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ARTICLE INFO ABSTRACT

Keywords: Objective: Podoplanin-positive cancer-associated fibroblasts (CAFs) play an important role in tumor progression.
Podoplanin The aim of this study was to evaluate the effect of podoplanin (+) CAFs on the proliferation of cancer cells using
Cancer associated fibroblast a three-dimensional (3D) organoid model.

Co-Culture ) Materials and methods: We examined the success rate of organoid culture containing PC-9 cancer cells and CAFs.
;Igb;jtsfencer organoid Thereafter, we compared the proliferating index (MIB-1 index) of PC-9 cells co-cultured with podoplanin-

overexpressing CAFs and control CAFs using organoid specimens. Furthermore, we compared the MIB-1 labeling
index of cancer cells in podoplanin (+) CAFs cases (n = 13) and podoplanin (-) CAFs cases (n = 14) using
surgically resected adenocarcinoma specimens.

Results: Without CAFs, PC-9 cells did not form any organoid (success rate: 0%). When PC-9 cells were mixed
with CAFs (1:10), the mixed cells generated round and steric aggregates (hybrid cancer organoids, success rate:
100%). In three independent experiments, the MIB-1 index of PC-9 cells in hybrid cancer organoids containing
podoplanin-overexpressing CAFs was significantly higher than that of PC-9 cells in organoids containing control
CAFs (Exp. 1: 40.4% vs. 24.4%; Exp. 2: 40.0% vs. 24.5%; Exp. 3: 40.3% vs. 25.2%; p < 0.001). Surgically
resected human tumors revealed that the MIB-1 index of adenocarcinoma cells was significantly higher in the
case of podoplanin (+) CAFs than in the case of podoplanin (-) CAFs (34.8% vs. 16.2%; p < 0.01).
Conclusion: Our data suggested that the hybrid cancer organoid model might reflect the growth-promoting effect
of podoplanin (+) CAFs in cancer cells, and this new system can be a useful tool for evaluating the tumor
microenvironment.

Lung adenocarcinoma

1. Introduction

A variety of culture systems have been developed previously to
examine cancer biology, among which two-dimensional (2D) systems
are the most frequently used models. However, it is well known that
these systems do not reflect the complexity, heterogeneity, and plasti-
city of the human tumor microenvironment. Cancer tissues consist of
various cell components with highly complex three-dimensional (3D)
microstructures. Recent studies have indicated that 3D culture systems,

such as spheroid and/or organoid cultures, can provide better insight
on the physiological characteristics of cancer cells in comparison to 2D
culture systems [1-3].

Fibroblasts in cancer tissues, also known as cancer-associated fi-
broblasts (CAFs), are one of the crucial components of stromal cells.
Growing evidence has shown that the proliferation, invasion, and me-
tastasis of cancer cells are influenced by their interaction with CAFs
[4-7]. Together, CAFs and other stromal cells can create specific mi-
croenvironments for tumor progression. However, CAFs exhibit

Abbreviations: CAFs, cancer associated fibroblasts; 2D, two dimensional; 3D, three dimensional; EGFR, epidermal growth factor receptor; mRFP, monomeric red
fluorescent protein; hTERT, human telomerase reverse transcriptase; CDK4, cyclin dependent kinase 4
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Fig. 1. Macroscopic and microscopic features of hybrid cancer organoid.
A. The scheme of the method of 3D culture.

B. Macroscopic feature of hybrid cancer organoid — : 100pum.

left: 3D culture containing only PC-9 cells (1.0 x 10* cells).
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right: 3D culture containing both PC-9 cells (1.0 X 10* cells) and CAFs (1.0 x 10° cells).
C. Phase contrast microscope feature of hybrid cancer organoid containing of both PC-9 cells (1.0 x 10* cells) and CAFs. (1.0 x 10° cells) — : 100 um.

left: green fluorescence image(Venus-expressing CAF).

middle: red fluorescence image (mRFP-expressing PC-9)

right: overlay images.

