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Abstract
Renal cell carcinoma (RCC) is the most predominant type of kidney cancer in adults and is responsible for approxi-
mately 85% of clinical cases. The tumor-specific microenvironment includes both cellular and physical factors,
and it regulates the homeostasis and function of cancer cells. Perirenal adipose tissue and tumor-associated macro-
phages are the major cellular components of the RCC microenvironment. The RCC microvasculature network gener-
ates interstitial fluid flow, which is the movement of fluid through the extracellular compartments of tissues. This
fluid flow is a specific physical characteristic of the microenvironment of RCC. We hypothesized that there may be
an interaction between the cellular and physical microenvironments and that these two factors may play an impor-
tant role in regulating the behavior of RCC. To elucidate the effects of adipose tissue, macrophages, and fluid flow
stimulation on RCC and to investigate the relationships between these factors, we used a collagen gel culture method
to generate cancer–stroma interactions and a gyratory shaker to create fluid flow stimulation. Adipose-related cells,
monocytes, and fluid flow influenced the proliferative potential and invasive capacity of RCC cells. Extracellular
signal-regulated kinase and p38 signaling were regulated either synergistically or independently by both fluid flow
and cellular interactions between RCC and adipose tissue fragments or macrophages. Fluid flow stimulation syner-
gistically enhanced the anti-proliferative effect of sunitinib on RCC cells, but macrophages abolished the synergistic
anti-proliferative effect related to fluid flow stimulation. In conclusion, we established a reconstructed model to
investigate the cellular and physical microenvironments of RCC in vitro. Our alternative culture model may provide
a promising tool for further therapeutic investigations into many types of cancer.
© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd. on behalf of The Pathological Society of Great
Britain and Ireland.

Keywords: clear cell renal cell carcinoma; cancer microenvironment; adipocyte; macrophage; sunitinib

Received 27 June 2020; Revised 2 November 2020; Accepted 15 January 2021

No conflicts of interest were declared.

Introduction

Renal cell carcinoma (RCC) mainly originates from the
proximal convoluted tubules and accounts for 85% of
renal cancer cases in theUnited States [1]. Clear cell renal
cell carcinoma (ccRCC) is amajor histological subtype of
RCC that is associated with poor clinical outcomes. Forty
percent of patients with ccRCC develop tumor metasta-
ses, and their 5-year survival rate is circa 10% [2]. Previ-
ous epidemiological studies demonstrated that obesity is
a major risk factor for RCC [3,4]. In addition, elevated
body mass index in both men and women and abdominal
obesity in women may play an important role in the car-
cinogenesis and homeostasis of RCC [5–7].
The microenvironment includes both cellular and

physical factors, and it regulates the homeostasis and
function of both normal and tumor cells. For example,

cell–cell interactions and the surrounding physical
stimuli cooperate to form a specific microenvironment.
The kidney is surrounded by perirenal adipose tissue
(Figure 1A). Macrophage infiltration commonly
occurs in many types of tumor, including RCC.
Tumor-surrounding adipose tissue and tumor-
associated macrophages (TAMs) are major compo-
nents of the RCC cellular microenvironment [8,9]
(Figure 1B). RCC has a highly elaborate microvascula-
ture network that generates interstitial fluid flow, which
is the movement of fluid through the extracellular com-
partments of tissues (Figure 1C). Therefore, from the
histopathological viewpoint, adipose tissue, macro-
phages, and fluid flow all contribute to the RCC
microenvironment.

Journal of Pathology
J Pathol May 2021; 254: 46–56
Published online 19 February 2021 in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/path.5630

ORIGINAL PAPER

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd. on behalf of The Pathological Society of Great Britain and Ireland.
This is an open access article under the terms of the Creative Commons Attribution–NonCommercial–NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly cited, the use is non–commercial and no modifications or adaptations are made.

https://orcid.org/0000-0002-3103-2043
https://orcid.org/0000-0001-5896-0387
https://orcid.org/0000-0002-1778-8944
mailto:kei.nagase.1007@gmail.com
mailto:aokis@cc.saga-u.ac.jp
http://wileyonlinelibrary.com
http://creativecommons.org/licenses/by-nc-nd/4.0/


