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Ut-LMS mostly metastasizes to lung (around 25% of metastases), liver (65%) and other tissues (10%) by the
hematological route, whereas metastases to small bowel, heart, brain and thyroid are rare?. Regional lymph node
Ametastasis in patients with soft tissue sarcomas, except Ut-LMS, is an infrequent event occurring in around 2%
of all patients®**, The incidence of lymph node metastasis of Ut-LMS is uncertain and it is not known whether
a sentinel lymph node biopsy is indicated in Ut-LMS. In our study, all lymph nodes were negative for Ut-LMS
metastases, and IHC analyses showed positivity for cyclin Bl and ki-67 and negativity for LMP2/B1i. The
histological findings were consistent with metastatic LMS for the skeletal muscle and rectum lesions. In WB
experiments, cyclin B1 was expressed in Ut-LMS tissue sections from 5 patients (patients #1, #3, #6, #13 and
#15), but not in leiomyoma tissue sections from the same 5 patients and normal myometrium sections from 2
patients (patients #1 and #3); these findings supported the IHC findings (Figure 2).

Although we previously demonstrated that abnormal expression of the ovarian steroid receptors, TP53 and ki-
67 and mutations of TP53 were frequently associated with Ut-LMS, defective LMP2/B1i and calponin hl
expression and marked cyclin Bl expression appear to be more characteristic of Ut-LMS than these
factors?’>* (Figure 3, Table 3, Table 4). In further experiments, almost all leiomyomas showed staining for both
ER and PR irrespective of the phase of the menstrual cycle, and the number of ki-67-positive cells was
significantly lower in leiomyoma than Ut-LMS (Table 3, Table 4). IHC staining also demonstrated that almost

all leiomyomas showed staining for TP53 (Table 4).
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A recent report showed the expression of LMP2/f1i mRNA and protein in luminal and glandular epithelia,
placenta villi, trophoblastic shells, and arterial endothelial cells™. These results implicate LMP2/B1i in the
invasion of placental villi, degradation of the extracellular matrix, immune tolerance, glandular secretion, and
angiogenesis®. Although the current studies help to elucidate the regulatory role of LMP2/811 in the implantation
of embryos, they do not contribute substantially to the knowledge of LMP2/B1i-mediated uterine sarcomagenesis.
Cyclin B1, which is a regulatory protein involved in mitosis, forms a complex with Cdkl to form the maturation-
promoting factor (MPF)*. Cyclin Bl immunoreactivity was observed in the nucleus and the cytoplasm in all

human Ut-LMS cases examined, but most cases of leiomyoma, bizarre leiomyoma and the normal myometrium
were negative for cyclin Bl. Cyclin B1/Cdk1 is involved in the early events of mitosis such as chromosome
condensation, nuclear envelope breakdown, and spindle pole assembly. If cyclin B1 levels are depleted the cyclin
B1/Cdkl complex cannot form, cells cannot enter the M phase, and cell division slows down. Some anticancer
therapies have been designed to prevent the cyclin B1/Cdkl complex from forming in tumor cells to slow or
prevent cell division *’. Most of these methods have targeted the Cdk1 subunit, but there is an emerging interest
in the oncology field to target cyclin Bl as well. That is, control of cyclin Bl may provide a clue to the
development of a cure for human Ut-LMS. Clinical risk factors for development, however, have not been
identified because of the absence of a suitable animal model. The LMP2/Bli-deficient mouse was the first animal
model of spontaneous Ut-LMS to be established. Defective LMP2/B1i expression may be one of the causes of
human Ut-LMS. To ascertain whether LMP2/B11 and cyclin B1 are potential biomarkers for distinguishing
human Ut-LMS from other uterine mesenchymal tumors, we are investigating the reliability and characteristics
of LMP2/B1i and cyclin B1 as diagnostic indicators with several clinical research facilities. The clinical research
is yet to be concluded, and large-scale clinical studies need to be performed.

In conclusion, clarification of the correlation of LMP2/B1i and cyclin B1 with the development of human Ut-
LMS and therefore the identification of specific risk factors may lead to the development of new treatments for
the disease. Human Ut-LMS is refractory to chemotherapy and has a poor prognosis. The molecular biological
and cytological information obtained from further research experiments with human tissues and LMP2/B1i-
deficient mice will contribute to the development of preventive methods, a potential diagnostic biomarker, and
new therapeutic approaches against human Ut-LMS.
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Upregulated SMAD3 promotes epithelial-mesenchymal
transition and predicts poor prognosis in pancreatic
ductal adenocarcinoma

Ken Yamazaki', Yohei Masugi', Kathryn Effendi’, Hanako Tsujikawa', Nobuyoshi Hiraoka?, Minoru Kitago®,
Masahiro Shinoda®, Osamu Itano®, Minoru Tanabe®, Yuko Kitagawa® and Michiie Sakamoto'

In pancreatic ductal adenocarcinoma (PDAC), features of epithelial-mesenchymal transition (EMT) are often seen in tumor
tissue, and such features correlate with poor prognosis. Solitary infiltration of tumor cells represents a morphological
phenotype of EMT, and we previously reported that a high degree of solitary cell infiltration correlates with EMT-like
features, including reduced E-cadherin and elevated vimentin levels. Using solitary cell infiltration to evaluate the degree
of EMT, gene-expression profiling of 12 PDAC xenografts was performed, and SMAD3 was identified as an EMT-related
gene. Immunohistochemistry using clinical specimens (n = 113) showed that SMAD3 accumulated in the nuclei of tumor
cells, but was not detected in most epithelial cells in the pancreatic duct. Moreover, SMAD3 upregulation correlated with
malignant characteristics, such as higher tumor grade and lymph node metastasis, as well as with EMT-like features.
SMAD4, which plays a key role in transforming growth factor-f§ (TGF-f3) signaling, is inactivated in approximately half
of PDAC cases. In this study, the nuclear accumulation of SMAD3 was immunohistochemically detected even in
SMAD4-negative cases. SMAD3 knockdown resulted in upregulated E-cadherin, downregulated vimentin, and reduced
cell motility in pancreatic cancer cells regardless of SMAD4 status. In addition, TGF-f-treatment resulted in EMT induction
in cells carrying wild-type SMAD4, and EMT was suppressed by SMAD3 knockdown. Patients with upregulated SMAD3
and a high degree of solitary cell infiltration had shorter times to recurrence and shorter survival times after surgery,
and multivariate analysis showed that both factors were independent prognostic factors linked to unfavorable outcomes.
These findings suggest that SMAD3 in PDAC is involved in the promotion of malignant potential through EMT induction
in tumor cells regardless of SMAD4 status and serves as a potential biomarker of poor prognosis.