D. Microscopic features of hybrid cancer organoid — : 100 um.
left: HE staining image of hybrid cancer organoid.

middle: CK7 immunostaining (cancer cells).

right: Venus immunostaining (CAFs).

Table 1

Success rate of 3D organoid culture.
Cell number Exp.1 Exp.2 Exp.3 total
A.PC9 1.0 x 10* 0/20 0/20 0/20 0/60(0%)
B.PC-9 1.0 x 10*+CAFs 1.0 x 10* 8/20 6/20 10/20 24/60(40%)
C.PC9 1.0 x 10*+CAFs 1.0 x 10° 20/20 20/20 20/20 60/60(100%)

heterogeneous phenotypes and functions within the same tumor
[8-11]. Furthermore, the properties of CAFs vary widely from case to
case. Thus, an analysis of CAF subpopulations is required in order to
gain a functional assessment of the tumor microenvironment.

Human podoplanin is a transmembrane glycoprotein that con-
tributes to cancer progression and is upregulated on cancer cells, CAFs,
and inflammatory macrophages. Recruitment of podoplanin (+) CAFs
is considered as a prognostic indicator of lung adenocarcinoma, lung
squamous cell carcinoma, and breast carcinoma [12-15]. Moreover, in
vivo studies have revealed that podoplanin (+) CAFs promoted lung
adenocarcinoma cell engraftment into SCID mice [16]. Using an in vitro
model, we demonstrated that podoplanin (+) CAFs enhanced fibro-
blast-dependent cancer cell invasion. These studies suggested that po-
doplanin (+) CAFs are a special subpopulation of CAFs with tumor-
promoting functions [17]. Generally, the high proliferative capacity of
cancer cells is associated with their high malignant potential. It is im-
portant to elucidate whether podoplanin (+) CAFs are capable of en-
hancing the proliferative activity of cancer cells to further clarify their
biological functions. In the current study, we examined the effect of
podoplanin (+) CAFs on the proliferation of cancer cells using a 3D
organoid model containing both CAFs and cancer cells, instead of
common 2D culture systems. In order to confirm the results obtained
from 3D culture, we examined specimens of surgically resected lung
adenocarcinoma and evaluated the MIB-1 index of cancer cells in cases
involving podoplanin (+) and podoplanin (—) CAF.

2. Materials and methods
2.1. Cell culture and reagents

The Epidermal growth factor receptor (EGFR) mutant human lung
adenocarcinoma cell lines PC-9 (del E746_A750), was purchased from
the European Collection of Cell Culture. The PC-9 cells and PC-9 cells
labeled with monomeric red fluorescent protein (mRFP) were main-
tained in RPMI 1640(Thermo Fisher Scientific, Waltham, MA), sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS; Sigma,
St. Louis, MO), 1% glutamine, and antibiotics (1% penicillin and
streptomycin; Sigma) [18]. CAFs were prepared from human lung
adenocarcinoma tissues as previously reported [8,17]. The cultures
were incubated at 37 °C in an atmosphere containing 5% CO,. IRB
approval number of this study is 2017-43.
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2.2. Life time extension of CAFs

To extend the lifetime of CAFs, we used a primary CAFs culture
(CAFs-621) from lung adenocarcinoma. Transduction was done with
human telomerase reverse transcriptase (hTERT) and mutant forms of
cyclin dependent kinase 4 (CDK4R24C) in combination (hTERT/
CDK4R24C) [8]. hTERT cDNA and CDK4R24C cDNA were kindly gifted
from Dr. Masutomi K (Division of Cancer Stem Cell, National Cancer
Center Research Institute) and Dr. Kiyono T (Division of Carcinogenesis
and Cancer Prevention, National Cancer Center Research Institute),
respectively.

