin of normal tissue surrounding the perimeter of the resected tumor is always
included as part of the resected tumor specimen when possible. Historically, a
circumferential rim of at least 1 cm around the macroscopically visible metastatic lesion is
removed. While more recently, the width of surgical margin has been challenged,
achievement of negative margins remains important in order to optimize long-term outcome
in these patients (3).

Despite gross and microscopic review of the margins of a surgical resection, some patients
will have local recurrence of their tumors at the site of surgery, thereby suggesting that
standard microscopic evaluation of the surgical margins may not be sufficient in many cases
(2). Moreover, the extent of the necessary surgical margin in patients following response to
preoperative chemotherapy is less clear.

An analytic approach could provide evidence that would help determine the width of the
surgical margin required in resection of hepatic colorectal metastases, whether untreated or
following response to preoperative chemotherapy. Careful histopathologic assessment can in
principle be used for assessing the presence of tumor cells outside the tumor-liver border.
However, histopathologic analysis can miss small numbers of cancer cells. We therefore
supplemented histopathologic analysis with a molecular genetic approach, using patient-
specific somatic mutations as exquisitely specific indicators of the presence of tumor cells in
clinical samples.

Traditional mutation detection methods cannot readily detect mutations when they are
present at less than 1% of the DNA templates under study. This fraction of tumor
involvement in a sample would be visible by microscopy and we were interested in
detecting smaller quantities of tumor cells. We therefore turned to a highly sensitive digital
PCR-based assay, termed BEAMing (5), for this study. The method is named after its
components (Beads, Emulsification, Amplification and Magnetics) and can detect mutations
in samples that contain as few as 1 in 100,000 mutant DNA fragments (6). In this study, we
applied this approach to evaluate the ostensibly normal liver closely circumscribing
surgically resected metastatic lesions.

Materials and Methods
Patient Selection

Patients with colorectal cancer undergoing planned resection of liver metastases and who
underwent partial hepatectomy were eligible for this study. Those patients with multiple
tumors undergoing major hepatic resection with >1-cm resection margins were included in
order to optimize the analysis, including chemonaive, chemo-responders, and non-
responders. The study was approved by the Johns Hopkins Institutional Review Board and
written consent was obtained from all patients prior to their enrollment in the protocol.

Sample collection
Freshly resected liver tissue was cut into 0.5 – 1.0 cm slices and processed immediately
following surgical resection. Punch biopsies of 4 mm in diameter were obtained radially
from surrounding liver tissue at 4, 8, 12 and 16 mm distances from the macroscopically
visible tumor border. The number of biopsies in each direction (away from the
macroscopically visible tumor border) varied between 1 and 4, depending on the individual
geometry of each tissue specimen (see Supplementary Figure 1). The samples were
immediately cryopreserved and the ends of the punch biopsies were preserved in formalin.
One punch biopsy was taken from the tumor itself for mutation analysis and one sample was
obtained from normal liver tissue far removed from any metastasis as a negative control.
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DNA Purification of Frozen Tumor Tissue
Frozen tumor tissue sections were mounted on slides and microdissected with the PALM
microscope. The dissected tissue was digested overnight at 60°C in 15 µl ATL buffer
(Qiagen, Hilden, Germany) and 10 µl Proteinase K (20 mg/ml; Invitrogen, Carlsbad, CA).
DNA was isolated using the QIAamp DNA Micro Kit (Qiagen, Hilden, Germany) following
the manufacturer’s protocol.

DNA Purification of Frozen Liver Tissue
Frozen punch biopsies (~ 50 mg) were mixed with 1 ml of Cell Lysis Solution CLS-TC and
homogenized in the FASTPrep (Q Biogene, Inc.) instrument for 40 seconds at a speed
setting of 6.0. Tissue debris was removed by centrifugation and the supernatant was
transferred to a new microcentrifuge tube. Binding, washing and elution steps were
performed according to the FASTPrep protocol supplied by the manufacturer.

DNA Quantification
DNA isolated from tissue samples was quantified using a modified version of a human
LINE-1 real-time PCR assay (7). The primer set was designed to amplify the most abundant
consensus region of the human LINE-1 family (amplicon 97 bp; forward primer
TGGCACATATACACCATGGAA; reverse primer TGAGAATGATGGTTTCCAATTTC).
PCR was performed in a 25 µl reaction volume consisting of 4 µl of various dilutions of
template DNA, 0.5 U of Platinum Taq DNA Polymerase, 1× PCR buffer, 6% (v/v) DMSO,
1 mM of each dNTP, 1:100,000 dilution of SYBR Green I (Invitrogen, Carlsbad, CA), and
0.2 µM of each primer. Amplification was carried out in an iCycler (Bio-Rad) using the
following cycling conditions: 94°C for 1 min; 3 cycles of 94°C for 30 s, 67°C for 30 s, 70°C
for 1 min; 3 cycles of 94°C for 30 s, 64°C for 35 s, 70°C for 1 min, 3 cycles of 94°C for 30
s, 61°C for 30 s, 70°C for 1 min; 35 cycles of 94°C for 30 s, 59°C for 30 s, 70°C for 1 min.
Various dilutions of normal human lymphocyte DNA were incorporated in each plate setup
to serve as standards. The threshold cycle number was determined using Bio-Rad analysis
software with the PCR baseline subtracted.

