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Figure 9 VEGF level of intraocular fluid in each eye was plotted. Analysis of
intraocular fluid using ELISA showed that intraocular VEGF level was lower
in bromfenac-treated rat (*P < 0.01). Additional injection of SnMP increased
intraocular VEGF level as high as in control CNV rats (**£<0.001). No
significant difference resulted from intraperitoneal SnMP alone. Each group
contained 20 samples from 20 eyes (n = 20). Mean vaiue of each group was
expressed by a line. The corrected significant P-value (Mann-Whitney
U-test) was defined as 0.0125 after Bonferroni correction.

after a long period.”'" Topical NSAIDs had therapeutic
effects on CNV in this study. Because it has such a potentia
neuroprotective effect, combination therapy with an an
VEGF drug may be very advantageous for patients.
nation therapy is found to be more effective, but is I
to result in drug resistance than mono-ther
reatment of tumor angiogenesis.”’ In addi
intravitreal injections were necessary fo
patients to maintain this level of be
injections can be physically uncom
the patient to a number of pot
complications such as intraoc ifection. Topical admin-
istration of a drug that has the capacity to substantially
reduce CNV would be a promising advance in the develop-
ment of therapies for neovascular eye diseases. Finally, there
was a technical problem in this study. RT-PCR might be
more suitable for objective quantification of invading
macrophages. We performed RT-PCR using a primer for
macrophage; however, no reproducible data were obtained
{data not shown). The results were strongly affected by
the size of photocoagulation spot or sampling biases. This
limitation should be also noted.

In conclusion, the present study showed a new mechanism
of NSAIDs for inhibiting neovascularization of the choroid.
Topical NSAIDs would be beneficial for the treatment of
CNV not only because of its anti-angiogenic effect but also its
potential anti-stress effect. Because the CNV model can be a
mirror for other angiogenic diseases in the central nervous
system, NSAIDs could be studied more widely and pro-

janiy

Intravitreal
nd they expose
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foundly as a candidate therapy for these disease conditions
(Supplementary Figure 1).

Supplementary Information accompanies the paper on the Laboratory
Investigation website (hitp://www.laboratoryinvestigation.org)
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microRNA-10b: A New Marker or the Marker of Pancreatic

Ductal Adenocarcinoma?

Tetsuro Setoyama'*, Xinna Zhang®®, Shoji Natsugoe®, and George A. Calin'*

microRNA-10b (miR-10b) expression in pancreatic ductal adenocarcinoma (PDAC), as identified by
in situ hybridization, is highly correlated with cancer diagnosis, therapy response, and prognosis. If these
findings are further confirmed in prospective studies, miR-10b could be used to improve the manage-
ment of PDAC and decrease the mortality rate of this deadly cancer. Clin Cancer Res; 17(17); 5527-9.

©2011 AACR.

In this issue of Clinical Cancer Research, Preis and col-
leagues (1) report that the level of mictoRNA-10b (miR-
10b) expression, as found using in situ hybridization (ISH)
of endoscopic ultrasonography (EUS)-guided fine needle
aspiration (FNA) biopsy samples, was significantly corre-
lated with response to neoadjuvant therapy and outcome
in pancreatic ductal adenocarcinoma (PDAC).

This study is important for several reasons. First, the
authors wisely focused on a deadly type of cancer, PDAC,
which is the fourth leading cause of cancer death and the
second most common gastrointestinal malignancy in the
United States. The median survival duration of PDAC
patients is 4.4 months, and the 5-year survival rate is
around 4% for all PDAC patients (2). At present, no
established biomarkers for early diagnosis and prognosis
exist; therefore, it is imperative that we find new predictors
for both patients and clinicians. Carcinoembryonic antigen
(CEA) and cancer antigen 19-9 (CA19-9) are regarded
worldwide as standard adjunctive markers, but their levels
are also elevated in benign and other malignant conditions;
thus, they are not recommended for diagnosis or prognosis
by the American Society of Clinical Oncology (3).

Second, the identified gene, miR-10b, makes functional
sense as being intimately linked to the mechanism of
metastasis, the cause of most PDAC deaths. microRNAs
(miRNA} are 19- to 25-nucleotide (nt) noncoding RNAs
(ncRNA) and are already classic examples of RNA mole-
cules that do not codify for proteins. By degrading or
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blocking translation of mRNA targets, these miRNAs can
regulate a large part of the mammalian genome, including
genes involved in metastases (4 ). miRNAs are also involved
in the initiation and progression of human cancers (5) and
can behave as oncogenes or tumor suppressors (4). Among
miRNAs, miR-10b was the first that was found, by Ma and
colleagues (6), to be correlated with metastasis in breast
cancer. It is induced by the epithelial-mesenchymal transi-
tion-related transcription factor Twist and suppresses
HOXD10, which represses several genes that contribute
to cell migration and extracellular matrix remodeling in
breast cancer, RhoC, urokinase plasminogen activator
receptor, a3-integrin, and MT1-matrix metalloproteinase
(MMP; ref. 6). Another target of miR-10b is Kruppel-like
factor 4 (KLF4), which acts as a transcriptional factor. In
esophageal cancer cells, miR-10b was found to directly
suppress KLF4, promoting cancer invasion (7). One target
of miR-10b is the tumor suppressor neurofibromin; in
neurofibromatosis malignant peripheral nerve sheath
tumor cells, miR-10b directly suppresses the mRNA of
neurofibromin, and RAS signaling in these cells is activated
(8). In contrast, T lymphoma invasion and metastasis 1
(TIAM1) was identified as an additional target gene for
miR-10b; silencing TIAM1 caused suppression of breast
cancer cell migration (Fig. 1A; ref. 9).

Third, the authors used adequate material for the study.
EUS-FENA is highly accurate at identifying patients with
suspected PDAC, especially when other modalities have
failed, and has rare complications (10). EUS-FNA biopsy
specimens are as reliable as surgical tissues, with a reported
positive predictive value, negative predictive value, and
accuracy rate of 99%, 64%, and 84%, respectively. EUS-
FNA biopsy is a sensitive method, but false-negative cases
must also be evaluated (10). EUS-FNA biopsy is done
before therapy, allowing the clinician to predict response
or outcome. Preis and colleagues used a highly sensitive
fluorescence-based ISH technique combined with immu-
nohistochemical analysis with cytokeratin 19 to identify
epithelial cells in EUS-FNA biopsy specimens. This method
was not time consuming and enabled them to evaluate the
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spatial cancer-specific expression of miR-10b. Another
method that can select only cancer cells, laser capture
microdissection (11), is more time consuming and tech-
nically demanding than the combination of ISH and
immunohistochemical analysis.