2.3. Overexpression of podoplanin

Lentivirus vectors containing human wild-type podoplanin were
generated as described previously [16,19]. The lentiviruses were pro-
duced using 293 T cells transfected with PCAG-HIV, pCMV-VSV-G-RSV-
Rev (RIKEN Bioresource Center, Ibaraki, Japan), and a wild-type po-
doplanin. Transfection was achieved using the Lipofectamine 2000 re-
agent (ThermoFisher Scientific), according to the manufacturer’s in-
structions. Vector-containing medium was filtered through a 0.45 mm
filter and 8 mg/ml of polybrene (Santa Cruz Biotechnology, Santa Cruz,
CA) was added to CAFs expressing hTERT/CDK4R24C for transduction.

2.4. Flow cytometry and cell sorting

CAFs were incubated with anti-podoplanin antibody (clone 18H5,
Abcam, Cambridge, UK) and excess antibody was removed by washing
with PBS (containing 1% FBS). Goat anti-mouse IgG, F(ab)2-APC (Santa
Cruz Biotechnology) was added as a secondary antibody. The cells were
rinsed with PBS and podoplanin positive cells were sorted using a
FACSAria IT (BD Biosciences, Sun Jose, CA).

2.5. Generation of 3D hybrid cancer organoids

Hybrid cancer organoids were created via the following procedure
(Fig. 1A). First, the cell mixtures A, B, and C were prepared (Supple-
mentary Table 1 Table 1). The lid of the dish was inverted and 20 pL of
cell mixture A, B, and C was deposited and incubated for 24h in a
hanging drop culture. Successfully created spheroids were cultured in
1.0mL of Gibco StemPro human embryonic stem cell serum-free
medium (ThermoFisher Scientific) in each well of a Nunclon Sphera 24-
well plate. The cultures were maintained for six days and organoid
formation was considered successful if the organoids did not break
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Fig. 2. The effect of podoplanin (+) CAFs on cancer cell proliferation in 3D culture (hybrid cancer organoid).

Microscopic images of hybrid cancer organoid containing control CAFs.
left: HE staining images with lower magnification.

middle: HE staining image with higher magnification.

right: Immunofluorescence images (Green: MIB-1, Red: CK7, Blue: nucleus).

B. Microscopic images of hybrid cancer organoid containing podoplanin-overexpressing CAFs.

left: HE staining images with lower magnification.

middle: HE staining image with higher magnification.

right: Immunofluorescence images (Green: MIB-1, Red: CK7, Blue: nucleus).

C. Results of MIB-1 index of PC-9 cells in hybrid cancer organoid * p < 0.001

during the transfer to the well plate.

2.6. Immunofluorescence studies of hybrid cancer organoids

Hybrid cancer organoids were fixed with 10% formalin and em-
bedded in paraffin. The serial 4 um sections were then deparaffinized in
xylene. After washing with distilled water, they were placed in pH 9.0

. t-test.
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Tris-EDTA buffer (Agilent Technologies, Palo Alto, CA). Antigen re-
trieval was performed by placing and heating the slides at 95 °C for
20 min in a microwave oven, and allowing them to cool for 1 h at 25 °C.
Slide glasses were incubated with primary antibodies (MIB-1, Agilent
Technologies and CK7, GeneTex, San Antonio, TX) at room temperature
for 1h. After PBS washing, cells were incubated with secondary im-
munofluorescence anti-bodies (Alexa Fluor 488 and 633, respectively,
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Table 2
Clinicopathological characteristics of podoplanin (+) CAFs cases.

Characteristics Podoplanin CAF

(+) ©) P
n=13 n=14

total

Age 0.30
< 65years 4 2
=65years 9 12

Sex 0.90
Male 4 4
Female 9 10

Smoking 0.34
Never 7 10
Current/Former 6 4

Tumor size (invasive size) 0.92
<3cm 10 11
>3cm 3

Lymph node metastasis 0.34
Absent 7 10
Present 6 4

Vascular invasion 0.03
Absent 3 9
Present 10 5

Lymphatic permeation 0.94
Absent 11 12
Present 2 2

Pleural invasion 0.23
Absent 2 5
Present 11 9

Thermo Fisher Scientific) at room temperature for 1h. After PBS
washing, cells were incubated with Hoechst® 33,342 (Dojindo) at room
temperature for 3 min. After PBS washing, they were mounted Perma
Fluor Aqueous Mounting Medium (Thermo Fisher Scientific).

