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Molecular Biologic Staging and Selection of Therapy
for Non-Small Cell Lung Cancer

Thomas A. D’ Amico”

Division of Cardiovascular and Thoracic Surgery, Department of Surgery, Duke University Medical Center

The optimal staging system achieves accurate assessment of extent of disease, effective prognostic stratification, and
selection of appropriate therapy. The staging system for non-small cell lung cancer (NSCLC) provides a framework for the
assessment of prognosis and the assignment of therapy for all patients with a new diagnosis of lung cancer, the most common
cause of death by malignancy!. The most recent revision of the lung cancer staging system, which considers the size and
location of the primary tumor (T), the involvement of regional lymph nodes (N), and the presence of distant metastases (M),
is based on the analysis of a collected database representing all clinical, surgical-pathologic, and follow-up information for
5,319 patients treated for primary lung cancer?. Similar results have been reported among a population of 6,670 patients treated
in Japan®.
The power of these large databases in predicting prognosis is self-evident. Nevertheless, there is an inherent inaccuracy of
this staging process. According to the TNM system, the predicted 5-year survival after complete resection for TINOMO
NSCLC (stage IA) is only 67%?. Therefore, 33% of patients with stage IA NSCLC are incorrectly staged at presentation. Even
with optimal therapy, these patients will succumb to their disease, predominately from the development of metastatic disease
not detected at the time of diagnosis and initial therapy, despite the use of standard staging procedures®. Similarly, a significant
fraction of all patients with Stage Ib or II disease are incorrectly staged, resulting in inaccurate assessment of extent of disease,
prognostic stratification, and selection of therapy. Currently, adjuvant chemotherapy has been established as beneficial for
selected patients with after complete resection®’; however, the majority of patients will not benefit, from its administration:
substantial fractions will die despite chemotherapy or would have survived even without chemotherapy.
Molecular biologic staging refers to the assessment tumor markers associated with various oncogenic mechanisms in order
to improve the risk stratification provided by conventional TNM staging. Biologic staging may target oncogenes, oncogenic
protein products, growth factors, or receptors. The biologic techniques utilized include analysis of DNA, RNA, or protein
products. Molecular biologic staging may potentially be applied to the primary tumor, lymph nodes, bone marrow, or serum,
in order to establish the diagnosis of malignancy at earlier stage, to assess prognosis, to detect occult metastases, to select
therapy, and to predict chemotherapy sensitivity or resistance.
The purpose of the assessment of prognostic markers in the primary tumor is to identify patients, or groups of patients, with
early stage disease, whose risk of recurrence is sufficiently high enough to justify adjuvant therapy. In addition, the assessment
of the primary tumor may also enable more accurate selection of adjuvant therapy, either cytotoxic chemotherapy or targeted
therapy. Assessment of lymph nodes may allow identification of micrometastatic disease: occult metastases not identified
on routine pathologic examination. Correct assessment of micrometastatic lymph node involvement improves assessment of
extent of disease, prognostic stratification, and choice of adjuvant therapy®. Assessment of bone marrow and serum may
identify evidence of occult distant metastatic disease (Stage IV). Identification of these patients would prevent unnecessary
surgical resection and allow patients to receive systemic therapy sooner.
Key words: non-small cell lung cancer (NSCLC); p53; angiogenesis factor VIII; erbB-2; CD-44; and rb; epidermal growth factor
receptor (EGFR)

Received: July 24, 2006; Accepted: August 22, 2006
*Corresponding author: Thomas A. D’ Amico, Division of
Cardiovascular and Thoracic Surgery, Department of
Surgery, Duke University Medical Center, Box 3496,
Durham, North Carolina 27710, United States. Tel:+1-919-
684-4891; Fax:+1-919-684-8508; E-mail:damic001@mc.
duke.edu Communicated by Ching Tzao, Division of Tho-
racic Surgery, Tri-Service General Hospital, Taipei, Taiwan,
Republic of China

MOLECULAR STAGING OF THE PRIMARY
TUMOR

Molecular biologic substaging, the use of molecular
markers as a strategy of risk stratification has been vali-
dated in a retrospective studies®'® and is under evaluation
prospectively. Assessment of the primary tumor with mo-
lecular techniques may improve the prognostic stratifica-
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tion of patients with NSCLC by predicting which patients
are most likely to recur after surgical resection. In addition,
the profile of the primary tumor may be used to assess the
sensitivity to selected adjuvant therapy.

