
Paradigm Transitions in Non-Small Cell Lung Cancer

James Kim, MD, PhD
The University of Texas Southwestern Medical Center

December 20, 2013

This is to acknowledge that James Kim, MD, PhD has disclosed that he does not have any financial 
interests or other relationships with commercial concerns related directly or indirectly to this program.  
Dr. Kim will be discussing off-label uses in his presentation.



James Kim, MD, PhD
Assistant Professor
Division of Hematology-Oncology
Hamon Center for Therapeutic Oncology Research

Purpose and Overview: To discuss changing paradigms in the diagnosis and treatment of 
non-small cell lung cancer. Traditional histological classification and cytotoxic chemotherapy 
for lung cancer is in transition. Molecular and genetic-based classification of lung cancers with 
accompanying therapies that target these molecules are emerging. Here, we will review the 
traditional classifications and treatments established at the beginning of the 21st century. Cur-
rent therapies based on molecular targets will be reviewed in addition to new therapies and 
areas of research. 

Objectives: 

1. To review previous paradigms of non-small cell lung cancer classification and management 
of metastatic disease

2. To review the emerging molecular classification of non-small cell lung cancer

3. To review new targeted therapies for the treatment of metastatic lung cancer

4. To review emerging trends and research in the diagnosis and treatment of non-small cell 
lung cancer



INTRODUCTION

At the dawn of the 20th century, lung cancer was thought to be a rare reportable disease. In 
1912, Dr. Isaac Adler published his landmark book, Primary Malignant Growths of the Lung 
and Bronchi[1], that described all 374 verifiable cases of lung cancer worldwide. Lung cancer 
incidence has since increased with the popularization and steady rise of smoking World War 
I[2]. Lung cancer is now the most common cause of cancer death worldwide for both men and 
women. In the U.S., it is estimated that there will be nearly as many deaths due to lung cancer 
than breast, prostate, colon and pancreas cancers combined in 2013[3]. This is despite lung 
cancer being the second most common cancer diagnosis behind breast and prostate cancer in 
women and men, respectively [3]. Less than 17% of all lung cancer patients are alive five years 
after their diagnosis [4]. For patients with localized disease, five year survival rates are still poor 
(54%) and much worse (< 4%) for patients with metastatic disease [4]. 

During this past decade, the field has seen rapid and numerous advances in the diagnosis and 
treatment of non-small cell lung cancer (NSCLC). Here, we will discuss some of these changes 
and how they are leading to new paradigms of classification and treatment of lung cancer.

CLASSIFICATION AND HISTOLOGIC SUBTYPES:

The major groups of lung cancer traditionally have been divided into small cell and non-small 
cell lung cancer (NSCLC). Small cell lung cancer is now considered to be the most aggres-
sive form of a larger group of pulmonary neuroendocrine tumors. Tumors in this spectrum also 
include typical and atypical pulmonary carcinoid tumors and large cell neuroendocrine tumors. 
Non-small cell lung cancer consists of three major histologic subtypes: adenocarcinoma, squa-
mous cell carcinoma, and large cell carcinoma (without neuroendocrine features). 

Adenocarcinoma is now the most common subtype accounting for ~40% of lung cancers. Ad-
enocarcinomas are still most common among current and former smokers. However, among 
non-smokers who develop NSCLC, the tumors are disproportionately adenocarcinomas[5]. 
Adenocarcinomas are often found in the periphery of the lungs, are aggressive, and frequently 
metastasize. Histologic subtypes of adenocarcinomas include a acinar (glandular) pattern, a 
lepidic pattern that follows the contours of the alveoli, a papillary pattern where tumor cells line 
papillary structures with a fibrovascular core, and a solid pattern that is usually associated with 
poorly differentiated carcinomas. Most adenocarcinomas consist of a mixture of these histo-
logic subtypes with the solid pattern having a worse prognosis than the other histologic vari-
ants. Diagnosis of adenocarcinoma is confirmed through immunohistochemical (IHC) stains. 
Thyroid transcription factor 1 (TTF-1, NKX 2.1) and napsin A are most commonly used to 
identify adenocarcinoma. TTF-1 staining is only found in thyroid cancers and ~80% of lung 
adenocarcinomas. 

Atypical adenomatous hyperplasia (AAH) and adenocarcinoma in-situ (AIS; formerly bron-
choalveolar carcinoma) are small, non-invasive lesions of atypical cells that follow a lepidic pat-
tern in the absence of underlying inflammatory processes. Both AAH and AIS have the same 
histologic appearance and are distinguished by size. AAH are lesions less than 5 mm whereas 
AIS are lesions greater than 5 mm. These lesions present as ground-glass nodules on CT and 



can present as a single lesion or as a multi-focal disease. These lesions are very slow-growing 
and found in younger, non-smoking women.

Squamous cell carcinoma is the second most common histologic subtype of NSCLC and is 
highly correlated with smoking history. The incidence of squamous cell lung cancer has been 
decreasing in the U.S. due to decreased smoking rates among the population. These tumors 
are often found centrally near the midline and are the ones most likely to cavitate among the 
various NSCLC histologic subtypes. Keratinization, intercellular bridges, and nests of squa-
mous cells invading into the fibrous stroma characterize these tumors histologically. IHC stains 
include the cytokeratins CK 5/6 and the transcription factor p63. These tumors are often nega-
tive for TTF-1. The differentiation of primary squamous cell lung cancer from a metastatic le-
sion can be difficult. Both morphology and IHC stains of squamous cell cancers from other sites 
such as skin and head and neck cancers are identical. Thus, clinical correlation is essential in 
these cases.

Large cell carcinomas make up <10% of NSCLC. Their histologic appearance consists of sheets 
of undifferentiated cells without glandular or squamous differentiation with prominent nucleoli. 
Necrosis is often seen with these aggressive tumors. the incidence of large cell NSCLC has 
decreased substantially as IHC has improved to distinguish adenocarcinomas, squamous cell 
carcinomas and pulmonary neuroendocrine cancers.