2.7. Evaluation of CK7- and MIB-1-positive cells in hybrid cancer organoids

All stained slides were scanned and captured using an Aperio
VERSA SL200 digital slide scanner (Leica Biosystems, Nufloch,
Germany). In each independent experiment, we evaluated six hybrid
cancer organoids. The maximum split surface of each organoid, where
the cancer cells and CAFs intermingled, were observed at high-power
fields (0.196 mm?/field). The number of CK7-positive cells was
counted, and both MIB-1- and CK7-positive cells were averaged. Ki-67
is known to indicate the degree of malignancy in many tumors [20]. In
the current study, we used MIB-1, a clone of Ki-67, to represent pro-
liferation index.

2.8. Patient cohort

Between 2016 and December 2017, pathological T2a and EGFR
mutation positive lung adenocarcinoma cases that underwent surgery
with curative intent, were selected. In total, 27 samples were enrolled
in this study. All specimens were collected after obtaining written
comprehensive informed consent from the patient, and the study was
conducted with the approval of the Institutional Review Board of the
National Cancer Center. IRB approval number of this study is 2017-462.

The diagnosis of histological type was based on the 4th edition of
World Health Organization classification of the lung, pleura, thymus,
and heart; and their pathological stages were determined according to
the 8th edition TNM classification.
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2.9. Immunohistochemical studies of surgically resected specimens

Surgically resected specimens were fixed with 10% formalin and
embedded in paraffin. Serial 4 mm sections were used for the im-
munohistochemical studies. Immunohistochemical staining was per-
formed according to the methods as previously reported [12].

Podoplanin (+) cases were identified as those in which the ratio of
the podoplanin-positive CAF area to the stromal area was =5%.

In terms of MIB-1 labeling index, we selected five areas of cancer
nests closely associated with podoplanin (+) or podoplanin (-) CAFs,
observed them in high-power fields (0.0625 mm? /field), and counted
and averaged the number of cells for each case.

Hematoxylin and eosin images and immunohistochemical images
were captured using a NanoZoomer 2.0-HT (Hamamatsu Photonics,
Shizuoka, Japan) and the images were analyzed with NDPview2
(Hamamatsu Photonics).

3. Result
3.1. Success rate of 3D cancer organoid culture

First, we attempted to generate organoids from PC-9 cells
(1.0 x 10* cells) without CAFs. We defined “successfully created or-
ganoids” as those that did not break when aspirated by a yellow tip.
Without CAFs, PC-9 cells formed irregular and flat fragile aggregates
and failed to form organoids (Fig. 1B left, Supplementary Fig. 1 left).
When 1.0 x 10* PC-9 cells were mixed with 1.0 x 10° CAFs, round and
steric aggregates were generated and the success rate of cancer orga-
noid formation was 100% (Fig. 1B right, Supplementary Fig. 1 right,
and Table 1). On the other hand, the addition of an equal number of
CAFs (1.0 x 10* cells) to PC-9 cells decreased the success rate to 40%.
Therefore, we conducted the subsequent experiments using a 1:10 cell
mixture (1.0 X 10* PC-9 cells and 1.0 x 10° CAFs).

3.2. Microscopic features of hybrid cancer organoids

We evaluated the hybrid cancer organoids with phase-contrast mi-
croscopy and found that the cancer cells (red fluorescence) were mixed
with the CAFs (green fluorescence). We did not find any biased pattern
in cell distribution (Fig. 1C).

