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Abstract
As the theory of cancer stem cells (CSCs) is maturing, CSC-targeted therapy is emerging as an important therapeutic strategy and
seeking the ideal method for rapid enrichment and purification of CSCs has become crucial. So far, based on the known CSC
phenotypes and biological characteristics, the methods for enrichment CSCs mainly include low adhesion culture, low oxygen
culture, chemotherapy drug stimulation and side population (SP) sorting but these methods cannot realize quick enrichment of the
desired CSCs. Herein, we adopt a novel method that efficiently enriches a certain amount of CSCs through agarose multi-well
dishes using rubber micro-molds to make cancer cells into cell spheroids (3D). These 3D cancer cell spheroids in the proportions
of expression of CSC biomarkers (single stain of CD44, CD44v6 and CD133 or double stain of both CD44 and CD133) were
significantly higher than those of the conventional adherent culture (2D) using flow cytometry analysis. In addition, the expres-
sion levels of stemness transcription factors such as OCT4, NANOG and SOX2 in 3D were also significantly higher than that in
2D through Western blot (WB) and quantitative polymerase chain reaction (qPCR) assays. In addition, the CSCs in 3D could
form colonies with different sizes in soft agar. In conclusion, we developed a new method to enrich some kinds of CSCs, which
might be a benefit for future CSC-targeted therapy studies and anti-CSC drug screening applications.
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Introduction

Cancer is the leading cause of death in economically devel-
oped countries and the second leading cause of death in de-
veloping countries, which is an increasing medical burden
worldwide, due to population growth (Jemal et al. 2011).
Recently, cancer stem cell (CSC) theory has attracted much
attention. The CSC hypothesis originated in the late

nineteenth century and the existence of CSCs was demonstrat-
ed a century later (Sell 2004). Studies have revealed that CSCs
are a rare cell population in blood cancers and solid tumors.
CSCs in blood cancer were first identified in acute myeloid
leukemia in 1997 (Bonnet and Dick 1997) and the first CSCs
in solid tumors were identified in breast cancer in 2003 (Al-
Hajj et al. 2003). So far, CSCs have been isolated from most
solid tumors, including breast cancer (Velasco-Velazquez et al.
2012), ovarian cancer (Meirelles et al. 2012), prostate cancer
(Salmanzadeh et al. 2012), colon cancer (O'Brien et al. 2007),
brain cancer (Singh et al. 2003), pancreatic cancer (Li et al.
2009) and melanoma (Schatton et al. 2008).

CSCs have similar properties to adult stem cells with the
ability of unlimited self-renewal and differentiation (Clarke
et al. 2006). The tumorigenic ability of CSCs is strong and
just as few as 500 CSCs from the PLC/PRF/5 spheres were
able to form a tumor when subcutaneously injected into NOD/
SCID mice (Cao et al. 2011). CSCs appear to be highly resis-
tant to various chemotherapies such as doxorubicin, fluoro-
uracil, cyclophosphamide, etoposide and cisplatin (Zhang
et al. 2012) as well as radiation (Lopez et al. 2012). CSCs
can be successfully isolated and enriched mainly based on
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their specific cell surface phenotypes, specifically CD44,
CD133, CD44v6, CD34, epithelial cell adhesion molecule
(EpCAM) and CD13, which are involved in embryonic and
somatic stem cell function and embryonic development
(Ricci-Vitiani et al. 2007; Takaishi et al. 2009).

Cancer is traditionally treated using surgical resection, che-
motherapy and fractionated radiotherapy. However, off-target
effects, treatment-related side effects and drug resistance limit
the efficacy of many therapeutic options (Zhang et al. 2017).
CSCs are a major source of cancer initiation, progression and
drug resistance for tumor recurrence (Lee et al. 2017b;
Peitzsch et al. 2017; Wang et al. 2017). Therefore, exploration
of novel methods to rapidly enrich CSCs for CSC-targeted
therapy studies and anti-CSC drug screening applications to
eliminate cancer become extremely important. So far, accord-
ing to the characteristics of CSCs, there are several methods
for enrichment of CSCs such as low adhesion culture (Wang
et al. 2012), low oxygen culture (Bhaskara et al. 2012), che-
motherapy drug stimulation (Hu et al. 2012) and side popula-
tion (SP) sorting (Chien et al. 2012). However, these methods
cannot achieve the rapid enrichment of a certain amount of
CSCs. The present study systematically elaborates a new sim-
ple and rapid method for the enrichment of some kinds of
CSCs, which might be used as a potential supplement for
cancer stem cell enrichment.