STAGING:

After diagnosis of NSCLC by tissue biopsy, determination of disease stage is the next criti-
cal step. Disease stage determines treatment modality, regimen and prognosis. Prognosis 

is closely correlated with stage (Figure 1) with localized, early stage 
disease having the best prognosis and metastatic stage IV disease 
having the worst outcomes. Thus, accurate staging is essential for 
the treatment of NSCLC patients. The TNM (tumor-node-metas-
tasis) system of staging has been set by the American Joint Com-
mittee on Cancer (AJCC), now in its 7th edition[6], and divided into 
stages I – IV (Table 1). Combination of tumor size and invasion (T), 
extent of lymph nodes metastasis (N) and metastasis in pleural ef-
fusions and to distant sites (M) determine disease stage. Localized 
stages I – II are treated with surgery with the addition of adjuvant che-
motherapy in selected stage IB and all stage II patients. Locally ad-

Table 1. TNM Staging for 
NSCLC. AJCC 7th ed.  

Figure 1. TNM Stage correlates closely with survival.  From Goldstraw P, Crowley J, 
Chansky K, et al. J Thorac Oncol 2007



vanced disease of stage III are treated with concurrent chemotherapy and radiation. Surgery 
for stage IIIA disease with mediastinal lymph node involvement is controversial and often vary 
from institution to institution in the U.S. Systemic therapy, including chemotherapy and oral 
targeted agents, are the mainstay of treatment for patients with stage IV metastatic NSCLC.

SOME ADVANCES IN DIAGNOSIS AND TREATMENT

The histological identification and anatomical stage represent the traditional classification of 
NSCLC. Many advances in diagnosis and treatment have been made within the past 15 years 
that are beyond the scope of this review to discuss in detail. Thus, they will be mentioned here 
briefly.

In diagnosis, whole body positron emission tomography in conjunction with X-ray computed 
tomography (PET-CT) has been a great aid in the clinical staging of lung cancer. A recent meta-
analysis reported a sensitivity of 91% and specificity of 96% for the detection of metastases[7]. 
PET-CT in combination with CT scans and brain MRI have become standard imaging modali-
ties for clinical staging of NSCLC. 

Endobronchial ultrasound (EBUS) has added a non-surgical (i.e. mediastinscopy) method to 
stage the mediastinum. A prospective clinical trial [8] found no significant differences in patho-
logic stage when EBUS was compared to mediastinoscopy. A comparison of mediastinoscopy 
alone vs. EBUS/endoscopic ultrasound (EUS) followed by mediastinoscopy (if EBUS/EUS was 
negative) showed that the EBUS/EUS/mediastinoscopy strategy had a greater sensitivity for 
detecting mediastinal node disease with fewer unnecessary thoracotomies[9]. EBUS is now 
often used first to stage the mediastinum rather than surgical mediastinoscopy.

Several treatment practices have changed in the past decade. Adjuvant platinum-based che-
motherapy is now standard for selected stage IB and all stage II NSCLC patients following 
surgical lobectomy of the primary tumor after several large studies [10-13] showed improved 
survival with the addition of chemotherapy. 

For stage III disease with mediastinal lymph node (N2 or N3) involvement, concurrent che-
motherapy and radiation [14, 15] have become the standard mode of treatment. The role of 
surgery in resectable stage IIIA disease with N2 mediastinal lymph node involvement is still 
controversial. 

For stage IV patients, the concept of maintenance therapy was introduced with the anti-VEGF 
monoclonal antibody, bevacizumab, which was continued after chemotherapy as part of the ini-
tial phase III clinical trial[16]. Several other studies have explored maintenance chemotherapy 
in patients who have not progressed after 4 – 6 cycles of standard platinum-based chemo-
therapy. The double blind, placebo-controlled, randomized phase III PARAMOUNT trial [17, 
18] compared continuation of pemetrexed vs placebo after 4 cycles of cisplatin-pemetrexed 
chemotherapy in stage IV non-squamous cell lung cancer. Those treated with pemetrexed 
had statistically significant improvements in progression-free survival (PFS) (4.1 versus 2.8 
months, HR 0.62, 95% CI 0.49-0.79) and overall survival (OS) (13.9 versus 11.0 months, one 
year survival rate 58% versus 45%) compared to placebo. Use of other agents (docetaxel[19], 
gemcitabine[20]) has been shown to increase PFS with a non-statistically significant trend to-



ward improved OS. 

ADVANCES IN CHEMOTHERAPY FOR METASTATIC DISEASE

Prior to the 1990s, the use of chemotherapy for NSCLC was controversial. Numerous chemo-
therapy trials during the 1970s and 1980s failed to show a survival benefit over best-supportive 
care due to lack of effective treatments, intolerable side effects, and the inadequate statistical 
power of these studies to detect modest benefits. With best-supportive care at that time, me-
dian survival was 4-5 months and 1 year-survival was 10%. In 1995, a landmark meta-analysis 
analyzed 11 trials with 1190 patients comparing chemotherapy against supportive care in the 
metastatic setting [21]. The analysis established the benefit of cisplatinum-based regimens 
with increase in median survival by 1.5 months and a hazard ratio for death of 0.73 (p<0.001) 
in favor of cisplatin-based chemotherapy. Trials using alkylating agents, vinca alkaloids or eto-
poside without cisplatin did not show any benefit. 

Subsequent new chemotherapeutic agents such as paclitaxel, gemcitabine, and vinorel-
bine were being added with platinum-agents to treat stage IV lung cancer. Another landmark 
study[22] compared the four regimens of cisplatin/gemcitabine, cisplatin/docetaxel, carbopla-
tin/paclitaxel, and cisplatin/paclitaxel in 1155 patients with metastatic disease divided equally 
in each treatment arm. The results showed no difference between the 4 treatment arms. No 
significant difference was seen in overall survival (median 8.0 months), time to progression of 
disease (median 3.6 months), or response rates (overall 19%). These four regimens became 
the standard treatments for metastatic NSCLC regardless of histologic subtype. The choice of 
regimen depended upon the regimen toxicity profile that was most compatible with the patient’s 
condition. A meta-analysis of 16 randomized clinical trials [23] showed a significant survival 
benefit (hazard ratio 0.77, p<0.001) for chemotherapy particularly with those using platinum-
based regimens. In summary, at the beginning of the 21st century, NSCLC was classified by 
histology and staging and stage IV disease treated with a platinum-based doublet chemother-
apy regardless of histologic subtype.

