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Abstract
Pancreatic ductal adenocarcinoma (PDAC) is characterized by dense desmoplasia and hypoxic
microenvironment. We previously demonstrated that hyaluronan (HA), especially low-molecular weight
HA, provides a favorable microenvironment for progression of PDAC. However, the effect of hypoxia on
HA metabolism is unknown. Using quantitative real-time RT-PCR and Western blot analysis, we analyzed
changes in expression of HA-synthesizing enzymes (HAS2, HAS3) and HA-degrading enzymes (HYAL1,
KIAA1199/CEMIP) in PDAC cell lines under hypoxic condition. Hypoxia increased mRNA and protein
expression of KIAA1199, whereas it decreased expression of HYAL1. Expression of HAS2 and HAS3
remained unchanged in response to hypoxia. The effect of KIAA1199 on hypoxia-induced cell migration
was determined by transwell migration assay and small-interfering RNA (siRNA). Hypoxia enhanced
migratory ability of PDAC cells, which was inhibited by knockdown of KIAA1199 expression. We also
used immunohistochemistry to analyze Hypoxia Inducible Factor (HIF) 1α and KIAA1199 protein
expression in PDAC tissues. There was a signi�cant immunohistochemically positive correlation between
KIAA1199 and HIF1α. These �ndings suggest that hypoxia-induced KIAA1199 expression may contribute
to enhanced motility in PDAC. 

Introduction
 Pancreatic ductal adenocarcinoma (PDAC) is one of the deadliest diseases worldwide, with the lowest
survival rate among all cancer types 1. PDAC is characterized by a dense desmoplastic stroma enriched
with hyaluronan (HA) 2,3.

HA is produced by HA-synthesizing enzymes (HASs) and degraded into smaller fragments by
hyaluronidases (HYALs) 4-6. HA plays a critical role in a variety of malignant behavior including cell
proliferation, migration, invasion, metastasis, angiogenesis, and resistance to drug delivery 7-12. In
particular, low-molecular-weight HA (LMW-HA, 100kDa or less) has been suggested to be essential for
cancer progression 13,14.

KIAA1199 was newly identi�ed as one of the HA degradation enzymes. Previous studies have shown that
KIAA1199 is overexpressed in many types of cancers and associated with an aggressive phenotype 15-19.
Notably, KIAA1199 enhances motility of colon cancer cells and is therefore called as cell migration-
inducing protein (CEMIP). We also previously demonstrated that KIAA1199 expression correlates with
poor prognosis in PDAC and forced expression of KIAA1199 increases migration of PDAC cells 20.

 Hypoxia is one of the most common stressors encountered within the tumor microenvironment 21.
Previous reports showed that the average oxygenation of PDAC was markedly lower compared to normal
tissue (median pO2 of tumors was between 0 and 5.3 mmHg, whereas median pO2 of normal adjacent

tissue was between 9.3 and 92.7 mmHg) 22. Tumor growth leads to hypoxia. Moreover, hypoxia itself
plays an important role in accelerating tumor progression, malignancy, and treatment resistance. Hypoxia
signaling is mediated by the hypoxia-inducible factors (HIFs), which are stabilized under hypoxia 23.
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Increased HIF-1α and/or HIF-2α levels in biopsied specimens are associated with increased risk of
mortality in some cancer types including PDAC 24. Although many signaling pathways, including
mitogen-activated protein kinase (MAPK) signaling, are known to be altered by hypoxic conditions in
PDAC cells, the effect of hypoxia on HA metabolism is unknown. In the present study, we investigated the
relationship between hypoxia and HA metabolism in PDAC.

Materials And Methods
2.1 Cell culture and reagents

We used 3 PDAC cell lines, BxPC-3, Panc-1 (American Type Culture Collection, Manassas, VA, USA) and
SUIT2 (JCRB Cell Bank, Osaka, Japan). PDAC cell lines were maintained in RPMI-1640 medium (Life
Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS) (Life
Technologies) and 1% streptomycin and penicillin (Life Technologies), in a 5% CO2 incubator at 37℃. For
hypoxic conditions, the cells were exposed to 1% O2 created using a low oxygen culture kit (BIONIX low
oxygen culture kit, manufactured by Sugiyamagen Co., Ltd.) for 6 to 48 hours.