Sequencing of Tissue DNA for Mutations
All DNA samples isolated from tumor tissue were analyzed for mutations in 26 regions of
APC, one region of KRAS, two regions of PIK3CA, and four regions of TP53 using direct
Sanger sequencing. The first PCR was performed in a 10 µl reaction volume containing 50–
100 genome equivalents (GEs) of template DNA (1 GE equals 3.3 pg of human genomic
DNA), 0.5 U of Platinum Taq DNA Polymerase (Invitrogen, Carlsbad, CA), 1× PCR buffer
(67 mM of Tris-HCl, pH 8.8, 67 mM of MgCl2, 16.6 mM of (NH4)2SO4, and 10 mM of 2-
mercaptoethanol), 2 mM ATP, 6% (v/v) DMSO, 1 mM of each dNTP, and 0.2 µM of each
primer. The sequences of the primer sets were described previously in Diehl et al (8). The
amplification was carried out under the following conditions: 94°C for 2 min; 3 cycles of
94°C for 15 s, 68°C for 30 s, 70°C for 15 s; 3 cycles of 94°C for 15 s, 65°C for 30 s, 70°C
for 15 s, 3 cycles of 94°C for 15 s, 62°C for 30 s, 70°C for 15 s; 40 cycles of 94°C for 15 s,
59°C for 30 s, 70°C for 15 s. One microliter of the first amplification was then added to a
second 10-µl PCR reaction mixture of the same makeup as the one described above, except
that different primers were used. The second (nested) PCR reaction was temperature-cycled
using the following conditions: 2 min at 94°C; 15 cycles of 94°C for 15 s, 58°C for 30 s,
70°C for 15 s. The PCR products were purified and sequenced as described in Jones et al(9)
with primers containing a 30 bp polyT tag attached to the 5’ prime end to improve the
sequence quality for the first 30 bases (Tag1 primer: 5'-(dT)30-tcccgcgaaattaatacgac; M13
primer: 5'-(dT)30-gtaaaacgacggccagt). Data analysis was performed using Mutation Explorer
(SoftGenetics, State College, PA).
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BEAMing of Tumor Margin DNA for Mutations
150,000 GE were used for each BEAMing assay. An initial amplification with a high
fidelity DNA polymerase was performed in five separate 50 µl PCR reactions each
containing template DNA, 5× Phusion High Fidelity PCR buffer (NEB), 1.5 U of Hotstart
Phusion polymerase (NEB), 0.2 µM of each primer, 0.25 mM of each dNTP, and 0.5 mM
MgCl2. Pre-amplification primers and temperature cycling conditions are listed in
Supplementary Table 1, a second PCR nested) was performed by adding 2 µl of the first
amplification to a 20-µl PCR reaction of the same makeup as the first one for selected
mutations. PCR products were pooled, diluted, and quantified using the PicoGreen dsDNA
assay (Invitrogen, Carlsbad, CA). The fluorescence intensity was measured using a
CytoFluor multiwell plate reader (PE Biosystems) and the DNA quantity was calculated
using Lambda-phage DNA reference standards.

Emulsion PCR was performed as described previously (3). Briefly, a 150 µl PCR mixture
was prepared containing 20 pg template DNA, 42.5 U of Platinum Taq DNA polymerase
(Invitrogen, Carlsbad, CA), 1× PCR buffer (see above), 0.2 mM dNTPs, 5 mM MgCl2, 0.05
µM Tag1 (5’-tcccgcgaaattaatacgac-3'), 8 µM Tag2 (5’-gctggagctctgcagcta-3') and ~6×107

magnetic streptavidin beads (MyOne, Invitrogen, Carlsbad, CA) coated with Tag1
oligonucleotide (5’-dual biotin-T-Spacer18- tcccgcgaaattaatacgac-3'). The 150 µl PCR
reaction, 600 µl oil/emulsifier mix (7% ABIL WE09, 20% mineral oil, 73% Tegosoft DEC,
Evonik Goldschmidt Cooperation, Hopewell, VA), and one 5 mm steel bead (Qiagen,
Hilden, Germany) were added to a 96 deep well plate 1.2 ml (Abgene, Epsom, UK).
Emulsions were prepared by shaking the plate in a TissueLyser (Qiagen, Hilden, Germany)
for 10 s at 15 Hz and then 7 s at 17 Hz.

