














(H1650) and a genomic amplification (H1838), or exhibited
an intrinsic ability to proliferate in response to EGFR activation
by ligand. Two of the highly sensitive cell lines, H1838 and
A431 (positive control) with genomic amplification of EGFR
resulting in overexpression of mRNA and protein, exhibited no
mitogenic activity, suggesting a ligand-independent growth
mechanism. Furthermore, nearly all of the erlotinib-sensitive
cell lines produced elevated basal levels of EGFR ligands,
including h-cellulin, TGF-a, and amphiregulin, which may
indicate a potential autocrine dependence for these cell lines. In
contrast, insensitive lines exhibited minimal ligand-dependent
growth potential, minimal basal expression of EGFR ligands,
and no EGFR-activating genetic alterations. The one excep-
tion, H1975, harbors two mutations in the EGFR kinase do-
main, one of which (T970M) has been previously reported to
confer resistance to EGFR small molecule antagonists (21, 30).
This is further shown by our finding that erlotinib fails to
induce apoptosis in H1975 cells, although a dose-dependent

induction of apoptosis was observed with an anti-EGFR anti-
body antagonist (C225; Fig. 1B). Taken together, the data sup-
ports both ligand-dependent and ligand-independent growth
mechanisms underlying erlotinib sensitivity in this cell line panel.

Mechanisms leading to erlotinib-dependent growth inhibi-
tion remain to be elucidated; however, EGFR mutations and
amplifications have been reported to sensitize cell lines to
antagonist-induced apoptosis (19, 31, 32). We found that in
addition to EGFR mutant (H1650) or amplified (A431 and
H1838) cell lines, a dose-dependent induction in caspase
activity was similarly observed upon EGFR inhibition in several
EGFR wild-type lines. This induction in caspase activity was
specific to EGFR inhibition, as the EGFR inhibiting antibody,
C225, induced apoptosis in the same cell lines as erlotinib.
Also, the absolute degree of caspase induction in a few EGFR
wild-type cell lines was comparable with that observed in the
EGFR mutant cell line. This included an EGFR wild-type cell
line expressing a KRAS-activating mutation (Hop18). These

Table1. Top100 classifier probe sets predicting erlotinib sensitivity in NSCLC cell lines

Class: sensitive Class: insensitive

S/N
score

P UniGene ID Common gene name S/N
score

P UniGene ID Common gene name

1.52 5.9e�07 Hs.348553 Immortalization-up-regulated protein 1 1.2e�03 Hs.435800 Vimentin
1.4 1.5e�05 Hs.95549 Hypothetical protein FLJ20273 0.97 9.5e�04 Hs.250687 TRP-1protein
1.4 3.2e�06 Hs.95549 Hypothetical protein FLJ20273 0.93 1.0e�02 Hs.232068 Transcription factor 8 (TCF8)
1.37 1.0e�06 Hs.439180 Chromosome19 open

reading frame 21
0.92 2.1e�04 Hs.508741 Neuronal protein 3.1

1.3 2.9e�05 Hs.278611 Polypeptide N-
acetylgalactosaminyltransferase 3

0.92 6.7e�04 Hs.250687 TRP-1protein

1.3 3.0e�06 Hs.339 P2Ypurinoceptor 2 0.92 7.9e�04 K Hypothetical protein LOC284267
1.26 3.7e�05 Hs.95549 Hypothetical protein FLJ20273 0.89 3.9e�05 Hs.433394 Tubulin a-3
1.24 2.8e�06 Hs.415770 Connexin 31 0.87 3.7e�04 Hs.99865 Epimorphin
1.24 1.8e�05 Hs.148074 Plakophilin 3 0.87 2.0e�05 Hs.32374 Deltex-3
1.24 1.4e�05 Hs.380684 Phosphatidate cytidylyltransferase1 0.86 5.6e�03 Hs.164467 Transcriptional repressorAP-2rep
1.23 3.2e�05 Hs.76550 MAL2 protein 0.85 1.7e�03 Hs.416385 Insulin-induced gene1protein
1.2 2.5e�05 Hs.380684 Phosphatidate cytidylyltransferase1 0.84 7.6e�03 Hs.22451 FLJ10357 protein
1.19 1.0e�04 Hs.23582 Tumor-associated calcium signal

