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To identify a panel of tumor associated autoantibodies which can potentially be used as biomarkers for
the early diagnosis of non-small cell lung cancer (NSCLC). Thirty-five unique and in-frame expressed
phage proteins were isolated. Based on the gene expression profiling, four proteins were selected for fur-
ther study. Both receiver operating characteristic curve analysis and leave-one-out method revealed that
combined measurements of four antibodies produced have better predictive accuracies than any single
marker alone. Leave-one-out validation also showed significant relevance with all stages of NSCLC
patients. The panel of autoantibodies has a high potential for detecting early stage NSCLC.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Lung cancer is one of the most common cancers as well as the
leading cause of cancer-related death worldwide because of its lack
of symptoms during the early stages [1,2]. Although it is well stud-
ied that early diagnosis of lung cancer can significantly improve
the 5-year survival rate up to 45-53% compared to 3-4% of late/
distant stage [1,3,4], the dismal fact is that the majority of lung
cancer patients are diagnosed at the late stages due to the lack of
perceivable symptoms at the early stage of tumorigenesis. There-
fore, it is urgent to develop robust non-invasive screening methods
to detect lung cancer at curable early stage.

Numerous evidences have demonstrated that the immune
system reacts against cancers [5-8]. Autoantibodies have been
found to response to over-expressed, mutated, misfolded, or aber-
rantly degraded tumor self-proteins. This process occurs several
months or years earlier than the onset of clinical symptoms of
cancer [9-11]. These autoantibodies would serve as pioneer
reporters of tumorigenesis. Given the heterogeneity of human lung
cancers, the application of a panel of antibodies to several antigens
would achieve higher sensitivity and more accuracy than single

* Corresponding authors. Address: Tianjin Lung Cancer Institute, Tianjin Medical
University General Hospital, No. 154, Anshan Road, Heping District, Tianjin 300052,
China. Fax: +86 022 60363013 (Q. Zhou), fax: +86 022 60363013. (Z. Wu).

E-mail addresses: zwu2ster@gmail.com (Z. Wu), zhough1016@yahoo.com.cn
(Q. Zhou).
! These authors contributed equally to this work.

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2012.06.050

biomarkers [12,13]. Serological identification of antigens by re-
combinant expression cloning (SEREX) was initially used to ana-
lyze the humoral response to cancers [14]. However, the
technical limitations retained its clinical application, such as a
large volume of sera to screen the positive phage expression
clones, and time-consuming and labor-intensive procedure.

In this study, we chose NSCLC as research subject as lung cancer
histologically consists of small cell lung cancer (SCLC) and NSCLC
which accounts for about 80% cases of all lung cancer. Then we
combined phage display technology with immunochemistry to
screen the phage expressed immunogenic proteins. Four differen-
tially expressed proteins between patients’ and normal sera were
identified as potential NSCLC markers. ELISA was employed to
evaluate the prediction ability of the four combined markers
versus single markers. Here we brought up a combination of new
lung cancer markers that has significant relevance with all stages
of lung cancer, specifically the early stage.

2. Materials and methods
2.1. Population and samples

Malignant tissues were obtained from 20 individuals with his-
tologically confirmed stage I to stage IV NSCLC. Sixty-five serum
samples with pathology-proven NSCLC were collected before
surgery from March 2008 through March 2009 at Tianjin Medical
University General Hospital. The clinical information is listed in
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Table 1
Sequences identity of selected immunogenic phage displayed tumor-associated proteins.
Protein  Full name, function/comments Score? E-value®
(bits) (alignment)
SMOX Homo sapiens spermine oxidase. The overexpression of SMO isoforms can induce epithelial cell apoptosis and DNA damage 1016 0.0 (99%)
that may contribute to the pathogenesis of the infection and development of cancer
NOLC1 Homo sapiens nucleolar and coiled-body phosphoprotein 1. A novel nucleolar GTPase/ATPase, represses human cell cycle- 1100 0.0 (98%)
dependent genes in quiescence and plays a role in the regulation of tumorigenesis of NPC
HMMR Homo sapiens hyaluronan-mediated motility receptor. Involved in cell motility and proliferation, elicit specific CD8" T cell 586 6e-165 (100%)
responses, associated with higher risk of breast cancer, B-cell chronic lymphocytic leukemia and head and neck squamous cell
carcinomas
MALAT1 Homo sapiens metastasis associated lung adenocarcinoma transcript 1. A long non-coding RNA known to be misregulated in 699 0.0 (99%)

many human cancers, association with metastasis was stage- and histology specific in NSCLC patients

2 The bit score represents the number of matching nucleotide bases.

b E-value is the number of different alignments with scores equivalent to or better than the defined bit score. The lower the e-value is the more significant the score.