2.2 Quantitative real-time RT-PCR

Total RNA was isolated from cell lines using RNeasy Mini Kit (QIAGEN GmbH, Hilden, Germany)
according to the manufacture’s protocol. First strand cDNA was synthesized from 1.0 μg of total RNA
using SuperScript VILO cDNA synthesis Kit and Master Mix (Thermo Fisher Scienti�c Inc, Waltham, MA,
USA). Real-time mRNA expression analysis of HA-related genes (HAS2, HAS3, HYAL1, and KIAA1199) and
a housekeeping gene (GAPDH) for control was performed using TaqMan @ Gene Expression Assays and
Step One Plus real-time PCR system (Thermo Fisher Scienti�c Inc.) according to the manufacture’s
instruction. The assay numbers for these genes were as follows: Hs00193435_m1(HAS2),
Hs00193436_m1(HAS3), Hs00201046_m1(HYAL1), Hs01552124_m1 (KIAA1199); and Hs02758991_g1
(GAPDH). The relative quanti�cation was given by the Ct values, determining the reactions for target
genes and an internal control gene in all samples.25

2.3 Western blot analysis

The cells were harvested and total protein was extracted with PRO-PREP protein extraction solution
(iNtRON Biotechnology, Gyeonggi-do, South Korea), protein concentration was determined by the BCA
(bicinchoninic acid) protein assay Kit (Thermo Fisher Scienti�c Inc., Waltham, MA, USA). Equal amount of
protein were subjected to 4-15% Mini-PROTEAN Precast Gel (Bio-Rad, Philadelphia, PA, USA) and
transferred on to PVDF membranes (ATTO, Tokyo, JAPAN). Membranes were blocked for 1hour with 1%
non-fat milk in TBST buffer at room temperature, then were incubated with antibodies against KIAA1199
(Proteintech Group, Rosemont, IL, USA) and ß-actin (Proteintech Group) for overnight at 4°C or 1h at room
temperature, followed by incubation with secondary antibodies (Proteintech Group) for 1hour at room
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temperature. The proteins were visualized using an ECL Western Blotting Detection System (GE
healthcare, Buckinghamshire, England).25

2.4 Cell migration assay

The migratory ability of cells was determined by transwell cell migration assay using cell culture inserts
equipped with a �lter membrane containing 8 μm pores (BD Biosciences, Franklin Lajes NJ). The lower
chamber was �lled with RPMI1640 containing 10% FBS. The upper chamber was �lled with 1.0 x 104

cells (for PANC-1) or 2.0 x 104 cells (for BxPC-3) in the RPMI1640 containing 1% FBS. After 48 hours
incubation in each normoxic and 1% O2 condition, the cells remaining on the upper side of the �lters were
removed. The cells on the bottom surface of the membrane were stained with hematoxyline and eosin
and the number of cells that had migrated to the bottom surface of the membrane were counted in �ve
randomly selected microscopic �elds in each sample.25

2.5 siRNA targeting for KIAA1199

The siRNA for KIAA1199 (ON-TARGET plus SMART pool Human KIAA1199 L022291-00) and negative
control siRNA (ON-TARGET plus Control siRNA Non-Targeting siRNA #1 D-001810-01-05) were purchased
from GE hearthcare (Buckinghamshire, England). PDAC cells (Panc1) were transfected with 100nM siRNA
using DharmaFECT 1 Transfection Reagent (GE healthcare) according to manufacture’ s instructions.
After 48 hours treatment, the cells were immediately used for further experiments.25

