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AbstrAct
Little is known about the complex signaling architecture of KRAS and the 

interconnected RAS-driven protein-protein interactions, especially as it occurs in 
human clinical specimens. This study explored the activated and interconnected 
signaling network of KRAS mutant lung adenocarcinomas (AD) to identify novel 
therapeutic targets.

Thirty-four KRAS mutant (MT) and twenty-four KRAS wild-type (WT) frozen 
biospecimens were obtained from surgically treated lung ADs. Samples were subjected 
to laser capture microdissection and reverse phase protein microarray analysis to 
explore the expression/activation levels of 150 signaling proteins along with co-
activation concordance mapping. An independent set of 90 non-small cell lung cancers 
(NSCLC) was used to validate selected findings by immunohistochemistry (IHC).

Compared to KRAS WT tumors, the signaling architecture of KRAS MT ADs 
revealed significant interactions between KRAS downstream substrates, the AKT/
mTOR pathway, and a number of Receptor Tyrosine Kinases (RTK). Approximately 
one-third of the KRAS MT tumors had ERK activation greater than the WT counterpart 
(p<0.01). Notably 18% of the KRAS MT tumors had elevated activation of the Estrogen 
Receptor alpha (ER-α) (p=0.02).This finding was verified in an independent population 
by IHC (p=0.03). 

KRAS MT lung ADs appear to have a more intricate RAS linked signaling 
network than WT tumors with linkage to many RTKs and to the AKT-mTOR pathway. 
Combination therapy targeting different nodes of this network may be necessary 
to treat this group of patients. In addition, for patients with KRAS MT tumors and 
activation of the ER-α, anti-estrogen therapy may have important clinical implications.

INtrODUctION 

Kirsten rat sarcoma viral oncogene homolog 

(KRAS) is one the most frequent molecular drivers in 
human cancers and activating mutations of the KRAS 
gene have been found in a wide variety of tumors with 
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greater frequencies in pancreas, colorectal and non-small 
cell lung cancer (NSCLC) [1]. KRAS mutations are found 
in about 25% of NSCLCs with the highest incidence 
in the adenocarcinoma (AD) subtype, a subgroup of 
tumors where up to 30% of patients are affected by the 
mutation [2]. This study explored the signaling network 
of KRAS mutant (MT) lung ADs to identify therapeutic 
biomarkers for the development of targeted treatment for 
this subgroup of patients.

KRAS mutations are a negative prognostic factor for 
NSCLC and a negative predictor of response not only to 
EGFR tyrosine kinase inhibitors but also to conventional 
chemotherapy [3-6]. Despite numerous efforts to develop 
therapeutic agents capable of directly targeting KRAS, 
this oncogene still represents an undruggable target [7]. 
Indeed, the absence of allosteric regulatory sites has made 
the development of compounds against KRAS extremely 
challenging [8]. Farnesyl transferase inhibitors, a class of 
compounds targeting a post-translational modification of 
RAS, have shown little or no benefit in clinical practice 
[9]. New approaches aiming at modulating the guanine 
nucleotide binding pocket of G12C KRAS MT lesions 
have been recently proposed, but their clinical efficacy has 
yet to be proven [8, 10, 11]. 

Because the constitutive activation of KRAS 
downstream effectors leads to uncontrolled cell 
proliferation, selection of targeted therapies for KRAS 
MT patients has often focused on the inhibition of its 
direct downstream substrates with particular interest in 
the members of the MAPK signaling pathway [12-14]. In 
vivo and in vitro studies have also evaluated the efficacy of 
targeting KRAS MT tumors using combination therapies, 
a strategy that has currently been tested in clinical trials 
[13, 15, 16]. Indeed, KRAS is not only a central node in 
modulating the transduction of a large number of Receptor 
Tyrosine Kinases (RTK) (including the EGFR family) via 
the MAPK pathway, it is also involved in elaborate cross-
talk with the PI3K/AKT/mTOR pro-survival pathway. 
For these reasons combination therapy may be needed to 
successfully inhibit the KRAS signaling network [17-19]. 
Although a number of genomic and proteomic studies 
have been conducted over the years to elucidate the effect 
of KRAS mutations on tumor cells [7, 17, 20] in reality, 
the true nature of the KRAS signaling architecture in vivo 
within the complex tumor host microenvironment has so 
far been only marginally explored. 

Due to the cross-talk between KRAS and a number 
of different signaling pathways, we hypothesized that 
the signaling architecture of KRAS MT tumors is more 
complex than in wild-type (WT) lesions. The elucidation 
in vivo of the KRAS network is critical to identify targets 
that functionally coordinate the signal propagated by 
and through KRAS. We utilized reverse phase protein 
microarray (RPPA) technology coupled with laser capture 
microdissection (LCM) to map the signaling architecture 
of KRAS WT and MT human lung ADs and to evaluate 

KRAS linkage in human samples.

rEsULts

Of the 58 samples analyzed by RPPA, 34 were 
KRAS MT and 24 KRAS WT. Among the KRAS MT 
samples the proportion of patients with G12C, G12V, 
G12D, and G13D mutations was 53%, 26%, 12%, and 
9% respectively. Differences in the signaling architecture 
of KRAS MT subtypes were not evaluated due to the low 
number of counts per group (G12C n=18, G12V n=9, 
G12D n=4, and G13D n=3). Stage distribution was equal 
between WT and MT samples, while a higher proportion 
of males was found in the MT group (Table 1A).

Correlation analysis between KRAS downstream 
substrates and the expression/activation levels of the 
145 analytes measured by RPPA showed an overall 
more complex network in the KRAS MT population 
with a greater number of correlations reaching statistical 
significance compared to the WT group (Supplementary 
Tables 2 and 3). Spearman’s Rho correlation coefficients 
ranged between 0.6 and 0.9 for the statistically significant 
relationships. 