A more nuanced treatment strategy emerged with a phase III trial in 1,725 patients with stage IIIB 
or IV NSCLC equally distributed between cisplatin-gemcitabine (CG) or cisplatin-pemetrexed 
(CP) treatment arms[24]. Median overall survival (10.3 months for both arms) and progression-
free survival (CG 5.1 months, CP 4.8 months) were equivalent for the 2 regimens. However, 
statistically significant improvements in overall survival were seen when adenocarcinoma (12.6 
mo vs. 10.09 months) and large cell lung cancer (10.4 months vs 6.7 months) patients were 
treated with cisplatin-pemetrexed rather than cisplatin-gemcitabine. When adenocarcinomas 
and large cell carcinomas (nonsquamous tumors) were combined, a statistically significant 
median overall survival of 11.8 vs. 10.4 months and a statistically significant hazard ratio of 
0.81 favored the pemetrexed arm. Conversely, patients with squamous cell histology had a 
statistically significant improvement in median overall survival of 10.8 months with cisplatin-
gemcitabine compared with 9.4 months with cisplatin-pemetrexed. This study was the first to 
demonstrate the importance of tumor histology in the treatment of NSCLC.

EMERGENCE OF TARGETED THERAPIES and the MOLECULAR CLASSIFICATION OF 
NSCLC 



The field of medical oncology has now entered the era of targeted therapies. Unlike traditional 
cytotoxic chemotherapies that indiscriminately kill dividing cells, “targeted therapies” are de-
signed to bind and inhibit a protein or set of proteins that are either overexpressed in cancer 
cells compared to normal cells or are necessary for cancer cell growth (“oncogene addiction”). 
Thus theoretically, targeted therapies promise to have greater specificity for tumor cells with 
less toxicity than traditional chemotherapies. Currently, the most common targeted therapeu-
tics are monoclonal antibodies against cell surface antigens and oral tyrosine kinase inhibitors 
(TKIs). 

Angiogenesis Inhibitors

Angiogenesis is the process of new blood vessel formation that is tightly regulated under nor-
mal tissue homeostasis. However, many solid tumors, including lung cancer, aberrantly secrete 
a variety proangiogenic factors to continuously fuel development of new blood vessels. Angio-
genesis is important to supply the tumor with oxygen, nutrients, growth factors, hormones and 
for metastases to distant sites[25]. 

The vascular endothelial growth factor (VEGF) family of proteins is one of the pathways that 
govern normal and pathologic angiogenesis (Figure 2). There are seven VEGF ligands (VEGF-
A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placental growth factor (PlGF)-1, and PIGF-2) 
and three tyrosine kinase receptors (VEGFR-1, VEGFR-2, VEGFR-3 along with co-receptors 
neuropilin (NRP) -1 and NRP-2). Also, VEGF-A has various isoforms due to alternative splicing 
of the mRNA. VEGF ligands secreted from the tumor and stroma bind to the VEGF receptors 
to stimulate proliferation and migration of endothelial cells, recruitment of myeloid cells and 
lymphangiogenesis. 

Although there are numerous oral TKIs that target VEGFRs, only the recombinant human-
ized monoclonal antibody bevacizumab (Avastin; Genentech) is routinely used for treatment 
of metastatic NSCLC. Bevacizumab binds and neutralizes all VEGF-A isoforms. Its efficacy 
was tested in an Eastern Cooperative Oncology Group (ECOG) randomized phase III trial 
using carboplatin-paclitaxel with or without bevacizumab in patients with stage IIIB or IV non-
squamous NSCLC. Patients with squamous cell histology were excluded due to results from a 
previous phase II study[26] that showed an increased rate of life-threatening pulmonary hem-
orrhages in squamous cell carcinoma patients. The phase III ECOG trial showed statistically 
significant improvements in response rate (35% vs. 15%), progression-free survival (6.2 vs. 

4.5 months) and overall survival (12.3 vs. 
10.3 months). Significant toxicities with the 
bevacizumab and chemotherapy regimen 
included bone marrow suppression, febrile 
neutropenia, bleeding, hypertension, hy-
ponatremia, rash and proteinuria. Based 
Figure 2. Schematic of Tumor Angiogenesis. VEGF 
ligands from tumor epithelia and stroma are secreted and 
interact with VEGFR-1, VEGFR-1, and VEGFR-3 on 
vessel and lymphathic endothelium and myeloid cells. 
Stimulation of VEGFR-1 and VEGFR-2 endothelial 
cells induces proliferation, migration, survival and vascu-
lar permeabilization. From Hicklin and Ellis, JCO 2005. 



on this trial, bevacizumab, in combination with carboplatin and paclitaxel, was approved by the 
FDA as first-line treatment for unresectable, locally advanced or metastatic non-squamous cell 
NSCLC in 2006. 

Epidermal Growth Factor Receptor Inhibitors

The epidermal growth factor receptor (EGFR/ERBB1/HER1) belongs to a family of cell surface 
receptors include three other receptors (HER2-4/ERBB2-4), all of which have a cytoplasmic 
tyrosine kinase activity except for HER3. The receptor can form homo- or hetero-dimers. More 
than ten ligands are known to bind the Erb receptor family. Once a ligand, EGF in the case of 
lung cancer, binds to a momomeric receptor, homo- or hetero-dimerization of the receptors 
occur leading to autophosphorylation and activation of the intracellular tyrosine kinase do-
main, which in turn activates multiple downstream pathways including RAS/MAP kinase, PI3K 
pathway, and the Jak-Stat pathways (Figure 3). Activation of the pathway in cancers leads to 
enhanced proliferation, survival, and migration.