2.6 Immunohistochemistry

Formalin-�xed and para�n-embedded sections were stained for KIAA1199 (1:100; Proteintech Group, Inc.,
Chicago, IL, USA) and HIF1α (1:50; Novus Biologicals, Inc. Littleton, CO, USA). EnVision + System- HRP
Labelled Polymer Anti-Rabbit (Dako North America, Inc, Carpenteria, CA, USA) was used as secondary
antibody for anti-KIAA1199 antibody, and we stained them with diaminobenzidine (Liquid DAB +
Substrate Chromogen System; Dako North America, Inc.). Secondary antibody for anti-HIF1α antibody
was performed by streptavidin-biotin technique using SAB-PO(M) kit (NICHIREI BIOSCIENCES INC,
Japan). Sections were counterstained with hematoxylin, and then dried and mounted. The proportion of
positive cells was evaluated throughout the whole tissue section and graded as follows: 0 (<11%); 1 (11–
40%); 2 (41–70%); or 3 (>70%). The staining intensity was graded as 1 (weak), 2 (moderate), or 3 (strong).
The total score was obtained by multiplying the positive proportion score by the intensity score. We then
divided all cases into two groups by the high expression group (with a score ranging from 0 to 2) or low
expression group (with a score ranging from 3 to 9).20

2.7 Ethical statement

A written informed consent was obtained from all patients who approved the use of their tissues. This
study was approved by institutional review board of the University of Occupational and Environmental
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Health, Kitakyushu, Japan. All methods were performed in accordance with the relevant guidelines and
regulations.

2.8 Statistical analysis

All statistical analyses were carried out using STATA15 (Stata, College Station, TX, USA) software.
Student’s t test and the Chi-squared test were used for group comparison. A p value of <0.05 was
considered statistically signi�cant.

Results
3.1 Changes in expression of HA-synthesizing and degrading enzymes in PDAC cell lines under normoxic
and hypoxic conditions

We examined changes in mRNA expressions of HA synthesizing enzymes (HAS2, HAS3) and HA
degrading enzymes (HYAL1, KIAA1199) upon hypoxia (Fig.1). Of these HA-related enzymes, only
KIAA1199 markedly increased under hypoxia. Expression of HAS2 and HAS3 remained unchanged and
expression of HYAL1 decreased under hypoxia.

The changes in protein expression of KIAA1199 under hypoxia were also analyzed using western blot
analysis. KIAA1199 protein increased in a time-dependent manner under hypoxic conditions (Fig.2 and
Fig.S1). β-actin levels were used as a loading control.

3.2 Migratory ability of PDAC cells under hypoxic conditions

We investigated the migratory ability of PDAC cells, Panc1 and BxPC3, under hypoxia. The migratory
ability signi�cantly increased up to 400% in both cell lines by hypoxia (p <0.05) (Fig. 3).

3.3 Effect of KIAA1199 on migration of PDAC cells in hypoxic condition

Our previous studies have shown that KIAA1199 strongly stimulates migration at PDAC cells. We
therefore hypothesized that increased expression of KIAA1199 may play a role in enhanced migration of
PDAC cells upon hypoxia. To test this, we used siRNA to knockdown KIAA1199 in PDAC cells and
examined their migration under hypoxic conditions. Knockdown of KIAA1199 signi�cantly inhibited the
increased migration of PDAC cells by hypoxia (p <0.05) (Fig. 4).

3.4 Immunohistochemical analysis of KIAA1199 and HIF1α in PDAC

 We then examined the relationship between KIAA1199 and HIF1α expression, as a marker of hypoxia,
using immunohistochemistry in archival tissues from 25 patients with PDAC. Representative
immunostaining was shown in Figure 5. KIAA1199 expression was high expression in 13 patients (52%)
and HIF1α was high expression in 14 patients (56%). There was a signi�cant positive correlation between
KIAA1199 and HIF1α expression in our patient group (p <0.05) (Table.1).
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Discussion
In the present study, we investigated the changes in HA metabolism under hypoxic conditions in PDAC
cells. The major �ndings were as follows: (1) Hypoxia increased mRNA and protein expression of
KIAA1199 in PDAC cells. (2) Hypoxia enhances migration of PDAC cells and knockdown of KIAA1199
inhibited the enhanced migration by hypoxia. (3) There was a signi�cant immunohistochemically positive
correlation between HIF1α and KIAA1199 in PDAC tissues.