Table 1 (Supplementary Appendix). The 41 normal controls sam-
ples were from volunteers without a history of cancer registered
at the Health Management Center of Tianjin Medical University
General Hospital between 2008 and 2009 (Table 2 of the Supple-
mentary Appendix). The detailed descriptions of the controls
(age, sex and smoking status matched cohorts) were provided in
Tables 3-5 of the Supplementary Appendix. Informed consent
was obtained from all the participants.

2.2. Construction and amplification of phage display NSCLC cDNA
library

Total RNAs of 20 NSCLC tissues were extracted following the
standard Trizol protocol (Table 1 of the Supplementary Appendix).
Equal amounts of total RNA were gathered together and messenger
RNA (mRNA) was isolated from the total RNA pool by using
Straight A’s mRNA Isolation System (Novagen, Madison, WI,
USA). To generate a T7 phage display NSCLC cDNA library, cDNA
was synthesized by mRNA reverse transcription and ligated into
T7 phage vector after digestion using T7 Select OrientExpress cDNA
Cloning Systems (Novagen, Madison, WI, USA). Then the primary
phage library were tittered and amplified as T7Select System Man-
ual described.

2.3. Biopanning of tumor-associated antigen expressing phage clones

The libraries were biopanned with pooled sera from 25 patients
with NSCLC (5 allogenic patients’sera and 20 autologous sera) and
normal healthy donors, to enrich the population of phage-ex-
pressed proteins recognized by tumor-associated antibodies as
Zhong described [15]. The only difference is we used Escherichia coli
BLT5403 was used to amplify every rounds of phage eluent, not
E. coli BLT5615.

2.4. Immunodetection of tumor-associated antigen expressing phages

The appropriate dilutions of phages from the last biopanning
step were mixed with E. coli BLT5403 and performed immunode-
tection as Zhong described [15].

The immunoreactivity of individual phage plaque was carefully
compared in these two membranes probed with pooled patient
and normal sera, highly immunoreactive phages observed much
stronger signal with patient sera than that with normal sera were
selected for further amplification in E. coli BLT5403.

2.5. Sequence analysis of phage displayed tumor-associated protein

The cDNA inserts of isolated Phage clones above were PCR-
amplified by a universal primer pair for T7 phage vector (Sense
primer: 5'-GGAGCTGTCGTATTCCAGTC-3’; Antisense primer: 5'-AA
CCCCTCAAGACCCGTTTA-3'). PCR products were then sequenced

and insert DNAs were identified using GeneBank database [16].
The validated phage clones that encode for in-frame proteins and
have no amino acid mutations in the open reading frame were sub-
ject to the following studies in this paper.

2.6. Microarray profiles of in-frame phage expressed proteins

Genome-wide mRNA expression profiling of 55 NSCLC cell lines
and 8 normal HBECs (human bronchial epithelial cells) were per-
formed on Affymetrix Gene Chip U133 Plus 2.0 microarrays. Gene
expression profiles of 112 NSCLC cell lines and 59 normal HBECs or
HSAECs (human small airway epithelial cells) were determined by
[llumina human WG-6 V3 beadchip, and 83 NSCLC and paired non-
malignant lung tissue samples were also determined by Illumina
human WG-6 V3 beadchip. All array data were log-transformed
and quantile-normalized. Validated phage expressed proteins were
correlated with their respective microarray gene expression pro-
files to confirm their expression levels.

2.7. Measurement of serum antibodies to phage displayed tumor-
associated proteins

The four phage displayed up-regulated proteins (NOLCI,
HMMR, MALAT1 and SMOX) were selected to investigate the
immunospecific binding by Enzyme-linked immunosorbent assays
(ELISAs) and evaluate their immunogenic activities with different
patient serum. Ninety-six-well microtiter plates (Jet Biofil, Guangz-
hou, China) were separately coated with the 4 Cscl-purified phage
displayed proteins with empty phages as negative control (1 x 10°
phage/well) at 4 °C overnight. After blocked and washed, Serially
diluted serum samples from 3 other patients excluded from the
biopanning process were added to each well and incubated at
37 °C. Plates were washed and incubated with HRP-conjugated
secondary antibody. Then tetramethyl benzidine(TMB)/H,0,
substrate was added to each well. The reaction was stopped imme-
diately with 2 M H,SO,. The plate was read on a spectrophotome-
ter at 450. Each serum sample was run in triplicate.

