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Introduction: Circulating endothelial cells (CECs) increase in can-
cer patients and play an important role in tumor neovascularization.
Methods: This study was designed to investigate the role of CEC as
a marker for predicting the effectiveness of a carboplatin plus
paclitaxel based first line chemotherapy in advanced non-small cell
lung cancer (NSCLC).

Results: The CEC count in 4 ml of peripheral blood before starting
chemotherapy (baseline. value) was significantly higher in NSCLC
patients, ranging from 32 to 4501/4. ml.(n = 31, mean + SD. =
595. % 832), than in healthy volunteers (n. = 53, 46.2 + 86.3). We
did not detect a significant correlation between the CEC count and
estimated .tumor volume. CECs. were significantly decreased: by
chemotherapy-as compared with pretreatment valies (175.6 * 24
and 173.0 * 24, day +8, +22, respectively). We investigated the
correlation between baseline CEC and the clinical effectiveniess of
chemotherapy. CEC values are significantly higher in patients ‘with
clinical benefit (partial response and stable disease, 516 + 458,
870.8 x1215, respectively) ‘than in’ progressive disease patients
(211 *°150). Furthermore, a ‘statistically significant decrease in
CECs, on ‘day 22, was observed only in patients with partial
tesponse. Patients who had a baseline CEC count greater than 400/4
ml showed a longer progression-free survival (>400, 271 days
[range: 181-361] versus <400, 34 [range: 81-186], p = 0.019).
Conclusion: CEC is suggested to be a promising predictive marker
of the clinical efficacy of the CBDCA plus paclitaxel regimen in
patients with NSCLC.

Key Words: Circulating endothelial cell, NSCLC; Chemotherapy.
(/ Thorac Oncol. 2009;4: 208-213)

*Shien-Lab; tMedical Oncology, National Cancer Center Hospital, Chuo-ku,
Tokyo, Japan; {Center for Molecular Biology and Cytogenetics, SRL
Inc., Shinmachi, Hino-shi, Tokyo; and §Department of Genome Biology,

Kinki University School of Medicine, Osaka-Sayama-shi; Osaka, Japan.”

Disclosure: The authors declare no conflicts of interest;

Address for correspondence: Fumiaki. Koizumi, MD, PhD, Shien-Lab; Na-
tional Cancer Center. Hospital, 5-1-1 Tsukiji, Chuo-ku, Tokyo, Japan.
E-mail: fkoizumi@gan2.res.ncc.go.jp

Copyright © 2009 by the International Association for the Study of Ling

Cancer

ISSN: 1556-0864/09/0402-0208

Angiogenesis plays a critical role in the growth and me-
tastasis of solid tumors.! The clinical importance of
angiogenesis. in human tumors has been demonstrated by
several reports indicating a positive relationship between the
blood vessel density in the tumor mass and poor prognosis,
i.e., survival, in patients with various types of cancers includ-
ing non-small cell lung cancer (NSCLC).2-¢ Furthermore,
Natsume et al.7 reported the antitumor activities of anticancer
agents to be less active against vascular endothelial growth
factor-secreting cells (SBC-3/VEGF), in vivo as compared
with its mock transfectant (SBC-3/Neo). In recent years,
antiangiogenic agents have also been demonstrated to be
active against a variety of malignancies, including lung,
colorectal, and renal cancer.8-19 Thus, angiogenesis is a
promising target for cancer treatment and is related to the
prognosis and efficacy of these drugs, though the tumor
vessel biomarkers which predict the effectiveness of antian-
giogenic agents and other anticancer agents are not always
useful ‘and have not become well-established.

Circulating endothelial cells (CECs) have been recog-
nized as a useful biomarker for vascular damage. CECs are
increased in cardiovascular disease, vasculitis, infectious dis-
ease; and various cancers.!!-14 Recently, CECs were found to
be more numerous and viable in. cancer patients. than in
healthy subjects.!415 Furthermore, elevated CECs in cancer
patients were found to be nearly normalized when the tumor
was removed. surgically or with chemotherapy.!5 Therefore,
most. CECs are considered.to be disseminated tissue. endo-
thelial cells in the tumors: and the CEC number may reflect
the extent of tumor angiogenesis. Indeed, the CEC level has
been demonstrated to correlate with the plasma. level of
VEGEF, one of the pivotal factors promoting turnor angiogen-
esis.!> Mancuso et al. reported that CEC kinetics and viability
are: promising predictors. of the response to: chemotherapy
with antiangiogenic activity in patients with advanced breast
cancer.!¢ Thus, CEC is. likely to be a. useful marker for
predicting the effectiveness of chemotherapy. as a noninva-
sive angiogenesis marker.

NSCLC is the leading cause of cancer-related death
worldwide. NSCLC accounts for approximately 50% of pa-
tients  presenting - with  unresectable ‘advanced stage,!” and
platinum-based chemotherapy offers only a small improve-
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ment in survival with advanced NSCLC.1819 Qver the past
decade, several new agents against NSCLC have become
available, including the taxanes, gemcitabine, vinorelbine,
and irinotecan. The combination of platinum and these new
agents has resulted in a high response rate and prolonged
survival compared with older chemotherapy regimens (e.g.,
vindesine, mitomycin, ifosfamide, with cisplatin). Therefore,
these regimens are considered standard chemotherapy for
advanced NSCLC.20-26 Although new agents have different
mechanisms of action, these combination regimens have not
been administered based on the biologic characteristics of
each tumor.

Paclitaxel inhibits several endothelial cell functions in
vitro such as proliferation, migration, morphogenesis, and
metalloprotease production.27-2° These activities result in
antiangiogenic activity in in vivo xenograft models.2”3¢ In-
terestingly, human endothelial cells are more sensitive to
paclitaxel than other cellular types.2® We hypothesized that
the CEC value is associated with tumor neovascularization,
which is one of the targets of paclitaxel. In the present study,
we investigated whether the CEC count at baseline is asso-
ciated with the effectiveness of the CDDP plus paclitaxel
regimen in patients with advanced-stage NSCLC.

MATERIALS AND METHODS

Patients '

Patients with histologically or cytologically docu-
mented advanced NSCLC were eligible for this study. Each
patient was required to meet the following criteria: (1) no
prior treatment including chemotherapy, surgery, irradiation,
or any fluid drainage; (2) no prior general anesthesia for
diagnostic procedures including mediastinoscopy or thora-
coscopy; (3) no concomitant diseases including ischemic
heart diseases, systemic vasculitis, pulmonary hypertension,
or serious complications including infectious disease or dia-
betes; (4) written informed consent. The trial document was
approved by the institutional review board. The clinical
characteristics of the patients are shown in Table.1.

Treatment Schedule and Response Evaluation

All ‘patients were ‘treated according to the following
chemotherapeutic regimen: paclitaxel at 200 mg/m? over a
3-hour period followed by carboplatin at a dose with an area
under the curve of 6 on day 1, repeated every 3 weeks. The
treatment was repeated: for three or more cycles unless the
patients ‘met the criteria for progressive disease (PD) or
experienced unacceptable toxicity.

The major axis (a) and minor axis (b) of the tumor mass
in each patient were measured with computed tomography.
Estimated tumor volume (ETV) was: calculated using the
following formula; ETV ‘= 4/3 X ‘7r (a/2 X b/2) X (a/2 +
b/2)/2. Computed tomography examinations were performed
before treatment and with every one or two cycles of chemo-
therapy. Response was evaluated according to the RECIST,
and tumor marKkers were excluded from the criteria.3!

Assay for CEC

Blood samples: from:NSCLC patients and healthy: vol-
unteers were drawn into-a 10-ml Cellsave Preservative Tube

Copyright © 2009 by the International Association for the Study of Lung Cancer

TABLE 1. Baseline Characteristics of the Patients
N =31

Characteristic No. (%)
Gender

Male 17 (55)

Female 14 (45)
Median age (yr) 60

Range 43-71
ECOG performance status

0 18 (58)

1 13 (42)
Stage

A 2(6)

1B 7(23)

v 22 (71)
Histology

Adenocarcinoma 23 (74)

Squamous cell carcinoma 4(13)

Others 4(13)

(Immunicon Corp. Huntingdon Valley, PA) for CEC enumer-
ation. The CEC protocol used was approved by the Institu-
tional Review Board and written informed consent was ob-
tained from each -subject. Samples from NSCLC “were
obtained before (baseline) and 8 and 22 days after starting
chemotherapy. Samples were kept at room temperature and
processed within 42 hours after collection. All evaluations
were pérformed without knowledge of the clinical status of
the patients. The CellTracks system (Immunicon Corp) which
consists. of CellTracks AutoPrep system and the CellSpotter
Analyzer system.was used for.endothelial: cell. enumera-
tion.32.33 In_this system, CD146+/DAPI+/CD105-PE-+/
CD45APC- cells are defined as CECs. Briefly, cells which
express. CD146 were. immunomagnetically captured using
ferrofluids coated with CD146 antibodies. The enriched cells
were then labeled with the nuclear dye 4V,6-diamidino-2-
phenylindole (DAPI), CD105 antibodies conjugated to phy-
coerythrin (CD105-PE), and the pan-leukocyte. antibody
CD45 conjugated to allophycocyanin (CD45-APC). In this
system, the CD146-enriched, fluorescently labeled cells were
identified as’ CECs when the cells exhibited the DAPI+/
CD105+/CD45- phenotype. We performed CEC enumera-
tion twice, using the same sample, and calculated the mean
value.

