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Hyaluronan stimulates pancreatic cancer cell motility
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ABSTRACT

Hyaluronan (HA) accumulates in pancreatic ductal adenocarcinoma (PDAC),
but functional significance of HA in the aggressive phenotype remains unknown.
We used different models to investigate the effect of HA on PDAC cell motility
by wound healing and transwell migration assay. Changes in cell motility were
examined in 8 PDAC cell lines in response to inhibition of HA production by
treatment with 4-methylumbelliferone (4-MU) and to promotion by treatment with
12-0O-tetradecanoyl-phorbol-13-acetate (TPA) or by co-culture with tumor-derived
stromal fibroblasts. We also investigated changes in cell motility by adding exogenous
HA. Additionally, mRNA expressions of hyaluronan synthases and hyaluronidases were
examined using real time RT-PCR. Inhibition of HA by 4-MU significantly decreased
the migration, whereas promotion of HA by TPA or co-culture with tumor-derived
fibroblasts significantly increased the migration of PDAC cells. The changes in HA
production by these treatments tended to be associated with changes in HAS3 mRNA
expression. Furthermore, addition of exogenous HA, especially low-molecular-weight
HA, significantly increased the migration of PDAC cells. These findings suggest that
HA stimulates PDAC cell migration and thus represents an ideal therapeutic target to
prevent invasion and metastasis.

signaling pathways always lead to chemoresistance of
patients with PDAC [2]. Therefore, it is important to
understand the molecular basis that leads to invasion,
dissemination, and metastasis of PDAC in order to provide
more effective therapy.

Hyaluronan (HA) is a major component of
extracellular matrix (ECM). In normal physiological
conditions, HA is involved in a variety of cellular
processes, including cell adhesion, migration, and
proliferation by interacting with specific cell surface
receptors including cluster of differentiation 44 (CD44)
and receptor for hyaluronic acid-mediated motility
(CD168/RHAMM) [3]. HA is synthesized by HA

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one
of the most aggressive forms of malignant neoplasm,
which is currently the 4" leading cause of cancer-related
deaths in western countries [1]. Several aspects contribute
to this poor survival. The most prominent biological and
pathological feature that characterizes pancreatic cancer
progression is its early invasion to surrounding structures
and metastasis to distant organs so that it often presents
clinically at a late stage in the course of the disease and
many patients lost the opportunity for curative surgical
resection. Currently, there are no laboratory markers

available to detect early stage PDAC. Painless jaundice,
often the presenting symptom, tends to occur very late.
Cancers of the tail of the pancreas do not involve the
bile duct system, and are often even more progressed at
the time of diagnosis. Additionally the complex tumor
microenvironment and activated multiple aberrant

synthases (HAS1, HAS2, and HAS3) and is degraded by
hyaluronidases (mainly HYAL1, HYAL2, and HYAL3) [4,
5]. Accumulating evidence suggests that HA is involved
in the aggressive phenotype of various malignant tumors
[6-8]. For example, HA has been shown to promote tumor
progression by enhancing cell proliferation, migration,
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invasion, metastasis, angiogenesis, and resistance to
chemotherapeutic agents [9, 10]. Interestingly, low-
molecular-weight HA (LMW-HA), rather than high-
molecular-weight HA (HMW-HA), has been shown to be
specifically accumulated in cancer tissues and involved in
tumor progression [11-13].

Previous studies have shown increased expression
of HA in pancreatic cancer [14—16]. In our previous study,
we demonstrated overexpression and prognostic relevance
of HA and its regulators in PDAC [17]. Recently, forced
production and accumulation of extracellular HA by
hyaluronan synthase (HAS) 3 overexpression have
been shown to promote growth of PDAC tumor in mice
[18]. These findings suggest the importance of HA in
the progression of PDAC; however, only a few studies
addressed its effects on the aggressive tumor phenotype,
especially cell migration, in PDAC.