Previously, our group demonstrated that adipose tis-
sue regulated the homeostasis and function of normal
renal tubules [10]. Other groups, as well as our team,
reported that fluid flow stimulation is a critical microen-
vironmental factor for various cell types, including can-
cer cells [11–13]. Cancer-associated adipocytes have
recently been recognized as an important cellular regula-
tor of the malignant potential of different types of cancer.
In addition, previous studies have shown that both mes-
enchymal cells and fluid flow stimulation were key mod-
ulators of the response to molecular targeted therapy
[14]. Sunitinib is a multi-targeted tyrosine kinase inhib-
itor that selectively inhibits several growth factor recep-
tors, including vascular endothelial growth factor
receptor 1 (VEGFR1), VEGFR2, VEGFR3, platelet-
derived growth factor receptor α (PDGFR α), and
PDGFR β. We selected sunitinib as the study drug for
the present research because the National Comprehen-
sive Cancer Network guideline lists sunitinib as a

category 1 option for the first-line treatment of patients
with relapsed or medically unresectable RCC with pre-
dominantly clear cell histology [15–17]. The interaction
between the tumor microenvironment and tumor sensi-
tivity to a molecularly targeted therapy has not been
investigated for ccRCC. Therefore, this study aimed to
determine the impact of cell–cell interactions and inter-
stitial fluid flow stimulation on the kinetics of ccRCC
cells and their sensitivity to sunitinib.

Materials and methods

Cells and tissue samples
All procedures involving human or animal materials
were performed in accordance with the ethical guide-
lines of Saga University. Cells were cultured in RPMI-
1640 medium (Fujifilm, Tokyo, Japan) containing 10%

Figure 1. Specific microenvironments in RCC and experimental design. (A) Overall appearance of RCC. The kidney is surrounded by adipose
tissue and Gerota’s fascia. Asterisks indicate RCC; stars indicate perirenal adipose tissue. (B) CD68-positive macrophages (arrowheads) infil-
trate into RCC. (C) The kidney is surrounded by perirenal adipose tissue. RCC cells are located close to adipose tissue. The abundant capillary
network continuously produces interstitial fluid flow in the RCC. (D) Representative image showing the collagen gel culture model. RCC cells
were seeded on collagen gel discs embedded with adipocytes or monocytes. As a control, cancer cells were seeded on collagen gel discs with-
out adipose tissue fragments. (E) Culture dishes were placed on a rotatory shaker in a CO2 incubator to generate fluid flow.
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fetal bovine serum (FBS), 100 μg/ml streptomycin, and
100 μg/ml penicillin. The culture medium was changed
every 2 days. All cells were grown at 37 �C in 5%
CO2. The ccRCC cell line KMRC-1 (JCRB1010) with
VHL gene mutation, the human ccRCC cell line Caki-1
(JCRB0801) with wild-type VHL, and the human RCC
cell line VMRC-RCW (JCRB0813) were used. These
three cell lines were obtained from the Japanese Cancer
Research Bank (JCRB, Osaka, Japan). The human
monocyte cell lines THP-1 (JCRB0112.1) and U-937
(JCRB9021) were also obtained from the JCRB. Adi-
pose tissue fragments (ATFs) were isolated from the
subcutaneous adipose tissue of 1-week-old Wistar rats.
The 3T3-L1 adipocyte cell line (JCRB9014) was
induced to a differentiated state with conventional proto-
cols [18]. Our previous studies have addressed the issue
of species differences in humoral cross-reactivity and
confirmed that rat-derived adipose tissue exhibits
cross-reactivity with human-derived cells [11,14].

Cell culture model
We used a collagen gel culture method to analyze the
cell–cell interactions between RCC cells and stromal
cells (Figure 1D). First, 0.2 g of ATFs, 2.0 × 105 adipo-
cytes differentiated from 3T3-L1 cells or 2.0 × 105

monocytes (THP-1 cells or U-937 cells) were embedded
in a collagen disc (Cellmatrix, Type I-A; Nitta Gelatin,
Osaka, Japan). Subsequently, 2.0 × 105 RCC cells
(KMRC-1, Caki-1 or VMRC-RCW) were seeded onto
the surface of the collagen disc. After overnight incuba-
tion, the collagen gel discs were transferred to 10-cm
dishes with 20 ml of culture medium. In the control
monoculture group, RCC cells were seeded on collagen
gel discs without stromal cells (Figure 1D). After 7 days
of culture, tissues were fixed with 10% formalin and
embedded in paraffin.