transducer 2
0.84 6.9e�04 Hs.437379 Up-regulated in liver cancer1

1.17 1.6e�04 Hs.194657 E-cadherin 0.84 1.5e�02 Hs.301711 Hypothetical protein LOC387882
1.17 4.5e�05 Hs.31439 SPINT2 0.83 1.1e�03 Hs.40368 Sigma-adaptin1B
1.16 5.0e�05 Hs.254605 Microtubule-associated

protein 7
0.82 1.3e�02 Hs.9999 Hematopoietic neural

membrane protein
1.13 2.1e�05 Hs.55279 Maspin 0.81 3.4e�04 Hs.508741 Neuronal protein 3.1
1.11 2.9e�04 Hs.184510 Stratifin 0.81 1.4e�03 Hs.511758 Centrosomal colon cancer

autoantigen protein
1.09 1.1e�04 Hs.380684 Phosphatidate cytidylyltransferase1 0.81 6.4e�04 Hs.40368 Sigma-adaptin1B
1.08 1.1e�05 Hs.148074 Plakophilin 3 0.8 2.4e�04 Hs.387856 TPR repeat containing

protein KIAA1043
1.08 1.1e�06 Hs.11669 Laminin a-5 chain 0.8 1.7e�02 Hs.354740 Calcium-activated potassium

channel asubunit1
1.08 6.6e�04 Hs.184510 Stratifin 0.79 5.4e�04 Hs.40368 r-Adaptin1B
1.07 1.7e�05 Hs.415770 Connexin 31 0.78 2.1e�02 Hs.130865 Dickkopf-3
1.06 3.5e�04 Hs.21420 Serine/threonine-protein

kinase PAK 6
0.77 1.1e�03 Hs.250687 TRP-1protein
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findings would suggest that tumors bearing wild-type, non-
amplified EGFR could also be equally responsive to erlotinib
inhibition. This is in contrast to previous reports in which
similar inductions of apoptosis were not observed in EGFR
wild-type cells (19, 31). One explanation for this discrepancy
could be that we have evaluated an apoptotic mechanism of
action in the context of receptor activation with ligand, as
opposed to high serum conditions only. Interestingly, we find
that several erlotinib-sensitive cell lines, including the EGFR
mutant H1650 line, are insensitive (IC50 z 10 Amol/L)
to erlotinib-mediated growth inhibition when tested under
high serum conditions without exogenous ligand (data not
shown). Thus, it is possible that ligand activation of the EGFR
is required to sensitize subsets of NSCLC cell lines to erlotinib-
induced apoptosis.

Further characterization of these cell lines revealed additional
associations with previously reported determinants of EGFR
antagonist activity. Specifically, we detected a significant

correlation of erlotinib sensitivity with HER3 expression levels.
A similar correlation of HER3 expression levels and gefitinib
activity was previously reported in smaller panels of NSCLC cell
lines (13). However, we do not find a significant association
with the level of HER2 overexpression in erlotinib-sensitive cell
lines, contrary to previous reports (12, 33). Such a discrepancy
could be due to many factors, including differences in tissue
types (33), assessment of endogenous versus ectopically
expressed HER2 (12), and/or assessment of mRNA compared
with protein levels. Similarly, we did not detect a statistically
significant correlation of EGFR expression levels with erlotinib
sensitivity, although expression was elevated in some of the
sensitive cell lines. Finally, KRAS mutations have been reported
to associate with a lack of clinical activity to EGFR antagonists
(8, 34). In our study, a majority of the KRAS mutant cell lines
exhibit intermediate or low erlotinib sensitivity (n = 9);
however, four KRAS mutant lines were sensitive to erlotinib.
Two of these cell lines exhibited IC50 values <1 Amol/L and

Table1. Top100 classifier probe sets predicting erlotinib sensitivity in NSCLC cell lines (Cont’d)

Class: sensitive Class: insensitive

S/N
score

P UniGene ID Common gene name S/N
score

P UniGene ID Common gene name

1.04 1.8e�04 Hs.376874 Potassium channel subfamily K
member1

0.77 2.2e�03 Hs.380138 N-chimaerin

1.04 1.1e�04 Hs.440411 Transcription factorAP-2c 0.77 1.5e�02 Hs.232068 Transcription factor 8 (TCF8)

1.03 3.9e�05 Hs.193490 Hypothetical protein FLJ31952 0.77 4.4e�03 Hs.109672 ST6GALNAC6

1.03 1.6e�04 Hs.152423 Hypothetical protein FLJ21274 0.77 1.2e�03 Hs.306298 ZNF682