As expected, significant correlations between the 
MAPK pathway were almost exclusively found in the 
KRAS MT group (e.g. c-Raf S338 with Mek 1/2 S217/221; 
Mek 1/2 S217/221 with b-Raf S445, c-Raf S338 and ERK 
T202/Y204; and finally ERK 1/2 T202/Y204 with Elk-1 
S383), which provided confidence in the overall fidelity 
of the clinical sample analysis (Figure 1). Moreover, in 
the KRAS MT population significant interactions were 
observed between KRAS downstream effectors and a large 
number of proteins involved in the AKT/mTOR signaling 
pathway (Figure 1, Supplementary Tables 2 and 3). Finally 
the KRAS MT cohort showed strong correlations between 
activated KRAS effectors and several RTKs including 
phosphorylated EGFR, ErbB2, ErbB3, Ret, and Ron 
(Figure 1, Supplementary Tables 2 and 3). 

We then explored whether the level of activation/
expression of the 150 endpoints measured by RPPA was 
significantly different between KRAS WT and MT samples. 
Eleven analytes reached statistical significance including, 
as expected, a number of the MAPK family members like 
ERK 1/2 T202/Y204 and its downstream substrates Elk-1 
S383, p90RSK S380, and Smad-2 S245/250/255 (Table 
2). Of interest, while approximately one third of the KRAS 
MT samples had very high relative activation of ERK, for 
the remaining samples the activation level of ERK was 
comparable between the MT and WT population (Figure 
2).

Six of the 34 patients (18%) with a KRAS mutation 
showed an increased phosphorylation of the Estrogen 
Receptor alpha (ER-α) S118 (p=0.02), an intracellular 
receptor that modulates the activation of ERK and other 
members of the MAPK pathway. Of the six tumors with 
high activation of the ER-α, two were men and four 
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were women. 66.7% of the patients with activated ER-α 
had a G12C mutation, while the remaining 33.3% had a 
G12V mutation. The quantitative range of the ER-α S118 
measured by RPPA for these six patients was similar to 
the level of activation seen in a large population of ER 
positive breast cancer patients (data not shown).

Because ER-α is highly targetable by a number of 
pharmaceutical compounds, to further explore whether 
ER-α may represent a new drug target for a subgroup of 
KRAS MT lung cancers, we performed IHC analysis on 

an independent study set of 90 archived NSCLC samples. 
Of the 90 tumor samples, 46 were KRAS MT while the 
remaining 44 were KRAS WT. The validation set included 
69 ADs, 5 large cell carcinomas, 14 squamous cell 
carcinomas and 2 tumors with mixed histology (Table 1 
panel B). Within the KRAS MT population, the proportion 
of G12C, G12D, G12V, G12A, G12S, G13C, and G12R 
mutation was 47%, 22%, 15%, 6%, 4%, 4%, and 2% 
respectively. Nine of the 46 KRAS MT patients (20%) 
showed ER-α S118 intensity value of 3+ (Figure 3A-3D) 

table 1: clinicopathological characteristics of patients analyzed by rPPA (Panel A) and by IHc (Panel b). 
Panel A
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while only one patient (2%) in the WT group had similar 
level of activation of the receptor. All the specimens with 
intensity scores of 3+ were either ADs or mixed tumors 
with adeno-squamous components (Table 3). When the 
analysis was restricted to samples that were pure ADs or 

mixed adeno-squamous carcinomas, the Pearson’s Chi-
square test for the intensity scores was highly significant 
for the KRAS MT samples (p=0.02). Among the mutant 
patients 33.3% were female and 66.6% were male. For 
the 9 KRAS MT tumors with high activation of the ER-α, 

Figure 1: correlation analysis of KrAs downstream substrates (activated c-raf, Mek 1/2 and ErK 1/2) and expression/
activation levels of 145 endpoints analyzed. Only correlations with p < 0.0003 are shown. 
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mutations were detected at the sites G12C (66.6%), G12D 
(22.2%), and G12S (11.1%). 

Of interest, one of the two cases with mixed 
histology had a KRAS mutation with concomitant ER-α 
S118 intensity value of 3+. The high activation of ER-α 
was detected exclusively on the AD component (Figure 
3E). Taken together these results provide independent 

confirmation that the ER-α is highly activated in 
a subpopulation of KRAS MT lung ADs (Table 3). 
Nonetheless, statistical significance was not reached when 
the Allred scoring system was applied.

Figure 2: Panel A: Representation of selected proteins that were significantly higher in KRAS MT tumors. Panel B: Scatter plots 
of RPPA intensity values with mean and standard error of mean.

table 2:  Analytes found to be statistically different between KRAS Mt and KRAS Wt tumors. The right column shows 
the trend in KRAS MT group compared to the WT.
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Figure 3: Example of ER-α S118 staining by IHC (x400 magnification). Panel A, B, C, and D show no activation, weak activation 
(1+), moderate activation (2+), and strong activation (3+) respectively. Panel E shows activation of ER-α S118 in the adenocarcinoma 
component of the sample with mixed adeno-squamous histology.

Table 3: Distribution of IHC intensity values across the 90 samples analyzed. P values were calculated using Pearson's 
Chi-square test.
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DIscUssION

The development of novel therapies to effectively 
treat NSCLC harbouring KRAS mutations is clinically 
relevant. Because oncogenic KRAS has proved to be 
difficult to target directly, the identification of new 
druggable targets that are biochemically linked to RAS 
is of primary importance. The present study is a de novo 
KRAS pathway analysis of carcinoma cells within their 
native tissue microenvironment.

Because the vast majority of signaling proteins, 
including those in the KRAS pathway, are ubiquitously 
expressed and activated to varying extents across different 
cell types, pure cancer epithelia were first isolated via 
LCM to minimize the confounding contribution of 
the tumor-associated stroma. Recently, a number of 
publications have demonstrated the importance of upfront 
cellular enrichment when conducting signaling network 
analysis. For example, using TCGA glioblastoma samples, 
Mueller and colleagues, have recently shown that the use 
of LCM is a necessary step to accurately correlate protein 
expression/activation with genomic alterations (e.g. PTEN 
loss or EGFR mutation) [21]. The LCM-RPPA workflow 
here described provided us with clear and uncontaminated 
information on the KRAS signaling network of tumor 
epithelium. 