Materials and methods

Culture of cancer cells

Cancer cells such as human ovarian mucosal cells (OVCAR-
3), human colon cancer cells (SW620), human pancreatic can-
cer cells (PANC-1), and human prostate cancer cells (PC3)
were separately seeded into 6-well culture plates with a den-
sity of 2 × 104 cells/well and incubated in a 37 °C, 5% CO2

incubator. The culture medium contained 5% fatal bovine se-
rum (FBS), 1% penicillin and streptomycin (P/S) and DMEM/
F12 (Gibco, NY, USA). The medium was changed every
2 days. When cancer cells reached 100% confluence, they
were passaged by 0.25% EDTA-trypsin (Gibco) for the con-
ventional adherent culture (2D) and cell spheroid culture (3D).
For the following experiments, the mediums of cancer cells in
2D or 3D were changed into DMEM/F12 with 10 μM Y-
27632 (Sigma, MO, USA), 5% FBS, 2%HS (Gibco), 1% P/S.

Preparation of agarose micro multi-well dishes
and 3D cancer cell spheroids

Eighty-one-well rubber micro-molds (Fig. 1a) with a diameter
of 400 μm were purchased from Micro Tissues Inc.
(Providence, RI, USA). Molds were sterilized with anhydrous
ethanol and allowed to dry in an ultraviolet irradiation

environment for 1 h. Two percent (g/ml) agarose powder
(Sigma) was mixed with DMEM/F12 and then the solution
was autoclaved sterilization. When the solution was still liq-
uid, 500 μL of solution was pipetted into each mold (Fig. 1a′).
After solidification, the micro-well plates were removed with
a sterilized shovel (Fig. 1a′′′). The agarose dishes were equil-
ibrated in 6-well culture Petri dishes (Corning, NY, USA) with
2 mL DMEM/F12 containing 1% P/S in a 37 °C incubator of
5% CO2, for 24 h (Fig. 1b). Before seeding cancer cells into
the micro-well plates, the mediumwas removed from both the
culture dishes and the micro-well plates. Then, 200 μL cell
suspension containing 5 × 105 cells/mL was carefully seeded
into each well of the micro-well plates and 2 mL DMEM/F12
with 10 μM Y-27632, 5% FBS, 2% HS and 1% P/S was
pipetted into 6-well culture Petri dishes. The culture dishes
were incubated in a 37 °C incubator of 5% CO2 and the me-
dium was changed every 2 days. After 4 days, almost all
cancer cells were generated into spheroids (Fig. 1b′), which
were then harvested for the following experiments or carefully
transferred to new non-adhesive plastic Petri dishes (Corning)
for obtaining cancer cell spheroid images (Fig. 1b″).

Soft agar colony formation assay

For the soft agar assay, the above collected cancer cell spher-
oids (about 80 μm diameter) were pretreated for 20 min using
0.25% EDTA trypsin in a 37 °C, 5% CO2 incubator for the
preparation of cell suspension and then the dissociated cells, a
total of 1 × 104 cells, were seeded into the medium with 0.6%
agarose (Sigma). The culture dishes were placed in a 37 °C
incubator of 5% CO2. The culture medium contains
DMEM/F12, 10 μM Y-27632, 5% FBS, 2% HS and 1% P/S
and was changed every 2 days. Colonies were formed and
recorded after 14 days of growth.

Flow cytometry

The 2D and 3D cancer cells were harvested at 1500 rmp for
5 min, while cancer cell spheroids were pretreated for 20 min
using 0.25% EDTA trypsin at 37 °C, 5% CO2 incubator for
the preparation of cell suspension. Then, harvested cancer
cells were washed once with phosphate buffered saline
(PBS, Gibco) and fixed with 4% paraformaldehyde (Sigma)
at 4 °C overnight. The fixed cells were washed again with
PBS and blocked with 2 mL PBS containing 5% FBS (5%
FBS-PBS) at room temperature for 10 min. For single label-
ing, the cells were then labeled with primary or isotype control
antibodies FITC-CD44, FITC-CD44v6 and APC-CD133
(BD, NJ, USA) separately in a dark place at room temperature
for 20 min. For double labeling, the cells were then labeled
with primary or isotype control antibodies both FITC-CD44
and APC-CD133 in a dark place at room temperature for
20 min. The labeled cells were rinsed with PBS three times
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for 5 min each and suspended in 500 μL PBS for detection by
flow cytometry analyzer (BD). Data analysis was performed
by FCS Express 4 Flow Research Edition software.

