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Abstract

Purpose—The primary objective of this study was to determine whether markers of differentiation
and activation of the Akt pathway are associated with metastasis in adenocarcinoma of the lung.

Experimental Design—Paired primary and metastatic tumor samples were obtained from 41
patients who had undergone resection of both primary lung adenocarcinoma and brain metastatic
lesions. Paired samples were compared for relative expression of TTF-1 and E-cadherin as potential
markers of differentiation. Activation of the Akt pathway was assessed by expression of p-Akt and
p-S6. Biomarkers which showed relative discordance in expression between the matched pairs were
then assessed in a cohort of 77 primary lung adenocarcinomas. Validation was performed in an
independent cohort of 82 primary lung adenocarcinomas.

Results—Among the 41 matched pairs, E-cadherin (23 discordant pairs) and TTF-1 (18 discordant
pairs) were overexpressed in primary tumors (20/23 and 15/18, respectively). In contrast, p-S6
overexpression was significantly associated with metastatic tumors (20 of 21 discordant pairs). The
expression of E-cadherin, p-S6 and TTF-1 was evaluated in 77 primary lung adenocarcinomas, where
high p-S6 expression was associated with shorter time to metastasis. The association of p-S6 with
metastasis was then validated in an independent set of 82 tumors. In multivariable analysis, p-S6
expression was a negative independent predictor of metastasis-free survival after adjustment for
tumor stage.

Conclusions—p-S6 is overexpressed in metastatic tumors. In primary tumors, higher p-S6
expression is associated with shorter metastatic-free survival. This biomarker has the potential for
risk stratification in future clinical trials.

INTRODUCTION

The leading cause of cancer death in the U.S. is lung cancer. It has been estimated that there
were more than 160,000 deaths from lung cancer in the U.S. during 2007, with more than
213,000 new cases diagnosed (1). About 80% of these cases were classified as one of the three
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STATEMENT OF TRANSLATIONAL RELEVANCE

This retrospective study demonstrates the potential utility for using p-S6, identified by immunohistochemistry in tumor specimen thin-
sections, as a predictive biomarker of a more rapid time to the development of distant metastasis in early stage adenocarcinoma of the
lung. Obtaining the status of this biomarker may guide adjuvant therapy decisions in these patients after the initial, definitive surgery has
been performed.
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major types of non—small cell lung carcinoma (NSCLC): adenocarcinoma, squamous cell
carcinoma, or large-cell anaplastic carcinoma. The most important factor for survival in
NSCLC patients is tumor stage, in part due to the potential for complete resection (2). Only
patients who undergo complete tumor resection have a significant chance for cure (3).

Even with complete surgical resection, survival rates for NSCLC are disappointing. Depending
on the pathologic stage, 5-year survival rates range between 23 to 67% (2). Thus, it is likely
that at the time of diagnosis many cancers have already spread or metastasized at the
microscopic level. About half of locally advanced lung adenocarcinoma patients will develop
brain metastatic disease. (4,5) Since resection of these lesions is the cornerstone of therapy,
examining the differences between primary and metastatic tissue is possible.

Currently there are no diagnostic tests at this time to determine which patients will likely relapse
after potentially curative surgery. Previous studies have been conducted to identify molecular
markers with the potential for prognostic/diagnostic use. Among the different types of non-
small cell lung carcinoma (NSCLC), TTF-1 expression has been found predominately in lung
adenocarcinoma (6,7) and has been shown to be a favorable, independent predictor of survival
in lung adenocarcinoma patients (8). The phosphatidylinositol 3 (PI13) kinase/Akt pathway is
frequently deregulated in cancer (9). Overexpression of activated or phosphorylated AKT (p-
AKT) in pre-invasive lesions has been associated with severe dysplasia, suggesting early
involvement of this pathway in lung cancer (10,11). Over-expression of p-AKT has been shown
to be a poor prognostic factor for NSCLC patients with lymph node involvement (12,13). AKT
is a known repressor of E-cadherin; reduced E-cadherin expression, along with EGFR
expression, has also been associated with poorer survival in NSCLC (14).

