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a key molecule activated by asbestos fibers in mesothelial cells and
macrophages that is responsible for inflammation. Our results sug-
gested that asbestos fibers can cause a downregulation of adiponec-
tin. The exact roles of leptin and PAI-1 in inflammation are still not
entirely clear, although both were shown to be upregulated in obe-
sity-related inflammation (43-45). A member of the prolactin super-
family, Prl2c5, was also upregulated. Current information regarding
Prl2c5 is still relatively scarce, but this protein most probably shares
many characteristics of prolactin, which is known to possess mito-
genic property (46). Prolactin was newly found as an adipocytokine
secreted by human adipose tissue (47,48). Several other genes more
recently characterized as adipokines were also upregulated. Some
of these genes, such as haptoglobin and lipocalin-2, bind to iron
and can thus contribute to iron overload, which was shown to play
an important role in asbestos-induced mesothelioma development
(49). Another interesting upregulated peptide was secreted phospho-
protein 1, also known as osteopontin. Mesothelioma patients often
have increased serum osteopontin levels and it was suggested to be a
useful biomarker for the early diagnosis of mesothelioma (50). More
detailed studies are needed to fully elucidate the potential pathogenic
roles of these various dysregulated adipocytokines in mesothelial car-
cinogenesis. Moreover, a long-term study is needed to assess whether
these alterations observed are long-term effects.

Interestingly, we found that chrysotile fibers appeared to be the
most inflammogenic. Our results showed that chrysotile fibers dysreg-
ulated various adipocytokine levels to a higher extent than crocidolite
and amosite fibers. This finding corroborates our recently published
data that chrysotile fibers induced a significantly earlier development
of malignant mesothelioma with intraperitoneal injection in rats com-
pared with crocidolite and amosite fibers (49). The relatively stronger
carcinogenicity of chrysotile fibers might be linked to a higher degree
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of adipose tissue inflammation. The reason underlying why chrysotile
fibers seem to have a stronger inflammogenic effect on adipocytes is
still not known, although our results showed that all types of asbestos
fibers were internalized by the adipocytes.

To our knowledge, this is the first report of a potential associa-
tion between dysregulated adipose endocrine function and asbestos-
induced mesothelial carcinogenesis. We have shown that asbestos
fibers are able to directly trigger an inflammatory response in adi-
pocytes by dysregulating adipocytokine production. These adipocy-
tokines might act locally to stimulate the growth/migration/survival
of mesothelial cells and thus promote the development of malignant
mesothelioma. The modulation of these adipocytokines might repre-
sent a novel strategy to extend the lifespan of mesothelioma patients.

Supplementary material

Supplementary Tables 1-3 and Figure 1 can be found at http://carcin.
oxfordjournals.org/
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ARTICLE INFO ABSTRACT

Background: Ras-Association Family1A (RASSF1A) is a well-established tumor suppressor. Ten RASSF
homologues comprise this family, and each member is considered a tumor suppressor. RASSF3 is one of
the RASSF family members, but its function has not yet been clarified. Recently, we found that RASSF3
interacts with MDM2 and facilitates its ubiquitination, which induces apoptosis through p53 stabilization.
However, the role of RASSF3 in human malignancies remains largely unknown.
Patients and methods: Ninety-five non-small cell lung cancer (NSCLC) patients from Nagoya University
Hospital and 45 NSCLC patients from Aichi Cancer Center Hospital underwent pulmonary resection at
each hospital, and lung cancer and corresponding non-cancerous lung tissues were collected. The expres-
Tumor suppressor sion levels of RASSF3 were analyzed using quantitative real-time reverse transcription PCR. We performed
RASSF3 statistical analysis to investigate the correlation with RASSF3 expression and the clinicopathological char-
EGFR acteristics. We also transfected RASSF3-siRNA into NSCLC cells, and performed motility assays to evaluate
the influence on migration ability.
Results: RASSF3 expression levels were downregulated in 125 of a total 140 NSCLCs. In a multi-
variate logistic regression analysis, the low RASSF3 expression group below the median value was
independently correlated with progressive phenotypes (lymph node metastasis and pleural invasion),
non-adenocarcinoma histology and wild-type epidermal growth factor receptor (EGFR) status. In motility
assays, RASSF3-knockdown NSCLC cells increased the migration rate compared to the control cells.
Conclusions: We found that the expression levels of RASSF3 were frequently downregulated in NSCLCs.
Downregulation of RASSF3 strongly correlated with the progressive phenotypes of NSCLCs and EGFR wild-
type status. In vitro studies also suggested that RASSF3 downregulation increases migration ability of lung
cancer cells. Together, our findings indicate RASSF3 is a candidate tumor suppressor gene of NSCLCs.

© 2013 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Non-small cell lung cancer (NSCLC) is one of the most com-
mon human malignancies and its prognosis remains poor [ 1}. With
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the advance of molecular biology, various genetic/epigenetic alter-
ations have been found to be associated with biological behaviors
of human lung cancer cells.

Ten homologues, RASSF1 to RASSF10, comprise the RASSF fam-
ily {2~5 review], which has drawn considerable attention over the
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last decade, because one member of this family, RASSF1A, is a
well-established tumor suppressor {6,7]. RASSF1A has shown to be
ubiquitously expressed in non-tumor lung tissues but frequently
silenced in lung tumors due to CpG island methylation of its pro-
moter {6-9]. The reexpression of RASSFI1A in cancer cell lines led
to suppress cell proliferation [6,7] and hypermethylation of the
RASSF1A promoter region correlated with a poor prognosis and
advanced stage of common malignancies { 10-13].

RASSF1 to RASSF6 contains Ras-association (RA) domain in
the C-terminus (C-terminal RASSF), whereas RASSF7 to RASSF10
have a RA domain in the N-terminus (N-terminal RASSF). Besides
RASSF1A, other RASSF members have also been reported to be
downregulated in several human cancers and considered as tumor
suppressors. RASSF3, the smallest member of the C-terminal RASSF
[14], was shown to be overexpressed in mammary gland of
tumor-resistant mouse mammary tumor virus (MMTV)/neu mice
compared to tumor-susceptible MMTV/neu littermates or non-
transgenic mice {15]. Recently, we also found that exogenous
RASSF3 directly interacts with MDM2 and facilitates its ubiquitinat-
ion, which induces apoptosis through increasing p53 stability | 16}].
These data suggest that RASSF3 functions as a tumor suppressor like
RASSF1A. However, the exact roles of RASSF3 in human malignan-
cies and its clinicopathological features remain largely unknown.
In this study, we found that the downregulation of RASSF3 expres-
sion was frequently observed in NSCLCs, which correlates with
lymphnode metastasis, pleural invasion, EGFR wild-type status and
adenocarcinoma histology independently. We also found that the
suppression of RASSF3 by siRNA in NSCLC cell lines increases cell
motility. e

2. Materials and methods
2.1. Clinical specimens

We studied two cohorts; 95 and 45 patients with NSCLC who
underwent pulmonary resection at Nagoya University (NU) Hospi-
tal (March 2004-June 2006) and Aichi Cancer Center (ACC) Hospital
(January 2006-December 2006), respectively. Characteristics of the
patients at NU and ACC are listed in Supplementary Tables 1 and
2, respectively. The treatment policy was decided according to
the standard protocol of each hospital, and fully informed written
consent was obtained from all patients prior to tissue collection
under ethical approval obtained at either hospital. Tumor samples
from both hospitals and corresponding normal lung tissue samples
(peripheral lung as distant from the cancerous lesions as possible)
only from NU were snap frozen and stored at —80°C.

