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Introduction

Abstract

Background: Traditional diagnostic technology with tumor biomarkers is ineffi-
cient, expensive and requires a large number of serum samples. The purpose of this
study was to construct human lung cancer protein chips with new lung cancer
biomarkers screened by the T7-phage display library, and improve the early diagno-
sis rate of lung cancer.

Methods: A T7-phage cDNA display library was constructed of fresh samples from
30 lung cancer patients. With biopanning and high-throughput screening, we gained
the immunogenic phage clones from the cDNA library. The insert of selected phage
was blasted at GeneBank for alignment to find the exact or the most similar known
genes. Protein chips were then constructed and used to assay their expression level in
lung cancer serum from 217 cases of lung cancer groups:80 cases of benign lung
disease and 220 healthy controls.

Results: After four rounds of Biopanning and two rounds of enzyme-linked
immunosorbent assay, 12 phage monoclonal samples were selected from 2880 phage
monoclonal samples. After blasting at GeneBank, six similar genes were used to con-
struct diagnostic protein chips. The protein chips were then used to assay expression
level in lung cancer serum. The expression level of six genes in lung cancer groups
was significantly higher than those in the other two groups (P < 0.05).
Conclusions: In this study, we successfully constructed diagnostic protein chips
with biomarkers selected from the lung cancer T7-phage cDNA library, which can be
used for the early screening of lung cancer patients.

patients with one kind of tumor biomarker.” At present,
several kinds of biomarkers are frequently used in con-

Lung cancer has recently become the leading cause of cancer-
related mortality worldwide.! Clinical studies have shown
that the survival rate is related to stage.”> Unfortunately,
because of the trait of rapid metastasis, most patients are only
diagnosed at advanced stage.** Despite improved modern
diagnosis and treatment strategies, the five-year survival rate
has not correspondingly improved.® Therefore, finding a way
to screen lung cancer patients from healthy groups is of great
significance. Identifying tumor biomarkers is useful and con-
venient for earlier detection of lung cancer.® Many lung
cancer tumor biomarkers have been reported, including
carcinoembryonic antigen (CEA), cytokeratin 19 fragment
(CYFRA 21-1), and neuron-specific enolase (NSE). However,
because of their limited sensitivity and specificity, and false-
positive rate in normal populations, we cannot screen cancer
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junction to screen cancer patients, but false-positive cases
remain. Moreover, the traditional test method with tumor
biomarkers is inefficient, requiring a large number of serum
samples. Thus, it is necessary to find new biomarkers and a
minimally invasive, simple, and efficient method, which can
be used for lung cancer screening of the high-risk population.

Protein microarray is becoming a vital tool for large
scale and high-throughput miniaturized protein analysis
and represents great potential in many aspects, including
the identification of protein-protein interactions, protein-
phospholipid interactions, small molecule targets, and sub-
strates of protein kinases.*® Compared with the traditional
test method of tumor markers, protein microarrays have
more advantages, such as requiring low samples and minia-
turization. In our study, we aimed to determine new markers
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in order to construct protein chips with high sensitivity and
specificity that may be applied in clinics.

Patients and methods

Patients

Lung cancer samples were obtained from 30 patients who
were not treated with chemotherapy and/or radiotherapy
before initial surgical treatment at the Department of Respi-
ratory and Thoracic Tumor Research Institute of the Affili-
ated Hospital of Qingdao University from March 2013
through March 2014. Pathohistological examination showed
no evidence of remaining tumor. Clinical stage was classified
using the Union for International Cancer Control Tumor
Node Metastasis Atlas. Parts of the surgically resected tumors
were immediately shock-frozen and stored at —70°C until
used for lung-cancer T7 phage cDNA library construction. A
total of 517 serum samples, including 217 lung cancer
patients were collected: 80 patients with benign lung disease
and 220 healthy controls. Participants had been diagnosed by
pathohistological examination, did not have any other malig-
nant or autoimmune disease, and were matched for age,
gender, and smoking history. All patients gave informed
consent. Two millilitres of limosis blood was collected and
stored at 4°C within an hour. The blood was then centrifuged
for 20 minutes at 4000 rpm, distributed into 100 pl aliquots,
and stored at —80°C until used. The study protocol con-
formed to the ethical guidelines of the 1975 Declaration of
Helsinki and was approved by the institutional review board
of Qingdao University.