These reports demonstrate the possibility that biomarkers associated with these pathways may
be used to stratify lung adenocarcinoma patients. Unfortunately, few studies have included
analyses of both primary tissue and corresponding metastatic tissue to further our knowledge
of the development of lung tumor metastasis. To address issues related to metastasis in lung
adenocarcinoma, studies using matched primary-metastatic pairs have been examined. Using
a variety of markers (p53, bcl-2, Ki-67, EGFR, COX-2 and BAX), differences were not
detected between the expression of these markers between the paired samples (15),(16). Since
the publications of those studies, additional potential markers have been identified that may
elucidate important factors regarding metastatic behavior.

In this study, we sought to determine whether markers of differentiation and activation of the
Akt pathway are associated with metastasis in adenocarcinoma of the lung. Matched primary
tumors and brain metastases from 41 patients were used to identify differentially expressed
markers. We chose brain metastasis for this purpose because out of all potential metastatic
sites, those occurring in the brain are the most frequently surgically excised and provide the
best quality of tissue for molecular evaluation. Further investigation and validation of these
markers was performed in an additional 159 primary lung adenocarcinoma samples.

METHODS & MATERIALS

Patient Population

This study was conducted under an Institutional Review Board-approved, retrospective
laboratory protocol that was compliant under the Health Insurance Portability and
Accountability Act. Patients that had primary thoracic tumor resection at the University of
Texas M.D. Anderson Cancer Center (UTMDACC) between 1992 and 2004 for primary
adenocarcinoma of the lung were considered for inclusion in this study. Forty-one patients
were first ascertained that had additionally undergone metastatic neurosurgery at UTMDACC;
these 41 patients also had sufficient samples of tissue for whole section assessment from both
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surgeries. The study and validation cohorts were comprised of an additional 159 patients that
a) had a positive history of smoking, and b) did not receive induction chemotherapy. The
difference between the study and the validation cohorts was based solely on tissue availability.
Cases included in the test cohort had enough sample for whole section assessment, whereas
cases included in the validation cohort were available for assessment only in tissue microarray
(TMA) format.

The study cohort, in which the results of the matched-pair analysis were tested, were comprised
of 41 women and 36 men diagnosed with primary lung adenocarcinomas (n=77). The staging
of these patients at initial diagnosis were as follows: 40 Stage I, 15 Stage Il, 21 Stage |1l and
1 Stage IV. The median age at primary tumor diagnosis was 66.3 years (range 40.1-83.9 years),
and the median clinical follow-up was 104.4 weeks. Twenty-eight patients had suffered
metastatic lesions at the time of this study, with 10 involving brain metastatic disease. The
validation cohort (n=82), in which findings from the study cohort were tested, consisted of 43
women and 39 men. The staging of these patients at initial diagnosis were as follows: 61 Stage
I, 12 Stage Il, 8 Stage Il and 1 Stage IV. The median age at primary tumor diagnosis was 66.0
years (range 33.5—-84.3 years), and the median clinical follow-up was 98.0 weeks. Twenty-five
patients had suffered metastatic lesions by the point of study, with 8 involving the brain.

All 241 tumor samples (200 primaries, 41 metastases) were obtained from formalin-fixed,
paraffin-embedded tissue blocks collected by the UTMDACC Department of Pathology, and
each sample was assessed histologically for tumor tissue by one or more pathologists (M.S.,
G.R., LLW., K.A)). A Beecher tissue arrayer was utilized to manufacture tissue arrays that
comprised our validation set of 82 primary lung adenocarcinomas.

