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Abstract: Here, we show that overexpression of fer tyrosine kinase (FER), a non-receptor tyrosine kinase, predicts
poor postoperative outcome and might be involved in cancer-cell survival in non-small cell lung cancer (NSCLC). Sys-
tematic screening using in silico analyses and quantitative RT-PCR revealed that FER was overexpressed in about
10% of NSCLC patients. Evaluation of FER expression using immunohistochemistry (IHC) on tissue microarrays was
consistent with the mRNA level detected using quantitative RT-PCR. In analyses of 135 NSCLC patients who had
undergone potential curative resection, we found that FER overexpression detected using IHC had no association
with clinicopathological features such as age, sex, smoking history, histological type, disease stage, T factor, N fac-
tor, adjuvant chemotherapy history, or EGFR mutation, but was correlated with poor postoperative survival periods.
A multivariate Cox regression analysis showed that this prognostic impact was independent of other clinicopatho-
logical features. In functional analyses of FER in vitro, FER exhibited a transforming activity, suggesting that it pos-
sesses oncogenic functions. We also found that human lung cancer NCI-H661 cells, which exhibited FER-outlier
expression, were led to apoptosis by the knockdown of FER using RNA interference. FER overexpression might serve
as a prognostic biomarker and be involved in cancer-cell survival in NSCLC.
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Introduction lar biology have provided important insights
into molecular prognostic biomarkers. The iden-
tification of new molecular prognostic parame-
ters will be helpful for planning the treatment of

lung cancer patients after surgical resection.

Lung cancer is the most commonly diagnosed
cancer as well as the leading cause of cancer-
related mortality worldwide, with over 1 million
deaths each year [1], and although significant

advances have been made with therapies, the
5-year survival rate of lung cancer is below 20%
[2]. The best chance of achieving long-term sur-
vival is in complete surgical resection; however,
even in resected stage IA patients, 30% suc-
cumb from their disease within 5 years [3].
Previous studies have reported several factors
associated with poor prognosis in non-small
cell lung cancer (NSCLC) patients after surgical
resection, such as tumor size, preoperative
serum CEA level, visceral pleural invasion, vas-
cular vessel invasion, and histological grade
[4-8]. In addition, recently, advances in molecu-

In the present study, we found that fer tyrosine
kinase (FER), a non-receptor tyrosine kinase, is
overexpressed in a subset of NSCLC patients
and is correlated with poor postoperative sur-
vival periods. We also showed that FER might
play a crucial role in FER-overexpressed lung
cancer in vitro. FER is an intracellular tyrosine
kinase that has been found to reside in both the
cytoplasm and nucleus of mammalian cells
[9-11]. It has been shown to interact with pro-
teins such as cortactin and to reorganize the
actin cytoskeleton [12, 13], or to be linked to
the modulation of cell-cell and cell-substrate
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interactions by associating with adhesion mol-
ecules [13-19]. There are also reports that sug-
gest a supportive role of FER in the proliferation
and growth of malignant cells [20, 21]. Actually,
several reports have suggested its roles in can-
cers [22], including prostate cancer [20, 23],
colon cancer [24], breast cancer [21], hepato-
cellular carcinoma [25], malignant mesothelio-
ma [26], or gastric cancer [27]; however, to the
best of our knowledge, the present study is the
first report to correlate FER with lung cancer.

Materials and methods
Lung cancer patients and samples

Clinical lung cancer samples were collected
from patients who had undergone surgical
resection at the University of Tokyo Hospital
between June 2005 and September 2007.
Informed consent was obtained from all the
patients, and the study was approved by the
Institutional Ethics Review Committee. The
diagnoses were based on pathological evi-
dence and were classified according to the
TNM classification criteria [28]. To circumvent
statistical disruption arising from the heteroge-
neity of significantly advanced diseases,
patients whose tumors were pathologically con-
firmed as T3 or T4 were excluded.

For all patients, medical records were reviewed
to extract data on clinicopathological charac-
teristics. The follow-up data after surgical
resection were obtained at our outpatient
department. Progression free survival was
measured from the date of surgery until dis-
ease recurrence or metastasis, and overall sur-
vival was measured from the date of surgery
until the date of death. Patients without a
known date of death were censored at the time
of last follow-up.

Cell lines

EBC-1, LK-2, and LUDLU-1 cells were obtained
from the Health Science Research Resources
Bank (Osaka, Japan). All the other cell lines
were obtained from the American Type Culture
Collection (Rockville, MD). Cells were cultured
according to each manufacturer’s protocol.

Quantitative RT-PCR analysis of mRNA

Total RNA was isolated using RNAiso (TaKaRa,
Shiga, Japan) and was reverse transcribed with
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SuperScript Il reverse transcriptase (Invitrogen,
Carlsbad, CA). SYBR green RT-PCR was per-
formed using Thunderbird gPCR Mix (Toyobo,
Osaka, Japan) and was analyzed using Applied
Biosystems 7500 (Applied Biosystems, Foster
City, CA) according to the manufacturer’s
instructions. The PCR conditions and primer
sequences are shown in Table 1. Relative
expression level was calculated using the AACt
method with the B-actin gene as an internal
control. A level more than 16 times higher than
the expression level in normal lung tissue was
set as the threshold for gene overexpression.