1.02 2.4e�05 Hs.193490 Hypothetical protein FLJ31952 0.76 8.3e�03 Hs.150406 Zinc finger protein 37 homologue

1.01 5.2e�05 Hs.165904 Epsin-3 0.76 1.8e�02 Hs.387385 SMURF2

1 1.1e�04 Hs.513684 Unknown EST 0.76 3.1e�03 Hs.356109 DKFZp762F237

0.99 2.3e�04 Hs.51133 BRK 0.75 1.1e�02 Hs.25220 Glycosyltransferase-like
protein LARGE

0.99 7.1e�05 Hs.67776 FLJ46072 protein 0.75 5.5e�03 Hs.438669 Insulin receptor

0.99 3.4e�04 Hs.396798 b-1,4-galactosyltransferase1 0.74 3.7e�04 Hs.40368 r-Adaptin1B

0.99 3.7e�05 Hs.95549 Hypothetical protein FLJ20273 0.74 4.3e�03 Hs.29595 PRA1family protein 2

0.99 2.6e�04 Hs.298079 KLC2L protein 0.74 4.6e�02 Hs.270435 Hypothetical protein FLJ12985

0.98 4.7e�04 Hs.21420 Serine/threonine-protein kinase PAK 6 0.74 6.7e�05 Hs.285673 Protein C14orf159

0.98 1.5e�03 Hs.56937 ST14 protein 0.73 9.2e�02 Hs.76118 Ubiquitin carboxyl-terminal
hydrolase isozyme L1

0.98 9.6e�05 Hs.26765 LOC58489 protein 0.73 5.0e�05 Hs.25132 KIAA0470 protein

0.98 7.2e�04 Hs.417795 Dermokine-b 0.73 9.3e�03 Hs.232068 Transcription factor 8 (TCF8)

0.97 4.4e�04 Hs.194657 E-cadherin 0.72 1.1e�04 Hs.512712 Tubulin, b

0.97 1.7e�03 Hs.233950 HAI-1 0.72 3.0e�02 Hs.164267 Dual-specificity tyrosine-
phosphorylation regulated kinase 3

0.97 7.2e�05 Hs.377416 Engulfment and cell
motility protein 3

0.72 4.2e�02 Hs.37196 GPR protein

0.97 1.1e�03 Hs.528844 Unknown EST 0.71 7.9e�04 Hs.60177 Zinc finger protein DZIP1

0.96 6.6e�04 Hs.75746 Aldehyde dehydrogenase1A3 0.71 1.2e�02 Hs.22451 FLJ10357 protein

0.96 4.5e�04 Hs.178695 Mitogen activated protein
kinase p38 d

0.7 9.9e�03 Hs.148258 Protein C16orf45

0.96 5.4e�04 Hs.24743 FLJ20171protein 0.7 4.2e�02 Hs.50150 Unknown EST

0.95 2.8e�05 Hs.427719 PARX protein 0.7 1.5e�02 Hs.370049 Hypothetical protein FLJ26472

0.94 5.0e�04 K Claudin-7 0.69 7.8e�03 Hs.412117 Annexin A6

0.94 7.4e�04 Hs.18894 Adaptor-related protein
complex1, l2 subunit

0.69 7.5e�03 Hs.298258 Unknown EST
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one of these, Hop18, underwent apoptosis after erlotinib and
C225 treatment. Thus, our findings do not support a major role
of KRAS mutations in conferring resistance to inhibition of
EGFR in NSCLC tumor cells.

A predominant subclassification of NSCLC cell lines can be
based on epithelial or mesenchymal characteristics. During
tumor progression, the morphologic transformation of a tumor
from an epithelial to mesenchymal phenotype has been

