
Prognostic Impact of Hyaluronan and Its Regulators in
Pancreatic Ductal Adenocarcinoma
Xiao-Bo Cheng1,2, Norihiro Sato1*, Shiro Kohi1, Koji Yamaguchi1

1 Department of Surgery 1, School of Medicine, University of Occupational and Environmental Health, Kitakyushu, Japan, 2 Department of Breast Surgery, the
Fourth Affiliated Hospital of China Medical University, Shenyang, China

Abstract

Background: Although pancreatic ductal adenocarcinoma is characterized by an abundant stroma enriched with
hyaluronan (HA), the prognostic impact of HA and its regulators remains unknown.
Methods: Using immunohistochemistry, expression patterns of HA and its regulators, including a synthesizing
enzyme (HAS2), and a degrading enzyme (HYAL1) were investigated in patients who received surgical resection.
The prognostic significance of these markers and other clinicopathological variables was determined using univariate
and multivariate analyses. The HA levels were determined quantitatively by enzyme-linked immunosorbent assay
(ELISA).
Results: We found that strong expressions of HA (P=0.008) and HAS2 (P=0.022) were significantly associated with
shorter survival time after surgery. By contrast, weak expression of HYAL1 was significantly associated with poor
survival (P=0.001). In multivariate analysis, tumor stage (hazard ratio (HR)=2.76, 95% confidence interval (CI):
1.14-6.66 P=0.024), strong HA expression (HR=6.04, 95%CI: 1.42-25.69 P=0.015), and weak HYAL1 expression
(HR=3.16, 95%CI: 1.19-8.40 P=0.021) were independent factors predicting poor survival. ELISA revealed higher
concentration of HA in pancreatic cancer tissues than in normal pancreatic tissues (P=0.001).
Conclusion: These findings suggest, for the first time, that HA and its regulators may have prognostic impact in
patients with pancreatic cancer.
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Introduction

Pancreatic ductal adenocarcinoma is among the most lethal
human malignancies. Despite recent advances in multimodal
therapeutic approaches, the fatal prognosis of pancreatic
cancer has remained unchanged over the last few decades.
Stratification of the patients according to the prognostic
information may help with a therapeutic decision and
appropriate patient management. Therefore, tremendous
efforts have been devoted to identifying novel markers, such as
molecular biological markers, to predict clinical outcome and,
ultimately, to identify a subset of patients who are more likely to
benefit from surgery, chemoradiotherapy, and molecular
targeted therapy based on their particular profile [1-4].

Hyaluronan or hyaluronic acid (HA) is a well-characterized
component of extracellular matrix (ECM), which plays a critical
role in a variety of cellular processes. HA regulates cell
adhesion, migration, and proliferation by interacting with

specific cell surface receptors including CD44 and CD168/
RHAMM [5]. HA is synthesized by HA synthases (HAS1,
HAS2, and HAS3) [6] and is degraded by hyaluronidases (such
as HYAL1) [7]. In normal physiological conditions, the amount
of HA is controlled by a balance between synthesis and
degradation; however, HA has been shown to be abundantly
produced in the surrounding stroma of malignant tumor [8,9].
The HA-rich stroma has been shown to promote tumor
progression by enhancing cell proliferation, migration, invasion,
metastasis, angiogenesis, and resistance to chemotherapeutic
agents [8,9].

Previous studies have demonstrated a correlation between
HA (and its regulators) and prognosis in a variety of cancers.
For example, increased amount of HA in the tumor stroma or in
the neoplastic cells themselves predicts poor survival in
patients with colorectal cancer [10], gastric cancer [11], breast
cancer [12], and prostate cancer [13]. Expressions of HAS1,
HAS2 (HA synthases) and HYAL1 (hyaluronidase), have been
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shown to be associated with diagnosis and prognosis of
various tumor types [14-16].