Emulsions were dispensed into eight PCR wells and temperature cycled at 94°C for 2 min; 3
cycles of 94°C for 10 s, 68°C for 45 s, 70°C for 75 s; 3 cycles of 94°C for 10 s, 65°C for 45
s, 70°C for 75 s, 3 cycles of 94°C for 10 s, 62°C for 45 s, 70°C for 75 s; 50 cycles of 94°C
for 10 s, 59°C for 45 s, 70°C for 75 s.

To break the emulsions, 150 µl breaking buffer (10 mM Tris-HCl, pH 7.5, 1% Triton-X 100,
1% SDS, 100 mM NaCl, 1 mM EDTA) was added to each well and mixed with a
TissueLyser at 20 Hz for 20 s. Beads were recovered by centrifuging the suspension at 3,200
g for 2 min and by removing the oil phase. This breaking step was repeated twice. All beads
from 8 wells were consolidated and washed with 150 µl wash buffer (20 mM Tris-HCl, pH
8.4, 50 mM KCl). The DNA on the beads was denatured for 5 min with 0.1 M NaOH.
Finally, beads were washed with 150 µl wash buffer and resuspended in 150 µl of the same
buffer. The mutation status of DNA bound to beads was determined by allele-specific
hybridization. Fluorescently labeled probes complementary to the mutant and wild-type
DNA sequences, designed for the differentmutations were used. The size of the probes
ranged from 15 to 18 nt, depending on the GC content of the target region. All mutant
probes were coupled to a Cy5TM fluorophore and all wild-type probes were coupled to a
Cy3TM fluorophore at their 5' ends (Integrated DNA Technologies or Biomers). In addition,
oligonucleotides that bound to a separate location within the amplicon (“universal probes”)
were used to label every extended PCR product as a positive control. These amplicon-
specific probes were synthesized with a ROXTM fluorophore attached to their 5’ ends.
Probe sequences are listed in Supplementary Table 2. Each allele-specific hybridization
reaction contained ~1 × 107 beads in 30 µl wash buffer (see above), 66 µl of 1.5×
hybridization buffer (1.5× = 4.5 M tetramethylammonium chloride, 75mM Tris-HCl pH 7.5,
6 mM EDTA), and 4 µl of a mixture of mutant, wild-type, and gene-specific fluorescent
probes, each at 5 µM in TE buffer. The hybridization mixture was heated to 70°C for 10 s
and slowly (0.1°C/s) cooled to 35°C. After incubating at 35°C for 2 min, the mixture was
cooled (0.1°C/sec) to room temperature. The beads were collected with a magnet and the
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supernatant containing the unbound probes was removed using a pipette. The beads were
resuspended in 100 µl of 1× hybridization buffer and heated to 48°C for 5 min to remove
unbound probes. After the heating step, the beads were again separated magnetically and
washed once with 100 µl wash buffer. In the final step, the supernatant was removed and
beads resuspended in 200 µl TE buffer for flow cytometric analysis.

A LSR II flow cytometry system (BD Biosciences, Franklin Lakes, NJ) equipped with a
high throughput autosampler was used for the analysis of each bead population. Beads with
no extension product were excluded from the analysis.

Results
Twelve patients with resected metastatic colorectal cancer were enrolled in this study,
accounting for a total of 12 resected tumors. All patients underwent major hepatic resection
(> 3 segments) and had negative histologic margins (R0 resection). Ten patients had
received chemotherapy at some point in their treatment prior to surgery, three of which had
a measurable radiologic tumor response (minor response by RECIST criteria), and two were
chemotherapy-naïve. On standard histologic assessment, all patients had evidence some
residual tumor within the macroscopically evident metastasis.

The tumors within the liver were interrogated for a subset of mutations in APC, KRAS,
PIK3CA and p53 by Sanger sequencing. Six tumors were found to have mutations of APC,
four of KRAS, one of PIK3CA, and 1 of TP53, as shown in Table 1. These tumor-specific
oncogenic mutations were used as markers to create probes (Supplementary Table 2) to
detect the presence of tumor-specific mutant DNA in the liver tissue surrounding the tumor.

A total of 88 samples from the tumor periphery were probed for mutations present in the
corresponding tumor using BEAMing. Punch biopsies of 4 mm in diameter were obtained in
circumferential fashion around the macroscopically visible tumor-liver border, as shown in
Figure 1 and Supplementary Figure 1.

