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Three-dimensional (3D) culture of cancer cells mimics the in vivo environment. Recently, we reported that
pancreatic ductal adenocarcinoma (PDAC) cell lines with epithelial and mesenchymal features formed differently
shaped spheres in 3D culture. However, only PK-8 cells, the epithelial PDAC cell line with the highest E-cadherin
expression among the eight PDAC cell lines, formed multiple cystic spheres in 3D culture. Optical coherence
tomography revealed interconnected cysts inside the spheres. A weak inter-cellular adhesion, individual cell
degeneration, necrosis, and secretory granules in the cytoplasm were observed in the PK-8 spheres using electron

microscopy. The expression of MUC1, MUC5AC, and amylase was increased in PK-8 cells in the 3D culture
compared with that in 2D culture. These findings suggest that highly E-cadherin-expressing epithelial PK-8 cells
form multiple cystic spheres, which may be promoted by enhanced mucin and amylase synthesis in 3D culture.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC), a major form of
pancreatic cancer, is one of the most lethal tumors. In the Western
world, the 5-year survival rate of PDAC is only 9% [1]. Most (80-90%)
patients with PDAC are not eligible for radical surgery due to local
recurrence or metastasis at diagnosis. Even patients with PDAC who can
be operated on relapse or metastasize after surgery, and the 5-year
survival rate is only 15-20% [2]. Age is a major risk factor for cancer
[3], and an increase in pancreatic cancer-related deaths is expected
because of the rapidly aging population in developed countries.
Pancreatic cancer is expected to be the second leading cause of
cancer-related deaths, and the first among digestive cancers worldwide
by 2030 [4].

To date, approximately 400 human PDAC cell lines have been re-
ported, and studies using two-dimensional (2D) culture methods have
traditionally been carried out [5]. However, three-dimensional (3D) cell
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culture methods are considered to mimic the in vivo environment
because both primary and metastatic tumors form 3D masses [6,7].
Transcriptional analyses of PDAC cell lines have suggested two molec-
ular subtypes, the classical and quasi-mesenchymal cell lines [8]. The
classical subtype is characterized by the expression of epithelial and
adhesion-related genes, whereas the quasi-mesenchymal subtype ex-
presses mesenchymal genes. Patients with PDAC with the classical
subtype have a better prognosis, whereas the prognosis of the
quasi-mesenchymal subtype is worse [8]. Using 3D culture, we found
that PDAC cell lines with high E-cadherin and low vimentin levels
(epithelial) formed small, round spheres encased in flat, lining cells,
whereas those with the alternate expression pattern (mesenchymal)
formed large, grape-like spheres without the perimeter cells [5,9,10].
Furthermore, gemcitabine was more effective on epithelial PDAC
spheres, while nab-paclitaxel was effective on mesenchymal PDAC
spheres [9]. Among the eight PDAC cell lines examined, PK-8 cells were
epithelial-featured PDAC cell lines with the highest E-cadherin mRNA
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expression and were the only cell line with a large number of hole-like
structures in the spheres under 3D culture. PDAC is pathologically
characterized by ductal formation at variable levels in human tissues,
and transforming growth factor-p signaling has been reported to pro-
mote tube-forming growth in PDAC cell lines [11]. Normal parenchymal
pancreatic cells have the potential to synthesize and secrete exocrine
and endocrine molecules and mucins. On the other hand, most PDAC
cells synthesize mucins, but do not synthesize and secrete exocrine and
endocrine molecules.

In this study, we investigated the morphological and functional
features of the hole-like structures formed by PK-8 spheres and identi-
fied increased expression of exocrine molecules and mucins, and the
formation of multiple cystic (but not ductal) structures in the spheres.

2. Materials and methods
2.1. Cell culture

Human PDAC cell line PK-8 was provided by the RIKEN BioResource
Research Center through the National Bio-Resource Project of the Min-
istry of Education, Culture, Sports, Science and Technology, Japan. Cells
were grown in RPMI 1640 medium containing 10% fetal bovine serum
at 37 °C in a humidified 5% CO, atmosphere. To form spheres, cells (3 x
10% cells/well) were seeded in 96-well ultra-low attachment plates
(Thermo Fisher Scientific, Waltham, MA, USA) [9]. After seven days, the
spheres were photographed using a phase-contrast microscope (Eclipse
TS-100, Nikon, Tokyo, Japan). The spheres were then aspirated using
micropipettes and used in further experiments.