Finally, and most significantly, these authors’ findings
have high translation potential. They initially determined
the expression of miR-10b, miR-21, miR-155, miR-196a,
and miR-210 using ISH in 10 resected PDAC formalin-
fixed, paraffin-embedded clinical specimens and 3 non-
cancerous tissues. The authors found that miR-10b was the
most frequently and consistently upregulated in cancer
cells. They then used ISH to determine miR-10b expression
in 95 PDAC and 11 benign EUS-FNA biopsy samples. In
cancer tissue, miR-10b expression (measured automatically
as mean fluorescence intensity) was about 5 times higher
than that in benign tissue. miR-10b expression was sig-
nificantly useful for cancer diagnosis. Subsequently, they
compared miR-10b expression and the response of neoad-
juvant chemoradiotherapy. They found significantly lower
miR-10b levels in tumors that responded than in those that
did not. In addition, they detected significantly lower miR-
10b levels in resectable than in unresectable tumors. These

findings indicate that miR-10b can be used to predict
response to therapy. Thereafter, the authors found a sig-
nificantly longer time to metastasis in patients with low
miR-10b expression. Moreover, patients with low miR-10b
expression had longer overall survival durations than did
patients with high expression, for all stages; durations were
even longer for stages I and II. These results suggest that
miR-10b could be predictive of prognosis. It is clear that
further studies to identify the critical targets of miR-10b in
pancreatic cancer will also identify other pathways to target,
either alone or in combination with chemotherapy.

One of the most significant findings of this study is the
value of miR-10b for use in therapeutic decision making
(Fig. 1B). Preis and colleagues (1) found that patients
with low miR-10b expression experienced relatively better
responses to gemcitabine-based neoadjuvant therapy and
better prognoses. The best treatment for patients with
unfavorably high miR-10b expression will be the most
difficult decision in clinical practice. New alternative
therapies, including miR-10b-targeted therapy, are
needed. Many miRNAs have been reported to be onco-
genic or suppressive, but few in vivo therapeutic advances
have been made. Researchers have evaluated the use of
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antagomirs as in vivo miRNA antagonists; antagomirs are
a type of chemically engineered, cholesterol-conjugated
antisense RNA oligonucleotide (12). A miR-10b antagomir
was evaluated in a 4T1 mouse mammary tumor metastasis
model. Ma and colleagues found that antagomir-10b pre-
vents metastatic dissemination of cancer cells from the
primary tumor but does not affect late stages of the meta-
static process, when tumor cells have disseminated (12).
An important question is whether detection of miR-10b
expression by ISH is ready for use in clinical practice. This
study was done at a single institution and was retrospective;
its findings must be confirmed in a multi-institutional
prospective clinical trial. Clearly, cooperation and support
among clinical surgeons, oncologists, pathologists, and
molecular scientists is essential. miRNA detection with
combined ISH and immunohistochemical staining could
be challenging when the miRNAs are not well expressed.
Furthermore, staining for the expression characterization of
known target genes, in addition to specific miRNAs, could
improve prediction accuracy (Fig. 1B). If the findings of this
study are confirmed, they will be of great help toward
developing a clinical strategy to select PDAC patients
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ABSTRACT

Background. Bone morphogenetic proteins (BMPs) are
secreted signaling molecules belonging to the transforming
growth factor-ff (TGF-f5) superfamily of growth factors.
Recent studies have shown that the influence of the
expression of BMP7 was altered in several tumors. The
purpose of the current study was to examine the expression
of BMP7 in esophageal squamous cell carcinoma and to
clarify the clinical impact of BMP7 expression in esopha-
geal squamous cell carcinoma (ESCC).

Methods. A total of 180 patients with ESCC who under-
went surgical resection from 1991 to 2004 were eligible for
this study. The expression of BMP7 in esophageal tumor
tissues was examined immunohistochemically.

Results. BMP7 expression was found in the cytoplasm of
cancer cells. BMP7 positivity was observed in 61.7% of
tumors. The BMP7-positive group had deeper progression,
more advanced stages, and greater venous invasion than
those without BMP7 expression (p < 0.001, p < 0.005,
and p < 0.0005, respectively). In addition, expression of
BMP7 correlated with poorer prognosis (p < 0.0005).
Multivariate analysis showed that BMP7 expression status
was an independent prognostic factor (p < 0.05).
Conclusions. Patients with expression of BMP7 in ESCC
had high malignant potential. BMP7 could be a useful
prognostic marker for patients with ESCC.

© The Author(s) 2011. This article i1s published with open access
at Springerlink.com
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Esophageal squamous cell carcinoma (ESCC) is
aggressive in gastrointestinal tract carcinomas. Even when
patients with ESCC undergo curative resection, postoper-
ative relapse often occurs. Attempts to evaluate the group
at high risk of recurrence have been made in respect to
tumor aggressiveness. The tumor behavior of ESCC at the
molecular level has been intensively analyzed.

Among the molecular factors available for possible
evaluation of tumor aggressiveness, bone morphogenetic
protein (BMP) is a member of the transforming growth
factor (TGF)-f superfamily known to regulate cell prolif-
eration, apoptosis, and differentiation during human
development.'> BMPs bind cell membrane type I and type
IT receptors of serine/threonine kinases, eliciting intracel-
lular signaling via Smadl, 5, 8, and 9 proteins.™* Recent
studies have shown that BMP7 maintains epithelial and
endothelial phenotypes against epithelial-mesenchymal
transition (EMT).>°

BMP?7 is present in cancers, including breast, prostate,
and colon cancers, in which it is implicated in regulating
cancer cell proliferation.””” Overexpression of BMP7
mRNA in colorectal cancer patients was significantly
associated with poor prognosis and low overall survival.'’
However, the expression of BMP7 in ESCC has not been
evaluated.

In the present study, the BMP7 expression in surgical
specimens of ESCC was examined to evaluate whether this
molecule is useful to predict postoperative outcome.

