analyzed with FACSCalibur and CellQuest software (BD
Biosciences). The statistical analysis was performed with
ANOVA.

Western blot analysis

Cells were treated with IFNs and the cell lysate was
subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis. The protein was transferred to a nylon filter
and was hybridized with antibodies against p53 (Lab Vision,
Fremont, CA, USA), phosphorylated p53 at serine (Ser) 15,
Bax, cyclin E, caspase-3, cleaved caspase-3, caspase-8,
cleaved caspase-8, caspase-9, cleaved caspase-9, FADD (Cell
Signaling, Beverly, MA, USA), p21 (Santa Cruz Biotech, Santa
Cruz, CA, USA), p27 (BD Biosciences), or actin (Sigma-
Aldrich, St Louis, MO, USA). The membranes were developed
with the ECL system (GE Healthcare, Buckinghamshire, UK).

Results

Expression of IFN receptor complexes

We examined receptor expressions of type | and type Il
IFNs in 5 kinds of human mesothelioma and Met-5A cells with
RT-PCR analyses (Figure 1). The type | IFN receptor complex
consists of IFNAR-1 and IFNAR-2 molecules and all the cells
expressed both receptor genes. In contrast, all the
mesothelioma expressed only one of the heterodimeric type i
receptor genes, the /L-10RB, but not the /L-28Ra. Immortalized
Met-5A cells expressed both of the type lll receptor genes.
These data collectively suggested that the mesothelioma cells
could respond to type | [FNs but not to type Ill IFNs, whereas
Met-5 cells could response to both IFNs.

Growth inhibitory action of IFNs on mesothelioma

We examined cytotoxic activities induced by IFNs with the
panel of mesothelioma and Met-5A cells. IFN-a and IFN-B
suppressed the viability in a dose-dependent manner, and the
suppressive activities of IFN-3 were greater with than those of
IFN-a (Figure 2A). We confirmed the suppressive actions with
Bonferroni multiple testing correction (Table S1). In contrast,
IFN-A1  did not produce growth inhibitory effects in
mesothelioma cells, whereas human esophageal carcinoma
T.Tn cells, which were positive for both IL-28Ra and {L-108
[17], were sensitive to IFN-A1 (Figure 2B & Table S1). Growth
of Met-5A cells was minimally suppressed with IFN-A1 at a high
dose. The differential susceptibility to type Il IFNs, as found in
T.Tn and Met-5A cells, suggested that sensitivity to IFN-A1 was
dependent on cell types even though they expressed type lli
receptor complexes [17]. IFN-a or -B-mediated growth inhibition
was also demonstrated by counting live cells (Figure 2C &
Table S1). The growth retardation caused by the same unit
was greater with IFN-B than IFN-a in any of cells tested. These
data demonstrated that type | but not type Il IFNs suppressed
proliferations of mesothelioma and that IFN-$ had the inhibitory
activities greater than IFN-a.

PLOS ONE | www.plosone.org
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Type | IFNs-mediated cell cycle changes

We compared cell cycle changes induced by | IFN-a and -8
on mesothelioma and Met-5A cells (Table 1, representative
data in Figure 3A). Type | IFNs-treated cells showed increased
S- and G2/M-phase populations, and subsequently augmented
sub-G1-phase fractions although these cell cycle alterations
were dependent on respective cells used. The time-course
data suggested that the increase at S-phase preceded that of
G2/M-phase. The cell cycle changes, increased S- and G2/M-
phase populations and then sub-G1 fractions, were greater
with IFN-B treatments than with IFN-a treatments. Cell cycle
changes of Met-5A were similar to mesothelioma cells except
that Met-5A cells did not show increased sub-G1 populations.
We also stained IFNs-treated cells with annexin V or PI, and
found that the cells became annexin V-positive but not Pl-
positive (Table S2). These data suggested that mesothelioma
cells were subjected to apoptosis with type | IFNs.

We also examined up-regulated expression levels of class |
molecules of the major histocompatibility complex (MHC) in
mesothelioma cells (Figure 3B). IFN-a and -B increased the
expression in NCI-H2052 and NCI-H226 cells, and the
increased levels were greater with IFN-B than with IFN-a in
both cells. In contrast, IFN-A1 did not change the class |
expression levels in these cells (data not shown). Compared
activities of IFN-a and IFN-B on cell cycle changes and up-
regulated expression of MHC class | molecules indicated that
IFN-B had stronger biological actions than IFN-a.

Activation of p53 and apoptotic pathways

We further investigated possible p53 activation induced by
the type | IFNs in 2 representative mesothelioma cells (Figure
4A & 4B). Cell cycle analyses after IFN-B treatments showed
that NCI-H2052 cells increased S- and G2/M-phase fractions
but less significantly augmented sub-G1 population, whereas
NCI-H28 cells increased S-phase and then sub-G1 fractions
(Table 1). The IFN-B treatment induced up-regulated p53 levels
and the phosphorylation at Ser 15 residues, a marker of the
p53 activation, in both NCI-H2052 and NCI-H28 cells, but these
changes were undetectable or minimal in IFN-a-treated cells.
IFN-B-treated NCI-H2052 and NCI-H28 cells showed up-
regulated levels of p21 and Bax expression. The increased p21
expression was however undetectable in IFN-a-treated cells,
and the up-regulated Bax expression was less significant in
IFN-a-treated cells than in IFN-B-treated cells. Expression
levels of p27 increased in NCI-H28 cells with either I[FN-a or
IFN-B treatment but those in NCI-H2052 cells remained
unchanged.