Fluid flow-generating system
The fluid flow-generating system has been reported in
our previous study [19]. Samples were incubated in 5%
CO2 and 20% O2 at 37 �C in a CO2 incubator. To gener-
ate fluid flow, the culture dishes were placed on a rota-
tory shaker (MIR-S100C; Panasonic, Tokyo, Japan) at
50 rpm throughout the culture period. Control dishes
were placed in the same CO2 incubator under static con-
ditions (Figure 1E). Fluid flowmagnitude is an important
factor regulating cellular kinetics, and we have previ-
ously confirmed that a rotation speed of 40–50 rpm is
suitable for cells grown on the surface of a collagen disc.

Immunohistochemistry
Histological examinations were performed in hematoxylin
and eosin (H&E)-stained sections. Cell proliferation was
analyzed using a mouse monoclonal anti-proliferating cell
nuclear antigen (PCNA) antibody (M0879; Dako,
Glostrup, Denmark). Cell apoptosis was evaluated using
anti-cleaved caspase 3 antibody [#9664; Cell Signaling
Technology (CST), Danvers,MA,USA]. Immunostaining

for PCNA and cleaved caspase 3 was detected using
Histofine® Simple Stain MAX PO (Nichirei, Tokyo,
Japan). Immunofluorescence analyses were carried out
using anti-VEGF primary antibody (19003-1-AP; Protein-
tech, Rosemont, IL, USA), anti-PDGFRβ primary anti-
body (#3169; CST), and Alexa Fluor 488-conjugated
secondary antibody (A32731; Invitrogen, Carlsbad, CA,
USA). Images were analyzed with an Axio Imager 2 light
microscope and ApoTome.2 system (Carl Zeiss, Oberko-
chen, Germany).

Morphometric analysis
Cells were counted in five randomly selected non-
contiguous and non-overlapping fields within the stained
sections, and the percentages of PCNA-positive cells
and cleaved caspase 3-positive cells were determined
to evaluate proliferation and apoptosis, respectively.
Cancer layer thicknesses were measured at six points in
all five randomly selected non-contiguous and non-
overlapping areas (low magnification, ×10 objective).

Western blotting and protein array analysis
KMRC-1 cells, ATFs, and THP-1 cells were co-cultured
using inserts with an 8-μmpore size (Falcon Cell Culture
Insert; Becton Dickinson, Franklin, NJ, USA) to prepare
protein lysates. ATFs and THP-1 cells were embedded
in collagen gels, and KMRC-1 cells were seeded on col-
lagen gels. The inserts were placed in 10-cm dishes with
20 ml of complete medium. After 72 h of culture, the
collagen gels were stripped from the inserts. KMRC-1
cells were lysed in 400 μl of M-PER Reagent (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented
with a protease–phosphatase inhibitor cocktail (CST).
Lysates were incubated at 95 �C for 10 min, and then
20 μl of each sample was loaded onto a 4% sodium
dodecyl sulfate-containing polyacrylamide gel (Bio-
Rad Laboratories, Hercules, CA, USA). Blotted mem-
branes were incubated overnight at 4 �C with antibodies
raised against extracellular signal-regulated kinase
(ERK) 1/2 (#9102; CST), p-ERK1/2 (#4370; CST),
p38 (#8690; CST), p-p38 (#4511; CST), CD68
(M0718; Dako), CD163 (16646-1-AP; Proteintech),
and CD11c (17342-1-AP; Proteintech). Antibody-
bound antigens on the membranes were detected with a
chemiluminescent immunodetection system (Western
Breeze; Thermo Fisher Scientific). The band densities
were measured using a FUSION system (Vilber-Lour-
mat, Eberhardzell, Germany) and analyzed with ImageJ
software [National Institutes of Health (NIH), Bethesda,
MD, USA].