Fig. 3. Expressionlevelsof EMT-relatedepithelialproteinsdifferentiallyclassifyerlotinib-sensitiveversus erlotinib-insensitiveNSCLCcell lines.A,Westernblot analysisof
select EMT-relatedproteins inapanelofNSCLCcell lines, sortedbasedonascendingerlotinib IC50.Glyceraldehyde-3-phosphatedehydrogenase(GAPDH), control immunoblot.
B, two-dimensionalhierarchicalclusteringusingproteinexpressionvalues for the fourEMTproteins analyzed.Proteinexpressionvalueswere determinedbydensitometry from
immunoblots.Red, cell lines exhibiting IC50 <2Amol/L; gray, 2 to8Amol/L; blue, >8Amol/L.C, representativeE-cadherinimmunohistochemical stainingofNSCLCcell lines and
primary tumor sections.Stainingintensitywasdeterminedona0 to3scale,withpositive (+)E-cadherin stainingbeingdefinedasa stainingintensityof2 to3+andnegative (�)
E-cadherin stainingas0 to1+.Resultsof E-cadherinimmunohistochemicalanalysis inNSCLCcell lines are annotatedabove the Westernblots in (A).
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associated with increased tumor aggressiveness and metastasis
(23, 26, 35, 36). In particular, the loss of E-cadherin expression
represents a hallmark of EMT, as the subsequent disassembly
of adherens junctions upon E-cadherin loss results in the
acquisition of a more motile and invasive tumor. Clinically, this
has been significantly correlated with poor prognosis in NSCLC
patients (27, 28, 37). The loss of various epithelial markers,

highlighted by E-cadherin, also serves as a strong determinant of
erlotinib insensitivity in the NSCLC cell lines tested in our study.
Conversely, genes characteristic of a mesenchymal phenotype
(i.e., vimentin), and genes specifically associated with EMT (i.e.,
TGF-b , TCF8 , and epimorphin), are overexpressed in cell lines
that are insensitive to erlotinib-mediated growth inhibition. For
example, the E-cadherin transcriptional repressor TCF8 (ZEB1)

Table 2. Relationship between E-cadherin immunoreactivity and clinicopathologic variables/clinical response

E-cadherin positive E-cadherin negative All patients

Chemo
(n = 37)

E + chemo
(n = 28)

Chemo
(n = 14)

E + chemo
(n = 8)

Chemo
(n = 540)*

E + chemo
(n = 539)

Demographics and baseline characteristics

Age (y)
MeanF SD 62F 10 63F 14 70F 9 63F 8 63F 10 63F 10

Gender (%)
Female 13 (35) 13 (46) 4 (29) 6 (75) 207 (38) 217 (40)

Ethnicity (%)
White 35 (95) 26 (93) 12 (86) 8 (100) 482 (89) 452 (84)
Asian 1 (3) 0 (0) 1 (7) 0 (0) 13 (2) 21 (4)
Others 1 (3) 2 (7) 1 (7) 0 (0) 44 (8) 66 (12)

Smokinghistory (%)
Never smokers 0 (0) 2 (7) 1 (7) 1 (13) 44 (8) 72 (13)

ECOG performance status (%)
0 12 (32) 8 (29) 6 (43) 2 (25) 195 (36) 186 (35)
1 25 (68) 20 (71) 8 (57) 6 (75) 342 (64) 353 (66)
2 0 (0) 0 (0) 0 (0) 0 (0) 1 (0.2) 0 (0)

Cancer stage (%)
IIIB 7 (19) 3 (11) 1 (7) 0 (0) 96 (18) 84 (16)
IV 30 (81) 25 (89) 13 (93) 8 (100) 443 (82) 455 (84)

Histology (%)
Adenocarcinoma 23 (62) 17 (61) 8 (57) 5 (63) 331 (61) 323 (60)
Squamous cell carcinoma 8 (22) 7 (25) 3 (21) 1 (13) 87 (16) 98 (18)
Others 6 (16) 4 (14) 3 (21) 2 (25) 121 (22) 118 (22)

Months since initial NSCLC diagnosis
Median 1.7 1.2 1.7 2.3 1.1 1.1
Range 0-44 0-132 0-35 0-62 0-209 0-248

Best response, time to progression, and overall survival

Best response
Response rate 5 (13.5) 5 (17.9) 6 (42.9) 2 (25.0) 104 (19.3) 116 (21.5)
95%CI for response rate (2.5-24.5) (3.7-32.0) (16.9-68.8) (0.0-55.0) (15.9-22.6) (18.1-25.0)
P (Fisher’s exact) 0.7341 0.6494 0.4059

Time to progression
Median time (wk) 19.3 34.0 30.0 19.1 22.3 23.7
HR 0.37 1.63 0.90
95%CI for HR (0.19-0.73) (0.50-5.33) (0.78-1.05)
P (log rank) 0.0028 0.3976 0.1697

Overall survival
Median time (mo) 13.6 15.1 11.3 9.7 10.5 10.6
HR 0.82 1.82 1.00
95%CI for HR (0.43,1.58) (0.60, 5.49) (0.86,1.16)
P (log rank) 0.5604 0.2823 0.9517