The RPPA platform was selected due to its ability 
to measure a large number of analytes across hundreds 
of samples starting from very little biological material 
[22]. Moreover, this platform has the ability to measure 
post-translational modification of proteins at relatively 
low abundance in human cells. Finally, by providing 
continuous data, this platform has the unique ability to 
explore the real dynamic range of an analyte of interest. 
Our quantitative output, as expected, showed that the 
activation level of ERK 1/2 T202/Y204 (a direct read out 
of the RAS/Raf/MEK axis), was significantly greater in 
the KRAS MT population compared to the WT population 
(Figure 2). Nonetheless, the activation level of ERK 1/2 
was highly heterogeneous among KRAS MT lesions. 
Phosphorylated ERK 1/2 was significantly higher in 
approximately one third of the MT population. The 
remaining MT samples had an ERK 1/2 phosphorylation 
level comparable to the WT counterpart (Figure 2B). These 
results indicate that the presence of a KRAS mutation is 
not automatically associated with greater activation of the 
MAPK pathway. Because pharmacological compounds 
targeting MEK are under investigation as a potential 
therapeutic option for KRAS MT lung NSCLCs, these data 
may have important clinical implications. Our exploratory 
analysis indicates that allocation to anti-MEK targeted 
treatment based only on KRAS mutation status may not 
be sufficient to identify patients that can benefit from this 
targeted treatment. 

Pair-wise correlation analysis of the 150 key 
signaling proteins measured by RPPA indicated that 

the presence of a KRAS mutation leads to the formation 
of distinct linkages between KRAS and a number of 
signaling pathways. In the MT population the expected 
members of the MAPK pathway (Mek 1/2 S217/22; ERK 
1/2 T202/Y204; Elk-1 S383) and components of the AKT/
mTOR pathway showed strong positive interaction with 
KRAS substrates (Figure 1). A unique set of interactions 
were detected between proteins directly activated by RAS 
and members of the pro-survival pathway. In addition 
significant activation of the T412 site of the mTOR 
downstream substrate p70S6K was also significantly 
higher in the KRAS MT population, confirming the 
cross-talk between KRAS signaling and the AKT/mTOR 
pathway [19]. Finally, KRAS downstream substrates 
showed significant interaction with phosphorylated PAK1/
PAK2 (Supplementary Table 3), a protein kinase involved 
in a number of different intracellular signaling pathways. 
Of interest Balbin and colleagues have recently shown that 
in KRAS MT NSCLC cell lines the KRAS-LCK-PAK1/
PAK2 axis represents an active network only in KRAS 
dependent cell lines when compared with the independent 
counterpart [23]. Due to the lack of biomarkers able 
to determine KRAS dependency in human tissue, our 
analysis was able to compare the role of the KRAS-LCK-
PAK1/PAK2 axis only between MT and WT lesions. 
We identified a strong correlation between KRAS and 
PAK1/2, but not with LCK. Nonetheless the role of PAK1/
PAK2 as potential target for KRAS MT NSCLC, especially 
for tumor showing dependency from KRAS, merits further 
evaluation as potential therapeutic target.

This study also identified a strong linkage between 
the KRAS signaling network and a number of druggable 
RTKs (c-Abl Y245, EGFR Y1068 and Y1173; ErbB2 
Y1248, ErbB3 Y1197, PDGFR Y751, Ret Y905, Ron 
Y1353) (Figure 1, Supplementary Tables 2 and 3). 
Because we specifically analyzed the phospho-specific 
sites of these RTKs, the correlations found were between 
KRAS and the functional activation components of these 
proteins (e.g. phosphorylated RET). Using a proximity 
ligation assay, Smith and colleagues recently showed that 
in 25% of surgical specimens collected from NSCLCs 
harboring a KRAS mutations, EGFR associates with the 
growth factor receptor–bound protein 2 (GRB2) [24]. 

These findings indicate that the receptor is not only 
activated, but it is also actively recruiting its down-stream 
adaptive proteins. RTKs activation in KRAS MT ADs 
merit further evaluation, as it can lead to the identification 
of new therapeutic targets and to a better understanding of 
feedback mechanisms established in KRAS MT lesions. 

These findings indicate that the signaling 
architecture of KRAS MT ADs of the lung is extremely 
complex and the activity of a number of upstream and 
downstream KRAS substrates is specifically correlated/
modulated by the presence of the mutation. Most likely, 
the establishment of an intricate network makes KRAS 
MT tumors extremely hard to target and consequently 
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to treat as a population because in vitro studies indicated 
that not all KRAS MT tumors are mutation dependent 
[23]. Recent in vitro proteomic analyses have shown that 
KRAS MT cell lines are also characterized by specific 
metabolic adaptations. The development of inhibitors 
against key enzymes involved in these metabolic changes 
may represent an additional strategy for developing 
targeted treatment for KRAS MT tumors [25]. Due to the 
complex network that drives KRAS tumors, combinatorial 
multi-targets/multi-pathways inhibitory approach may be 
necessary to modulate cell growth in patients with a KRAS 
MT NSCLC [26-30]. 

This analysis identified an unexpected additional 
potential therapeutic biomarker for ADs of the lung 
harboring a KRAS mutation: the ER-α S118. It is well 
known that the overall expression of the ER and aromatase 
are negative prognostic factors in NSCLC [31-34]. The 
effect of ER on cell growth and differentiation can be 
carried out using two mechanisms: via classic genomic 
modulation of transcription factors, or via “non-genomic” 
action where the ER is involved in intra-cellular cross-
talk including a bidirectional interplay with the MAPK 
signaling pathway, which includes the phosphorylation 
of the S118 residue [35-38]. Phosphorylation of the 
S118 induces activation of the receptor and it modulates 
transcriptional activity, receptor degradation, and response 
to tamoxifene-based treatment [39].