Immunohistochemistry of clinical samples

Tissue microarrays were constructed from for-
malin-fixed, paraffin-embedded lung cancer tis-
sue blocks. Serial tissue sections (4 um thick)
were cut from the tissue microarray, and immu-
nohistochemistry (IHC) was performed with
anti-FER monoclonal antibody (diluted 1:1,000,
LS-B3467; LS Bio, Seattle, WA) using a Ventana
Benchmark XT autostainer (Ventana Medical
Systems, Tucson, AZ). Appropriate positive and
negative controls were included for each run of
immunostaining. All samples were evaluated in
a blinded manner by two independent patholo-
gists without knowledge of any other clinico-
pathological data. The immunostaining score
was estimated using a scale of O to 2 based on
the percentage and intensity of the stained
tumor cells as follows: 0, complete absence of
staining; 1, low-level staining of the tumor cells
or low-to-moderate level staining on less than
50% of tumor cells; 2, moderate-level staining
on more than 50% of tumor cells or high-level
staining of the tumor cells. Staining with a score
of 2 was defined as FER overexpression.

FER expression plasmid vector constructions

To construct the FER expression plasmid vec-
tor, full-length human FER was cloned using a
previously reported method [29]. Briefly, the &’
and 3’ sides of FER were first amplified from the
5" and 3’ RACE products of FER, respectively,
using the following primer pairs: 5-AAA ATG
GGG TTT GGG AGT GAC-3/5-CCA GAA GAT GAA
TAC ACT CCA-3’ for the 5 side of FER, and
5-GAC AGC CTG TCT ACA TCA TTA TGG AAC-
3/5-CGC CAT CCT GTC ACT ATG TGA G-3’ for
the 3’ side of FER. The PCR products obtained
using these two primer sets had an overlapping
region, and the full-length human FER cDNA
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Table 1. Sequences of primers used for quantitative RT-PCR of candidate genes involved in lung cancer