In the present study, we utilized different experimental
models to elucidate the effect of HA on the migratory ability
of PDAC cells. To modulate the endogenous HA production,
we treated PDAC cells with 4-methylumbelliferone (4-MU)
which is a potent inhibitor of HA synthesis [19, 20] and
12-O-tetradecanoyl-phorbol-13-acetate (TPA), a stimulator
of HA synthesis through activating protein kinase C [21,
22]. We also used another model of HA induction by co-
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culturing PDAC cells with tumor-derived stromal fibroblasts
[23]. Finally, we investigated changes in cell motility by
directly adding exogenous HA to PDAC cells.

RESULTS

Effects of modulation of HA production on the
migration of PDAC cells

We first examined changes in migration of PDAC
cells by modulating the endogenous production of HA
using a known HA inhibitor, 4-MU (1000 pM), and a
HA stimulator, TPA (100 ng/ml). Both drugs had no
significant effects on cell viability (assessed by trypan blue
dye-exclusion test) when treated at these concentrations
(Supplementary Figure S1). Treatment with 4-MU resulted
in a significant decrease of HA concentration, whereas
treatment with TPA resulted in a significant increase of
HA concentration in conditioned media of all § PDAC
cell lines tested (Figure 1). However, treatment with
4-MU significantly inhibited the migration of PDAC
cells, whereas treatment with TPA significantly enhanced
the migration of PDAC cells, in both wound healing assay
(Supplementary Figure S2) and transwell cell migration
assay (Figure 2).
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Figure 1: HA concentration in conditioned media of PDAC cells after treatment with 4-MU or TPA. The HA concentration
was significantly decreased after treatment with 4-MU but significantly increased after treatment with TPA in all the cell lines (*P < 0.05,
**P <0.01, paired t test). Each bar represents the mean + SD of three replications.
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Figure 2: Changes in migration of PDAC cells after treatment with 4-MU or TPA by transwell migration assay (original
magnification 400x). The migrating cells were significantly decreased after treatment with 4-MU and increased after treatment with TPA
(*P <0.05, **P < 0.01, ***P < 0.001, paired t test). Each bar represents the mean + SD of six replications.
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To elucidate the mechanism of HA modulation by
these drugs, we investigated the mRNA expression levels
of HA synthases, HAS!~3, and HA degrading enzymes,
HYALI~3, in PDAC cells by real-time RT- PCR (Figure 3
and 4). Treatment with 4-MU led to a significant decrease
in HAS3 but significant increases in HYAL2 and HYAL3
mRNA expressions. On the other hand, treatment with TPA
tended to be associated with an increased mRNA expression
of HAS3 and a decreased mRNA expression of HYALI.

Effects of co-culture between PDAC cells
and tumor-derived stromal fibroblasts on HA
synthesis and the migration of PDAC cells

‘We used another model, the tumor-stromal co-culture
system, to determine the role of HA on the migration of

PDAC cells. Co-culture of PDAC cells with tumor-derived
stromal fibroblasts derived from PDAC tissue resulted in
a robust increase in HA concentration in all PDAC cell
lines (Figure 5). In addition, the transwell migration assay
revealed that co-culture with tumor-derived fibroblasts
significantly increased the migration of PDAC cells in all
the tested cell lines (Figure 6).

Effects of exogenous HA of different molecular
sizes on PDAC cell migration

To gain more direct evidence for the effects of
HA on the migration, we added exogenous HMW-
HA (400~600 kDa) and LMW-HA (25~75 kDa) to
PDAC cells. In wound healing assay, the number of
migrating cells was significantly increased by HMW-HA
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Figure 3: Changes in HASI, 2, 3 and HYALI, 2, 3 mRNA expressions in PDAC cells after treatment with 4-MU. HA4S3
mRNA expression was significantly decreased after treatment (P = 0.008, wilcoxon signed ranks test), while HYAL2 and HYAL3 were
significantly increased after treatment (P = 0.008, wilcoxon signed ranks test). Each bar represents the mean + SD of three replications.
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(200 pg/ml) in three cell lines (BxPC-3, KP-2, and AsPC-
1) and, more robustly, by LMW-HA (200 pg/ml) in all the
cell lines (Supplementary Figure S3). Similarly, transwell
migration assay revealed that the migrating cells were
significantly increased by HMW-HA in four cell lines
(BxPC-3, SUIT-2, KP-2, and AsPC-1) and by LMW-HA
in all the cell lines (Figure 7).