MATERIALS AND METHODS
Patients and Specimens

There were 180 patients diagnosed with ESCC
(163 males and 17 females) who underwent RO
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esophagectomy with lymph node dissection between
1991 and 2004 at Kagoshima University Hospital, Kag-
oshima, Japan. The median age of the patients was 65.2
(range, 39-84) years.

None of these patients underwent endoscopic mucosal
resection, preoperative chemotherapy or radiotherapy, or
had metachronous multiple cancer in other organs. Speci-
mens of cancer tissue and noncancerous adjacent tissue
were collected from patients after informed consent had
been obtained in accordance with the institutional guide-
lines of our hospital. Using TNM classification of the
International Union Against Cancer,'" all of the M1 tumors
exhibited distant lymph node metastases. All patients were
followed-up after discharge, with x-ray examination and
tumor marker assays (squamous cell carcinoma antigen and
carcinoembryonic antigen) performed every 1 to 3 months,
computed tomography every 3 to 6 months, and ultraso-
nography every 6 months. Bronchoscopy and endoscopy
were performed if necessary.

Postoperative follow-up data were obtained from all
patients, with a median follow-up period of 39 (range,
1-137) months. According to TNM classification, 74 of
the 180 patients had TI1 tumors, 25 patients had T2
tumors, 78 patients had T3 tumors, and 3 patients had T4
tumors.

Immunohistochemical Staining and Evaluation
of BMP7 in ESCC

Tumor samples were fixed with 10% formaldehyde in
phosphate-buffered saline (PBS), embedded in paraffin,
and sectioned into 4-pum-thick slices. They were deparaff-
inized in xylene and dehydrated with a series of graded
ethanol. The endogenous peroxidase activity of specimens
was blocked by immersing the slides in a 3% hydrogen
peroxidase-methanol solution for 10 min at room temper-
ature. After washing three times with PBS for 5 min each,
the sections were treated with 1% bovine serum albumin
for 30 min to block nonspecific reactions at room tem-
perature. Then, the sections were incubated with primary
antibody to BMP7 (1:200 R&D System) at 4°C overnight
and subsequently stained with secondary antibodies for
30 min. The sections were incubated with avidin—biotin
complex for 60 min, and reactions were visualized using
diaminobenzidine tetrahydrochloride for 2 min. The sec-
tions were rinsed briefly in water and counterstained with
hematoxylin for 30 s. Normal human kidney was used as a
positive (medullary rays) and negative (glomeruli) control
to verify both BMP7 antibody specificity and staining
quality (Fig. la)."” Immunohistochemistry was indepen-
dently evaluated by two investigators (KM and SI) who

FIG. 1 Normal kidney section as a positive control for BMP7
staining. a BMP7 expression was seen in medullary rays and not seen
in glomeruli (x200). Expression of BMP7 in ESCCs. b Negative

expression of BMP7 (x200). ¢ Positive expression of BMP7 was
detectable in cytoplasm and membranes (x200). Scale bar 100 pm
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had no information about the patients’ clinical data. In
cases in which the immunohistochemical evaluation of the
two observers differed, slides were evaluated by a third
observer (SN).

To evaluate the expression of BMP7, ten fields (within
the tumor and at the invasive front) were selected and
expression in 1,000 tumor cells (100 cells/field) was eval-
uated using high-power (x200) microscopy. Expression of
BMP7 was assessed using the proportion of positive cells
and using intensity. At first, we classified each sample into
one of three categories in terms of the proportion of posi-
tive cells: 14, 0-29%; 24, 30-59%; and 3+, >60%
positive cells. In addition, we classified each sample into
one of three categories according to the intensity: 14,
weak; 2+, moderate; and 3+, strong. The tumors with
strong staining at least 30% of the cells and moderate
staining at least 60% of the cells were considered BMP7-
positive. We used this evaluation because of the hetero-
geneity of the ESCC samples and the fact that the deeper
the tumors invaded, the stronger their intensity tended to
become. We improved the evaluation method used by Liu
etal’

Statistical Analysis

Statistical analysis of group differences was performed
using the y* test. The Kaplan-Meier method was used for
survival analysis, and differences in survival were esti-
mated by using the log-rank test. Prognostic factors were
examined by univariate and multivariate analyses (Cox
proportional hazards regression model). A p value <0.05
was considered to indicate statistical significance. All sta-
tistical analyses were performed using the StatView for
Windows software (Version 5.0, Abacus Concepts,
Berkeley, CA).

RESULTS
BMP7 Expression of ESCC

BMP7 expression was identified in cellular membrane
and cytoplasm of ESCC and was detected rarely in normal
esophageal epithelium. Positivity of BMP7 expression was
seen in 111 (61.7%) of 180 patients (Fig. Ic).

Relationship Between BMP7 Expression
and Clinicopathological Features

High-intensity BMP7 expression was detected more at
deeper areas in ESCC. The correlations between BMP7
expression and clinicopathological characteristics are shown
in Table 1. The BMP7-positive group had significantly

TABLE 1 Relationship between BMP7 expression and clinicopath-
ologic findings

BMP7 expression 4
(=) (+)
n =69 n =111
Total (N = 180)
Age (mean + SD) 64.6 +9 656 £ 9 0.975
Gender
Male 65 98 0.178
Female 4 13
Histology
Well 19 . 36 0.588
Moderate 34 53
Poor 9 22
pT
T1 36 23 <0.0001
T2, T3, T4 33 88
pN
NO 34 43 0.171
NI 35 68
pM
MO 55 78 0.06
M1 14 33
Lymphatic invasion
Negative 24 24 0.052
Positive 45 87
Venous invasion
Negative 40 33 0.0002
Positive 29 78
Stage
I 20 I3 0.0012
I1A, IIB 25 28
11 10 37
v 14 33
Locoregional recurrence
Negative 65 4 0.027
Positive 92 19

SD standard deviation

deeper tumor invasion (p < 0.001), more advanced stages
(p = 0.0012), more venous invasion (p = 0.0002), and
more locoregional recurrence (p = 0.027) than the BMP7-
negative group. We had 23 locoregional recurrences dur-
ing the period of this study: 3 were surgical anastomosis
recurrences, and 20 were lymph node recurrences. Further-
more, we examined the relationship between BMP7
expression and locoregional recurrence; 19 of 23 patients
with locoregional recurrence had BMP7-positive expression
(Table 2).
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TABLE 2 Relationship between immunohistochemical staining for
BMP7 expression and locoregional recurrence

Recurrence site Total BMP7 expression
Positive Negative
(n = 19) (n=4)

Lymph nodes 20 17 (85%) 3 (15%)

Surgical anastomosis 3 2 (66%) 1 (33%)

BMP7 Expression and Patients’ Survival

The 5-year overall survival rate was significantly lower
in patients with BMP7-positive expression than in those
with negative expression (p = 0.0004; Fig. 2a). In 77
patients who had no lymph node metastasis, 43 patients
with BMP7-positive expression also had significantly
lower 5-year overall survival rate than that of patients
judged to have BMP7-negative expression (p = 0.0016;
Fig. 2b).