Gene Symbol Primer sequences (top / bottom) Annealing temperature (°C)* Betaine for PCR? Length of amplicon (bp)
IGF1R 5’-GCG TGA GAG GAT TGA GTT TC-3' / 5’-CTC CTT TCC GGT AAT AGT CTG T-3’ 65 - 386
EPHB1 5’-TCT GAG TGA GGC GAG CAT-3’ / 5’-GAA GTG AAC TTG CGG TAG G-3’ 65 + 414
EPHA1 5’-GGA ACT TCC TTC GAG AGG C-3’ / 5’-GTC CAA CGG ATA GGG ATC TTT-3’ 65 - 376
FGFR3 5’-GGT GTC TGA GAT GGA GAT GAT GAA-3’ / 5’-CCG TTG GTC GTC TTC TTG TAG TA-3’ 65 + 396
EPHA2 5’-CAG AGA AGC AGC GAG TGG AC-3’ / 5’-GCA GAG GTG AAC TTC CGG TAG-3’ 70 - 433
MET 5’-TTT CTG ACC GAG GGA ATC ATC-3’ / 5’-CTT TGC ACC TGT TTT GTT GTG TAC-3’ 65 - 363
ITK 5’-ATA GAG GAG GCT GAA GTA ATG AT-3’ / 5’-GCC TGT GGA ACT GGT GTA C-3’ 65 3-step - 342
EPHA3 5’-GAC CCT GAA AGT TGG CTA CAC-3’ / 5’-TCT TCC CTC CTC TTG TTG TAT AAG-3’ 65 - 398
ABL2 5’-CTG AAA GAA GCT GCA GTA ATG A-3’ / 5’-TCT CTG GTG CTG TCC ACT TA-3’ 65 - 379
PTK7 5’-GGC AGA GAC CCT GGT ACT TG-3’ / 5’-GGC GGA AGT GGT AGT ACT CAC-3’ 70 - 428
AXL 5’-GAT TTC CTG AGT GAA GCG GTC T-3’ / 5’-TGG CAT CTT GGC GAT ACG TC-3’ 70 - 396
INSR 5’-GTG AAG ACG GTC AAC GAG TCA-3’ / 5’-CCC CTT TCC GGT AGT AAT CC-3’ 65 - 416
FER 5’-AAG GGC ACA TTA AAG GAT AAA-3’ / 5’-CCA GAA GAT GAA TAC ACT CCA-3’ 60 - 419
RET 5’-GAA GAT GCT GAA AGA GAA CGC-3’ / 5’-ATT TAA CTG GAA TCC GAC CCT-3’ 65 3-step + 479
ALK 5’-GCT CTG AAC AGG ACG AAC TGG-3’ / 5’-GGC ACA GCC TCC CTT TCT ATA GTA-3’ 65 - 401
EPHAS 5’-ACG CAG AGA TTT CCT AGG TGA-3’ / 5’-TCC TCC CCT TGT GGT GTA G-3’ 65 - 364
EPHA4 5’-CTC TGA AAG CTG GTT ATA CAG AC-3’ / 5’-TGA TGT GAA TTT ACG ATA GGC-3’ 65 - 449
FGFR1 5’-GCT GAC TCC AGT GCA TCC AT-3’ / 5’-GCC GTT GGT TGT CTT TTT ATA GTA-3’ 65 + 690
FGFR2 5’-AAG ATG TTG AAA GAT GAT GCC ACA-3’ / 5’-CGC CCA TTG GTG GTC TTT T-3’ 65 - 443
FGFR4 5’-GTC AAG ATG CTC AAA GAC AAC GC-3’ / 5’-GCC GTT GCT GGT TTT CTT ATA GT-3’ 65 + 444
BTK 5’-GAA GAA GCC AAA GTC ATG AT-3’ / 5’-GAA ATT TGG AGC CTA CTG AG-3’ 60 3-step + 349
NTRK1 5’-GCA GGA CTT CCA GCG TGA G-3' / 5’-CTC CCA CAC GGT AAT AGT CGG T-3’ 65 3-step + 392
TXK 5'-AAG AGG CCA AAG TGA TGA T-3’ / 5’-GCT CCA AAA GAA CTG ACA TAC-3’ 60 - 340
ROR1 5’-ACA AGA AGC CTC CCT AAT GG-3’ / 5’-GGC AGC AAG GAC TTA CTC TG-3’ 65 - 402
ABL1 5’-GAA AGA AGC TGC AGT CAT GAA-3’ / 5’-ATT TCC CAA AGC AAT ACT CCA-3’ 65 3-step - 444
LTK 5’-TCA GGA TGA GCT GGA TTT CC-3’ / 5’-GGG GCA TCC ACT TGA CTG-3’ 60 + 419
ROS1 5’-CAG ACC AGG AGA AGA TTG AAT-3’ / 5’-CCC CTC TCT TTC TAT AGT AAT CAT-3’ 60 3-step - 399
TEC 5'-TGT GCG AGG AGG ACT TTA TAG A-3’ / 5’-TCT GCC TTC CGT GAA TAC TTC-3’ 65 3-step - 476
NTRK3 5’-CCT GGC CGA GTG CTA CAA C-3’ / 5’-CTC CCA CCC TGT AAT AAT CCG-3’ 65 - 482
FES 5’-CGG TGA AGT CTT GTC GAG AGA-3’ / 5’-GTA GCG GCC GTA GTT AAG GG-3’ 65 + 449
MERTK 5'-TGA GGC AGC GTG CAT GAA-3’ / 5’-CCA TTT AAC AGG CAT CTT AGC AAT-3’ 65 - 391
MATK 5-GGT GGC CGT GAA GAA TAT CA-3’ / 5’-GGT GAA CTT CCC GTG TTT GA-3’ 65 433
MUSK 5’-AGA TAT GCA AGC GGA CTT TC-3’ / 5’-ATA GCG TCG TTT TCA TTA GCT TT-3’ 65 3-step 441
TEK 5’-GGA CTT TGC AGG AGA ACT G-3’ / 5’-GTA ACA CAC CAT AGG ACC ATA CAT-3’ 60 3-step - 482

PCR was performed basically in a 2-step cycle. For genes with the comment of ‘3-step’, PCR was performed in a 3-step cycle (annealing step was followed by an extension step at 72 °C). ?Betaine was supple-
mented at a final concentration of 1M.
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Table 2. Oligo1 and oligo2 of siRNA vectors targeting FER and corre-
sponding scrambled control vectors

Vector Oligo

Sequence

SiRNA #1 O1F
0O1R
O2F
O2R
SiRNA #2 O1F
01R
O2F
O2R
scrambled #1 O1F
O1R
O2F
O2R
scrambled #2 O1F
01R
O2F
O2R

5’-GCA GAA CAG GAC TGG TAC CAT GAC GT-3’
5’-CAT GGT ACC AGT CCT GTT CTG C-3’
5’-CAT GGT ACC AGT CCT GTT CTG CCT TTT TGG GCC-3’

5’-CAA AAA GGC AGA ACA GGA CTG GTA CCA TGA CGT-3’

5’-GAG ATA CAG TTC AGA GAG TGA GAC GT-3’

5’-CTC ACT CTC TGA ACT GTA TCT C-3’

5’-CTC ACT CTC TGA ACT GTA TCT CCT TTT TGG GCC-3’
5’-CAA AAA GGA GAT ACA GTT CAG AGA GTG AGA CGT-3’
5’-GCC ATG CGA ACC GAT AGA TGA GAC GT-3’

5’-CTC ATC TAT CGG TTC GCA TGG C-3’

5’-CTC ATC TAT CGG TTC GCA TGG CCT TTT TGG GCC-3’
5’-CAA AAA GGC CAT GCG AAC CGA TAG ATG AGA CGT-3’
5’-GCG GAT ACG GGA AGA TAT TAA GAC GT-3’