Western blot

Cells were harvested and washed once with PBS and then
lysed in a radio immunoprecipitation assay buffer (RIPA)
(Beyotime, Shanghai, China) supplemented with a protease
inhibitor. Lysate was centrifuged at 12,000×g at 4 °C for
15 min. The protein concentrations in the supernatants were
measured using the BCA Assay Kit (Beyotime) as per the
manufacturer’s instructions. Sample proteins (50 μg) were
subjected to 10% polyacrylamide gel containing sodium do-
decyl and then transferred into a the polyvinylidene fluoride
membrane. After being blocked with 5% free-fat milk in
tween 20-containing tris-buffered saline at 4 °C for 2 h, the
membranes were incubated at 4 °C overnight with primary
antibodies against rabbit anti-OCT4 (1:3000, Abcam, MA,
USA), rabbit anti-NANOG (1:2000, Abcam) mouse anti-
SOX2 (1:3000, Abcam), and rabbit anti-GADPH (1:3000,
Bioworld, MN, USA). The membranes were washed with
tween 20-containing tris-buffered saline for five times and
incubated with horseradish peroxidase-conjugated secondary
antibody (1:5000, Bioword) for 1 h at room temperature and
washedwith the buffer for three times. The protein bands were
visualized with enhanced chemiluminescence (Pierce
Chemical Co, IL, USA). The intensity of proteins was quan-
tified using Image J software.

Quantitative polymerase chain reaction (qPCR) assays

Total RNAs from 2D and 3D cancer cells were extracted
using Trizol (Invitrogen, CA, USA) and the concentration
of RNAwas quantified by measuring OD at 260 nm. Total
RNA was incubated at 65 °C for 5 min and then on ice for
5 min. Total RNA (1 mg) was reverse transcribed in a
10 μL reaction mixture containing 0.5 μL RT Enzyme
Mix, 0.5 μL Primer Mix, 2 μL 5 × RT Buffer, 6 μL
nuclease-free water at 37 °C for 15 min and at 98 °C for
5 min. The cDNA was synthesized, diluted and used to
perform qPCR to analyze Oct4 gene expression level using
CFX96 Real-Time PCR Detection System (Bio-Rad, CA,
USA). The primers of Oct4, Nanog, Sox2 and Gadph were
as follows: F/Oct4: GAAGGATGTGGTCCGAGTGT,
R/Oct4: AAATAATCGGGGCTG CCAGG; F/Nanog:
CAAGAACTCTCCAACATCCTGAA, R/Nanog :
CCTGCGTCACACCATTGCTATTC ; F / S o x 2 :
C AGGAGTTG TCAAGGCAGAGA , R / S o x 2 :
CCGCCGCCGATGATTGTTA; F/Gadph: ACAACTTT
GGTATCGTGGAAGG , R /Gadp h : GCCATCA
CGCCACAGTTTC. The reaction mixture consisted of
10 μL SYBR Green Mix (Biomiga, SD, USA), 0.8 μL
forward, 0.8 μL reverse primers, 1 μL diluted cDNA and
7.4 μL ddH2O. The reaction process was 95 °C for 3 min,
followed by 35 cycles of 95 °C for 10 s and 59 °C for 30 s.
The relative expression of the genes was normalized
against GAPDH. Melting curves were examined for the
quality of the PCR amplification of each sample and quan-
tification was performed using the comparative Ct (2-ΔΔCt)
method.