Using thin sliced sections of specimens, we also confirmed that CK7-
positive cancer cells and Venus-positive CAFs were intermingled with
each other, mimicking human cancer tissue (Fig. 1D).

3.3. Generation of podoplanin-overexpressing CAFs

We have previously reported that podoplanin-positive CAFs pro-
moted tumor cell engraftment in vivo and local invasion of cancer cells
in vitro [9,16]. In the current study, we investigated the effect of po-
doplanin on cancer cell proliferation using a hybrid cancer organoid
model. For this purpose, CAFs with an extended life span that stably
overexpress podoplanin were required. To this end, we first transduced
both human telomerase reverse transcriptase and mutant forms of
CDK4R24C. The original lifetime-prolonged CAFs had a podoplanin
positivity rate of 24%. We transduced podoplanin into lifetime-pro-
longed CAFs to generate podoplanin-overexpressing CAFs at a positivity
rate of 86.9% (Supplementary Fig. 2).

3.4. The effect of podoplanin (+) CAFs on cancer cell proliferation in
hybrid cancer organoids

Next, we examined the effect of podoplanin (+) CAFs on the pro-
liferation of cancer cells in the hybrid cancer organoids. Fig. 2A and B
display the typical features of each type of organoid. The morphological
features of cancer cell nests were identical between hybrid cancer or-
ganoids containing podoplanin-overexpressing CAFs and control CAFs
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Fig. 3. MIB-1 index of cancer cells in surgically resected 27 adenocarcinoma cases — : 100um.
Microscopic images of Podoplanin (+) CAF cases.

left: Podoplanin expression of CAFs, right: MIB-1 staining of cancer cells.

Microscopic images of Podoplanin (-) CAF cases.

left: Podoplanin expression of CAFs, right: MIB-1 staining of cancer cells.

C. Comparison of MIB-1 index of cancer cells between podoplanin (+) CAF cases and negative cases.
*p < 0.01 : t-test.
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(Fig. 2A, left and middle; Fig. 2B, left and middle). The size of hybrid
cancer organoids containing podoplanin-overexpressing CAFs was not
different from that of organoids containing control CAFs (Supplemen-
tary Fig. 3 Fig. 3). We evaluated the percentage of MIB-1-positive
cancer cells in the hybrid cancer organoids (Fig. 2A right and B right).
In all three independent experiments, the percentage of MIB-1-positive
cancer cells in the hybrid cancer organoids consisting of podoplanin-
overexpressing CAFs was significantly higher than that in organoids
containing control CAFs (Exp. 1: 40.4% vs. 24.4%, Exp. 2: 40.0% vs.
24.5%, Exp. 3: 40.3% vs. 25.2%, Fig. 2C; each p < 0.001)

3.5. Comparison of MIB-1 labeling index between lung adenocarcinoma
with podoplanin (+) and podoplanin (—) CAFs

In order to confirm the results obtained from hybrid cancer orga-
noids, 27 cases of surgically resected adenocarcinoma were examined.
The clinicopathological characteristics of the podoplanin (+ ) CAF cases
are shown in Table 2. There were 13 cases of adenocarcinoma with
podoplanin (+) CAFs and 14 cases with podoplanin (—) CAFs. The
frequency of vascular invasion was significantly higher in cases of po-
doplanin (+) CAFs (p < 0.05), which was consistent with the previous
reports [12].

The MIB-1 labeling index of cancer cells in cases with podoplanin
(+) CAFs was 34.8% (11.3-55.7%, Fig. 3A). In cases with podoplanin
(=) CAFs, the MIB-1 index was 16.2% (8.6-48.7%, Fig. 3B). The pre-
sence of podoplanin (+) CAFs was significantly associated with higher
proliferative activity in cancer cells (p < 0.01, Fig. 3C).