We then measured the autoantibody activities in serum sam-
ples from 40 NSCLC patients and 36 healthy matched controls
against the 4 phage displayed antigens with single dilution (dilu-
tion factor: 1/1,000). The data were analyzed both with individual
marker and combinations of four markers.

2.8. Statistical analysis

All statistical analysis was done with SAS package software.
ELISA data for all 76 samples (40 patient samples and 36 healthy
control samples) were randomly chosen to build up classifiers that
were able to distinguish patient samples from normal samples
using individual or a combination of markers. Logistic regression
analysis was used to predict the possibility that a sample was from
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Fig. 1. (A) PCR analysis of random plaque from T7 phage display NSCLC cDNA library. PCR amplification of 20 random plaques showed that recombination ratio was 100% and
Inserts range from 300 bp to 1500 bp (M: DL2000 DNA Maker). (B) Comparison of the immunoreactivity of individual phage clones with pooled patient and normal sera after
biopanning process. Two nitrocellulose membranes were placed on and then lifted from the same phage grown plate of biopan 4. One membrane was probed with pooled
patient sera and the other was probed with pooled normal sera. After ECL detection, a large number of clone relative spots showed higher immunoreactivity on the membrane
incubated with patient sera than on the membrane incubated with normal sera. The arrows indicated the same spots on the duplicate membranes.

a NSCLC patient. Receiver operating characteristic curves were
generated to compare the area under the curve (AUC) and the pre-
dictive sensitivity and specificity. The classifiers were further
examined by using leave-one-out cross-validation.

3. Results
3.1. Construction and analysis of T7 phage display NSCLC cDNA library

To develop a phage-display library of NSCLC, we isolated total
RNA from 20 NSCLC tumor tissues. The integrity of RNA product
was assessed by the UV spectrophotometry (ratio of A260/A280
is greater than 1.8) and gel electrophoresis (Fig. 1A of the Supple-
mentary Appendix). mRNA was successively isolated from total
RNA and its high integrity was demonstrated also by gel electro-
phoresis (Fig. 1B of the Supplementary Appendix).

The primary library titers were 1.3 x 10° pfu/ml as determined
by plaque assay, and attained to concentration of 9 x 10'° pfu/ml
of phage after the library amplification. PCR amplification of 20
random plaques showed that recombination rate was 100% with
inserts range from 300 to 1500 bp (Fig. 1A).

3.2. Screening of immunogenic tumor-associated antigen expressing
phage clones

The duplicate plaque-lift membranes probed with pooled pa-
tient sera and normal sera respectively after the fourth biopanning
developed dots on films. Each dot indicated one phage plaque on
the plate. The dot with dark color indicated the strong reaction

with antibodies. Totally, 148 dots that showed relatively higher
activities with patient sera (dark color) while had lower activities
with normal sera (light color) were matched with their corre-
sponding clones on the plates (Fig. 1B). Highly immunoreactive
phage clones were selected from plates as tumor-associated anti-
gen expressing phage clones.

3.3. Characterizations of immunogenic antigen-expressing phage
clones

One hundred and forty-eight highly immunoreactive phage
clones were isolated for PCR, sequenced and compared to GeneBank
database. All sequences were assessed by bit score, e-value and per-
cent sequence match. Of these, 69 were in-frame known genes but
34 phage clones were found redundant, and the other 79 clones
were either in untranslated regions of expressed genes or not asso-
ciated with any known gene (Table 6 of the Supplementary Appen-
dix). According to the gene expression profiling, four in-frame
proteins (SMOX, NOLC1, MALAT1 and HMMR) were selected for
the further study. After analysis with Affymetrix Gene Chip U133
Plus 2.0 microarray, the mRNA transcripts of these four proteins
were significantly up-regulated in NSCLC cell lines as compared
with HBECs (fold difference >1.50, p < 0.05) (Fig. 2A). When tested
in [llumina human WG-6 V3 beadchip, there were statistically sig-
nificant differences in SMOX and HMMR gene expression level be-
tween NSCLC cell lines in contrast to HBECs/HSAECs (up-regulated
fold differences >1.50, p < 0.05) (Fig. 2B), similar results were also
found in 83 NSCLC tissue samples compared with non-malignant
paired lung tissues (up-regulated fold differences >1.50, p < 0.05)
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Fig. 2. (A) the mRNA transcripts level of four proteins (SMOX, NOLC1, HMMR and
MALAT1) in NSCLC cell lines and HBECs profiled with Affymetrix microarray. (B)
The gene expression level of SMOX, HMMR and NOLC1 in NSCLC cell lines and
HBECs/HSAECs profiled with Illumina microarray. (C) The gene expression level of
SMOX, HMMR and NOLC1 in 83 NSCLC tissues and paired non-malignant lung
tissues profiled with [llumina microarray.