We examined activations of caspases in [FNs-treated cells
(Figure 4C & 4D). Cleavage of caspase-3 was augmented by
IFN-B treatments in NCI-H2052 and NCI-H28 cells. Expression
levels of cleaved and uncleaved caspase-8 were up-regulated
in IFN-B-treated NCI-H28 cells and less significantly in IFN-8-
treated NCI-H2052 cells. [FN-a treatments increased
caspase-3 cleavage and slightly augmented caspase-8
cleavage only in NCI-H28 cells. Both IFN-B and IFN-a did not
induce caspase-9 cleavage. Expression levels of FADD, an
upstream molecule of the extrinsic pathway, increased in IFN-
B-treated NCI-H28 and NCI-H2052 cells, and in IFN-a-treated
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Figure 1. Type | and Ill IFNs receptors expression. (A) Expressions of IFNAR-1, IFNAR-2, IL-28Ra and IL-10Rp genes were
analyzed with RT-PCR. Representative data of 3 independent experiments and GAPDH is shown as a control. (B) Expression
levels of IFNAR-1, IFNAR-2, IL-28Ra and IL-10RB genes were quantified with the Imaged software (http:/rsb.info.nih.govi/ij/
features.html) and the respective relative intensities were determined based on the corresponding GAPDH expression level.

Average intensities with SEs are shown (n=3).
doi: 10.137 1/journal.pone.0072709.g001

NCI-H28 cells. These data showed that the activation was
greater with IFN-B than with IFN-a and suggested that IFNs
activated the extrinsic apoptotic pathway in mesothelioma.
Expression levels of cyclin E, associated with G1- to S-phase
progression [18,19], were also up-regulated in IFN-B-treated
NCI-H28 and NCI-H2052 cells and in IFN-a-treated NCI-H2052
cells (Figure 4C & 4D).

Combinatory effects of IFN-B and anti-cancer agents

We tested a possible combinatory cytotoxic activity produced
by IFN-B and anti-cancer reagents, CDDP and PEM.

PLOS ONE | www.plosone.org

Mesothelioma cells were treated with IFN-B and with CDDP or
PEM at various concentrations, and the combinatory effects
were examined by calculating Cl values (Figure 5). The CI
values at various Fa points showed that IFN- and CDDP were
synergistic in the inhibitory activity in most of the cells except
NCI-H2452 cells at above 0.3 Fa points and NCI-H28 cells at
above 0.4 Fa points (Figure 5A). Combination of IFN-B and
PEM also produced synergistic effects in all the cells at Fa
points between 0.3 and 0.7 except NCI-H226 cells at above 0.6
Fa points (Figure 5B). We also examined percentages of sub-
G1-phase fractions induced by the combinatory treatment of

August 2013 | Volume 8 | Issue 8 | e72709



IFN-Mediated Growth Inhibition of Mesothelioma

A
NCi-H2452 NCI-H2052 NCL-H226
- B IFN-« o FNae
Lo LOIFNg &7 o
g s g
8 | B
> 50 : § 50
S 2
&2 g
g ~ 2
' NS ss
N A W E
IFN (Uiml) IFN (UImi)
MSTO-211H Met-5A
S glm ®IFN-« gm{) _
2 . 25 g5
g7 3 3
£ 2 5 £
e 2 2
g B : g
E & o B & 0
e
DRI IR
NS S
AESAIN RN g
IFN (Uimi) IFN (Ufmi)
B
. NCI-H2452 NCI-H2052 NCI-H226
S gxao g:e»s
2 E 5
% S Ex g
3> @ o
% k) _% ES) % 2
N ) ]
FINSS SIS ETSISS S S ETNSTSS S

IFN-21 (ngimi)

IFN-A1 (hgimi)

IFN-21 (ngfmi)

- NCKH28  _ MSTO2MH Met-5A T.Tn
R SRwe . Sie . S
K=} = a a
£s £x £s £ 5
@ @ @® [
2 25 2 2
] g § Kl H H
D g ) D o T o
R T N L O
IFN-21 (ng/mb) IFN-21 (ngiml) IFN-11 (ng
c NCi-H2452
12 -0 PN
€ | = IFNaw - %
X 9 -k~ IFNp =18
5 2
2 s En
£ 3
2 ; =
= ]
D
C A
0 1 3 H o 3 3 H
Days Days
MSTO-
NCI-H226 - - G-211H
g =0 £ Sul T e
6 [ FNe L% X i IFNB .
Sy LA IENg -~ 5
2 T 8 €0 R
£ £ E
2 4 2 = 15
- - @
S 3 Oy
o 1 3 3 ¢ ! 3 ®
Days Days

Figure 2. Growth inhibition by Type | and Il IFNs.

Cells were treated with various dose of IFN-a or -B (A), or IFN-A1 (B) for 5

days, and the cell viabilities were measured with the WST assay. The relative viabilities were calculated based on the absorbance
without any treatments. Means of triplicate samples and SE bars are shown (n=3). T.Tn cells, sensitive for IFN-A1-mediated growth
inhibition, were used as a positive control. *P < 0.01, comparing IFN-treated and untreated cells. (C) Cells were also cultured with or
without IFN-a or -8 (3,000 U/ml), and live cells numbers were determined with a dye exclusion test. Means and SE bars are shown

(n=3), *P < 0.01.
doi: 10.1371/journal.pone.0072709.g002
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Table 1. Cell cycle distributions after type | IFNs Table 1 (continued).
treatments.
Time
Time Cell Treatment (hr) Cell cycle distribution (%)
Cell cycle distribution (%) : ; By g

Cell Treatment (hr)

NCI-H2452 () 48

PN

IFN 48
.
ENa 72
e 63+
IFN-B 72 E =
e = h G
NCI-H2052 () 48 05301
. FNa 48 07204
FN-p 48 112041
0
FNa 72
IFNB T2
NCIH226 () 72 19202

IFN-B 72
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s eam

705+03 117102 16.6+02

| 474306

73203 17.9+0.1

72403 98+02 156405
201+

508409 16614
0.8

681407 112506 16509

61.9+06 15902 17205

Cs32:19 T 77118

725+04 13.1£0.1

610:04

23.2%

0.8

Cells were treated with or without IFN-a or - B (3,000 U/mil) for the indicated
periods. Cell cycle profiles were analyzed with flow cytometry, and the percent

52+08 51.9+0.8

mean and SE of each fraction are shown (n=3).
° P < 0.05, comparing IFN-a- or IFN-B-treated and untreated cells.
" P < 0.01, comparing IFN-a- or IFN-B-treated and untreated cells.