Characterization of the primary tumor may be made
using various molecular markers. The use of a panel of
markers may improve the effectiveness of this approach, as
expression of individual oncogenic markers is low in
NSCLC: p53 and the epidermal growth factor receptor
(EGFr) are expressed in approximately 43% and 52% of
tumors, respectively'!. Studies that evaluate molecular
prognostic variables must be limited to early stage disease;
the inclusion of patients with advanced stage disease
dilutes the potential prognostic value of the markers, since
this subgroup of patients will have a dismal prognosis,
regardless of marker status. In one study of 408 stage I
patients who underwent complete resection and no adju-
vant therapy, multivariable analysis demonstrated signifi-
cantly elevated risk for the following molecular markers
(hazard ratio; p Value): p53 (1.68; 0.004); angiogenesis
factor VIII (1.47; 0.033); erbB-2 (1.43; 0.044); CD-44 (1.40;
0.050); and rb (0.747; 0.084). Each of these factors was
improved the stratification independently, and as a
composite, molecular substaging identified groups of pa-
tients with 5-year survival ranging from 37% (5 negative
prognostic markers) to 80% (1 negative prognostic marker).
The identification of these factors also establishes poten-
tial therapeutic strategies, such as blockade of the erbB-2
receptor in patients with overexpression of erbB-2, the
administration of normal p53 in patients with p53 mutations,
or antiangiogenic therapy in patients with high angiogen-
esis factor VIII.

Many molecular markers have been found to improve
prognostic stratification of patients with early stage NSCLC
after complete resection. The effectiveness of chemo-
therapy for patients with stage IB NSCLC after complete
resection has been demonstrated in a Cancer and Leukemia
Group B (CALGB) protocol, CALGB 9633¢. In this study,
patients with completely resected stage IB NSCLC were
randomized to receive postoperative chemotherapy
(carboplatin and paclitaxel) or observation; all patients in
the study will have their tumor analyzed for a panel of
molecular markers, in order to determine the prognostic
significance of the markers with respect to chemotherapy.
Several markers represent a potential avenue for treatment,
based on the particular oncogenic mechanism®'7.

SPECIFIC MECHANISMS FOR THERAPEUTIC
INTERVENTION

The expression of specific molecular markers may be
used to identify specific oncogenic pathways, which may
be used to characterize treatment sensitivity or resistance.
In one study, the expression of a panel potential molecular
markers of chemoresistance were prospectively evaluated
in a population of patients with pathology-confirmed stage
III NSCLC in order to determine the prognostic value of
each marker in relation to response to chemotherapy or
survival'®. Immunohistochemical staining was performed
on histologically positive mediastinal nodal specimens
obtained from 59 patients without evidence of distant
metastatic disease treated with navelbine-based chemo-
therapy and external beam radiation therapy between 1996
and 2001. Included were markers for apoptosis (p53, bel-
2), drug efflux/degradation (MDR, GST-), growth factors
(EGFr, erbB-2), and mismatch repair ((WILH1, hMSH2).
After chemotherapy, patients underwent radiologic evalu-
ation for response measured by standard criteria. Multi-
variable analysis of marker expression associated
overexpression of pS3 and low expression of hMSH2 with
poor treatment response and cancer death. In addition,
there was a significant difference in median survival for
patients that expressed none (>60 months), one (18 months),
or two (8 months) of the negative prognostic markers (p<
0.003)'6.

While numerous markers and pathways have been dem-
onstrated to improve prognostic stratification, therapeutic
intervention targeting these pathways is more limited.
Targeted therapy is proposed as strategy to deliver mecha-
nistically-specific therapy, with a side effect profile that is
superior to cytotoxic chemotherapy. Some of the pathways
which are amenable to targeted therapy are reviewed.

Proto-oncogenes erbB-1 and erbB-2 (HER-2/neu)

The proto-oncogene c-erbB-1 encodes for epidermal
growth factor receptor (EGFr), a tyrosine kinase-type
membrane receptor. Ligand binding to EGFr results in
receptor dimerization, autophosphorylation, activation of
cytoplasmic proteins, and eventually DNA synthesis!’.
Mutations in erbB-1 can result in constitutive activation of
EGFr despite the absence of ligand with the result being
uncontrolled tumor growth. In NSCLC elevated levels of
EGFr have been shown to be present compared to normal
lung tissue. ErbB-2 (also known as HER-2/neu) shares
extensive homology (80%) with erbB-1 and encodes for a
transmembrane tyrosine kinase receptor (p185neu) that
also functions as growth factor receptor. Kern and col-
leagues found 10 of 29 patients with adenocarcinoma
overexpressed p185neu, and this overexpression was asso-
ciated with decreased survival'®,



The class of EGFR-targeted therapies contains several
agents in various stages of development. EGFR expression
is also associated with resistance to chemotherapy and
radiotherapy. Two general approaches have been pursued
to modify EGFR activity: monoclonal antibodies directed
at EGFR or its ligand (EGF) and small molecule inhibitors
of the EGFR tyrosine kinase. Both approaches inactivate
the EGFR pathway and inhibit tumor activity" .

