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Abstract. Background/Aim: The Japanese apricot “Prunus

mume” is a traditional Japanese medicine. MK615, a
compound extract from Prunus mume has been reported to
have anti-tumor effects. Herein, we used 3D floating (3DF)
culture to evaluate the anticancer effects of MK615 against
human colorectal cancer (CRC) cells that contain mutant (mt)
KRAS. Materials and Methods: HKe3 cells exogenously
expressing mtKRAS (HKe3-mtKRAS) were treated with MK615
in 3DF cultures. The protein levels of hypoxia-inducible factor
1 (HIF-1) and E-cadherin were quantified by western blotting.
Results: MtKRAS enhanced hypoxia tolerance via upregulation of HIF-1. The expression of HIF-1 protein was
suppressed by constitutive overexpression of E-cadherin in
CRC HCT116 spheroids. MK615 increased the expression of
E-cadherin and decreased the expression of HIF-1 in HKe3mtKRAS. These results suggest that MK615 suppresses hypoxia
tolerance by up-regulation of E-cadherin in CRC cells with
mtKRAS. Conclusion: MK615 exhibits properties useful for the
potential treatment of CRC patients with mtKRAS.

KRAS is an important downstream molecular switch of cellsurface growth signal receptors such as epidermal growth
factor receptor (EGFR), which is closely related to cell
proliferation (1, 2). Mutations of the KRAS gene occur in
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about 35-40% of sporadic colorectal cancer (CRC) cases (35) and are associated with resistance to EGFR inhibitors and
overall poor prognosis (6-8). Because drugs directly
targeting mutant (mt) KRAS (G13D) have not yet been
developed for clinical use (9), we have previously
investigated drugs targeting downstream signals of mtKRAS
(G13D) (10-12).
MK615 is an extract from the Japanese apricot tree
Prunus mume Sieb. Et Zuc (Ume). The exact composition of
MK615 has not been reported, but it is known to contain
multiple natural compounds including triterpenic acids such
as ursolic acid and oleanic acid, phytosterols such as βsitosterol, and other active compounds (13). MK615 has
been reported to induce several effects such as apoptosis,
autophagy, down-regulation of programmed death ligand 1
(PD-L1), and inhibition of Aurora A and B kinases in cancer
cells (14-18). However, whether MK615 is effective against
cancers expressing mtKRAS remains unclear (9).
Cells grown in three-dimensional floating (3DF) culture
reflect the microenvironment of in vivo conditions more
accurately than cells cultured in two-dimensional (2D)
monolayers (19-21). The inner structure of cancer spheroids
is a hypoxic environment, which resembles the state of
human solid tumors in vivo (22). The hypoxia inducible
factor (HIF)-mediated signaling pathway is important for the
survival of cancer cells under hypoxic conditions. HIF-1
plays a pivotal role in hypoxic adaptation (23), which is
referred to as hypoxia tolerance. As Kikuchi et al. reported,
mtKRAS up-regulates HIF-1 in 2D cultures (24), suggesting
that mtKRAS induces hypoxia tolerance via HIF-1 upregulation in 3DF culture. Recent studies also showed that
hypoxia inhibits E-cadherin expression (25, 26). E-cadherin
is down-regulated by mtKRAS in 2D culture (27),
suggesting that mtKRAS may also down-regulate E-cadherin
in 3DF culture, and that the overexpression of E-cadherin
modulates hypoxic conditions.
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In this study, we confirmed that mtKRAS enhances hypoxia
tolerance via HIF-1 expression, and constitutive expression of
E-cadherin suppress hypoxia tolerance in 3DF culture of CRC
cells. Notably, MK615 increases E-cadherin expression, which
rescues the E-cadherin deficit caused by its mtKRASmediated down-regulation, resulting in suppression of growth
and hypoxia tolerance of CRC spheroids.

Materials and Methods

MK615 preparation. MK615 was kindly provided by AdaBio Co
(Takasaki, Gunma, Japan). MK615 was derived from the pressure
extraction of apricot fruit juice from which squeezed residue was
removed. The juice was then heated and concentrated. Before use,
the concentrate was dissolved in water, the pH was adjusted to 7.0
with NaOH, and the solution was sterilized in an autoclave.