DISCUSSION

In the present study, we investigated the effects
of HA on PDAC cell motility. First, we used drugs (4-
MU and TPA) to modulate HA production. Second,
we used a co-culture system between PDAC cells and
tumor-derived fibroblasts that increases HA production.
Finally, we directly added different sizes of HA to PDAC

cell cultures. Inhibition of HA production by 4-MU
significantly decreased the migration, whereas promotion
of HA production by TPA or co-culture with tumor-
derived fibroblasts significantly enhanced the migration
of PDAC cells. Furthermore, addition of exogenous HA,
especially LMW-HA, significantly increased PDAC cell
motility. These findings suggest that HA stimulates PDAC
cell migration.

HA presents in a variety of molecular sizes,
ranging from a few kDa to 10, 000 kDa. In the present
study, we found that LMW-HA promotes PDAC cell
migration more potently than HMW-HA. HA has
different biological functions according to its molecular
sizes. For example, excessive HMW-HA inhibits tumor
growth [24, 25], whereas LMW-HA induces angiogenesis
[26] and enhances motility of tumor cells [27]. Recent
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Figure 4: Changes in HAS1, 2, 3 and HYALI, 2, 3 mRNA expressions in PDAC cells after treatment with TPA. There were
no significant changes in mRNA expressions of these genes after treatment (wilcoxon signed ranks test). Each bar represents the mean +

SD of three replications.
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studies have also highlighted the importance of LMW-
HA, rather than HMW-HA, in invasion and metastasis
of cancers. Elevated serum levels of LMW-HA (smaller
than 50kDa), but not total HA, correlated with metastasis
in patients with breast cancer and decreasing the LMW-
HA levels inhibited the migration and invasion of breast
cancer cells [11]. Furthermore, in human colorectal cancer
tissues, accumulation of LMW-HA (ranging from 6 to 25
disaccharides) in tumor interstitial fluid correlated with
lymphatic invasion and lymph node metastasis [12].
These and our present findings suggest that LMW-HA,
rather than HMW-HA, contributes to tumor progression
by increasing cancer cell motility.

Tumor-stromal interactions can stimulate cancer
progression. This is particularly true in PDAC which is
characterized by a dense stroma called desmoplasia [28,
29]. In fact, the importance of tumor-stromal interactions
in the aggressive behavior of pancreatic cancer is
supported by several experimental evidences [30]. Among
the molecules involved in the tumor-stromal interactions,
HA is increasingly produced in co-culture between tumor
cells and fibroblasts [23]. Interestingly, a previous study
demonstrated that H4S2 mRNA expression is significantly
increased in PDAC cells in response to co-culture with

tumor-derived stromal fibroblasts [31]. In the present
study, co-culture between PDAC cells and tumor-derived
fibroblasts synergistically increased HA production into
the culture medium and enhanced PDAC cell migration.
These findings suggest that increased HA production in
this co-culture system might contribute, at least in part, to
the increased migration of PDAC cells.

