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Sublobar resection for early-stage lung cancer has been used for
patients who are not candidates for lobar resection. However,
sublobar resection is associated with high local recurrence rates in
the context of tumor-free parenchymal margins. The mechanism
underlying this high recurrence rate is not well understood. We
hypothesized that this elevated risk of local recurrence is due to
undetected tumor cells present at parenchymal margins thought to
be negative by conventional light microscopy. Thirteen of 44 pa-
tients who underwent sublobar resection for lung cancer were
found to have a k-ras mutation at codon 12.1. A novel fluores-
cence-based assay for detection of rare copies of mutant DNA in a
background of wild-type DNA, fluorescent gap ligase chain reac-
tion, was used to quantitate the mutant/wild-type DNA in a range
of 1 to 1/10,000 in histologically normal margins from these resec-
tions. Nine of 13 patients had at least one margin with the number
of mutant cells over or equal to a threshold of 1/5,000, and of these,
6/9 (67%) recurred locally. None of the remaining 4 patients
without mutant DNA in any surgical margin had evidence of
recurrence. The higher rate of local recurrence associated with
sublobar resection of lung cancer is likely due to the occult pres-
ence of tumor cells at resection margins. These occult tumor cells
can be quantitated using a novel fluorescence-based assay and
define a group of patients at high risk for local recurrence who are
candidates for adjuvant therapy or more extensive resection. This
methodology may be adaptable to a real-time format for intraop-
erative use.
© 2004 Wiley-Liss, Inc.
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Lung cancer is the leading cause of cancer-related deaths in the
world, with NSCLC accounting for approximately 80% of cases.1
Currently, complete surgical lobectomy is the ideal treatment
modality for patients with early-stage (I, II) disease.2 The 5-year
cancer-free survival after anatomic lobectomy has been estimated
to be up to 70% in some studies.3 Lesser pulmonary resections,
such as sublobar resections or segmentectomies, have been used in
patients with poor baseline pulmonary status due to their theoret-
ical advantage in preserving pulmonary function.4–8 Advocates of
these lesser resections argue that sublobar resections confer less
morbidity than conventional lobectomies and allow further resec-
tions in the future should a second lung primary be discovered.
Despite these theoretical advantages, the local recurrence rate for
limited resections has been found to be 75% greater than for
patients undergoing lobectomy and to be associated with a 50%
cancer-specific death rate despite negative histologic margins at
the time of surgery.9,10 We hypothesized that residual submicro-
scopic disease is present in sublobar resection margins and/or
associated lymphatics despite negative histologic analysis and that
these cells could be detected using a novel fluorescence-based
assay.

Mutations of the k-ras protooncogene are common in many
solid malignancies, including lung, head-and-neck and bladder
cancers, and are attractive targets for mutation detection.11–15

FGLCR is an assay that allows the detection and discrimination of
single-base pair point mutations. This assay is based on a modified

LCR that substantially increases sensitivity.16–19 Fluorescently
labeled probes are employed and allow quantitative real-time
analysis. Previous reports have demonstrated the ability of this
assay to detect and discriminate mutant DNA in the presence of up
to 10,000- fold excess wild-type DNA.20

Given the rather high local recurrence rate in patients undergo-
ing pulmonary wedge resections for stage I and II lung cancer
despite histologically tumor-free surgical margins, we hypothe-
sized that we could employ FGLCR in the analysis of surgical
margins obtained in such patients at the Johns Hopkins Hospital
and identify patients at risk for local recurrence. We then corre-
lated the presence of k-ras mutation in sublobar resection margins
with disease status and other clinical parameters.

Material and methods
Patients and sample collection

We retrospectively identified patients who had received sublo-
bar resection of a primary NSCLC with stage T1/T2 disease with
no evidence of metastasis at the Johns Hopkins Hospital from 1991
to 2001 with histologically negative margins of resection, obtain-
ing appropriate approval of the institutional review board. Patients
were selected for this procedure according to individual clinical
criteria determined by the operating surgeon. Normal control tissue
(including uninvolved tissue or blood), primary lung tumors and
parenchymal surgical margins from sublobar resections were col-
lected from 44 identified patients. Parenchymal margins were
taken as 2 mm strips of lung parenchyma removed from the staple
line after wedge resection. Absence of tumor was confirmed by
histologic evaluation of all margin sections (W.H.W.). Gross tu-
mor clearance from the stapled margin was not included as a data
point because this measurement was not consistently included in
the surgical pathology reports. All tissue samples were cut into 12
�m sections, and primary tumors with �70% tumor cells were
microdissected to enrich for at least 70% tumor cells. Tissue was
then placed in a mixture of 1% SDS and proteinase K (0.5 mg/ml)
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at 48°C overnight. DNA was then extracted from all samples with
phenol/chloroform and precipitated with ethanol in a standard
fashion. A total of 162 normal, tumor and margin tissues from 44
patients were prepared and tested. The k-ras gene was analyzed in
primary tumors by direct sequencing as previously described.21 Of
the original 44 patients tested, 13 demonstrated k-ras point muta-
tions at codon 12.1. Margins from these 13 patients were subjected
to FGLCR as described below.