Because pancreatic cancer is characterized typically by a
dense desmoplastic stroma, it is highly probable that HA is
involved in the malignant properties of this tumor type.
Previous studies have shown increased expressions of HA and
CD168 in pancreatic cancer [17-20]. More recently, two studies
have shown that inhibition of HA by PEGPH20, a HA-targeting
enzymatic agent, substantially augments the effect of
chemotherapy with gemcitabine in animal models [21,22].
These findings highlight a novel therapeutic approach against
pancreatic cancer and suggest that HA and its regulators may
play an important role in the aggressive behavior of this highly
lethal neoplasm. However, the prognostic relevance of HA and
its regulatory components in pancreatic cancer remains
unknown.

In an attempt to determine the prognostic significance of HA
in pancreatic cancer, we used immunohistochemical analysis
to investigate the expression patterns of HA and its regulators
in a series of patients with pancreatic cancer.

Patients and Methods

Ethics statement
A written informed consent was obtained from all patients

who approved the use of their tissues for unspecified research
purposes and this study was approved by institutional review
board of the University of Occupational and Environmental
Health.

Patients
Surgical specimens were collected from 70 patients with

invasive ductal adenocarcinoma of the pancreas who
underwent surgical resection at our department between 1982
and 2011. Clinicopathological characteristics of these patients
are shown in Table 1. They included 37 men and 33 women
with a median age of 68 years (range, 41-89 years). The
median observation time for overall survival was 12.2 months
(range, 3.1 to 199.9 months). No neoadjuvant radio- or
chemotherapy was applied prior to surgical resection in any
patient. After resection, 39 patients (56%) were subjected to
adjuvant chemotherapy (using gemcitabine, 5-fluorouracil, or
tegafur-uracil). All tissues adjacent to the specimens were
evaluated histologically according to the criteria of the World
Health Organization. The tumor stage was assessed according
to the Union for International Cancer Control (UICC).

Immunohistochemistry
Five-μm sections of formalin-fixed, paraffin-embedded were

sequentially deparaffinized, rehydrated and subjected to
antigen retrieval by boiling in a microwave oven for 5 min (pH
6.0,10 mmol/L citrate buffer) three times. After immersing
slides in a 3.0% hydrogen peroxidase solution in methanol for
10 min in order to inhibit endogenous peroxidase activity, non-
specific binding sites were blocked by pre-incubation with 10%
normal goat serum for HA, HYAL1 and 10% normal rabbit
serum for HAS2 in 1 mol/L PBS for 10 min at room

temperature. The primary antibodies were used at a 1:100
dilution. The slides were incubated at room temperature for 2
hours, with the following primary reagents: anti-HA IgG
(polyclonal antibodies, ab53842, abcam, USA); anti-HAS2 IgG
(polyclonal antibodies, orb35978, biorbyt, United Kingdom);
and anti-HYAL1 IgG (polyclonal antibodies, ab77489, abcam,
USA). Sections were incubated for 10 min with rabbit anti-
sheep antibody (polyclonal antibodies, ab6747, abcam, USA)
for HA, biotinylated anti-goat antibody for HYAL1, biotinylated
anti-rabbit antibody for HAS2. Afterwards, the immunoreaction
was visualized by using 3,3′-diaminobenzidine staining
according to the instructions of the manufacturer. Sections
were then counterstained with haematoxylin, dehydrated in
graded concentrations of ethanol and mounted. Positive
controls for HA, HAS2 and HYAL1 were archival tissues from
the chicken cockscomb, normal human brain and normal
human liver, respectively.

Stained slides were graded by two individual researchers
(N.S., and X.C.) on a blind basis. The staining intensity was
determined according to a scoring method described previously

Table 1. Clinicopathological characteristics of the patients
with resected pancreatic cancer (n=70).