Our present results may have therapeutic
implications. Because we found that treatment with 4-MU
robustly attenuates the migratory ability of PDAC cells,
inhibiting HA production could be an ideal therapeutic
strategy to prevent invasion and/or metastasis of
PDAC. In fact, inhibition of HA synthesis by treatment
with 4-MU, or its derivative 4-methylesculetin, has
demonstrated antitumor activity in a variety of cancers,
including PDAC [32-37]. Of particular importance,
4-MU (or hymecromone) is a dietary supplement for
improving liver health and can be administered orally
without any toxicities [38]. A recent study showed that
oral administration of 4-MU inhibits prostate cancer
development, growth, and metastasis by abrogating
HA signaling in treated transgenic adenocarcinoma
of the prostate (TRAMP) mice [39]. Another strategy
is the use of HA degrading enzyme for the treatment
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of HA-rich cancers. Polyethylene glycol-conjugated
(pegylated) recombinant human hyaluronidase PH20
(PEGPH20) has been shown to deplete the stromal HA
and substantially augment the effect of chemotherapy in
PDAC animal models [40, 41]. The efficacy of PEGPH20,
in combination with other drugs, is currently being tested
for the treatment of advanced PDAC in clinical trials.
Thus, clinical application of these HA-targeted drugs for
the chemoprevention and treatment of PDAC is awaited.

In conclusion, we demonstrate that HA stimulates
PDAC cell migration and thus represents a therapeutic
target to prevent invasion and metastasis of this highly
aggressive neoplasm.

MATERIALS AND METHODS

Cell culture

Eight PDAC cell lines were used: AsPC-1, BxPC-
3, Panc-1, Capan-2, CFPAC1 (ATCC, Manassas, VA,
USA), SUIT-2, KP-2 (JCRB Cell Bank, Osaka, Japan),
and NOR-P1 (RIKEN BRC Cell Bank, Tsukuba, Ibaraki,
Japan). These cell lines were recently obtained when the
experiments were performed and their identities have
been routinely monitored by short tandem repeat (STR)
profiling. Primary fibroblasts (ike-f3) derived from PDAC
tissues were kind gifts from Kyushu University. All the
cell lines were maintained in Roswell Park Memorial
Institute (RPMI)-1640 medium (Life Technologies, Grand
Island, NY, USA) with 10% fetal bovine serum (FBS)
(Life Technologies) and 1% penicillin-streptomycin (Life
Technologies) at 37°C in a humidified atmosphere with
5% CO,.

Reagents

4-MU, TPA, HMW-HA (molecular weight ranging
from 400 to 600 kDa), and LMW-HA (molecular weight
ranging from 25 to 75 kDa) were purchased from Sigma
(St Louis, MO, USA).

Trypan blue dye-exclusion assay cellular
viability test

The effects of 4-MU (1000 uM) and TPA (100 ng/
ml) on cell viability were analyzed using trypan blue dye-
exclusion (TBDE) assays as cytotoxic measurements.
After 48h, the untreated and treated cells were harvested
and stained with 4% trypan blue and then counted by the
LUNA™ automated cell counter (Logos Biosystems,
Annandale, VA, USA) according to the instructions of
the manufacturer. Cytotoxicity was determined from the
number of viable cells (no color) in treated samples as a
percentage of the untreated control.

Wound healing and migration assay

About 4 x 10° cells were cultured in six-well
plates to form confluent monolayers and then maintained
overnight in 2 ml complete medium. Then, the medium
was replaced with serum-free RPMI-1640 for 12h.

For wound healing assay, the monolayer was
wounded by scratching lines across the well with a
standard 200 pl pipette tip. After floating cells were
removed by gently washing with phosphate buffer
saline (PBS), fresh medias containing 1% FBS without
or with 4-MU (1000 pM), TPA (100 ng/ml), HWH-
HA (200 pg/ml), or LWH-HA (200 pg/ml) were added
to the wells and incubated for an additional 48h. Six
representative extents of cell migration near the wound
areas were photographed under light microscopy using a
5 x objective (Axio Vert 135 FL, Carl Zeiss, Germany)
at the time of scratching and after 48h. The supernatant
fractions of all the samples were aliquoted and stored at
—80°C until assayed for the determination of HA secretion.