While a number of studies have evaluated the 
expression and activation of the ER (both α and β) in 
EGFR MT NSCLCs [40], to our knowledge the activation 
of ER-α has never before been evaluated in KRAS MT 
ADs. Using two laboratory assays (RPPA and IHC) and 
two independent tissue study sets we herein demonstrate 
that the KRAS mutation is specifically associated with 
the activation of ER-α in a subgroup of patients with 
lung AD. A number of in vitro and in vivo studies have 
demonstrated that the use of the anti-estrogen therapy 
alone or in combination with an EGFR inhibitor has 
enhanced anti-proliferative activity. This indicates that the 
cross-talk between EGFR (and most likely its downstream 
substrates, which include RAS) and the ER modulates 
the progression and response to therapy of this subtype 
of lung cancer [34, 41-43]. While non-randomized phase 
II studies have shown response rates between 12-25% in 
non-stratified NSCLC patients treated with tamoxifene in 
combination with standard chemotherapy or anti-EGFR 
targeted agents [31, 44], so far these results have not been 
validated in randomized trials [31, 45]. Nonetheless, 
stratification based on the ER expression or activation has 
never been used to allocate patients to anti-ER targeted 
treatment. Stratification using genomic and proteomic 
markers may lead to the identification of patients that 
can benefit from the addition of an anti-ER agent to their 
therapeutic regimen.

A few limitations need to be addressed. 
Independently our two study sets showed that 

approximately 20% of KRAS MT ADs of the lung have 
significant activation of the ER-α, but the data were 
not significant when the conventional Allred score was 
applied. IHC scoring algorithms have not been optimized 
and standardized for ER-α in lung cancer, especially for 
the phosphorylated form. Although different scoring 
systems can be applied, consensus still needs to be reached 
[31]. Prospective analysis comparing the molecular profile 
with the clinical outcome in patients treated with anti-
estrogen agents will be necessary to establish cut-points 
to identify patients that may benefit from anti-ER targeted 
treatment.

By exploring the signaling network of human lung 
ADs harbouring a KRAS mutation, this study identified 
new potential therapeutic targets for this group of patients 
which provide initial findings on the elucidation of a 
KRAS to in lung cancers. In particular the identification of 
ER-α, the AKT-mTOR network and multiple RTKs such 
as the HER family, c-Abl, Ret, and Ron, as potential KRAS 
MT oriented drug targets merits further evaluation using in 
vitro and in vivo studies.

MAtErIALs AND MEtHODs 

tissue collection 

Fifty-eight retrospective primary ADs of the lung 
collected from 2006 to 2012 at the H. Lee Moffitt Cancer 
Center and Research Institute (Tampa, FL) and at the S. 
Maria della Misericordia Hospital (Perugia, Italy) were 
included in this analysis. Only patients with surgically 
treated EGFR WT NSCLCs were included in the study. 
Enrolling institutions received Institutional Review 
Board approval for this study and informed consent was 
collected voluntarily from each patient before undergoing 
surgical removal of the primary tumor. For the signaling 
analysis, surgical specimens were snap-frozen within 30 
minutes from collection and embedded in Optimal Cutting 
Temperature compound (OCT). 

EGFR (Exons 18-21) and KRAS (Exons 1-2) 
mutation status was characterized at the enrolling 
institutions using Sanger sequencing protocols as 
previously described [46-48]. 

Laser capture microdissection

Six to nine 8.0 μm sections were mounted on 
uncoated glass slides and stored at -80°C until processed 
further. For each specimen, one slide was stained with 
Hematoxylin (Sigma Aldrich, St. Louis, MO) and 
Eosin (Sigma Aldrich, St. Louis, MO) and examined 
by a certified pathologist (LL) to confirm the presence 
of malignant cells. LCM was used to isolate tumor 
epithelial cells from the surrounding microenvironment 
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as previously described [49]. Briefly, slides were fixed in 
70% ethanol, rinsed with deionized water, stained with 
Hematoxylin (Sigma Aldrich, St. Louis, MO) and Scott’s 
Tap Water (Electron Microscopy Sciences, Hatfield, PA), 
and dehydrated in ethanol (70%, 95% and 100%) and 
xylene. Complete mini protease inhibitors (Roche Applied 
Science, Indianapolis, IN) were added to the 70% ethanol, 
deionized water, Hematoxylin, and Scott’s Tap Water to 
preserve protein and phosphorylations from degradation.

Using the infrared laser of a Veritas microdissection 
system (Arcturus Bioscience, Mountain View, CA) 0.5-18 
mm2 of malignant cells were collected from each sample 
on CapSure Macro LCM caps (Arcturus Bioscience, 
Mountain View, CA).

reverse phase protein microarray

Microdissected cells were stored at -80ºC until 
lysed in a 1:1 solution of 2x Tris-Glycine SDS Sample 
buffer (Invitrogen Life Technologies, Carlsbad, CA) and 
Tissue Protein Extraction Reagent (Pierce, Rockford, IL) 
supplemented with 2.5% β-mercaptoethanol (Sigma, St. 
Louis, MO). Approximately 2.5 mm2 of microdissected 
tissue were lysed in 6 μl of buffer. 

Cell lysates were immobilized onto nitrocellulose-
coated slides (Grace Bio-labs, Bend, OR) using an Aushon 
2470 arrayer (Aushon BioSystems, Billerica, MA). Each 
sample was printed in triplicate along with standard curves 
for internal quality control. Selected arrays were stained 
with Sypro Ruby Protein Blot Stain (Molecular Probes, 
Eugene, OR) following manufacturing instructions to 
quantify the amount of protein present in each sample 
[22]. 