Ribonucleic acid extraction and construction
of T7 phage display cDNA library

Total ribonucleic acid (RNA) was extracted from 30 fresh
samples from lung cancer patients using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). Messenger (m)RNA was
purified with the Oligotex mRNA purification kit (Qiagen,
Mainz, Germany). We generated an orientation-directed
cDNA library using a random priming method. The cDNA
library was amplified by frame-shift polymerase chain reac-
tion (PCR) for 30 cycles with three forward and three reverse
primers (Forward primers: 5-AACTAGATAAGAATAGC
GGCCGCGCGCCGCGACC-3", 5-AACTAGATAAGAATA
GCGGCCGCAGCGCCGCGACC-3’, 5-AACTAGATAAGA
ATAGCGGCCGCAAGCGCCGCGACC-3; Reverse primers:
5’-AATGATGTCGAGTAGGCCGGCCTCC-3’, 5-AATGAT
CTCGAGTGGCCGGCCTCC-3", 5-AATGATCTCGAGTA
GGCCGGCCTCC-3"). The PCR product between 300/bp-
1.5 kb was purified on 2% agarose gel, digested with NotI and
Xhol, and ligated into T7Bio phage vector'® at NotI and Xhol.
After packaging with T7 phage package extract (Novagen,
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Merck, KGaA, Germany), the original phage library titer was
~2.0 X 10° pfu. The library was amplified once on BLT5615
bacterial plates, bound to streptavidin-coated paramagnetic
beads (Promega, Madison, WI, USA), and eluted with 3C
protease (10 units in 400 pl) at 4°C for 16 hours to generate
phage libraries. All procedures for T7 phage display have been
described previously.'*"!

Phage display biopanning and
high-throughput screening by enzyme-linked
immunosorbent assay

The T7 phage display (1200 pl, diluted with 10% bovine
serum albumin [BSA] 1:40) was added to the healthy control
serum (20 pl), incubated for two hours at 4°C, and centri-
fuged for three minutes at 1000 rpm/minute. The superna-
tant was added to the lung-cancer group serum (30 pl),
incubated at 4°C overnight, and centrifuged for three minutes
at 1000 rpm/min. The supernatant was discarded. The pre-
cipitation was added to 1% DSD (100 pl), incubated for 10
minutes at room temperature, and centrifuged for 10 minutes
at 500 rpm/minute. From the supernatant, we extracted the
phage clones that bind specifically to serum antibodies asso-
ciated with lung cancer. These phages were eluted, amplified
in Escherichia coli BLT5615, and were input for the next
round of selection. The titer of the phages was calculated after
each round of selection. After four rounds of selection, the
inserts of the selected phages were amplified by PCR. The
insert fragments >200bp were then submitted for high-
throughput screening by enzyme-linked immunosorbent
assay (ELISA).

ELISA plates were coated with T7 tailer antibody (diluted
by phosphate buffered saline [PBS] [pH 7.4] 1:1000) at 4°C
overnight. After washing three times with PBS Triton (T),
200 wl of blocking solution (2% BSA in PBS) was added, and
the plates were incubated for two hours at room temperature
and subsequently washed four times with PBST. Enriched
phages, at 100 pl per well (diluted by 2% BSA 1:5), were then
added to two wells. The plates were incubated for 90 minutes
and then washed with PBST. Then, 100 pl per well of lung
cancer group serum (diluted by 1% BSA) and 100 pl per of
healthy control serum (diluted by 1% BSA) were added to the
two wells as previously described. The plates were incubated
for one hour and then washed four times with PBST. Horse-
radish peroxidase goat anti-human immunoglobulin G (IgG)
was added, and the plates were incubated for one hour at
room temperature. After washing with PBST four times, the
chromogenic reagent was added. ELISA was ceased with a
stop buffer (30 ul) after incubation for 20 minutes at 37°C. A
negative control was given to each plate. Absorbances were
measured at 450 nm wavelengths. The positive samples were
screened and used as input for next round of ELISA. The
twice-positive samples were selected and the insert of these
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phages was amplified by PCR and then sequenced. The gene
alignment was then blasted at GeneBank to find exact or
similar genes. Products of selected genes were used to con-
struct protein chips.