2.2. RNA and DNA preparations and reverse transcription (RT)

Total RNA was extracted from tumor and non-tumor samples
using an RNeasy Kit (Qiagen, Tokyo, Japan) according to the manu-
facturer’sinstructions. In NU cases, first strand cDNA was generated
from a total RNA (1500 ng) extracted from grossly resected frozen
tissues using SuperScript Ill (Invitrogen, Tokyo, Japan). In ACC cases,
fresh tumor specimens were tapped on a slide glass, which left
enriched tumor cells on the slide, and then total RNA was isolated,
following first strand cDNA synthesis from a total RNA (2 ng) using
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Tokyo, Japan).

Genomic DNA was extracted using a QlAamp DNA Mini Kit (Qia-
gen) according to the manufacturer’s instructions.

2.3. Statistical analysis

The clinicopathological characteristics of the patients were
obtained from medical records. Overall survival (0S) and

progression-free survival (PFS) was calculated from the date of
pulmonary resection to the date of death and recurrence, respec-
tively. Patients without the known date of death or recurrence were
censored at the time of the last follow-up.

For comparisons of proportions, the x2? test was used. The
Kaplan-Meier method was conducted to estimate the probabil-
ity of survival as a function of time, and survival differences were
analyzed using log-rank test. The logistic regression analysis was
used to test for significant differences in RASSF3 gene expression
within multiple groups: such as age, sex, smoking history, TNM
stage, size, lymph node metastasis, lymph and venous invasion,
pleural invasion, and gene mutations. The level of significance was
set at p<0.05.

2.4. Wound healing assay

For wound healing assay, five cell lines (A549, HCC193, NCI-H23,
VMRC-LCD, and BEAS-2B) were transfected with siRNA, re-plated
to 3.5cm dishes 48 h after transfection, and grown to confluence.
The cells were damaged using 1-200 ul beveled orifice tip (Qual-
ity Scientific Plastics, San Diego, CA) and then allowed to migrate.
Photographs were taken at the initial time, 12 and 24 h later. Three
independent fields were recorded for each experiment. Migration
rate was calculated as a—b/a (a and b represent the widths of the
fissure at initial the time and each respective time point).

2.5. Transwell migration assay

The 3-dimension cell motility of five cell lines (A549, HCC193,
NCI-H23, VMRC-LCD, and BEAS-2B) was measured with the
transwell assay using a chamber containing the polyethylene
terephthalate filter membrane with 8-pm pores (Falcon, Franklin
Lakes, NJ). For each experiment, 48 h after siRNA transfection
1x 10° transfected cells in 500 wl medium were seeded in the
chamber, which was placed in 24-well plate containing 1ml of
RPMI1640 medium with 0.4% FCS. After incubation for 24h, the
chambers were fixed and stained using Diff Quick stain (Sysmex,
Kobe, Japan). The numbers of migrated cells were counted using
phase-contrast microscopy at x200 magnifications in the three
randomly selected fields.

2.6. Quantitative real-time RT-PCR

Quantitative real-time RT-PCR was performed on first strand
c¢DNA using TagMan probes and the TagMan Gene Expression
Master Mix (Applied Biosystems). TagMan probes for RASSF3 (Hs
00415584.m1)and GAPDH (Hs 03929097_g1) were purchased from
Applied Biosystems and the amplification was performed on an ABI
PRISM 7500 Fast real-time PCR system (Applied Biosystems). Quan-
tification was performed in triplicate. The RASSF3 expression was
normalized with an internal control, GAPDH using A-ACt method,
and presented as a relative expression level using a ratio to the
average of RASSF3/GAPDH of the mean of the 95 non-cancerous lung
tissues, which was arbitrarily set at 1.

Additional materials and methods are described in the Supple-
mentary Materials and Methods.

3. Results
3.1. RASSF3 expression significantly reduced in NSCLCs

To determine whether or not the RASSF3 gene is involved in
lung carcinogenesis, we first studied the RASSF3 gene expression
using 95 NSCLC samples with their corresponding normal lung tis-
sue samples which we collected at Nagoya University (NU) Hospital
(Fig. 1A and B). We found that most of the lung cancer tissues (87

-59.
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Fig. 1. (A) Relative expression levels of the RASSF3 gene of NSCLC tumor samples from NU (Nagoya University) hospital and their corresponding non-cancerous lung tissues.
Mean of RASSF3 expression levels of the non-tumor samples was arbitrarily set as 1.0. Expression levels of tumor (blue line) and lung tissue (red line) are indicated side by
side from the same patients, with the lowest RASSF3 level of the tumor starting from the left. (B) Comparison of mean RASSF3 expression levels between tumor and non-tumor
samples. The reduction of RASSF3 expression in tumor tissues was statisticaily significant. (C) and (D) Kaplan-Meier analysis of patients for overall survival (0S) (C) and
progression-free survival (PFS) (D). The low RASSF3 expression group showed a significantly worse prognosis in OS but not associated with PFS.

of 95) showed a more significantly reduced level of RASSF3 (blue
line in Fig. 1A) than that in the corresponding normal lung tissue
(redline in Fig. 1A), indicating that RASSF3 is frequently downregu-
lated in NSCLCs. The mean of relative values of normalized RASSF3
expression was also shown to be significantly lower in tumors than
in normal lung tissues (Fig. 1B).

3.2. Low expression of RASSF3 significantly associated with
invasive/metastatic character, non-adenocarcinoma histology,
and EGFR wild-type status

To determine the possible effects of RASSF3 downregulation on
malignant phenotypes of NSCLCs, we divided 95 cases into two, low
(n=48) and high (n=47) expression groups, respectively, by the
median value (=0.14), and conducted statistical analyses for clini-
copathological features based on the RASSF3 expression status. The
association status between RASSF3 expression and clinicopatho-
logical parameters is summarized in Table 1. We found that the
low RASSF3 expression group was associated with disease pro-
gression in the patients, including TNM stage [I/lIl (p=0.0011),
tumor size (30 mm<) (p=0.0123), lymph node metastasis (pN1<)
(p=0.0008) and pleural invasion (p=0.0497). Low RASSF3 expres-
sion was significantly infrequent in the tumors with EGFR mutation
(p=0.0013). The low RASSF3 was also less frequently detected in

-60 -

the tumors from female (p=0.0118), adenocarcinoma (p=0.0001)
and never/light smokers (p=0.0282), which were known to be the
factors related with EGFR mutation {17--198]. There was no relation
between RASSF3 expression and KRAS mutation (p=0.6927).

Next, in order to reveal the crucial parameters for low RASSF3
expression, we performed logistic regression analysis (Table 2).
Univariate logistic regression analysis (Table 2, left column) indi-
cated the same associations as the 2 test. In multivariate analysis
(Table 2, right column), low RASSF3 expression was found to
be independently associated with non-adenocarcinoma histology,
lymph node metastasis, pleural invasion and wild-type EGFR.