FGLCR
Tumor, lymph node, margin and normal DNA samples for each

case were amplified by PCR using primers for codon 12.1in each
case. Reactions were carried out in a volume of 50 �l using
100–200 ng template; 2 M of each primer (Invitrogen, Carlsbad,
CA); 5 units Taq DNA polymerase (Invitrogen); 1.5 mM each of
dATP, dCTP, dGTP and dTTP; 16.6 mM ammonium sulfate; 67
mM Trizma; 6.7 mM magnesium chloride; 10 mM mercaptoetha-
nol; and 0.1% DMSO. Exons were amplified for 35 cycles (95°C
for 30 sec, 57°C for 1 min and 72°C for 1 min).

PCR products were purified using a gel extraction kit (Qiagen,
Valencia, CA). The concentration of all purified products was
stringently determined using the TD-360 MiniFluorometer (Turner
Designs, Sunnyvale, CA). All samples from a single patient were
measured concurrently on 2 separate occasions, with multiple
readings taken each time. Accuracy of the fluorometer was also
validated with standards of known DNA concentration and by
comparison to agarose gel analysis with a low DNA mass ladder
(Invitrogen) and real-time quantitative PCR (data not shown).
Stock solutions of each PCR product were made in 10 mM TRIS
(pH 8) to give 1,010 amplicon copies per 5 �l, calculated from the
size of the amplicon for each exon and assuming 1 bp dsDNA �
660 pg/pmol and 1 pmol � 6.02 � 1011copies.

Ligase detection reactions involve the use of 2 adjacent oligo-
nucleotide primers that hybridize to a single strand of target DNA,
which will be ligated only if there is an exact match to the target
sequence. In the presence of a mismatch, ligation will not occur.
Point mutations are best detected by designing oligonucleotides so
that the mutation site is at the 3� end of the upstream 5� primer.
This linear reaction can increase exponentially by the addition of
2 further complementary oligonucleotides that hybridize to the
complementary DNA strand, which is able to ligate only in the
presence of an exact match. Using a thermostable ligase in a
cycling reaction, ligated products from both reactions are subse-
quently used as templates, creating exponential amplification (an
LCR). Although highly sensitive, background ligation can still
occur at low levels with this basic technique. An additional mod-
ification to improve specificity further is the use of a single-
nucleotide gap at the site of the point mutation between the
adjacent oligo primers. This gap is filled using a thermostable
DNA polymerase in the presence of the appropriate mutant nucle-
otide in the reaction mix, adding substantial specificity to the
reaction. Based on these principles, we developed a modified gap
LCR that could be monitored in real-time using fluorescence-
labeled oligonucleotides to allow quantitation. In our assay, one
oligonucleotide is labeled with a reporter dye at the 5� end and the
adjacent oligonucleotide to which it will ligate is labeled at the 3�
end with a quencher dye. Excitation of the reporter dye results in
fluorescence energy transfer to the quencher dye and subsequent
fluorescence in the characteristic spectrum of the quencher dye.
Onset of the rise in fluorescence by cycle number is proportional
to the initial amount of target mutation.

Primer sequences used to generate PCR product were as fol-
lows: 5�-GAG AGA GGG GGG CCT GCT GAA A-3� and 5�-
CTC TAT TGT TGG ATC ATA TTC GTC C-3�. GLCR probes
and primer sequences were as follows: [6-FAM], TGGTAGTTG-
GAGCTC for mutation G�C 12.1 and TGGTAGTTGGAGCTA
for mutation G�A 12.1; [PHOS], GTGGCGTAGGCAAGA
(TAMRA-Q) and [PHOS] AGC TCC AAC TAC CAC A and TCT
TGC CTA CGC CAC.