Fig. 1 Schematic of methods
used in generation of cancer cell
spheroids. Production of agarose
3D Petri dishes for generating
cancer cell aggregates. The
flexible and reusable rubber
micromolds with multiple
projections (a) were filled with
liquid agarose (pink) (a′). After
cooling, multiwell agarose culture
dishes were generated (a″). The
protocol used for the generation
of cancer cell spheroids. (b)
Observation of the agarose
micromold groove type under an
inverted microscope. (b′) The
suspensions of cancer cells were
pipetted into an agarose multiwell
dish containing medium. (b″)
After 4 days, aggregates were re-
moved and transferred to a non-
adhesive plastic Petri dish
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Statistical analysis

All data are presented as the mean ± standard errors (SE).
Statistical significance was analyzed using one-way
ANOVA followed by ad hoc Tukey multiple comparisons
between two groups. Statistical analyses were performed
using GraphPad Prism (version 6, GraphPad Software Inc.,
San Diego, CA, USA). *P < 0.05, **P < 0.01, or ***P < 0.001
were considered statistically significant.

Results

Flow cytometry comparative analysis of cancer stem
cell biomarker expressions in 2D and 3D cancer cells

Flow cytometry was used to assess the CSC biomarker ex-
pressions in cancer cells cultured in different states. The bio-
markers of solid cancer stem cells mainly focused on CD
series molecules, including CD133, CD44, CD34 and
CD117. The expression of typical cell surface phenotypes of
CD44, CD133 and CD44v6 were selected to detect the CSC
proportions in 2D and 3D human ovarian mucosal cells
(OVCAR-3), human colon cancer cells (SW620), human pan-
creatic cancer cells (PANC-1) and human prostate cancer cells
(PC3) in this study.

As shown in Fig. 2 after flow cytometry, in OVCAR-3,
the percentages of CD44 positive cells in 3D (15.69 ±
1.67)% and in 2D (4.91 ± 0.65)% were both higher than
those of isotype control (0.05 ± 0.01)% (Fig. 2a–a″) and in
3D they were significantly higher than in 2D (**P < 0.01)
(Fig. 2b). Those of CD44v6 positive cells in 3D (10.68 ±
1.23)% and in 2D (3.24 ± 0.52)% were higher than those
of the isotype control (0.58 ± 0.07)% (Fig. 2c–c″) and in
3D they were significantly higher than in 2D (*P < 0.05)
(Fig. 2d). The percentages of CD133 positive cells in 3D
(10.42 ± 1.17)% and in 2D (4.10 ± 0.62)% were both
higher than those of the isotype control (0.33 ± 0.04)%
(Fig. 2e–e″) and in 3D they were significantly higher than
in 2D (*P < 0.05) (Fig. 2f).

As shown in Fig. 3 after flow cytometry, in SW620, the
percentages of CD44 positive cells in 3D (14.07 ± 1.32)%
and in 2D (7.81 ± 0.82)% were both higher than those of the
isotype control (0.37 ± 0.05)% (Fig. 3a–a″) and in 3D they
were significantly higher than in 2D (**P < 0.01) (Fig. 3b).
Those of CD44v6 positive cells in 3D (13.00 ± 1.14)% and
in 2D (3.98 ± 0.41)% were both higher than those of the
isotype control (0.40 ± 0.06)% (Fig. 3c–c″) and in 3D they
were significantly higher than in 2D (**P < 0.01) (Fig. 3d).
The percentages of CD133 positive cells in 3D (18.18 ±
1.87)% and in 2D (8.23 ± 0.95)% were both higher than
those of the isotype control (0.32 ± 0.03)% (Fig. 3e–e″)

and in 3D they were significantly higher than in 2D
(**P < 0.01) (Fig. 3f).

As shown in Fig. 4 after flow cytometry, in PANC-1, the
percentages of CD44 positive cells in 3D (15.51 ± 1.62)%
and in 2D (4.67 ± 0.65)% were both higher than those of
the isotype control (0.09 ± 0.01)% (Fig. 4a–a″) and in 3D
they were significantly higher than in 2D (**P < 0.01) (Fig.
4b). Those of CD44v6 positive cells in 3D (9.10 ± 1.03)%
and in 2D (2.14 ± 0.21)% were both higher than those of
the isotype control (0.48 ± 0.05)% (Fig. 4c–c″) and in 3D
they were significantly higher than in 2D (**P < 0.01) (Fig.
4d). Those of CD133 positive cells in 3D (14.29 ± 1.38)%
and in 2D (5.42 ± 0.72)% were both higher than those of
the isotype control (0.69 ± 0.04)% (Fig. 4e–e″) and in 3D
they were significantly higher than in 2D (**P < 0.01) (Fig.
4f).