Statistical Analyses

This study was carried out as exploratory research for
detecting  CECs from NSCLC patients. The number of en-
rolled patients was therefore not precalculated. Spearman’s
correlation analysis was performed to investigate the. corre-
lation between CEC ‘count and ETV.: Between-group com-
parisons were made using the ¢ test. The association between
CEC count and progression free survival (PFS) was estimated
using the Kaplan-Meier method. The log-rank test was used
to assess the survival difference between strata. Differences
were considered statistically significant at p < 0.05.
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RESULTS

Patient Characteristics

A total of 32 patients were enrolled in the study
between August 2005 and March 2006 (Table 1). One patient
withdrew consent to participate. Table 1 summarizes the
characteristics of the study population. The median age of the
patients was 60 years (range, 43—-71). The histologic and/or
cytologic diagnosis was adenocarcinoma in 23 patients
(74.2%), squamous cell carcinoma in 4 (12.9%), and unclas-
sified NSCLC in 4 (12.9%). There were 17 males (54.8%).
The clinical stage was IIIA in 2 patients (6.5%), IIIB in 7
(22.6%), and IV in 22 (71.0%). :

Ninety-two CEC samples from 31 patients (three sam-
ples per patient) were obtained and analyzed. One sample,
obtained 22 days after treatment, was not examined because
of inadequate collection.

Quantification of CEC

In 31 advanced NSCLC patients, CECs ranged from 32
to 4501 cells/4.0 ml of blood; mean + SD = 595 + 832 at
baseline. CEC counts were elevated in a large portion of
patients with NSCLC as compared with healthy volunteers
(n = 53, mean £ SD = 46.2 * 86.3/4 ml). Case 21 had an
exceptionally high CEC count (4501 at baseline). We did not
detect a significant correlation between the CEC count and
ETV in the 28 assessable patients (» = 0.84, Figure 1). The
analysis of CECs during the first course of treatment showed
CEC levels to be reduced by CBDCA plus paclitaxel chemo-
therapy as compared with pretreatment values (176 % 141 at
8 days and 173 % 189 at 22 days after treatment) (Figure 2).
These reductions were significant (»p = 0.011 on day 8 and
p = 0.04 on day 22), but there was no significant difference
between CEC amounts on day 8 versus day 22 (p = 0.476).
There was no_difference in the amount of CEC at baseline
when patients were subgrouped according to characteristics,
such as sex, smoking history, histologic type, and clinical

L
1500 |
E .
b
N~ *
g 1000 |*
© L
I3 .
8 500 (o0 ®
o o
. o [ ®
0 b LS : hd L Lo e s
0 50 100 150 200 250
Estimated tumor volume (cm3)
FIGURE 1. Scatter plot analysis to determine the correla-

tion between the number of circulating endothelial cell
(CEC) and estimated tumor volume (ETV). ETV is calculated
with computed tomography (CT) examination. Case 21 is
not included.
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FIGURE 2. Circulating endothelial cell (CEC) levels during
the first course of CDDP plus paclitaxel chemotherapy. *p <
0.05 versus values at baseline.

stage. Furthermore, there was no correlation of CEC amounts
with the blood examination data (e.g., number of white blood
cells, neutrophils, lymphocytes, hemoglobin, platelets, albu-
min, LDH, CRP, CEA, CYFRA).

CEC Amounts and Objective Tumor Response
to Chemotherapy

Thirteen (41.9%) of the 31 patients who received carbo-
platin and paclitaxel therapy showed a partial response (PR) and
12 (38.7%)- showed stable disease (SD). The other 6 patients
(19.4%) showed' PD.-The amounts of CEC at baseline in the
patients: who showed PR and SD were 516 +°458/4 ml and
871 * 1215/4 ml, respectively, and these values were signifi-
cantly higher than in PD patients (211 & 150/4 ml, p = 0.023
and p-=:0.044, respectively) (Figure 34). Although CEC dec-
rements during chemotherapy were observed in all three sub-
groups; the extent of the decrements tended to be greater in
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FIGURE 3. A, Comparison of circulating endothelial cell
(CEC) amount at baseline in non-small cell lung cancer
(NSCLC) patients with different clinical responses to CBDCA
plus paclitaxel chemotherapy. *p < 0.05 versus values of
patients with progressive disease (PD).- Case 21:is not in-
cluded. B, Relative change in CEC amount in patients with
partial response (PR), stable disease (SD), and PD.
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1.0 CEC > 400 (n=14)
- median, 249 days
32
'gT 0.8 CEC < 400 (n=17)
g median, 69 days
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FIGURE 4. Progression-free-survival according to circulating
endothelial cell (CEC) count at baseline. The median dura-
tion of progression-free survival was greater in patients
whose CEC count exceeded 400 (median, 244 days) than in
patients whose CEC count was less than 400 (69 days).

patients with PR and SD than in those with PD (Figure 3B). In
the subgroup analysis, a significant decrease in CECs was
observed on day 22 only in PR patients (p = 0.018).

CEC Amounts and PFS

For all 31 patients, the median PFS was 154 days
(range, 81-361 days). Univariate analysis indicated that pa-
tients who had a CEC count of more than 400/4 ml at baseline
showed a significantly improved PFS (n. = 14, median; 244
days) (Log-rank test, p = 0.019, Figure 4). A CEC count
below 400 at baseline was associated with a poorer PFS (n =
17, median; 69 days). The CEC count did not exceed the
value of 400/4 ml in any of the healthy volunteers. When we
compared the patients whose CEC counts exceeded 200 with
those whose counts were less than 200, a consistent differ-
ence in PFS was observed between the two groups (>200;
n = 22, median 227, <200; n = 9, median 116, p < 0.039).

DISCUSSION

In the present study, we investigated the number of CEC
during the first course of CBDCA plus paclitaxel chemotherapy.
To our knowledge, this is the first report of CEC in NSCLC
patients before treatment. Our findings demonstrated CEC
counts in advanced NSCLC at baseline level to be much higher
than those in healthy subjects (595 * 832/4.0 ml versus 32.6 *
29.5/4.0 ml). Because the NSCLC patients had not yet received
anticancer therapy, these increased CECs are likely to be mostly
derived from the tumor site. In a previous study, it was found
that the amounts of CECs correlate strongly with tumor volume
in vivo in an animal model®4, Nevertheless, we did not find a
significant correlation between CECs and ETV. Because the
number of CECs could be influenced by many factors related to
tumor . vasculature; neovascularization, and localization of the
tumor, our failure to identify a strong correlation in this study is
not surprising. We were also unable to detect a significant direct

correlation between CEC amounts and various blood examina-
tion data including tumor markers such as CEA and CYFRA. It
is unclear at present what biologic characteristics of the tumor or
clinical features the CEC number most closely reflects as a
biomarker. Mancuso et al. reported that CECs are strongly
associated with plasma levels of VCAM-1 and VEGF in breast
cancer and lymphoma patients.!53* Because VCAM-1 and
VEGEF are crucial factors for tumor angiogenesis, the variability
in CEC values among NSCLC patients might indicate a differ-
ence in the neovascularization of each tumnor.

We were further able to demonstrate that elevated
CECs decreased dramatically after CBDCA plus paclitaxel
treatment, but did not reach the level of healthy subjects.
Decreased CEC values did not rise again during the first cycle
of chemotherapy. Although myelosupression was observed
on day 8 and recovered on day 22 in many patients (data not
shown), CEC kinetics do not parallel those of WBC, indicat-
ing that CEC kinetics might not be influenced by myelopoi-
esis. Several clinical studies in the field measuring CEC
found chemotherapy to be associated with either an increase
or a decrease in CECs.35-39 The different tumor types, stages,
prior therapy or not, the anticancer drugs used, measuring
points and quantification methods of CEC might have influ-
enced the CEC results after treatment. In the present study, the
pretreatment CEC value was much higher than that in lung
cancer with metastasis (mean * SD = 146 * 270/4 ml), as
reported elsewhere.33 Although the details of the prior therapy in
patients with metastatic carcinoma were not provided,33 che-
motherapy can eventually decrease the CEC count.