For the QGLCR assay, 1010 copies of PCR product template
from each sample were used. In addition, serial 10-fold dilutions of
tumor mixed into normal template (down to 1:10,000) were con-
structed for each case, and 1010 copies from each dilution were
used to generate standard comparison curves to compare to the
unknown margin and lymph node samples (Fig. 1). Each reaction
also contained, in a 25 �l reaction volume, 2.5 �l platinum Taq
10� buffer, 0.625 l Taq ligase 10� buffer, 1 mM NAD, 100 M
mutant-complementary insertion nucleotide, 1 unit platinum Taq
polymerase (Invitrogen), 8 units Taq DNA ligase (New England
Biolabs, Beverly, MA), 400 nM of 2 nonlabeled reverse strand
mutation-specific oligomers, 400 nM of one FAM 5�-labeled for-
ward strand mutation-specific oligomer and 600 nM of one
TAMRA 3�-labeled forward strand mutation-specific oligomer. All
oligonucleotides 3� of the ligation site were phosphorylated at the
5� end. Reactions were run for 40 cycles (94°C for 2 min initiation,
then 50°C for 30 sec, 94°C for 30 sec) on a 96-well plate using an
Applied Biosystems (Foster City, CA) 7700 sequence detector. All
samples were run in duplicate, and each plate was run twice. All
samples from each patient were run concurrently on the same
plate. Each plate also included multiple water blanks as an addi-
tional negative control. Threshold values for margin amplification
curves were quantified relative to the thresholds for the corre-
sponding serial dilutions of tumor in normal for each case.

Results

Forty-four patients were included in the initial screening process
for k-ras mutations. Patients had a mean age of 74 years and
included 24 males and 20 females. All patients had non-small cell
lesions, including 32 SCCs, 8 adenocarcinomas and 4 large cell
undifferentiated carcinomas. Thirteen of the 44 tumors demon-
strated mutations at codon 12.1 (Table I). Ten of the 13 samples
exhibited G�A transversions, while the remaining 3 had G�C
alterations. The 13 patients had mean and median ages of 70 and
68 years, respectively, and were roughly equal in gender distribu-
tion (6 males, 7 females). Twelve patients had T1 lesions, while
the remaining patient had a T2 lesion. Five patients had lymph
node sampling deferred based on clinical factors at the time of
surgery, while all lymph nodes sampled in the remaining patients
were benign. Eight patients had SCC, 4 adenocarcinoma and one
bronchoalveolar carcinoma. Two patients without K-ras mutations
had a local recurrence, while another 2 patients without K-ras
mutations had recurrence in the contralateral lung. Eight patients
with k-ras mutation had local recurrence. No patients without k-ras
mutation had adjuvant therapy. Two patients with K-ras mutation
received postoperative radiotherapy; one of these had local recur-
rence and one had no recurrence. No significant association be-
tween postoperative therapy and recurrence or other clinical pa-
rameters was noted.

Histologically negative surgical margins from these 13 patients
were analyzed for the presence of k-ras point mutations by FGLCR

FIGURE 1 – Standard curve for QGLCR, generated from dilutions of
tumor DNA into normal DNA. All curves shown in duplicate.
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(Table I). Representative amplification curves are shown in Figure
2. Nine of 13 patients had at least one margin with mutant cells
equal to or greater than a threshold of 1/5,000, and of these, 8/10
(80%) recurred locally. None of the remaining 4 patients had either
mutant DNA in any surgical margin or any evidence of recurrence.
None of the lymph nodes examined in this study showed any
amplification of signal.

Discussion

We performed a highly sensitive FGLCR assay to determine
the presence of occult k-ras mutant cells in the margins of
sublobar resection specimens from patients with NSCLC. We

demonstrate that k-ras mutant cells could be detected in these
surgical margins and that the presence of these cells was asso-
ciated with a higher incidence of local recurrence and disease
progression. Our findings are consistent with the hypothesis that
the presence of histologically undetectable tumor at resection
margins is responsible for the elevated rate of local recurrence
when sublobar resection is employed as therapy for stage I or II
NSCLC. We analyzed tumors for which mutations in k-ras were
found, and this may have resulted in selection bias in terms of
survival; nevertheless, the presence of mutant k-ras in surgical
margins predicted local recurrence within this k-ras mutant
cohort.22 We had a higher rate of k-ras mutation in our popu-
lation of squamous NSCLC, perhaps due to the small size of
this cohort. Possible mechanisms of occult tumor spread to the
margins of resection include lymphatic spread as well as bron-
chial mucosal spread; however, we were not able to differenti-
ate between these mechanisms. One of the strengths of this
assay may be that it can assay a volume of tissue by detecting
mutation in multiple slices of margin, rather than relying on a
single 2D slice of tissue, and may offer improved detection on
this basis.