Antibodies and reagents. Anti-E-cadherin, anti-HIF-1α, and antiHIF-1β antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA). Anti-actin antibody was purchased from
Sigma-Aldrich (St. Louis, MO, USA).

3DF cell culture. HCT116, HCT116-E-cadherin, HKe3-wtKRAS, and
HKe3-mtKRAS cells were maintained as described previously (28,
29). Cells (3,000 per well) were seeded in a round-bottomed 96-well
plate with an ultra-low attachment surface (Corning Inc., Corning,
NY, USA). Cells were cultured with normal atmospheric oxygen or
under hypoxia (O2: 5%) in a CO2 incubator as described previously
(11, 19, 28). Photomicrographs of cell clusters were taken using a
BIOREVO BZ9000 microscope (Keyence, Osaka, Japan).

Three-dimensional imaging of cell clusters. Cell clusters were
photographed using the iPhone XR camera system (Apple Inc,
Cupertino, CA, USA).

Quantitative real-time reverse-transcriptase polymerase chain
reaction (RT-qPCR). RT-qPCR was performed as previously
described (30). The sequences of the primers were as follows: Ecadherin, 5’-ATGAGTGTCCCCCGGTATCT-3’ (sense) and 5’TCAGGGAGCTCAGACTAGCAG-3’ (anti-sense); β-Actin, 5’CACCAACTGGGACGACAT-3’ (sense) and 5’-ACAGCCTGGA
TAGCAACG-3’ (anti-sense).

Western blotting. Cells were lysed in RIPA buffer (50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate) containing protease inhibitor cocktail
(Roche, Basel, Switzerland) and were subjected to immunoblotting
as described previously (31). Quantitative analysis of immunoblots
was performed using the ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

Retroviral production and generation of stable cell lines. The cDNA
for human E-cadherin was inserted into a pMSCVpuro vector.
Retroviruses were produced by transfection of the retroviral vectors
as described previously (28). HCT116 cells in six-well plates were
infected with the viruses by centrifugation for 2 h at 32˚C and 2000
× g. Approximately 48 h after infection, the cells were treated with 2
μg/ml hygromycin (WAKO, Osaka, Japan) for one week to establish
HCT116-derived cells stably expressing E-cadherin.
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Immunofluorescence labeling. Immunofluorescence labeling using
E-cadherin (Cell Signaling Technology) was performed as
previously described (19, 32). Cells were examined using a TCS
SP5 laser-scanning confocal microscope (Leica Microsystems,
Wetzlar, Germany).
Statistical analyses in cell culture experiments. Statistical analyses
were performed using unpaired two-tailed Student’s t-tests. All pvalues below 0.05 were considered to be statistically significant.

Results

MtKRAS enhances hypoxia tolerance in CRC cells. To
confirm whether hypoxia tolerance is affected by mtKRAS,
we compared cell growth between Hke3-wild type
(wt)KRAS and HKe3-mtKRAS cells under normoxia and
hypoxia in 3DF culture. The growth rate of HKe3-wtKRAS
spheroids under hypoxic conditions was 2.1-fold lower than
that under normal oxygen conditions at day 12 of 3DF
culture. No significant differences in growth rates were
observed between normoxia and hypoxia conditions in
HKe3-mtKRAS spheroids at day 12 (Figure 1A).
HIF-1 is a key regulator of hypoxia tolerance. To identify
whether mtKRAS is responsible for hypoxia tolerance, we
examined the protein levels of HIF-1α and HIF-1β using
Hke3-wtKRAS and HKe3-mtKRAS cells under normoxia or
hypoxia for 12 days in 3DF culture. The protein levels of
HIF-1α and HIF-1β in HKe3-mtKRAS were 1.2-fold and
2.2-fold higher, respectively, compared to those of HKe3wtKRAS (Figure 1B and C). These results suggest that
mtKRAS enhances hypoxia tolerance via up-regulation of
HIF-1 in CRC spheroids.