Among 95 patients, recurrence of the disease was observed in
29 patients, and 36 patients died during follow-up. The median
length for OS and PFS of the patients were 71.5 and 65.9 months,
respectively (Fig. 1C and D). Statistical analysis revealed that the
low RASSF3 expression group was significantly associated with
worse prognosis in OS for the patients (p=0.0091, log-rank test)
but not in PFS (p=0.8216, log-rank test). Since these survival data
suggested possible discrepancies, we checked the major causes
of death among the 36 patients. Primary lung cancer was the
main cause of death in 21, but the remaining 6 patients died
of other lung diseases (COPD and pneumonia which did not
develop during cancer treatment), 3 of other neoplasms (pan-
creas cancer and leukemia), one of cerebrovascular accident, one



26 A. Fukatsu et al. / Lung Cancer 83 (2014) 23-29

Table 1
Relationship between clinicopathological features and RASSF3 gene expression of NSCLC patients from NU.
Variables n RASSF3 expression (cutoff=0.14)
Low High p-Value”
Age <65 38 19 19
>65 57 29 28 0.9332
Sex Female 29 9 20
Male 66 39 27 0.0118*
Smoking history (pack-year) <20 36 13 23
>20 59 35 24 0.0282*
Histology Adenocarcinoma 63 23 40
Non-adenocarcinoma 32 25 7 0.0001**
Squamous cell carcinoma 29 23 6
Large cell carcinoma 1 0 1
Adenosquamous carcinoma 2 2 0
TNM stage (UICC-7) Stage | 57 21 36
Stage 11/111 38 27 11 0.0011*
Tumor size (mm) <30 54 21 33
>30 40 26 14 0.0123*
Lymph node metastasis pNO 68 27 41
pN1-3 27 21 6 0.0008**
Lymph invasion - 63 30 33
+ 32 18 14 0.4265
Venous invasion - 78 40 38
+ 16 8 8 0.9255
Pleural invasion - 51 21 30
+ 44 27 17 0.0497*
EGFR mutation Mutant 28 7 21
wild 67 41 26 0.0013**
KRAS mutation Mutant 6 3 3
wild 89 45 44 0.6927

Values with statistical significance were indicated with * (p <0.05) or ** (p <0.01). NSCLC: non-small cell lung cancer; NU: Nagoya University Hospital; OS: overall survival;

PFS: progression-free survival.
2 x2-test.

of renal failure, one of liver cirrhosis and 3 of unknown etiol-
ogy. Thus, we reanalyzed the disease-specific survival (DSS), and
found no significant association with DSS (p=0.4527, log-rank
test) (Supplemental Fig. S1). These data suggested that low RASSF3
expression may not be a sufficient predictor for OS or PFS of NSCLC
patients.

3.3. Association of low RASSF3 expression with
clinicopathological parameters in the other NSCLC cohort

In order to confirm the results above, we analyzed the other
set of NSCLC samples that we collected in Aichi Cancer Center
(ACC) Hospital. We again found the frequent downregulation of
RASSF3in the patients’ samples (38 of 45) (Supplementary Fig. S2A).
Like the NU sample set, we divided the 45 cases into two groups
by median value (=0.35) as the low- (n=22) and high-expression
groups (n=23) and compared these two groups. As we observed in

NU samples, similar associations of RASSF3 expression with disease
progression and EGFR mutation were detected in ACC samples (Sup-
plementary Table 3). Although there was no significant difference
in tumor size in this cohort, we confirmed that the advanced TNM
stage and lymph node metastasis were significantly associated with
low RASSF3 expression. No relation between RASSF3 expression and
KRAS mutation or TP53 mutation was also found. In multivariate
logistic regression analysis, we found similar tendencies between
low RASSF3 expression and clinicopathological parameters such as
non-adenocarcinoma histology and lymph node metastasis (Sup-
plementary Table 4). However, we did not detect any independent
statistical significance, which was probably due to the smaller
cohort sample.

Among 45 patients, 10 died during follow-up, with the OS
median length of 95.5 months (Supplementary Fig. S2B). RASSF3
expression levels were not significantly associated with OS
(p=0.4270, log-rank test).

Table 2

Univariate and multivariate logistic regression analyses of the association between low RASSF3 gene expression and clinicopathological features of NU patients.
Variables Univariate Multivariate

Odds ratio 95% Cl p-Value? Odds ratio 95% Cl p-Value®

Age (>65) 1.0357 0.4557 2.3539 0.9332
Sex (male) 3.2099 1.2700 8.1126 0.0137*
Smoking history (>20 pack-years) 2.5801 1.0964 6.0715 0.0299*
Histology (non-adenocarcinoma) 6.2112 2.3251 16.5924 0.0003** 4.2469 14132 12.7629 0.0100**
TNM Stage (UICC-7) (11/111) 4.2078 1.7387 10.1834 0.0014**
Size (>30mm) 2.9184 1.2481 6.8238 0.0135*
Lymph node metastasis (pN1-3) 53148 1.8990 14.8744 0.0015** 5.2127 1.6251 16.7206 0.0055**
Lymph invasion 1.4143 0.6010 3.3279 0.4272
Venous invasion 0.9500 0.3240 2.7859 0.9256
Pleural invasion 2.2689 0.9952 5.1730 0.0514 2.7348 1.0001 7.4786 0.0500*
EGFR mutation 0.2114 0.0788 0.5669 0.0020** 0.2214 0.0671 0.7309 0.0133*
KRAS mutation 0.9778 0.1871 5.1085 0.9787

Values with statistical significance were indicated with *(p <0.05) or **(p <0.01). NU: Nagoya University Hospital; Ci: confidence interval.

2 Logistic regression analysis.
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3.4. DNA hypermethylation not a main cause of RASSF3
downregulation

Inorder to determine whether or not low RASSF3 expression was
induced by DNA hypermethylation, we studied the DNA methyla-
tion status at the CpG island of the RASSF3 gene promoter region
using lung cancer cell lines. Fourteen lung cancer cell lines showed
various RASSF3 expression levels compared with an immortalized
normal bronchial epithelial cell line BEAS-2B, the majority of which
showed lower expression than in BEAS-2B (Supplemental Fig. 3A).
However, we detected no CpG island methylation in the promoter
region of the RASSF3 gene in 14 lung cancer cell lines (Supplemen-
tal Fig. 3B). We also examined 8 NSCLC clinical samples from the
low RASSF3 expression group. However, we could not find DNA
methylation in any specimens. These results suggested that DNA
hypermethylation was not a major cause of RASSF3 downregulation
(Supplemental Fig. 3C).

-62 -

3.5. Silence of RASSF3 increases migration rate in NSCLC cells

The above results suggested that RASSF3 downregulation was
associated with more malignant phenotypes including lymph node
metastasis. To determine whether RASSF3 suppression promotes
lung cancer cell migration ability in vitro, we transfected either
RASSF3 targeted or control siRNA into four lung cancer cell lines
(A549, HCC193, NCI-H23, and VMRC-LCD) and one immortalized
bronchial epithelial cell line (BEAS-2B), and conducted wound heal-
ing and transwell migration assays. In the wound healing assay,
migration ability was increased in RASSF3-knockdown A549 cells
compared to the control cells (Fig. 2A and B). Similar results were
obtained with three other cell lines including BEAS-2B, NCI-H23,
and HCC193 (Supplemental Fig. S4). Similarly, in the transwell
migration assay, RASSF3-knockdown enhanced migration ability of
those 4 cell lines (A549, HCC193, NCI-H23, and BEAS-2B), although
the enhancement in HCC193 was not statistically significant (Fig. 2C
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and Supplemental Fig. S5). Because the migration ability of VMRC-
LCD was exceptionally low, the effect of RASSF3-knockdown can be
hardly evaluated in this cell line (Fig. 2C, Supplemental Figs. S4D,
S4H, and S5).