Characteristics Sub-characteristics No. cases
Age(years) > 75 16
 ≤ 75 54
Gender Male 37
 Female 33
pT category pT1 0
 pT2 7
 pT3 42
 pT4 21
pN category pN0 31
 pN1 39
pM category pM0 68
 pM1 2
UICC stage I 5
 II 43
 III 20
 IV 2
Histological grade Well 16
 Moderate 47
 Poor 4
Lymphatic invasion Positive 65
 Negative 4
Vessel invasion Positive 49
 Negative 19
Neural invasion Positive 60
 Negative 9
Residual tumor category Positive 30
 Negative 37
Lymph node metastasis Positive 39
 Negative 31
Chemotherapy Yes 39
 No 26

doi: 10.1371/journal.pone.0080765.t001
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by Kramer et al [16] with a minor modification. Briefly, the
overall staining intensity was graded (0 to 3+) and was then
multiplied by the percentage of positive cells (e.g., 0x100%=0;
+1x50%=50; and +3x100%=300). Therefore, each specimen
received a staining score between 0 and 300. In an attempt to
simply classify the staining pattern, each specimen was divided
into two groups: “weak” expression (with a score ranging from
0 to 150) or “strong” expression (with a score ranging from 151
to 300). The number of cases for immunohistochemical
evaluation varied from 41 (for HA) to 70 (for HYAL1) because
of the different availabilities of archival tissues.

Tissue extracts and ELISA assay for hyaluronan
Matched pairs of primary pancreatic tumor and adjacent non-

tumor tissues from 11 patients were used for HA concentration
assay. Each tissue specimen (0.1g) was homogenized in 500µl
Cell Lysis Buffer 2 (R & D Systems, Minneapolis, MN, USA)
and 500µl PBS. Samples were incubated overnight at room
temperature. The homogenates were clarified by centrifugation
at room temperature (1,000×g for 15 min ). The supernatant
fraction was aliquoted and stored at -80°C until assayed. HA
concentrations in thawed pancreatic tissue extracts were
determined by an HA assay kit (R & D Systems, Minneapolis,
MN, USA) according to the manufacturer’s instructions.

Statistical analysis
All statistical analyses were performed with SPSS statistical

software (version 21.0; SPSS, Inc., Chicago, IL, USA).
Analyses were performed using only available data; missing
information was assumed to be non-informative. Survival
curves were constructed with the Kaplan-Meier method and
compared by log-rank test. To evaluate independent prognostic
factors associated with survival Cox proportional hazards
regression analysis was used. Differences in HA levels among
pancreatic tissues (normal versus cancer) were compared
using the Wilcoxon signed rank test. Statistical differences
were considered significant when P-value was less than 0.05.

Results

Immunohistochemistry results
HA expression was identified diffusely in both tumor and

stromal cells, whereas HAS2 and HYAL1 expressions were
observed predominantly in tumor cells. Stainings of HA, HAS2,
and HYAL1 were found in the cytoplasm. Of 41 patients
evaluable for HA staining, 32 (78%) patients were classified as
strong expression for HA, while the remaining 9 (22%) patients
were classified as weak, according to the intensity score
(Figure 1). Of 66 patients evaluable for HAS2 staining, 52
patients (79%) were classified as strong but the remaining 14
(21%) were classified as weak (Figure 1). Of 70 patients
evaluable for HYAL1 staining, 44 patients (63%) were
classified as strong and 26 (37%) were classified as weak
(Figure 1). The relatively old tissue samples used in this study
raise a concern of artifactual degradation of target antigens
(proteins) over time. However, the positive rates of these
proteins were similar between different time points (1982-1992,

1993-2002, and 2003-2011), suggesting that, despite a long
storage duration, antigens for immunostaining are preserved in
the archival tissue specimens.

Relationship between expressions of HA-family
members and survival in patients with pancreatic
cancer

We first explored correlations between expression patterns
of these proteins and prognosis by comparing survival of
patients between strong and weak expression groups. As
shown in Figure 2, strong expressions of HA (P=0.008) and
HAS2 (P=0.022) were significantly associated with shorter
survival time after surgery. By contrast, weak expression of
HYAL1 was significantly associated with poor survival
(P=0.001).