Gefitinib (Iressa; AstraZeneca) and erlotinib (Tarceva, Genentech), two oral TKIs that reversibly 
bind the ATP pocket of EGFR, have been studied in lung cancer. After initially promising results, 
combination of gefitinib [27, 28] or erlotinib[29, 30] with chemotherapy in the first-line setting 
for unselected metastatic NSCLC patients showed no improvements in survival over chemo-
therapy alone. A small subset of patients with adenocarcinoma and who had never smoked had 
improved survival with the EGFR inhibitors in combination with chemotherapy. 

Using the difference of those that did and did not respond to gefitinib therapy, three groups[31-33] 
in 2004 reported activating mutations in EGFR of NSCLC that were sensitive to inhibition by 
gefitinib and erlotinib. The groups found similar results with all mutations occurring in exons 18-
21 of the tyrosine kinase domain (Figure 4). The most common mutations were at L858 residue 
and deletions in exon 19 that encompass the amino acids LREA. Mutations at these EGFR 
sites also sensitized the tumors to erlotinib[33]. These groups and others [31-34] sequenced 
>750 NSCLC tumor specimens from American, Austra-
lian, Tawainese, and Japanese patients. They found a 
mutation rate of 19.6%, with mutations found more fre-
quently in never smokers (50.8% vs 9.0% for smokers), 
women (37.5% vs 13.0% males), adenocarcinomas 
(31.3% vs 2.3% all other NSCLC histologies) and East 
Asian origin (29.1% vs 7.9% non-East Asian population)
[35]. Patients with these EGFR mutations can have dra-
matic responses to EGFR inhibition. These studies have 
changed our practice. Patients with lung adenocarcino-
ma are now routinely tested for EGFR activating muta-
tions and treated with an EGFR TKI (erlotinib in U.S.) if 
their tumor has an activating mutation.

Several studies tested gefitinib or erlotinib against che-
motherapy in the first-line setting for patients with activat-
ing EGFR mutations[36-40]. The results of these studies 
are summarized in Table 2. All of these studies show a 

Figure 3. Schematic of EGFR Signaling. Upon 
binding by ligand, EGFR form homo- or het-
erodimers and activates downstream PI3K, RAS, 
and STAT pathways. Cetuximab and panitu-
mumab are monoclonal blocking antibodies of 
EGFR. Erlotinib and gefitinib inhibit the intra-
cellular domain of EGFR. Adapted from Ladanyi 
and Pao, Modern Pathology 2008. 



marked improvement in overall response rate 
(mean 69.6% vs. 32%) and progression-free 
survival (10.4 vs. 5.6 months) favoring use of 
EGFR TKIs. Of note, no overall survival ben-
efit was noted in these studies although the 
IPASS study [38] showed an improvement in 
quality of life for those patients with EGFR 
mutations on gefitinib. Overall survival benefit 
were difficult to obtain in these studies as they 
allowed patients who progressed on chemo-
therapy to cross-over to the TKI arm due to 
ethical considerations. Thus, the cross-over of 
patients confounded the overall survival analyses. However, based on these studies, erlotinib 
was approved by the FDA in May, 2013 for use as first line treatment in advanced NSCLC with 
exon 19 deletions or L858R EGFR mutations.

Anaplastic Lymphoma Kinase (ALK) Inhibitors

Anaplastic lymphoma kinase (ALK) is an orphan receptor tyrosine kinase that was first identi-
fied in anaplastic large cell lymphomas and a subset of T-cell lymphomas[41]. ALK was subse-
quently found in a variety of solid tumors including neuroblastoma and NSCLC[42]. In ~3-7% of 
lung adenocarcinomas, an ALK fusion protein product is present, mostly with the echinoderm 
microtubule associated protein like 4 (EML4)[43] and smaller subsets with other proteins[44]. 
Constitutive activation of the ALK protein results from these fusions. Similar to EGFR mutations, 
ALK fusions are found predominantly among the non-smoking population. Crizotinib (Xalkori; 
Pfizer), an oral ATP-competitive TKI of ALK, MET, and ROS1 receptor tyrosine kinases, was 
tested in a phase I study of 82 pretreated NSCLC cancer patients whose tumor harbored an 
ALK fusion protein[45]. Patients had an overall response rate of 57% with a stable disease rate 
of 33%. Median progression free survival was not reached. The results of a subsequent phase 
III trial[46] comparing crizotinib to docetaxel or pemetrexed chemotherapy in 347 pretreated 
NSCLC patients with ALK fusion proteins were reported. Crizotinib treatment improved overall 
response rate (65% vs. 20% with chemotherapy) and progression free survival (7.7 vs. 3.0 
months with chemotherapy). However, no overall survival benefit was seen. Patients on crizo-
tinib also reported an improvement in overall quality-of-life score compared to those treated 
with chemotherapy. Crizotinib was approved by the FDA for the treatment of advanced ALK-
positive NSCLC in November, 2013.

Resistance to EGFR and ALK Inhibition

Similar to other targeted therapies, resistance to EGFR and ALK TKIs have now been reported 
for lung cancer patients. The duration of response to gefitinib/erlotinib and crizotinib is typically 
~6-12 months prior to progression. Patients who progress on EGFR or ALK antagonists subse-
quently are treated with chemotherapy or enroll on clinical trials. Second generation EGFR and 
ALK inhibitors that overcome resistant mechanisms are currently being tested in clinical trials.

Resistance Mechanisms to EGFR TKIs
The most common mechanism of acquired resistance to EGFR inhibition by a TKI is a second-

Table 2. Summary of Phase III Clinical Trials Comparing 
EGFR Inhibitors vs. Chemotherapy in Patients with Mu-
tant EGFR. 1Ref. 38 2Ref. 36, 3Ref 37, 4Ref 40, 5Ref 39



ary mutation in the EGFR tyrosine kinase domain 
(~60% of the resistant cases). Among the four re-
ported mutations (Figure 4; reviewed in [47]), the 
T790M mutation accounts for 90% of the resistant 
cases due to secondary mutations. The dual drug 
sensitive mutant/T790M mutant alters the ATP 
binding pocket to dramatically increase its affinity 
for ATP such that it binds ATP preferentially[47]. 