Schiller et al. compared four standard chemotherapy
regimens, cisplatin plus paclitaxel, cisplatin plus gemcitab-
ine, cisplatin plus docetaxel, and carboplatin plus paclitaxel
and found no significant difference in survival.?s Despite the
different modes of action of each nonplatinum agent against
tumors and different biologic characteristics of each tumor,
we could not select the regimen based on these characteris-
tics. In our small study, the patients with PR/SD and longer
PFS had higher baseline CEC values. Therefore, it seems that
the baseline CEC count is a promising predictor of clinical
response to the CBDCA plus paclitaxel regimen and survival
in advanced NSCLC. If CEC is a marker for angiogenesis and
reflects tumor neovascularization, it is likely that a high CEC
is associated with a poor prognosis and lower effectiveness of
antiangiogenic therapy. Paclitaxel and docetaxel are catego-
rized as mitotic spindle agents with potent antiangiogenic
properties.27-3% This is why a paclitaxel based regimen might
be more effective against tumors with high CEC values.
Nevertheless, CEC counts have also been reported to be
increased in several clinical syndromes, such as cardiovascu-
lar diseases, infectious diseases, and vasculitides.!'13 The
CEC counts in patients with vasculitides have been reported
to be dozens of fold higher than those in healthy subjects,!2
therefore, we have to consider the patient condition carefully
while interpreting the CEC counts in individual patients,
although there were no patients with vasculitis in the present
study. Further clinical investigation, with a similar approach,
including other nonplatinum anticancer agents, such as
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CDDP plus gemcitabine, is essential for the clinical applica-
tion of CEC for made-to-order chemotherapy in NSCLC.

Antiangiogenic therapy targeting the VEGF pathway
such as bevacizumab and VEGFR inhibitors have shown
promise in the treatment of solid tumors.33° These agents
inhibit endothelial cells through inhibition of the VEGF
pathway. It was recently demonstrated that the addition of
bevacizumab to CBDCA plus paclitaxel in advanced NSCLC
patients produces a significant survival benefit as compared
with chemotherapy alone.40 Considering the outstanding clin-
ical trial and our present study, it would be of great interest to
investigate the role of CEC in this regimen.

In conclusion, CECs were measured in NSCLC patients
before treatment. Our small clinical study indicates that the
CEC count at baseline is a potential biomarker for predicting
the response to chemotherapy and PFS, but further clinical
evaluation is needed. In the near future, we will start a clinical
investigation, using a similar approach, to examine other
chemotherapeutic regimens.
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Abstract. Mitochondrial transcription factor A (mtTFA) is a
member of the HMG (high mobility group)-box protein
family. We previously showed that miTFA preferentially
binds to both cisplatin-damaged and oxidatively damaged
DNA. In this study, we found that expression levels of both
mtTFA and the mitochondrial antioxidant protein thio-
redoxin2 (TRX2) are upregulated in cisplatin-resistant cell
lines. In addition, TRX2 directly interacts with m(tTFA and
enhances its damaged DNA binding activity. The interaction
between mtTFA and TRX2 requires the HMG box | motif of
mtTFA. Furthermore, when amino acid substitutions. were
introduced at either C49G or C246stop, TRX2 interacted with
mtTFA. However, the interaction of TRX2 with mtTEFA was
enhanced when both mutations (C49G and C246stop) were
introduced. Binding to cisplatin-damaged DNA was similar
among mutant mtTFA proteins. By contrast, binding to
oxidized DNA was significantly enhanced when double
mutations were introduced. These results suggest that TRX2
not only functions as an antioxidant, but also supports mtTFA
functions:

Introduction

The cytotoxic action of cisplatin is believed to result from the
formation of covalent adducts with DNA. We have previously
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PMSF, phenylmethylsulfonyl fluoride; SDS; sodium dodecyl sulfate;
PBS, phosphate-buffered saline

Key words: mitochondrial transcription factor A, thioredoxin2,
DNA damage

reported that cisplatin-targeted sequences, such as G-stretch
sequences, are more numerous in humans and gorillas than in
rodents, frogs and flies (1). Furthermore, G-stretch sequences
appear much more frequently in mtDNA than in nuclear DNA.
Thus, we propose that mtDNA might be the main target of
cisplatin,

Reactive oxygen species (ROS) have been implicated in
various pathologies (2-11). mtDNA is more susceptible to
oxidative damage than genomic DNA because of its lack of a
nucleosome structure. mtTFA is a member of the HMG-box
protein family (12), members of which stimulate transcription
by binding to the D-loop region of mtDNA and function in
mtDNA maintenance and repair (13,14). Nuclear HMG-box
proteins bind preferentially to cisplatin-damaged DNA (15-18).
We have previously shown that mtTFA also preferentially
recognizes oxidatively damnaged DNA as well as cisplatin-
damaged DNA (19). The enhanced binding affinity of mt{TFA
for damaged DNA may suggest that m{TFA protects mtDNA
from various DNA damage. Additionally, mtTFA plays an
important role in apoptosis. In the present study, we found
that the expression levels of both mtTFA and TRX2 are
upregulated in cisplatin-resistant cells. We also investigated
the physical and functional interaction between m{TFA and
TRX2. We found that TRX?2 directly interacts with mtTFA.
Our findings suggest that TRX2 not only functions as an
antioxidant defense, but also cooperatively acts to support
mtTFA functions.

Materials and methods

Cell culture. Human epithelial cancer Hel a cells were cultured
in Bagle's minimal essential medium containing 8% fetal bovine
serum, which was purchased from Nissui Seiyaku (Tokyo,
Japan). Cisplatin-resistant HeLa/CP4 cells were derived from
HelLa cells as described previously (20) and were found to be
23 to 63-fold more resistant to cisplatin than their parental
cells (21). Cell lines were maintained in a 5% CO, atmosphere

at 37°C.,

Antibodies. Anti-mtTFA was prepared as previously described
(22). Anti-TRX2 (HPA000994) antibody, anti-Flag (M2)
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antibody, anti-Flag (M?2) affinity gel and anti-8-actin (AC-15)
antibody were purchased from Sigma (St Louis, MO, USA).
Anti-HA-peroxidase (3F10) was purchased from Roche
Molecular Biochemicals (Mannheim, Germany).

Plasmid construction. To obtain the full-length complementary
DNA (cDNA) for human TRX2, PCR was carried out on a
SuperScript cDNA library (Invitrogen, San Diego, CA) using
the following primer pair: 5'-GGATCCATGGCTCAGCG
ACTTCTTCTGAG-3' and 5'“TCAGCCAATCAGCTTCTT
CAGGAAGG-3'. Underlines indicate the start and stop codons.
The PCR product was cloned into the pGEM-T easy vector
(Promega, Madison, WI). To construct Flag-tagged TRX?2
expression plasmid in bacteria, the EcoRI fragment of TRX2
cDNA was ligated into the TH-Flag vector (23). For
construction of pcDNA3-Flag-TRX2, N-terminal Flag-
tagged TRX2 ¢DNAs were ligated into a pcDNA3 vector
(Invitrogen, San Diego, CA). The construction of GST-mtTFA,
GST-mtTFAAL.2, GST-mtTFAA2, and GST-mtTFAAL has
been described previously (19). GST-mtTFA-CC (wild-type),
-GC (cysteine 49 to glycine), -CX (cysteine 246 to stop
codon), and -GX (cysteine 49 to glycine and cysteine 246 to
stop codon) were obtained by PCR using the following
primer pairs: CC, 5“TGGCAAGTIGTCCAAAGAAACC-3'
and 5'-TTTTAACACTCCTCAGCACC-3'; GC, 5-TGGCA
AGTGGTCCAAAGAAACC-3' and 5'-TTTTAACACTCCT
CAGCACC-3"; CX, 5“TGGCAAGTIGTCCAAAGAAAC-3!
and 5-TTTTATCACTCCTCAGCACC-3"; GX, 5'-TGGCA
AGTGGTCCAAAGAAACC-3' and 5-TTTTATCACTCC
TCAGCACC-3.