Laboratory Investigation (2014} 94, 683-691; doi:10.1038/labinvest.2014.53; published online 7 April 2014
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Pancreatic ductal adenocarcinoma (PDAC) is a leading cause
of cancer death worldwide.! Despite recent advances in

previously reported that an increase in the number of solitary
infiltrating cells correlates with epithelial-mesenchymal

diagnosis and treatment, the prognosis of patients with PDAC
is still extremely poor. Many pathologic features (eg, margin
status, tumor size, tumor grade, and lymph node metastasis)
have been shown to correlate with poor prognosis.™* In
addition, PDAC:s also often display the intratumoral hetero-
geneity of glandular differentiation. Among heterogeneous
tumor cells, those capable of independently infiltrating into
the stroma have the most dedifferentiated morphology and
are frequently found at the invasion front. Moreover, we

transition (EMT)-like features, such as E-cadherin down-
regulation and vimentin upregulation.®

EMT-like features are often seen in many types of cancer.
Tumor cells with epithelial cell characteristics have apical-
basal polarity and are organized in cell layers with cell—cell
adhesion, whereas those with mesenchymal characteristics
lose this polarity and migrate to the extracellular matrix.
During EMT, tumor cells lose epithelial markers, such as
E-cadherin and certain cytokeratins, and gain mesenchymal
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markers such as vimentin and fibronectin.®’ Similarly, tumor
cells in the standard cancer metastasis model dissociate from
the tumor cell mass with tight cell-cell adhesion, invade the
stroma, intravasate, circulate through the body, and form a
secondary focus at a distant site. Thus, EMT can be con-
sidered an early event in cancer metastasis.

EMT is induced by extracellular signals including soluble
factors, such as those in the transforming growth factor-f
(TGF-f) super family, fibroblast growth factor families, and
epidermal growth factor, as well as components of the ex-
tracellular matrix.® Overexpression of TGF-f in PDAC
correlates with poor prognosis.” Interestingly, the SMAD4
gene, which plays a key role in the TGF-f signaling pathway,
is inactivated by mutations and deletions in 55% of PDAC
cases.!0 Although TGF-f signaling seems to be abrogated by
SMAD4 inactivation, nuclear accumulation of SMAD2 and
SMADS3 has been found in SMAD4-null cells, indicating the
presence of SMAD4-independent nuclear translocation of
SMAD2 and SMAD3.!! In PDAC, SMAD4 mutations are
associated with poor patient outcome.'®? Moreover, EMT-
like features such as E-cadherin downregulation and an
increased number of solitary infiltrating cells are also
frequently found in PDACs, and such features correlate
with poor prognosis.®'® These findings suggest that a
SMAD4-independent signaling pathway could induce EMT-
like features in PDAC.

Understanding the mechanism responsible for the induc-
tion of EMT in PDAC may contribute to improved diagnosis
and treatment of patients. Previously, we showed that solitary
cell infiltration serves as a morphological clue to EMT in
PDAC. In the current work, based on solitary cell infiltration
as an indicator of EMT, we reanalyze gene expression profile
of PDAC xenografts'* in order to search for EMT-related
genes and examine their role in PDAC.

MATERIALS AND METHODS

Clinical Specimens

PDAC tissues were obtained from patients who underwent
surgical resection between 1995 and 2004 at Keio University
Hospital (n=113) and the National Cancer Center Hospital,
Japan (n=12)."* All experiments using human samples were
approved by the ethics committees of Keio University and the
National Cancer Center. Tumor grade was evaluated
according to the WHO tumor grading system.!>

Microarray Analysis

Previously reported microarray data of 12 PDAC xenografts!*
were reanalyzed. Minimum information about a micro-
array experiment (MIAME)-compliant microarray data
(experiment ID EXPR053) are accessible from our database,
Genome Medicine Database of Japan (GeMDBJ; https://
gemdbj.nibio.go.jp/dgdb/DownloadSite.do). Expression profiles
were clustered using established algorithms implemented in
the software program Cluster 2.0. Centroid linkage clustering
with uncentered correlation was used, and TreeView software

684

(http://rana.lbl.gov/EisenSoftware.htm) generated a visual
representation of clusters.

Immunohistochemistry

Immunohistochemical staining using PDAC tissues from 113
patients was performed according to the method as pre-
viously described.” Rabbit polyclonal anti-SMAD3 antibody
was obtained from Invitrogen (Carlsbad, CA, USA) and used
in a 1:200 dilution. Sections were counterstained with
hematoxylin. The medical records of all consecutive
patients who underwent resection with curative intent for
PDAC at Keio University Hospital were reviewed to examine
the correlation with SMAD3 immunostaining.

In Vitro Analyses

Human PDAC cell lines AsPC-1, CFPAC-1, and PANC-1
were obtained from the American Type Culture Collection
(Manassas, VA, USA). RNA interference (RNAi) was performed
as previously described!* using two siRNA molecules targeting
the following sequences in SMAD3 mRNA: siSMAD3a, 5'-CC
AGUGACCACCAGAUGAA-3 and siSMAD3D, 5-GGAGAAA
UGGUGCGAGAAG-3'. These siRNAs and negative control
siRNA were obtained from QIAGEN (Valencia, CA, USA). At 2
or 3 days after siRNA transfection, the transfectants were
harvested for western blot and real-time RT-PCR analyses as
previously described.!1® All primer sequences are shown in
Supplementary Table 1.