Although the current standard for treatment of stage I/II NSCLC
is lobar resection, there are patients for whom lesser resection is
required due to other comorbid conditions. Advantages of lesser
resections would include faster recovery, shorter hospital stays and
decreased morbidity relative to anatomic lobectomy. However,
local recurrence rates for lesser resections are far too high to justify
their routine use in patients who can tolerate complete lobectomy.
With the use of a highly sensitive assay for detection of occult
tumor cells, there may be an opportunity to stratify patients into

FIGURE 2 – Representative QGLCR amplification curves for case
with negative lung margin (black curves). All curves shown in dupli-
cate.

TABLE I – MOLECULAR MARGIN STATUS AND CLILNICAL STATUS

Patient
ID

k-ras
mutation Sample FGLCR result Stage Histology Clinical

status
Local

recurrence
Follow-up
(months)

1 G�A 12.1 M1 1/5,000 T1N0 SCCA AWD Y 110
2 G�C 12.1 M1 1/500 T2N0 SCCA DOD Y 47

M2 1/50
LN N

3 G�A 12.1 M1 1 T1Nx SCCA DOD Y 78
4 G�C 12.1 M1 1/50 T1N0 Adeno DOD Y 15
5 G�A 12.1 M1 1/50 T1N0 Adeno AWD Y 32

LN N
6 G�A 12.1 M 1/5,000 T1Nx Adeno DOD Y 29
7 G�A 12.1 M1 N T1N0 SCCA NED N 10

M2 1/50
8 G�C 12.1 M1 1/5,000 T1Nx Adeno NED N 53
9 G�A 12.1 M1 1/1,000 T1N0 SCCA DOC N 32

M2 N
M3 N
LN N

10 G�A 12.1 M1 N T1N0 BAC NED N 38
M2 N
M3 N
M4 N
M5 N
LN N

11 G�A 12.1 M1 N T1Nx SCCA NED N 167
M2 N
M3 N
LN N

12 G�A 12.1 M N T1Nx SCCA NED N 33
13 G�A 12.1 M1 N T1N0 SCCA NED N 32

M2 N
M3 N
LN N

Patients and their respective k-ras mutation status, margin and individually analyzed paraffin blocks (M) and lymph nodes (LN), FGLCR result
(in mutant signal/wild type; N, no signal), stage, histology (BAL, bronchoalveolar carcinoma; Adeno, adenocarcinoma), clinical status (NED,
no evidence of disease; AWD, alive with disease; DOC, dead of other causes; DOD, dead of disease), local recurrence (Y, yes; N, no) and
follow-up.
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those who are at high risk of local recurrence due to the presence
of occult residual tumor cells at surgical margins. Currently, our
study is limited to patients with k-ras mutant tumors and is not
widely applicable to all NSCLCs. The addition of mutation anal-
ysis for other genes, including p53, would allow for molecular
analysis of other tumors for which sublobar resection is indicated.
Given the approximate 50% rate of p53 mutation in NSCLC, the
addition of these mutations to a FGLCR assay would allow appli-
cation to a majority of NSCLCs.23 Alternatively, a multiplex
reaction including these or other detection technologies may have
potential for broader screening for mutations intraoperatively as
other mutations in the p53 gene have been detected using this
method.20

In addition, other investigators have explored the use of
adjuvant therapy for patients undergoing sublobar resection,
including intraoperative (125)-iodine brachytherapy placed
over the sublobar resection suture line, and shown improved
local control.24 This confirms the impression that local failures
from sublobar resection could be significantly reduced by ex-
tension of the resection or addition of adjuvant therapy in
patients with molecularly positive margins (Fig. 3); indeed,
most of the patients in this cohort did not have postoperative
radiotherapy. Finally, this assay has the potential to be modified
for rapid, intraoperative use by streamlining DNA purification
and the initial PCR amplification of template. This may allow
for increased ease of use and application of sublobar resection
to a wider variety of patients.
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FIGURE 3 – Representative QGLCR amplification curves for case
with positive lung margins (black curves). Margin 1 amplified corre-
sponding to a 1/500 dilution of tumor into normal DNA. Margin 2
amplified corresponding to a 1/50 dilution of tumor into normal DNA.
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