Expression and purification of GST-fusion proteins.
Expression and purification of GST-fusion proteins were
petformed as described previously (19). Briefly, GST fusion
proteins induced by 1 mM isopropyl-8-D-thiogalacto-
pyranoside (Boehringer Mannheim, Mannheim, Germany)
were sonicated in.binding buffer (50 mM Tris-HCl pH 8.0,
1'mM EDTA; 120 mM NaCl, 10% glycerol, 0.5% Nonidet
P-40, 1 mM DTT, and 0.5 mM PMSF), and soluble fractions
were mixed with glitathione-Sepharose 4B (GE Healthcare
Bio-Science). GST-fusion proteins: eluted with 50 mM Tris-
HCI (pH 8.0) and 20 mM reduced glutathione according to
the manufacturer's protocol (Pharmacia, Uppsala, Sweden)
were separated in SDS 10% polyacrylamide slab gels. Gel
strips containing the fractionated proteins were cut and
homogenized in elution-renaturation buffer (1% Triton X-100,
20 mM HEPES pH 7.6, 1 mM EDTA, 100 mM NaCl, 2 mM
DTT, 0.1 mM PMSF). The eluted proteins were dialyzed in
dialysis buffer (50 mM Tris-HCl pH 7.5) using a PlusOne
Mini Dialysis kit (Amersham Biosciences, Piscataway, NJ).

Co-immunoprecipitdation assay. Transient transfection and
immunoprecipitation assays were performed as described
previously (23,24). Briefly, 2x10° HeLa cells were seeded
into 35-mm tissue culture plates. The following day, cells
were transfected with 1 g of each of HA- and Flag-fused
expression plasmids using SuperFect reagent (Qiagen, Hilden,
Germany) according to the manufacturer's instructions. At
6 h post-transfection, the cells were washed with PBS, cultured
at37°C for 48 h in fresh medium and then lysed in buffer X
containing 50 mM Tris-HCI (pH 8.0), 1 mM EDTA, 120 mM
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Figure I. mtTFA and TRX2 are up-regulated in cisplatin-resistant cells.
Whole-cell extracts (50 ug for mtTFA dnd 20 pig for TRX2) were subjected
to. SDS-PAGE, and Western blot analysis was done with antibodies against
mtTFA, TRX2 and B-actin (loading control). Relative intensity is:shown
under each blot.. Gel staining with Coomassie brilliant blue (CBB) is also
shown.

NaCl, 0.5% (v/v) Nonidet P-40 (NP-40), 10% (v/v) glycerol,
1 mM PMSF, and 1 mM DTT. The lysates were centrifuged
at 21,000 x g for 10 min at 4°C and supernatants (300 ug)
were incubated for 2 h at 4°C with anti-Flag (M2) affinity
gel. Immunoprecipitated samples were washed: three times
with buffer X and subjected to subsequent Western blot
analysis.

GST pull-down assay. Expression of TH-Flag-TRX2 and
serial deletion mutants of GST-mtTFA in bacteria and GST
pull-down assays were catried out as described previously
(25). GST-mtTFA or its deletion mutants immobilized on
glutathione-sepharose 4B were incubated with soluble bacterial
extracts containing Flag-TRX2 for 2 h at 4°C in buffer X.
Bound samples were washed three times with buffer X and
subjected to Western blot analysis. with anti-Flag antibody.

Western blot analysis. Whole-cell lysates and nuclear extracts
were prepared as described previously: (23,26). The indicated
amounts of whole-cell lysates and nuclear extracts or immuno-
precipitated samples were separated by SDS-polyacrylamide
gel electrophoresis (PAGE) and transferred to polyvinylidene
diftuoride microporous membranes (Millipore, Bedford, MA,
USA) using a semidry blotter. Blotted membranes were treated
with 3% (w/v) skimmed milk in 10 mM Tris, 150 mM NaCl
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Figure 2. TRX2 directly interacts with the HMG-box 1 motif of mtTFA. (A)
indicated expression plasmids were immunoprecipitated with anti-Flag
subjected to SDS.

Whole-cell extracts (300 pg) prepared from HeLa cells co-transfected with

(M2) antibody. The resulting immunocomplexes and whole-cell extracts (30 Hg) were
-PAGE; and Western blot analysis was performed using anti-HA' and anti-Flag (M2) antibodies. (B) Schematic representation of GST-

mtTFA fusion: protein and the deletion mutants used in this assay. The two HMG-boxes: are indicated. as Box. 1 and Box 2. MLS indicates mitochondrial
localizing sequences. (C) GST fusion proteins immobilized on glutathione-sepharose 4B beads were incubated with Flag-TRX2 expressed in bacteria. Bound
protein samples representing 10% of the input were subjected to SDS-PAGE and Western blot analysis with an anti-Flag antibody.

and 0.2% (v/v) Tween-20, and incubated for 2 h at room
temperature with primary antibody. The following antibodies
and dilutions were used: a 1:1000 dilution. of anti-mtTFA
(22), a 1:1000 dilution of anti-TRX?2, a 1:10,000 dilution of
anti-B-actin, and a 1:7500 dilution of anti-Flag (M2). Mem-
branes were then incubated for 45 min at room temperature
with a peroxidase-conjugated secondary antibody or a 1:5000
dilution of anti-HA-peroxidase. Bound antibody was visualized
using an enhanced chemiluminescence kit (GE Healthcare
Biosciences, Piscataway, NJ, USA) and membranes were
exposed to Kodak X-OMAT film (Kodak; Paris, France). For
the correlation assay the intensity of each signal was quantified
using the NIH imaging program, version 1.63 (NIH, Bethesda,
MD, USA).

Electrophoretic mobility shift assay (EMSA). Preparation of
oligonucleotides and EMSAs were performed as described
previously (19). Briefly, the following annealed 22-mer
duplexes were prepared: 5'-GGTGGCCTGACXCATTCCC
CAA-3' and 3'-ACCGGACTGYGTAAGGGGTTGG-5',
where X=G or 8-0x0-dG and Y=A, C, G or T. Duplexes

(22-mers) were end-labeled with [a*P]dCTP using the
Klenow fragment for extension, and gel-purified. Half the
volume of the labeled oligonucleotide without 8-oxo0-dG was
treated with 0.3 mM cisplatin at 37°C for 12 h, and then
purified by ethanol precipitation. Purified GST fusion proteins
were used directly in: EMSAs. Reaction mixtures contained
5% glycerol, 10 mM Tris-HCl pH 7.5, 50 mM NaCl, 0.1 mM
EDTA, 1 mM DTT, 0.4 ng/ul of #P-labeled probe DNA and
the indicated amounts of GST fusion proteins, and were
mixed. Binding reactions: were incubated for § min’at room
temperature. Products were analyzed on 4% polyacrylamide
gels in 0.5X Tris-borate EDTA buffer using a bioimaging
analyzer (BAS 2000; Fuji Photo Film, Tokyo) (19).

Results

Both mtTFA and TRX2 are expressed in cisplatin-resistant
cells.. We: previously showed that p53-interacts with mtTFA
and enhances the DNA binding activity of mtTFA to ¢isplatin-
damaged DNA, but inhibits its binding to oxidatively damaged
DNA (22). Cisplatin induces both DNA damage and oxidative
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Figure 3. Effect of TRX2 on the binding of cisplatin-damaged or oxidatively
damaged DNA by mtTFA: (A) Purified GST-mtTFA' (90 ng) were mixed
with GST or GST-TRX2 (10, 30 and 90 ng) and incubated with 3P-labeled
double-stranded oligonucleotides (0.4 ng/ul) containing cisplatiti cross-linked.
Binding complexes were subjected to EMSA: The arrowhead indicates
DNA-protein complexes. (B) Effect of TRX2 oni intTFA binding to mismatch-
containing oxidized oligonucleotides. Increasing amounts of GST-TRX2
(10, 30 and 90 ng) were mixed with GST-mtTFA (90 ng) and incubated
with the indicated 3*P-labeled double-stranded oligonucleotides containing
mismatches (A/GO, C/GO; G/GO and T/GO). Binding complexes were
subjected to EMSAs. GO indicates 8-oxo-dG. The arrowhead indicates DNA-
protein complexes.

stress in mitochondria and thioredoxinl-is upregulated in
cisplatin resistant cells. Based on these previous results, we
first examined the expression of mtTFA ‘and the antioxidant
protein TRX?2 in cisplatin-resistant cells.. The expression levels
of both. mtTFA and TRX2 were upregulated in cisplatin-
resistant cells (Fig. 1).

Interaction:of TRX2 with- mtTFA. We then next investigated
whether TRX2 interacts with mtTFA. As shown in Fig. 2A,
mtTFA interacts with TRX2 in vivo. To confirm the asso-
ciation and binding site, we performed a pull-down assay
using immobilized GST-fusion proteins comprising mtTFA
deletion mutants and Flag-TRX2 (Fig: 2B). This assay demon-
strated: that the HMG box 1 motif of mtTFA directly partici-
pates in the interaction; but that the HMG box 2:motif does
not (Fig. 2C).