Abbreviations: E, erlotinib; chemo, chemotherapy; ECOG, Eastern Cooperative Oncology Group.
*One patient did not have any baseline information collected.This patient was included in the overall survival analysis only.
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is up-regulated in erlotinib-insensitive cell lines and, as shown
previously, can maintain E-cadherin repression in lung cancer
cell lines (38). Most importantly, these genes capable of sub-
classifying erlotinib-sensitive cell lines were also coregulated in
primary NSCLC tumors, suggesting that this EMT-associated
signature identified in vitro may also play a role in defining
EGFR antagonist activity in primary neoplasms. It remains to be
determined how the EGFR pathway and EGFR-dependent
growth is mechanistically linked to EMT. Previous reports have
implicated a ‘‘cross-talk’’ between the EGFR and E-cadherin,
specifically, suggesting that a critical link exists (39–41). Also,
whether a general HER family pathway activity is associated with
an epithelial signature is unclear. It is noteworthy that one of the
erlotinib-insensitive cell lines (H1781) exhibiting an epithelial
signature harbored a previously reported activating mutation
in HER2 (42). However, regardless of the mechanistic basis, our
data suggests that the underlying epithelial or mesenchymal
phenotypic characteristics of a tumor may serve as a determi-
nant of erlotinib activity.

The hypothesis that E-cadherin expression could serve as a
predictor of erlotinib-mediated clinical activity was evaluated by
performing E-cadherin immunohistochemistry on treatment-
naı̈ve biopsies from patients enrolled in TRIBUTE, a random-
ized, placebo-controlled clinical trial. In this trial, patients with
locally advanced or metastatic NSCLC received either erlotinib
administered concurrently with chemotherapy or chemo-

therapy alone but showed no clinical benefit to erlotinib in
combination with chemotherapy (18). However, we observed a
trend toward better outcome in all measures of clinical benefit
(response, time to progression, and overall survival) upon
comparison of the E-cadherin-positive group treated with
erlotinib + chemotherapy versus chemotherapy alone. Al-
though the difference for response and overall survival between
both arms was not significant, the HR and median time
difference for time to progression reached statistical significance
(P = 0.003). The nonsignificant trend for improved overall
survival in the E-cadherin-positive groupings is not necessarily
at odds. This scenario is commonly seen in oncology trials and
may be due to the effect of subsequent therapy at the time of
progression, particularly because erlotinib treatment would
have been stopped at this time. Interestingly, analysis of the
small group of E-cadherin-negative patients in our study
revealed a worsened response rate, time to progression, and
overall survival within the patient group treated with erlotinib.
Although these findings were not significant and therefore have
to be treated with caution, this could potentially indicate that
a patient with a mesenchymal subtype tumor may fare better
with chemotherapy treatment alone.

Previous molecular subgroup analyses from TRIBUTE revealed
that patients with EGFR mutations have a higher response rate,
but no significant differences in time to progression and overall
survival comparing treatment with chemotherapy alone to

Fig. 4. Kaplan-Meier estimated time to progression (A and B) and estimated overall survival (C and D) for NSCLC patients treated with erlotinib + chemotherapy versus
chemotherapy alone by E-cadherin positive (A and C) or negative (B and D) expression.
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treatment with added erlotinib (8). In addition, a KRAS-mutated
subgroup of patients seemed to derive a negative effect similar
to that observed in our E-cadherin-negative group (8). Due to
small sample sizes, we were not able to assess a possible
correlation between E-cadherin expression and EGFR or KRAS
status. Finally, it is important to bear in mind that the
retrospective subgroup analyses described here should be viewed
cautiously. Given the small numbers of patients within each
subgroup, imbalances in patient characteristics that affect
outcomes cannot be excluded. Furthermore, statistical adjust-
ments for such imbalances are methodologically difficult due to
the small numbers.

In conclusion, an EMT expression signature correlates with
sensitivity of NSCLC cell lines to erlotinib, suggesting that
patients with epithelial-type NSCLC tumors could have a better
outcome after treatment with an erlotinib-containing regimen.
Consistent with the preclinical hypothesis, this was supported

by retrospective subgroup analyses in TRIBUTE. Patients with
positive expression of the epithelial marker E-cadherin showed
a significantly better time to progression when comparing
erlotinib plus chemotherapy treatment to chemotherapy alone.
As this clinical study was limited to the retrospective evaluation
of a relatively small subset of patients, further evaluation in
future studies is warranted.
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