A proteome profiler antibody array (R&D Systems,
Abingdon, UK) was used in accordance with the manu-
facturer’s instructions to examine cytokine receptor
expression. Imaging was performed using a FUSION
system (Vilber-Lourmat), and all images were analyzed
using ImageJ software (NIH).
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Sunitinib administration
To examine the effects of sunitinib on ccRCC cells, the
culture mediumwas changed to newmedium containing
sunitinib (Tocris Bioscience, Bristol, UK) at final con-
centrations of 2.5, 5.0 or 10.0 ng/ml. The medium was
changed every 2 days, and the samples were collected
and analyzed at day 7.

Statistical analysis
The mean values of replicates were compared between
groups using unpaired two-tailed t-tests and Tukey’s
HSD tests. p < 0.05 was considered to indicate a statisti-
cally significant difference. All statistical analyses were
performed using SPSS 23 (IBM Corp, Armonk,
NY, USA).

Results

The cellular and physical microenvironments
synergistically regulate the cellular behavior of RCC
To clarify the effects of cell–cell interactions on RCC,
we cultured three different RCC cell lines on the surfaces
of collagen gel discs containing various stromal cell
types (ATFs, 3T3-L1 adipocytes or monocytes). Under
static conditions, KMRC-1 cells, Caki-1 cells, and
VMRC-RCW cells exhibited a flat cytoplasm with a
two- to three-layer structure when cultured in the
absence of any cancer-associated cells or in the presence
of monocytes (THP-1 cells or U-937 cells) (Figure 2 and
supplementary material, Table S1). By contrast, all three
RCC lines exhibited cytoplasmic hypertrophy, an
increased nuclear–cytoplasmic ratio, and a thickened
stratified layer structure when cultured with adipose-
related cells (ATFs or 3T3-L1 cells).

Next, the cultured discs were incubated under fluid
flow stimulation to evaluate the effects of the physical
microenvironment on RCCs. RCC cell lines cultured
with or without cancer-associated cells exhibited
increased cell numbers, cytoplasmic hypertrophy, and
significant thickening of the cellular layers under fluid
flow stimulation, compared with static conditions.
Adipose-related cells (ATFs and 3T3-L1 cells) signifi-
cantly enhanced the thickening of the KMRC-1 cellular
layer under fluid flow stimulation compared with the
other groups. The thicknesses of the cellular layers in
the various groups under static and fluid flow conditions
are listed in supplementary material, Table S1. Notably,
fluid flow stimulation induced the invasion of KMRC-1
cells and Caki-1 cells into the ATFs.

The cellular and physical microenvironments
synergistically affect the growth and survival of RCC
The percentages of PCNA-positive KMRC-1 cells and
Caki-1 cells in the various experimental groups under
static conditions and fluid flow conditions are presented
in supplementary material, Table S2. Monocytes did not

affect the growth of KMRC-1 cells. Under static condi-
tions, the number of PCNA-positive KMRC cells was
significantly higher after co-culture with adipose-related
cells than after co-culture with monocytes (Figure 3 and
supplementary material, Table S2). Under static condi-
tions, the number of PCNA-positive Caki-1 cells was
significantly lower for cells co-cultured with THP-1 cells
than for cells in monoculture, and this inhibitory effect of
THP-1 cells on the proliferation of Caki-1 cells was
abolished under fluid flow stimulation.
The percentages of cleaved caspase 3-positive Caki-1

cells in the various groups under static and fluid flow
conditions are listed in supplementary material,
Table S2. Under static conditions, 3T3-L1 cells
increased the number of cleaved caspase 3-positive
Caki-1 cells. Under fluid flow conditions, there were
no significant differences in the number of cleaved cas-
pase 3-positive Caki-1 cells between the various groups.
However, the number of cleaved caspase 3-positive
Caki-1 cells differed significantly between static condi-
tions and fluid flow conditions.

The cellular and physical microenvironments
modulate the expression of VEGF and PDGFR
As shown in Figure 4, immunostaining for VEGF and
PDGFR in the RCC cell monoculture group demon-
strated weak positivity under static conditions and a
slight enhancement of the staining intensity for VEGF
and PDGFR under fluid flow stimulation. Under static
conditions, ATFs slightly increased the staining inten-
sity for VEGF in KMRC-1 cells, whereas 3T3-L1 cells,
THP-1 cells, and U-937 cells did not affect the staining
intensity for VEGF and PDGFR in KMRC-1 cells.
Under fluid flow stimulation, ATFs and THP-1 cells
enhanced the VEGF staining intensity in RCC cells com-
pared with the other monoculture and co-culture groups.
Furthermore, the staining intensities for VEGF and
PDGFR in RCC cells co-cultured with 3T3-L1 cells or
U-937 cells were greater under fluid flow conditions than
under static conditions.