2.2. Scanning electron microscopy (SEM)

Adherent PK-8 cells were fixed for 30 min, and PK-8 spheres were
fixed overnight with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH
7.4) at 4 °C. The glutaraldehyde solution was then removed, and the
cells were washed with phosphate-buffered saline. The PK-8 cells were
post-fixed with OsO4 for 30 min. After complete dehydration via a
graded ethanol series, the samples were suspended in 100% ethanol, air-
dried, and coated with a platinum layer using an MSP-1S sputter coater
(Shinku Device, Ibaraki, Japan) [12]. Cells were examined and photo-
graphed using a Phenom Pro desktop scanning electron microscope
using secondary electrons and reflected electrons for the attached cells
and spheres, respectively (Thermo Fisher Scientific).

2.3. Immunocytochemical analysis

Cell blocks were prepared as previously reported, with minor
modification [9,10]. The spheres were collected using a micropipette
under a microscope, and adherent cells were detached using trypsin and
fixed in 10% neutral-buffered formalin for 3 h. Formalin was removed
using a micropipette, dehydrated with graded ethanol, and embedded in
paraffin. Serial sections of the cell blocks (4-um thickness) were either
stained with hematoxylin and eosin (H&E) or immunostained using the
labeled streptavidin-biotin method. The following primary antibodies
were used for immunocytochemical staining: mouse monoclonal anti--
E-cadherin (M106, Takara Bio, Shiga, Japan), mouse monoclonal anti--
vimentin (422101, Nichirei Biosciences Inc., Tokyo, Japan), mouse
monoclonal anti-MUC1 (NCL-MUC-1, Leica Biosystems, Wetzlar, Ger-
many), mouse monoclonal anti-MUC5AC (NCL-MUC-5AC, Leica Bio-
systems, Wetzlar, Germany), and mouse monoclonal anti-amylase alpha
(Proteintech Group, Inc., Rosemont, IL, USA). The sections were treated
with 0.03% Hy05 in 33% methanol at room temperature for 30 min to
block endogenous peroxidase before antigen retrieval. The reaction to
each antigen was visualized by adding 3,3'-diaminobenzidine tetrahy-
drochloride (DAB) and counterstaining with hematoxylin. Negative
controls were generated by omitting the primary antibodies. Images
were taken using an upright microscope (BX43; Olympus, Tokyo,
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Japan). To measure cells positive for MUC1, MUC5AC, and amylase,
images were captured by Mantra 2, multi-spectral microscopy (Phe-
nolmager Mantra2, AKOYA Biosciences, Marlborough, MA, USA). The
images were loaded into the inForm software ver.2.4 (AKOYA Bio-
sciences) to count the positive cells with a 20x objective lens.

2.4. Optical coherence tomography (OCT) observation of the spheres

The spheres were collected using a micropipette under a microscope
and fixed in 10% neutral buffered formalin. Unstained spheres were
imaged by OCT using a Cell3iMager Estier (SCREEN Holdings Co., Ltd.,
Kyoto, Japan). The values for multiple parameters based on the Gardner
classification were obtained from the 3D image data. The system was
equipped with a superluminescent diode (SLD; center wavelength:890
nm, N.A. = 0.3). The SLD output was coupled to a single-mode optical
fiber and split at an optical fiber coupler into sample and reference arms.
Reflections from the two arms were combined at the coupler and
detected using a spectrometer. The 3D image data of the spheres were
constructed from individual 2D x-z cross-sectional images, which were
obtained using a series of longitudinal scans by laterally translating the
optical beam position. The data acquisition window was 200-300 x
200-300 x 200-300 pm and the voxel size was 1 x 1 x 1 pm.