Immunohistochemistry

Immunohistochemistry was performed as described previously (17). Briefly, 5um sections
were deparaffinized, followed by microwave antigen retrieval in 10mM sodium citrate, pH 6.0
(except for TTF-1, which was retrieved in 10mM Tris-EDTA). For the matched primary/brain-
metastatic pair cohort, the antibodies against E-cadherin (1:100 of Ab-3, Lab Vision, Inc.,
Fremont CA), p-AKT (1:250 of Thr308, New England BioLabs, Inc., Beverly MA), p-S6
(1:1000 of Ser235/6, Cell Signaling Technology, Inc., Danvers MA) and TTF-1 (1:50 of
8G7G3/1, Lab Vision, Inc.; 1:100 of NCL-L-TTF-1, Novocastra Laboratories, Newcastle upon
Tyne, UK) were applied and incubated overnight at 4°C. The DAKO EnVision kit (Carpinteria,
CA) was used to detect staining. The p-S6 antibody has been tested for specificity (18), and
the 1:1000 dilution worked well when comparing primary tumor to metastatic tumor for
differential expression. However, the amount of p-S6 antibody was increased 4-fold to enhance
the detection of signal for the 2 cohorts of primary tumor samples. The increased sensitivity
provided by the lower dilution allowed for better assessment of the primary cohorts. Negative
control experiments were conducted by excluding primary antibodies from the protocol
described above.

Scoring for expression was based on the percentage of positively stained tumor cells (Figure
1). Each slide was reviewed by one of us (K.A) under low magnification to evaluate staining
intensity (e.g. positive and negative). Staining was considered diffuse if >50% of the tumor
cells stained for the biomarker and focal if < 50% of the tumor cells stained for the biomarker.
For scoring purposes, the most prominently stained area of the slide was chosen. The positive
and negative expression of E-cadherin, p-AKT, p-S6 and TTF-1 were defined in accordance
with the definition used in previous studies (12-14). Immunoreactivity for TTF-1 was detected
as nuclear staining and scored as 0 to 1 based on the proportion of positively stained tumor
nuclei (0 <5% positive tumor nuclei; 1 >5% positive tumor nuclei). Cytoplasmic staining was
observed but disregarded, in accordance with prior studies (19). E-cadherin was scored as 0 to
1 based on positive membrane staining (0 < 75% positive cells; 1 > 75% positive cells).
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Immunoreactivity of p-S6 and pAKT was scored as O to 2 based on positive cytoplasmic
staining (0 < 5% positive cells, 1 was between 5—30% positive cells, 2 > 30% positive cells).

Statistical Analysis

A paired 2-sided t-test was performed to determine the differences of markers scores between
the matched primary and metastatic tumor specimens. Log-rank and Kaplan-Meier analyses
were performed to determine the correlations of variables with time-to-metastasis in univariate
analyses. Cox multivariate analysis was used to determine independent associations with time-
to-metastasis. Correlations of independent variables with one another were determined using
Spearman rank. Time-to-metastasis was defined as the time from initial diagnosis to the first
clinically evident metastasis.

RESULTS

Markers in matched primary and brain-metastatic pairs

All 41 patients with matched primary/metastatic pairs in the current study were diagnosed with
primary adenocarcinoma of the lung. The median age at initial diagnosis was 57.5 years (range
35.6—85.1 years). There were 16 women and 25 men in this test group, and the majority of
patients were Caucasian (88%). Four patients presented with brain metastases at initial
diagnosis. For the 37 remaining patients, brain metastases became clinically evident after
surgical resection of the primary tumor at a median rate of 54.4 weeks. As described in the
Methods section, these paired samples were evaluated for expression of 4 markers. In instances
of IHC staining intensity discordance (example: the primary tumor was high while the
metastatic tumor was low), the direction of the discrepancy was noted and a paired sample t-
test was performed to determine significance. A summary of these results is given in Table 1.
For TTF-1 there were 18 instances of discordant expression, of which 15 (83%) pairs had less
TTF-1 expression in the metastatic tumor as compared to the corresponding primary tumor.
There were 23 discordant pairs for E-cadherin, of which 20 (87%) pairs showed loss of
expression in the metastatic lesion. There were 21 discordant examples of positive p-S6 staining
of which 20 (95%) showed higher expression in the metastatic lesion. The distribution of the
differences in expression among the discordant pairs for these 3 markers (TTF-1, E-cadherin
and p-S6) was all statistically significant (Table 1). In contrast, among the 15 discordant p-
AKT cases 5 were higher in the primary whereas 10 were higher in the metastasis, not a
statistically significant difference.