The cellular and physical microenvironments affect
mitogen-activated protein kinase (MAPK) signaling
in ccRCC
MAPK pathways are involved in the proliferation and
migration of ccRCC [20]. To investigate the effect of
the microenvironment on the cellular kinetics of ccRCC,
we evaluated ERK1/2 and p38 expression in KMRC
cells cultured in the presence of stromal or immune cells
under static conditions or fluid flow stimulation. As
shown in Figure 5, total ERK1/2 and p38 expression
was higher in KMRC-1 cells cultured with ATFs than
in KMRC-1 cells co-cultured with THP-1 cells under
static conditions. The phosphorylated-to-total ERK1/2
ratio was higher for KMRC-1 cells co-cultured with
THP-1 cells than for cells in monoculture under static
conditions. Additionally, compared with static condi-
tions, fluid flow stimulation upregulated total ERK1/2
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and p38 expression in KMRC-1 cells co-cultured with
THP-1 cells.

The cellular and physical microenvironments
modulate the sensitivity of ccRCC to sunitinib
We evaluated the sensitivity of KMRC-1 cells to various
concentrations (2.5, 5.0, and 10.0 ng/ml) of sunitinib
(Figure 6A). Under static conditions, 5.0 and 10.0 ng/ml
sunitinib significantly reduced the thickness of KMRC-1
cellular layers compared with the control group. As
described above, fluid flow stimulation increased the
thickness of KMRC-1 cellular layers. Furthermore, fluid
flow enhanced the anti-proliferative action of sunitinib
on KMRC-1 cells, even in cells treated with 2.5 ng/ml
sunitinib, compared with the control group. Next, we
examined the effects of 5.0 ng/ml sunitinib on
KMRC-1 cells under monoculture and co-culture

conditions (Figure 6B). Under static conditions, ATFs
and THP-1 cells did not affect the thickness of
KMRC-1 cellular layers compared with the monoculture
group. Notably, fluid flow stimulation promoted the anti-
proliferative effect of sunitinib on KMRC-1 cells in
monoculture and in co-culture with ATFs, but THP-1
cells abolished the enhancement of sunitinib’s anti-
proliferative action by fluid flow stimulation. Following
sunitinib administration, THP-1 cells upregulated total
ERK1/2 expression and decreased the phosphorylated-
to-total ERK1/2 ratio in KMRC-1 cells compared with
the group co-cultured with ATFs under fluid flow stimu-
lation (Figure 6C). Sunitinib significantly decreased the
phosphorylated-to-total p38 ratio in KMRC-1 cells in
monoculture under static conditions. Sunitinib had no
effects on total p38 expression in KMRC-1 cells in any
of the groups (monoculture or co-culture, static condi-
tions or fluid flow conditions).

Figure 2. Fluid flow and stromal cells affect the cellular kinetics of RCC. Representative images at day 7. RCC cells cultured with THP-1 cells or
U-937 cells had a flat cytoplasm and a two- to three-layered structure. Fluid flow acted synergistically with ATFs or 3T3-L1 cells to promote
cellular hypertrophy and thickening of the epithelial layer of RCC cells. KMRC-1 cells and Caki-1 cells had invaded the adipose tissue (arrow-
head). Mean � SEM of three determinations. *p < 0.05. Mono, cultured without cancer-associated cells; ATFs, adipose tissue fragments.
Bar = 50 μm.
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Figure 3. Fluid flow and stromal cells modulate the proliferation and apoptosis of RCC. Representative images showing immunostaining of
PCNA and cleaved caspase 3 in KMRC-1 cells, Caki-1 cells, and VMRC-RCW cells at day 7. Fluid flow itself increased the number of PCNA-
positive RCC cells. Fluid flow and stromal cell types acted synergistically to modulate the proliferation and apoptosis of RCC. *p < 0.05. Mono,
cultured without cancer-associated cells; ATFs, adipose tissue fragments.
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THP-1 cells exhibited a CD11c-positive phenotype
when co-cultured with KMRC-1 cells
The M1/M2 ratio of tumor-associated macrophages is an
important regulator of and prognostic factor for various

cancers including RCC [21–23]. Therefore, we deter-
mined theM1/M2 ratio usingwestern blotting to evaluate
the M1 macrophage marker CD11c and the M2 macro-
phage marker CD163 [24]. THP-1 showed negative
expression of CD11c and CD163 under static conditions