4. Discussion

In the present study, we demonstrated that RASSF3 expression
was frequently downregulated in NSCLCs. Decrease of its expres-
sion was significantly associated with the progressive phenotypes
of lung cancer including lymph node metastasis and pleural inva-
sion. The strong correlation of lower RASSF3 expression with such
malignant phenotypes may imply that RASSF3 downregulation
plays an important role in cancer cell migration or invasion. This
idea is supported by our in vitro studies which showed that RASSF3
knockdown promoted cell migration abilities of lung cancer cell
lines. [n this regard, we previously reported that RASSF3 stabilized
p53 {16}, and p53 was also shown to negatively regulate epithe-
lial to mesenchymal transition (EMT) induced by TGF-3 {20]. One
possible mechanism of the tumor suppressive activity of RASSF3
might be a negative control of EMT through p53 stabilization. In this
regard, EMT induction has been indicated to account for increased
cancer cell migration/invasion [21]. However, although our prelim-
inary in vitro experiments were suggestive, they failed to provide
sufficient evidence to confirm EMT induction in the lung cancer
cells by RASSF3-knockdown (data not shown).

The low RASSF3 expression group also showed a correlation with
wild-type EGFR status in univariate analysis. Multivariate analysis
also revealed this correlation between RASSF3 and EGFR, indicat-
ing that this relationship was independent from other parameters.
These data might suggest that the signaling pathways were reg-
ulated by RASSF3 and EGFR crosstalk in-between, and thus the
alteration or mutation of each gene is mutually exclusive. On this
point, Cui et al. reported that desmocollin 3, the target gene of p53,
inhibits the EGFR/ERK pathway in human lung cancer {22]. Since
RASSF3 stabilizes p53 {16}, RASSF3 silencing might downregulate
desmocollin 3 expression through p53 destabilization, resulting in
activation of the EGFR/ERK pathway. However, further studies are
needed to clarify whether or not such an interaction between the
EGFR and RASSF3 signaling exists.

We found no significant correlation between RASSF3 expression
and patients’ survival. This seemed to contradict the significant cor-
relation of RASSF3 with lymph node metastasis or pleural invasion
in this study, where both were strong predictors of poor prognosis
[23-25]. In this regard, previous studies reported that postopera-
tive therapy has a strong influence on patients’ survival, which
we had earlier suspected to explain this inconsistency {26,27].
However, we found no remarkable difference in postoperative
treatment between the two expression groups. Although we con-
ducted further subset analyses of various kinds to explain this
discrepancy, no significant factors were identified.

Finally, to determine the underlying mechanisms of RASSF3
downregulation, we examined 14 lung cancer cell lines and 8 lung
tumor specimens from the low expression group. However, we
found no methylation of CpGs in the RASSF3 promoter region. Previ-
ous studies also reported no methylation of RASSF3 in 8 colorectal
cancer cell lines, 8 thyroid cancer cell lines or 6 glioma cell lines
{28-30]. Thus, simple hypermethylation of the promoter region
may not be the primary mechanism to suppress RASSF3 transcrip-
tion.

In conclusion, the present study showed that RASSF3 is fre-
quently downregulated in NSCLCs, leading to an increase in lymph
node metastasis or pleural invasion. These results indicate that
RASSF3 is a tumor suppressor of lung cancer. Furthermore, the pos-
sible interaction between the RASSF3 and EGFR signaling might

give new clues to dissect the complicated pathogenesis of lung
cancer, which has long been virtually insurmountable riddle.
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INTRODUCTION

Lung adenocarcinomas of patients who have never
smoked frequently bear kinase gene alterations, such as
EGFR mutations and translocations affecting ALK, ROSI,
and RET (1-6). These alterations cause “oncogene depend-
ency” on the activated kinase and, thus, sensitivity of the
tumor cells to kinase inhibitors. Patients whose tumors
bear kinase gene alterations can be effectively treated with
an ever-growing number of kinase inhibitors; for example,
patients with EGFR-murtant lung cancer treated with EGF
receptor (EGFR) inhibitors have a significantly longer pro-
gression-free survival compared with patients treated with
conventional chemotherapy (7). Similarly, ALK and ROS1
inhibition induces clinically relevant remissions in patients
bearing the respective genomic fusion (8-10). Unfortunately,
despite substantive cancer genome sequencing efforts, a
majority of lung tumors stll lack therapeutically tracta-
ble kinase alterations (1). We therefore sought to identify
novel therapeutically relevant driver alterations in otherwise
driver-negative lung adenocarcinomas.

RESULTS

We collected a cohorr of 25 lung adenocarcinoma speci-
mens of neversmokers that lacked murations in KRAS or
EGIR, on which we performed chromosomal gene copy-
number analysis as well as transcriptome sequencing with
the aim of identifying new oncogenic driver alterations. We
applied a novel compurational data analysis strategy chat
combines split-read and read-pair analyses wicth de novo
assembly of candidate regions containing potential break-
points to achieve sensitive and accurate detection of fusion
transcripts (see Methods; Fernandez-Cuesta and colleagues,
published elsewhere). Of the 25 samples analyzed (Sup-
plementary Table S1), 10 carried a known oncogene. One
sample exhibited EGFR amplification, paralleled by overex-
pression of the gene (Fig. 1A and Supplementary Fig. S1). We
also found 3 cases each of ALK, ROSI1, and RET fusions (Fig.
1A and Supplementary Table S2). In addition, we detected
one sample carrying a novel chimeric transcript fusing the
first six exons of CD74 to the exons encoding the EGF-like
domain of the neuregulin-1 (NRG1) III-B3 isoform (Fig. 1A
and B and Supplementary Table S2). This fusion raised our
interest because CD74 is part of recurrent fusions affecting
the ROSI (3) kinase in lung adenocarcinoma, and because
NRGI encodes a ligand of ERBB receptor tyrosine kinases,
which are also frequently affected by genome alterations in
this tumor type. NRG1 provides the ligand for ERBB3 and
ERBB4 receptors (11). The NRG1 isoform present in our
fusion transcript belongs to the type Il and carries the EGF-
like domain type B, which has higher affinity to the recep-
tors than the o-type (12). NRG1 type Il expression is mostly
limited to neurons and is the only isoform displaying this
degree of tissue-specific expression (13). Only the sample
carrying the CD74-NRG1 fusion exhibired high expression
of the NRG1 III-B3 isoform [74 fragments per kilobase per
million reads (FPKM); Fig. 1C, top; Supplementary Table
S3], and in this specimen there was no expression of the
wild-type allele (Fig. 1C, botrom). In addition, NRG1 was

generally not expressed in lung adenocarcinoma as shown
by transcriptome sequencing data of our cohort of 25 lung
adenocarcinomas of never smokers (Fig. 1C, top, and Supple-
mentary Table $3), and of a cohort of 15 unselected lung ade-
nocarcinomas (Fig. 1C, top, and Supplementary Table S4).
The fusion resulted from a somatic genomic event as CD74-
NRGI fusion FISH and NRGI break-apart FISH revealed
rearrangements in the respective chromosomal regions in the
tumor cells, but not in surrounding nontumoral cells (Fig.
1D and Supplementary Fig. S2). Furthermore, by applying
hybrid-capture-based massively parallel genomic sequencing
(Fig. 1D and Supplementary Table S5), we found five and two
reads spanning and encompassing the chromosomal break-
point (chr5:149,783,493 and chr8:32,548,502), respectively.