Approximately 5% of resistant cases show com-
pensatory amplification of the MET gene leading 
to activation of the PI3K pathway for cancer cell 
survival and proliferation[47]. Another ~5% of re-
sistant cases have activating mutations in PIK3CA 
and again activating PI3K pathway. Other causes 
include BRAF mutations, and amplification of CRKL and ERK genes have been reported[47].

Resistance Mechanisms to Crizotinib
Three groups have reported resistance mechanisms to crizotinib in NSCLC[48-50]. Mutations 
in the ALK tyrosine kinase domain constitute ~30% of resistant cases of which L1196M muta-
tion is the most common. The L1196M mutation is thought to inhibit the binding of crizotinib 
to the ATP binding pocket. Other ALK mutations include C1156Y, L1196M, G1202R, S1206Y, 
and G1269A. Other mechanisms include ALK amplification, activating KRAS mutations, EGFR 
activation including EGFR mutation, c-KIT overexpression (Figure 5).

KRAS Mutations

KRAS is one member of a family of RAS proteins including HRAS and NRAS. KRAS is a GTP-
binding protein downstream of EGFR and other receptor tyrosine kinases. Activated KRAS 
results in cell growth, differentiation, and resistance to apoptosis through multiple pathways 
including MAPK, STAT, and PI3K pathways. The first KRAS mutation in NSCLC [51] was re-
ported in 1984 as point mutation in the 12th amino 
acid residue of a squamous cell carcinoma sample. 
A subsequent study[52] found mutations in 12th, 
13th, and 61st codons of KRAS in lung adenocar-
cinomas but not in other histological subtypes. Mu-
tations in KRAS are now the most common muta-
tions in lung adenocarcinomas affecting ~25-30% of 
patients. Unlike EGFR mutations and ALK fusions, 
KRAS mutations are more frequently found in cur-
rent or former smokers than those who have never 
smoked. In squamous cell lung cancers, <5% of tu-
mors contain mutant KRAS.

Despite the discovery of human RAS genes in can-
cer in the 1980s, there are no direct inhibitors of RAS 
proteins in clinical trials. An alternative strategy is to 

Figure 4. Schematic of EGFR mutations in tyrosine ki-
nase domain. Mutations that confer sensitivity to EGFR 
TKIs are listed above whereas mutations conferring re-
sistance are listed below. Exon 19 deletions and L858R 
mutations constitute the vast majority of sensitivie muta-
tions. T790M accounts for 90% of the resistanct muta-
tions. From Ohashi et al., JCO 2013.

Figure 5. Mechanisms of Resistance in ALK(+) 
NSCLC. Bypass track activation have other compen-
satory pathways activated including mutant KRAS. 
Asterisks (‘*’) denote more than one resistance mecha-
nisms.  ‘??’ denote unknown mechanisms of resistance. 
From  Shaw and Engelman, JCO 2013.



inhibit pathway components downstream of the RAS proteins. Selumetinib (AstraZeneca) is 
a highly potent inhibitor of MEK1/2 of the MAPK pathway downstream of KRAS. In a phase II 
placebo-controlled clinical trial[53] for 44 patients with NSCLC and mutant KRAS in the second 
line setting, selumetinib combined with docetaxel chemotherapy had an improved overall re-
sponse rate (37% vs 0%) and progression free survival (5.3 vs. 2.1 months) but no statistically 
significant improvement in overall survival (9.5 vs. 5.2 months; hazard ratio for death 0.8 with 
80% confidence interval 0.56-1.14) compared to placebo plus docetaxel.

Other Oncogene Driver Mutations in adenocarcinomas of the lung

Genetic aberrations of other oncogenes in adenocarcinomas occur in 1-5% of cases. These in-
clude HER2 mutations and amplifications, MET amplifications mutations in BRAF, PI3K, AKT1, 
MEK1, and fusion proteins of ROS1 and KIF5B-RET (reviewed in references [54, 55]. How-
ever, in 2012, more than 40% of adenocarcinoma cases did not have a known oncogene driver 
(Figure 6).

Squamous Cell Carcinomas

Squamous cell cancer accounts for ~20 – 30% of all NSCLC but study of the molecular altera-
tions in squamous cell lung cancer has lagged behind those for adenocarcinoma. Currently, 
chemotherapy is the only treatment option for advanced squamous cell carcinoma as there are 
no targeted therapies approved by the FDA.

Prior to publication of The Cancer Genome Atlas (TCGA) project on squamous cell lung can-
cer, several genetic aberrations that are “druggable” had been described (Figure 7) (reviewed 
in reference [56]). The most common genetic alterations of squamous cell lung cancers differ 
from those of adenocarcinomas.

FGFR1 amplification has been described in ~12% of squamous cell lung cancers. FGFR1 ac-
tivity induces the activation of the PI3K and RAS/MAPK pathways similar to EGFR. Oncogene 
addiction of lung cancer cell lines to FGFR1 amplification was demonstrated when apoptosis 
was induced in lung care cell lines overexpressing FGFR1 treated with an FGFR1 inhibitor[57].

Mutations in discoidin domain receptor 2 (DDR2), a receptor tyrosine kinase that activates 
the Src pathway, have been found in ~4% of squamous lung cancer samples[58]. Mutated 
DDR2 is sensitive to inhibition by dasatinib, an oral TKI designed to inhibit ABL kinase and 
FDA-approved for chronic myelogenous leukemia (CML), in tissue culture and in vivo growth 
of squamous lung cancer cell lines.

Amplification of the SOX2 gene that encodes for a transcription factor has been found in up to 
20% of squamous cell lung cancers. In lung cancer cell lines with SOX2 amplification, SOX2 is 
necessary for proliferation and anchorage-dependent growth. However, development of small 
molecule inhibitors against transcription factors has been difficult and for the present time, no 
anatgonists of SOX2 exist.