For migration assay, the cells were harvested and
counted, and approximately 2 x 10* cells were seeded
in 100 pl medium with 1% FBS in the top chamber with
the non-coated membrane (24-well insert; 8-um pore
size; BD Biosciences, Franklin Lakes, NJ, USA) and
separately challenged without or with 4-MU (1000 pM),
TPA (100 ng/ml), HWH-HA (200 pg/ml), or LWH-HA
(200 pg/ml). 900 pl medium containing 10% serum was
used as a chemoattractant in the lower chamber and the
cells were allowed to migrate at 37°C in an atmosphere of
95% air and 5% CO?2 for 48h.

All PDAC cells (2 x 10°/ml) in 250ul serum-free
medium were separately seeded to the upper chamber
and 750ul serum-free medium was added into the lower
chamber as mono-culture, simultaneously, ike-f3 cells (1
x 10°/ml) in 750ul serum-free medium were seeded to
the lower chamber as co-culture for 72h. The supernatant
fractions of mono-culture and co-culture were aliquoted
and stored at —80°C until assayed.

Non-migrating cells on the upper surface of the
membrane were removed with a cotton swab. Migrating
cells penetrated onto the lower surface of the membrane
were fixed with 70% methanol, stained with hematoxylin,
eosin, and air-dried. We counted the number of
migrating cells in six fields randomly selected at x 400
magnification.

ELISA-based assay for determination of HA
concentration

The concentration of HA in culture medium was
quantified by ELISA-based HA assay kit (R & D Systems,
Minneapolis, MN, USA) according to the manufacturer’s
instructions.
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Real-time RT- PCR

Real-time mRNA expression analyses of HAS!
(Hs00758053 ml), HAS2 (Hs00193435 ml), HAS3
(Hs00193436 m1), HYALI (Hs00201046 ml), HYAL?2
(Hs01117343 gl), HYAL3 (Hs00185910 ml), and a
housekeeping gene GAPDH (Hs02758991 g1) for control
(Applied Biosystems, Foster, CA, USA) were performed
in untreated and treated cells, as described previously [42].

Statistical analysis

Data were expressed as mean + SD for illustration.
All statistical analyses were performed with SPSS
statistical software (version 21.0; SPSS, Inc., Chicago,
IL, USA). Differences in HA concentration and migrating
cell number between untreated and treated groups were
compared using paired t test. Wilcoxon signed rank test
was used to evaluate the differences in HAS/~3 and
HYALI~3 mRNA levels among untreated and treated
groups. Statistical significance was accepted when P <
0.05. All P values were two-tailed; P values less than
0.05 were marked by one asterisk; P values less than 0.01
by two asterisks, and P values less than 0.001 by three
asterisks. All experiments performed in this study were
repeated three independent times.
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Abbreviations

HA: Hyaluronan; PDAC: Pancreatic ductal
adenocarcinoma; 4-MU: 4-Methylumbelliferone;
TPA: 12-O-tetradecanoyl-phorbol-13-acetate; ECM:
Extracellular matrix; CD44: Cluster of differentiation
44; CD168/RHAMM: Receptor for hyaluronic acid-
mediated motility; HAS: Hyaluronan synthase; HYAL:
Hyaluronidase; LMW-HA:  Low-molecular-weight
hyaluronan; HMW-HA: High-molecular-weight
hyaluronan; TRAMP: Treated transgenic adenocarcinoma
of the prostate; Pegylated: Polyethylene glycol-
conjugated; PEGPH20: Polyethylene glycol-conjugated
recombinant human hyaluronidase PH20; RPMI: Roswell
Park Memorial Institute; FBS: Fetal bovine serum; PBS:
Phosphate buffer saline; STR: Short tandem repeat; TBDE:
Trypan blue dye-exclusion; ELISA: Enzyme-linked
immuno sorbent assay; RT- PCR: Reverse transcription-
polymerase chain reaction; CO,: Carbon dioxide; mRNA:

Messenger ribonucleic acid; cDNA: Complementary
deoxyribonucleic acid; GAPDH: Glyceraldehyde-3-
phosphate dehydrogenase; SD: Standard deviation; SPSS:
Statistical product and service solutions

REFERENCES

1. Hidalgo M. Pancreatic cancer. N Engl J Med. 2010;
362:1605-1617.

2. Kelly E. Craven, Jesse Gore, Julie L. Wilson, Murray Korc.
Angiogenic gene signature in human pancreatic cancer cor-
relates with TGF-beta and inflammatory transcriptomes.
Oncotarget. 2016; 7:323-341. doi: 10.18632/oncotarget.6345.

3. Misra S, Hascall VC, Markwald RR, Ghatak S. Interactions
between hyaluronan and its receptors (CD44, RHAMM)
regulate the activities of inflammation and cancer. Front
Immunol. 2015; 6:201.

4. Itano N, Kimata K. Mammalian hyaluronan synthases.
IUBMB Life. 2002; 54:195-199.

5. Stern R. Hyaluronan catabolism: a new metabolic pathway.
Eur J Cell Biol. 2004; 83:317-325.

6. Toole BP. Hyaluronan: from extracellular glue to pericel-
lular cue. Nat Rev Cancer. 2004; 4:528-539.

7. Itano N, Zhuo L, Kimata K. Impact of the hyaluronan-rich
tumor microenvironment on cancer initiation and progres-
sion. Cancer Sci. 2008; 99:1720-1725.

8. Sironen RK, Tammi M, Tammi R, Auvinen PK, Anttila M,
Kosma VM. Hyaluronan in human malignancies. Exp Cell
Res. 2011; 317:383-391.

9. Itano N, Atsumi F, Sawai T, Yamada Y, Miyaishi O, Senga
T, Hamaguchi M, Kimata K. Abnormal accumulation of
hyaluronan matrix diminishes contact inhibition of cell
growth and promotes cell migration. Proc Natl Acad Sci U
S A.2002; 99:3609-3614.

10. Toole BP, Slomiany MG. Hyaluronan: a constitutive regu-
lator of chemoresistance and malignancy in cancer cells.
Semin Cancer Biol. 2008; 18:244-250.

11. WuM, Cao M, He Y, Liu Y, Yang C, Du Y, Wang W,
Gao F. A novel role of low molecular weight hyaluronan in
breast cancer metastasis. FASEB J. 2015; 29:1290-1298.
Schmaus A, Klusmeier S, Rothley M, Dimmler A, Sipos
B, Faller G, Thiele W, Allgayer H, Hohenberger P, Post
S, Sleeman JP. Accumulation of small hyaluronan oligo-

12.

saccharides in tumour interstitial fluid correlates with lym-
phatic invasion and lymph node metastasis. Br J Cancer.
2014; 111:559-567.

Karbownik MS, Nowak JZ. Hyaluronan:
novel anti-cancer therapeutics. Pharmacol Rep. 2013;
65:1056-1074.

Theocharis AD, Tsara ME, Papageorgacopoulou N,
Karavias DD, Theocharis DA. Pancreatic carcinoma is char-
acterized by elevated content of hyaluronan and chondroi-
tin sulfate with altered disaccharide composition. Biochim
Biophys Acta. 2000; 1502:201-206.

13. towards

14.

www.impactjournals.com/oncotarget

4838

Oncotarget



16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Fries H, Elsasser HP, Mahlbacher V, Neumann K, Kern HF.
Localisation of hyaluronate (HA) in primary tumors and
nude mouse xenografts of human pancreatic carcinomas
using a biotinylated HA-binding protein. Virchows Arch.
1994; 424:7-12.

Mahlbacher V, Sewing A, Elsasser HP, Kern HF.
Hyaluronan is a secretory product of human pancreatic
adenocarcinoma cells. Eur J Cell Biol. 1992; 58:28-34.