We next performed reverse transcriptase PCR (RT-PCR)
using primers specific for the chimeric transcript to identify
additional tumors bearing the fusion in a set of 102 pan-
negative adenocarcinomas of never smokers (wild-type for
EGFR, KRAS, BRAF, ERBB2, ALK, ROS, and RET genes). We
identified four additional tumors carrying the fusion (Sup-
plementary Table S6), which were also confirmed by break-
apart FISH. All 5 cases (including the index case) occurred in
invasive mucinous adenocarcinomas (IMA) of women who
had never smoked (Fig. 2A). Invasive mucinous lung adeno-
carcinoma is highly associated with KRAS murations (14).
Indeed, out of 15 invasive mucinous lung adenocarcinoma
specimens (all derived from an East Asian population), six
carried a KRAS mutation (40%), and four carried the CD74~
NRGI fusion (27%; Fig. 2B; Supplementary Table S7). We
additionally tested other lung tumor subtypes (63 cases), as
well as four other cancer types (21 cases) and all were negative
for the fusion gene (Supplementary Table S6), suggesting a
strong link between the presence of CD74-NRGI and invasive
mucinous adenocarcinoma.

Characteristic features of type III NRGI are cytosolic
N-termini and membrane-tethered EGF-like domains (13,
15). In the case of CD74-NRG1, the part of CD74 is predicted
to replace the transmembrane domain present in wild-type
NRGI III-83, preserving the membrane-tethered EGF-like
domain (Fig. 2C). To validate this prediction, we transduced
NIH-3T3 cells with CD74-NRG l-encoding retroviruses, and
performed flow cytomertry analyses to determine the subcel-
lufar distribution of expression of the fusion protein. As
expected, we observed a positive intracellular (bur not extra-
cellular) signal for CD74 (Fig. 2D, left) and a positive extra-
cellular signal for NRG1 (Fig. 2D, right). Similar results were
observed in H2052 cells (Supplementary Fig. S3). Further-
more, we were unable to detect the fusion in the supernatant
of transduced cells with a polyclonal antibody raised against
the EGF-like domain (data not shown). Thus, the fusion
does not lead to secretion of the EGF-like domain, but prob-
ably generates a membrane-bound protein with the EGF-like
domain presented on the outside of the cell.

We next analyzed the expression of ERBB receptors in the
index case: ERBBI (EGFR) was almost not expressed (FPKM =
1.9; Fig. 3A; Supplementary Table S8; Supplementary Fig. S4)
and not phosphorylated (Supplementary Fig. S4). In con-
trast, ERBB2 was expressed (FPKM = 22.9; Fig. 3A; Supple-
mentary Table S8) and phosphorylated (Fig. 3B, left); similar
to ERBB2, ERBB3 was also expressed at relatively high levels
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Figure 1. Identification of the CD74-NRG1 fusion gene. A, overview of driver genes detected in a cohort of 25 EGFR- and KRAS-negative lung
adenocarcinomas of never smokers. B, detection of CD74-NRG1 fusion transcript by transcriptome sequencing. Schematic representation of the fusion
transcript domains and some of the transcriptome sequencing reads spanning the fusion point. C, expression levels of NRG1 isoforms in 15 unselected
and 23 pan-negative lung adenocarcinomas (AD; wild-type for EGFR, KRAS, BRAF, ERBB2, ALK, ROS, and RET), and, in the index case, inferred from tran-
scriptome sequencing data. Average FPKM values are shown (top). RNAseq analysis for NRGI reads to show where the breakpoint of CD74-NRG1 occurs.
The dip in exon 4 represents reads of the fusion that could not be mapped. No reads could be mapped to exons 1-3 (bottom). D, top, the genomic intron/
exon structure of the CD74 (in green) and the NRG1 locus (in orange) with the genomic breakpoints marked in red. Sequencing reads were obtained from
hybrid-capture-based genomic sequencing of 333 genes using genomic DNA of the index case (see Methods). The breakpoint-spanning reads are shown
by means of the Integrative Genomics Viewer (www.broadinstitute.org/igv/) focused on the CD74 gene (bottom). The gray area of the read is aligned

to the CD74 reference sequence. Colored area on the right indicates bases not matching the CD74 reference sequence. Sequence comparison reveals
alignment to the NRG1 reference sequence. Encompassing reads whose mate pairs are mapped to the NRG1 locus on chromosome 8 are displayed in dark
purple. Bottom, a representative picture of NRG1 break-apart FISH. Arrows, break-apart signals.
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Figure 2. Association of CD74-NRGI with invasive mucinous adenocarcinoma, and membrane localization of the fusion protein. A, clinical character-
istics of the index case and the 4 additional cases found to harbor CD74-NRG1. B, frequency of KRAS mutations and CD74-NRG1 rearrangements in a
cohort of 15 IMA tumors (East Asian population). C, schematic representation of wild-type NRG1 11-B3 and predicted CD74-NRG1 fusion protein in the
cellular membrane. D, intracellular and extracellular staining of CD74 (left), and extracellular staining of NRG1 (right) in CD74~-NRG1-transduced NIH-3T3
cells, detected by flow cytometry. The percentage of max is the number of cells in each bin divided by the number of cells in the bin that contains the

largest number of cells. e.v.. empty vector control.

(FPKM = 22.8; Fig. 3A; Supplementary Table $8) and also
phosphorylated (Fig. 3B, right). ERBB4 was not expressed in
the index case (FPKM = 0.2; Fig. 3A; Supplementary Table
$8). To our surprise, expression of phosphorylated ERBB3
(p-ERBB3) was almost exclusively restricted to fusion-positive
cases, as determined by an immunohistochemical analysis of
a tissue microarray containing 241 unselected adenocarcino-
mas. Although a positive signal was detected for p-ERBB3 in
the five CD74-NRG1-positive invasive mucinous adenocarci-
nomas, only six of 241 unselected adenocarcinomas exhibited
detectable levels of p-ERBB3 (P < 0.0001; Fig. 3C). Together,
these observations support the notion that CD74-NRG1
might provide the ligand for ERBB2-ERBB3 heterodimers,
thus activating the phosphoinositide 3-kinase (PI3K)-AKT
pathway, as previously shown for wild-type NRG1 (16).