KIDANI ¢t al: INTERACTION BETWEEN miTFA AND TRX2

Effect of TRX2 association on the binding of mtTFA to
damaged DNA. We previously showed that the HMG box |
motif possesses damaged DNA binding activity, but that the
HMG box 2 motif does not (19). The interaction of m{TFA
with TRX2 may alter the damaged DNA binding activity of
mtTFA. An EMSA showed that GST-mITFA can form a
specific complex with cisplatin-damaged DNA and mismatch-
containing DNA with 8-oxo dG. We observed that addition
of TRX2 to the mtTFA-DNA binding reaction resulted in
significant enhancement of binding of mtTFA to both cisplatin-
damaged DNA and oxidatively damaged DNA (Fig. 3A and B).

mtTFA structure regulates the association with TRX2. Tt has
been shown that mtTFA formed multimers under physio-
logical conditions (27). To confirm whether the interaction of
TRX2 with mtTFA requires a specific structure of m{TFA,
we introduced mutations at two cysteine residues, positions
49 and 246, as shown in Fig. 4A, Pull-down assays showed
that two mtTFA mutants, mtTFA-GC and mtTFA-CX,
interacted with TRX2 with the same affinity as wild-type
mtTFA-CC. However, the association of mtTFA with TRX2
was significantly enhanced when the mtTFA-GX mutant was
used (Fig. 4B). This indicates that the cysteine-dependent
secondary structure of mtTFA may regulate its association
with TRX2. These mutants, as well as wild-type mtTFA,
could bind to damaged DNA. Oxidized DNA binding was
significantly increased when the mtTFA-GX mutant was
used (Fig. 4C). The enhancement of the DNA binding activity
of mtTFA by TRX2 was observed for all mtTFA mutants
(Fig. 4D).

Discussion

In this study, we identified a novel interaction of mtTFA with
TRX2. Cytosolic thioredoxin has a wide variety of biological
activities (28). Thioredoxin participates in the regulation of
apoptosis via a direct interaction with ASK1 and protects
cells against oxidative stress (29). In addition to cytosolic
TRX1, cells contain another TRX, TRX2, which is localized
in'mitochondria: Expression of the TRX1 and TRX2 genes is
upregulated in cisplatin-resistant cells (30). Nuclear HMG
box proteins are often upregulated in cisplatin-resistant cells
(1). Here, we observed a significant increase in the levels of
the mitochondrial HMG box protein mtTFA in cisplatin-
resistant cells. Collectively, these data suggest a functional
interaction between mtTFA and TRX2 because both proteins
are localized in ‘mitochondria. Mitochondria act as suppliers
of ‘ATP and produce ROS. On the other hand, mitochondria
funiction as central players in modulating apoptosis. Little is
known regarding the function of TRX2 and its potential role
in apoptosis (31). It has been shown that overexpression of
TRX2 makes cells resistant to etoposide (32). Our data also
reveal that TRX2 expression is upregulated in cisplatin-
resistant cells, consistent with the fact that drug-resistant cells
often show apoptosis-resistant phenotypes. Similar results
have previously been reported, such as the finding that both
TRXT and TRX2 expression are increased in doxorubicin-
resistant ovarian cancer cells (33). Additionally, significantly
increased levels of apoptosis have been observed in mtTFA-
kiiockout mice, suggesting that meTFA also plays an important
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Figure 4. Effect of mtTFA mutation on binding to cisplatin-damaged or oxidized DNA. (A) Schemiatic representation of a GST-mtTFA fusion protein and its
mutation of two cysteine residues (C49G and/or C246X). CC, GC, CX and GX indicate wild-type, C49G, C246X, C49G and C246X, respectively. (B) GST
fusion proteins immobilized on glutathione-sepharase 4B beads were incubated with Flag-TRX2 expressed in bacteria. Bound protein samples representing
10% of the input were subjected to SDS-PAGE and Western blot analysis with anti-Flag antibody. (C) Purified GST fusion proteins (30 and 90 ng) were
incubated with >’P-labeled double-stranded oligonucleotides (0.4 ng/ul) containing cisplatin cross-linked or 8-0xa-dG (C/GO). Binding complexes were
subjected to EMSAs. The arrowhead indicates DNA=protein complexes. (D) Purified GST fusion proteins (90 ng) were mixed with GST or GST-TRX2, and
incubated with *2P-labeled double-stranded oligonucleatides (0.4 ng/ul) containing cisplatin cross-linked or 8-0x0-dG (C/GO). Binding complexes were
subjected to EMSAs. - and + indicate GST (90 ng) and GST-TRX2 (90 ng), respectively. The arrowhead indicates DNA-protein complexes.

role in apoptosis. mtTFA functions not only as a transcription
factor, but also as DNA binding protein, like nuclear chromatin,
to protect mtDNA from DNA damage: Fig. 2 shows that TRX?2
supports the DNA binding activity of mtTFA to damaged DNA
through a direct interaction.

We previously showed that both HMG: box: 1 and HMG
box 2 motifs could interact independently with pS3, which is
localized to mitochondria under conditions of DNA damage
stress (34). TRX2 interacts with'the HMG box 1 motif of
mtTFA (Fig. 2C). These findings indicate that mode of
interaction of TRX2 with mtTFA is completely different

from that of the interaction with p53 (22). Although there is
some similarity in the primary amino acid sequences between
HMG box I and HMG box 2, TRX2 only intéracts with
HMG box 1. This suggests that the secondary. structure of
mtTFA may modulate its association with- TRX2. We then
introduced mutations at two cysteine residues, positions 49
and 246 (Fig. 4A). The mutant mtTFA proteins could bind
equally well to damaged DNA as wild-type mtTFA. However,
the association of TRX2 with m{TFA was enhanced when the
m{TFA-GX mutant was used. TRX2 can support DNA binding
by mtTFA, even when a conformational change in m¢TFA is
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induced by ROS, suggesting that mtTFA can still bind and
protect mtDNA under conditions of oxidative stress.

The physiological multimerization of mtTFA may effi-
ciently support DNA binding to mtDNA. A conformational
change in mtTFA might inhibit multimerization. Therefore,
TRX2 can enhance the DNA binding activity of damaged
miTFA, which cannot form multimers, to protect mtDNA.
Characterization of the interaction of TRX2 with mtTFA
will aid our understanding of the mtTFA function in both
normal and pathological conditions.
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Nuclear Y-Box Binding Protein-1, a Predictive Marker of
Prognosis, Is Correlated with Expression of HER2/ErbB2
and HER3/ErbB3 in Non-small Cell Lung Cancer
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Introduction: Nuclear expression of Y-box binding protein-1
(YB-1) is closelyassociated not only with global drug resistanice and
expression of several growth factor receptors in various human
malignancies but also with overall patient survival,

Methods: The effect of YB-1 knockdown on expression of epider-
mal growth factor receptor (EGFR) family proteins was examined
by Western blot using human lung cancer cell lines. Immunohisto-
chemistry was used to evaluate the expression of nuclear YB-1 and
EGFR family proteins in patients with non-small cell lung cancer
(NSCLC) (n:= 104).

Results: In the five NSCLC cell lines, expressions of EGFR, human
epidermal growth factor receptor 2 (HER2), HER3, and hepatocyte
growth factor receptor (c-Met) in PC-9 cells; of HER2 and c-Met in
EBC-1-cells; and of HER3 in QGS56 cells were down-regulated by
YB-1 knockdown. By immunohistochemical analysis, we observed
that: HER3 ‘expression was significantly negatively correlated with
nuclear YB-1 expression in squamous cell carcinoma (p = 0.038).
HER2 éxpression was " positively correlated with nuclear YB-1
expression in adenocarcinoma (p = 0.052). Nuclear expression of
YB-1 correlated with overall survival of all patients (p'= 0.028) and
of patients with adenocarcinoma (p ='0.007). Furthermore, there
was a significant difference in therapeutic efficacies of ‘gefitinib
between - patients with ‘nuclear YB-1"expression and those with
non-nuclear YB-1 expression in patients with NSCLC (p = 0.004,
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n = 26) but not between those with high and those with low
expression of EGFR, HER2, HER3, and c-Met.

Conclusion: Nuclear YB-1 expression might be essential for the
malignant phenotype in lung cancer patients and might be an
important biomarker for the development of therapeutic strategy
against NSCLC.