E-cadherin suppressed hypoxia tolerance of colorectal cancer
cells in 3DF culture. To confirm whether E-cadherin expression
is suppressed by mtKRAS in 3DF culture, we examined the
mRNA and protein levels of E-cadherin using Hke3-wtKRAS
and HKe3-mtKRAS spheroids. At day 2 of 3DF culture, mRNA
levels of the E-cadherin gene of HKe3-mtKRAS spheroids
were 5.7-fold lower compared to those in HKe3-wtKRAS
spheroids (Figure 2A). Furthermore, E-cadherin mRNA levels
of the spheroids at day 7 were 2.3-fold lower compared to those
of the spheroids at day 2 in HKe3-mtKRAS (Figure 2B).
Protein levels of E-cadherin in HKe3-mtKRAS spheroids were
also lower compared to those in HKe3-wtKRAS spheroids
(Figure 2C). These results suggest that mtKRAS suppresses the
expression levels of E-cadherin, and that E-cadherin expression
decreases as spheroids grow in 3DF culture.
To address the influence of E-cadherin on hypoxia tolerance,
we established human colorectal HCT116 cells that stably
express E-cadherin (HCT116-E-Cadherin) (Figure 2D and E).
The areas of the HCT116-E-cadherin spheroids were 1.2 and
1.6-fold lower compared to those of control HCT116 spheroids
at day 8 under normoxia and hypoxia, respectively (Figure 2F
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Figure 1. Mutant (mt)KRAS enhances hypoxia tolerance in 3DF culture. (A) Left panel: Growth of HKe3-wild type (wt)KRAS and HKe3-mtKRAS
spheroids under normoxia and hypoxia at day 12. Right panel: Growth rate of HKe3-wtKRAS and HKe3-mtKRAS spheroids under normoxia and
hypoxia. (B) Left panel: Expression of hypoxia-inducible factor (HIF)-1 protein in HKe3-wtKRAS and HKe3-mtKRAS spheroids under normoxia and
hypoxia at day 12. Levels of proteins were quantified by densitometry and normalized to actin levels. Values represent the relative ratio of each sample
to levels in HKe3-wtKRAS spheroids grown under normoxia. Right panel: Relative expression of HIF-1 protein ratio to levels in HKe3-wtKRAS spheroids
under normoxia are shown. n.s.: Not significantly different; significantly different at *p<0.05. Data are representative of three biological replicates.

and G). Surprisingly, HCT116-E-cadherin spheroids collapsed
spontaneously at day 8 under hypoxia (Figure 2F), suggesting
a loss of hypoxic tolerance. Furthermore, we showed that the
expression of HIF-1α and β decreased in HCT116-E-cadherin
spheroids in 3DF culture (Figure 2H). These results suggested
that E-cadherin suppresses hypoxia tolerance via HIF-1 downregulation in 3DF culture.

MK615 suppresses the ability of spheroid formation and
proliferation in CRC cells with mtKRAS. To address the effects