Diagnostic chip design

The ¢cDNA fragments of selected phages were inserted into
the Xhol-KpnI sites of a green fluorescent protein (GFP) pET-
14b plasmid to express the antigens on BLT5615 bacterial
plates.”” Antigen-protein level and quality was assessed
by Lowry protein assay and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Antigen-
protein was diluted to 25.6 mol/mL (0.796-1.87 mg/mL) in
PBS. Each antigen-protein solution was printed on FAST
slides (Truelab, Shanghai, China) as an array of seven lines,
each with five 200 um spots of 10 UL using an array spotter
SPBIO2000 (Hitachi Solution, Tokyo, Japan). The designed
chips were incubated overnight in the dark at room tempera-
ture and then washed three times with PBS. Protein chips
were stored in PBS at 4°C in the dark and used immediately or
within six months.

Antigen-bound chips were washed with PBS for five
minutes, placed in a 24-well plate, and washed with tris-
buffered saline Tween 20 (TBS-T, 0.5 mL TBS, 0.1% Tween-
20) for 10 minutes. Chips were transferred to PCR tubes
containing 200 UL of SDS/2-mercaptoethanol (2ME) sample
buffer (2% SDS in 50 mM Tris-HCI [pH 6.8] with 5%
2-mercaptoethanol, 10% glycerol, and 0.0012% Bromophe-
nol Blue), heated at 95°C for five minutes, washed five times
in TBS-T, and incubated for one hour in blocking solution
(TBS-T containing 5% BSA). Chips were incubated in serum
prepared previously (217 lung cancer patients, 80 benign lung
disease patients, 220 healthy controls) diluted five-fold in
50 ul blocking solution for 1.5 hours of gentle shocking, and
then washed five times in TBS-T. Chips incubated for 30
minutes with 1:500 Alexa Flour 633 (Alexa633)-conjugated
anti-human IgG antibody (Invitrogen, Life Technologies,
Carlsbad, CA, USA), followed by a further 30 minutes, adding
the same volume of 1:500 Alexa Fluor 555 (Alexa555)-
conjugated anti-mouse IgG antibody (Invitrogen). The chips
were then washed five times with TBS-T and once with PBS.
All chips were placed on a slide holder, mounted with PBS.
The chips were then observed by BZ-9000 fluorescent micro-
scope (Keyence, Osaka, Japan) at 90% laser power for both
Alexa555 and Alexa633 fluorescence using Cy3 and Cy5
detection channels, respectively. The Alexa633/555 ratio cal-
culation of each spot was used as positive criteria.

Statistical analysis
Statistical analysis was performed with SPSS 10.0 statistical

software(SSPS Inc., Chicago, IL, USA). All of the experimen-
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tal data was analyzed by chi-square test or variance analysis.
Significance was determined when P < 0.05.

Results

Screening of lung-cancer-associated phages

The titer of the original phage library was 2.0 x 10% After four
rounds of biopanning, the titer of the phage library was 4.2 x
10°, 4.0 x 10", 2.0 x 10", and 4.6 x 10", respectively; an
improvement on the original library. The results showed evi-
dence that phages associated with lung cancer had been
enriched. After four rounds of biopanning, we selected 2880
phages whose insert fragments were >200 bp. These phages
reacted with antibodies in the serum of lung cancer patients
but did not react in the serum of healthy controls. Therefore,
we believe these phages could express lung cancer associated
antigens. To ensure exact tumor biomarkers, these phages
were submitted for two rounds of ELISA high-throughput
screening. The index value of each phage tested by ELISA was
defined by the following formula: index = OD of sample
group/OD of negative control. The results were considered
positive if the index > 2.0. If the OD of the negative control <
0.05, the OD of the negative control = 0.05; if not, it is the
actual measured value. The phage was selected if it was posi-
tive in the lung cancer group and negative in the healthy
group. If the phage was positive after two rounds of ELISA, we
determined that the antigens expressed in these phages also
had a high express level in lung cancer tissue. After two
rounds of ELISA, we selected 12 positive phages (Table 1).
Inserts of these 12 phages were sequenced and then blasted at
GeneBank. Finally, we found that these 12 phages contained
six exact or similar genes: olfactomedin 1 (OLFM1), A-kinase
anchor protein-4 (AKAP-4), transthyretins (TTRs), vacuolar
inhibitor of fructosidase 1 (VIF-1), cytokeratin-18 (CK-18),
and squalene epoxidase (SQLE). Previous studies have shown
that these genes are related to cancer.”*™¢