Univariate and Multivariate Analysis of Survival

Table 3 shows the results of univariate and multivariate
analyses of the factors related to patient prognosis. Uni-
variate regression analyses revealed that depth of tumor
mvasion, lymph node metastasis, pM status (distant lymph
node metastasis), venous invasion, locoregional recurrence,
and BMP7 expression significantly affected postoperative
outcome. Multivariate analysis indicated that BMP7
expression was one of the independent prognostic factors
(p = 0.046), along with the depth of invasion (p = 0.019),
and pM status (distant lymph node metastasis) (p = 0.009;
Table 3).

FIG. 2 a Overall 5-year a
survival curves of patients with Survival
esophageal cancer according to rate (%)
the expression of BMP7. 100
Patients who were positive for

BMP7 expression exhibited

significantly poorer prognosis 80
than those negative for BMP7

expression. b Overall 5-year

survival curves of patients 60
without lymph node metastasis
in relation to BMP7 expression.
Patients who were positive for
BMP7 expression exhibited
significantly poorer prognosis 20

than those negative for BMP7

expression | | L L

DISCUSSION

This is the first report to show an association between
BMP7 expression and clinicopathological findings in
ESCC. BMP7 positivity was observed in 61.7% of ESCC
tumors, which was a higher incidence than in colorectal
(41%) and breast cancers (46%).'""*

BMP7 expression have been reported to be involved in
the growth of several cancer cells, such as osteosarcoma,
malignant melanoma, prostate cancer, breast cancer, renal
cell cancer, colorectal cancer, and gastric cancer, causing
increased aggression or suppression.'”"’ Y We showed
that BMP7 expression in ESCC was significantly associ-
ated with the tumor depth, stages, and venous invasion.
Motoyama et al. investigated BMP7 mRNA in colorectal
cancer and showed its significant association with tumor
extension and liver metastasis.'’ Aoki et al. reported
immunohistochemical expression of BMP7 in gastric can-
cer was significantly related to the depth of tumors, nodal
involvement, lymphatic invasion, and venous invasion.”’
Those findings agree with our results. In this context,
cancerous BMP7  positivity may reflect tumor
aggressiveness.

In contrast, Kwak et al. reported that cancerous BMP7
expression correlated with better surgical outcome in renal
cell carcinoma.'” Renal cells are used as a positive control
of BMP7 expression; this contradictory finding supports
organ-specificity. Aoki et al. also reported that BMP7
expression in gastric cancer was significantly higher in the
well- and moderately differentiated histological group than
in the poorly differentiated histological group. In contrast,
in this study, we showed no relationship between BMP7
expression and tumor histological type; this contradictory
findings supports tumor-specificity (histologic differences
between squamous cell carcinoma and adenocarcinoma).

b
Survival

P = 0.0004 rate (%) P=0.0016

~— BMP7 (- 100
BMP7 (+)

womrn BMPT ()
BMP7 (+)

80

60

40

20

L L | {

Years after operation

I
5 6 4] l 2 3 4 5 6

Years after operation
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TABLE 3 Univariate and multivariate analysis of prognostic factors in ESCC
Factors Univariate analysis Multivariate analysis

¥ P Hazard ratio 95% C1
pT (1/2,3,4) (negative/positive) <0.0001* 0.019* 1.89 1.107-3.225
pN (negative/positive) 0.0003* 0.377 1.269 0.748-2.15
Venous invasion (negative/positive) 0.006* 0.622 1.121 0.71-1.769
pM (negative/positive) <0.0001* 0.009* 1.93 1.177-3.164
Locoregional recurrence (negative/positive) 0.03* 0.587 1.162 0.673-2.008
BMP7 expression 0.0004* 0.046* 1.61 1.008-2.576

*p <0.05

BMP7 expression by immunohistochemistry was sig-
nificantly associated with lower recurrence-free survival in
malignant melanoma and breast cancer.'*'” Our recent
study showed BMP7 expression was significantly related to
the locoregional recurrence. Those who had BMP7
expression tended to occur local lymph node relapse. Those
findings might have important clinical significance. To
determinate BMP7 expression status in primary ESCC
could help to identify patients who are at high risk to
develop early local lymph node recurrence.

In vitro, the BMP7 signaling pathway in malignant
tumors has not been fully understood. From our results, in
ESCC, these specific signals for BMP7 may correspond
with tumor invasion in those signals that BMP7 stimulates.

In many cancers, TGF-f is a protumorigenic factor that
stimulates EMT.>'~** In contrast, BMP7 is a strong inducer
of the reverse process (mesenchymal-epithelial transition;
MET) during embryonic developmem.“_z“ Moreover,
BMP7 can inhibit TGF-f-induced fibrosis and counteracts
TGF-f-induced EMT in normal renal epithelial cells.”’ >’
In contrast, in this study, overexpression of BMP7 in ESCC
was significantly related to tumor aggressiveness. BMP7
might be related to tumor migration ability in ESCC. We
need to find out more details about the cross-talk between
BMP7 and TGF-f signaling pathways in the context of
EMT.

As a prognostic parameter, Aoki et al. reported that
immunohistochemical BMP7 expression in gastric cancer
patients was associated with poor overall survival.”’
Moreover, overexpression of BMP7 mRNA was signifi-
cantly associated with lower overall survival in colorectal
cancer.'”

In this study, concerning the overall survival analysis,
tumor depth, lymph node metastasis, venous invasion,
distant lymph node metastasis, locoregional recurrence,
and BMP7 expression were prognostic factors on univari-
ate analysis. We showed that BMP7 expression was one of
independent prognostic factors, along with tumor depth,
and distant lymph node metastasis on multivariate analysis
in accordance with results for other digestive tract cancers.