Prior to antibody staining the remaining arrays 
were treated with Reblot Antibody Stripping solution 
(Chemicon, Temecula, CA) for 15 minutes at room 
temperature, washed with PBS and incubated for at least 
one hour in I-block (Tropix, Bedford, MA). Using an 
automated system (Dako Cytomation, Carpinteria, CA) 
arrays were first probed with 3% hydrogen peroxide, 
biotin blocking system (Dako Cytomation, Carpinteria, 
CA), and an additional serum free protein block (Dako 
Cytomation, Carpinteria, CA) to reduce unspecific binding 
between endogenous proteins and the detection system. 
Finally, arrays were probed with 150 antibodies, of which 
114 targeted the phosphorylated sites of human kinases 
and downstream substrates (Supplementary Table 1). 
Antibodies were validated for their use on the array as 
previously described [50]. 

Biotinylated anti-rabbit (Vector Laboratories, Inc. 
Burlingame, CA) or anti-mouse secondary antibody 
(CSA; Dako Cytomation Carpinteria, CA) coupled 
with the Catalyzed Signal Amplification System (CSA; 
Dako Cytomation Carpinteria, CA), a commercially 
available tyramide-based avidin/biotin amplification 
kit, were employed to amplify the detection of the 

signal. Fluorescent detection was obtained using IRDye 
680RD Streptavidin (LI-COR Biosciences, Lincoln, NE) 
according to the manufacturer’s recommendation. 

Antibody and Sypro Ruby stained slides were 
scanned on a Tecan laser scanner (TECAN, Mönnedorf, 
Switzerland) using the 620 nm and 580 nm weight 
length channel respectively. Images were analyzed with 
MicroVigene Software Version 5.1.0.0 (Vigenetech, 
Carlisle, MA) as previously described [22]. In brief, the 
software performs spot finding along with subtraction of 
the local background and unspecific binding generated 
by the secondary antibody. In addition, the program 
automatically normalizes each sample to the corresponding 
amount of protein derived from the Sypro Ruby stained 
slides and averages the triplicates. Intra and inter-assay 
reproducibility of the assay has been previously described 
[51]. KRAS status was assigned to each sample only after 
the molecular analysis was completed. 

Immunohistochemical analysis

A retrospective independent set of 90 NSCLCs 
collected at the S. Maria della Misericordia Hospital 
(Perugia, Italy) from 2002 to 2013 was used to further 
investigate, using immunohistochemistry (IHC), the 
activation level of the Estrogen Receptor α (ER-α). IHC 
was performed on 4 μm formalin-fixed paraffin-embedded 
(FFPE) sections using a monoclonal antibody targeting 
the ER-α phosphorylation site S118 (Clone 16J4, Cell 
Signaling, dilution 1:50). The signal was detected using 
a biotin–free polymeric-horseradish peroxidase (HRP)-
linker antibody conjugate system (Bond Polymer Refine 
Detection, Leica BioSystems, Newcastle, UK) with heat-
induced epitope retrieval. Slides were stained using the 
Bond III automated immunostainer (Leica BioSystems Pty 
Ltd., Melbourne, VIC, Australia).

Semi-quantitative evaluation of the staining was 
performed independently by two pathologists (GB and 
AS). Only nuclear staining of the tumor cells was scored. 
Slides with controversial scoring were revisited by the 
pathologists and discussed until consensus was reached. 
KRAS status was revealed to the investigators only upon 
completion of analysis. 

For each sample two variables were quantified: 
staining intensity and percentage of positive cells. Staining 
intensity was defined using an ordinal scale (0=no staining, 
1= weak staining, 2= moderate staining, 3= strong 
staining) while percentage of positive cells was measured 
as a continuous variable (0-100%). Intensity values and 
percentage of stained cells were initially evaluated as 
independent variables. Subsequently the Allred Scoring 
System was applied to the data set as previously described 
[31]. In brief, the proportion of positive cells was first 
classified using an ordinal scale (0, no staining, 1= ≤ 1%, 
2 = 2-10%, 3 = 11-33%, 4= 34-66%, 5= > 67%). The 
percentage of positive cells was then added to the value 



Oncotarget32377www.impactjournals.com/oncotarget

of the staining intensity to obtain a score ranging from 0 
to 8. Finally all scores were further classified as negative 
(Allred score ≤ 1), weak (Allred score between 2 and 4), 
or strong (Allred score ≥ 5) [31].

statistical analysis

Non-parametric pairwise correlation analysis was 
used to explore the relationship between the phospho-
isoforms of well-known KRAS downstream substrates 
(Raf S259, b-Raf S445, c-Raf S338, Mek 1/2 S217/221, 
and ERK 1/2 T202/Y204) and the expression/activation 
levels of the remaining 145 analytes measured by RPPA. 
Spearman’s Rho correlation coefficients were calculated 
for KRAS MT and WT samples using JMP version 5.1 
(SAS Institute Inc., SAS, Cary, NC). To control for 
potential errors associated with the multiple comparisons, 
and to identify only correlations with a strong statistical 
significance a Bonferroni correction was applied [52]. 
After the correction only p < 0.0003 were considered 
significant.

The expression/activation levels of the 150 analytes 
measured by RPPA between KRAS MT and WT cases 
were then compared. Based on whether the population 
distribution was normal, parametric two sample t-test or 
non-parametric Wilcoxon rank sum test were performed 
using R version 2.14.1 (R Development Core Team, 
Vienna, Austria). For the subgroup of analytes that reached 
statistical difference scatter plots with mean and standard 
error of the mean were generated with GraphPad Prism 
version 6 (GraphPad Software Inc., San Diego, CA).

Finally, for nominal and ordinal data (sex, stage, 
IHC intensity values, and Allred score) the proportion of 
cases across the different groups was assessed using the 
Pearson’s Chi-square test. All significance levels, except 
for the correlation analysis, were set as p≤ 0.05.