2.5. Transmission electron microscopy (TEM)

TEM images were acquired as previously reported [13]. Spheres
from PK-8 cells were fixed with 2.5% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4), post-fixed for 1 h with 2% OsO4 dissolved in distilled
water, dehydrated in a graded series of ethanol solutions, and embedded
in Epon. Ultrathin sections were generated and stained with uranyl ac-
etate and lead citrate for observation under a transmission electron
microscope (H-7500; Hitachi High-Technologies, Tokyo, Japan).

2.6. Quantitative reverse transcription-polymerase chain reaction (qRT-
PCR)

Total RNA from PK-8 adhesive cells and spheres was isolated using
the PureLink® RNA Mini Kit (Thermo Fisher Scientific K.K., Tokyo,
Japan). Subsequently, 400 ng of RNA was reverse-transcribed using the
PrimeScript™ II 1st strand cDNA Synthesis Kit (TAKARA BIO Inc., Shiga,
Japan). qRT-PCR was performed with SYBR® Green Real-Time PCR
Master Mix (Thermo Fisher Scientific K.K., Tokyo, Japan) using a
Thermal Cycler Dice® Real Time System TP800 (TAKARA BIO Inc.,
Shiga, Japan). The AACt method was used to analyze the data. ACTB
was used as an internal control to normalize the expression of the target
gene(s) between different samples. The primer sets used for qRT-PCR are
listed in Table S1. All values are expressed as the mean + standard error
of the mean (S.E.M.). Statistical analyses were performed using Stu-
dent’s t-test. Asterisks (*) were used to indicate P values < 0.05, and N.S.
indicates no significant difference.

3. Results
3.1. High E-cadherin expression in PK-8 cells under 3D culture

Under the 2D-culture condition, PK-8 cells proliferated in a sheet
form, and SEM showed a large number of microvilli between the PK-8
cells (Fig. 1, upper left panels). Immunocytochemically, E-cadherin
positivity was detected in a small number of PK-8 cells (Fig. 1, arrows),
whereas no vimentin signal was observed (Fig. 1, upper right panels).
PK-8 cells cultured in 96-well ultra-low attachment plates formed
irregularly shaped spheres with multiple translucent cysts of various
sizes (Fig. 1, lower-left panels). SEM analysis showed that the surface of
the sphere was flat and covered with adherent cancer cells, and large
and small holes formed by ruptured cysts were observed. Immunocy-
tochemical analysis revealed a strong E-cadherin expression on the
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cytoplasmic membrane of PK-8 cells, whereas no vimentin signal was
detected under this 3D culture condition (Fig. 1, lower right panels).
Observation of the cross-section of the PK-8 cell spheres also showed
large and small cysts with circular to elliptical shapes (Fig. 1, lower right
panels).

3.2. OCT observation of the spheres reveals internal cysts

Next, to examine the internal structure of the cyst of PK-8 cells in
detail, serial cross-sections were observed by OCT. OCT technology
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Fig. 1. Phase contrast and scanning electron micro-
scopy (SEM) and immunocytochemical analyses of
PK-8 cells under 2D and 3D culture conditions.
Representative phase contrast and SEM images of PK-
8 cells in 2D (upper panels) and 3D (lower panel)
cultures. E-cadherin and vimentin immunostaining of
cell blocks from adherent PK-8 cells (upper panels) or
PK-8 spheres (lower panel). Arrows indicate E-cad-
= herin-positive cells. Scale bar in the phase contrast
image of 2D culture: 200 pm, 3D culture:100 ym; SEM
images in 2D culture: 20 pm, 3D culture: 50 pm;
immunocytochemistry: 50 pm.

Vimentin

using near-infrared rays allows the non-destructive observation of 3D
structural features undetectable via microscopy, such as cavities and
gaps inside cells. Using OCT, round-to-oval cysts of various sizes were
found inside the sphere, and some cysts were interconnected (Fig. 2,
Supplemental Movie 1). The longest diameter of the sphere of PK-8 cells
after 7 days in culture was 480.2 + 55.6 pm (mean =+ S.D.) under the Z
slices of OCT images. The number of cysts on the maximum split surface
of the spheres was 3 + 1.2 (mean + S.D.), and the diameter of the cysts
was 178.3 £ 95.8 pm (mean + S.D.).