NEXT GENERATION SEQUENCING OF LUNG CANCER
The rapid advances in sequencing technology over the last decade has made whole genome 



and exome sequencing of large sample sets feasible in terms of 
time and cost. Several highly anticipated studies have been re-
ported in the past two years that have deepened our understand-
ing of the genomic landscape of NSCLC.

Adenocarcinomas

Two next generation sequencing studies have been reported that 
add new details to the genomic landscape of adenocarcinomas. 
One study[59] was part of The Cancer Genome Atlas (TCGA), a 
multi-institutional program spearheaded by National Cancer In-
stitute (NCI) and the National Human Genome Research Institute 
(NHGRI), with the goal to identify changes in the DNA of cancer 
and to understand how such changes drive cancer growth. The 
TCGA study for adenocarcinoma sequenced 183 mostly early 
stage adenocarcinomas using 159 samples for whole exome se-
quencing (WES) and 24 samples for whole genome sequencing 
(WGS). Greater than 77,000 somatic variants were found in the 
exons requiring bioinformatic filters to obtain mutations that were 
deemed meaningful. Previously known mutations were identified:TP53, KRAS, EGFR, STK11, 
KEAP1, NF1, BRAF and SMAD4. New mutations in U2AF1 (3%), RBM10 (7%), and ARID1A 
(8%). RBM10 mutations co-occurred with other oncogene (KRAS, EGFR, and PIK3CA) muta-
tions. Other previously identified mutations such as oncogenes ERBB2, AKT1, NRAS, HRAS 
were not significant in their bioinformatics filter. Gene rearrangements were found in the tumor 
suppressors CDKN2A, STK11, and APC. For activating gene rearrangements, novel deletions 
in EGFR (reminiscent of those found in glioblastoma) were identified in addition to duplica-
tions in SIK2 and ROCK1. The study did not find previously identified ALK, RET1, and ROS1 
fusions which may be due to the low sample size that underwent whole genome sequencing. 
Of striking note is that 47% of the tumors did not have a mutation in a known driver of cellular 
proliferation.

A second study [60] examined 17 adenocarcinomas using whole-genome and transcriptome se-
quencing. In addition to previously identified mutations, new significant mutations were found in 
DACH1, RELN, and ABCB5. DACH1 mutations confer loss-of-function for this tumor suppres-
sor. In addition to previously reported fusions in ALK, 
ROS1, and RET genes, the investigators reported 
novel fusions of RASSF1A-TTYH2 and FZR1-NFCIC 
genes that may act as driver genetic alterations. 

Squamous Cell Carcinomas

TCGA analyzed 178 tumor samples using whole 
exome and whole genome sequencing, RNA-Seq 
for mRNA transcription, miRNA sequencing and DNA 
methylation analysis. Significant mutations were 
found in TP53, CDKN2A, PTEN, MLL2, RB1, PIK-
3CA, KEAP1, HLA-A, NFE2L2, and NOTCH1. Other 

Figure 7. Mutation spectrum of squamous cell lung 
cancer. Numbers represent percent of each mutation. 
Chart is indicative of mutations prior to publication 
of TCGA data. From Sos and Thomas, Oncogene 2012.

Figure 6. Spectrum of mutations 
in lung adenocarcinoma. KRAS 
and EGFR account for most of the 
known mutations. Chart is indicative 
of 2012 prior to publication of TCGA 
data. From Pao and Hutchinson, Nature 
Medicine 2012.



mutated genes include HRAS, FBXW7, SMARCA4, NF1, SMAD4, EGFR, APC, TSC1, BRAF, 
TFNAIP3 and CREBBP.  Copy number alterations of previously described SOX2, PDGFRA, 
KIT, EGFR, FGFR1, WHSCIL1, CCND1, AND CDKN2A were found along with new amplifica-
tions NFE2L2, MYC, CDK6, MDM2, BCL2L1, and EYS and deletions in FOXP1, PTEN, AND 
NF1.  Among the samples, 64% had alterations 
that are targetable by agents currently available 
in clinical trials. Forty-seven percent of tumors 
had alterations in genes of the PI3K pathway, 
24% in RAS pathway, and 28% in receptor ty-
rosine kinase pathways.

Genomic Classification of Lung Cancer

A genomic based reclassification of lung can-
cer across all histological types (including small 
cell lung cancer and carcinoid) was recently re-
ported[61]. Using a set of 30 genes, 1255 tu-
mor samples from the Clinical Lung Cancer Ge-
nome Project (CLCGP) was queried for muta-
tions, copy number variation, gene expression 
and ALK and ROS1 fusions. Amplifications and 
mutations of certain genes strongly correlated 
with certain histological subtypes such ALK, 
EGFR (mutation), BRAF, ERBB2, KRAS and 
STK11 with adenocarcinoma, DDR2, FGFR3, 
FGFR1, NFE2L2, SOX2, EGFR (amplification) 
with squamous cell, amplification of MYCN, 
MYCL1, FGFR1, and CCNE1. Large cell car-
cinomas (including those with neuroendocrine 
features) harbored mutations and amplifications 
that strongly correlated with other subtypes. No 
gene alterations were correlated with carcinoid 
tumors. Using a statistical model based on cor-
relations of genomic alterations and histology, 
the original dataset was reclassified. Not sur-
prisingly, the vast majority of adenocarcinomas, 
squamous cell, and small cell carcinomas main-
tained their original histologic classifications. 
However, most of the large cell carcinomas were 
reclassified into the other subtypes with a small 
percentage remaining as large cell carcinomas 
(all of these were large cell neuroendocrine).A 
more streamlined gene set was used prospec-
tively in Network Genomic Medicine group. Of 
the 5145 patients enrolled, 3863 patients had 
their tumors genotyped and treatment given ac-
cordingly. Compared to those patients who did 

Figure 8. Mutation Spectrum of Adenocarcinoma from 
Lung Cancer Mutation Consortium. N = 733 samples.