5’-CTT AAT ATC TTC CCG TAT CCG C-3’

5’-CTT AAT ATC TTC CCG TAT CCG CCT TTT TGG GCC-3’
5’-CAA AAA GGC GGA TAC GGG AAG ATA TTA AGA CGT-3’

lulose  (Wako, Osaka,
Japan). After incubation for
3 days, the formed colonies
were quantified using the
Cell Counting Kit-8 (CCK-8)
assay (Dojindo, Kumamoto,
Japan). Ten microliters of
CCK-8 reagent was added
to each well, and the plate
was incubated for 3 hours
at 37°C. Then, viable cells
forming colonies were eval-
uated based on absor-
bance measurements per-
formed at 450 nm using a
1420 Multilabel Counter
(Perkin EImer Life Sciences,
Boston, MA).

Western blot analysis

Twenty micrograms of total

was constructed by reacting these two prod-
ucts on a Mastercycler (Eppendorf, Hamburg,
Germany) as follows: 94°C for 2 min; 30 cycles
of 98°C for 10 sec and 68°C for 2.5 min, with
holding at 4°C. After ligation into a pGEM-T
Easy vector system (Promega, Madison, WI)
and sequencing to confirm the absence of
unexpected mutations, the resulting product
(full-length human FER cDNA) was subcloned
into the Notl restriction sites of the mammalian
expression vector pcDNA 3.1 Hygro* (Invitrogen,
Carlsbad, CA). E. coli HB101 (TaKaRa, Shiga,
Japan) was used as a host cell line to copy the
expression plasmid vector.

Focus formation assay

NIH-3T3 cells were transfected by FER expres-
sion plasmid vector using HilyMax (Dojindo,
Kumamoto, Japan). The cells were cultivated in
the presence of hygromycin to select the trans-
fected cells, and whether the surviving cells
formed foci after reaching confluence was
noted. Pictures were taken after 14 days of
culture.

Colony formation assay

A total of 1,000 cells were seeded onto
Hydrocell (Cell Seed, Tokyo, Japan), non-adhe-
sive dishes coated with hydrophilic polymers, in
a normal medium containing 1.3% methylcel-
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protein was loaded onto

5%-20% SuperSep Ace
(Wako, Osaka, Japan), electrophoresed in Tris-
glycine-SDS running buffer, and transferred to
Hybond-P (GE Healthcare, Buckinghamshire,
UK). The resulting membranes were blocked in
5% skim milk and then incubated in diluted pri-
mary antibody. For blotting with the secondary
antibody, the SNAP id system (Millipore,
Billerica, MA) was used. Antibody against FER
was from Cosmo Bio (Tokyo, Japan); Akt, phos-
pho-Akt (Serd73), Erk1/2, phospho-Erkl/2
(Thr202/Tyr204), cortactin, and phospho-cor-
tactin (Tyrd21) were from Cell Signaling
(Danvers, MA, USA); and B-actin was from
Sigma-Aldrich (St. Lois, MO). As for the second-
ary antibodies, anti-mouse-IgG1-HRP antibody
and anti-rabbit-IgG-HRP antibody from Santa
Cruz Biotechnology (Santa Cruz, CA) were used.
The proteins were detected using ECL plus
solution (GE Healthcare, Buckinghamshire,
UK).

siRNA and scrambled control vector construc-
tions

siRNA vectors targeting FER and their corre-
sponding scrambled control vectors were con-
structed as previously described [30]. Briefly,
oligol, which consists of a targeted FER
sequence with an Aatll recognition site, and
oligo2, which consists of a complementary
sequence of oligol with TTTTT, were ligated
sequentially into a TA cloning vector with a U6

Int J Clin Exp Pathol 2013;6(4):598-612
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staining procedure was
performed according to
the manufacturer’s rec-
ommendations. Briefly,
trypsinized cells were
collected and resus-
pended in 1X annexin V
binding buffer at a con-
centration of 1x10°
cells/mL. Next, 5 uL of
annexin V-FITC and 2 pL
of propidium iodide
were added to 100 L of
the solution. After incu-
bation for 15 min at
room temperature in the
dark, 400 pL of 1X
annexin V binding buffer
were added to the cell
solution, which was
then immediately ana-
lyzed using flow cytome-
try. A total of 10,000
events were scored
using a FACSCalibur
(Becton Dickinson, San
Jose, CA) and were ana-
lyzed using CellQuest
software. Cells exposed
to cisplatin at a concen-
tration of 12.5 pg/mL
for 24 hours were used
as a positive control for
apoptosis.

Statistical analysis

A statistical analysis

Figure 1. Relative expression level of the candidate genes in NSCLC clinical speci-  Was performed using Dr.
mens, compared with normal lung tissue. The relative expression levels of the genes ~ SPSS Il (SPSS, Chicago,
in NSCLC clinical specimens, compared with that in normal lung tissue, are shown  |L). The relation between

according to the color legend.

promoter. The corresponding scrambled con-
trol sequences were designed using the siRNA
Wizard web site (http://www.invivogen.com/
family.php?ID=236). The sequences of oligol
and 2 are shown in Table 2.

