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Purpose: This study aims to develop amulti-gene assay predictive of the clinical benefits of chemotherapy in non-
small cell lung cancer (NSCLC) patients, and substantiate their protein expression as potential therapeutic tar-
gets.
Patients and methods: The mRNA expression of 160 genes identified from microarray was analyzed in qRT-PCR
assays of independent 337 snap-frozen NSCLC tumors to develop a predictive signature. A clinical trial JBR.10
was included in the validation. Hazard ratio was used to select genes, and decision-trees were used to construct
the predictive model. Protein expression was quantified with AQUA in 500 FFPE NSCLC samples.
Results: A 7-gene signaturewas identified from training cohort (n=83)with accurate patient stratification (P=
0.0043) andwas validated in independent patient cohorts (n=248, P b 0.0001) in Kaplan-Meier analyses. In the
predicted benefit group, there was a significantly better disease-specific survival in patients receiving adjuvant
chemotherapy in both training (P = 0.035) and validation (P = 0.0049) sets. In the predicted non-benefit
group, there was no survival benefit in patients receiving chemotherapy in either set. The protein expression
of ZNF71 quantified with AQUA scores produced robust patient stratification in separate training (P = 0.021)
and validation (P = 0.047) NSCLC cohorts. The protein expression of CD27 quantified with ELISA had a strong
correlation with its mRNA expression in NSCLC tumors (Spearman coefficient= 0.494, P b 0.0088). Multiple sig-
nature genes had concordant DNA copy number variation, mRNA and protein expression in NSCLC progression.
Conclusions: This study presents a predictivemulti-gene assay and prognostic protein biomarkers clinically appli-
cable for improving NSCLC treatment, with important implications in lung cancer chemotherapy and
immunotherapy.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Lung cancer is the leading cause of cancer-related deaths in the
world, and non-small cell lung cancer (NSCLC) accounts for almost
80% of lung cancer deaths [1]. The heterogeneous nature of lung cancer
makes it a very difficult disease to treat. Major histology of NSCLC in-
cludes lung adenocarcinoma and squamous cell lung carcinoma. Surgi-
cal resection is the major treatment for early stage NSCLC. However,
about 22–38% of stage I NSCLC patients will develop tumor recurrence
within five years following the surgery [2]. It is therefore important to
select early stage NSCLC patients for more aggressive treatment. While

adjuvant chemotherapy of stage II and stage III disease has resulted in
10–15% increased overall survival [3], the prognosis for early stage
NSCLC remains poor [4]. Currently, there are no clinically available mo-
lecular assays to predict the risk for tumor recurrence and the clinical
benefits of chemotherapy in NSCLC patients.

Immunotherapy has rapidly gained attention of oncologists as an
effective and less toxic treatment than chemotherapy in patientswith ad-
vanced lung cancers [5–8]. A recent study used paired single cell analysis
to compare normal lung tissue and blood with tumor tissue in stage I
NSCLC, and found that early-stage tumors had already begun to alter
the immune cells in their microenvironment [8]. These results suggest
that immunotherapy could potentially be used to treat early stage lung
cancer patients. However, predictive biomarkers of immunotherapy are
not well established except PD-1 or PD-L1, and it is unlikely that a single
marker is sufficient.
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High-throughput technologies, such as microarray and RNA-seq,
promise the discovery of novel biomarkers from genome-scale studies.
The FDA conducted a systematic evaluation and suggested continued
usefulness of legacy microarray data and established microarray bio-
markers and predictive models in the forthcoming RNA-seq era [9].
However, several disadvantages have limited the application of high-
throughput techniques in routine clinical tests, including costs, repro-
ducibility, and data analyses [10]. Compared with microarray and
RNA-seq, quantitative real-time RT-PCR (qRT-PCR) is more efficient,
consistent, and able tomeasure gene expression over a greater dynamic
range. It requires only a small sample and can be modified to quantify
gene expression in formalin-fixed and paraffin-embedded (FFPE) tis-
sues [11]. The combined use of real-time qRT-PCR with high-through-
put analysis can overcome the inherent biases of the high-throughput
techniques and is emerging as the optimalmethod of choice to translate
genome research into clinical practice [12]. The protein expression val-
idation of the identifiedmRNA biomarkers could substantiate their ulti-
mate functional involvements in disease, and may lead to the discovery
of potential proteomic biomarkers in abundant FFPE samples for
broader applications in community hospitals.

DNA microarray-based studies identified gene expression-based
NSCLC prognostic [13] and predictive biomarkers [14,15]. A qRT-PCR
based 14-gene assay by Kratz et al. [16] is prognostic of non-squamous
NSCLC outcome in FFPE tissues and is ready for wide-spread clinical ap-
plications. However, this 14-gene assay is limited to non-squamous
NSCLC and is not shown to be predictive of the clinical benefits of
chemotherapy.