Two small molecule inhibitors in particular have been
well studied: gefitinib and erlotinib. Of the EGFR-targeted
agents, gefitinib is approved for the treatment of NSCLC;
erlotinib is currently under FDA review for an indication
in NSCLC. Initial studies of gefitinib demonstrated favor-
able tolerability and antitumor activity, and the FDA
granted an indication for this agent as monotherapy in
advanced NSCLC after failure of both platinum-based and
docetaxel chemotherapies. Two large-scale clinical trials
(INTACT-1% and INTACT-2%') evaluated the use of
gefitinib in combination therapy compared to chemo-
therapy alone. In these 2 studies, there were no significant
differences between groups in median survival.

Erlotinib was evaluated in combination with other che-
motherapy agents in 2 recent studies?>?. Herbst et al
compared the combination of erlotinib plus carboplatin—
paclitaxel with placebo plus carboplatin—paclitaxel®2. A
total of 1,059 patients who had not received previous
chemotherapy were enrolled. There were no statistical
differences between groups in the primary outcome mea-
sure of overall survival (10.8 months erlotinib vs 10.6
months placebo; P=0.95). The second trial followed a
similar design, but used cisplatin and gemcitabine rather
than carboplatin and paclitaxel. The 1,172 patients had not
previously received chemotherapy. Again, there were no
statistical differences between groups in overall survival
or time to progression®. In another study, the efficacy of
erlotinib was evaluated following the failure of first- or
second-line chemotherapy?®*. In this trial, 731 patients were
randomized to receive erlotinib or placebo. The erlotinib
group showed statistically significant improvements in
overall survival compared to placebo (6.7 months vs 4.7
months; P<0.001). This trial indicates that erlotinib is safe
and tolerable and can prolong survival in patients after
failure of first- or second-line chemotherapy.

Trastuzumab is a humanized monoclonal antibody to
erbB-2 (HER-2/neu), currently under investigation for the
treatment of lung cancer. The Eastern Cooperative Oncol-
ogy Group (ECOG) evaluated combination carboplatin,
paclitaxel, and trastuzumab in patients with advanced
NSCLC?. Toxicity with chemotherapy and trastuzumab
was no worse than cytotoxic therapy alone. Overall sur-
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vival is similar to historical data using carboplatin and
paclitaxel alone; however, patients with 3+ HER-2/neu
expression did well in contrast to historical data, suggest-
ing potential benefit for trastuzumab in this subset of
patients NSCLC. A randomized phase II trial examined the
effect of adding trastuzumab to a standard chemotherapeu-
tic combination (gemcitabine—cisplatin) in patients with
HER-2/neu-positive NSCLC?¢. In this study, 51 patients
were treated with trastuzumab plus gemcitabine—cisplatin
and 50 with gemcitabine — cisplatin alone. Efficacy was
similar in the trastuzumab and control arms: response rate
36% versus 41%; median progression-free survival (PFS)
6.1 versus 7 months. Response rate (83%) and median PFS
(8.5 months) appeared superior in the trastuzumab-treated
patients with high expression of HER-2/neu (3+ by fluo-
rescence in sifu hybridization-positive NSCLC).

The EGFr pathway, including erbB-1 and erbB-2, rep-
resent a promising avenue for treatment of NSCLC, either
with antibodies or tyrosine kinase inhibitors. Ongoing
studies of these agents, either alone or in combination with
cytotoxic chemotherapy, will determine the ultimate role
of this strategy.

p53

The human p53 protein is a tumor suppressor nuclear
phosphoprotein. p53 activates the growth-arrest pathway
to allow DNA repair or the apoptotic pathway leading to
programmed cell death!”. Once p53 genes are deleted or
mutated, cells become susceptible to DNA damage and
dysregulated cell growth. This is associated with poor
prognosis in patients with NSCLC'" and may also identify
patients more likely to be resistant to chemotherapy or
radiotherapy?’.