BMP7 expression could be used as a useful prognostic
parameter predicting the survival of postoperative ESCC
patients.

Various molecular markers have been shown to be
associated with development and progression of ESCC,
including cyclin D1, smad4, Fas, cyclin B1, CD151, Bmi-
1, and osteopontin.'**"~** Naitoh et al. demonstrated that
the survival rate for the patients with overexpression of
cyclin D1 was very low even in the patients without lymph
node metastasis.”” In this study, the 5-year overall survival
rate for the patients with BMP7 positive expression was
significantly worse than those with negative expression
even in the patients without lymph node metastasis. BMP7
expression may be a useful marker for high-risk patients of
ESCC without lymph node metastasis. This enables us to
choose postoperative treatment, including chemotherapy.

Moreover, we showed that BMP7 expression tends to
correlate with lymphatic invasion (p = 0.052). Thus, can-
cerous BMP7 expression in a biopsy may be informative to
predict lymphatic invasion. When selecting whether to
perform endoscopic resection for early ESCC, we can use
cancerous BMP7 expression as a predictor of lymphatic
invasion.

In conclusion, BMP7 expression in ESCC plays a crit-
ical role in tumor proliferation and invasion. Expression of
BMP7 may be a predictor of poor overall survival. This
independent molecular marker for high-risk patients could
help us in our attempts to individualize patients’ therapy.

OPEN ACCESS This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
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Introduction: The glycosaminoglycan heparin has been shown to bind to platelet integrin allb3 and induce
platelet activation and aggregation, although the relationship between binding and activation is unclear. We
analyzed the interaction of heparin and alb33 in detail, to obtain a better understanding of the mechanism
by which heparin acts on platelets.
Methods: We assessed conformational changes in allb33 by flow cytometry of platelets exposed to unfractio-
nated heparin. In human platelets and K562 cells engineered to express allb3, we assayed the effect of hep-
arin on key steps in integrin signaling: phosphorylation of the (33 chain cytoplasmic tail, and activation of src
kinase. We measured the heparin binding affinity of purified allbp3, and of recombinant fragments of allb
and 33, by surface plasmon resonance.
Results and conclusions: Heparin binding results in conformational changes in allb®3, similar to those ob-
served upon ligand binding. Heparin binding alone is not sufficient to induce tyrosine phosphorylation of
the integrin (33 cytoplasmic domain, but the presence of heparin increased both 33 phosphorylation and
src kinase activation in response to ligand binding. Specific recombinant fragments derived from allb
bound heparin, while recombinant 33 did not bind. This pattern of heparin binding, compared to the crystal
structure of albB3, suggests that heparin-binding sites are located in clusters of basic amino acids in the
headpiece and/or leg domains of allb. Binding of heparin to these clusters may stabilize the transition of
allbp3 to an open conformation with enhanced affinity for ligand, facilitating outside-in signaling and plate-
let activation.

Published by Elsevier Ltd.

Introduction

(PF4) in a complex with heparin [1]. Both in vivo and in vitro, unfrac-
tionated heparin appears to be a stronger stimulant of platelet activa-

The glycosaminoglycan heparin is a potent anticoagulant that is
extensively used in the prevention and treatment of cardiovascular
disorders. However, the efficacy of heparin is limited in part by its ef-
fect on platelets. Patients receiving intravenous heparin commonly
experience an immediate, transient but mild non-immune-mediated
thrombocytopenia, associated with biochemical evidence of platelet
activation [1-5]. Heparin-mediated platelet activation should be dis-
tinguished from the much rarer syndrome of heparin-induced throm-
bocytopenia, caused by the formation of antibodies to platelet factor 4

Abbreviations: GIcNS6S-IdoA2S, glucosamine N-sulfate (6-O-sulfate)-iduronic acid
(2-O-sulfate); mAb, monoclonal antibody; PBS, phosphate-buffered saline; PRP, platelet-
rich plasma; pY, phosphotyrosine; SPR, surface plasmon resonance.

* Corresponding author at: Research & Development (151), Seattle Division, VA
Puget Sound Health Care System, 1660 South Columbian Way, Seattle, 98108.
Tel.: +1 206 277 1188; fax: +1 206 277 4483.

E-mail address: myagi@uw.edu (M. Yagi).

0049-3848/$ — see front matter. Published by Elsevier Ltd.
doi:10.1016/j.thromres.2011.11.054

tion than lower molecular weight heparins [6-10]. In previous work,
we have characterized the heparin oligosaccharide that binds to
platelets, and shown that heparin binds to platelet integrin allbp3
(platelet glycoprotein Iibllla) [11-15]. Thus, it seems likely that hep-
arin binding to allbp3 is directly related to its stimulatory effects. Un-
derstanding the interaction of heparin with platelets will help in the
development of safer anticoagulants.

Integrin allbP3 is the major platelet surface receptor for fibrino-
gen and other RGD-containing proteins. Like other integrins, allbp3
is a bidirectional receptor that undergoes conformational changes
and induces intracellular signaling upon ligand engagement (out-
side-in signaling), as well as upon cell activation by soluble such as
thrombin or ADP (inside-out signaling). Both processes contribute
to a signaling cascade that ultimately results in profound morpholog-
ical and biochemical changes in the platelet [16,17]. One of the first
steps in this cascade is tyrosine phosphorylation of the integrin 33 cy-
toplasmic tail, which alters its association with the platelet

doi:10.1016/j.thromres.2011.11.054
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cytoskeleton, leading to shape changes, and ultimately to aggregation
and release of mediators contained in platelet o granules [18].

Recent evidence indicates that heparin augments the ligand-
induced phosphorylation of platelet cytoplasmic proteins involved
in multiple signal transduction pathways, including through integrin
allbp3 [19]. In the work presented here, we show that heparin direct-
ly amplifies signaling through integrin allb33. Our experiments show
that heparin augments ligand-induced conformational changes in
allbB3, as well as increasing tyrosine phosphorylation of both the
integrin 33 cytoplasmic domain and associated src kinase. In addition,
we map the binding sites of heparin on the allbB3 molecule. Our re-
sults indicate that heparin-induced platelet activation is caused by
the binding of heparin to allbp3, with induction or stabilization of a
more activated conformation. We find that heparin binds predomi-
nantly to the «llb subunit, and suggest some potential heparin-
binding sites within the receptor.