AcKNOWLEDGMENts

We thank Katherine M. Fellows, Lorenza Pistola 
and Francesca Romana Tofanetti for the technical support 
provided; the Moffitt SPORE in Lung Cancer (E.B.H, 
W.D.C, M.S.) and the Moffitt Lung Cancer Center of 
Excellence for the invaluable contribution to the project. 

This work is dedicated to the patients who 
participated in the study. 

FUNDING 

This work was supported by the College of Science, 
George Mason University, the Istituto Superiore di Sanità, 
(Rome, Italy), as well as by the Italian Association for 
Cancer Research (AIRC) and the Associazione Umbra 
contro il Cancro (AUCC).

cONFLIcts OF INtErEsts

The authors are inventors on US Government 
and University assigned patents and patent applications 
that cover aspects of the technologies discussed such as 
laser capture microdissection and reverse phase protein 
microarrays. As inventors, they are entitled to receive 
royalties as provided by US Law and George Mason 
University policy. LL, EP, and MP are consultants to and/
or shareholders of Theranostics Health, Inc.

rEFErENcEs 

1. Pylayeva-Gupta Y, Grabocka E, Bar-Sagi D. RAS 
oncogenes: weaving a tumorigenic web. Nat Rev Cancer. 
2011; 11: 761-774.

2. Dearden S, Stevens J, Wu YL, Blowers D. Mutation 
incidence and coincidence in non small-cell lung cancer: 
meta-analyses by ethnicity and histology (mutMap). Ann 
Oncol. 2013; 24: 2371-2376.

3. Martin P, Leighl NB, Tsao MS, Shepherd FA. KRAS 
mutations as prognostic and predictive markers in non-
small cell lung cancer. J Thorac Oncol. 2013; 8: 530-542.

4. Mascaux C, Iannino N, Martin B, Paesmans M, Berghmans 
T, Dusart M, Haller A, Lothaire P, Meert AP, Noel S, 
Lafitte JJ, Sculier JP. The role of RAS oncogene in survival 
of patients with lung cancer: a systematic review of the 
literature with meta-analysis. Br J Cancer. 2005; 92: 131-
139.

5. Eberhard DA, Johnson BE, Amler LC, Goddard AD, 
Heldens SL, Herbst RS, Ince WL, Jänne PA, Januario 
T, Johnson DH, Klein P, Miller VA, Ostland MA, et al. 
Mutations in the epidermal growth factor receptor and in 
KRAS are predictive and prognostic indicators in patients 
with non-small-cell lung cancer treated with chemotherapy 
alone and in combination with erlotinib. J Clin Oncol. 2005; 
23: 5900-5909.

6. Metro G, Chiari R, Bennati C, Cenci M, Ricciuti B, Puma F, 
Flacco A, Rebonato A, Giannarelli D, Ludovini V, Bellezza 
G, Ferolla P, Minotti V, et al. Clinical outcome with 
platinum-based chemotherapy in patients with advanced 
nonsquamous EGFR wild-type non-small-cell lung cancer 
segregated according to KRAS mutation status. Clin Lung 
Cancer. 2014; 15: 86-92.

7. Cox AD, Fesik SW, Kimmelman AC, Luo J, Der CJ. 
Drugging the undruggable RAS: Mission possible? Nat Rev 
Drug Discov. 2014; 13: 828-851.

8. Ostrem JM, Peters U, Sos ML, Wells JA, Shokat KM. 
K-Ras(G12C) inhibitors allosterically control GTP affinity 
and effector interactions. Nature. 2013; 503: 548-551.

9. Sousa SF, Fernandes PA, Ramos MJ. Farnesyltransferase 
inhibitors: a detailed chemical view on an elusive biological 
problem. Curr Med Chem. 2008; 15: 1478-1492.

10. Hunter JC, Gurbani D, Ficarro SB, Carrasco MA, Lim SM, 



Oncotarget32378www.impactjournals.com/oncotarget

Choi HG, Xie T, Marto JA, Chen Z, Gray NS, Westover 
KD. In situ selectivity profiling and crystal structure of 
SML-8-73-1, an active site inhibitor of oncogenic K-Ras 
G12C. Proc Natl Acad Sci U S A. 2014; 111: 8895-8900.

11. Lim SM, Westover KD, Ficarro SB, Harrison RA, Choi 
HG, Pacold ME, Carrasco M, Hunter J, Kim ND, Xie T, 
Sim T, Jänne PA, et al. Therapeutic targeting of oncogenic 
K-Ras by a covalent catalytic site inhibitor. Angew Chem 
Int Ed Engl. 2014; 53: 199-204.

12. Baines AT, Xu D, Der CJ. Inhibition of Ras for cancer 
treatment: the search continues. Future Med Chem. 2011; 
3: 1787-1808.

13. Jänne PA, Shaw AT, Pereira JR, Jeannin G, Vansteenkiste 
J, Barrios C, Franke FA, Grinsted L, Zazulina V, Smith P, 
Smith I, Crinò L. Selumetinib plus docetaxel for KRAS-
mutant advanced non-small-cell lung cancer: a randomised, 
multicentre, placebo-controlled, phase 2 study. Lancet 
Oncol. 2013; 14: 38-47.

14. Dingemans AM, Mellema WW, Groen HJ, van Wijk A, 
Burgers SA, Kunst PW, Thunnissen E, Heideman DA, Smit 
EF. A phase II study of sorafenib in patients with platinum-
pretreated, advanced (Stage IIIb or IV) non-small cell lung 
cancer with a KRAS mutation. Clin Cancer Res. 2013; 19: 
743-751.

15. Merck Sharp & Dohme Corp. A Combination Therapy 
Study of MK-2206 and AZD6244 in Participants With 
Advanced Solid Tumors (MK-2206-010) (Accessed on 2 
June 2015). Available from https://clinicaltrials.gov/ct2/
show/NCT01021748 NLM Identifier: NCT01021748.