Figure 4. Effects of stromal cells and fluid flow on VEGF and PDGFR expression in RCC. Representative images showing immunostaining for
VEGF and PDGFR in RCC cells (VEGF or PDGFR immunofluorescence is shown in green and staining of nuclei by DAPI is shown in blue). VEGF
and PDGFR expression was increased under fluid flow conditions compared with static conditions. The levels of VEGF and PDGFR expression
were greater in RCCs co-cultured with ATFs than in RCCs co-cultured with 3T3-L1 cells. Mono, cultured without cancer-associated cells;
ATFs, adipose tissue fragments. Bar = 10 μm.

52 K Nagase et al

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol 2021; 254: 46–56
www.thejournalofpathology.com

http://www.pathsoc.org
http://www.thejournalofpathology.com


and fluid flow conditions both in the absence and in the
presence of sunitinib. In contrast, THP-1 cells co-
cultured with KMRC-1 cells expressed CD11c under
static and fluid flow conditions both in the absence
and in the presence of sunitinib (supplementary mate-
rial, Figure S1).

Discussion

In the present study, we used a novel three-dimensional
culture system to demonstrate that two characteristics
of the microenvironment (i.e. interactions between
cells and fluid flow stimulation) synergistically regu-
lated the behavior of ccRCC. Recently, numerous
studies have demonstrated that the cellular microenvi-
ronment plays a pivotal role in the invasion and
growth of tumors [24]. The major cellular microenvi-
ronment of ccRCC is composed of adipose tissue and
macrophages. In the presence of cancer, adipose tissue
and macrophages function as cancer-associated adipo-
cytes and TAMs, respectively [25–28]. Cancer-

associated adipocytes are recognized as important
factors driving cancer progression [29,30]. However,
our study revealed that adipose tissue accelerated the
invasive capacity of ccRCC only under fluid flow
stimulation. In addition, adipose tissue did not accel-
erate the proliferative capacity of ccRCC under static
or fluid flow conditions. These results suggest that
fluid flow is a growth-stimulating factor for ccRCC
and might promote the infiltration of adipose tissue
by ccRCC.
The dense infiltration of TAMs in cancer tissues is

known to correlate strongly with a poor prognosis
[31,32]. However, several reports have demonstrated that
ccRCC attracts macrophages and induces monocyte differ-
entiation into CD163-positive macrophages [33,34] and
that CD11c-positivemacrophages produce cytotoxicmedi-
ators and/or chemokines involved in tumor suppression
and immune stimulation [35,36]. Similar to previous
reports, our findings support an anti-proliferative effect of
CD11c-positive macrophages on ccRCC. Moreover, our
results suggest that CD11c-positivemacrophagesmay sup-
press the sensitivity of ccRCC cells to sunitinib under fluid
flow conditions (supplementary material, Figure S1).

Figure 5. Effects of stromal cells and fluid flow on MAPK signaling in RCC. ERK1/2, p-ERK1/2, p38, and p-p38 expression in KMRC-1 cells
evaluated by western blotting. Relative expression levels are shown as the ratio of the target protein expression to α/β-tubulin expression.
Mean � SD of 3–5 determinations. *p < 0.05. Mono, cultured without cancer-associated cells; ATFs, adipose tissue fragments; S, static; F,
fluid flow.
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Therefore, the unexpected effect of CD11c-positive
macrophages on sunitinib sensitivity identified in our
study may be affected by the physical environment
around the tumor.