Materials and methods

Detailed procedures and additional figures are included in the
Supporting Information for this paper. For all experiments, we used
a standard unfractionated porcine mucosal heparin (Celsus, Inc.,
M.W. ~15,000 Da, 179 units/mg).

Flow cytometry of integrin activation

All blood samples were collected from normal volunteers after
obtaining informed consent following protocols approved by the
Institutional Review Board. Whole blood was collected into Vacutai-
ners containing 3.2% buffered sodium citrate (Becton-Dickinson)
and immediately centrifuged to obtain platelet-rich plasma (PRP).
PRP was incubated with PBS, heparin (Celsus, 5 pg/ml final concentra-
tion), EDTA (5 mM final), or eptifibatide (Millennium Pharmaceuticals/
Schering, 300 pM final) and saturating concentrations of fluorescent
antibodies or isotype controls. Samples were fixed and analyzed on
a FACSCalibur flow cytometer using CellQuest software (BD Biosci-
ences). Both forward and side scatter detectors were set on logarith-
mic scales, and the analysis gate was set on the major population of
platelets. The percentage of positive platelets and their mean fluo-
rescent intensity were calculated from single-parameter histograms
of a minimum of ten thousand events from the gated region.

Western blot analysis of protein tyrosine phosphorylation

For analysis of integrin 33 phosphorylation in human platelets,
PRP was incubated with eptifibatide and/or heparin, washed, then
lysed and immunoprecipitated with an anti-33 monoclonal antibody
(mAb) (PM6/13, Millipore). Samples were analyzed by Western blot-
ting (Western Breeze kit, Invitrogen) using a polyclonal rabbit anti-
body directed against a peptide from human integrin 33 containing
phosphotyrosine (pY)759 (Santa Cruz Biotechnology). After detec-
tion of phosphorylated B3, the membranes were stripped (ReBlot
Plus Strong, Millipore) and total B3 was detected using a mouse
mAb (clone 1, BD Transduction Laboratories). Scanned films were
analyzed using Image] (http://rsb.info.nih.gov/ij/index.html), Microsoft
Excel, and Prism5 (GraphPad) software.

KadIbB3 cells, derived from K562 cells transfected with plasmids
expressing integrins allb and B3, were cultured as previously de-
scribed [20]. To assay integrin B3 phosphorylation, cells were washed
and spread on fibrinogen-coated Petri dishes. Nonadherent cells were
removed, the adherent cells were lysed directly in sample buffer, and
total protein analyzed by Western blotting. For detection of src acti-
vation, polyclonal anti-pY416 and monoclonal rabbit anti-src (Cell
Signaling Technologies) were used as the primary antibodies.

Preparation, expression, and purification of odlb and B3proteins and
fragments

Intact human alibp3 was purified from platelet concentrates as
previously described [15]. Recombinant fragments of allb and the ex-
tracellular domain of 33 were generated by PCR cloning into His-
fusion vectors and expressed in BL21 (DE3) bacteria («llIb fragments)
or S2 insect cells (B3extracellular domain). The «allb fragments
encompassed amino acids 1-269 (Region 1), 263-559 (Region 2),
and 547-867 (Region 3) (Supplemental Figs. 1 and 2). The 33 extra-
cellular domain included amino acids 28-716. For purification of
allb fragments, inclusion bodies were solubilized and purified on a
cobalt affinity column following manufacturer's protocols (Talon,
Clontech). The B3 extracellular domain was isolated from superna-
tants of S2 cells by affinity chromatography on Talon resin.

Surface plasmon resonance detection of heparin binding

A gold-coated sensor chip (Nippon Laser and Electrounics Lab) was
coated with glucosamine N-sulfate (6-O-sulfate)-iduronic acid (2-0-
sulfate) (GIcNS6S-IdoA2S) and placed in the sensing channel of a 2-
channel SPR instrument (SPR-670, Moritex, Yokohama, Japan)
{21,22]. A control chip coated with D-maltose was placed in the refer-
ence channel. Proteins in 0.1% TritonX-100 in PBS were injected
simultaneously into both channels. Binding was detected, and bind-
ing curves and kinetic parameters calculated, using the manufac-
turer's software.

Analysis of heparin binding sites and cdIb33 conformation

Analyses were performed on the crystal structure of «llbp3
reported by Zhu, et al (PDB ID: 3FCS) [23] using the program Cn3D
(version 4.1; http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.
shtml).

Results
Heparin induces conformational changes in platelet integrin cdIbf33

We have previously shown that integrin allbR3 is the major bind-
ing site for heparin on platelets [15]. To determine whether heparin
interaction directly modulates integrin ollbB3 conformation, we
used flow cytometry to measure the binding of a panel of antibodies
to activation-dependent epitopes on human platelets. These epitopes
are masked in the resting form of allb3, and are exposed by confor-
mational activation of the receptor and high-affinity ligand binding.
The antibodies LIBS-1 and — 6 bind to ligand-associated epitopes on
integrin 33, while PMI-1 and PAC-1 bind to allb [24-26]. PRP from
five different normal volunteers was incubated with the respective
antibodies in PBS alone, or in the presence of 5pg/ml heparin.
Fig. 1A shows the change in the percentage of platelets positive for
each epitope, expressed as the ratio (% with heparin/% without hepa-
rin). Heparin increased the binding of all the activation-dependent
antibodies, from an average of 1.4- (LIBS-1) to 1.8-fold (PAC-1). The
increases in binding of both LIBS-6 and PAC-1 in the presence of hep-
arin were statistically significant (p<.05, t-test). The presence of hep-
arin alone did not induce the expression of the activation-dependent
marker p-selectin (Fig. 1A), suggesting that heparin binding alone
was not sufficient to induce platelet activation.