Fig. 2. Cross-sectional images of the PK-8 spheres using optical coherence tomography
Round to oval cysts of various sizes were observed in the spheres, and some cysts were interconnected. Scale bars: 100 pm.
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3.3. TEM analysis of the PK-8 spheres

To examine the microstructure of the PK-8 spheres, TEM analysis was
performed. The cyst wall consisted of a single layer of PK-8 cells with
microvilli (Fig. 3A, arrowheads). The adhesion between the PK-8 cells in
the spheres was weak, and a space between the cells was observed
(Fig. 3A, asterisks). In the spheres, organelles and nuclei were degen-
erated in some PK-8 cells (Fig. 3B, arrow), and necrotic organelles were
observed in other cells (Fig. 3C, arrow). Moreover, electron-dense cir-
cular secretory granules were detected in the cytoplasm of the PK-8 cells
(Fig. 3D, arrows).

3.4. Dysregulation of fluid secretion-related molecules was detected in
PK-8 spheres

To investigate whether PK-8 spheres increased fluid secretion, we
performed qRT-PCR to examine the expression levels of endocrine and
exocrine molecules and mucin. When compared with that in adherent
cells, the mRNA level of MUC1, MUC5AC, and AMY2A, a pancreas-
specific amylase, was significantly higher in the PK-8 spheres (Fig. 4A,
p < 0.05). In contrast, no change in the expression of the genes coding
for insulin and glucagon in the PK-8 spheres was detected as compared
to adherent cells (Fig. 4A).

To confirm the high expression of MUC1, MUC5AC, and amylase at
the protein level in the PK-8 spheres, immunocytochemical analysis was
performed. Consistent with the mRNA expression levels, the number of
cells positive for MUC1, MUC5AC, and amylase was increased in the
spheres of PK-8 cells compared to that in adherent cells (Fig. 4B). The
percentages of cells positive for MUC1, MUC5AC, and amylase are
presented in Fig. 4C.

4. Discussion

Although PDAC cell lines possess different genetic mutations, they
show a similar morphology under 2D culture. Recently, we identified
two categories of PDAC cells based on their E-cadherin and vimentin
expression levels [5,10]. Among the eight PDAC cell lines examined,
PK-8 cells showed a 120,000 fold increase in E-cadherin mRNA
expression when compared with the MIA PaCa-2 cells, which had the
lowest E-cadherin level [9]. Epithelial-featured PDAC cell lines, with
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high E-cadherin and low vimentin expression, form small, round spheres
exhibiting a smooth surface and flat lining cells on their surface. On the
other hand, mesenchymal-featured PDAC cell lines with opposite
expression pattern form irregularly shaped spheres that contain small
round to oval cancer cells and exhibit a grape-like appearance without
flat lining cells [5,9,10]. Only PK-8 cells presented a large number of
cystic and ductal structures in their spheres. It has been reported that
ductal structures and basal lamina are formed under 3D culture when
Matrigel is used together with well-differentiated PDAC cells but not
with poorly differentiated PDAC cells [14]. We investigated whether the
structure in the spheres of PK-8 cells was a duct. No basement
membrane-like structures were observed by TEM analysis, and no lam-
inin- or type 4 collagen-positive basement membrane-like structures
were observed by immunocytochemical staining. PARD3 is a member of
the apical membrane proteins, and immunocytochemical analysis
revealed no PARD3 staining on the luminal side of cystic structures.
These findings suggest that these structures are not pancreatic duct-like
structures, but cysts formed between PK-8 cells in the spheres.

OCT images showed various sizes of cysts, some of which were
connected to each other. TEM observations revealed loose binding be-
tween PK-8 cells throughout the sphere, with various stages of degen-
erated and necrotic PK-8 cells. Furthermore, many secretory granules
were observed in some of the PK-8 cells that formed spheres. This evi-
dence suggests that PK-8 cells synthesize and secrete substances that are
stored in the cysts, and further individual cell degeneration and necrosis
of PK-8 cells occur in the spheres. Due to the small size of the cyst and
the small amount of fluid, we were unable to extract intracystic fluid for
analysis. Therefore, we examined the PK-8 spheres for the expression of
mucin and endocrine and exocrine molecules, which are mainly pro-
duced by pancreatic cells.