 In our previous studies, we have shown that HA metabolism was accelerated in PDAC cells 10,26-28.
However, the expression pattern of HA-synthesizing or degradation enzymes under hypoxia in PDAC has
been poorly characterized. We demonstrated, for the �rst time, that hypoxia markedly increased
expression of KIAA1199, which is known to be involved in malignant behaviors of cancer cells, in PDAC
cells. These �ndings suggest that changes of HA metabolism under hypoxia were associated with
malignant phenotype of PDAC cells.

The exact mechanisms by which KIAA1199 promotes cancer progression remain unknown. In our
previous studies, knockdown of KIAA1199 expression resulted in decreased migration, whereas forced
expression of KIAA1199 resulted in increased migration, invasion, and proliferation of PDAC cells 20,25. In
the present study, we also demonstrate that knockdown of KIAA1199 inhibited the enhanced migration
under hypoxia, suggesting a possible involvement of KIAA1199 in the aggressive phenotype under
hypoxia. Our present results and these �nding may provide a rationale for developing novel therapeutic
interventions targeting KIAA1199 for the treatment of PDAC in future studies.

We previously identi�ed a novel phenotype, HAMP (hyaluronan activated metabolism phenotype),
characterized by activation of multiple HA metabolism cascades, in PDAC 29 . HAMP was de�ned as
increased expression of multiple HA metabolism genes, including KIAA1199. However, the underlying
mechanisms for increased expression of these HA metabolism genes in PDAC are unclear. One such
mechanism could be tumor microenvironment (or tumor-stromal interactions) in PDAC. Our present
results suggest that hypoxia could contribute to the development of HAMP phenotype by increasing the
expression of KIAA1199. Further studies are needed to elucidate the relationship between hypoxia and
HAMP in PDAC. 

In conclusion, our present study suggests that hypoxia-induced KIAA1199 expression may contribute to
enhanced motility and thus microenvironment-mediated cancer progression in PDAC.
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Tables
Table.1 Immunostaining of PDAC tissue with anti-HIF1α antibody and anti-KIAA1199 antibody

  KIAA1199

  high low

HIF1α high 10 4

low 3 8

 

Figures
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Figure 1

The changes of mRNA expression of HA synthesizing enzymes and HA degrading enzymes were shown.
Expression of KIAA1199 increased under hypoxia. Expression of HAS2 and HAS3 remained unchanged
and expression of HYAL1 decreased under hypoxia.

Figure 2
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KIAA1199 protein increased in a time-dependent manner under hypoxic conditions. β-actin levels were
used as a loading control.

Figure 3

Cell migratory ability of PDAC cells, Panc-1, signi�cantly increased by hypoxia.
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Figure 4

Cell migratory ability of PDAC cells, Panc-1, under hypoxia with/without knockdown of KIAA1199.
Knockdown of KIAA1199 inhibited increased migration by hypoxia
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Figure 5

Immunostaining of PDAC tissue with anti-HIF1α antibody and anti-KIAA1199 antibody. A: A
representative image of strong nucleatic labeling of PDAC cells (classi�ed as high HIF1α expression
group). B: A representative image classi�ed as low HIF1α expression group. C: A representative image of
strong cytoplastic labeling of PDAC cells (classi�ed as high KIAA1199 expression group). D: A
representative image classi�ed as low KIAA1199 expression group. Table.1: Immunostaining of PDAC
tissue with anti-HIF1α antibody and anti-KIAA1199 antibody. There was a signi�cant positive correlation
between KIAA1199 and HIF1α expression in our patient group (p <0.05).
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