As shown in Fig. 5, in PC3, the percentages of CD44
positive cells in 3D (13.85 ± 1.22)% and in 2D (2.36 ±
0.53)% were both higher than those of the isotype control
(0.26 ± 0.05)% (Fig. 5a–a″) and in 3D they were signifi-
cantly higher than in 2D (**P < 0.01) (Fig. 5b). Those of
CD44v6 positive cells in 3D (10.76 ± 1.04)% and in 2D
(1.23 ± 0.12)% were both higher than those of the isotype
control (0.11 ± 0.04)% (Fig. 5c–c″) and in 3D they were
significantly higher than in 2D (**P < 0.01) (Fig. 5d). The
percentages of CD133 positive cells in 3D (12.90 ± 1.18)%
and in 2D (3.85 ± 0.39)% were higher than those of the
isotype control (0.67 ± 0.06)% (Fig. 5e–e″) and in 3D they
were significantly higher than in 2D (**P < 0.01) (Fig. 5f).

As shown in Fig. 6, in OVCAR-3, the percentages of
CD44 and CD133 double positive cells in 3D (7.23 ±
0.72)% and in 2D (3.02 ± 0.26)% were both higher than
those of the isotype control (0.00 ± 0.00)% (Fig. 6a) and
in 3D they were significantly higher than in 2D
(**P < 0.01) (Fig. 6b). In SW620, the percentages of
CD44 and CD133 double positive cells in 3D (5.59 ±
0.68)% and in 2D (3.66 ± 0.28)% were both higher than
those of the isotype control (0.00 ± 0.00)% (Fig. 6a′)
and in 3D they were significantly higher than that in
2D (**P < 0.01) (Fig. 6b′). In PANC-1, the percentages
of CD44 and CD133 double positive cells in 3D (10.61
± 1.08)% and in 2D (2.11 ± 0.18)% were both higher
than those of the isotype control (0.00 ± 0.00)% (Fig.
6a″) and in 3D they were significantly higher than in
2D (**P < 0.01) (Fig. 6b″). In PC3, the percentages of
CD44 and CD133 double positive cells in 3D (6.30 ±
0.70)% and in 2D (2.01 ± 0.16)% were both higher than
those of the isotype control (0.01 ± 0.00)% (Fig. 6a″′)
and in 3D they were significantly higher than in 2D
(**P < 0.01) (Fig. 6b″′).

These data demonstrated that some CSCs could be
enriched through agarose multi-well dishes using rubber
micro-molds to make cancer cells into 3D spheroids.
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Protein and gene expression levels of OCT4 in 2D
and 3D cancer cells

In order to maintain stemness, the expression levels of
stemness transcription factors in stem cells were much
higher than those of adult cells. Stemness transcription fac-
tors such as OCT4, NANOG and SOX2 play key roles in
the process of adult cells reprogrammed into stem cells.
CSCs and normal adult stem cells have the same charac-
teristics of self-renewal and multi-directional differentia-
tion potential (Clarke et al. 2006). We examined the ex-
pression of the basic stem cell profile of OCT4, NANOG
and SOX2 in cancer cells cultured in different states.

Western blot was conducted to detect the OCT4,
NANOG and SOX2 expressions in 2D and 3D human
ovarian mucosal cells (OVCAR-3), human colon cancer
cells (SW620), human pancreatic cancer cells (PANC-1)
and human prostate cancer cells (PC3) (Fig. 7a). The re-
sults showed that the OCT4, NANOG and SOX2 protein
expression levels in all 3D cancer cells including OVCAR-
3, SW620, PANC-1 and PC3 were significantly higher than
that in 2D (Fig. 7b–b″).

In addition, the results of qPCR also demonstrated that
Oct4, Nanog and Sox2 gene expression levels in all 3D cancer
cells, including OVCAR-3, SW620, PANC-1 and PC3 were
significantly higher than that in 2D (Fig. 7c–c″).