Apoptosis assay

The apoptosis levels were assayed by double
staining with annexin V-FITC and propidium
iodide using the Annexin V-FITC Apoptosis
Detection Kit | (BD Pharmingen, San Jose, CA)
and were quantified using flow cytometry. The
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the immunostaining

score for FER and the
mMRNA level of FER examined using quantitative
RT-PCR was analyzed using the Fisher’s exact
test. The relation between FER overexpression
and the clinicopathological characteristics was
analyzed using the chi-square test or the
Fisher's exact test, and a logistic regression
analysis was used to analyze independent fac-
tors associated with FER overexpression. The
progression-free and overall survivals curves
were calculated using the Kaplan-Meier meth-
od and were compared using a log-rank test. A
multivariate Cox regression analysis of factors

Int J Clin Exp Pathol 2013;6(4):598-612
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A

Staining score 0
(FER ov ession (-))

Staining score 0
FER overexpression (-))

Staining score 1
(FER overexpression (-))

Staining score 2

Staining score 2
(FER overexpression (+))

B

Figure 2. Immunohistochemical analysis of FER on NSCLC tumor microarrays. Representative images of each stain-
ing score in adenocarcinoma samples (A) and squamous cell carcinoma samples (B) are shown. The upper panels
are hematoxylin and eosin staining, and the lower panels are immunostaining for FER. Scale bar, 100 pym.

was performed to identify independent factors
related to the prognosis of NSCLC patients. To
analyze differences in the colony formation
assay, the FER expression levels among lung
cancer cell lines, and the percentage of apop-
totic cells after FER knockdown in lung cancer
cell lines, the Tukey’s honestly significant differ-
ences test was used.
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Results

Selection and expression level analyses of
candidate genes involved in lung cancer

To identify potential molecular events involved

in NSCLC, we first focused on ALK. We hypoth-
esized that genes analogous to ALK might be

Int J Clin Exp Pathol 2013;6(4):598-612
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Table 3. Correlation between immunostaining score and expression level analyzed using quantitative

RT-PCR for FER
Relative expression to normal lung tissue analyzed using quantitative RT-PCR (log,) Total
<-4 >-4,<0 >0,<4 >4
Staining score 2, n 0 0 1 14 15
Staining score 1, n 4 62 40 2 108
Staining score O, n 12 0 0 0 12

n, number of cases. Fisher’s exact test P < 0.001.

Table 4. Immunohistochemistry of primary lung cancer staining for FER

Adenocarcinoma Squamous cell

Small cell lung Large cell neuroen- Pleomorphic

carcinoma carcinoma docrine carcinoma carcinoma
Staining score 2, n (%) 24 (10.1) 7 (5.5) 0(0) 1(16.6) 0(0)
Staining score 1, n 194 115 5 5 4
Staining score O, n 18 5 1 0 2
Total, n 236 127 6 6 6

n, number of cases.

involved in lung cancer, since ALK has been
shown to have very strong transforming activi-
ties in many cancers including lung cancer [31-
35]. Therefore, we performed an in silico search
for genes with a structure analogous to the ALK
gene and listed the top 34 gene results.

We performed quantitative RT-PCR and exam-
ined the expression levels of these genes using
cDNAs from surgically resected lung adenocar-
cinoma specimens (n = 30). A level more than
16 times higher than the expression level in
normal lung tissue was set as the threshold for
gene overexpression, and we found that IGF1R,
the EPH family, the FGFR family, AXL, FER, RET,
and ALK were each overexpressed in some of
the NSCLC samples (Figure 1).

Among these genes, we selected FER, which
was overexpressed in 10% of the cases (3/30
cases), for further analysis because the corre-
lation of FER with NSCLC would be a novel dis-
covery, whereas the involvement of the other
overexpressed genes has already been report-
ed in lung cancer [31, 35-39].

Immunohistochemical analysis of FER expres-
sion in lung cancer

To analyze FER expression in a broader popula-
tion of NSCLC patients, we performed IHC using
tissue microarrays. We scored FER staining
based on the percentage and intensity of the
stained tumor cells as described in Materials
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and Methods (Figure 2). These immunostaining
scores were consistent with the mRNA level
detected using quantitative RT-PCR, and the
mRNA level more than 16 times higher than
that in normal lung tissue, which was set as the
threshold for gene overexpression at the initial
screening, corresponded to immunostaining
score 2 (Table 3).

Then, we counted the cases with immunostain-
ing score 2 as FER-overexpressed cases and
found that FER was overexpressed in 10.1%
(24/236 cases) of the lung adenocarcinoma
cases and 5.5% (7/127 cases) of the squa-
mous cell lung cancer cases (Table 4).