At 24 h after transfection, cells were incubated with TGF-f8
(5ng/ml; Sigma-Aldrich, St Louis, MO, USA) for 24h and
then harvested. Migration assays using Transwell inserts
(Costar, Cambridge, MA, USA) were performed as previously
described.!* The number of migrated cells/field was
determined by counting three fields from each transwell
Assays were performed in triplicate. Percent migration was
defined as the ratio of the mean number of migrated
SMAD3-knockdown cells to the mean number of migrated
cells treated with negative control siRNA.

Statistical Analyses

Statistical analyses were performed using the Statistical Pack-
age for the Social Sciences (SPSS, Chicago, IL, USA), version
19.0, and P-values of <0.05 were considered statistically sig-
nificant. Survival curves were calculated from the date of
surgery using the Kaplan-Meier method and were compared
using the log-rank test. Multivariate analyses were examined
using the Cox proportional hazards regression model.

RESULTS

EMT Signature in PDACs

To identify EMT-related genes in PDAC, we reanalyzed gene
expression profiles of xenografts derived from 12 PDAC pa-
tients'* on the basis of the degree of solitary cell infiltration
as an EMT-like feature. Previously, we showed that a high
degree of solitary cell infiltration (SCI™®"; seven or more
solitary infiltrating tumor cells per 10 fields) significantly
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correlates with EMT-like features including E-cadherin
downregulation and vimentin upregulation.” Eight samples
showed SCI™E® and were classified as the high-EMT group
(H1-H8), whereas four samples were classified as the low-
EMT group (L1-L4) (Supplementary Table 2). Genes dif-
ferentially expressed between the two groups were extracted
based on the following criteria: mean signal (expression level)
in one of the two groups is >1000 (when mean signal of all
probe sets was normalized to 1000 in each microarray) and
> 2-fold that of the other group, with a P-value (Student’s t-
test) of <0.05. Figure la shows the result of two-way clus-
tering analysis using 53 genes (66 probe sets) extracted as
described above. The degree of solitary cell infiltration has
been shown to correlate with vimentin upregulation and
E-cadherin downregulation on immunohistochemical ana-
1yses;5 however, these two genes did not satisfy the above
differential expression criteria. This finding indicates that
tumor cells showing such features were localized to the focal
lesions, and their expression levels were not reflected in the
tumor tissue as a whole.

One of the upregulated genes in the high-EMT group that
met the differential expression criteria was the SMAD3 gene.
SMADS3 acts as a mediator of TGF-f signaling that is known
to be involved in the EMT process. To confirm the differential
SMAD3 expression levels between the two groups, im-
munohistochemistry was performed using the same tumor
tissues that had been used for microarray analyses (H2, H4,
12, and L3 in Figure 1b). Increased positivity of SMAD3 in
tumor cells was found in the high-EMT group compared
with the low-EMT group. These results suggest that enhanced
SMAD3 expression at the mRNA and protein levels may be
related to EMT-like features in PDAC.

Upregulation of SMAD3 Correlates with PDAC
Malignancy

To examine SMAD3 expression in clinical specimens, im-
munohistochemical analyses were performed using 113 cases
of PDAC. Among these cases, the percentage of tumor cells
with SMAD3-positive nuclear staining was highly hetero-
geneous (mean, 17.6%; median, 10%; range, 0-75%).
SMAD3 was detected within the nucleus in almost all
SMAD3-positive tumor cells, whereas nuclear accumulation
of SMAD3 in epithelial cells of the pancreatic duct was rarely
seen (Figure 2 and Supplementary Figure 1). These 113 cases
were classified into two groups based on SMAD3 im-
munopositivity in the tumor cells (SMAD3"8", >15% po-
sitivity; SMAD3"", <15%), and SMAD3 status was
compared with clinicopathological parameters (Table 1).
SMAD3"8" correlated with larger tumor size, major vessel
involvement, higher tumor grade, and lymph node metas-
tasis. Furthermore, SMAD3™" also correlated with reduced
E-cadherin and elevated vimentin levels as well as a high
degree of solitary cell infiltration (Table 1). SMAD4 was
detected in 41% of PDAC cases; however, no correlation was
observed between the immunostaining status of SMAD3 and
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Figure 1 Two-dimensional clustering analysis of the genes differentially
expressed between high- and low-EMT groups. (a) The vertical and
horizontal axes of the heat map represent genes and tumor samples,
respectively. White numbers indicate sample numbers of the high-EMT
group (H1— H8), and black numbers indicate the low-EMT group (L1-L4).
Gene expression levels are represented by the log, mean intensity ratio
and depicted in terms of color variation from red (high expression) to
blue (low expression). (b) Expression of SMAD3 was confirmed by
immunohistochemistry using tumor tissues (H2, H4, L2, and L3). Scale
bar =100 um.

SMAD4 (P=0.146). In SMAD4-negative cases, nuclear ac-
cumulation of SMAD3 with reduced E-cadherin expression
was frequently observed at the invasion front of tumor cells
(Figure 2 and Supplementary Figure 1).