Key Words: YB-1, NSCLC, HER2, HER3.
(J Thorac Oncol. 2009;4: 1066-1074)

he Y-box binding protein-1 (YB-1), whose cold shock

domain is highly conserved, plays essential roles in DNA
damage repair and in both. transcriptional and translational
regulation of various genes in nucleus and cytoplasm.!2 In
the nucleus, YB-1 recognizes DNA. damage induced by
cisplatin and radiation and promotes transcription of drug-
resistance relevant genes such as MDRI/ABCBI, a representa-
tive. multidrug . resistance-related  ATP-binding cassette: trans-
porter, and major vault protein/lung resistance-related protein, a
drug-resistance-related vault protein; suggesting the applicability
of YB-1 as a global biomarker of drug resistance.>? Moreover,
nuclear expression of YB-1 significantly correlates with the
survival of patients with various malignancies, including ovarian
cancer,*> synovial sarcoma.and rhabdomyosarcoma,®’ lung
cancer, breast cancer,? and pediatric_glioblastoma.l0 Most of

. these paticnts show a close association of nuclear YB-1 expres-

sion with poor prognosis, itrespective of treatment modality. It is
likely that multiple fumor characteristics, including growth and
metastasis/invasion as well as acquisition of global drug resis-
tance, cause YB-1 expression to be associated with poor prog-
nosis. in cancer patients.

Nuclear expression of YB-1 is promoted through PI3K/
Akt signaling in human breast and ovarian. cancer cells in
response. to growth: stimulation,1:12 and YB-1. knockdown
suppresses.. expression:.of DNA - replication-related.. and
growth/cell: cycle-related. genes -as well -as growth factor
genes.!213 YB-1 gene knock-in promotes development of
breast cancer of various histologic types. in animal models,
suggesting that YB-1 is a breast cancer oncogene.!* YB-1

Copyright © 2009 by the International Association for the Study of Lung Cancer 1066
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knockdown in mice causes embryonic lethality and severe
growth retardation.!51¢ Furthermore, YB-1 overexpression
induces epidermal growth factor (EGF)-independent growth
through constitutive EGF receptor (EGFR) activation in hu-
man mammary cells in vitro.!” Wu et al.!8 reported that the
introduction of an Akt-activation-insensitive mutation into
YB-1 caused a marked decrease in the expression of both
EGFR and human epidermal growth factor receptor 2
(HER2), suggesting a close linkage between YB-1 and ex-
pression of EGFR and HER2 in breast cancer cells in vitro.
YB-1 knockdown also results in markedly decreased expres-
sion of EGFR and HER2 in some human breast cancer cell
lines in culture.® Taken together, these basic studies in vitro
and in vivo strongly suggest that YB-1 is closely involved in
EGF/transforming growth factor-a-dependent and -indepen-
dent tumor growth and carcinogenesis in cancer.

The clinical study by Janz et al.!® was the first to
demonstrate the close association of nuclear YB-1 expression
with HER2 expression in primary breast cancers. This corre-

‘lation with the expression of EGFR and HER2 in patients
with breast cancer (n = 389) was further supported by array
studies with tumor tissue.!8 Of various genes, including
EGFR, HER2, ERa, ERB, and CXCR4, that could be affected
by YB-1 knockdown in vitro, biostatistical analysis showed that
YB-1 nuclear expression was positively associated with the
expression of HER2 and negatively associated with the expres-
sion of CXCR4 and ERa.? A recent study by Stratford et al.20
also showed the possible involvement of YB-1.in the therapeutic
efficacy of an EGFR-targeting drug, gefitinib, in basal-like
breast cancer. These findings suggest that YB-1 may play a key
role in the expression of cell' growth-related genes, including
EGFR family genes; in breast cancer cells and may also mod-
ulate the therapeutic efficacy of EGFR family targeting drugs.

In this study, we determined the relationship between
YB-1 expression and that of several growth factor receptors,
EGFR, HER2, HER3, hepatocyte ~growth - factor - receptor
(c-Met), and imsulin-like growth factor 1 receptor (IGF-1R), in
human hung cancer cell lines in culture. Morcover, we deter-
mined whether nuclear YB-1 éxpression was correlated with the
expression of EGFR, HER2, HER3, ¢-Met, and phosho Akt
(pAkt) in tumor tissue from patients with non-small cell lung
cancer (NSCLC), and also whether therapeutic efficacy of ge-
fitinib was correlated with nuclear YB-1 expression. We discuss
the clinical and immunohistochemical characteristics of NSCLC
with particular reference to the absence or presence of nuclear
YB-:1 expression and the expression of EGFR: family proteins.

MATERIALS AND METHODS

Cell Lines and Reagents

PC-9, QG56, and 11_18 were cultured in Roswell Park
Memorial Institute (culture ‘medium) supplemented with 10%
fetal bovine serum. A549 and EBC-1"were cultured in Dulbec-
¢o’s minimum éssential meditim supplemented ‘with '10% fetal
bovine serum. Anti-YB-1 was generated as described previous-
ly.21 Anti-EGFR, IGF-1R, Akt, pAkt, Erk, and pErk antibodies
were obtained from Cell Signaling Technology (Beverly, MA).
Anti-HER2 was purchased from Upstate, Inc. (Lake Placid,
NY). Antic-Mét and anti-HER3 wére obtained from Santa Cruz
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Biotechnology, Inc. (Santa Cruz, CA). Anti-GAPDH was pur-
chased from TREVIGEN (Gaithcrsburg, MD).

Small Interfering RNA Transfection and
Immunoblotting

The small interfering RNA (siRNA) corresponding to the
nucleotide sequence of YB-1 was purchased from QIAGEN.?
SiRNA duplexes were transfected with Lipofectamine
RNAIMAX and Opti-MEM medium (Invitrogen, Carlsbad, CA)
according to the manufacturer’s recommendations. Forty-cight
hours after siRNA transfection, cells were lysed in cold protein
extraction reagent (M-PER; PIERCE, Rockford, IL) with pro-
tease inhibitors and phosphatase inhibitors. Nuclear and cyto-
plasmic fractions were prepared as described previously.!?
Lysates were subjected to SDS-PAGE and blotted onto Immo-
bilon membrane (Millipore Corp., Bedford, MA). After transfer,
the membrane was incubated with the primary antibody and
visualized with secondary antibody coupled to horseradish per-
oxidase and enhanced chemiluminescence Westemn Blotting
Detection Reagents (GE Healthcare, Piscataway, NJ). For cell
proliferation assay, 2.5 X 10* cells were seeded in 24-well plates
(IWAKI, Tokyo, Japan) and cell number in each well was
counted at 96 hours after transfection of siRNA.

Patients and Tumor Samples

We examined 104 patients with primary NSCLC whose
tumors had been completely surgically removed in the De-
partment of Surgery of Kurume University between 1997 and
2004. Among the 104 patients, 66 patients were diagnosed
histologically as having adenocarcinoma and the other 38
patients were diagnosed as having squamous cell carcinoma.
The age ‘of the patients with NSCLC ranged from 41 to 82
years (median, 66 years). Of the total number of patients, 67
were men and 37 were women. The median follow-up was
1511.5 days with: a rangé of 159 to 3801 days. Of these
patients; 26 patients received: gefitinib-against recurrent dis-
ease after surgical resection between June: 2003 and Septem-
ber 2008 with the median interval between: operation ‘and
gefitinib treatment of 760 days (range, 225-3062 days). Five
patients were treated with gefitinib as an initial therapy and
the - others. were treated with - gefitinib: as -a second- or a
third-line therapy (21 patients, platinum doublets as first line;
five patients, monotherapy, nonplatinum doublets, and plati-
nium doublets as second line).

Immunohistochemistry

Paraffin-embedded  tissue’ samples ‘were cut at 4 pm,
placed on coated glass slides, and labeled with the following
antibodies by the BenchMark XT (Ventana Automated Systems,
Inc., Tucson, AZ) or ChemMate ENVISION (DakoCytomation,
Glostrup, Denmark) methods:* YB-1, EGFR, HER2, HER3,
pAkt, and c-Met. The BenchMark XT method was used for
YB-1, EGFR; HER2, and HER3. This automated system used
the streptavidin biotin complex method with DAB as chromogen
(Ventana iVIEW DAB Detection Kit). Antigen retrieval of
YB-1 and HER2 was performed by heat treatment in CCl
(Ventana, Tnc.) and that of EGFR and HER3 was performed by
protease treatment (protease K, Ventana, Inc.). The ChemMate
ENVISION method was used for pAkt and ¢-Met: Endogenous

Copyright © 2009 by the International Association for the Study of Lung Cancer
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peroxidase activity was inhibited by incubating the slides in 3%
H,0, for 5 minutes. Each slide was incubated ovemight with the
antibody at 4°C. For staining detection, DAB was used as
chromogen. The samples were viewed using an Olympus BX51
microscope (Olympus, Tokyo, Japan).