16. H. Lee Moffitt Cancer Center and Research Institute. A 
Phase I/IB Trial of MEK162 in Combination with Erlotinib 
in NSCLC Harboring KRAS or EGFR Mutation. (Accessed 
on 2 June 2015) Available from https://clinicaltrials.gov/
ct2/show/NCT01859026 NLM Identifier: NCT01859026.

17. de Castro Carpeño J, Belda-Iniesta C. KRAS mutant 
NSCLC, a new opportunity for the synthetic lethality 
therapeutic approach. Transl Lung Cancer Res. 2013; 2: 
142-151.

18. Gysin S, Salt M, Young A, McCormick F. Therapeutic 
strategies for targeting ras proteins. Genes Cancer. 2011; 2: 
359-372.

19. Mendoza MC, Er EE, Blenis J. The Ras-ERK and PI3K-
mTOR pathways: cross-talk and compensation. Trends 
Biochem Sci. 2011; 36: 320-328.

20. Kalari KR, Rossell D, Necela BM, Asmann YW, Nair 
A, Baheti S, Kachergus JM, Younkin CS, Baker T, Carr 
JM, Tang X, Walsh MP, Chai HS, et al. Deep Sequence 
Analysis of Non-Small Cell Lung Cancer: Integrated 
Analysis of Gene Expression, Alternative Splicing, and 
Single Nucleotide Variations in Lung Adenocarcinomas 
with and without Oncogenic KRAS Mutations. Front 
Oncol. 2012; 2: 12.

21. Mueller C, deCarvalho AC, Mikkelsen T, Lehman NL, 
Calvert V, Espina V, Liotta LA, Petricoin EF. Glioblastoma 

cell enrichment is critical for analysis of phosphorylated 
drug targets and proteomic-genomic correlations. Cancer 
Res. 2014; 74: 818-828.

22. Pin E, Federici G, Petricoin EF. Preparation and use of 
reverse protein microarrays. Curr Protoc Protein Sci. 2014; 
75: Unit 27.27.

23. Balbin OA, Prensner JR, Sahu A, Yocum A, Shankar S, 
Malik R, Fermin D, Dhanasekaran SM, Chandler B, Thomas 
D, Beer DG, Cao X, Nesvizhskii AI, et al. Reconstructing 
targetable pathways in lung cancer by integrating diverse 
omics data. Nat Commun. 2013; 4: 2617.

24. Smith MA, Hall R, Fisher K, Haake SM, Khalil F, Schabath 
MB, Vuaroqueaux V, Fiebig HH, Altiok S, Chen YA, 
Haura EB. Annotation of human cancers with EGFR 
signaling-associated protein complexes using proximity 
ligation assays. Sci Signal. 2015; 8: ra4.

25. Martín-Bernabé A, Cortés R, Lehmann SG, Seve M, 
Cascante M, Bourgoin-Voillard S. Quantitative proteomic 
approach to understand metabolic adaptation in non-small 
cell lung cancer. J Proteome Res. 2014; 13: 4695-704.

26. E J, Xing J, Gong H, He J, Zhang W. Combine MEK 
inhibition with PI3K/mTOR inhibition exert inhibitory 
tumor growth effect on KRAS and PIK3CA mutation CRC 
xenografts due to reduced expression of VEGF and matrix 
metallopeptidase-9. Tumour Biol. 2015; 36: 1091-1097.

27. Hirai H, Sootome H, Nakatsuru Y, Miyama K, Taguchi 
S, Tsujioka K, Ueno Y, Hatch H, Majumder PK, Pan BS, 
Kotani H. MK-2206, an allosteric Akt inhibitor, enhances 
antitumor efficacy by standard chemotherapeutic agents or 
molecular targeted drugs in vitro and in vivo. Mol Cancer 
Ther. 2010; 9: 1956-1967.

28. Engelman JA, Chen L, Tan X, Crosby K, Guimaraes AR, 
Upadhyay R, Maira M, McNamara K, Perera SA, Song Y, 
Chirieac LR, Kaur R, Lightbown A, et al. Effective use of 
PI3K and MEK inhibitors to treat mutant Kras G12D and 
PIK3CA H1047R murine lung cancers. Nat Med. 2008; 14: 
1351-1356.

 29. Meng J, Dai B, Fang B, Bekele BN, Bornmann WG, Sun 
D, Peng Z, Herbst RS, Papadimitrakopoulou V, Minna JD, 
Peyton M, Roth JA. Combination treatment with MEK and 
AKT inhibitors is more effective than each drug alone in 
human non-small cell lung cancer in vitro and in vivo. PLoS 
One 2010; 5: e14124.

30. Corcoran RB, Cheng KA, Hata AN, Faber AC, Ebi H, 
Coffee EM, Greninger P, Brown RD, Godfrey JT, Cohoon 
TJ, Song Y, Lifshits E, Hung KE, et al. Synthetic lethal 
interaction of combined BCL-XL and MEK inhibition 
promotes tumor regressions in KRAS mutant cancer 
models. Cancer Cell. 2013; 23: 121-128.

31. Baik CS, Eaton KD. Estrogen signaling in lung cancer: an 
opportunity for novel therapy. Cancers (Basel). 2012; 4: 
969-988.

32. Kawai H, Ishii A, Washiya K, Konno T, Kon H, Yamaya 
C, Ono I, Ogawa J. Combined overexpression of EGFR and 



Oncotarget32379www.impactjournals.com/oncotarget

estrogen receptor alpha correlates with a poor outcome in 
lung cancer. Anticancer Res. 2005; 25: 4693-4698.

33. Mah V, Seligson DB, Li A, Márquez DC, Wistuba II, 
Elshimali Y, Fishbein MC, Chia D, Pietras RJ, Goodglick 
L. Aromatase expression predicts survival in women with 
early-stage non small cell lung cancer. Cancer Res. 2007; 
67: 10484-10490.

34. Stabile LP, Davis AL, Gubish CT, Hopkins TM, Luketich 
JD, Christie N, Finkelstein S, Siegfried JM. Human non-
small cell lung tumors and cells derived from normal lung 
express both estrogen receptor alpha and beta and show 
biological responses to estrogen. Cancer Res. 2002; 62: 
2141-2150.