IFN-B and CDDP or PEM in NCI-H2052 and NCI-H28 cells
(Table 2). The sub-G1-phase populations were greater in cells
treated with IFN-B and CDDP or PEM than those treated with
IFN-B or the agents alone. In particular, the sub-G1-phase
fractions in NCI-H2052 cells treated with IFN-B and CDDP or
PEM were significantly great compared with those in | IFN-3-,
CDDP- or PEN-treated cells. CDDP or PEM treatments
increased S-phase fractions in NCI-H2052 and NCI-H28 cells,
but the influence on G2/M-phase populations was variable.

Discussion

In this study, we investigated cytotoxic effects of type | and
type lIl IFNs and compared the biological activities between
IFN-a and IFN-B. Moreover, we showed firstly to our
knowledge combinatory cytotoxicity of IFN-B with the first-line
anti-cancer agents for mesothelioma.

Type Il IFNs was recently shown to produce anti-
proliferative actions in a number of cancer cells [7,17], but the
present study demonstrated that IFN-A1 did not inhibit growth
of mesothelioma cells due to the lack of IL-28Ra expression.
Previous studies showed that expressions of type | IFN
receptor complexes and IL-10RB were ubiquitous but that of
IL-28Ra could be restricted in a tissue-specific manner [7].
Interestingly, Met-5A cells of mesothelium origin were positive
for IL-28Ra in contrast to mesothelioma cells, suggesting that
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doi: 10.1371/journal.pone.0072709.g003
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Figure 4. Expression of molecules involved in the p53 pathways, cell cycle and apoptosis. NCI-H2052 and NCI-H28 cells
were treated with or without IFNs (3,000 U/ml) and cultured for the indicated time. Expression levels of (A) p53-, (C) cell cycle- and
apoptosis-linked proteins were analyzed with Western blot analyses. Representative data of 3 independent experiments are shown
and actin is used as a loading control. Relative expression levels of (B) p53 pathways-linked, (D) cell cycle-linked and apoptosis-
linked molecules were quantified with the ImageJ software (http://rsb.info.nih.gov/ij/features.html). The relative intensity of each
molecule was calculated based on (B) the corresponding actin, and (D) the uncleaved caspase (caspase-3, -8 and -9) or actin
(FADD, cyclin E) expression level. (B) Relative phosphorylated p53 expression levels were determined based on the corresponding
p53 expression level. Average intensities with SEs are shown (n=3). The statistical analysis was performed with ANOVA. *P < 0.05,
comparing IFNs (3,000U/ml)-treated and untreated cells at 48 or 72 hr.

doi: 10.137 1/journal.pone.0072709.g004

IL-28Ra  expression was activated by a process of during tumorigenesis of mesothelial cells. Met-5A cells were
immortalization due to expressed SV40 T antigen or was lost relatively insensitive to type Ill IFNs despite being positive for
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Figure 5. Combinatory effects of IFN-B and anti-cancer agents. Cells were treated either with (A) IFN-B (1,000U/ml) and CDDP
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values at respective Fa points are shown with SE bars (n=3).
doi: 10.1371/journal.pone.0072709.g005

both of the receptor molecules. The sensitivity to type Ill [FNs
was therefore not completely attributable to the receptor
expression. In fact our previous study showed that 9
esophageal carcinoma cell lines expressed both the IL-28a and
IL-108 receptors, but the IFN-A1-mediated growth inhibition
was observed only in some of the cell lines [17,20]. Type liI
IFNs-mediated growth suppression is thus dependent on cell
types as well as IL-28Ra expression. Biomarkers to detect the

PLOS ONE | www.plosone.org

growth inhibition are thereby required in the case of a possible
clinical application with type I IFNs in future.

We also showed that IFN-B produced greater biological
activities than IFN-a, which was evidenced by growth inhibitory
actions, up-regulated expression levels of the MHC class |
molecules and cell cycle changes. The mechanism underlying
the greater biological functions of IFN-B than that of IFN-a is
not well understood, but the differential binding affinity of both
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Table 2. Cell cycle
PEM treatments.

distributions by IFN-8 and CDDP or

IFN-B Agent Cell cycle distribution (%)

Cell

. Giet s em
NCHH2052 () () 3£01  858%11 43£02 97£03
- +)( ) ; 23101 : 5 34t10 184 1092 65¢03

() CODDP 15%01 14006 107£03 65403

() CDDP 102401 229504 53904 136£02

() PEM 91%04 439403 38605 9.6:04
() PEM 222303 498:04 223:08 66%03
NCMH2E () () 02£04 698503 11404 189503
'A ) O 07201 616207 151101 23.4%07
() CDDP 112£02 566:10 103:1.0 135£03

() CDDP 205:04 529406 156:02 114:02

() PEM 30%01 313101 44402 226%03

() PEM  B1:03 375:04 38405 17.0£01

Cells were incubated with or without IFN-8 (3,000 U/ml) and also treated with or
without CDDP (NCI-H2052; 3 pM, NCI-H28; 50 uM) or PEM (30 ng/ml) for 96 hr
(NCI-H2052) or 72 hr (NCI-H28). Cell cycle profiles were analyzed with flow
cytometry, and the percent mean and SE of each fraction are shown (n=3).

* P < 0.05, comparing between IFN-B with CDDP- or PEM-treated cells and
corresponding IFN-B-treated alone, or CDDP- or PEM-treated alone populations.

“ P < 0.01, comparing between IFN-B with CDDP-treated cells and corresponding
IFN-B-treated alone or CDDP-treated alone popuiations.

IFNs to type | IFN receptors and greater stability of IFN-B could
be possible reasons [21].