Correlation between FER overexpression
and postoperative survival periods of NSCLC
patients

Next, we investigated whether FER overexpres-
sion has any association with clinicopathologi-
cal characteristics of lung cancer. To this end,
135 primary NSCLC patients (108 patients of
adenocarcinoma and 27 patients of squamous
cell carcinoma), who had undergone potential
curative resection and whose follow-up data for
their clinical outcome were available, were ana-
lyzed. The baseline characteristics of the
patient cohort are shown in Table 5. The medi-
an follow-up period was 58.5 months.

When we evaluated FER expression in these
patients using IHC, FER overexpression was

Int J Clin Exp Pathol 2013;6(4):598-612
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Table 5. Baseline characteristics of 135 ana-
lyzed NSCLC patients

Characteristics Patient cohort
(n=135)
Age
Median, years 66
Interquartile range, years 34-85
>65 years, n (%) 77 (57.0)
<65 years, n (%) 58 (43.0)
Sex
Male, n (%) 80 (59.3)
Female, n (%) 55 (40.7)
Smoking habit
Never, n (%) 38(28.1)
Ever, n (%) 97 (71.9)
Histological type
Adenocarcinoma, n (%) 108 (80)

Squamous cell carcinoma, n (%) 27 (20)
Disease stage

1A, n (%) 61 (45.2)

1B, n (%) 37 (27.4)

1A, n (%) 4(3.0)

1B, n (%) 11 (8.1)

A, n (%) 22 (16.3)
T factor

T4, n (%) 71 (52.6)

T2, n (%) 64 (47.4)
N factor

NO, n (%) 101 (74.8)

N1, n (%) 15 (11.1)

N2, n (%) 19 (14.1)
Adjuvant chemotherapy

Yes, n (%) 26 (19.3)

No, n (%) 109 (80.7)
EGFR mutation

Negative, n (%) 87 (64.4)

Positive, n (%) 41 (30.4)

Unknown, n (%) 7 (5.2)

n, number of cases.

observed in 15 cases out of 135 cases. In a
univariate analysis, there was no significant
correlation between FER overexpression and
various clinicopathological features, such as
age, sex, smoking history, histological type, dis-
ease stage, T factor, N factor, adjuvant chemo-
therapy history, or EGFR mutation (Table 6).
However, we found that FER overexpression
was significantly associated with a poor pro-
gression-free and overall survival period after
surgical resection in Kaplan-Meier analyses
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(Figure 3). A multivariate Cox regression analy-
sis further revealed that FER overexpression
was an independent factor for both the pro-
gression-free and overall survival periods as
well as age, disease stage, T factor and N factor
(Table 7).

Transforming activity of FER in vitro

FER has been previously reported to cause
transformation in cell cultures [15, 40]. To veri-
fy the transforming potential of FER, we gener-
ated an expression plasmid vector for FER and
introduced it into NIH-3T3 cells. The successful
introduction of FER was confirmed by a western
blot analysis (Figure 4A). We used mutant
KRAS as a positive control for a gene harboring
transforming activity.

First, to examine whether FER had any potential
to lead cells toward a loss of contact inhibition
(@ hallmark of cell transformation), we per-
formed a focus formation assay and observed
the cell growth under the selection of success-
fully transfected cells with hygromycin. The
non-transfected NIH-3T3 cells stopped growing
and died after 2 weeks of culture under the
selection conditions. The GFP-transfected NIH-
3T3 cells grew but stopped proliferation with-
out the generation of any foci when they
became confluent. In contrast, the FER-
transfected NIH-3T3 cells continued to undergo
proliferation even after they reached conflu-
ence and formed foci similar to the mutant-
KRAS-transfected NIH-3T3 cells after about 2
weeks of culture (Figure 4B).

Next, to evaluate the potential role of FER in
anchorage-independent growth, another char-
acteristic of cell transformation, we performed
a colony formation assay and quantified the
formed colonies using WST-8. The FER-
transfected NIH-3T3 cells were revealed to
form a significantly larger number of colonies
under culture conditions without any anchor-
age, compared with the GFP-transfected NIH-
3T3 cells or the non-transfected NIH-3T3 cells
(Figure 4C).

Taken together, these results confirm that FER
possesses oncogenic functions in vitro.

Functional analyses of FER in FER-overex-
pressed NSCLC

We next analyzed the functional significance of
FER overexpression in NSCLC. According to
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Table 6. Correlation between FER overexpression and

clinicopathological features

overexpressed NSCLC. We constructed
two distinct siRNA plasmid vectors

FER overexpression

directed against FER (siRNA #1, #2)
and their corresponding scrambled con-
trol vectors (scrambled #1, #2) and

(+),n () n
Overall (n = 135) 15 120
Age
>65years (n=77) 8 69
<65 years (n = 58) 7 51
Sex
Male (n = 80) 10 70
Female (n = 55) 5 50 0.590
Smoking habit
Never (n = 38) 4 34
Ever (n = 97) 11 86
Histological type
Adenocarcinoma (n = 108) 13 95
Squamous cell carcinoma (n = 27) 2 25
Disease stage
IA, IB (n = 98) 12 86
IIA-IlIA (n = 37) 3 34
T factor
T1(n=71) 7 64
T2 (n = 64) 8 56 0.785
N factor
NO (n = 101) 12 89
N1, N2 (n = 34) 3 31
Adjuvant chemotherapy
Yes (n = 26) 3 23
No (n = 109) 12 97
EGFR mutation
Negative (n = 87) 10 77
Positive (n = 41) 5 36 1.000