of MK615 against CRC cells with mtKRAS, HKe3-mtKRAS
cells were treated with MK615 in 3DF culture. Areas of the
HKe3-mtKRAS spheroids at day 11 were 2.3-fold higher
compared to those at day 1. By contrast, HKe3-mtKRAS cells
treated with MK615 did not aggregate at day 1, and the area
of the spheroids subsequently decreased. The areas of the
HKe3-mtKRAS spheroids with MK615 at day 11 were 1.5fold lower compared to those at day 1 (Figure 3A and B).
While HKe3-mtKRAS cells produced round-shaped spheroids
(A/B=1.0), HKe3-mtKRAS cells treated with MK615
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Figure 2. Constitutive overexpression of E-cadherin on HCT116 cells suppressed hypoxia tolerance in 3DF culture. (A) Quantitative RT-PCR analysis of Ecadherin gene in human colorectal cancer HKe3 cells stably expressing wild type (wt)KRAS (HKe3-wtKRAS) or mutant (mt)KRAS (HKe3-mtKRAS) at day
2 in 3DF culture. The mRNA expression levels of E-cadherin were normalized against those of β-actin. Results are shown as the values relative to HKe3wtKRAS. Significantly different at *p<0.05. Data are average of three biological replicates. (B) RT-qPCR analysis of the E-cadherin gene in HKe3-mtKRAS
cells at day 2 and day 7 in 3DF culture. The mRNA expression levels of E-cadherin were normalized against those of β-actin. Results are shown as the
values relative to HKe3-mtKRAS at day 2. *Significantly different at p<0.05. Data are the average of three biological replicates. (C) Expression of E-cadherin
protein in HKe3-wtKRAS cells and HKe3-mtKRAS cells at day 2 in 3DF culture. Levels of proteins were quantified by densitometry and normalized to βactin levels. Values represent the relative ratio to levels in HKe3-wtKRAS cells grown. Data are representative of three biological replicates. (D) Expression
of E-cadherin protein in wild-type HCT116 cells and HCT116 cells stably expressing E-cadherin (HCT116-E-cadherin) grown in 3D culture. β-actin was
used as a loading control. Protein levels were quantified by densitometry and normalized to β-actin levels. Values represent the relative ratios to levels in
wild-type HCT116 cells. Data are representative of three biological replicates. (E) Signals for antibody to E-cadherin in wild-type HCT116 cells and HCT116E-cadherin cells grown in 2D culture. E-cadherin, green; phalloidin-labelled F-actin, red; 4’,6-diamidino-2-phenylindole (DAPI)-labelled nuclei, blue. (F)
The growth of HKe3 spheroids and HCT116-E-cadherin spheroids under normoxia and hypoxia at day 8. Data are representative of three biological replicates.
(G) Areas of wild-type HCT116 or HCT116- E-cadherin spheroids under normoxia and hypoxia at day 4 and day 8. Values represent the relative ratios to
levels in HCT116 spheroids grown at day 4. Significantly different at *p<0.05. Data are the average of three biological replicates. (H) Protein expression of
HIF in wild-type HCT16 spheroids and HCT116-E-cadherin spheroids under hypoxia at day 8. Protein levels were quantified by densitometry and normalized
to β-actin levels. Values represent the relative ratios to levels in wild-type HCT116 spheroids. Data are representative of three biological replicates.
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Figure 3. MK615 suppresses the ability of spheroid formation and proliferation in HKe3-mutant (mt)KRAS spheroids. (A) Cell growth of HKe3mtKRAS spheroids with or without MK615 treatment at days 0, 1, 5, and 11 in 3D floating culture. (B) The area of HKe3-mtKRAS spheroids with
or without MK615 treatment at day 0, 1, 5, and 11. Values represent the relative ratios to levels in HKe3-mtKRAS spheroids without MK615 treatment
grown at day 0. (C) Structure of HKe3-mtKRAS spheroids with or without MK615 treatment at day 11. A, thickness; B, diameter. (D) Cell
proliferation of HKe3-mtKRAS spheroids with or without MK615 treatment. For all panels, significantly different at *p<0.05. Data are the average
of three independent experiments.
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Figure 4. MK615 suppressed the expression levels of hypoxia-inducible factor (HIF)-1α and β and accelerated the expression levels of E-cadherin
in HKe3-mutant (mt)KRAS spheroids. (A) Expression of HIF protein in HKe3-mtKRAS spheroids with MK615 under normoxia or hypoxia at day
11. (B) Expression of E-cadherin protein in HKe3-mtKRAS spheroids with MK615 at day 11. For both panels, β-actin was used as a loading control;
protein levels were quantified by densitometry and normalized to those of β-actin. Values represent the relative ratios to levels in HKe3-mtKRAS
spheroids without MK615. Data are representative of three biological replicates.

produced discoid cell clusters (A/B=0.6) (Figure 3C). These
results suggest that MK615 suppresses cell aggregation and
the ability of spheroid formation (spheroidgenesis).
To address the effects of MK615 on cell proliferation, the
number of cells was counted from single spheroids. In
HKe3-mtKRAS spheroids treated with MK615, the number
of cells was 1.63-fold lower compared to those of HKe3mtKRAS spheroids at day 11 (Figure 3D), suggesting that
MK615 suppresses cell proliferation in HKe3-mtKRAS
spheroids.