4. Discussion

Recent studies have indicated that 3D culture systems, such as or-
ganoid cultures, could reflect the physiological complexity, hetero-
geneity, and plasticity of human tumor microenvironments better than
conventional 2D culture systems [21-23]. However, most studies in-
volving 3D systems use organoid models that contain only cancer cells.
As CAFs are a major component of cancer stromal cells, 3D culture
systems containing both cancer cells and CAFs can be considered as a
better model for cancer research. In the current study, we first gener-
ated hybrid cancer organoids containing both cancer cells and podo-
planin (+) CAFs, a subpopulation of tumor-promoting CAFs. Using this
system, we analyzed the influence of podoplanin (+) CAFs on cancer
cell proliferation.

In our previous study, we found that in CAFs, podoplanin enhanced
tumor formation in lung adenocarcinoma cell lines [16]. Furthermore,
during fibroblast-dependent cancer cell invasion, podoplanin (+) CAFs
enhanced local invasion of cancer cells [17]. In this study, we clarified
that podoplanin (+) CAFs increased cancer cell proliferation using a
novel hybrid cancer organoid model and surgically resected samples.
The molecular mechanism explaining how podoplanin-overexpressing
CAFs enhance the proliferative capacity of PC-9 cells remains unclear.
One possibility is that podoplanin in CAFs interacts directly with PC-9
cells through C-type lectin-like receptor 2 (CLEC-2), the known receptor
for podoplanin [24]. However, PC-9 cells were negative for CLEC-2
when examined using quantitative reverse transcription polymerase
chain reaction, suggesting that podoplanin-positive CAFs did not bind
directly to cancer cells through CLEC-2 [25]. Identifying extracellular
binding proteins that can interact with podoplanin will be an important
topic of research in the future.

In the current study, PC-9 cells alone did not form spheroids, but the
addition of CAFs successfully promoted spheroid/organoid formation
(Table 1). The success rate of spheroid/organoid formation was 40%
when equal numbers of CAFs and PC-9 cells (1 X 10%) were mixed.
However, the addition of 1 X 10° CAFs increased the success rate to up
to 100%. These results supported the possibility that the CAFs provided
a favorable environment in which PC-9 cancer cells could form orga-
noids.
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Several reports have demonstrated that epidermal growth factor
receptor (EGFR) mutation-positive adenocarcinomas displayed a more
non-solid histology than that of adenocarcinomas expressing wild-type
EGFR [26,27]. In order to eliminate such bias, we used only EGFR
mutation-positive adenocarcinoma specimens in the surgically resected
samples.

To analyze genetic or protein functions, gene knockdown and
overexpression are widely applied. We performed podoplanin knock-
down in CAFs using short hairpin RNA technique and created hybrid
cancer organoids using CAFs with reduced podoplanin expression
[16,25]. However, the survival rate of both CAFs and cancer cells was
markedly reduced in the hybrid cancer organoids (Supplementary
Fig. 4A and B). The reason behind this phenomenon is unclear, and
knockdown experiments could not be used for further analysis.

In the current study, we examined the effect of podoplanin (+)
CAFs on the proliferation of cancer cells using 2D culture. We per-
formed a mixed culture (PC-9 cells:CAFs = 1:10), but in all three in-
dependent experiments, there were no significant differences in the
proportion of MIB-1-positive PC-9 cells between co-culture with podo-
planin (+) and control CAFs (Supplementary Fig. 5). Although it is
difficult to ensure that the conditions of 2D culture, such as cell density
and/or cell-cell contact, are completely identical to those of 3D culture,
this result supports the concept that organoid cultures can provide
better insight regarding the physiological tumor characteristics in
comparison to 2D culture systems.

In conclusion, we reported the generation of hybrid cancer orga-
noids containing both cancer cells and podoplanin (+) CAFs and ob-
served that podoplanin (+) CAFs exerted cancer cell growth-promoting
effects. The development of this technique has the potential to become
an innovative cancer research tool. The generation of such patient-de-
rived hybrid cancer organoids that consist of both cancer cells and
matched CAFs will boost our understanding of individual tumor mi-
croenvironments.
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