SMAD3 Knockdown Reduces EMT-Like Features

SMAD3 expression levels were examined in representative
PDAC cell lines. Compared with other gastrointestinal cancer
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Figure 2 Immunohistochemical detection of SMAD3, E-cadherin, and SMADA4. Serial sections derived from formalin-fixed, paraffin-embedded pancreatic
cancer tissue were stained with H&E (a-c) or DAB followed by probing with anti-SMAD3 (d-f), anti-E-cadherin (g-i), and anti-SMAD4 (j-1) antibodies.
Solitary infiltrating cells were frequently observed (arrowheads) at the invasive front (red box in a; b, e, h, k, high-power fields) compared with the

tumor center (blue box in a; ¢, f, i, I, high-power fields). Lymphocytes and stromal cells showed SMAD4-positive nuclei. Scale bars represent 100 um
(a) and 50 um (b, c).
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Table 1 Correlation between clinicopathological character-
istics and SMAD3 immunolabeling

SMAD3-positive rate % test
Characteristics <15% >15% P-value
Mean age (years old) 64.8 653 0.786°
Gender 0.901
Female 21 20
Male 36 36
Mean tumor size (cm) 2.64 3.23 0.005%
Tumor location 0457
Pancreatic head 37 40
Pancreatic body/tail 20 16
Large vessel involvement 0.025
Negative 43 31
Positive 14 25
Neural invasion 0.212°
Negative 5 1
Positive 52 55
Lymph node metastasis <0.001
Negative 20 3
Positive 37 53
Margin status 0.788
Negative 42 40
Positive 15 16
Tumor grade <0.001
1-2 52 32
3 5 24
SMAD4 status 0.146
Negative 30 37
Positive 27 19
E-cadherin status 0.028
Preserved 30 18
Reduced 27 38
Vimentin status 0.002
Not expressed 43 26
Expressed 14 30
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Table 1 (Continued)

SMAD3-positive rate ¥° test

Characteristics <15% >15% P-value

Degree of solitary cell infiltration <0.001
Low 26 8
High 31 48

2Student’s t-test.
PFisher's exact test.

cell lines, PDAC cell lines commonly showed higher SMAD3
mRNA levels (Supplementary Figure 2). The AsPC-1,
CFPAC-1, and PANC-1 cell lines were then selected for
further in vitro analyses. Although SMAD4 is inactivated in
AsPC-1 and CFPAC-1 cells,'"'® SMAD3 expression was
detected in the nuclei of these cells, as well as in PANC-1 cells
that carry the wild-type SMAD4 allele (Supplementary
Figure 3). TGF-f induced morphological change and growth
arrest in PANC-1 cells, whereas no responses were observed in
SMAD4-inactivated cells (Supplementary Figures 4 and 5).

Treatment of these three cell lines with siRNA molecules
targeting SMAD3 resulted in decreased SMAD3 expression
at both the mRNA and protein levels (Figure 3 and
Supplementary Figure 6). In PANC-1 cells, TGF-f treatment
induced EMT features as shown by E-cadherin down-
regulation and vimentin upregulation (compare control+
TGE-f with control — TGF-f in Figure 3b); however, SMAD3
knockdown suppressed these EMT features (compare
siSMAD3 + TGF-f with control + TGF-f). SMAD3 knockdown
also suppressed TGEF-f-induced morphological change and
CDKNIA (p21) upregulation in PANC-I cells (Supplementary
Figure 6). These results suggest that TGF-f-induced EMT
is a SMAD3- and SMAD4-dependent process. In SMADA4-
inactivated AsPC-1 and CFPAC-1 cells, SMAD3 knockdown
resulted in increased E-cadherin and reduced vimentin gene
expression (compare siSMAD3 — TGE-f with control — TGF-f),
suggesting that SMAD3 is involved in SMAD4-independent
EMT and that TGF-f is not required for SMADA4-in-
dependent, SMAD3-induced EMT at least in these two cell
lines. After SMAD3 knockdown, AsPC-1 cells formed larger
cell clusters with decreased cell scattering, whereas CFPAC-1
and PANC-1 cells showed reduced lamellipodial protrusions
compared with controls (Figure 3¢). To examine whether these
morphological changes could contribute to reduced cell
motility, migration assays were performed. SMAD3 knock-
down decreased the number of cells that migrated through
Transwell inserts in all cell lines (Figure 3d).

SMAD3"9" Correlates with Poor Prognosis

Univariate analysis showed that, in addition to SMAD3"#",
EMT-like features such as reduced E-cadherin, elevated
vimentin, and SCIM8® correlated with shorter survival times
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Figure 3 SMAD3 knockdown arrested the induction of EMT. (a) Western blots showed that two siRNA molecules targeting SMAD3 (siSMAD3a and
siSMAD3b) were effective at reducing SMAD3 protein levels in AsPC-1 cells at 2 and 3 days after siRNA transfection. (b) AsPC-1, CFPAC-1, and PANC-1
cells were transfected with siSMAD3a or control siRNA and then treated with 5 ng/ml TGF-f8 for 24 h. Expression levels of SMAD3, E-cadherin (CDH1),
and vimentin (VIM) in these cells were examined by quantitative RT-PCR. The expression levels were normalized to those of GAPDH in each cell line. The
relative expression level shows the ratio of mRNA levels in siSMAD3a transfectants compared with the control cells without TGF-f treatment (white
bars). (¢) SMAD3 knockdown resulted in morphological changes in AsPC-1, CFPAC-1, and PANC-1 cells. Scale bar = 100 um. (d) Transwell migration
assays showed a reduced number of migrated transfectants after SMAD3 knockdown compared with control cells, Error bars indicate the s.d. of the
ratio of migrated cells/field (mean number of migrated cells in each control = 100%) of experiments carried out in triplicate. Asterisks indicate a P-value

of <0.05 compared with controls.