Univariate and multivariate analyses for factors
affecting survival in patients with pancreatic cancer

To further investigate the prognostic value of these HA-
related markers in patients with pancreatic cancer,
clinicopathological variables as well as expression status of
these markers were analyzed for their correlations with survival
using Cox proportional hazard model. As shown in Table 2,
univariate analysis revealed significant prognostic factors,
including UICC tumor stage, residual tumor, strong HA
expression, strong HAS2 expression, and weak HYAL1
expression. Multivariate analysis revealed tumor stage (hazard
ratio (HR)=2.76, 95% confidence interval (CI): 1.14-6.66 P =
0.024), strong HA expression (HR=6.04, 95%CI: 1.42-25.69
P=0.015), and weak HYAL1 expression (HR=3.16, 95%CI:
1.19-8.40 P=0.021) (Table 3).

Hyaluronan concentration
We used the HA ELISA assay to measure HA levels (ng/mg)

in the extracts from normal pancreatic tissues and pancreatic
cancer tissues. As shown in (Figure 3), the HA levels are
elevated in pancreatic tumor tissues, regardless of the tumor
grade, as compared to those in normal pancreatic tissues. The
median hyaluronan concentration in normal and tumor tissues
were 82.3 ng/mg and 376.7ng/mg, respectively (P=0.001;
Wilcoxon signed rank test).

Discussion

Increasing evidence has suggested that HA, a major ECM
component produced abundantly in tumor stroma, provides a
favorable microenvironment for progression of a wide spectrum
of human tumors [8,9]. This is particularly true in pancreatic
cancer which is characterized by a dense stroma associated
with a marked desmoplastic reaction [23]. In the present study,
we investigated the prognostic relevance of HA and its major
regulators in pancreatic cancer. We demonstrate, for the first
time, that expression patterns of HA and its regulators (HAS2
and HYAL1) are significantly associated with survival of
patients with pancreatic cancer. Our findings suggest that HA
and its regulators can be used in the clinical setting as novel
prognostic markers in patients with pancreatic cancer.

Hyaluronan and Pancreatic Cancer Prognosis
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Although UICC stage and residual tumor were also identified
as significant prognostic factors in univariate analysis, the P-
values for strong HA expression (P=0.015) and weak HYAL1
expression (P=0.021) were lower than those of UICC stage
(P=0.024) and residual tumor (P=0.277) in multivariate
analysis. These results suggest that, as compared to the UICC
stage and residual tumor status, expressions of HA and HYAL1
can be used as more sensitive prognostic markers in
pancreatic cancer.

The mechanism by which HA accumulates in cancer stroma
has not been yet fully understood, but activation of HA
synthesis could contribute to this process. In fact, previous
studies have documented increased expressions of HA
synthases (HAS1-3) in various cancer types [16,24]. In the
present study, we demonstrated a relationship between
increased expression of HAS2 and poor prognosis in
pancreatic cancer. Interestingly, a previous study used gene
expression profiling to demonstrate that HAS2 expression is

Figure 1.  Immunohistochemical stainings of pancreatic cancer tissues with hyaluronan (HA), HAS2, and HYAL1.  Stainings
of HA, HAS2, and HYAL1 were found in the cytoplasm. (HA) Weak and strong HA staining patterns of tumor and stromal cells in
pancreatic cancer. (HAS2) Weak and strong HAS2 staining patterns of tumor cells in pancreatic cancer. (HYAL1) Weak and strong
HYAL1 staining patterns of tumor cells in pancreatic cancer. (Original magnification 200×).
doi: 10.1371/journal.pone.0080765.g001
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up-regulated in stromal fibroblasts in response to co-culture
with pancreatic cancer cells [25]. This finding suggests that HA
can be produced by stromal cells as well as by cancer cells
through their crosstalk.