1.000  giRNA-introduced

introduced these constructed vectors
into NCI-H661 cells. We used A549
cells as control cancer cells that did not

0.788 overexpress FER. Using a western blot

analysis, we ascertained that the FER
protein level was significantly decreased
by the siRNA vectors, but not by the
scrambled control vectors (Figure 5B).
The FER expression level of untreated
A549 cells was as low as that of the
NCI-H661  cells
(Figure 5B).

0.735 When we knocked down FER in NCI-

H661 cells, we found that most of the
cells did not survive. To analyze the cell

0.759 deaths objectively, we performed an

apoptosis assay using double staining
with annexin V and propidium iodide.
The results showed a significant
increase in apoptosis in NCI-H661 cells
after FER knockdown, while the scram-
bled controls did not have any effect

0.760 (Figure 5C). In contrast, FER knockdown

had no impact on A549 cells, which do
not have an intrinsically high FER

1.000 expression level (Figure 5C). We also

examined the impact of FER knockdown
on other lung cancer cell lines, which
are shown as not overexpressing FER in

n, number of cases.

NCBI Gene Expression Omnibus data, human
lung cancer NCI-H661 cells exhibit a consider-
ably higher expression level of FER than normal
human bronchial epithelial cells (NHBE) or
other lung cancer cell lines. Using quantitative
RT-PCR, we ascertained that the expression
level of FER in NCI-H661 cells was more than
16 times higher than that in NHBE, meeting the
criteria for overexpression used in the initial
screening for overexpressed genes in the clini-
cal samples, whereas the other examined can-
cer cell lines showed almost the same level of
FER expression as that seen in NHBE (Figure
5A).

Using NCI-H661 cells as a model, we examined
the effect of FER knockdown in FER-
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Figure 5A, and found that they were not
affected by FER knockdown either (data
not shown). These results suggest that
FER might be involved in cancer-cell survival
specifically in FER-overexpressed NSCLC.

Analysis of downstream of FER signaling
pathway

To elucidate the mechanism of how FER is
involved in the cell survival of NSCLC, we exam-
ined downstream signaling alterations follow-
ing FER overexpression in NIH-3T3 cells or fol-
lowing FER knockdown in NCI-H661 cells.

We performed western blot analyses and
checked the phosphorylation of Akt and MAPK,
which play critical roles in many cellular pro-
grams, such as cell proliferation and survival.
We also checked the phosphorylation of cortac-
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Figure 3. Analysis of FER overexpression and postoperative prognosis of NSCLC patients. Kaplan-Meier analyses of
progression-free and overall survival periods among 135 curatively resected NSCLC patients are shown stratified
according to FER expression.

Table 7. Multivariate Cox regression analysis of various factors for progno-
sis of lung cancer patients

Progression-free survival

Variables

Hazard ratio (95% Cl)

Unfavorable / Favorable P

FER overexpression
Age (years)

Sex

Smoking habit
Histological type
Disease stage

T factor

N factor

Adjuvant chemotherapy

EGFR mutation

2.335(1.043-5.232) Positive / Negative 0.033"
2.250(1.082-4.681) >65/ <65 0.030"
1.311 (0.840-2.046) Male / Female 0.332
1.346 (0.464-3.904) Ever / Never 0.585
1.142 (0.356-3.664) Adeno / Squamous 0.823
2.570 (0.963-6.859) lIA-IlIA/ IA, IB 0.059
3.258 (1.533-6.922) T2/T1 0.002*
1.745 (0.587-5.183) N1, N2/ NO 0.316
1.343 (0.757-2.381) No/ Yes 0.323
1.493 (0.635-3.512) Negative / Positive 0.358

Overall survival

Variables

Hazard ratio (95% Cl)

Unfavorable / Favorable P

FER overexpression
Age (years)

Sex

Smoking habit
Histological type
Disease stage

T factor

N factor

Adjuvant chemotherapy

EGFR mutation

2.220 (1.064-4.631)
2.266 (1.104-4.652)
1.392 (0.699-2.775)
1.509 (0.531-4.286)
1.350 (0.422-4.316)

2.618 (1.221-5.615)

1.183 (0.445-3.139)
1.329 (0.554-3.189)

( Positive / Negative
( >65 /<65
( Male / Female
( Ever / Never
( Adeno / Squamous
4.267 (1.474-12.353) lIA-lIA/ 1A, 1B
( T2/T1
3.743 (1.191-11.768) N1, N2/ NO
( No / Yes
( Negative / Positive

0.039"
0.026"
0.264
0.440
0.613
0.007"
0.013"
0.024"
0.741
0.524

Cl, confidence interval. *P < 0.05.

tin, which is involved in actin reorganization
and is reportedly phosphorylated by FER.
However, we did not observe any obvious alter-
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ations in these signaling
pathways by the overex-
pression or knockdown
of FER (data not shown).