(Table 2). SMAD3 and solitary cell infiltration were identified
as independent prognostic factors by multivariate analysis.
Kaplan—-Meier analyses showed that SMAD3"" was asso-
ciated with shorter overall survival (Figure 4a) and also with
early recurrence (Figure 4¢). Moreover, patients with both
SMAD3™" and SCI™®" had a less favorable prognosis than
others (Figures 4b and d). On the other hand, SMAD4 status
was not associated with poor prognosis in this study (Supple-
mentary Figure 7), whereas SMAD4 positivity correlated
with EMT-like features in SMAD3™®" cases (Supplementary
Table 3).
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DISCUSSION

TGEF-f signaling is known to play a dual role in the regulation
of proliferative and invasive properties of cancer.!®20 TGF-f
can induce EMT in PDAC cells,?? and overexpression of
TGEF-f in PDAC correlates with decreased survival.” In many
gastrointestinal cancers, responses to TGF-f} are decreased by
mutations or loss of expression of TGF-f receptors and
SMADs.2* Inactivation of SMAD4 through genetic
aberrations occurs frequently in pancreatic and colorectal
cancers. Although SMAD4 mutations are rare in gastric
cancer, SMAD4 inactivation at the protein level is involved in
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Table 2 Univariate and multivariate analyses of EMT-like features associated with overall survival

denocarcinoma
K-Yamazaki et a

EMT-like features

Univariate

Multivariate

HR (95% Cl) P-value HR (95% Cl) P-value
SMAD3
Low vs high 2.829 (1.628-4.918) <0.001 1.843 (1.006-3.377) 0.048
E-cadherin
Reduced vs preserved 0.529 (0.304-0.922) 0.025 0.875 (0.475-1.612) 0.875
Vimentin
Not expressed vs expressed 2.833 (1.637-4.926) <0.001 1.795 (0.971-3.317) 0.062
Degree of solitary infiltrating cells
Low vs high 3.214 (1.604-6.440) 0.001 2.177 (1.038-4.565) 0.040
Abbreviations: Cl, confidence interval; HR, hazard ratio.
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Figure 4 Kaplan-Meier survival analyses. Overall survival (a, b} and recurrence-free survival (¢, d) were compared among patients with SMAD3'*% and
SMAD3M9M (a, ¢), or SMAD3'"/SCI®", SMAD3M9M/SCIMI and others (gray lines) (b, d). The P-value of the log-rank test for each analysis is indicated.
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gastric cancer progression.”! In our study, 67/113 cases (59%)
were SMAD4 negative. As immunohistochemical labeling for
SMAD4 mirrors genetic status,”” SMAD4 was most likely
inactivated in the SMAD4-negative cases.

TGEF-f-induced EMT has been thought of as a SMAD4-
dependent process. Here, we show that EMT-like features,
such as reduced E-cadherin, elevated vimentin, and increased
cell motility, were not induced in SMAD4-inactivated AsPC-1
and CFPAC-1 cells by TGE-f treatment, whereas TGE-f
treatment significantly induced EMT-like features in SMAD4-
positive PANC-1 cells. These findings are in agreement with a
previous report from Ellenrieder et al?' However, some
researchers have reported that TGF-fi-induced EMT can also
occur in a SMAD4-independent manner.’®*’ TGF-f can
induce the activation of the mitogen-activated protein kinase
(MAPK) signaling pathway that is involved in EMT induction
independently of the canonical TGF-f} signaling pathway.?°
Levy et al’’ also showed that TGF-f-induced EMT is indepen-
dent of SMAD4 and suggested that SMAD4-independent
noncanonical TGF-f signaling pathway or other pathways
may be involved in EMT induction. Thus, the mechanism
involved in TGF-f-induced EMT is still controversial.

Interestingly, we observed that SMAD3 knockdown in the
cells without TGF-f treatment also resulted in suppression of
EMT-like features. Therefore, to induce EMT, SMAD3 may
be involved in another pathway in addition to the canonical
TGE-f signaling pathway. Zhao et al?® reported that signal
transducer and activator of transcription 3 (STAT3) is
activated in SMAD4-inactivated PDACs and suggested that
loss of SMAD4, leading to aberrant activation of STAT3,
contributes to the switch of TGF-§ from a tumor-suppressive
to a tumor-promoting pathway. As SMAD3 upregulation
correlated with EMT-like features in PDACs regardless of
SMAD4 status, it remains unclear whether SMAD3
cooperates with STAT3 to induce EMT in SMAD4-
inactivated cases.

Here, we examined gene expression profiles of PDACs on
the basis of solitary cell infiltration to identify other EMT-
related genes that may increase the malignant potential of
PDAC. These gene expression profiles revealed that enhanced
expression of the SMAD3 gene was associated with EMT in
PDAC. Immunohistochemical analysis confirmed that
SMAD?3 expression was mostly undetectable in nonneoplastic
epithelia of the pancreas, but was readily apparent in the
nuclei of tumor cells, despite the heterogeneous positivity
observed among our cases. SMAD3 expression levels in
PDAC cells were commonly high compared with other gas-
trointestinal (colon and stomach) cancer cells. SMAD3
overexpression correlates with Gleason score and expression
of proliferating cell nuclear antigen in prostate cancer.?’
Here, we found that high SMAD3 immunopositivity
correlated with larger tumor size, major vessel involvement,
higher tumor grade, and lymph node metastasis, all of which
are characteristics associated with a poor prognosis in PDAC
patients.”# Moreover, SMAD3"8" patients had a shorter
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survival time after surgery than SMAD3'" patients. These
results suggest that enhanced SMAD3 expression may
facilitate the malignant progression of PDAC.

EMT-like features in PDAC have been implicated as bio-
markers for poor prognosis.>!?3% Here, we showed that high
SMAD3 immunopositivity was associated with vascular
invasion and lymph node metastasis as well as EMT-like
features, suggesting that SMAD3-mediated EMT may
promote invasion and metastasis, thereby linking it to poor
prognosis. Besides SMAD3™", we also identified SCI™" as
another independent predictor of poor prognosis. The group
of patients with both SMAD3"" and SCI"8® had the least
favorable prognosis compared with other groups. In vitro
analysis revealed that SMAD3 knockdown resulted in
reduced cell motility, suggesting that SMAD3 may be
involved in cell migration. In 113 cases of PDAC,
SMAD3"#" significantly correlated with SCI™&", and both
were found to be independent factors for poor prognosis.
Although it is clear that SMAD3 is involved in the
malignancy process, most likely by inducing EMT, it is
possible that the malignancy process is mediated by SMAD3
via another mechanism as well. EMT has been shown to
result in cancer cells with stem cell-like characteristics that
have a propensity to invade surrounding tissue and display
resistance to certain therapies.>’ Sun et al’? showed that
NANOG promotes liver cancer cell invasion by inducing
EMT through NODAL/SMAD?3 signaling pathway. In human
embryonic stem cells, SMAD2 and SMAD?3 are involved in
the transcriptional regulation of OCT4 and NANOG?® and
control of the balance between self-renewal and
differentiation.** These findings may provide clues to
clarify a possible mechanism underlying the malignant
process of PDACs mediated by SMAD3.