Expression of YB-1 protein with variable intensity
showed in the nuclei and/or cytoplasm with variable inten-
sity. Only nuclei of cancer cells with strong expression were
interpreted as positive. Expression of EGFR and HER2 was
classified into four categories: score 0, no staining at all or
weak membrane expression in <10% of cancer cells; score
1+, weak expression in.>10%: of cancer: cells; score 2+,
weak to moderate expression on the entire membrane: in
>10% of the cancer cells; and scoré 3+, strong expression on
the entire membrane in >10% of cancer cells. HER3, pAkt,
and c-Met were classified into the same four categories but
the localization of expression included both’ membrane. and
cytoplasm. The scoring of immunohistochemistry (THC) was
defined as follows in order that the différence in the number
of patients in two categories of negative and positive were as
small as possible. The expressions of HER2 and pAkt were
defined as follows: scores of 2+ ‘or 3+ were regarded as
positive and scores of 0 or-1were regarded as negative. The
expression of IHC for EGFR, HER3, and ¢-Met was defined
as follows: score of 3+ was regarded as positive and scores
of 0, 1, or 2+ were regarded as negative. All IHC studies
were evaluated by two IHC-experienced reviewers (A.K. and
M.K.) who were blinded to the clinical status of the patients.

Statistical Analysis

Associations between histologic type and clinicopath-
ologic findings (age, gender, smoking status, stage, and his-
tologic differentiation) and molecular markers (EGFR,
HER?2, HER3, c-Met, and pAkt) were tested by Fisher’s exact

test. Associations between YB-1 and clinicopathologic find-
ings and other molccular markers were tested in similar ways.
A p value <0.05 was regarded as statistically significant
unless indicated. The overall survival was defined as time to
death because of any case from the date of surgical operation.
The relationships between overall survival and YB-1 cxpres-
sion, and other clinicopathologic findings and molecular
markers, were examined by the Kaplan-Meier method and the
log-rank test. Hazard ratios (HRs) were estimated by Cox
regressions. Adjusted HRs for possible confounding factors
were also estimated by applying the Cox regression models
with the factors as explanatory variables. Twenty-six patients
were treated with gefitinib after progressive disease. Time to
further progressive discase from initiation of gefitinib trcat-
ment was evaluated for these patients. The effect of YB-1 on
the further progressive disease in-the presence of gefitinib
was examined in an exploratory matter by the Kaplan-Meier
mcthod and the log-rank test. Statistical analysis was per-
formed with SAS version 9.1 (SAS Institute, Inc.; Cary, NC)
and revised version 2.7.0.

RESULTS

Knockdown of YB-1 and Expression of the
EGFR, HER2, HER3, and c-Met Genes in NSCLC
Cell Lines

We examined expression of the growth factor receptors
EGFR, HER2, HER3, c-Met, and IGF-1R in five NSCLC cell
lines. Expression of YB-1 was observed in both total cell
fraction and nucleus’ in all the five NSCLC cell lines, al-
though expression of YB-1 in both fractions of PC-9 and
EBC-1 cells was only about 20% or less than that in the other
three lines (Figures 14, B). Expression levels of EGFR,

FIGURE 1. Expression of YB-1,
EGFR, HER2, HER3, c-Met, and

IGF-1R in human lung cancer cells.

A, Expression of total and nuclear
YB-1, EGFR, HER2, HER3, c-Met, and

IGF-1R was determined by immuno-

blotting conducted on protein ly-
sates extracted from these cell lines.
Detection of GAPDH served as a
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loading control.: B, Levels-of total
and nuclear YB-1, EGFR, HER2,
HER3, c-Met, and IGF-1R expression
were measured by densitometry.

nuclear YB-1

1068



Kashihara et al. Journal of Thoracic Oncology = Volume 4, Number 9, September 2009

HER2, HER3, ¢c-Met, and IGF-1R varied among the five cell  cell fraction of any of the cell lines. We next compared
lines. Among the various cell lines, the two lines (PC-9 and  protein expression levels in the five NSCLC cell lines after
EBC-1) with relatively low levels of YB-1 in the nucleus  treatment with YB-1 siRNA (Figure 2). Western blot analysis
contained much lower amounts of IGF-1R protein than did  showed that YB-1 siRNA decreased protein levels of YB-1 in
the other three lines. However, expression of the other recep-  all five NSCLC cell lines. YB-1 knockdown resulted in
tors (EGFR, HER2, HER3, and c-Met) was not significantly  decreased expression of EGFR in PC-9, of HER2 in PC-9 and
associated with expression levels of YB-1 in nucleus or total EBC-1, of HER3 in PC-9 and QG56, and of c-Met in PC-9

s

A 11_18 A549 PC-9 EBC-1 QGS56
Y84
EGFR
HERZ
HER3
c-Met
{GFR
GAPDH
<< <
z 2 £ 2 10 50 é é 2.0 10 é {nM)
£ Y81 5iRNA £ . YBARNA s  YBAERNA & YBASiRNA B YB-A siRHA
E E : £ g
(%] o (53 L (&)
B Ast
5 4. B 5y N
& N g I a d a N
E o N TN (TN TR g N g1 \
50 NN | NN g0 \ g0 \
g 0. NI N RN 20 . N & 02| [} N
%0 7"VB4 EGFR 'HERZ. HER3 eMet IGF-IR 897""VB4 CEGFR HER2  HER3  cMet IGF-R %07""Yg1 EGFR HERZ = HER3 oMt IGFR
EBC4 Gs6
14 -
g 127 - 2 L3 Control siRNA 50 M
g 107 N N g § 1 Y8-1 siRNA 20M
S 0g ‘N N & 3 : :
@ 05 ‘N N @ ] Y84 sIRNA 10 nM
2 04 ‘N § £ \ M B4 SRNA50 M
9977YBA EGFR HERZ HERS cMet IGR-IR YBA4 EGFR HERZ HERY cMet (GF-AR
C 1118 As49 PG £8CA1
8 9 7 25

6
(=
4 -
3
2 -
14
[

6
5 4

34
24

Cell number (x 10°)
r-S
1}

21008 27 10 5 2 1% 2 w0 50 2090 50 (M)

YB-15iRNA Y84 sIRNA YB-1 siRNA YB-1sIRNA YB-1 sIRNA

Control sIRNA
Control sIRNA
Cantrol SIRNA
Control siRNA
Control siRNA

FIGURE 2. ‘Effect of YB-1 knockdown on expression of EGFR, HER2, HER3, ¢-Met, and IGF-1R in human lung cancer cells. A,
Effect of YB-1 knockdown on expression of EGFR, HER2, HER3, c-Met, and IGF-1R was analyzed by immunoblotting. Cells
were incubated with control or YB-1 siRNA for 48 hours, and lysates were prepared. B, Levels of YB-1, EGFR, HER2, HER3, c-
Met, and IGF-1R expression were measured by densitometry. C, Effect of YB-1 knockdown on proliferation of five lung cancer
cell lines. Data are expressed-as.the mean = SD of triplicate experiments.
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FIGURE 3. Histologic findings and expression of
YB-1, EGFR, HER2, HER3, c-Met, and pAkt in hu-
man lung cancer. YB-1 expression was assessed as
two patterns: nuclear positive or negative. Cancer
cells showed strong expression of EGFR, HER2,
HER3, and ¢-Met in the membrane. Moderate-to-
strong expression of pAkt was found in the cyto-
plasm.

TABLE 1. Correlation Between Nuclear YB-1 Expression and Expression of Five Target Genes in
Adenocarcinoma and Squamous Cell Carcinoma of NSCLC

Adenocarcinoma

Squamous Cell Carcinoma

Nuclear YB-1

Negative Positive

Variables n % n % n %

Nuclear YB-1
Negative Positive
4 n % n % n % ¥

EGFR
Negative 42 63.6 30 63.8 12 63.2
Positive 24 364 17 36.2 7 36.8

HER2
Negative 60 90.9 45 95.7 15 78.9
Positive 6 9.1 2 43 4 21.1
HER3

Negative 37 56.1 26 55.3 11 579

Positive 29 439 21 44.7 8 421
c-Met

Negative 47 71.2 34 72.3 13 68.4

Positive 19 28.8 13 21.7 6 31.6
pAkt

Negative 41 62.1 29 61.7 12 63.2

Positive 25 379 8 383 7 36.8

1.000 25 65.8 10 769 15 60.0 0473
13 342 3 23.1 10 40.0

0.052 36 94.7 11 84.6 25 100.0 0.111
2 53 2 154 0 0.0

1.000 33 86.8 9 69.2 24 96.0 0.038
5 13.2 4 30.8 1 40

0.770 35 921 11 84.6 24 96.0 0.265
3 79 2 154 1 4.0

1.000 27 711 9 69.2 18 72.0 1.000
11 289 4 30.8 7 280

YB-1, Y-box binding protein-1; NSCLC, non-small cell lung cancer; EGFR, epidermal growth factor receptor.

and' EBC-1. Of the five lines, expression of: growth. factor
receptors: was - particularly  susceptible to  siRNA-dependent
down-regulation in PC-9 and EBC-1.cells; which contain rela-
tively  lower ‘levels of 'YB-1. However, we did not observe
decreased expression of growth factor receptor proteins by YB-1

knockdown in 11_18 and A549 cells (Figures 24, B). Overall,
the reduced expression: of EGFR. family proteins and c-Met
protein by YB-1 knockdown in some NSCLC cell lines suggests
an association between YB-1 levels and expression of EGFR
family proteins or c-Met protein. In addition, proliferation of
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NSCLC cell lines was markedly suppressed to a similar extent in
all five cell types, by 2 to 50 nmol/L of YB-1 siRNA (Figure 20).