Fig. 2 Flow cytometry comparative analysis of cancer stem cell
biomarker expression in 2D and 3D human ovarian mucosal cells
(OVCAR-3). (a–a″). Flow cytometry comparative analysis of the cell
ratio of expression CD44 in 2D and 3D OVCAR-3. (b) Quantification
of the flow cytometry results for CD44. (c–c″). Flow cytometry compar-
ative analysis of the cell ratio of expression CD44v6 in 2D and 3D

OVCAR-3. (d) Quantification of the flow cytometry results for
CD44v6. (e–e″). Flow cytometry comparative analysis of the cell ratio
of expression CD133 in 2D and 3D OVCAR-3. (f) Quantification of the
flow cytometry results for CD133. Mean ± SE, n = 3. Differences with
*P < 0.05, **P < 0.01 and ***P < 0.001 were considered statistically
significant
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These results further suggest that CSCs can be enriched
through agarose multi-well dishes using rubber micro-molds
to make cancer cells into 3D spheroids.

The colony formation of cancer cells in 3D

The main characteristic of CSCs is its ability to form new
tumors in murine models or colonies in soft agar. We seeded
the cancer cells from 3D into a medium with 0.3% soft agar.
On day 14, there were colonies with different sizes of forma-
tion in the 3D cancer cells and very few dissociated cells
suspended in the medium. Meanwhile, the mean size of colo-
nies in PANC-1 seemed bigger than that of others (Fig. 7d–d″
′). These results demonstrated that CSCs that were enriched

through agarose multi-well dishes using rubber micro-molds
to make cancer cells into 3D spheroids had the ability to form
colonies in soft agar.

Discussion

CSCs, also known as tumor-initiating cells, are capable of
self-renewing and maintaining their stemness, differentiating
into cancer cells and playing a core role in tumorigenesis,
metastasis and therapy resistance (Jin et al. 2017).
Developing therapeutic strategies that not only kill cancer
cells but also eliminate CSCs has potential for achieving better
treatment outcomes (Zhou et al. 2017). Thus, further study is

Fig. 3 Flow cytometry comparative analysis of cancer stem cell
biomarker expression in 2D and 3D human colon cancer cells
(SW620). (a–a″) Flow cytometry comparative analysis of the cell ratio
of expression CD44 in 2D and 3D SW620. (b) Quantification of the flow
cytometry results for CD44. (c–c″) Flow cytometry comparative analysis
of the cell ratio of expression CD44v6 in 2D and 3D SW620. (d)

Quantification of the flow cytometry results for CD44v6. (e–e″) Flow
cytometry comparative analysis of the cell ratio of expression CD133 in
2D and 3D SW620. (f) Quantification of the flow cytometry results for
CD133. Mean ± SE, n = 3. Differences with *P < 0.05, **P < 0.01 and
***P < 0.001 were considered statistically significant
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needed to firstly explore the novel and rapid enrichment
methods of CSCs for targeted therapy researches. In this
study, we reported a new approach to rapidly enrich CSCs in
certain cancer cells, such as human ovarian mucosal cells
(OVCAR-3), human colon cancer cells (SW620), human pan-
creatic cancer cells (PANC-1) and human prostate cancer cells
(PC3).

Recently, spheroid culture (3D) has been increasingly used
as a method for enriching stem cells, which relies on their
property of anchorage independent growth. Growing cells in
a 3D environment generated important differences in cellular
characteristics and behaviors compared with conventional ad-
herent culture (2D) (Page et al. 2013). Researchers have re-
ported the application of spheroid culture to isolate, enrich,

maintain, or expand potential CSC subpopulations from vari-
ous types of cancers (Fujii et al. 2009; Gou et al. 2007; Ponti
et al. 2005). To our knowledge, there have been few reports on
the rapid enrichment and long-term propagation (at least cul-
ture passage five times with an appreciable stemness in this
study and data not shown) of CSCs through agarose multi-
well dishes using rubber micro-molds to make cancer cells
into 3D spheroids. 3D culture might form a distinct extracel-
lular matrix (ECM) and establish new cell-matrix interactions
to influence cell fate and improve cell activity (Garcion et al.
2004; Huang et al. 2013; Song et al. 2002). ECM can influ-
ence cell adhesion, proliferation and stemness and it contains
various compositions and architectures (Rao Pattabhi et al.
2014). ECM derived from some special cells efficiently