MK615 suppressed the expression levels of HIF-1α and β
and up-regulated the expression levels of E-cadherin in CRC
cells with mtKRAS in 3DF culture. To determine whether
MK615 affects hypoxia tolerance regulated by the HIF-1
pathway in HKe3-mtKRAS spheroids, we examined the
expression of HIF-1α and HIF-1β proteins in HKe3mtKRAS spheroids treated with MK615 at day 11.
Regardless of oxygen concentration, MK615 suppressed
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expression of both HIF-1α and HIF-1β proteins (Figure 4A).
These results suggested that MK615 suppresses the HIF-1
pathway enhanced by mtKRAS in 3DF culture. Furthermore,
MK615 accelerated the protein levels of E-cadherin downregulated by mtKRAS in a dose-dependent manner in HKe3mtKRAS at day 11 (Figure 4B). These results suggest that
MK615 suppresses the expression levels of HIF-1 and
induces the expression levels of E-cadherin in HKe3mtKRAS spheroids.

Discussion

HIF-1, a key regulator of hypoxia tolerance, is a heterodimeric
protein consisting of two subunits, HIF-1α and HIF-1β. Under
hypoxic conditions, HIF-1α is stabilized and binds to HIF-1β,
thus forming a complex of HIF-1α with HIF-1β. This complex
works as a transcription factor to regulate numerous target
genes involved in survival, proliferation, energy metabolism,
apoptosis, tumor vascularization, and metastasis (33, 34). We
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herein demonstrated that the protein levels of HIF-1α and HIF1β within HKe3-mtKRAS spheroids were higher compared to
those of HKe3-wtKRAS spheroids (Figure 1B). Our results are
consistent with the finding that the Ras oncogene regulates
HIF-1α expression in 2D culture (24). No significant
differences in the growth rates of the spheroids were observed
under normoxia and hypoxia in HKe3-mtKRAS spheroids
(Figure 1A), suggesting that mtKRAS induces hypoxia
tolerance via up-regulation of HIF-1 in CRC spheroids under
hypoxic conditions.
We also demonstrated that mtKRAS down-regulates Ecadherin at the transcriptional level in 3DF culture (Figure 2A).
Our findings are partially supported by a previous report that
KRAS represses E-cadherin expression by inducing
hypermethylation of the E-cadherin promoter (27). We also
found that mRNA expression of E-cadherin decreases as
HKe3-mtKRAS spheroids grow (Figure 2B). Riffle et al.
reported that the increased volume of spheroids is associated
with the increased area of hypoxia (35). Our results together
with these reports suggest the link between hypoxia and Ecadherin. Interestingly, we demonstrated that constitutive
expression of E-cadherin reduces HIF-1 expression in HCT116
spheroids (Figure 2D–H). These results suggest that E-cadherin
expression suppresses hypoxia tolerance in 3DF culture.
The addition of MK615 notably suppressed the ability of
spheroid formation and proliferation in HKe3-mtKRAS
spheroids (Figure 3C and D). Furthermore, MK615 upregulated the expression levels of E-cadherin and suppressed
the expression levels of HIF-1α and β in HKe3-mtKRAS
spheroids (Figure 4A and B). E-cadherin expression is
reported to abrogate spheroidogenesis in ovarian cancer cells
(36). Furthermore, Depping et al. reported that the cell
growth is inhibited and tumor spheroids are changed from
spherical to irregular forms due to a decrease in HIF-1α
protein expression in 3D culture (37). Our results together
with the previous reports suggest that that MK615 inhibits
hypoxia tolerance by down-regulation of HIF-1 via upregulation of E-cadherin in CRC spheroids with mtKRAS.
Although further in vitro and in vivo studies are needed to
address the efficacy of MK615 for tumor suppression, the
present study demonstrates that MK615 has possibilities to
be a promising drug for cancer therapy.
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