Figure 9. Survival Curves from LCMC. Treatment of 
patients with targeted agents for their driver mutation (+) 
lung cancer improved survival compared to those with 
mutation (+) lung cancer without targeted therapy or those 
without driver mutations. 



not get genomic testing, those who received treatments based on their genotype (erlotinib for 
EGFR mutant, crizotinib for ALK fusion, and clinical trials for BRAF, KRAS, and FGFR1 genetic 
alterations) showed a statistically improved median overall survival. 

A similar study [62] was performed by the multi-institutional Lung Cancer Mutation Consor-
tium (LCMC), of which UTSW is a member institution, for patients with stage IV or recurrent 
adenocarcinoma. A ten-gene set was tested on 733 patients and at least one gene tested on 
1007 patients resulting in 466 patients with an oncogenic driver (Figure 8). The genes were 
EGFR, KRAS, HER2, AKT1, BRAF, MEK1, NRAS, PIK3CA, ALK and MET. Patients with driver 
mutations and available therapies were treated with the biologically appropriate inhibitor. The 
median survival of the 260 patients who received a targeted therapy was significantly improved 
at 3.6 years compared to 2.4 years for the 318 patients 
who did not receive targeted therapy (p<0.001) (Figure 
9). The results of these studies suggest that use of ap-
propriate targeted therapies improves survival of patients 
and give further strength for the shift from indiscriminate 
cytotoxic chemotherapy toward a more focused biologi-
cally tailored therapy.

IMMUNOMODULATION FOR LUNG CANCER THERA-
PY

Recent advances in the immunomodulation of T cells 
have generated excitement among solid tumor oncolo-
gists. Blockade of the PD-1:PD-L1/2 complex is the most 
recent advance. PD-1 is an inhibitory receptor expressed 
on the cell surface of T cells and B cells after activation 
(reviewed in reference [63]) (Figure 10). PD-L1 and –L2 
are the ligands that bind to PD-1. PD-L1 is mainly an 
inducible molecule in humans and found on various tu-
mors. Binding of PD-L1 or –L2 to PD-1 induces PTEN ex-
pression to inhibit the PI3K pathway in T cells that leads 
to decreased cytokine production, proliferation and cell 
survival and increases the likelihood of immune evasion 
by the cancer cells. 

In a multicenter phase I clinical trial[64], a total of 
207 solid tumor patients received BMS-936559, a 
fully human anti-PD-L1 monoclonal antibody that 
inhibits the binding of PD-L1 to PD-1. Objective 
responses were seen in patients with melanoma, 
NSCLC, renal-cell carincoma, and ovarian cancer 
with response rates of 17% for melanoma, 10% for 
NSCLC, 6% ovarian cancer and 12% for renal cell 
carcinoma. In this pretreated population, some dra-
matic and long durable responses up to 24 months 
were noted in patients with melanoma, NSCLC, 

Figure 10. Schematic of PD-1/PD-L1. Bind-
ing of PD-L1 or PD-L2 to the PD-1 receptor 
on T cells induces PTEN to inhibit the PI3K 
pathway. Decreased cyotkine production, pro-
liferation and cell survival results as a conse-
quence. From Riella et al., Am. J. of Transplanta-
tion 2012.

Figure 11. Change in target lung cancer tumor size 
on anti-PD-L1 antibody. Vertical dashed line rep-
resent time point when progression free survival was 
calculated. From Brahmer et al., NEJM 2013.



and renal cell carcinoma (Figure 11). Most common treatment related adverse effects were 
fatigue, infusion reactions, diarrhea, arthralgia, rash, nausea, pruritis and headache. Potential 
immune related adverse effects (39%) were rash, hypothyroidism, hepatitis, sarcoidosis, endo-
phthalmitis, diabetes mellitus, and myasthenia gravis.

In a companion article, another phase I trial[65] tested BMS-936558, an anti-PD-1 blocking 
antibody, on 296 patients with solid tumors. Similar to the PD-L1 antibody, responses were 
seen in melanoma (28%), NSCLC (18%), and renal cell cancer (27%). Duration of response 
for 20 of 30 objective responses lasted >1 year. None of the 17 tumors with negative immuno-
histochemical staining for PD-1 had an objective response whereas 36% (9/25) tumors with 
positive PD-1 staining had an objective response. Most common treatment related adverse 
effects were rash, diarrhea, pruritis, decreased appetite, and nausea. Potential immune related 
adverse effects were pneumonitis, vitiligo, colitis, hepatitis, hypophysitis, and thyroiditis with 3 
(1%) drug-related deaths due to pneumonitis.

The duration of these responses are striking especially in light of the phase I pretreated patient 
population. Phase II clinical trials are underway and phase III clinical trials are being planned. 
As with other targeted therapies, patient selection will be a key factor for patients to obtain 
maximum benefit from these new therapies.

HEDGEHOG PATHWAY IN NSCLC

Another area of active research is to understand how aberrant activation of fundamental de-
velopmental pathways such as Hedgehog (Hh), Wnt, and Notch promote tumor initiation and 
growth. Among these three pathways, the Hh pathway (Figure 12) has been studied under 
a wide variety of tumor contexts (reviewed in [66]). This has led to a large effort to develop 
Hh pathway inhibitors. Vismodegib (Erivedge, Genentech) is 
the first Hh pathway inhibitor that has been approved by the 
FDA. Other inhibitors by Novartis, Lilly, Pfizer, Bristol-Myers-
Squibb are currently under clinical investigation.

Hh pathway driven tumors, including basal cell carcinoma 
(BCC), medulloblastoma[67-73], rhabdomyoma and menin-
giomas, are often associated with mutations in PTCH, SMO 
or SUFU (a negative regulator of the pathway). For many 
epithelial tumors such as pancreas, prostate, breast among 
others [66], recent evidence suggests that the Hh pathway 
acts in a ligand-dependent paracrine manner [74-76] i.e. 
secreted Hh ligand from the tumor epithelium activates the 
pathway response in stromal cells to produce factors instru-
mental in the growth of the tumor epithelium such as Wnt, 
IGF, FGF and BMP[74, 77]. This process mimics the normal 
pathway interactions during embryonic development and 
post-natal repair of injured epithelium. Furthermore, inhibi-
tion of both stromal Hh pathway and tumor epithelial drivers 
is a more holistic approach than current strategies that tar-
get the epithelia alone.   