The effect of heparin on ligand-induced conformational changes
was assessed in a second set of experiments. PRP was incubated
with the integrin antagonist eptifibatide, and the binding of LIBS-1
and 6 was measured in the presence or absence of heparin. Although
eptifibitide prevents allbB3 signaling and platelet aggregation [18],
biophysical measurements indicate that eptifibitide binding can in-
duce partial activation of the receptor [27]. Because a large
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Fig. 1. Conformational changes in allb3 measured by flow cytometry. A, Relative
binding of Pac-1, LIBS, and p-selectin antibodies to platelets in the absence of ligand.
PRP was incubated with the indicated antibodies in the presence of 5 ug/ml heparin.
Data are expressed as the percentage positive platelets for heparin treatment divided
by PBS control (means -+ SEM of 5 different subjects). The addition of heparin increased
LIBS-1 and PAC-1 binding significantly more than that of p-selectin, which was no dif-
ferent than PBS controls (p<.05, t-test). B, Increased binding of LIBS1 but not LIBS6 in
the presence of heparin and ligand. PRP was incubated with EDTA (5 mM) or eptifiba-
tide (300 pM) with and without heparin (5 pg/ml). Separate aliquots were incubated
with the conformation-dependent antibodies LIBS-1, LIBS-6, or AP3( which recognizes
all conformations of allbf33). The fold increase in mean fluorescent intensity of anti-
body binding over EDTA controls is shown. Values are the means + SEM of 2 studies.

percentage of platelets were LIBS-positive in the presence of epitifiba-
tide, further changes are expressed as the ratio of the mean fluores-
cence intensity in the presence or absence of heparin. Fig. 1B
illustrates that the addition of heparin increases the binding of LIBS-
1 in the presence of eptifibitide, while that of LIBS-6 is largely unaf-
fected. Total surface expression of allbp3, as measured by the anti-
body AP3, showed no changes with the different treatments.

Heparin augments signal transduction through integrin odlb(33

Ligand binding to integrin allbp3 triggers signaling that ultimate-
ly results in platelet activation [16-18]. Because heparin appears to
augment the ligand-bound conformation of allbP3, we assayed the
effect of heparin on tyrosine phosphorylation of the 33 cytoplasmic
tail, one of the earliest signaling events of outside-in signaling. PRP
was incubated with eptifibatide and varying amounts of heparin,
and the phosphorylation of tyrosines in the 33 cytoplasmic tail was
measured by Western blotting. To account for differences in gel load-
ing, band intensities in the phosphotyrosine blots were normalized

with the intensities of the total B3 integrin bands before assessing
the effect of heparin addition. Fig. 2A shows that, while neither hep-
arin nor eptifibatide alone stimulate tyrosine phosphorylation of the
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Fig. 2. Phosphorylation of the integrin 33 cytoplasmic tail and src in human platelets
and Kallb33 cells. A, Human PRP was incubated with eptifibatide (300uMolar) and/
or heparin (5 or 50 pg/ml) and B3 phosphorylation measured as described in the
Methods. Values are the means+ SEM of 2 independent experiments, expressed as
the fold change in 33 phosphorylation compared to ligand alone. The Western blot of
a representative experiment is depicted. B, Washed Kallbp3 cells were adhered to
immobilized fibrinogen in the absence or presence of heparin (means + SEM of 3 stud-
ies). Asterisks indicate p<0.05 (t-test) compared to the PBS control. C, Phosphorylation
of src at tyr418 in KallbB3 cells adhering to fibrinogen with or without heparin. Values
are the means + SEM of five experiments. Asterisks indicate p<0.05 (t-test) compared
to control.
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133 cytoplasmic domain, a low concentration of heparin (5 pg/ml) sig-
nificantly increased phosphorylation in response to eptifibatide.

To confirm that this effect was integrin-dependent, we repeated
the experiment using K562 cells transfected with allbB3 (Kallbp3)
[20,28]. These cells have been shown to bind fibrinogen, and this
model has been useful in dissecting integrin signaling. By flow cytom-
etry, Kallbp3 cells do not express significant levels of other integrins
(not shown). Fig. 2B illustrates that phosphorylation of integrin 33 in
KallbB3 cells adhering to immobilized fibrinogen is significantly in-
creased in the presence of heparin. As in platelets, this effect is ob-
served at low concentrations of heparin, and is not increased at
higher concentrations.

Another early marker of outside-in signaling by integrin allbp3 is
activation of the tyrosine kinase src, which is constitutively associated
with the 33 cytoplasmic tail {29]. In response to ligand binding, src is
dephosphorylated at tyrosine-529 and phosphorylated at tyrosine-
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418, activating the kinase and initiating platelet activation. Fig. 2C
shows that, in Kallbp3 cells adhering to fibrinogen, heparin signifi-
cantly increases phosphorylation of endogenous src at tyrosine-418.
These results indicate that heparin binding can amplify ligand-
induced signaling through integrin allb33.

Identification of heparin-binding regions of cdlb33

The binding sites of heparin on the allb3 molecule were mapped
more precisely by expressing components of the integrin heterodimer,
and independently measuring their affinity for heparin structures,
using surface plasmon resonance (SPR). To avoid complications arising
from the structural heterogeneity of naturally occurring heparins, we
immobilized a structurally defined disaccharide previously shown to
bind to allbB3 (GlcNS6S-1do2S) on the SPR chip. Immobilization of
the purified disaccharide also effectively increases the concentration
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Fig. 3. SPR binding analyses. A, allb{33. A typical binding experiment is illustrated, in which a range of concentrations of purified human adIbB3 were perfused over the sugar chip
immobilized with a structurally defined synthetic oligosaccharide of GENS6S-Ido2S known to bind to the platelet. B-E, recombinant fragments of alb and (33. For each fragment,
binding to the defined heparin oligosaccharide is illustrated by the filled symbols, and binding to the control maltose chip by the open symbols. Values are the means + SD from

three independent experiments.
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of the active structure [22]. Binding was first measured to intact integrin
allbp3 purified from human platelets, and then to isolated fragments of
allb and B3 individually. Increasing concentrations of protein in buffer
were passed over the immobilized oligosaccharide to assess binding.
Fig. 3A illustrates the binding curve for purified platelet-derived
allbp3, where the Ky, was calculated to be 440nM. Fig. 3 (B-E) are the
binding curves for individual fragments of allb and the extracellular do-
main of B3, and Table 1 summarizes the dissociation constants derived
from these experiments. Region 1 of allb (corresponding to the amino-
terminal half of the head domain [30]) and Region 3 (containing part of
the thigh and both calf domains) showed significant binding to the
immobilized disaccharide. In contrast, the extracellular domain of 33
and allb Region 2 (the carboxy-terminal half of the head and adjoining
thigh domain) did not appear to bind. These assays were repeated using
unfractionated heparin immobilized on the SPR chip, which confirmed
that only Regions 1 and 3 from allb bound to heparin (not shown),
with affinities similar to the disaccharide. The calculated Kp for Region
1 was 68.1nM for the disaccharide (Table 1) and 106.6nM for unfractio-
nated heparin.