Association of Nuclear YB-1 Expression with
Expression of EGFR, HER2, HER3, c-Met, and
pAkt in NSCLC

To examine which genes are specifically associated
with nuclear YB-1 localization in human NSCLC, we se-
lected five molecular markers: EGFR, HER2, HER3, c-Met,
and pAkt. Representative immunohistochemical staining pat-
terns are shown in Figure 3. Expression of nuclear YB-1 was
detected in 44 of 104 patients. Table 1 shows the results of
Fisher’s exact test for association between YB-1 and each
of the molecular markers in adenocarcinoma and squa-
mous cell carcinoma. To avoid misinterpretations arising
from Simpson’s paradox,?> we emphasis on analysis by
histologic differentiation. Such analysis demonstrated that
there was significant negative correlation between nuclear
expression of YB-1 and expression of HER3 in patients
with squamous cell carcinoma (p = 0.038). There was also
a trend to. a correlation between nuclear expression of
YB-1 and expression of HER?2 in patients with adenocar-
cinoma (p = 0.052).

Nuclear YB-1 Expression and Survival of
Patients with NSCLC

The estimated product-limit survival functions of nu-
clear YB-1 are shown in Figure 4, and the results of log-rank
tests and unadjusted HRs are given in Table 2. Survival
curves for patients with positive nuclear YB-1 expression
were significantly differént from those with negative expres-
sion (HR = 1.73; 95% confidence interval [CI] 1.05-2.83;
p = 0.028). Further-analysis showed that positive nuclear
YB-1 expression significantly affected survival in adenocar-
cinoma (HR = 2.40; 95% CI 1.25-4.58; p. = 0.007) but not
in squamous cell carcinoma (HR = 1.50; 95% CI 0.60-3.72;
p = 0.381; Table 2).

Adjusted HRs for patients with positive nuclear YB-1
expression relative to those with negative nuclear YB-1
expression were obtained by applying the Cox regression
models with sex, smoking. status, and. histologic type as
explanatory variables (Table 3). Stage was not adjusted in
the Cox regression model, because it might be an intermedi-
ate variable between YB-1 expression and overall survival.??
The adjusted HR was statistically significantly different from
unity (HR = 1.96; 95% CI 1.13-3.38; p = 0.016) indicating
that-nuclear YB-1 expression affects overall survival even
after adjusting for possible confounding factors. The Cox
regression models with sex and smoking status were also
applied separately by histologic type to determine the inter-
action between nuclear YB-1 and histologic type. Adjusted
HRs for YB-1 expression were similar between adenocarci-
noma and squamous cell carcinoma, although they were
statistically significant only for patients with adenocarcinoma
(HR = 2.19; 95% CI 1.12-4.28; p = 0.022 for adenocarci-
poma, and HR' =2.14; 95% CI 0.74-6.15; p ="0.158 for
squamous cell carcinoma):
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FIGURE 4. Kaplan-Meier plots of overall survival according
to nuclear YB-T expression in 104 patients with lung cancer.
A, Total patients with NSCLC (n = 104), (B) patients with
adenocarcinoma (n = 66), and (C) patients with squamous
cell carcinoma (n = 38).

Nuclear YB-1 Expression and Therapeutic
Efficacy of Gefitinib

Twenty-six patients administrated gefitinib after pro-
gressive disease. Among 26 patients, 24 patients were histo-
logically diagnosed adenocarcinoma and other two patients
were diagnosed squamous cell carcinoma. Eight of them were
men and 18 were women. Seven of them were smoker and 19
were nonsmoker. The estimated product-limit survival func-
tions of nuclear YB-1 for time to further disease progression
from the initiation of gefitinib treatment are shown in Figure
5. Although patients’ number for gefitinib treatment was

Copyright © 2009 by the International Association for the Study of Lung Cancer



Journal of Thoracic Oncology * Volume 4, Number 9, September 2009

YB-1 Correlated with HER2/Erb82 and HER3/ErbB3

TABLE 2. Univariate Analysis of Patients Characteristics and Expression of Nuclear YB-1 and Other Target

Genes in Relation to Regarding Overall Survival

Adenocarcinoma Squamous Cell Carcinoma Total
Overall Survival Overall Survival Overall Survival
Variables n HR (95% CD) p n HR (95% CI) P n HR (95% CI) P
YB-1
Negative 47 1.00 0.007 13 1.00 0.381 60 1.00 0.028
Positive 19 2.40 (1.25-4.58) 25 1.50 (0.60-3.72) 44 1.73 (1.05-2.83)
EGFR
Negative 42 1.00 0.098 25 1.00 0.190 67 1.00 0.701
Positive 24 1.71 (0.90-3.23) 13 0.52 (0.19-1.41) 37 1.11 (0.66-1.87)
HER2
Negative 60 1.00 0.566 36 1.00 0.005¢ 96 1.00 0.130
Positive 6 1.36 (0.48-3.86) 2 6.89 (1.45-32.7) 8 1.91 (0.82-4.47)
HER3
Negative 37 1.00 0.173 33 1.00 0.468 70 1.00 0.155
Positive 29 0.64 (0.33-1.23) 5 0.59 (0.14-2.52) 34 0.66 (0.38-1.17)
c-Met
Negative 47 1.00 0.528 35 1.00 0.645 82 1.00 0.428
Positive 19 1.24 (0.64-2.40) 3 141 (0.33-6.12) 22 1.27 (0.71-2.27)
pAkt
Negative 41 1.00 0.540 27 1.00 0.087 68 1.00 0.128
Positive 25 0.82 (0.42-1.57) 11 0.40 (0.13-1.19) 36 0.65 (0.38-1.14)

“ Significance of HER2 for squamous cell carcinoma may be artefactual obtained since only 2 patients with HER2 positive were observed and they

happened to - have extremely short overall survival by chance,

95% CI, 95% confidence interval; HR, hazard ratio; YB-1, Y-box binding protein-1; EGFR, epidermal growth factor receptor,

TABLE 3. Cox Regression Analysis for Overall Survival
Adenocarcinoma Squamous Cell Carcinoma Total
HR (95% CI) P HR (95% CD) P HR (95% CI) p
YB-1
Negative 1.00 0.022 1.00 0.158 1.00 0.016
Positive 2.19 (1.12-4.28) 2.14 (0.74-6.15) 1.96 (1.13-3.38)
Gender
Negative 1.00 0.218 1.00 0.764 1.00 0.380
Positive 1.77 (0.63-5.03) 0.71 (0.17-3.64) 151 (0.61=3.75)
Smoking
Negative 1.00 0.726 1.00 0.414 1.00 0.655
Positive 0.83 (0.29-2.39) 0.47 (0.08-2.88) 0.81:(0.31-2.07)
Histological
Squamous 1.00 0.248
Adenocarcinoma 1.43 (0.78-2.65)

95% CI, 95% confidence interval; HR, hazard ratio; YB-1; Y-box binding protein-1.

limited, the survival curves. for patients with positive nuclear
YB-1 expression and those with negative expression are quite
distinct with statistical significance (p = 0.004).

DISCUSSION
Wu et al.!® used array studies to- establish:a close
correlation between total YB-1: expression-and EGFR and
HER2 expression in: tumor tissue from patients with breast
cancer. Our recent: immunohistochemical analysis -démon-
strated that nuclear YB-1 expression is positively correlated
with HER2; and negatively correlated with ERa and CXCR4,
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but not with. EGFR. in breast cancer clinical specimens.® In
this study, YB-1 knockdown in five NSCLC cell lines caused
down-regulation of EGFR, HER2, HER3,; and c-Met in PC-9;
of HER3 and c-Met in EBC-1; and of HER3 in QG56. There
was no change in expression of growth factor receptor family
proteins in the other two cell lines. However, cell prolifera-
tion was markedly suppressed by YB-1 knockdown in all five
cell lines suggesting that YB-1 siRNA-induced inhibition of
cell: proliferation. might not involve attenuation of these
growth factor receptors. The underlying mechanism of YB-1
siRNA-induced growth inhibition in these cell lines remains
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