To formally test this hypothesis, we transduced different cell
lines with retroviruses encoding CD74-NRG1 and performed
Western blot analyses under starving conditions. Because NTH-
3T3 cells have low-to-absent expression of ERBB receptors,
and NIH-3T3 cells ectopically expressing ERBB2 and ERBB3
are already oncogenic (Supplementary Fig. SS), we decided to
use H322 and H1568 lung cancer cell lines expressing normal
ERBB2 and ERBB3 levels instead. We transduced these cell
lines with either an empty vector, a virus containing the full
fusion transcript, or a virus containing a truncated version of
the fusion lacking the EGF-like domain (Supplementary Fig.
S6). We observed that H322 and H1568 cell lines ectopically
expressing CD74-NRG1 showed increased levels of p-ERBB2,
p-ERBB3, p-AKT, and p-S6K when compared with the empty
vector control (Fig. 3D). Furthermore, both p-ERBB3 and
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Figure 3. Functional relevance of CD74-NRGL1. A, expression levels of ERBB receptors in the index case inferred from transcriptome sequencing
data. FPKM values are shown. B, levels of p-ERBB2 and p-ERBB3 detected by immunohistochemical analysis in a CD74-NRG1-positive case using and
antibody directed against ERBB2 Tyr1221/1222 and ERBB2 Tyr1289. C, the same p-ERBB3 antibody was used to stain a tissue microarray composed of
241 lung adenocarcinomas. The frequency of p-ERBB3-positive cases in this cohort versus the five CD74-NRG1-positive samples is shown (P < 0.0001).
D, activation of the PI3K-AKT pathway detected by Western blot analysis of H322 and H1568 lung cancer cells transduced with retroviruses encoding
CD74-NRG1 or the empty vector control (e.v.). E, levels of p-ERBB3 and p-AKT measured by Western blot analysis in the presence of an empty vector,
CD74-NRG1, or a truncated version lacking the EGF-like domain (CD74-NRG1_AEGF). F, anchorage-independent growth of H1568 cells expressing an
empty vector, CD74-NRGI, or a truncated version lacking the EGF-like domain (CD74-NRG1_AEGF). Top, the average colony size for the three condi-
tions, with error bars representing standard deviations. The experiment was performed with two independent transductions for a total of four times.
**,P<0.01;** P <0.001. Bottom, representative pictures of the colony formation assay. Please note that H1568 cells are oncogenic and form small
colonies without any manipulation.
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p-AKT depended on the presence of the EGF-like domain of
CD74-NRG1 in the fusion (Fig. 3E). In addition, coculture of
NIH-3T3 cells ectopically expressing CD74-NRG1 with Ba/F3
cells genetically engineered to express normal ERBB2 and
ERBB3 levels also led ro activation of AKT (Supplementary Fig.
S7). Finally, H1568 cells ecropically expressing CD74-NRG1
exhibited enhanced colony formarion in soft-agar assays (Fig.
3F; Supplementary Table S9). Taken together, these data sug-
gest that CD74-NRG1 leads to overexpression of the EGF-
like domain of NRG1 III-B3 that acts as a ligand for ERBB3,
inducing its phosphorylation and subsequent activation of the
downstream PI3K-AKT pathway.

DISCUSSION

We have discovered CD74-NRGI, a novel recurrent fusion
gene in lung adenocarcinoma that arises from a somatic
genomic event. Taking into account the frequencies of muta-
tions of EGFR (11.3%), KRAS (32.2%), BRAF (7%), ERBB2 (1.7%),
or fusions affecting ALK (1.3%), ROS (1.7%), and RET (0.9%;
refs. 17, 18) in lung adenocarcinomas, for which our cohort
was negative, and the fact that we found 4 positive cases in
our validation cohort of 102 pan-negative lung adenocarcino-
mas, we estimate that the frequency of CD74-NRGI in lung
adenocarcinomas is approximately 1.7%; however, it is of note
that our validation cohort was from an Asian population, so
this frequency might be different in Caucasians. CD74-NRG1
occurred specifically in invasive mucinous lung adenocarcino-
mas of never smokers, a tumor type that is otherwise associated
with KRAS mutations (14). In our cohort of limited size (n =
15), CD74-NRG]1 fusions accounted for 27% of invasive muci-
nous lung adenocarcinomas; together, KRAS mutations and
CD74~NRG1 may therefore be considered the causative onco-
genes in more than 60% of the cases. We provide evidence that
CD74-NRG1 signals through induction of ERBB2-ERBB3
heterodimers, thus leading to PI3K-AKT pathway activation
and stimulation of oncogenic growth. In light of the multitude
of available drugs targeting ERBB2, ERBB3, and their down-
stream pathways (19), CD74-NRGI fusions may represent a
therapeutic opportunity for invasive mucinous lung adenocar-
cinomas, which frequently present with multifocal and unre-
sectable disease, and for which no effective treatment exists.

METHODS

Sample Preparation, DNA and RNA Extraction,
and lllumina Sequencing

Sample preparation and DNA and RNA extraction were performed
as previously described (20). RNAseq was performed on ¢DNA librar-
ies prepared from PolyA+ RNA extracted from tumor cells using
the Illumina TruSeq protocol for mRNA. The final libraries were
sequenced with a paired-end 2 x 100 bp protocol aiming at 8.5 Gb
per sample, resulting in a 30X mean coverage of the annotated tran-
scriptome. All the sequencing was carried on an Illumina HiSeq 2000
sequencing instrument (Illumina).

Analysis of Chromosomal Gene Copy Number
(SNP 6.0) and RNAseq Data

Hybridization of the Affymetrix SNP 6.0 arrays was carried out
according to the manufacturers’ instructions and analyzed using a
previously described method (20). For the analysis of RNAseq data,

we have developed a pipeline that affords accurate and efficient map-
ping and downstream analysis of transcribed genes in cancer sam-
ples (Fernandez-Cuesta and colleagues; published elsewhere). A brief
description of the method was previously provided (20).

Analysis of Targeted Enrichment Genome Sequencing

Genomic DNA was isolated from fresh-frozen tumor tissue and sub-
jected to CAGE Scanner analysis. This approach involves liquid-phase
hybrid capture of genomic partitions enriched for genome alterations
affecting 333 known cancer-associared genes (also including CD74).
Subsequent to generation of genomic libraries from tumor DNA and
capeure, sequencing was performed on the llumina platform accord-
ing to the manufacturer’s instructions. Significant genomic alterations
were identified using approaches described previously (20).

Dideoxy Sequencing

In case of validation, sequencing primer pairs were designed
to enclose the putative muration, or to encompass the candidate
rearrangement or chimeric transcript as previously described (20).
Sequencing was carried out, and electropherograms were analyzed by
visual inspection using four peaks.

Interphase FISH on Formalin-fixed,
Paraffin-embedded Sections

Two sets of probes were prepared. One was for break-apart
FISH of which probes were mapped at centromeric and telomeric
regions between the break point. The other was for fusion FISH
that spanned the NRGI and CD74 loci. To intensify the signals, each
probe was made of two or three BAC clones as follows, and the probes
were labeled with SpectrumGreen and SpectrumOrange (Abbott
Molecular-Vysis). Centromeric probes for break-apart FISH were
RP11-1002K11 and PR11-25D16. Telomeric probes for break-apart
FISH were RP11-23A12 and PR11-715M18. NRGI probes for fusion
FISH were RP11-715H18, RP11-5713, and PR11-1002K11. CD74
probes for fusion FISH were PR11-759G10 and PR11-468K14.