Detection of protein chips among
three groups

All proteins were constructed to contain a GFP. A GFP con-
struct with no fusion partner (31 kd) was used as a control.
The expression of recombinant GFP-tagged antigenic pro-
teins was confirmed by SDS-PAGE after purification using
Ni-affinity gel (Fig 1). The protein amount in each spot is
essential for quantification of antibodies that specifically
bind to the immobilized antigenic proteins. The amount of
antigenic proteins on each chip was verified by measuring
GFP fluorescence with a fluorescent microscope (Fig2).
Denaturing antigenic proteins on the chip by heating in SDS/
2ME solution eliminated this aggregation. To check the effect
of the heat-denaturing step in this protocol, GFP fluorescence
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Table 1 The selected phages by twice-positive ELISA
OD value
Group 290 302 315 376 815 897 1012 1206 1365 1524 1874 1942
A: Positive phages of the first round of ELISA
Lung cancer group 0.176 0.115 0.142 0.115 0.165 0.198 0.220 0.154 0.165 0.203 0.146 0.157
Healthy control 0.086 0.074 0.054 0.049 0.075 0.095 0.102 0.083 0.079 0.101 0.081 0.079
Twice negative value 0.120 0.100 0.100 0.100 0.100 0.100 0.133 0.100 0.108 0.132 0.100 0.100
B: Positive phages of the second round of ELISA
Lung cancer group 0.180 0.106 0.153 0.119 0.167 0.185 0.197 0.152 0.171 0.186 0.148 0.149
Healthy control 0.092 0.075 0.052 0.054 0.072 0.091 0.102 0.083 0.081 0.093 0.085 0.073
Twice negative value 0.114 0.100 0.102 0.102 0.100 0.105 0.108 0.100 0.100 0.100 0.100 0.100

ELISA, enzyme-linked immunosorbent assay.

was checked at each step by fluorescent microscopy. GFP
fluorescence disappeared after treatment with SDS/2ME. In
addition, Alexa555 fluorescence from the GFP tag increased
for all protein spots. The Alexa633/555 ratios of the healthy
controls and benign lung disease groups were below 0.8.
However, the value of the lung cancer group was very high,
above 0.8. Thus, the Alexa633/555 ratio >0.8 is the positive
criteria of diagnostic chips.

The detection result of three groups

The results show that the positive rate of the lung cancer
group is significantly higher than the benign lung disease and
healthy groups (%’ = 61.29, P < 0.05; * = 135.68, P < 0.05,
respectively) (Table 2). The positive rate of each marker
among the three groups shows evidence that the protein chip
can screen lung cancer patients from high-risk or healthy
groups (Table 3). Protein chips have a great potential in the

(kd)

100

A7 -

GFP OLFM1 AKAP4 TTRs CK-18 VIF

Protein amount

SQLE

Figure 1 The six recombinant proteins confirmed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.
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early diagnosis of lung cancer. These six markers are likely to
become new lung cancer markers.

Discussion

Multi-biomarkers have the potential to improve the early
diagnosis rate of lung cancer. However, because of the draw-
back of traditional biomarkers and diagnostic methods, they
are not an ideal diagnostic tool in clinical practice. Therefore,
we need to find new biomarkers and simple and efficient test
methods."” As it requires a smaller sample and miniaturiza-
tion, protein microarray technology may have great potential
in this respect. Protein microarray technology has made
enormous progress in the last decade, increasingly becoming
an important research tool for the study and detection of
proteins.®’

In our study, we successfully constructed a T7 phage
display library with ¢cDNA of fresh sections from 30 lung

G OL AK T CK VI

sSQ

Figure 2 Green fluorescent protein from the protein chip as detected by
fluorescence microscopy.
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Table 2 Positive rate of protein chip in each group