Cheng XB, Sato N, Kohi S, Yamaguchi K. Prognostic
impact of hyaluronan and its regulators in pancreatic ductal
adenocarcinoma. PLoS One. 2013; 8:¢80765.

Kultti A, Zhao C, Singha NC, Zimmerman S, Osgood
RJ, Symons R, Jiang P, Li X, Thompson CB, Infante JR,
Jacobetz MA, Tuveson DA, Frost GI, et al. Accumulation
of extracellular hyaluronan by hyaluronan synthase 3 pro-
motes tumor growth and modulates the pancreatic cancer
microenvironment. Biomed Res Int. 2014; 2014:817613.

Nakamura T, Takagaki K, Shibata S, Tanaka K, Higuchi
T, Endo M. Hyaluronic-acid-deficient extracellular
matrix induced by addition of 4-methylumbelliferone to
the medium of cultured human skin fibroblasts. Biochem
Biophys Res Commun. 1995; 208:470—475.

Kakizaki I, Kojima K, Takagaki K, Endo M, Kannagi R, Ito
M, Maruo Y, Sato H, Yasuda T, Mita S, Kimata K, Itano
N. A novel mechanism for the inhibition of hyaluronan bio-
synthesis by 4-methylumbelliferone. J Biol Chem. 2004;
279:33281-33289.

Ullrich SJ, Hawkes SP. The effect of the tumor promoter,
phorbol myristate acetate (PMA), on hyaluronic acid (HA)
synthesis by chicken embryo fibroblasts. Exp Cell Res.
1983; 148:377-386.

Heldin P, Asplund T, Ytterberg D, Thelin S, Laurent TC.
Characterization of the molecular mechanism involved in
the activation of hyaluronan synthetase by platelet-derived
growth factor in human mesothelial cells. Biochem J. 1992;
283:165-170.

Knudson W, Biswas C, Toole BP. Interactions between
human tumor cells and fibroblasts stimulate hyaluronate
synthesis. Proc Natl Acad Sci U S A. 1984; 81:6767-6771.
Itano N, Sawai T, Atsumi F, Miyaishi O, Taniguchi S,
Kannagi R, Hamaguchi M, Kimata K. Selective expression
and functional characteristics of three mammalian hyaluro-
nan synthases in oncogenic malignant transformation. J Biol
Chem. 2004; 279:18679-18687.

Tian X, Azpurua J, Hine C, Vaidya A, Myakishev-Rempel
M, Ablaeva J, Mao Z, Nevo E, Gorbunova V, Seluanov A.
High-molecular-mass hyaluronan mediates the cancer resis-
tance of the naked mole rat. Nature. 2013; 499:346-349.

West DC, Hampson IN, Arnold F, Kumar S. Angiogenesis
induced by degradation products of hyaluronic acid.
Science. 1985; 228:1324-1326.

Sugahara KN, Murai T, Nishinakamura H, Kawashima
H, Saya H, Miyasaka M. Hyaluronan oligosaccha-
rides induce CD44 cleavage and promote cell migration

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

in CD44-expressing tumor cells. J Biol Chem. 2003;
278:32259-32265.
Mahadevan D, Von Hoff DD. Tumor-stroma interactions in

pancreatic ductal adenocarcinoma. Mol Cancer Ther. 2007;
6:1186-1197.

Pandol S, Edderkaoui M, Gukovsky I, Lugea A,
Gukovskaya A. Desmoplasia of pancreatic ductal adeno-
carcinoma. Clin Gastroenterol Hepatol. 2009; 7:S44-47.
Hwang RF, Moore T, Arumugam T, Ramachandran V,
Amos KD, Rivera A, Ji B, Evans DB, Logsdon CD. Cancer-
associated stromal fibroblasts promote pancreatic tumor
progression. Cancer Res. 2008; 68:918-926.