Adenoviral p53 gene therapy has been studied, as a
strategy to improve survival with minimal toxicity. The
additional benefit from intratumoral adenoviral p53 gene
therapy was studied in patients undergoing first-line che-
motherapy for advanced NSCLC?. In this study, there was
no difference between the response rate of lesions treated
with p53 gene therapy in addition to chemotherapy (52%
objective responses) and lesions treated with chemotherapy
alone (48% objective responses). There was no survival
difference between the 2 regimens. Intratumoral adenovi-
ral p53 gene therapy provided no additional benefit in
patients receiving an effective first-line chemotherapy for
advanced NSCLC?.

A phase II trial of combination radiotherapy in patients
with localized NSCLC revealed an improved pathologic
control rate of 62% among eight patients evaluated com-
pared with historical controls receiving chemoradiation or
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radiation alone®. Five (39%) of 13 patients achieved
complete response, whereas two others (15%) had partial
responses. However, in a multicenter nonrandomized phase
II study of combination chemotherapy and direct intratumor
wild-type p53 gene transfer, comparing the isolated re-
sponses of treated tumor lesions with a comparable lesion
not receiving gene therapy within each patient, there was
no additional benefit in patients with advanced NSCLC
receiving effective first-line chemotherapy?’. Like most
gene therapy strategies, problems of efficient gene transfer
delivery and replication-defective vector spreading remain.
In addition, adenoviruses can bind and inactivate wild-
type p53 in normal cells®'.

Cyclooxygenase-2 (COX-2) Enzyme

Cyclooxygenase enzymes function to convert arachi-
donic acids to prostaglandins. The cyclooxygenase-2 en-
zyme (COX-2) produces prostaglandin E2 (PGE2), which
stimulates bcl-2 and thus inhibits apoptosis. This process
results in increased tumor invasion, angiogenesis and
metastasis®>. The frequent expression of COX-2 in early
lesions combined with the known reduction of tumor
burden in animals treated with COX-2 inhibitors before
carcinogen exposure indicate that COX-2 could be a prom-
ising target for lung cancer chemoprevention®. Although
single-agent COX-2 inhibitors may have limited utility in
the treatment of lung cancer, use of COX-2 inhibitors, is
currently being tested in an ongoing pilot phase II
chemopreventive trial. In addition, synergistic cytotoxic-
ity has been observed with combination of COX-2 inhibi-
tors and several chemotherapeutic agents, including the
taxanes, platinum compounds, and topoisomerase |
inhibitors, in NSCLC cell lines*. In a phase II clinical trial,
29 patients with stages IB to IIIA NSCLC were treated with
two preoperative cycles of paclitaxel and carboplatin, as
well as daily celecoxib, followed by surgical resection®.
There were no complete pathologic responses, but 24%
had minimal residual microscopic disease. The addition of
celecoxib to paclitaxel and carboplatin may enhance the
response to preoperative paclitaxel and carboplatin in
patients with NSCLC, compared to historical controls.

Angiogenesis

Tumor-induced neovascularization (angiogenesis) is
necessary for both tumor growth and metastatic spread,
and a large research effort currently is directed into study-
ing its role in cancer development. Immunohistochemical
staining for factor VIII, vascular endothelial growth factor
(VEGF), CD-31, and CD-34 can be used to assess
microvessels, and number of microvessels in a NSCLC can

be used to assess angiogenesis. VEGF, strongly induced by
hypoxia, promotes vascular permeability, endothelial cell
replication, and migration. By inhibiting angiogenesis,
tumor growth and metastatic spread can be controlled.

Both recombinant humanized anti-VEGF antibodies
(RhuMAb VEGF) and VEGFr tyrosine kinase inhibitors
have been tested in animal models and are being investi-
gated in clinical trials. In animal studies, anti-VEGF anti-
bodies suppressed tumor growth, metastatic spread, and
ascites formation in tumor-bearing nude mice but did not
cause tumor regression®.