Association of biomarkers and metastasis in primary lung tumors

The finding of higher p-S6 expression and decreased TTF-1 and E-cadherin expression in
metastatic lesions among matched primary-metastatic pairs suggested that these biomarkers
may be predictive of metastasis in primary tumors. Specifically, these data generated the
hypothesis that increased p-S6 expression and decreased TTF-1 and E-cadherin in primary
lung tumors were associated with increased risk of metastasis. To test this, 77 primary lung
adenocarcinoma cases were tested. Positive staining was detected in 61 (79%), 65 (84%) and
64 (83%) cases for E-cadherin, p-S6 and TTF-1, respectively. The proportion of tumors which
were positive for p-S6 was higher in the primary tumors in this sample set compared to the 41
tumors in the matched pairs, as the antibody concentration for the IHC was raised in order to
increase detection. The median time to metastasis for the p-S6-negative cases could not be
ascertained since 11 of the 12 cases did not have metastatic disease at last follow-up. In the
cases staining positive for p-S6, the median time-to-metastasis was 64.1 weeks. Kaplan-Meier
survival curves and log-rank testing demonstrated a statistically significant correlation between
p-S6 expression (negative versus positive) and time-to-metastasis (Figure 2A). The difference
in time-to-metastasis was significant between p-S6-negative cases and positive cases (P=0.02).
Significant differences were not observed in time-to-metastasis when stratified by TTF-1

Clin Cancer Res. Author manuscript; available in PMC 2009 December 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McDonald et al.

Page 5

(P=0.73) or E-cadherin (P=0.49) (Figure 2B and 2C). Interestingly, we did not observe a
correlation between TNM stage and any of the 3 markers tested. Along with the p-S6 status,
T-stage (P=0.02, data not shown), but not N-stage were predictive in univariate analysis. Cox
proportional hazards analysis showed only positive p-S6 staining to be an independent
predictive factor for shortened time-to-metastasis, after accounting for T-stage and patient age
(Table 2).

Validation of p-S6 as a marker of metastasis

To validate the finding that p-S6 was a biomarker of metastasis, p-S6 expression was examined
tested an independent set of tumors on tissue arrays. We found 50 out of 82 cases positive for
p-S6 (61%). The Kaplan-Meier time-to-metastasis curves of the validation set are shown in
Figure 3. The difference in time-to-metastasis was significant between the cases with positive
p-S6 staining and those with no staining (P=0.04, log-rank). As with the study set, a correlation
between TNM stage and positive p-S6 staining was not observed. T-stage, was also predictive
of a shortened time-to-distant metastasis in univariate analysis (P=0.03, data not shown).
Multivariable analysis of this set demonstrated that positive p-S6 staining and a T-stage >1
were independent predictive factors for shortened time-to-metastasis (Table 2). Lastly, when
both the study and validation datasets from the lung primary tumors are combined, positive p-
S6 staining (HR: 3.2; [95% confidence interval 1.5—6.8], P<0.01) and a T-stage >1 (HR: 2.0;
[95% confidence interval 1.1-3.7], P<0.01) were independent, adverse predictive factors for
time-to-metastasis (Table 2).

Although not the primary endpoint of our study, the relationship of p-S6 status to overall
survival was also examined. Analysis of the 159 combined cases (study and validation primary
adenocarcinoma sets) demonstrated that the 44 cases with a negative p-S6 status had a 420-
week median overall survival, compared to a 300-week median survival of the 115 p-S6-
positive cases (P=0.04, log rank).