Diagnostic value of protein chips

Group N Positive case Negative case Positive rate
Lung cancer 217 158 59 72.81%
Benign lung disease 80 18 62 22.50%
Healthy 220 37 183 16.82%

Comparison of lung cancer and healthy groups, x? = 135.68, P< 0.05; comparison of lung cancer and benign lung disease groups, x*=61.29, P<0.05;

comparison of benign lung disease and healthy groups, x?=1.26, P> 0.10.

cancer patients. These patients contained various pathologic
classifications, were diagnosed for the first time, and had not
been treated with radiotherapy or chemotherapy. The phage
display library contained a large number of non-specific
phages, which were not used to construct protein chips for
lung cancer diagnosis. Studies show that antibodies against
the surface antigens of tumor cells have been generated in sera
in early stage patients. Using the antigen-antibody reaction,
the T7 phage display library was screened with serum anti-
bodies of lung cancer patients and healthy controls. In each
round of biopanning, we selected phages that reacted to the
serum of lung cancer patients but did not react to the serum
of healthy controls. After four rounds biopanning, 2880
phages related to lung cancer were purified and enriched. In
order to find tumor markers with the potential for clinical
lung cancer diagnosis, 2880 selected phages were submitted
twice for ELISA high-throughput analysis. Finally, 12 phages
that combined with serum antibodies in lung cancer patients,
but did not combine in the healthy controls, were selected.
According to the ELISA results, we determined that the
surface antigens of phages might also exist on the surface
of lung cancer cells, leading to the production of serum
antibodies.

All of the inserts of the 12 selected phages were amplified
by PCR and sequenced. Compared with known sequence
genes at GeneBank, we found six exact or similar genes:
OLFM1, AKAP-4, TTRs, VIF-1, CK-18, and SQLE. These
genes have been located in chromosomes. Some studies have
shown evidence that OLFM1, AKAP-4, CK-18, and TTRs are
closely related to the occurrence of tumors.'”"> AKAP-4, as a
new biomarker, has been verified to have a high expression
level in lung cancer.' All of these results show that the T7

Table 3 The positive rate of six markers among three groups (%)

phage display library constructed from 30 fresh sections from
lung cancer patients is reliable. Therefore, it is warranted to
use these antigens in the design of protein chips for lung
cancer diagnosis.

In the last stage of our study, we successfully constructed
protein chips with the six selected antigens. The protein chips
were then used to test the serum of 217 cases in the lung
cancer group,80 cases of benign lung disease, and 220 healthy
controls. We found that the Alexa633/555 ratio of healthy
control chips was below 0.8, but the value of the lung cancer
group chips was above 0.8. Therefore, we determined that this
value (0.8) could be used as diagnostic value. Comparing the
positive rate among groups, we found that the positive rate of
the lung cancer group was significantly higher than in the
benign lung disease (P < 0.05) and healthy control groups (P
< 0.05). However, there was no significant difference in the
positive rate between the benign lung disease and healthy
control groups (P> 0.10). The protein chip designed with six
selected antigens is effective and may have great future poten-
tial in a clinical setting.

Conclusion

In summary, we successfully identified six lung cancer
related biomarkers and constructed lung cancer diagnostic
protein chips. The protein chip can screen lung cancer
patients from a high-risk population. However, as false-
positive samples remained, the protein chips need to be
improved. Therefore, follow-up research upon the relation-
ship between these markers and pathological type and stage
is required to verify the effect on the occurrence of lung
cancer.

Group OLFM1 AKAP4 TTRs CK-18 VIF-1 SQLE
Lung cancer 15.74" 10.19™ 21.30° 33.33" 7.41" 24.07"
Benign lung disease 14.58 6.05 8.334 25.00 8.33 14.58
Healthy 2.04 0.69 3.45 22.07 0.69 1.38

Comparison of lung cancer and healthy, *P<0.05, **P<0.01; comparison of lung cancer and benign lung disease groups, AP< 0.05. AKAP-4, A-kinase
anchor protein-4; CK-18, cytokeratin-18; OLFM1, olfactomedin 1; SQLE, squalene epoxidase; TTRs, transthyretins; VIF-1, vacuolar inhibitor of

fructosidase 1.
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