In conclusion, enhanced expression of SMAD3 in PDAC
correlated with malignant characteristics including EMT-like
features, lymph node metastasis, and poor prognosis.
SMAD?3 seems to play an important role in malignant pro-
gression through EMT induction in PDAC, and may provide
a potential biomarker for poor prognosis of PDAC.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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Introduction

Salivary gland carcinomas are rare

malignant tumors

Abstract

Copy number increase (CNI) of ACTN4 has been associated with poor progno-
sis and metastatic phenotypes in various human carcinomas. To identify a
novel prognostic factor for salivary gland carcinoma, we investigated the copy
number of ACTN4. We evaluated DNA copy number of ACTN4 in 58 patients
with salivary gland carcinoma by using fluorescent in situ hybridization (FISH).
CNI of ACTN4 was recognized in 14 of 58 patients (24.1%) with salivary gland
carcinoma. The cases with CNI of ACTN4 were closely associated with histolog-
ical grade (P = 0.047) and vascular invasion (P = 0.033). The patients with
CNI of ACTN4 had a significantly worse prognosis than the patients with nor-
mal copy number of ACTN4 (P = 0.0005 log-rank test). Univariate analysis by
the Cox proportional hazards model showed that histological grade, vascular
invasion, and CNI of ACTN4 were independent risk factors for cancer death.
Vascular invasion (hazard ratio [HR]: 7.46; 95% confidence interval [CI]: 1.98—
28.06) and CNI of ACTN4 (HR: 3.23; 95% CI: 1.08-9.68) remained as risk
factors for cancer death in multivariate analysis. Thus, CNI of ACTN4 is a
novel indicator for an unfavorable outcome in patients with salivary gland
carcinoma.

ing due to the extreme diversity of tumor types, their rel-
ative rarity, the requirement for long-term follow-up, and
strategy for treatment in many instances to predict out-

comprising about 5% of cancers of the head and neck
region [1]. In addition, the histopathology of salivary
gland tumors is diverse. The classification system of the
World Health Organization (WHO) contains at least 24
histopathological types of salivary gland carcinomas. The
management of salivary gland carcinomas can be confus-

come. Although the clinical parameters, such as clinical
stage, age, and tumor location, are important for the
prognostic factors in salivary gland carcinoma, histologi-
cal grading also ranks highly as a critical prognostic fac-
tor. Histological grading may stratify the risk of lymph
node metastasis and give a rationale for the extent of

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. This is an open access article under the terms of 613
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surgery and the need for adjuvant therapy [2]. If surro-
gate biomarkers associated with histological grade and/or
outcome could be identified, they would become powerful
indicators of the optimal treatment strategy for patients
with salivary gland carcinoma.

We identified actinin-4, an actin-bundling protein
encoded by ACTN4, as a biomarker that could be used to
evaluate the invasion and metastasis capabilities of cancer
cells [3]. The overexpression of actinin-4 proteins was
closely associated with the invasive phenotypes of some
cancers, such as breast [3], colorectal {4, 5], ovarian [6,
7], bladder [8, 9], oral squamous cell [10], pancreas [11,
12], and lung carcinomas [13-15]. Oncogene amplifica-
tion is often observed in aggressive malignant phenotypes
of cancer [16]. Recently, it has been reported that the
amplification of ACTN4 can strictly predict the clinical
outcome, and ACTN4 has been recognized as an onco-
gene [6, 11, 13].

In the present study, we investigated the copy number
of ACTN4 in salivary gland carcinomas by using fluores-
cent in situ hybridization (FISH). Copy number increase
(CNI) of ACTN4 was positively associated with histologi-
cal grade and poor outcome. We identified the biomarker
to predict the outcome of salivary gland carcinoma.

This is the first report to examine the clinical usage of CNI
of ACTN4 as a prognostic factor in salivary gland carcinoma.

Patients and Methods

Patients and tissue samples

We reviewed the clinicopathological records of 58 patients
who underwent surgical resection with curative intention
for salivary gland carcinoma at the National Cancer
Center Central Hospital (Tokyo, Japan) between 1997
and 2011.

Formalin-fixed paraffin-embedded tissue samples of 58
salivary gland carcinomas and 10 normal submandibular
gland or parotid gland specimens were collected and
reviewed in our institution (T. M.) according to the WHO
classification of salivary gland carcinomas (Table 1). His-
tological grade was determined according to the three-
tiered grading system proposed by Jouzdani [17].

This study was approved by the ethics committee of
the National Cancer Center (approval #2010-0759).

TMA construction

Tissue microarrays (TMAs) were prepared from formalin-
fixed paraffin-embedded pathological blocks, as previously
described [18]. TMA blocks were cut into 4-um-thick sec-
tions and subjected to FISH and immunohistochemistry
(THC) [4, 11].
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Fluorescence in situ hybridization

The FISH probe of bacterial artificial chromosome clone
containing ACTN4 and chromosome 19p (a control
clone) was purchased from Abnova (Taipei, Taiwan)
[13].The labeled bacterial artificial chromosome clone
DNA was subjected to FISH as previously described.
TMAs were hybridized with FISH probes at 37°C for
48 h. The nuclei were counterstained with 4, 6-duamidi-
no-2-phenylindone. The number of fluorescence signals
corresponding to the copy number of ACTN4 and control
signals in the nuclei of 20 interphase tumor cells was
counted (Y. W, and K. H.).