DISCUSSION

The PI3K/AKT pathway is critical for the regulation of cell proliferation, growth,
differentiation, migration, and survival in many human cancers. Activation of this pathway
appears to occur early in NSCLC development, since over-expression of p-AKT in pre-invasive
NSCLC lesions have been detected (10,11). The over-expression of p-AKT has been seen as
apoor prognostic factor for NSCLC patients with lymph node involvement (12,13). It has been
demonstrated that AKT transmits some of its downstream effects through activation of the
serine/threonine protein kinase mammalian target of rapamycin (mTOR) (20). The current
model has p-AKT directly activating mTOR through phosphorylation of its Ser2448 residue
(21,22), which in turn, activates ribosomal S6K. S6K affects mRNA translation indirectly
through intermediates such as the 40S ribosomal protein S6 (23). In fact, immunohistochemical
testing for p-S6 has recently been used to detect S6K and mTOR activity in lung
adenocarcinomas (24).

The major finding of this study is that high p-S6 expression was a negative prognostic factor
for lung adenocarcinoma, as it was associated with time-to-metastasis in patients with early
stage lung adenocarcinoma. We first tested p-S6 for concordant expression in 41 primary lung
adenocarcinoma-brain metastatic pairs. Half of these cases had discordant expression, with a
vast majority of the higher p-S6 expression in the metastatic tissues (20 of 21). This led to the
hypothesis that high p-S6 expression in the primary tumor might be a predictor of metastatic
behavior. We tested this by examining p-S6 expression levels in a set of 77 primary lung
adenocarcinoma tissues. We found that high expression of p-S6 was associated with a shorter
average time to metastasis (200 weeks vs. >400 weeks, post-thoracic surgery). This finding
was confirmed in a validation group (120 weeks vs. 400 weeks, post-thoracic surgery), a tumor
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set consisting of 82 primary lung adenocarcinoma cases. Although the finding remained robust,
the time-to-metastasis curves appear somewhat different in this set compared to the study set
of primary tumors. We believe that this is largely due to technical reasons, in that the IHC on
the study set was performed on whole sections, whereas the validation set was performed on
tissue arrays, where 1—3 cores of tumor was evaluable for scoring. Whole-sectioning allowed
more of the tumor to be assessed, and the area with the highest amount of staining was used.
For this reason the under-sampling of tumor inherent to the tissue array format likely led to
false-negatives (no staining observed in a tumor which actually expressed p-S6 if interrogated
elsewhere). In support of this explanation, we found that the proportion of cases positive for
p-S6 was higher when whole sections were used, rather than tissue cores (84% versus 61%,
respectively), indicating that some of the cores where no expression was detected likely
represented false negatives. Despite these technical differences, p-S6 remained associated with
time-to-metastasis in both sets. In addition, the results indicate that the increased p-S6 seen in
the brain-metastatic tissue samples (Table 1) could be due to an acquisition of PI3K/Akt
signaling in the course of metastasis, but further study will be required to verify this.

While reports describing the relationship between clinical outcome to p-S6 status in lung cancer
were lacking prior to this study, there are several studies that suggest that activation of the
mTOR pathway, and hence, S6 activation, are indeed adverse prognostic characteristics in a
variety of other malignancies. Activation of the mTOR pathway has been shown to be
prognostic in renal cell carcinoma (RCC) (25). Immunohistochemical analysis of tumor
specimens of 375 RCC patients showed a correlation between p-S6 positivity and the clear cell
histologic subtype, higher histologic grade and other adverse pathologic features. Further, it
was shown that p-S6 was an independent, adverse prognostic factor when accounting for patient
performance status, tumor TNM stage and the status of the biomarkers, p-Akt and PTEN. One
report indicated the presence of p-S6K (an upstream regulator of S6) to be much higher in 101
cases that presented with disseminated, stage IV (70%) compared to 51 cases with local-
regional stage I1-111 disease (39%) (26). Lastly, results from our laboratory indicated that p-
S6K was an adverse prognostic marker in glioblastoma (27). Collectively, these data suggest
that pathways which lead to S6 activation confer clinical aggressiveness in solid tumors.