Discussion

We have previously shown that heparin binds to platelet integrin
allbP3, resulting in platelet activation and aggregation [12,15]; how-
ever, in those experiments it was unclear if heparin binding alone
could activate signaling. These experiments were undertaken to ad-
dress this question. The flow cytometry experiments indicate that
heparin binding can induce conformational changes in allbp3 similar
to those resulting from ligand binding, and that heparin augments the
conformational changes induced by ligand binding. The absence of in-
creased p-selectin expression in response to heparin alone suggests
that platelets are not fully activated by heparin binding. Analyses of
33 tyrosine phosphorylation and src activation further confirm that
heparin alone does not produce detectable outside-in signaling, but
in the presence of ligand, heparin significantly enhances signaling
through allbB3, both in platelets and in transfected cells expressing
the integrin. Finally, through analysis of heparin-binding to isolated
fragments of allbR3, we mapped putative heparin-binding sites to
the headpiece and genu of allb.

Gao et al. have also recently reported that heparin potentiates
signaling through platelet allbB3 [19]. Their study demonstrated
that heparin augments phosphorylation of FAK and Akt in response
to ligand binding. This current report extends these findings by doc-
umenting that the earliest events of the outside-in signaling cascade
are potentiated by heparin. By using the K562 model system, which
is devoid of other platelet receptors, we were able to show that hep-
arin binding increases phosphorylation of the integrin 33 cytoplas-
mic domain and activation of the associated src kinase in response
to ligand binding. Taken together, these results indicate that heparin
binding results in platelet stimulation at least in part by the induc-
tion or stabilization of an activated conformation of allb@3, thus fa-
cilitating ligand binding to the integrin, and amplifying outside-in
signaling and platelet activation.

Mapping the binding sites of heparin on the allb3 molecule sug-
gests a model for this mechanism. Classical linear heparin-binding
motifs composed of appropriately spaced cationic residues [31-33]

Table 1
Dissociation Constants for purified allb33 and Recombinant
Portions of allbf3.

Kp (nMolar)
native allbB3 440
Region 1 allb 68.1
Region 2 allb no binding
Region 3 allb 169
recombinant 33 no binding

can be found in the extracellular domain of B3 and Region 2 of
allb. However, the results of the binding studies demonstrated that
neither B3 nor Region 2 bound heparin, while Regions 1 and 3 of
allb bound with significant affinity to heparin and its disaccharide.
Additionally, the overall densities of arginine and lysine residues in
Regions 1-3 do not correlate with their heparin-binding affinity
(6.3% arginine/lysine residues in Region 1, 8.8% in Region 2, 5.7% in
Region 3). Thus, it seems unlikely that heparin is binding to linear
or random distributions of basic amino acids in the recombinant
fragments, suggesting that the major heparin binding site(s) are
formed by folding of the allb polypeptide. One caveat is that these
recombinant proteins may not be folded in precisely the same con-
formation as the native protein.

The crystal structure of the allbB3 extracellular domain [23] re-
veals that several clusters of arginine and lysine residues are located
on the external face of the protein. Region 1 (which binds heparin)
contains a large cluster on one face of the 3-propeller (Fig. 4A and
B). In particular, the arginines at positions 73, 77, 139, 140, and 208,
along with lysine 118, are located around the cap subdomain of
allb, adjacent to the residues essential for fibrinogen binding [34].
The basic amino acids contained in Region 3 (which also binds hepa-
rin) also appear to fall in several clusters (Fig. 4C and D). Two clusters
are located on either side of the genu, in the thigh and calf-1 domains,
and a third on the opposite face of calf-1.

This correlation between experimental binding studies and the
crystallographic model of allb offers new hypotheses about how
heparin modulates integrin function. Heparin may interact with the
cap subdomain, thereby modifying the conformation of the ligand-
binding site. In addition, binding of a charged polysaccharide chain
to the clustered basic amino acids on either side of the genu could
facilitate or stabilize the opening of the thigh and calf domains,
extending the leg and exposing the ligand-binding site. Finally, the
third cluster of basic amino acids on calf-1 appears to lie near binding
sites for calcium in the B-propeller in the inactive conformation, so
binding of heparin to this cluster could potentially modify interac-
tions of allb with divalent cations [34]. Others have shown that
opening of the leg alone can increase the affinity of allbR3 for ligand.
Mutation of residues surrounding the genu that constrain the open-
ing of the leg inhibits activation-induced increases in binding affinity
[35,36]. In contrast, introduction of a glycosylation site “behind” the
genu, which prevents the leg from closing, results in constitutive
high-affinity ligand binding [36]. Similarly, mutations of 33 that de-
stabilize interactions with the allb leg, therefore favoring a more ex-
tended resting conformation, also confer constitutive high-affinity
ligand binding [37]. Thus, heparin, by binding to one or more sites
on the allb polypeptide, may stabilize an open, partially activated,
conformation of allbB3.

The demonstration that heparin can modulate the behavior of
integrin allbB3 may have implications beyond the regulation of
platelet activation [14]. As an antithrombotic drug, unfractionated
heparin may have theoretical drawbacks, particularly when adminis-
tered to patients with systemic platelet activation, or in combination
with integrin antagonists like eptifibatide that may synergistically
stabilize activated conformations of allbp3. Heparin has also been
shown to affect processes such as tumor metastasis and leukocyte ex-
travasation [38], in which the interactions of various integrins with
their ligands appear to play a role in regulating cell adhesion. Thus,
further understanding of the role of heparin in modulation of cell ad-
hesion may advance the use of oligosaccharides derived from heparin
for therapeutic purposes in cancer and inflammatory disorders, as
well as in regulating coagulation.
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Fig. 4. Clustering of basic amino acids in allb. Locations of basic amino acids in alb, based on the crystal structure of Zhu, et al [ 26). Figures were generated using Cn3D (version 4.1,
http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml). A & B, two views of the alb headpiece. B is rotated approximately 90° from A. The allb protein backbone is in green.
The side chains of the Arg (R) and Lys (K) residues located in Region 1 (AA 1-262) are represented by blue sticks. C, an overview of the closed form of the alb chain. The Arg and Lys

side chains in Regions 1 and 3 are depicted as blue sticks. D, the thigh and calf-1 domains of alb. The Arg and Lys residues within 15 A of the genu are identified.
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