Mutations identical with those identified in the tumor were detected outside of the visible
tumor margin in only five of the 88 punch biopsies analyzed. All biopsies containing a
mutation were detected only at the closest (4 mm) distance from the macroscopic tumor
border, accounting for 20% (5/25) at the 4mm distance. None of the 63 samples at 8, 12 or
16 mm from the visible tumor margin contained tumor-specific mutant DNA (Table 1).

The biopsies with detectable tumor DNA beyond the histologic margin were only in patients
who had received chemotherapy prior to surgery. Three of these four patients had an
objective radiographic response to chemotherapy prior to surgery. The biopsies from the two
chemotherapy-naïve patients did not have detectable DNA outside the tumor-normal border.

Margin status was confirmed independently in a blinded fashion by a pathologist who
reviewed tissue from both ends of the punch biopsy cylinder using microscopic analysis.
Malignant cells were noted in biopsies from four of the five punch biopsies with detectable
mutant DNA (all at 4 mm). In these cases, nests of cancer cells could be observed in sections
of tissue immediately adjacent to those used for genetic analyses. A representative case,
where clusters of tumor cells were present, is shown in Supplementary Figure 2. In the fifth
case with detectable mutant DNA, no tumor cells could be identified in such sections, even
after extensive searching. Importantly, no tumor cells could be identified histopathologically
in any of the 83 biopsies that did not contain mutant DNA.
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Discussion
While mutations provide ideal tumor biomarkers, their use as a measure of minimal residual
disease in pathologic specimens from solid tumor patients has been limited. One reason has
been the much greater concentration of normal DNA at histologically normal tumor
margins, making mutant DNA fragments difficult to detect with conventional technologies.
In this study, we were able to overcome this limitation through the use of BEAMing.

There were two particularly notable results emanating from this study. First, 33% of tumors
had evidence of tumor DNA beyond the macroscopically visible tumor-normal border but
none had evidence of neoplastic cells or tumor DNA beyond 4 mm. These results support
the clinical evidence that a negative (R0) margin may be sufficient. Second, we did not find
evidence of residual tumor DNA in the region in which the tumor likely existed prior to
chemotherapy, suggesting that tumors which respond to chemotherapy likely do so in a
concentric fashion. In previous studies which have histologically investigated chemotherapy
responses in patients with metastatic colorectal cancer to the liver, viable tumor was mostly
found within the central region (10, 11). Similarly, Ng et al. reported, using standard
histologic assessment, that most colorectal metastases contract centripetally when
responding to chemotherapy (12).

Some qualification must be considered when interpreting these findings. One limitation is
that our technical sensitivity is, conservatively, one tumor cell among 10,000 normal cells
(6). We therefore would not be able to reliably detect tumor cell populations that were
smaller than this. In addition, while the sampling was extensive, specimens of the peripheral
tissue were still selective, allowing for the possibility of missed tumor extension, even using
this highly sensitive methodology. Moreover, the overall number of patients in this study
and number of patients with positive margins who received neo-adjuvant chemotherapy is
comparatively small; further studies will be necessary to validate these findings. Finally,
BEAMing cannot distinguish whether the mutant DNA arose from live tumor cells vs. dead
ones left after chemotherapy. The accompanying histopathologic analysis overcame this
limitation in most cases, as nests of cancer cells were detected in four of the five biopsies
with mutant DNA. On the basis of morphologic criteria, these nests were very likely to be
live cancer cells capable of progressive tumor growth.

In summary, our study provides additional evidence that normal negative histologic margin
appears to be sufficient when resecting hepatic colorectal metastases, even following
chemotherapy response. It will be informative to apply this same type of combined
histopathologic-molecular analysis to other tumor types and locations.

Statement of Translational Relevance

How much normal tissue should be excised around a liver metastasis from a colorectal
cancer? Determination of the margin status after surgical resection has major prognostic
and therapeutic implications in patients with solid tumors. Assessment of the exact
margin becomes more complex in the setting of preoperative chemotherapy that aims to
decrease tumor size prior to resection. In this report, we utilize a digital PCR-based
technique, termed BEAMing, which enumerates rare mutant DNA events in a pool of
wild-type DNA. We applied this technique to measure rare mutant events in the tumor
margins of liver metastases from colorectal cancer at varying distances from the tumor.
The information obtained provides a scientific basis for determining the proper excisional
margins and the approach we used can be generally applied to other tumor types and
locations.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Detection of tumor-specific mutated DNA in the margin surrounding a colorectal
cancer liver metastasis
Punch biopsies were obtained at 4 mm distances from the macroscopically visual tumor
margin. Shown below are flow cytometric data from BEAMing reactions of a sample at 4
mm that was macroscopically normal appearing but with detectable mutant DNA (left) and a
sample at 8 mm distance from the same lesion that did not show presence of mutated tumor
DNA (right).
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