There is considerable evidence that loss of differentiation and unchecked proliferation are two
mechanisms by which primary neoplastic lesions metastasize to distant organ sites. We chose
two well-known differentiation markers for lung tissue as well as two well-characterized signal
transduction markers to test for differential expression in a set of primary lung
adenocarcinomas and their subsequent metastatic brain lesions. The basis for choosing these
markers for study was taken from various reports. Increased E-cadherin expression, has been
associated with favorable survival in NSCLC (14). Further, as stated previously,
adenocarcinoma of the lung is known for its relatively high TTF-1 expression in comparison
to the other types of NSCLC (6,7), and increased expression has been reported as a favorable
independent predictor of survival in lung adenocarcinoma patients (8). A recent meta-analysis
of 10 studies examining the prognostic relevance of TTF-1 in NSCLC (28) found that, indeed,
this is a favorable biomarker in this disease. While our observations do not support this
conclusion, there may be several factors for this discrepancy. Since TTF-1 is a favorable,
independent prognostic factor, the benefit of TTF-1 would be more pronounced in later-staged
disease. In our study, only 31 out of 159 (19%) were Stage I1I-1V. Since the majority of the
cases within our study were otherwise favorable (clinical stages I-11 and medically operable),
a greater number of cases would be needed to show the benefit of TTF-1 positivity. Also, our
primary clinical measure was time-to-metastasis. Although loosely correlated with overall
survival time, these are different biologic endpoints. Lastly, we only included patients with
adenocarcinoma and a smoking history. This excludes other histologies, including
bronchioalveolar carcinoma (BAC), which commonly affects nonsmokers (29). Out of the 10
reports that were included in this meta-analysis, only four were adenocarcinoma-specific, and
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only two showed a statistically significant survival advantage. One of these included BAC in
their analysis.

In summary, analyses of matched primary-metastatic paired samples, as well as 2 cohorts of
lung primary samples, suggest that activation of S6 protein is involved in metastasis of lung
adenocarcinoma. Our findings further suggest that evaluation of p-S6 expression could
contribute to the stratification of lung adenocarcinoma patients for potential treatment
regimens. In addition, those found to have increased risk of early metastasis, by the use of p-
S6 as well as other clinical and molecular factors, may benefit from particularly close clinical
follow-up.
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Figure 1.
Differential expression in primary-metastatic pairs. Loss of E-cadherin and TTF-1 expression

was seen in these metastatic tumors, as compared to their corresponding primary tumors (A
and B, respectively). In contrast, acquisition of p-S6 was observed for another metastatic tumor,

as compared to its corresponding primary tumor (C).
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E-Cadherin

[ | I
100 200 300

Kaplan-Meier time-to-metastasis curves of the study primary tumor set, when stratified by p-

S6 status. For p-S6-negative cases (dashed line, n=12), a median survival could not be

ascertained as all but 1 case were censored. For p-S6-positive (solid line, n=65), the median
time-to-metastasis was 199 weeks. The difference in time-to-metastasis was significant
between p-S6-negative cases and positive cases (P=0.02, log-rank). B. There was no significant
difference in time-to-metastasis when stratified by TTF1 (P=0.73); or C. E-cadherin (P=0.49).
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Kaplan-Meier time-to-metastasis curves of the validation set when stratified by p-S6 status.
For p-S6-negative cases (dashed line, n=32), a median survival could not be ascertained as 25
cases were censored. For p-S6-positive (solid line, n=50), the median time-to-metastasis was
215 weeks. The difference in time-to-metastasis was significant between p-S6-negative cases
and positive cases (P=0.04, log-rank).
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