Hurwitz et al reported that thuMAb VEGF (bevacizumab)
plus chemotherapy resulted in increased survival, progres-
sion-free survival, response rate and duration of response,
as compared alone in patients with colon cancer, increas-
ing the interest in the study of this agent in patients with
other types of cancer, including NSCLC?". A randomized
study of rhuMAb VEGF was conducted in patients with
advanced NSCLC (Stage IIIb with pleural effusion, Stage
IV or recurrent disease)*®. Patients were randomized to
carboplatin and paclitaxel (CP) alone, CP plus low-dose
rhuMAb VEGF (7.5 mg/kg q3 wks), or CP plus high-dose
rhuMAb VEGF (15 mg/kg q3 wks). Sudden and life-
threatening hemoptysis occurred in 6 thuMAb VEGF
treated subjects and was fatal in 4; 4/6 occurred in subjects
with squamous cell histology. In this study, rhuMADb
VEGF (15 mg/kg) in combination with CP chemotherapy
was associated with improved response rates and pro-
longed time to disease progression as compared with
carboplatin/paclitaxel chemotherapy alone. Subsequently,
a subset analysis of non-squamous (non-SQ) pts was
performed®. Median survival for the non-SQ population
was improved in both rhuMAb VEGF dose groups, and
compared favorably with that achieved with CP chemo-
therapy alone. Thus, treatment of selected patients with
NSCLC — non-central, non-squamous — may improve
survival with minimal side effects and may represent an
important treatment strategy in the future.

Invasion/ Extracellular Matrix Degradation and Cellu-
lar Adhesion

Matrix metalloproteinases (MMP) have been impli-
cated in the breakdown of vascular barriers, allowing
tumor cells to infiltrate blood vessels. Plasminogen activa-
tors are members of the serine protease family. They are
responsible for converting plasminogen to plasmin. Plas-
min can degrade various proteins in the extracellular matrix.
Plasminogen activators are regulated by plasminogen ac-
tivator inhibitors. Another means through which basement
membrane degradation occurs through the plasminogen



activation system is the secretion of urokinase plasmino-
gen activator (uPA) in its inactive form (pro-uPA) by
tumor cells. Pro-uPA is converted to its active form (uPA)
upon binding to its specific membrane-bound receptor, u-
PAR. This activated form of uPA then converts plasmino-
gen into plasmin, which degrades the protein components
of the extracellular matrix, such as laminin and fibronectin.
Plasmin can also activate pro-enzyme forms of MMPs to
further break down the extracellular matrix. U-PAR is
expressed on stromal cells as well as tumor cells'”. Cluster
designation 44 (CD-44), an integral membrane
glycoprotein, is a receptor for hyaluronan (a component of
the extracellular matrix). CD-44 is involved in cell-to-cell
and cell-to-extracellular matrix interactions and is corre-
lated with metastatic spread'”.

Several MMP inhibitors (MMPI) against various
isoforms have been developed which were reviewed
recently*’. The most-studied of these agents include
marimastat, the first orally available synthetic MMPI, and
prinomastat. Recent analyses of randomized, placebo-
controlled phase III trials of these agents in SCLC and
NSCLC revealed no survival benefit or prolongation in
time to disease progression*'**, The negative results that
led to the termination of lung cancer studies with other
MMPIs; however, this strategy may represent an effective
strategy, in combination with other agents.

SUMMARY

Molecular biologic staging of patients with stage |
NSCLC may have the potential to alter therapy, in addition
to improving risk stratification. The ability of molecular
biologic markers to predict results of chemotherapy would
enable the clinician to design therapy based on the indi-
vidual tumor. In addition, identifying and understanding
the mechanisms of treatment resistance offers another
pathway to intervene, by blocking or reversing the mecha-
nism of resistance. Furthermore, the understanding of the
molecular mechanism of receptor activity and DNA repair
enables the study of pharmacologic targeting, with chemo-
therapy or biologic agents, such as EGFr antibodies or
tyrosine kinase inhibitors. Perhaps the most promising
area of research is the development of novel drugs whose
mechanism of action targets the pathways of various mo-
lecular markers.

Molecular biologic staging offers an opportunity to
individualize a chemotherapeutic regimen based on the
molecular profile of the tumor, thus providing the potential
for improved outcomes with less morbidity in patients with
both NSCLC. The ultimate power of molecular biologic
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staging depends on the ability to alter therapy and improve
outcome, which has not yet been demonstrated. However,
with current technology, it would be possible to biopsy a
patient with clinical stage I NSCLC and determine the
relative prognosis, based on molecular staging. Patients
with strong negative prognostic markers and patients with
occult metastases in the bone marrow or serum might be
treated with induction biologic therapy or chemotherapy;
furthermore, the choice of agents would be determined the
biological characteristics of the tumor. This strategy will
become even more accurate with the development of “real-
time” genetic analysis, such as with reverse transcription
polymerase chain reaction (rt-PCR), enabling the analysis
of genetic mutations at the time of surgery. In the near
future, it is possible that patients with NSCLC will be
staged and treated according to a TNMB staging system:
Tumor, Nodes, Metastases, and Biology.
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