Mucus is commonly synthesized and secreted by normal ductal cells.
Alcian-blue stains acidic mucus blue, whereas periodic acid-Schiff (PAS)
staining turns neutral mucus red. Alcian blue staining was limited in 2D-
cultured PDAC cell lines but abundant in some PDAC cell lines with
epithelial features in 3D culture [9]. Similarly, PAS staining intensity in
PDAC cell lines was stronger in spheres from 3D cultures than in those
from 2D-cultured cells [9]. Mucin is a heavily glycosylated
high-molecular-weight glycoprotein that is the main component of the
mucus. In pancreatic tissue, the difference in staining patterns between
MUC types is used for the differential diagnosis of PDAC and intraductal

Fig. 3. Transmission electron microscopic analysis of
PK-8 spheres.

The surface of the cyst is formed by a single layer of
PK-8 cells (A, arrowheads), and the adhesion between
PK-8 cells in the spheres is weak (A, asterisks). PK-8
cells that had undergone degeneration (B, arrow) and
necrosis (C, arrow). A large number of secretory
granules were observed in PK-8 cells (D, arrows).
Scale bar in A:10 pm, B, C, and D:2 pm.
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Immunocytochemistry
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Fig. 4. Expression of mucin, exocrine, and endocrine
molecules under 2D and 3D culture conditions.
qRT-PCR analysis of pancreas-related molecules in
PK-8 cells cultured under 2D (adhesion) and 3D
conditions (spheres, A). Immunocytochemical anal-
ysis of MUC1, MUC5AC, and amylase alpha 2A in cell
blocks from PK-8 cells cultured under 2D and 3D
conditions (B). Scale bar for 2D and 3D culture: 50
pm, *p < 0.05, N.S: not significant.

Percentages of cells positive for MUC1, MUC5AC, and
amylase alpha 2A in the adherent cells and spheres
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papillary mucinous neoplasms (IPMN). Most PDACs are positive for
MUC1 and MUC5AC and negative for MUC2, whereas IPMN is positive
for both MUC2 and MUC5AC and negative for MUC1 [15-17]. MUC1 is
classified as a membrane-bound mucin, and MUC2 and MUC5AC are
secreted mucins [18-20]. qRT-PCR and immunocytochemical analyses
showed increased expression of MUC1 and MUCS5AC in the PK-8
spheres. With regard to the exocrine components, amylase alpha 2A, a
pancreas-specific amylase, increased in the spheres, whereas trypsin was
below the detection levels in both 2D and 3Dculture. No change in the
endocrine components at the mRNA level was detected in the PK-8
spheres as compared with that in the adherent cells.

These findings suggest that MUC1, MUC5AC, and amylase are syn-
thesized more in the PK-8 spheres than in 2D-culture, and these com-
ponents are part of the contents of cysts. Electron microscopic secretory
granules in PK-8 spheres may correlate with an increase in amylase
synthesis. The current study could not directly demonstrate the ability of
mucins or amylases to form cysts. However, based on our examination of
cell blocks of PK-8 spheres, in which cells in the center of the spheres
produced amylase, an exocrine molecule, and MUC5AC, a secreted
mucin, and based on the observation that the surface of the spheres was
covered by flat lining cells, we believe that these molecules may accu-
mulate between cancer cells in the spheres and form cysts. Decreasing
the expression levels of mucins or amylase in PK-8 cells using shRNA or
siRNA may clarify the importance of these molecules in multiple cyst
formation in the spheres. The biological significance or contribution of
cyst-forming 3D-cultured PDAC cells to the development of diagnostic or
therapeutic methods is not clear. Further studies are needed to clarify
the clinical importance of cyst-forming PDAC cells.

In summary, PK-8 cells, as PDAC cells highly expressing E-cadherin,
formed spheres with multiple cysts. The connections between the PK-8
cells forming the sphere were loose, and individual cell degeneration
and necrosis were observed. Although the fluid in the cyst could not be

examined because of its small amount, the PK-8 cells forming the sphere
showed secretory granules and an increase in mucins and exocrine fluid.
These findings suggest that increased mucin and amylase synthesis
contributes to the PK-8 cells’ ability to form multiple cystic spheres.
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