Cell cycle analyses demonstrated that [FN-a and IFN-B
treatments increased S- and G2/M-phase fractions, and then
sub-G1-phase populations. Susceptibility of IFNs-mediated cell
cycle changes was different among the mesothelioma cells
tested. Interestingly, Met-5A cells were relatively resistant to
increase of sub-G1-phase fractions although they showed
increased S- and G2/M-phase populations. The lack of cell
death in type | IFNs-treated Met-5A cells can be associated
with the relative insensitivity to type Ill IFNs because Met-5A
cells showed Ilow proliferation activity compared with
mesothelioma cells. [IFNs up-regulated p53 and the
phosphorylation levels, and subsequently induced p21 in
mesothelioma cells, whereas IFNs did not induce G0/G1-phase
arrests. IFN-B rather up-regulated cyclin E expressions which
were linked with cell cycle shift to S-phase. Several lines of
initial studies however showed that type | IFN-treated tumor
cells became arrest at G0/G1-phase [22]. These data collective
suggested that multiple factors were involved in the type |
IFNs-induced cell cycle changes. Western blot analyses
showed that IFN-B treatments increased caspase-3 cleavages
in NCI-H28 cells. IFN-B also induced cleavage of caspase-8
and augmented FADD expression, but did not influence
caspase-9 cleavage, indicating that the exirinsic death
receptor-linked pathways play a role in the apoptosis. In
contrast, previous studies showed that both the extrinsic and

PLOS ONE | www.plosone.org
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the intrinsic pathways-mediated apoptosis were induced by
type | IFNs [23], and therefore further investigations are
required for understanding the mechanism underlying
preferential activation of extrinsic pathways in mesothelioma.

The present study showed that type | IFNs activated the p53
pathways in mesothelioma cells bearing the wild-type p53
gene. The activated pathways were evidenced by
phosphorylated p53 at Ser 15 residue and increased p53 levels
together with augmented expression of p53 target molecules,
p21, p27 and Bax. Takaoka et al. showed that IFN-B induced
p53 protein expression through up-regulated p53 mRNA in
fibroblasts, but did not induce the p53 phosphorylation [14]. In
contrast, our present study demonstrated that IFN-B treatment
itself induced p53 phosphorylation. Our previous study also
showed that CDDP treatments increased endogenous p53
levels in mesothelioma cells, and the susceptibility to CDDP
was augmented by forced p53 expression [5]. The synergistic
combinatory effects between IFN-B and CDDP demonstrated in
the present study can be due to augmented p53 activation. In
contrast, a possible role of p53 in PEM-mediated cytotoxicity is
controversial [24,25] although PEM induced DNA damages and
apoptosis [26]. The present data of synergistic combinatory
cytotoxicity between IFN-B and PEM rather suggested that
PEM-mediated cytotoxicity could be enhanced by IFN-B-
mediated p53 up-regulation. Several clinical trials of
recombinant IFN-a with an anti-cancer agent have been
conducted for mesothelioma [9-11], but possible combinatory
effects with IFN- and CDDP or PEM was not yet
demonstrated in any of previous preclinical studies.

Sandoval et al. demonstrated that p144%F was required for
type | IFNs-mediated apoptosis and for p53 up-regulation, and
that IFN-$ induced apoptosis even in a p53-defective state as
long as p14 was intact [27]. The present study however
demonstrated that IFN-$ induced apoptosis and augmented
p53 expression in NCI-H2052 and NCI-H28 cells which were
defective of the p744%F gene (Figure S1). Moreover, Met-5A
cells, with p744RF transcripts but loss of p53 functions, did not
increase the sub-G1-phase populations with [FN-B treatments.
It is currently unknown as to the p14 involvement in the type |
IFNs-mediated  apoptosis, but difference of genetic
backgrounds, such as defective 16 expression and aberrant
sighal pathways often found in mesothelioma, can be
responsible [28].

In summary, we demonstrated that IFN- produced greater
biological functions than IFN-a in mesothelioma, activated the
p53 pathways and enhanced the anti-tumor effects of the first-
line chemotherapeutic agents. Combinatory effects of IFN-B
with the current first-line agents need to be re-evaluated since
previous clinical studies for mesothelioma used IFN-a and non-
current chemotherapeutic agents. The present study also
suggests a possible clinical trial of intrapleural injections of
adenoviruses expressing the JFN-B gene and systemic
administrations of the first-line agents. Several clinical phase |
studies with IFN-B-producing adenovirus vectors demonstrated
feasibility of such gene therapy [12] but none of the clinical
studies in combination with chemotherapy has been performed.
Gene medicine with chemotherapeutic agents is one of the
clinical trials to be examined in mesothelioma patients.
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Supporting Information

Figure S1. Lack of the INK4A/ARF locus in mesothelioma.
(A) PCR to detect the p144RF gene consisting of exon 18, 2 and
3, and the p16™¥A gene consisting of exon 1a, 2 and 3. Both
the p144%F and the p16™<4 genes share the same exons 2 and
3. (B) RT-PCR to detect the p144%F and the p16/¥F*4 transcripts
with primers designed between the exon 1 and the exon 2 for
the p144"F and between the exon 1a to the exon 2 for the
p16/Nf#4 gene. The data indicated that mesothelioma cells used
in the present study did not express the p144fF or the p16/N<4
gene.

(TIF)

Table S1. All the experimental data of Figure 2A, 2B and
2C were analyzed with Bonferroni test at SPSS 13.0
version. The list shows only experiments with statistical
significance (P < 0.05) and those without the significance (P
above 0.05) were excluded. 3IFN-a and IFN-B; U/ml, IFN-A;
ng/ml. ®Live cell numbers cultured for 5 days were analyzed in
the Figure 2C data.
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Abstréct ;
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of these genes (RPS7-and RPL11) are known to be involved in-the Mdm2- -p53 pathway We also identified several genes
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Introduction become involuted and undetectable. Existence of such common
) . ) . properties prompts us to hypothesize that there may be potential
Patients with cancer of unknown primary (GUP) present with  piological markers that elucidate CUP as a whole. Gene

metastatic disease for which the primary site cannot be found,  cypregsion analysis is one of the means by which to identify genes
despite extensive standard investigation. The prognosis of patients characteristic to CUP.

with CUP is usually poor for those receiving empiric treatments.
The median survival period is 3-9 months even when newer
combination treatment regimens are administered [1-5]. The
survival of patients with GUP can be improved if the primary site
can be identified and a site-specific therapy can be applied [6,7].