The physical microenvironment, especially fluid flow,
is a critical regulatory factor for various cells including
cancer cells [11,14,37]. However, the importance of
physical stimulation on the cellular kinetics of ccRCC

Figure 6. Effects of stromal cells and fluid flow on the chemosensitivity of RCC cells to sunitinib. (A) Alterations in the morphology and cel-
lular layer thickness of KMRC-1 cells at day 7 after treatment with 2.5, 5.0 or 10.0 ng/ml sunitinib. (B) Representative images showing the
cellular layer thickness of KMRC-1 cells in the monoculture group and co-culture groups (with ATFs or THP-1 cells) at day 7. (C) ERK1/2,
p-ERK1/2, p38, and p-p38 expression levels in KMRC-1 cells following the administration of 5.0 ng/ml sunitinib were evaluated by western
blotting. Relative expression was calculated as the ratio of the target protein expression to α/β-tubulin expression. Mean � SD of 3–5 deter-
minations. *p < 0.05. Mono, cultured without cancer-associated cells; ATFs, adipose tissue fragments; S, static; F, fluid flow; ND, not detected.
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is poorly understood. RCC has a highly elaborate micro-
vascular network that generates fluid flow stimulation in
tumors composed of cancer cells and associated cells.
Moreover, the effect of physical stimulation on cell–cell
interactions is not fully understood. As described above,
our study clearly demonstrated that fluid flow stimula-
tion modifies the effect of the cellular microenvironment
not only on cancer cells but also on tumor-associated
cells. The inhibitory effect of monocytes on the drug
sensitivity of RCC was influenced by fluid flow. There-
fore, it will be important to characterize stromal alterations
(such as changes in the cell phenotype and extracellular
matrix) that are induced by physical stimulation. The
mechanisms underlying the relationship between flow
stimulation and drug sensitivity remain uncharacterized.
We observed that fluid flow promotes the diffusion of
small particles (data not shown), but Santoro et al reported
that biomechanical stimulation due to flow perfusion can
affect the drug sensitivity of sarcoma [38]. These findings
suggest that both diffusion and mechanical stimulation
may mediate the effects of fluid flow on the sensitivity of
RCC to sunitinib. Further studies are needed to better
understand the impact of fluid flow and to explore the bio-
logical link between cellular and physical microenviron-
ments as a potential target for new cancer treatment
strategies.

The VHL gene is inactivated in ccRCC, and the α subu-
nit of hypoxia-inducible factor (HIF) is subsequently con-
stitutively stabilized. Therefore, VEGF overexpression
and exacerbated vascularization likely occur in ccRCC.
KMRC-1 cells cultured with ATFs or THP-1 cells exhib-
ited high expression of VEGF and PDGFR, suggesting
that ATFs and THP-1 cells may increase VEGF and
PDGFR expression under fluid flow conditions and
thereby enhance cell growth and proliferation. Because
VEGF is related to MAPK signaling, we evaluated the
effects of sunitinib on this signaling pathway [39–41]. As
shown in Figure 6C, sunitinib inhibited the phosphoryla-
tion of ERK1/2 in KMRC-1 cells cultured with THP-1
cells. In contrast, sunitinib did not affect the levels of total
or phosphorylated p38 in KMRC-1 cells. A recent study
suggested that sunitinib inhibited signal transducer and
activator of transcription 3 (STAT3) signaling in ccRCC
[42]. A related study established crosstalk between STAT3
andMAPK signaling pathways, particularly ERK1/2 [43].
Therefore, it is possible that sunitinib inhibits ERK1/2 via
STAT3, but further studies are needed to confirm this
hypothesis. It should also be recognized that sunitinib tar-
gets signaling pathways other than MAPK. Sunitinib is a
multi-target kinase inhibitor that affects receptor tyrosine
kinases such as VEGFRs, PDGFRs, stem cell factor recep-
tor, FMS-like tyrosine kinase-3, glial cell line-derived neu-
rotrophic factor receptor, and the receptor of macrophage
colony-stimulating factor [44]. These other signaling path-
ways targeted by sunitinib are critical regulators of RCC
behavior, and further studies are needed to establish their
relevance to our findings.

In conclusion, we have established a reconstructed
model that mimics the cellular and physical microenvi-
ronment of ccRCC in vitro. Each cellular or physical

factor is an independent or coordinated integral compo-
nent that regulates the malignant potential and drug sen-
sitivity of cancer cells. Our novel alternative in vitro
model may be a promising tool to facilitate therapeutic
investigations in many types of cancer.
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