In this study, a combined analysis of genome-wide transcriptional
profiles and qRT-PCR was utilized to develop a multi-gene assay both
prognostic of NSCLC outcome and predictive of the benefits of chemo-
therapy. Patient cohorts from multiple hospitals in the US and JBR.10
data [14] were used to validate this multi-gene assay. Protein expres-
sion of the identified biomarkers was also evaluated in patient tissue

samples and correlated with themRNA expression and DNA copy num-
ber variation to substantiate their functional involvement and potential
as therapeutic targets in chemotherapy and immunotherapy, in addi-
tion to companion tests.

2. Materials and Methods

2.1. Patient Samples

Clinical characteristics of patient cohorts used in qRT-PCR assays is
summarized in Table 1. All NSCLC patients were staged I, II, or IIIA at
the time of diagnosis. Tumor tissues were collected in surgical resec-
tions and were snap-frozen at −80 °C until used for RNA extraction.
Tumor cell content was above 50% for qRT-PCR assays. Thosewithmiss-
ing AJCC staging information,missing histology, deathwithin 30 days of
resection or from other disease conditions were excluded from further
analysis. A total of 122 NSCLC patient samples were obtained from
Case Western Reserve University (CWRU) Comprehensive Cancer Cen-
ter. Total RNA of good quality was extracted from 89 tumor specimens.
Good quality RNA from101 lung adenocarcinoma tumor specimenswas
obtained from University of Michigan (UM) Comprehensive Cancer
Center, with detailed description of patients, tissue specimens and
mRNA quality check provided in [17]. A total of 65 NSCLC tumor speci-
mens from NorthShore University HealthSystem Kellogg Cancer Center
and 49 specimens fromWest Virginia University Cancer Institute [Mary
Babb Randolph Cancer Center (MBRCC)] generated good quality mRNA.
The tissue collection in this study was approved by an Institutional Re-
view Board (IRB) at each institution.

2.2. RNA Extraction, and Quality and Concentration Assessments

Total RNA was extracted from snap-frozen tumor tissues using a
RNeasy mini kit according the manufacturer's protocol (Qiagen, USA),

Table 1
Clinical information of non-small cell lung cancer patient cohorts collected for the qRT-PCR analysis.

CWRU (n = 89) MBRCC (n = 49) UM (n = 101) NorthShore (n = 65)

Age Mean (Std error) 70.11 (0.94) 66.70 (1.25) 67.04 (0.96) 69.64 (1.02)
b60 15 (15.15%) 7 (14.29%) 28 (27.72%) 7 (10.77%)
≥60 84 (84.85%) 39 (79.59%) 73 (72.28%) 48 (73.85%)
Missing 3 (6.12%) 10 (15.38%)

Sex F 52 (52.53%) 23 (46.94%) 53 (52.48%) 34 (52.31%)
M 47 (47.47%) 26 (53.06%) 48 (47.52%) 21 (32.31%)
Missing 10 (15.38%)

Smoking Current 43 (43.43%) 1 (2.04%) Yes 60 (92.31%)
Former 40 (40.40%) 3 (6.12%)
Never 8 (8.08%) No 5 (7.69%)
Passive 1 (1.01%)
Other 1 (1.01%)
Missing 6 (6.06%) 45 (91.48%)

AJCC stage I 46 (46.46%) 27 (55.10%) 59 (58.42%) 46 (70.77%)
II 46 (46.46%) 16 (32.65%) 16 (15.84%) 15 (23.08%)
III 6 (6.06%) 6 (12.25%) 26 (25.74%) 4 (6.15%)
Missing 1 (1.01%)

Chemotherapy Yes 29 (29.29%) 27 (55.10%) 24 (23.76%) 28 (40.03%)
No 52 (52.53%) 20 (40.82%) 77 (76.24%) 36 (55.38%)
Missing 13 (13.13%) 2 (4.08%) 1 (1.54%)

Histology Adenocarcinoma 65 (65.66%) 27 (55.10%) 101 (100%) 43 (66.15%)
Squamous 27 (27.27%) 14 (28.57%) 11 (16.92%)
Other 7 (7.07%) 8 (16.33%) 6 (9.23%)
Missing 5 (5.05%) 5 (7.69%)

Differentiation Well 5 (5.05%) 28 (27.72%) 20 (30.77%)
Moderate 44 (44.44%) 4 (6.15%)
Moderate to Poorly 4 (4.04%) 39 (38.61%) 22 (33.85%)
Poorly 35 (35.35%) 34 (33.66%) 17 (26.15%)
Missing 11 (11.11%) 2 (3.08%)

Tumor Grade 1 5 (5.05%) 3 (6.12%) 20 (30.77%)
2 44 (44.44%) 18 (36.73%) 19 (29.23%)
3 36 (36.36%) 22 (4.90%) 21 (32.31%)
Other 3 (3.03%)
Missing 11 (11.11%) 6 (12.25%) 5 (7.69%)
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