Clinically, CUPs exhibit common characteristics, such as rapid
progression, early dissemination and a silent primary tumor, with
signs and symptoms related to the metastatic site(s) [8]. The
primary tumor may either have a slow growth pattern or may

Several studies using gene expression microarrays have dem-
onstrated that the expression levels of thousands of genes can be
used as a “molecular fingerprint” to classify a multitude of tumor
types [9-15]. We are presently involved in a multicenter clinical
study to predict the primary site of CUP based on the analysis of
gene expression patterns. The analysis interprets the expression of
~22,000 genes in each specimen by applying normalization and
classification algorithms to gene expression data from a micro-
array. The similarity of each tumor specimen’s gene expression
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pattern is then compared to the patterns for tumors from 24
known primary sites covered by the test. This study enabled the
identification of genes that exhibited a unique expression pattern
in GUP. Here, we present several genes encoding metastasis-and
apoptosis-related proteins thus identified that may biologically
characterize CUP.

Materials and Methods

Ethic Statement

All the patients provided written informed consent. Study
approval was obtained from independent ethics committees of
Kinki University, Shizuoka Cancer Center, Hyogo GCancer
Center, Osaka City General Hospital, Chiba University, National
Cancer Center Hospital East, Kobe University, Tochigi Cancer
Center, Saitama Medical University, Tohoku University, and
Cancer Institute Hospital. The study was undertaken in accor-
dance with the Declaration of Helsinki.

Study Design

This study originated from currently ongoing multicenter,
randomized, phase 2 prospective trial for the treatment of
untreated CUP based on prediction of the primary site using
data from a DNA chip. The patients had been diagnosed as having
CUP between November 2008 and November 2010 at one of 13
centers of the West Japan Oncology Group (WJOG), a Japanese
non-profit organization for conducting oncological clinical trials.
The laboratory analyses were performed at 2 centers in Japan
(Kinki University, Osaka-Sayama and Mitsubishi Chemical
Medience Corporation, Tokyo).

Patients

All eligible patients had undergone a standard investigation for
CUP. They were categorized into unfavorable subsets of GUP.
Diagnoses of histologically or cytologically confirmed adenocarci-
noma, poorly differentiated carcinoma, or squamous cell carcino-
ma were permitted. In each of the patients, a primary site had not
been identified after a complete medical history, physical
examination, chemistry profile, computed tomography (CT) scan
of the chest, abdomen, and pelvis, mammography in women,
measurements of the prostate-specific antigen (PSA) level in men,
and a directed workup of any symptomatic areas. Patients in the
following categories were excluded: women with adenocarcinoma
involving only the axillary lymph nodes or the peritoneal cavity,
patients with squamous cell carcinoma involving only cervical
lymph nodes or inguinal lymph nodes, patients with poorly
differentiated carcinoma consistent with a germ cell tumor
(isolated midline structures, multiple pulmonary nodules, or
elevated levels of B-human chorionic gonadotropin or o-human
chorionic gonadotropin-fetoprotein), men with an elevated plasma
PSA level or PSA-positive staining in a tumor, patients with a
single, small, potentially resectable tumor, and patients with
neuroendocrine carcinomas.

Sample Collection

Fresh frozen samples obtained from 60 patients with CUP were
used for the analysis. All the samples were tested without
knowledge of either the clinical characteristics or the subsequent
response to treatment, except for the sex of the patient and the site
of biopsy (mostly lymph nodes or ascites fluid).

Assay Procedure

RINA was extracted from the samples using an Isogene kit
(Nippon Gene, Toyama, Japan). Spectrophotometry was used to

PLOS ONE | www.plosone.org
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assess whether an adequate total RNA concentration and purity
was present. In general, the protocol for processing the RNA,
amplifying and labeling fragments, hybridizing material on the
microarray, and scanning was similar to the standard Affymetrix
protocol for GeneChip® expression analysis. Affymetrix Gene-
Chip® Human Genome U133 Plus 2.0 was used on an Affymetrix
3000 or 3000Dx GeneChip instrument (fluidics station and
scanner) running Gene-Chip operating software to generate gene
expression data (CEL files).

Database Submission of Microarray Data

The microarray data were deposited in the Gene Expression
Omnibus (GEQO) database: http://www.ncbinlm.nih.gov/geo/.
The GEO accession number for the platform is GSE42392,
samples GSM1038716-GSM 1038775.

Data Analysis

All the microarray data were normalized using asinh (hyperbolic
arc sine) transformation, which is a modified version of Huber’s
normalization with variance stabilization [16,17], and also a part
of generalized log transformation (glog) [18]. Interinstitutional and
array-to-array biases were corrected by subtracting their specific
effects that were estimated by the mixed model [19]. The equation
for asinh transformation is Igk/Lk, where I represents the
expression value, g represents the gene, k represents the array,
and the dot indicates the mean. The resulting asinh-transformed
values, representing the relative expression of each gene, were used
in further analyses.

The raw microarray datasets for 2,364 cancers of several
primary types and 10 normal lymph nodes were obtained from the
Gene Expression Omnibus (GEO) (Table 1). These datasets were
normalized and used to construct gene-expression profiles specific
to each type of cancer (n=24) as well as an overall profile for
cancer with known primary (CKP). The normal lymph node
dataset was used as a reference. The data quality of CUP samples
was monitored to ensure that data analysis of CUP samples was
comparable to that of samples of CKP collected from GEO. Only
the samples whose GAPDH, a housekeeping control gene, at 5'-
terminal region (AFFX-HUMGAPDH/M33197_5_at) showed a
minimum expression>500, and with the ratio of expression
intensity (GAPDH at the 3'-region/5’-region)<<3 were chosen.

The gene-expression profile specific to CUP was constructed
using 30 CUP samples as training data and another 30 samples as
test data (odd and even numbered cases, respectively). Of the
22,215 genes that were measured using both CUP samples (this
work) and CKP samples (publicly accessed), a total of 5,645 genes
with a present call for every sample were selected for further
analysis. To identify CUP specific genes, the gene-expression
profiles specific to CUP (training datasets) and normal lymph node
were compared using t-tests. A histogram of the p-values is shown
in Figure 1. The p-values for most of the genes were less than
0.001; when we selected the top 100 genes according to their p-
values, the false discovery rate (FDR) was 4.56 x10™'2 [20]. To
validate whether the genes identified using the CUP training
datasets were significantly specific to CUP, the linear discriminant
analysis (LDA) using these genes was performed for the CUP test
datasets and the accuracy was estimated as described [21].
Heatmaps and a cluster dendrogram were then constructed using
the Ward method [22].
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Table 1. Number of cases for each cancer type and GEO series used for gene expression profiles.