Discussion

FER, a 94-kDa non-
receptor tyrosine kina-
se, was initially discov-
ered in 1988 during
studies on the proto-
oncogene protein Fes/
Fps [9, 15]. FER and
FES/FPS have close
structural  similarities
and compose one sub-
family. The exact func-
tion of FER is still
unknown, but its invol-
vement in integrin/E-
cadherin-mediated sig-
naling pathways and a
role in regulating cross-
talk between cadherin-
catenin complexes and
focal adhesions have
been proposed [13, 14,
16, 17, 19, 41]. FER is
also thought to be
involved in growth-pro-
moting pathways and to

be activated as the downstream of epidermal
growth factor receptor and platelet-derived
growth factor receptor in fibroblast cells [13].
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Some reports suggest that FER has a regulato-
ry role in the progression and growth of malig-
nant tumors. For example, FER is reportedly
highly expressed in numerous malignant cell
lines [10, 24], and the levels of FER in malig-
nant prostate tumors are significantly higher
than those detected in benign prostate tumors
[20]. Furthermore, the downregulation of FER
impairs the proliferation of prostate carcinoma
cells and abolishes their ability to form colonies
in soft agar [20]. FER was also found to be
involved in the progression of breast cancer
and to play a regulatory role during cell cycle
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mutant

KRAS

FER mutant KRAS

Figure 4. Transforming activity of FER in vitro. A.
Western blot analysis after the introduction of
FER into NIH-3T3 cells. B. Focus formation as-
say. Representative images from non-transfect-
ed or transfected NIH-3T3 cells after selection
using hygromycin are shown. Scale bar, 500 pym.
C. Colony formation assay. The formed colonies
were quantified according to the absorbance us-
ing WST-8 and are shown as a bar graph. The er-
ror bars indicate the standard deviations. Scale
bar, 500 um. n. s., not significant. *P < 0.001.

progression in breast cancer cells [21]. In hepa-
tocellular carcinoma, tumor tissue cells with
distant pulmonary metastasis were shown to
have higher FER expression levels than those
without distant metastasis [25].

In the present study, we have shown that FER is
overexpressed at both transcriptional and
translational levels in a subset of NSCLC
patients and is positively correlated with poor
progression-free and overall survival periods
after surgical resection, independent of the
other clinicopathological features. Although the
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Figure 5. Induction of NCI-H661 apoptosis by FER knockdown. A. Relative expression level of FER in lung cancer
cell lines, compared with that in NHBE. The error bars indicate the standard deviations. *P < 0.001. B. Western
blot analysis after the knockdown of FER by siRNA vectors. Protein from HEK293T transfected with FER expression
vectors was used as a positive control. C. Double staining with annexin V-FITC and propidium iodide, followed by
flow cytometry analysis to detect apoptotic cells. The percentages in the dot plot results indicate the percentages
of apoptotic cells and are shown as a bar graph after triplicate analyses. Cells treated using cisplatin were used as
positive controls for apoptosis. The error bars indicate the standard deviations.

data presented here just represents a single
patient cohort and it would be important to
know whether this could be reproduced in larg-
er independent series, our findings may add
some useful information for planning the treat-
ment of lung cancer patients after surgical
resection. For example, early-stage patients
might warrant an aggressive treatment when
FER is overexpressed, or FER overexpression in
resected specimens may be an index for the
application of adjuvant therapy.

In the functional analyses of FER in vitro, apop-
tosis was induced after FER knockdown in a
FER-overexpressed cancer cell line. While find-
ings in one cell line cannot be generalized, our
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finding suggests at least the possibility that
some FER-overexpressed NSCLC may depend
on FER for cancer-cell survival. So far, there are
no biological or small molecule inhibitors that
selectively inhibit FER, but their development
would be useful for confirming this possibility.
As for the signal pathway of how FER is involved
in cancer-cell survival in FER-overexpressed
NSCLC, we did not observe any phosphoryla-
tion in the Akt or MAPK pathways, which are the
representative pathways that contribute to can-
cer-cell proliferation or survival. We also
checked the phosphorylation of cortactin,
which is reportedly phosphorylated by FER, but
its obvious phosphorylation was not observed
either. Other pathways, such as the ones relat-
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ed to cell-cycle modification, might play impor-
tant roles. Broader phosphoproteome analyses
will be required in the future to investigate the
precise mechanism of how FER is involved in
cancer-cell survival.

In conclusion, we have shown FER overexpres-
sion may have a prognostic impact on the sur-
vival of surgically treated NSCLC patients and
might be a requisite for cancer-cell survival in
vitro. This report is the first to suggest the
involvement of FER in lung cancer, and further
studies, such as functional analyses performed
in vivo or larger-scale statistical analyses of
clinical samples, are worth performing.
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