(Fig. 2C). But NOLC1 expression difference was not so dramatic in
cell lines profiled with Illumina (up-regulated fold difference was
1.44, p < 0.05), and there was no statistically significant difference
for lung tissue samples (p > 0.05). Moreover, MALAT1 gene probe
was not available in Illumina database. The complete names and
known functions of the four selected proteins are showed in Table 1.

3.4. Antibody affinity test for selected phage displayed tumor-
associated proteins

To confirm antibody affinity in the sera of patients for immuno-
genic phage displayed proteins, serum sample was serially diluted
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and assayed by ELISA with coated phages displayed SMOX, NOLC1,
MALAT1 and HMMR proteins, using T7 empty phages as control.
The decreased absorbance values over serial dilutions in all three
patients’ sera demonstrated the specificity of antigen-antibody
reactions (Fig. 3).

3.5. Evaluate the relevance ratio of combined antibodies versus single
antibody

To assess the predictive value of combined antibodies versus
single antibody, the four selected phage displayed proteins SMOX,
NOLC1, MALAT1 and HMMR were selected for ELISA again to mea-
sure the detection rate in 40 individual patient sera and 36 normal
sera. Logistic regression was used for processing the data and dis-
tinguishing patient serum samples from the 76 serum sample pool.

Firstly, individual marker was estimated. Among the four mark-
ers, NOLC1 showed the most significance (p = 0.006) with an area
under the curve that equals to 0.684 (Fig. 4), and the predictive
accuracy was achieved with 45% sensitivity and 96.2% specificity
(Table 7 of the Supplementary Appendix). Next, the combination
of four markers was analyzed. We found that for the combined
markers the area under the curve increased to 0.767 with 47.5%
sensitivity and 97.3% specificity (p = 0.000).

To further examine the classifiers, leave-one-out cross-valida-
tion was performed on the same data used above, and showed that
the four combined markers have the most predictive value with
66.67% sensitivity and 60.00% specificity (Table 2).

3.6. Correlation of disease stages and diagnostic accuracies

To evaluate whether our data can be applied to detect early-
stage NSCLC cancer patients, we associated them with different
stages of the disease. The leave-one-out validation showed 63.6%
sensitivity on detection of stage I NSCLC cancer patients, 62.5% sen-
sitivity on stage Il patients, 82.4% sensitivity on stage III patients,
and 50% sensitivity on stage IV patients (Table 3).

4. Discussion

Numerous studies have demonstrated that metabolites and
other proteins released from tumor cells can trigger humoral im-
mune responses in patients [7,8,10,17]. Due to the efficient biolog-
ical amplification of circulating autoantibodies, they may be
present at high concentrations in blood [18]. In addition, they are
not subjected to proteolysis like other polypeptides [19], autoanti-
bodies are largely stable in serum for a relatively long period of
time (T1/2 of between 7 and 30 days, depending on the subclass
of immunoglobulin). These advantages make serum autoantibod-
ies more eligible for tumor detection than the traditional methods.
Most importantly, autoantibodies are secreted to the serum much
earlier than the observation of clinical symptoms [11,20-22].