Sato N, Maehara N, Goggins M. Gene expression profil-
ing of tumor-stromal interactions between pancreatic
cancer cells and stromal fibroblasts. Cancer Res. 2004,
64:6950-6956.

Uchakina ON, Ban H, McKallip RJ. Targeting hyaluronic
acid production for the treatment of leukemia: treatment
with 4-methylumbelliferone leads to induction of MAPK-
mediated apoptosis in K562 leukemia. Leuk Res. 2013;
37:1294-1301.

Urakawa H, Nishida Y, Wasa J, Arai E, Zhuo L, Kimata
K, Kozawa E, Futamura N, Ishiguro N. Inhibition of hyal-
uronan synthesis in breast cancer cells by 4-methylumbel-
liferone suppresses tumorigenicity in vitro and metastatic
lesions of bone in vivo. Int J Cancer. 2012; 130:454-466.

Twarock S, Tammi MI, Savani RC, Fischer JW. Hyaluronan
stabilizes focal adhesions, filopodia, and the proliferative
phenotype in esophageal squamous carcinoma cells. J Biol
Chem. 2010; 285:23276-23284.

Lokeshwar VB, Lopez LE, Munoz D, Chi A, Shirodkar
SP, Lokeshwar SD, Escudero DO, Dhir N, Altman N.
Antitumor activity of hyaluronic acid synthesis inhibitor
4-methylumbelliferone in prostate cancer cells. Cancer Res.
2010; 70:2613-2623.

Hajime M, Shuichi Y, Makoto N, Masanori Y, Ikuko K,
Atsushi K, Mutsuo S, Keiichi T. Inhibitory effect of 4-meth-
ylesculetin on hyaluronan synthesis slows the development
of human pancreatic cancer in vitro and in nude mice. Int J
Cancer. 2007; 120:2704-2709.

Yoshihara S, Kon A, Kudo D, Nakazawa H, Kakizaki I,
Sasaki M, Endo M, Takagaki K. A hyaluronan synthase
suppressor, 4-methylumbelliferone, inhibits liver metasta-
sis of melanoma cells. FEBS Lett. 2005; 579:2722-2726.

Nagy N, Kuipers HF, Frymoyer AR, Ishak HD, Bollyky
JB, Wight TN, Bollyky PL. 4-methylumbelliferone treat-
ment and hyaluronan inhibition as a therapeutic strategy in
inflammation, autoimmunity, and cancer. Front Immunol.
2015; 6:123.

Yates TJ, Lopez LE, Lokeshwar SD, Ortiz N, Kallifatidis
G, Jordan A, Hoye K, Altman N, Lokeshwar VB. Dietary
supplement 4-methylumbelliferone: an effective chemo-
preventive and therapeutic agent for prostate cancer. J Natl
Cancer Inst. 2015; 107:djv085.

WWw

.impactjournals.com/oncotarget

4839

Oncotarget



40. Provenzano PP, Cuevas C, Chang AE, Goel VK, Von Hoff

41.

DD, Hingorani SR. Enzymatic targeting of the stroma
ablates physical barriers to treatment of pancreatic ductal
adenocarcinoma. Cancer Cell. 2012; 21:418-429.

Jacobetz MA, Chan DS, Neesse A, Bapiro TE, Cook N,
Frese KK, Feig C, Nakagawa T, Caldwell ME, Zecchini HI,
Lolkema MP, Jiang P, Kultti A, et al. Hyaluronan impairs

42.

vascular function and drug delivery in a mouse model of
pancreatic cancer. Gut. 2013; 62:112—120.

Cheng XB, Sato N, Kohi S, Koga A, Hirata K. Receptor for
hyaluronic acid-mediated motility is associated with poor
survival in pancreatic ductal adenocarcinoma. J Cancer.
2015; 6:1093-1098.

www.impactjournals.com/oncotarget

4840

Oncotarget