FISH patterns were defined as described previously [19,
20]. Briefly, the samples were grouped as normal disomy
(two or less ACTN4 signals in more than 90% of cells), low
polysomy (four or more ACTN4 signals in more than 10%
but less than 40% of tumor cells), high polysomy (four or
more ACTN4 signals in more than 40% of tumor cells), and
gene amplification (ratio ACTN4/chromosome more than
2, or 15 copies in more than 10% of tumor cells) [19, 20].

Immunohistochemistry

The anti-actinin-4 monoclonal antibody (13G9), which we
originally established, was purchased from Transgenic Inc.
(Kumamoto, Japan) [14]. Immunostaining of actinin-4
proteins was performed with the Ventana DABMap detec-
tion kit and an automated slide stainer (Discovery XT;
Ventana Medical System, Tucson, AZ) [13, 14]. The
expression level of actinin-4 protein was classified as: no
expression (immunoreactivity score, 0), in which no tumor
cells were stained with anti-actinin-4 antibody; weak
expression (+1), in which tumor cells were stained with
weaker intensity than endothelial cells; moderate expression
(+2), in which less than 30% of tumor cells were stained;
and strong expression (+3), in which more than 30% of
tumor cells were stained. Two independent investigators
(Y. W. and T. M.) who had no clinical information about
the cases evaluated the staining patterns.

Statistical analysis

Significant differences were detected by using the Mann—
Whitney U test, Student’s #-test, Pearson’s chi-square
test, and Fisher’s exact test. Overall survival was mea-
sured as the period from surgery to the date of death or
last follow-up and was estimated by the Kaplan—Meier
analysis. Differences between the overall survival curves
were assessed with the log-rank test. Univariate and
multivariate analyses were performed with the Cox
regression model. Data were analyzed with the StatFlex
statistical software package (version 6.0; Artiteck, Osaka,

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.



Y. Watabe et al.

Copy Number of ACTN4 in Salivary Gland Carcinoma

Table 1. Association of ACTN4 with clinicopathological characteristics of salivary gland cancer patients.

ACTN4 FISH Actinin-4 1HC
NCN CNI P-value Negative (0, +1) Positive (+2, +3) P-value
Total 44 (75.9%) 14 (24.1%) 19 (32.8%) 39 (67.2%)
ADCC 20 (95.2%) 1(4.8%) 3(14.3%) 18 (85.7%)
CAEPA 8(72.7%) 3(27.3%) 5 (45.5%) 6 (54.5%)
EMYC 2 (66.7%) 1(33.3%) 0 3 (100%)
MYC 0 1 (100%) 1 (100%) 0
ACCC 3 (100%) 0 1(33.3%) 2 (66.7%)
ACNOS 5(71.4%) 2 (28.6%) 4 (57.1%) 3 (42.9%)
MEC 3(75.0%) 1(25.0%) 2 (50.0%) 2 (50.0%)
SDC 2 (50.0%) 2 (50.0%) 2 (50.0%) 2 (50.0%)
SC 1(33.3%) 2 (66.7%) 0 3 (100%)
oC 0 1 (100%) 1 (100%) 0
Age
<67 years 26 (83.9%) 5(16.1%) 0.1267 9 (29.0%) 22 (71.0%) 0.5170
>67 years 18 (66.7%) 9 (33.3%) 10 (37.0%) 17 (63.0%)
Gender
Men 24 (75.0%) 8 (25.0%) 0.8648 13 (40.6%) 19 (59.4%) 0.1567
Women 0 (76.9%) 6 (23.1%) 6 (23.1%) 20 (76.9%)
Size
T1-T2 12 (100%) 0 0.0503 4 (33.3%) 8 (66.7%) 1.000
T3-T4 28 (68.3%) 13 (31.7%) 14 (34.1.%) 27 (65.9%)
Unknown 4 (80.0%) 1(20.0%) 1(20.0%) 4 (80.0%)
Lymph node metastasis
Absent 31 (79.5%) 8(20.5%) 0.5141 0 (25.6%) 29 (74.4%) 0.0980
Present 13 (68.4%) 6 (31.6%) 9 (47.4%) 10 (52.6%)
Histological grade
Low, intermediate 26 (86.7%) 4 (13.3%) 0.0465* 7 (23.3%) 23 (76.7%) 0.1134
High 18 (64.3%) 10 (35.7%) 2 (42.9%) 16 (57.1%)
Neural invasion
Absent 23 (76.7%) 7 (23.3%) 0.8822 11 (36.7%) 19 (63.3%) 0.5116
Present 21 (75.0%) 7 (25.0%) 8 (28.6%) 20 (71.4%)
Vascular invasion
Absent 36 (83.7%) 7 (16.3%) 0.0326* 13 (29.5%) 1(70.5%) 0.5141
Present 8 (53.3%) 7 (46.7%) 6 (42.9%) 8 (57.1%)

FISH, fluorescent in situ hybridization; IHC, immunohistochemistry; ADCC, adenoid cystic carcinoma; CAEPA, carcinoma ex pleomorphic adenoma;
EMYC, epithelial-myoepithelial carcinoma; MYC, myoepithelial carcinoma; ACCC, acinic cell carcinoma; ACNOS, adenocarcinoma, not otherwise
specified; MEC, mucoepidermoid carcinoma; SDC, salivary duct carcinoma; SC, sebaceous carcinoma; OC, oncocytic carcinoma; NCN, normal copy

number; CNI, copy number increase.
*P < 0.05. Statistically significant associations are highlighted in bold.

Japan) or the R-project (http://www.r-project.org/) [11
13, 14].