Over the past two decades, the most extensively investigated
lung cancer serum markers include Cytokeratin 19 Fragment
(CYFRA 21-1), Carcinoembryonic Antigen (CEA), Cancer Antigen
125(CA 125), Neuron-specific Enolase(NSE), Tissue Polypeptide
Antigen(TPA), Chromogranin A (CgA) and Cancer Antigen 19-
9(CA19-9) [23-28]. However, each marker either showed increased
positive rate as the stage advances or insufficient sensitivity and
specificity. Thus, none of them can be served as early screening indi-
cator [29,30]. To date, by using proteomic technologies such as SER-
EX, SERPA, ELISA, and protein microarray, identifying lung cancer
circulating autoantibodies and their antigen counterparts has
shown the potential of blood tests develop for detecting early stage
lung cancer [11,15,21,31,32].
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Fig. 3. Antibody affinity for four phage-expressed proteins by ELISA with individual NSCLC serum samples. ELISA assays were developed with SMOX, NOLC1, HMMR and
MALAT1 antigen expressing phage and serially diluted (1:1,000 to 1:10,000) three patient serum samples as autoantibodies source. Measurements are evaluated as mean
absorbance minus the values of each serum sample assayed against empty T7 phage + SEM absorbance.
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sera to eliminate natural antibodies that are present in the serum
of healthy individuals in the absence of specific immunization with
02 the target antigen, because most natural antibodies are capable of
recognizing self and “foreign” antigens [33]. Secondly, 35 unique
correct in-frame phage-displayed proteins were identified after
oo sequencing. This low percentage of in-frame proteins in T7 phage
. . o . o i library was also found in similar studies [34]. To address the issue,

1 - Specificity

Fig. 4. Comparisons of the diagnostic value of single antibody versus combined
antibodies with logistic regression models.

In this study, we used phage display technique and ELISA to de-
tect a set of serum autoantibodies against lung cancer antigens.
Firstly, a pool of 5 allogenic sera and 20 autologous obtained from
lung cancer patients were used for biopanning process not only to
enrich the specific antigen-expressed phage clones but also to ex-
clude the antigens that only interacted with autologous serum and
were less reactive to allogenic sera. Meanwhile, we used healthy

preselecting the library by introducing second antibiotic genes into
the expression vector could help to increase the yield [35]. Thirdly,
based on the gene expression profiling, four in-frame phage-
expressed proteins were selected and assayed by ELISA to confirm
the antibody’s affinity. The mRNA transcripts of these four proteins
were significantly up-regulated in NSCLC cell lines and tissue sam-
ples, which add promises in detection value. In order to assess the
potential diagnosis value of selected markers, we also used ELISA
screenings to replace newly developed phage peptide microarray
[11,36]. Since this method does not need specific high-precision
instruments, it makes the screening procedure much easier to han-
dle and more economic as well. And our method showed quit con-
sistent and repeatable.
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Table 3
Diagnostic accuracies in control and different stage patient samples.

Control (n=36)

Cancer (n = 40)

Stage | Stage 11 Stage 11 Stage IV
Number correct/total 23/36 7/11 5/8 14/17 2/4
Accuracy (%) 63.9 63.6 62.5 824 50.0

Furthermore, due to the histological heterogeneity of cancer,
different patients are unlikely to respond to the same immuno-
genic antigens. Even cancers with the same type are composed of
different biological subtypes. Therefore, it is very difficult to use
a single marker for detecting, whereas utilizing a full panel of mul-
tiple markers may greatly enhance diagnosis value. In this study,
our statistical analysis revealed the better predictive accuracy with
multiple antibodies relative to single antibody. Moreover, these
four proteins are involved in multiple cellular functions, such as
proliferation, apoptosis, adhesion, and migration, which are associ-
ated with tumorigenesis. Two of these four antigens (NOLC1 and
MALAT1) have been described in other detection studies in NSCLC
[11,15]. When correlating the disease stages with diagnostic accu-
racies, our data showed 63.6% and 62.5% of sensitivity on detection
of stage I and stage Il NSCLC cancer patients, respectively, indicat-
ing our four-marker predictive assay has the potential value for
early-stage cancer screening.

Our study identified a set of serum biomarkers that evoked a
humoral immune response in NSCLC patients, based on testing of
the sera from patients and normal control subjects that are care-
fully matched by age, sex and smoking status. Due to a limited size
of samples tested, we plan to further validate on additional lung
cancer samples plus the control samples of non-lung cancer dis-
eases such as benign lung diseases (COPD and granulomatous lung
disease), autoimmune disorders, and other malignancies.

In summary, our study demonstrated the presence of serum
antoantibody in lung cancer patient sera and identified four lung
cancer related proteins that may be associated with cancer-specific
autoantibody production at early stage of tumorigenesis. These
four markers may have potential to be used in developing screen-
ing tests for detecting early-stage lung cancer.
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