Figure 12. Simplifed Schematic of Hedge-
hog signaling pathway. Patched (PTCH) 
suppresses Smoothened (SMO) function. 
Hedgehog (Hh), when present, binds to and 
inhibits PTCH, permitting SMO accumula-
tion in the primary cilium (not shown) and 
causing activation of the pathway via the 
GLI family of transcription factors. PTCH 
and GLI1 are themselves transcriptional tar-
gets of the pathway and thus, can be used to 
monitor Hh pathway activity.



In the lung, the Hh pathway is critical for lung development, including airway branching mor-
phogenesis and development of the alveoli (reviewed in [78]). Postnatally, Hh pathway is ac-
tive in airway and alveolar stromal cells and responds with increased collagen production after 
bleomycin-induced alveolar injury [79].

The role of Hh pathway activity in NSCLC 
is unclear. We have confirmed that path-
way SHH is expressed in the airway epi-
thelia and in alveoli whereas the respond-
ing GLI+ cells are in the airway stroma. In 
a genetically-engineered mouse model of 
lung cancer K-RasG12D/+;Trp53-/-, we have 
generated lung cancers with mutant KRAS 
and deletion of p53 after inhalation of  ad-
enovirus-expressing Cre recombinase 
(adeno-Cre). A subset of cells express SHH protein and 
these cells also have mutant KRAS activity as evidenced 
by ERK phosphorylation (data not shown). The co-local-
ization of SHH expression and KRAS activity to the same 
cells suggested that these cells may be a population of 
cancer stem cells. To test whether the normal SHH-ex-
pressing cells may be a cell of origin for the tumor, we 
injected ShhCreER/+;LSL-KrasG12D/+;Trp53fl/fl mice with 
tamoxifen to delete p53 and induce mutant KRAS activ-
ity in SHH-expressing cells. After 12 weeks, mice devel-
oped small foci of early malignancy in the periphery of 
lungs (Figure 13) suggesting that SHH-expressing cells 
in the alveoli may be the cell of origin for adenocarcino-
mas. 

As murine mutant KRAS adenocarcinomas expressed 
SHH, we tested human adenocarcinoma cell lines for 
SHH mRNA expression. High SHH mRNA expression 
was found in mutant K-ras cell lines when compared with 
wild-type (wt) KRAS lung cancer and normal bronchial 
epithelial (HBEC7kt) cell lines (Figure 14A) by real-time 
PCR (qPCR). The two highest SHH mRNA expressing 
cell lines, H2887 and HCC44, were co-cultured with Shh-
Light2 cells [80], a mouse fibroblast cell line with a GLI-
binding site luciferase reporter (Figure 14B). SHH ligand 
expressed by H2887 and HCC44 induced Hh pathway 
activity as shown by increased luciferase activity un-
like HBEC7kt that has low SHH expression. Treatment 
with KAAD-cyclopamine, a potent SMO inhibitor, and 
5E1 [81, 82], a monoclonal anti-SHH/IHH blocking anti-
body, inhibited the pathway. The inhibitory activity of 5E1 

Figure 14. Human Lung Adenocarcinoma 
Cell Lines. (A) Mutant K-ras cell lines express 
high levels of SHH mRNA as measured by 
qPCR relative to a normal bronchial epithelial 
(HBEC7KT) cell line. DLD-1 and HT-29 co-
lon cancer cell lines, are controls for low and high 
SHH expression, respectively. (B) Co-culture of 
H2887 and HCC44 cancer cell lines with Shh-
Light2 reporter cell line activate the Hh path-
way, which is inhibited by KAAD-cyclopamine 
(SMO antagonist) and 5E1 anti-SHH mono-
clonal antibody. 

Figure 13. Tumor initiating capacity of SHH-expessing cells in 
the lung.(A,B) Two separate small foci of malignancy developed 
in ShhCreER/+;KrasG12D/+;Trp53fl/fl mice. 40x(A) and 20x(B) objec-
tives.



suggests that the cancer cells secrete SHH and activate the 
Hh pathway in Shh-Light2 cells in a paracrine manner. To test 
whether stromal pathway activity was critical for tumor growth, 
we co-cultured high SHH-expressing H2887 stably expressing 
firefly luciferase with Shh-Light2 cells. Treatment with KAAD-
cyclopamine inhibited the growth of H2887-FL lung cancer cells 
compared to vehicle control and SHH conditioned medium (CM) 
treated cells (Figure 15). These results suggest that inhibition of 
paracrine Hh pathway signaling interrupts a positive feedback 
loop from the stromal cells to the tumor epithelia. Further stud-
ies are ongoing to precisely delineate the dependence of mu-
tant K-ras lung adenocarcinoma on stromal Hh pathway activity.

CONCLUSIONS

Striking advances in the past decade have been made in the 
diagnosis, classification and treatment of NSCLC. A transition is 
occurring from traditional histological-based classification and 
cytotoxic chemotherapy-based treatments toward a molecular-based classification and treat-
ment strategies. Use of targeted therapies based on oncogene mutation testing as demonstrat-
ed by the Lung Cancer Consortium represents one promising future of NSCLC treatment. The 
results of large next generation sequencing efforts have enriched and deepened our knowl-
edge of genetic aberrations that drive NSCLC. However, these studies have not completely 
elucidated the mechanisms of NSCLC initiation and growth and large gaps of our understand-
ing are still present. This may represent a potential limit to a genetic-based model of NSCLC. 
Further understanding of epigenetic mechanisms that drive cancer growth will fill in some of 
these gaps. Orthogonal approaches, such as immunomodulation with PD-1/PD-L1 inhibitors, 
inhibition of pathways in the cancer microenvironment critical to tumor growth, and inhibition of 
fundamental developmental pathways that are aberrantly activated in NSCLC among others, 
represent new strategies that move beyond the tumor epithelium itself and consider the tumor 
in a larger biological context. 
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