Immunohistochemistry

Immunohistochemistry was performed as previously described (21).
In brief, the tissue samples were stained with p-ERBB2 (Tyr1221/1222;
Cell Signaling Technology) and total ERBB1 (EGFR; Dako) at a dilu-
tion of 1:1,000 and 1:50, respectively. The Zeiss MIRAK DESK scanner
was used o digitize the stained tissue. Staining for p-EGER (Tyr1068;
Cell Signaling Technology) and p-ERBB3 (Tyr1289; Cell Signaling
Technology) was processed with an automated stainer (Autostainer;
Dako), using the FLEX+ detection system (Dako).

Cell Culture

H2052, H322, and H1568 cells were obtained from the American
Type Culture Collection and maintained in RPMI-1640 medium (Life
Technologies) supplemented with 10% fetal calf serum (FCS; Gibco)
and 1% penicillin-strepromycin (Gibco). The cells were cultured in a
humidified incubator with 5% CO, at 37°C. For Western blot analysis
experiments, cells were serum starved for 24 hours. NIH-3T3 cells
were maintained similarly but in Dulbecco’s Modified Eagle Medium
(DMEM,; Life Technologies). The cells were confirmed to be wild-type
for KRAS, EGFR, ERBB2, and ERBB3 by PCR amplification followed
by Sanger sequencing of the PCR products. The cell lines have been
authenticated via genotyping (SNP 6.0; Affymetrix) and tested for
Mycoplasma contamination on a regular basis (MycolAlert; Lonza).

FACS Analysis

NIH-3T3 mouse fibroblast cells were transduced with retrovi-
rus containing empty vector, CD74-NRGI, ERBB2, ERBB3, and
ERBB2+ERBB3. H2052 cells were transduced with retrovirus
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containing empty vector or CD74-NRG1. Transduced cells (200,000)
were washed in fuorescence-activated cell sorting (FACS) buffer
(PBS, 2% FFCS) and fixed in 4% paraformaldehyde for 30 minutes at
room temperature. For permeabilization, cells were washed twice in
Saponin buffer (PBS, 0.5% Saponin, and 2% FCS) and intracellular
staining of CD74~NRG1 was performed with anti-human-CD74-PE
(1:100; BioLegend). Intracellular staining of ERBB2 and ERBB3 was
performed with ant-ERBB2 and anti-ERBB3 antibodies (1:50; Cell
Signaling Technology). Binding of ERBB2 or ERBB3 was detected with
goat-ant-rabbit-Alexa Fluor 488 (Life Technologies). Extracellular
staining was performed before permeabilization with anti-human-
CD74-PE and anti-NRG1 antibody (1:20; R&D Systems). Binding
of the NRG1 part was detected with donkey-anti-goat-Alexa Fluor
488 (Life Technologies). Subsequently, cells were analyzed on a BD
LSR 1II (Beckman Coulter) and quantification was assessed with
FlowJo (TreeSrar).

Western Blot Analysis

Immunoblotting was performed using standard procedures. The
following antibodies were obtained from Cell Signaling Technol-
ogy: p-AKT Ser473 (Catalog No. #9271), p-P70/S6 (Catalog No.
#9205), rotal ERBB2 (Catalog No. #2242), p-ERBB2 (Catalog No.
#2243), rotal ERBB3 (Catalog No. #4754), and p-ERBB3 (Catalog
no. #4791). Anti-human CID74 was obtained from Abcam (Catalog
No. # ab22603), and anti-polyclonal NRG1 B 1 was obtained from
R&D Systems (Catalog No. AF396-NA). Actin-horseradish peroxi-
dase (HRP) antibody was obtained from Santa Cruz Biotechnology
(Catalog No. #sc47778). The antibodies were diluted in 5% BSA/
TBST and incubated ar 4°C overnight. Proteins were detected with
HRP-conjugated anti-mouse, anti-goat, or anti-rabbit antibodies
(Millipore) using enhanced chemiluminescence (ECL) reagent (GE
Healthcare).

Colony Formation Assay

On a layer of bottom agar (1%), NIH-3T3 cells were suspended at
low density in top agar (0.5%) containing 10% FCS, and were grown
for 14 days. Subsequently, pictures were taken and systematic analy-
ses were performed with the Scanalyzer (LemnaTec). H1568 cells
were cultured under standard conditions in RPMI in 10% FCS and
1% penicillin-streptomycin. p-BABE retroviral vector inserts were
confirmed via Sanger sequencing. The cells were generated by at least
two independent transductions with retrovirus containing empty
vector, CD74-NRGI, or CD74-NRGI_ AEGF. After selection for 7
days with puromycin (3 ug/mlL), cell lysates were taken for Western
blot analysis, and cells were also used for colony formation assays as
follows: on a layer of botrom agar (1.2%) cells were suspended at low
density in top agar (0.6%) containing 10% FCS (final concentration),
and were grown for 14 days. Subsequently, pictures were taken with a
Zeiss Axiovert 40 CFL microscope at X100 magnification, and colony
size was assessed with Image] (http://rsbweb.nih.gov/ij/).

Generation of Ba/F3_ERBB2+ERBB3 Cells

The ERBB2 and ERBB3 open reading frames were amplified by
PCR and cloned into the MSCV-puromycin or MSCV-neomycin
vectors, respectively (Clonetech). Ba/F3 cells expressing ERBB2 and
ERBB3 were generated by retroviral transduction and subsequent
puromycin or/and neomycin selection. We verified the expression
of the correct proteins by Western blot analysis. Ba/F3 cells were
cultured in RPMI-1640 medium supplemented with 10% FBS and
1 ng/mL mouse interleukin-3.

Statistical Analyses

In Fig. 3C and F, we used a two-tailed Fisher exact test.
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Abstract ‘

Elucidation of how pancreatic cancer cells g:ve rise to dnstant metastasis is urgently needed in order to prowde not ,

_only a better understanding of the underlying molecular mechanisms, but also to identify novel targets for greatly

improved molecular diagnosis and therapeutic intervention. We employed combined proteomic technologies

“including mass spectrometry and isobaric tags for relative and absolute quantification peptide tagging to analyze
protein profiles of surgically resected human pancreatic ductal adenocarcinoma tissues. We identified a protein,

_ dihydropyrimidinase-like 3, as highly expressed in. human pancreatic ductal adenocarcinoma tissues as well as
pancreatic cancer cell lines. Characterization. of the roles of dlhydropynmldmase-hke 3 in relation to cancer cell
. adhesion and migration in vifro, and metastasis in vivo was performed using a series of functional analyses, including
- those employing multiple reaction monitoring proteomic analysis. Furthermore, dihydropyrimidinase-like 3 was found

to interact with Ezrin, which has important roles in cell adhesion, motility, and invasion, while that interaction

. promoted stabilization of an adhesion complex consisting of Ezrin, ¢-Src, focal adhesion kinase, and Talin1. We also

- found that exogenous expression of dihydropyrimidinase-like 3 induced act;vatmg phosphorylatlon of Ezrin and ¢-Src,

leading to up-regulation of the signaling pathway. Taken together, the present results indicate successful application