Results

Determination of the copy number of
ACTN4 by FISH

We determined the copy number of ACTN4 in salivary
gland carcinomas by using FISH. Among the 58 tumors,
33 exhibited normal disomy (56.9%), 11 exhibited low
polysomy (19.0%), 10 exhibited high polysomy (17.2%),
and four exhibited gene amplification (6.9%) (Table 1).

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

Tumors with normal disomy and low polysomy were
defined as having normal copy number (NCN) of
ACTN4, and tumors with high polysomy and gene
amplification were defined as having a CNI of ACTN4,
according to the definition of FISH analysis for epidermal
growth factor receptor 1 (EGFR) (Fig. 1A and B). Four-
teen of 58 tumors (24.1%) exhibited CNI, and 44 of 58
tumors exhibited NCN (75.9%). Histologically, the CNI
was recognized in adenoid cystic carcinoma (ADCC)
(4.8%, 1/21), carcinoma ex pleomorphic adenoma
(CAEPA) (3/11, 27.3%), epithelial-myoepithelial carci-
noma (EMYC) (1/3, 33.3%), myoepithelial carcinoma
(MYC) (1/1, 100%), adenocarcinoma mnot otherwise
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Figure 1. Representative copy number status of ACTN4 in salivary gland cancer determined by fluorescence in situ hybridization (FISH) (A and
B). Representative expression of actinin-4 protein in normal salivary gland (C and D) and salivary gland cancer (E-H), as determined by
immunohistochemistry (IHC). (A) Disomy of ACTN4 in an adenoid cystic carcinoma (ADCC), (B) gene amplification of ACTN4 in ADCC. (C)
striated duct, (D) acinar gland, (E) no expression of actinin-4 protein in mucoepidermoid carcinoma (immunoreactivities score 0), (F) weak
expression, in salivary duct carcinoma (+1), (G) moderate expression in salivary duct carcinoma (+2), (H) strong expression in sebaceous carcinoma
(+3).

specified (ACNOS) (2/7, 28.6%), mucoepidermoid 66.7%) and oncocytic carcinoma (OC) (1/1 100%).
carcinoma (MEC) (1/4, 25.0%), salivary duct carcinoma The NCN and CNI groups had statistically significant
(SDC) (2/4, 50%), sebaceous carcinoma (SC) (2/3, differences in histological grade (P = 0.0465) and vascular
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invasion (P = 0.0326); however, there were no
statistically ~significant differences in histology, age,
gender, size, lymph node metastasis, or neural invasion
(Table 1).

Protein expression of actinin-4 determined
by IHC

We investigated the protein expression level of actinin-4
by using IHC. Among the 58 tumors, 14 (24.1%) had
strong (+3) expression, 25 (43.1%) had moderate (+2)
expression, 13 (22.4%) had weak (+1) expression, and six
(10.3%) had no (0) expression.

Positive staining for actinin-4 protein, which was
defined as moderate expression (+2) and strong expres-
sion (+3), occurred in 39 of 58 tumors (67.2%) (Fig. 1E~
H). The distribution of actinin-4 protein in histological
subtypes is described in Table 1. There were no statisti-
cally significant differences between the positive and nega-
tive staining groups in terms of age, gender, size, lymph
node metastasis, histological grade, neural invasion, or
vascular invasion (Table 1).

In normal submandibular salivary glands, actinin-4
proteins were equally expressed in acinar cells, interca-
lated duct cells, striated duct cells and endothelial cells. In
contrast, in the parotid gland, the protein expression level
of actinin-4 in acinar cells was weaker than in ductal cells
(Fig. 1C and D).

The correlation between copy number of
ACTN4 and protein expression of actinin-4

We confirmed the correlation between ACTN4 copy
number and protein expression of actinin-4. CNI of
ACTN4 was recognized in 12 of 39 (30.8%) tumors with
positive staining of actinin-4. CNI was recognized in six
of 14 (42.9%) tumors with strong (+3) expression of acti-
nin-4, six of 25 (24.0%) tumors with moderate (+2)
expression, and two of 19 (10.5%) tumors with negative
(0 and +1) staining (Fig. 2A). Although 18 of 21 ADCCs
were positively stained for actinin-4 (85.7%), CNI of
ACTN4 was recognized in only one ADCC (4.8%)
(Fig. 2A). Therefore, we considered that the expression
level of actinin-4 protein is not positively associated with
CNI of ACTN4 in ADCC. We then investigated the corre-
lation between protein expression levels and copy number
of ACTN4 in salivary gland carcinomas excluding ADCCs.
The average copy numbers of ACTN4 in salivary gland
carcinomas excluding ADCC were 5.12, 2.90, and 2.47 in
tumors with strong expression (+3), moderate expression
(+2), and negative staining (0 and +1), respectively. Copy
numbers of ACTN4 were significantly increased in tumors
with strong expression (+3) of actinin-4 in comparison
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Figure 2. Collation between copy numbers of ACTN4 and actinin-4
protein. (A) Bar graph of copy numbers of ACTN4 in individual
patients (y-axis; average number of ACTN4 signals, gray bars; patients
with adenoid cystic carcinoma (ADCC), white bars; patients with
salivary gland carcinomas excluding ADCC, *; the patients with copy
number increase [CNI]). (B) Box and whisker plot for average number
of ACTN4 signals between protein expression levels of actinin-4
proteins in the patients with salivary gland carcinomas excluding
ADCC. The average number of ACTN4 signals in the patients with
strong expression of actinin-4 protein was significantly higher than
the patients with moderate expression or negative staining of actinin-
4 protein (P < 0.01, Student’s t-test).

with negative staining (0 and +1) and moderate expres-
sion (+2) (P < 0.01) in salivary gland carcinomas, exclud-
ing ADCC (Fig. 2B).

The prognostic significance of CNI of ACTN4

Kaplan—Meier analysis revealed that CNI of ACTN4 was
significantly correlated with poor outcome in overall sur-
vival of the 58 patients with salivary gland carcinoma,
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