Cancer type n GEO Series

Brain 106 GSE2109, GSE3185, GSE4271

Breast (ERBB2) 15 GSE1456

GSE2109, GSE5787, GSE6791
205 GSE2109
GSE3218
GSE2109, GSE6357, GSE781

GSE4127, MEXP231

Prostate 229 GSE2109, GSE3325, GSE7930, GSE8218

GSE2109, MEXP97

60 GSE42392

doi:10.1371/journal.pone.0063249.t001

Results

Gene Expression Profile of CUP and Known Primary
— Cancers
A total of 237 genes were found to be either up-regulated or
down-regulated by more than 2-fold between the normal lymph
3000 — node and 30 CUP samples (training datasets). Of these, 59 genes
with more than a 2.5-fold change (44 up-regulated and 15 down-
regulated genes) are listed in Table 2. We designated the gene sets

>
%2000 B consisting of these CUP associated genes with >2 fold and >2.5
=2 fold up-regulation or down-regulation as Mgup(2.0) and
g Mcup(2.5), respectively. Using these probe sets in Mgyp(2.5),
linear discriminant analysis (LDA) was performed for the CUP
1000 — training datasets together with 2,364 cancers of various known

types and 10 normal lymph nodes. As expected, all 2,404 samples
were correctly discriminated. When the remaining 30 CUP
W samples (test datasets) were assessed using LDA that was modeled
0~ with the training datasets, 26 out of the 30 CGUP samples were
assigned correctly to “CUP”, while only the 4 samples were
0.0 02 0.4 0.6 0.8 1.0 predicted as "the other cancer". Thus, the accuracy of CUP was
validated to be 86.7%, indicating that the 59 genes selected were
of statistically significance as having biological attributes of CUP.
. . Figure 2 shows the supervised clustering of all 60 CUP samples
Figure 1. Frequency histogram of p-values. . .
doi:10.1371/journal.pone.0063249.g001 performed together with 2,364 cancers of various known types and

P-value
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Table 2. Genes identified as being up-regulatred or down-regulated in CUP.

Log-fold Fold
Symbol Gene description (Gene up-regulated in CUP) Probe_set_ID change* change

S100A4

YWHAH 14-3-3 protein, eta polypeptide 201020_at

LAPTM5 Lysosomal associated multispanning membrane protein 5 201721 _s_at
SNRPD2. - Small nuclear ribonucleoprotein D2 polypeptide 165 kDa '

similar to 60 S ribosomal protein L26
0 nithin bdg’c‘érbo\;gylas'e:antizymé‘
Polymerase (RNA) Il (DNA directed) polypeptide J, 13.3kDa

Eukaryoti

201105_at

SH3 domain binding glutamic acid-rich protein like 3 221269 _s_at

1, g subcomponent,

éﬁéck: 70 kDa protein.

Nuclear transport factor 2

) a, cat olypeptiae.
rotein family A, member 3 (H/ACA small nucleolar RNPs)

LOC442171

LOC646417 similar to 60 S ribosomal protein L29 (P23,

ViM 201426_s_at 0.924 25

NDUFSB ‘ NADH dehydrogeﬁase (ubiquinone) !-;e;S protein 8, 23 kDé

203189_s_at 0911 25
CST3 Cystatin C (amyloid angiopathy and cerebral hemorrhage) 201360_at 0.906 25
Symbol Gene description (Gene down-regulated in CUP) Probe_set_ID Log-fold Fold change
change*

Forkhead box J3
- e
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Table 2. Cont.

CD24 CD24 molecule 216379_x_at —0.995 04

VAMP (vesicle-associated membrane protein)-associated protein A, 33 kDa 208780_x_at -2720 0.1

Each of the gene symbols, description, probe set in HG-U133 plus 2.0, log fold change and fold change are given in the table.
*Natural logarithm of fold change (CUP/normal lymph node).
doi:10.1371/journal.pone.0063249.t002

4 2 0 2

Value
= CUP{30) « Galibladder{2}
= Bladder(80} = Germ{101}
= Brain(106} » Head(42)

# Breast_basal{26) ® Kidney(270)
# Breast ERB(15) R Liver(13}
= Breast_ LumiA(39) | | » Lung_ade(61)

Breast_LumiB{23) # Lymphomat 18)
« Breast_NoSub(20) Normal_ymi10)

Breast_Nomm(37} = Qvarian{420)
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Figure 2. Heatmap representing the expressions of 59 genes with significant different expression in CUP compared with other
cancer types or normal lymph nodes. Genes are indicated on the right. The colored bar above the heatmap represents the different cancer
types, and the legend key is on the left. On the heatmap, red represents up-regulated genes and green represents down-regulated genes, relative to
the expression levels in normal lymph nodes, with the scale shown in the upper left corner. The gene expression profiling datasets for normal lymph
nodes and 24 known cancer types other than CUP were obtained from publicly available sources, as described in the Materials and Methods.
doi:10.1371/journal.pone.0063249.g002
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10 normal lymph nodes using the 59 genes. The GUP samples
were split into 2 groups with lung adenocarcinoma (LAC)
clustered in between (right most part of the heat map). The larger
group consisted of 42 samples, while the smaller consisted of 15
samples. Only 3 CUP samples were not included in any of these
groups and instead were included in the clusters for normal
lymphoma, brain tumors, and ovarian cancer, respectively. These
were among the 4 samples that were predicted as “the other
cancer” in the LDA. The VAPA gene, which was overexpressed in
most of the cancer samples but not in CUP or LAC, revealed a
striking contrast between GUP/LAC and other samples, which
may have influenced the clustering analysis. When we re-analyzed

Expression Analysis for Unknown Primary Cancer

the data after excluding the VAPA gene, the grouping for CUP was
unchanged, but the smaller group with 15 samples was no longer
clustered with LAC (Figure S1). The mean gene expression
profiles (GEPs) for CUP, normal lymphoma, and 24 known cancer
types were compared to create a dendrogram representing the
quantified relations among CUP and the known cancer types,
which again showed the clustering of CUP together with LAC

(Figure S2).