- of combined proteomic approaches to-identify a novel key player, dihydropyrimidinase-like 3, in pancreattc ductal
adenocarcinoma - tumorigenesis, which may serve as an lmportant biomarker and/or drug target to |mprove,

therapeutlc strategles : .
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Introduction elucidation of the underlying mechanisms of invasion and
distant metastasis is crucial to improve the current dismal
Pancreatic cancer is the fifth leading cause of cancer death  outcome. Along this line, we previously established a highly
in Japan with more than 24,000 annual deaths [1], while lung  metastatic clone (NCI-H460-LNM35, hereafter referred to as
cancer is another hard-to-cure cancer with the highest death LNM35) of a non-small cell lung cancer cell line, which helped
tolls of more than 70,000 lives a year [2]. Widespread  to identify involvement of the COX-2, CLCP-1, and DLX-4
metastasis and/or massive local invasion are commonly  genes in cancer metastasis through global expression profiling
present, when they are diagnosed, making long-term survival  analysis of LNM35 and its low-metastatic parental clone, NCI-
of these cancers remain unsatisfactory. Thus, it is evident that H460-N15 (herein called N15) [3-8].
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Comprehensive analysis of protein expression patterns in
biological materials may improve understanding of the
molecular complexities of human diseases, and could be useful
to detect diagnostic or predictive protein expression patterns
that reflect clinical features. We previously employed Matrix-
assisted laser desorption/ionization mass spectrometry (MALDI
MS) for expression profiling of proteins in human lung cancer
specimens and found that the resultant proteomic patterns
could predict various clinical features [9,10]. We have
employed quantitative proteomic analysis with the use of a
peptide tagging technology, isobaric tags for relative and
absolute quantification (iTRAQ), in order to obtain mechanistic
insight into metastasis in human lung cancer [11]. However,
only limited number of studies in the area of pancreatic cancer
research have exploited this high-throughput method, and
various proteins thus far identified as differentially expressed
during the development of pancreatic cancer have not been
studied in detail in order to gain molecular insight into the
aggressive nature of this devastating cancer with frequent
massive invasion and distant metastasis [12,13].

In the present study, we searched for proteins differentially
expressed between cancerous and normal pancreatic duct
epithelium through proteomic profiling with iTRAQ, which
resulted in the identification of high expression of
dihydropyrimidinase-like 3 (DPYSL3) in human pancreatic
cancer. We also report detailed functional characterizations of
DPYSL3 in relation to cancer cell proliferation, invasion, and
metastasis by-applying a combined proteomic approach with
the aid of multiple reaction monitoring (MRM) technology.

Results

Identification of differentially expressed DPYSL3 in
pancreatic ductal adenocarcinoma

We compared the protein profiles between a set of 7
individual fresh-frozen pancreatic ductal adenocarcinoma
(PDAC) specimens and a mixture of 3 pooled normal main
pancreatic duct (MPD) tissue specimens using mass
spectrometry combined with iTRAQ peptide tagging
technology, and identified 1015 proteins (Figure 1A and Table
83). For each patient, we selected proteins based on the
relative expression in PDAC tissue as compared with pooled
MPD that was greater than the average ratio +2 SD, then
evaluated the frequency of the selected proteins in the 7 PDAC
patients. Accordingly, we found 19 up-regulated proteins that
were selected in at least 2 specimens (Table 1). Among those,
up-regulation of dihydropyrimidinase-related protein 3
(DPYSL3), histone H2B type 1-J (H2BJ), and glutathione S-
transferase P1 (GSTP1) was observed in all 7 of the PDAC
specimens (Figure 1B). Up-regulation of H2BJ and GSTP1 is
considered to reflect a higher rate of PDAC cell division
[15,16] . However, the functional relationship between the
characteristics of PDAC and dihydropyrimidinase is unclear.
Accordingly, we initially employed western blotting to verify the
proteomic data using an independent validation set of PDAC
tissue specimens. Expression of DPYSL3 protein was
observed in 16 of 22 (77.7%) PDAC tissues, whereas signal of
DPYSL3 was not confirmed in the 3 MPD specimens that
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comprised an independent validation cohort in western blotting
(Figure 2 and Table S2). Since mass spectrometric analyses
sometimes show higher sensitivity than western blot analyses
depending upon specificity and sensitivity of antibody used,
though the signal from DPYSL3 were confirmed in 3 pooled
MPD in MS profiling, we could not detect it in all of 3 MPD
specimens that comprised an independent validation cohort in
western blot analyses. Of note, three additional bands other
than wild-type DPYSL3 were observed in western blotting
analyses, thus we investigated the possibility that these bands
reflected modification of DPYSL3. DPYSL3-positive PDAC cell
lines (Figure 3A and Figure S1A) were treated with
phosphatase and a glycosylation inhibitor and subjected to
western blotting assay, however, no significant change was
observed (Figure S1B). Since we confimed DPYSL3
expression in SU86.86 cells, which expresses one of additional
products, using MRM analyses with 6 different transitions
(Figure 3B and Figure S2), we understand that heterogeneous
bands observed in this cell line as well as PDAC tissue
specimens may be alternative splicing variants of DPYSL3. We
next employed Image J software to compare expression level
of DPYSL3 across PDAC patients, and divided them into two
groups, high-DPYSL3 and low-DPYSL3, according to DPYSL3/
B-actin ratio (Table S2). We conducted statistical analyses to
evaluate the significance of DPYSL3 expression in relation to
the listed clinical characteristics, however, no significant
association between DPYSL3 and clinical characteristics was
observed.

Involvement of DPYSL3 in pancreatic cancer cell
survival

Next, we examined whether DPYSL3 knockdown affects the
viability of pancreatic cancer cells. Since CFPAC-1 cells were
shown to highly express DPYSL3 protein and mRNA in
western blotting analysis and real-time RT-PCR, respectively,
as compared with immortalized normal pancreatic duct cells
(ACBRI515) (Figure 3A and Figure S1A), siDPYSL3 was
introduced into CFPAC-1 cells and an MTT assay was
employed to evaluate the effect of DPYSL3 knockdown. As
shown in Figure 3C, cell viability was significantly reduced by
addition of siDPYSL3 into DPYSL3-positive CFPAC-1 cells,
whereas the DPYSL3-negative MIA PaCa2 and PANC-1
pancreatic cancer cell lines did not show any such effect
(Figure S3). Introduction of 2 different siRNAs against DPYSL3
#1 and #2) showed similar inhibitory effects on cell
proliferation, demonstrating the specificity of siRNA-mediated
DPYSL3 knockdown (Figure 3C). Flow-cytometric analysis
revealed an increase in the sub-G1 population of CFPAC-1
cells after introduction of siDPYSL3, suggesting that the
induction of apoptosis is part of the mechanism for reduction of
cell viability (Figure 3D). Accordingly, we investigated
expressions of cleaved-PARP and -caspase-8 in siDPYSL3-
treated CFPAC-1 cells, and found that slight induction of these
cleaved products in siDPYSL3-treated adhering cells (Figure
3E). Since siDPYSL3-treated CFPAC-1 cells showed a
rounded morphology and many of the cells were detached from
the bottom of the culture dishes (Figure S4), we speculated
that DPYSL3-knockdown cells die after detachment. To
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