35. Márquez-Garbán DC, Chen HW, Fishbein MC, Goodglick 
L, Pietras RJ. Estrogen receptor signaling pathways in 
human non-small cell lung cancer. Steroids. 2007; 72: 135-
143.

36. Driggers PH, Segars JH. Estrogen action and cytoplasmic 
signaling pathways. Part II: the role of growth factors and 
phosphorylation in estrogen signaling. Trends Endocrinol 
Metab. 2002; 13: 422-427.

37. Tu Z, Gui L, Wang J, Li X, Sun P, Wei L. Tumorigenesis 
of K-ras mutation in human endometrial carcinoma via 
upregulation of estrogen receptor. Gynecol Oncol. 2006; 
101: 274-279.

38. Kato K, Horiuchi S, Takahashi A, Ueoka Y, Arima T, 
Matsuda T, Kato H, Nishida Ji J, Nakabeppu Y, Wake 
N. Contribution of estrogen receptor alpha to oncogenic 
K-Ras-mediated NIH3T3 cell transformation and its 
implication for escape from senescence by modulating the 
p53 pathway. J Biol Chem. 2002; 277: 11217-11224.

39. Valley CC, Métivier R, Solodin NM, Fowler AM, Mashek 
MT, Hill L, Alarid ET. Differential regulation of estrogen-
inducible proteolysis and transcription by the estrogen 
receptor alpha N terminus. Mol Cell Biol. 2005; 25:5417-
28.

40. Raso MG, Behrens C, Herynk MH, Liu S, Prudkin L, 
Ozburn NC, Woods DM, Tang X, Mehran RJ, Moran C, 
Lee JJ, Wistuba II. Immunohistochemical expression of 
estrogen and progesterone receptors identifies a subset of 
NSCLCs and correlates with EGFR mutation. Clin Cancer 
Res. 2009; 15: 5359-5368.

41. Shen L, Li Z, Shen S, Niu X, Yu Y, Liao M, Chen Z, 
Lu S. The synergistic effect of EGFR tyrosine kinase 
inhibitor gefitinib in combination with aromatase inhibitor 
anastrozole in non-small cell lung cancer cell lines. Lung 
Cancer. 2012; 78: 193-200.

42. Garon EB, Pietras RJ, Finn RS, Kamranpour N, Pitts S, 
Márquez-Garbán DC, Desai AJ, Dering J, Hosmer W, 
von Euw EM, Dubinett SM, Slamon DJ. Antiestrogen 
fulvestrant enhances the antiproliferative effects of 
epidermal growth factor receptor inhibitors in human non-
small-cell lung cancer. J Thorac Oncol. 2013; 8: 270-278.

43. Liu CM, Chiu KL, Chen TS, Chang SM, Yang SY, Chen 

LH, Ni YL, Sher YP, Yu SL, Ma WL. Potential therapeutic 
benefit of combining gefitinib and tamoxifen for treating 
advanced lung adenocarcinoma. Biomed Res Int. 2015; 
2015: 642041.

44. Traynor AM, Schiller JH, Stabile LP, Kolesar JM, Eickhoff 
JC, Dacic S, Hoang T, Dubey S, Marcotte SM, Siegfried 
JM. Pilot study of gefitinib and fulvestrant in the treatment 
of post-menopausal women with advanced non-small cell 
lung cancer. Lung Cancer. 2009; 64: 51-59.

45. Intergroupe Francophone de Cancerologie Thoracique. 
Lung Cancer in Women Treated With Anti-estrogens 
and Inhibitors of EGFR (LADIE). (Accessed on 2 June 
2015) Available from https://clinicaltrials.gov/ct2/show/
NCT0155619 NLM Identifier: NCT0155619.

46. Ludovini V, Bianconi F, Pistola L, Chiari R, Minotti 
V, Colella R, Giuffrida D, Tofanetti FR, Siggillino 
A, Flacco A, Baldelli E, Iacono D, Mameli MG, et al. 
Phosphoinositide-3-kinase catalytic alpha and KRAS 
mutations are important predictors of resistance to therapy 
with epidermal growth factor receptor tyrosine kinase 
inhibitors in patients with advanced non-small cell lung 
cancer. J Thorac Oncol. 2011; 6: 707-715.

47. Schabath MB, Welsh EA, Fulp WJ, Thompson ZJ, 
Engel BE, Qu X, et al. Differential association of 
STK11 and TP53 mutations with RAS gene expression 
signature, proliferation and immune surveillance in lung 
adenocarcinoma. Oncogene. 2015; In press.

48. Wood LD, Parsons DW, Jones S, Lin J, Sjöblom T, Leary 
RJ, Shen D, Boca SM, Barber T, Ptak J, Silliman N, Szabo 
S, Dezso Z, et al. The genomic landscapes of human breast 
and colorectal cancers. Science. 2007; 318: 1108-1113.

49. Espina V, Wulfkuhle JD, Calvert VS, VanMeter A, Zhou 
W, Coukos G, Geho DH, Petricoin EF, Liotta LA. Laser-
capture microdissection. Nat Protoc. 2006; 1: 586-603.

50. Signore M, Reeder KA. Antibody validation by Western 
blotting. Methods Mol Biol. 2012; 823: 139-155.

51. Rapkiewicz A, Espina V, Zujewski JA, Lebowitz PF, 
Filie A, Wulfkuhle J, Camphausen K, Petricoin EF, Liotta 
LA, Abati A. The needle in the haystack: application of 
breast fine-needle aspirate samples to quantitative protein 
microarray technology. Cancer. 2007; 111: 173-184.

52. Han B, Kang HM, Eskin E. Rapid and accurate multiple 
testing correction and power estimation for millions of 
correlated markers. PLoS Genet. 2009; 5: e1000456.