Unlike HA and HAS2, decreased expression of HYAL1
correlated with poor survival in our present series of pancreatic
cancer. HYAL1 is a major hyaluronidase which degrades HA
into small fragments [26]. The role of HYAL1 in cancer
progression is unclear, but it could be hypothesized that
inactivation of HYAL1 can prevent degradation of HA, leading
to accumulation of HA in cancer stroma. Interestingly, the gene
encoding HYAL1 maps to chromosome 3p21.2-p21.3, a
conserved candidate tumor suppressor locus [27], is
inactivated in head and neck squamous cell carcinomas [28].
On the other hand, increased expression of HYAL1 has been
reported in prostate cancer [29] and breast cancer [30]. These
findings suggest that the role of HYAL1 in cancer is tumor-type
specific. Our present results raise a possibility of tumor-

suppressor role of HYAL1 in pancreatic cancer, but further
studies are required to validate its functional relevance.

Frequent overexpression and accumulation of HA in
pancreatic cancer have led to an idea that HA and its
regulators could be a therapeutic target. Importantly, HA has
been recognized as an attractive target to combat drug
resistance, because HA-rich stroma may server as a barrier
against the delivery of anticancer drugs to tumor cells [31]. In
fact, two recent studies have demonstrated that inhibition of HA
by a HA-targeting enzymatic agent robustly enhanced the
effect of chemotherapy with gemcitabine in animal models of
pancreatic cancer [21,22]. Thus, these findings suggest that
HA may serve not only as a prognostic marker but also as an
attractive target for pancreatic cancer therapy.

Conclusion

The present study demonstrated significant correlations
between increased expressions of HA and HAS2, and

Figure 2.  Kaplan-Meier survival curves of patients according to the expression patterns of HA, HAS2, and.  HYAL1. Strong
expressions of HA (P=0.008) and HAS2 (p=0.022) and weak expression of HYAL1 (p=0.001) were significantly associated with poor
survival.
doi: 10.1371/journal.pone.0080765.g002
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decreased expression of HYAL1 and poor prognosis in patients
with resected pancreatic cancer. These findings suggest an

Table 2. Univariate survival analysis of clinical parameters
and HA-family members expressions.

Parameters Hazard ratio  95% confidence interval  P-value
UICC Stage 1.87 1.17 - 2.99 0.009
Largest tumor diameter 1.00 0.97 - 1.04 0.911
Histological grade 0.90 0.51 - 1.56 0.694
Age(> 75 years) 0.576 0.268 - 1.237 0.157
Gender(M) 1.36 0.76 - 2.44 0.302
Chemotherapy(+) 0.700 0.382 - 1.284 0.249
Residual tumor category(+) 2.77 1.43 - 5.37 0.003
Lymph node metastasis(+) 1.26 0.71 - 2.24 0.438
Lymphatic invasion(+) 2.27 0.54 - 9.52 0.261
Vessel invasion(+) 1.13 0.59 - 2.14 0.713
Neural invasion(+) 2.19 0.78 - 6.13 0.135
Strong HA expression 3.49 1.27 - 9.61 0.016
Strong HAS2 expression 2.47 1.12 - 5.45 0.026
Weak HYAL1 expression 2.81 1.51 - 5.22 0.001

doi: 10.1371/journal.pone.0080765.t002

Table 3. Multivariate survival analysis of conventional
prognostic factors and HA-family members expressions.

Factors Hazard ratio   95% confidence interval  P-value
UICC Stage 2.76 1.14 - 6.66 0.024
Residual tumor category(+) 1.85 0.61 - 5.59 0.277
Strong HA expression 6.04 1.42 - 25.69 0.015
Strong HAS2 expression 3.14 0.31 - 31.72 0.332
Weak HYAL1 expression 3.16 1.19 - 8.40 0.021

doi: 10.1371/journal.pone.0080765.t003
important role of elevated HA production in the aggressive
phenotype of pancreatic cancer.
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