Selection of CUP Associated Genes
Although the functions were diverse or unknown for the 44 up-
regulated genes in the Mcyp(2.5) datasets (Table 2), we found that
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Figure 3. Heatmap representing the expression of 77 ribosomal protein genes in CUP, normal lymph nodes, and other cancer
types. Ribosomal protein genes are indicated on the right. On the heatmap, purple represents up-regulated genes and green represents down-
regulated genes, relative to the expression levels in normal lymph nodes, with the scale shown in the upper left. The genes that were exclusively

overexpressed in CUP and lung adenocarcinoma are highlighted.

doi:10.1371/journal.pone.0063249.g003
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Figure 4. Relative expression levels for 4 ribosomal proteins. The relative expression levels of (A)RPS7, (B)RPL11, (C)RPS10, and (D)RPL36 were
compared using individual CUP samples (n=60), the mean expression levels of known cancer types, and a normal lymph node samples (n=25). The

asinh-transformed values for each gene were used for the calculations.

doi:10.1371/journal.pone.0063249.g004

14 genes (S10044, PRGI, SI0046, GSTPI, EIF54, LGALSI,
S100411, PRKDC, VIM, CST3, TIMPI, YWHAZ, NEDDS,
STK174) could be characterized after a search using the keywords
“metastasis” and “apoptosis”. Some of these genes were associated
with the epithelial-to-mesenchymal transition (EMT), a function
that has been increasingly recognized as a key step in cancer
metastasis [23].

In the Mcup(2.5) dataset, 15 genes were down-regulated. Of
these genes, we focused on CD24, KRAS and DICERI. The known
functions of the above-mentioned up-regulated and down-regu-
lated genes will be discussed in detail below.

Relative Expression of Up-Regulated Ribosomal Proteins

In the Mcyp(2.5) dataset, we also identified 6 ribosomal proteins
(RPLI8A, RPS7, RPL11, RPS10, RPL36, and RPLP2). We found 11
more genes for ribosomal proteins (RPL24, RPL35, RPL354,
RPS20, RPLI3A, RPL28, RPS26, RPSI14, RPL274, RPLIY, and
RPL29) in the Mcyup(2.0) dataset. Ribosomal proteins are
assembled into small and large ribosomal subunits. The small
40 S and large 60 S ribosomal subunits contain approximately 32
and 47 ribosomal proteins (known as RPS and RPL proteins),
respectively [24]. The increased expression of ribosomal proteins
has been associated with increased proliferation and growth; in
some cases, however, increased expression has also been shown to
suppress tumorigenesis [25,26].

PLOS ONE | www.plosone.org

To examine whether ribosomal protein genes can be used as
biomarkers to discriminate CUP from other cancer types, the
mean GEPs for a total of 77 ribosomal protein genes were
compared using clustering for CUP, normal lymphoma, and 24
known cancer types (Figure 3). The ribosomal protein genes that
were up-regulated in CUP were also up-regulated in LAC.

The relative mRNA expression levels of 4 ribosomal protein
genes that were up-regulated in CUP (RPS7, RPL11, RPSI10, and
RPL36) were compared with the levels in normal lymphoma and
24 known cancer types (Figure 4). The 42 CUP samples that
consistently contained large amounts of these mRNAs belonged to
the larger CUP cluster, while the remaining 15 sample that
showed relatively smaller amounts of these mRINAs belonged to
the smaller cluster, as shown in Figure 2. As expected, the
increased expressions of these mRINAs were also observed in LAC,
but not in the other cancer types (Figure 4).

Discussion

Accumulating data sets from gene-expression microarray
analyzed for various types of tumors have enabled the establish-
ment of organ- and tumor-specific expression profiles that improve
precise prediction of primary site of GUP [9,10,14,15]. Our
official phase 2 study to corroborate the feasibility of CUP
prediction using our algorithm is currently ongoing and will
provide genes that exhibit unique expression pattern in CUP. A
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compelling theory to explain CUP is that the primary cancer is
microscopic and may disappear because of marked apoptosis after
seeding metastases that are able to proliferate into more significant
tumors in different tissues [27]. As a high metastasis potential and
vulnerability to apoptosis would explain the properties of CUP
well, we first searched for genes related to metastasis and apoptosis
among all the genes that were up-regulated by more than 2.5-fold
in the CGUP samples (Mcup(2.5) dataset).

Of the 14 up-regulated genes that were found (510044, PRGI,
S10046, GSTPI, EIF54, LGALS1, S100411, PREDC, VIM, CST3,
TIMP1, YWHAZ, NEDDS, STKI174), three (S10044, S100A6,
S8100411) belong to a group of S100 proteins involved in the Ca **
signaling network and regulate a variety of intracellular activities
including cell growth and motility [28]. The expressions of these
genes are observed in several epithelial tumors and have been
linked to metastasis [29,30]. 10044, together with VIM, has also
been used as an EMT marker [31]. The overexpression of EIF5A
induces the EMT, thereby promoting the tumor metastasis of
colorectal and hepatocellular carcinoma [32]. Serglycin, a gene
product of PRGI, is a proteoglycan that has been functionally
identified as a significant regulator of metastasis in nasopharyngeal
carcinoma (NPC) [33]. The elevated expression of Serglycin in
NPC cells can mediate the level of vimentin (VIM) expression,
which is not only a marker of the EMT, but also has an important
role in the regulation of cellular migration [31,34]. Lewis lung
carcinoma cells in mice show metastasis to the lung when the cells
express Galectin-1 (Gal-1), a large carbohydrate-binding protein
encoded by LGALSI, suggesting novel targeting strategies for Gal-
1 in cancer [35].

Both metastatic cells and drug-resistant cells have similar gene
expression patterns of survival-related molecules, suggesting that
metastatic cancer may be difficult to treat because of resistance to
anticancer drugs. DNA-dependent protein kinase (DNA-PK), a
gene product of PREKDC, is one of the proteins up-regulated in
several metastatic and drug-resistant cancer cells [36]. Because the
up-regulation of DNA-PK was observed in the CUP patients in
our cohort, who had never been treated with chemotherapy,
DNA-PK may indicate essential resistance, rather than acquired
resistance, to chemotherapy. GSTP1 has also been postulated in
several cancer types to enhance the metastatic potential and the
development of resistance to drugs that induce reactive oxygen
species (ROS), such as paclitaxel and cisplatin [37,38]. Other
genes up-regulated in CUP also reveal a significant role in
chemoresistance and may be linked to the metastatic potential.
Breast cancer cells overexpressing TIMP-1, a well-known inhibitor
of matrix metalloproteinase, exhibit a reduced sensitivity to the
chemotherapeutic drugs paclitaxel and epirubicin through the
activation of transcription factor NF-xB [39]. The knocked-down
expression of 14-3-3 {, a gene product of YWHAZ, sensitizes head
and neck cancer cells to chemotherapy [40]. A small molecule
inhibitor of NEDDS8 activating enzyme (NAE) may be active
against tumors that are resistant to other chemotherapeutic agents
[41].

Unlike the hitherto described genes, cystatin G (CS7-3) and
STKI17A function as direct pro-apoptotic factors by antagonizing
TGF-p signaling and by modulating ROS, respectively. Cystatin
C has been shown to interact with the TGF-B type II receptor,
thereby preventing TGF-B binding and subsequent EMT induc-
tion [42]. TGF-P has been accepted as a main initiator of EMT;
however, NF-kB was recently found to promote EMT in some
cells that are unresponsive to TGF- because they lack functional
SMAD4, representing an alternative pathway leading to EMT
that can replace TGF-B signaling [43]. NF-xB signaling may
predominately induce EMT in CUP. Both TIMP-1, which can
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activate NF-xB, and vimentin, which is activated by NF-«xB, were
among the genes (proteins) that were up-regulated in GUP as
described above, making this hypothesis more likely [39,43].
STK17A is up-regulated in response to oxidative stress in a p53-
dependent manner [44]. Since STKI17A is known as a positive
regulator of the apoptotic pathway and its expression level in
colorectal carcinomas is enhanced in lesions with lymph node
metastasis, the apoptotic process could be involved in the node
metastasis of carcinomas, including GUP [45].

Of the 15 down-regulated genes in the Mcyp(2.5) dataset,
CD24, KRAS and DICERI are of particular interest. CD24 is the
most widely used marker, together with CD44, for identifying
tumor-initiating cells in breast carcinomas. CD44%/CD24 /1"
breast cancer cells have the ability to metastasize, since the
enrichment of these stem-like cells is significantly observed in
patients with positive lymph nodes [46]. A subset of kras mutant
cancer cells exhibit “kras addiction” and have a differentiated
epithelial phenotype. The induction of EMT has been shown to
convert kras-dependent cancer cells to kras-independent cells,
which do not require the continued expression of kras [47]. Dicer!
functions as a haploinsufficient tumor suppressor gene [48].
Frequent loss of one allele of Dicer/ has been observed in several
different tumor types causing a global reduction of steady-state
micro RNA levels that could be functionally suppressive to the
oncogenesis and metastasis of GUP.

The increased expression of several ribosomal proteins was
found in CUP. Whether these changes in expression are causally
related to the generation of CUP is unknown. In some cases, the
overexpression of ribosomal proteins, including RPL5, RPL11,
RPL23 and RPS7 has been shown to suppress tumorigenesis
[49,50]. These proteins activate p53 by binding to MDM2 and
inhibiting MDM2-mediated p53 ubiquitination and degradation
in response to nucleolar stress (also called ribosomal stress). RPL11
and RPS7 were recently shown to be required for p53 activation
induced by DNA-damaging agents [51], suggesting that these
ribosomal proteins may play a crucial role in p53 activation in
response to diverse stressors. Furthermore, neddylation, the
process by which the ubiquitin-like protein NEDDS is conjugated
to its target, is essential for RPL11’s role in the mediation of p53
signaling [49]. Interestingly, these two ribosomal proteins and
NEDDS8 were included in our Mcgup(2.5) dataset. The tumor
suppressor function performed by these proteins may be related to
the vulnerability to apoptosis that CUP (at the primary site)
exhibits as one of its properties.

For functional analyses of the identified genes, overexpression or
knockdown experiments using appropriate cell lines would be
plausible to pursue if the gene of interest confers change in growth
or in metastatic ability to the cells. The metastatic process can be
evaluated 7z vitro by monitoring cell invasion through Matrigel and
adhesion of cells to plates, etc. Synthetic inhibitors specific to Gal-
1, DNA-PK and 14-3-3 { have been developed [52-54]. Thus, it
will be intriguing to investigate the effect of these inhibitors on the
cells overexpressing the respective gene i vitro or in vivo, which may
lead to targeted therapy for CUP.

To our surprise, the gene expression profile (GEF) of CUP
closely resembled that of lung adenocarcinoma (LAC), which may
simply reflect the relatively high metastatic potential of LAC. In a
study using 18F—ﬂuoro-Q-deoxyglucose positron emission tomogra-
phy (FDG-PET), the most commonly detected location of the
primary tumor in patients with CUP was the lung [55]. In CUP,
the primary cancer and its metastasis (-ses) behave very differently
in respect to proliferation, leading to the assumption that the
molecular profiles of CUP specimens from the two sites would
differ. We are unable to compare these differences because the
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primary cancer is unidentifiable. A differential gene expression
analysis using primary and metastatic tumor tissues from advanced
lung cancer patients may provide some clues to this question.

In conclusion, we identified several genes that were up-
regulated in CUP and that may contribute to the acquisition of
a metastatic phenotype as well as resistance to anticancer drugs in
many cases. Proapoptotic factors were also identified. The
combinational effects of the multiple functions of genes that are
highly expressed in CUP could be involved in regulating GUP
behaviors, such as apoptosis and metastasis. Immunohistochem-
ical-based or PCR-based validation of the candidate genes is
needed to refine the molecular classification of GUP.

Supporting Information

Figure S1 Heatmap constructed as in Figure 1 but
excluding the VAPA gene.

(TIF)
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