Fig. 4 Flow cytometry comparative analysis of cancer stem cell
biomarker expression in 2D and 3D human pancreatic cancer cells
(PANC-1). (a–a″) Flow cytometry comparative analysis of the cell ratio
of expression CD44 in 2D and 3D PANC-1. (b) Quantification of the flow
cytometry results for CD44. (c–c″) Flow cytometry comparative analysis
of the cell ratio of expression CD44v6 in 2D and 3D PANC-1. d

Quantification of the flow cytometry results for CD44v6. (e–e″) Flow
cytometry comparative analysis of the cell ratio of expression CD133 in
2D and 3D PANC-1. (f) Quantification of the flow cytometry results for
CD133. Mean ± SE, n = 3. Differences with *P < 0.05, **P < 0.01 and
***P < 0.001 were considered statistically significant
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maintain the stemness of stem cells or ameliorate the stemness
deprivation primarily through the Wnt pathway (Lee et al.
2017a; Xiong et al. 2015; Zhang et al. 2018). In order to avoid
the dependence on trophoblast cells for embryonic stem cell
(ESC) culture, even for induced pluripotent stem cell (iPSC)
culture at present, the culture dishes must be coated with
ECM-named matrigel in advance for cell adhesion and
stemness maintenance (Guo et al. 2015b). Our previous works
also confirmed that spheroid cultures promoted cellular
stemness and viability in bovine corneal endothelial cells (B-
CECs) and corneal stromal cells (CSCs) (Guo et al. 2015a;
Guo et al. 2015c).

Based on cell surface biomarkers, CSCs are isolated from
cell lines of different cancer types as well as patient tissues.

CD44 is a widely expressed polymorphic integral membrane
adhesionmolecule thatbindshyaluronicacidandcontributes to
cell-cell and cell matrix adhesion interactions, which is in-
volved in cancer cell migration, proliferation and metastasis
(Orian-Rousseau 2010). CD44 transcripts undergo complex
alternative splicing, resulting in functionallydifferent isoforms.
The standard isoform (CD44s) has been more extensively
researched and the variant isoforms (CD44v) seem restricted
to subpopulations endowedwith stem cell potential and cancer
development.AmongCD44v isoforms, CD44v6 plays amajor
role in cancer cell migration and invasion (Todaro et al. 2014).
CD133 (prominin-1), a 5-transmembrane glycoprotein, is a
novel pentaspan membrane protein and has recently been con-
sidered to be an important marker of CSCs in many kinds of

Fig. 5 Flow cytometry comparative analysis of cancer stem cell
biomarker expression in 2D and 3D human prostate cancer cells (PC3).
(a–a″) Flow cytometry comparative analysis of the cell ratio of expression
CD44 in 2D and 3D PC3. (b) The quantification of the flow cytometry
results for CD44. (c–c″) Flow cytometry comparative analysis of the cell
ratio of expression CD44v6 in 2D and 3D PC3. (d) Quantification of the

flow cytometry results for CD44v6. (e–e″) Flow cytometry comparative
analysis of the cell ratio of expression CD133 in 2D and 3D PC3. (f)
Quantification of the flow cytometry results for CD133. Mean ± SE, n =
3. Differences with *P < 0.05, **P < 0.01 and ***P < 0.001 were consid-
ered statistically significant
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cancer cell lineages, including the brain, colon, ovarian, pan-
creatic andprostate cancers. Patientswithhigh levelsofCD133
expression have a poor prognosis (Jin et al. 2017). Recently,
numerousresearchgroupsreportedthatCSCscouldbesuccess-
fully isolated by these cell surface phenotypes (Heider et al.
2004; Zhu et al. 2010). The CSCs of cancer cells (OVCAR-3,

SW620, PANC-1 and PC3) all expressed CD44, CD44v6 and
CD133(Collinsetal. 2005;Duetal. 2008;Hermannetal. 2007;
Kryczeketal. 2012;Lietal. 2009;Meirellesetal. 2012;O'Brien
et al. 2007). Nevertheless, in our study, the single and double
stain of flowcytometrywas used to assess theCSCproportions
of different cancer cells with 3D culture based on expression of

Fig. 6 Flow cytometry double-label analysis of cancer stem cell biomark-
er expression in 2D and 3D of OVCAR-3, OVCAR-3, PANC-1 and PC3.
(a–a″′) Flow cytometry comparative analysis of both CD44 and CD133
positive cell ratios in 2D and 3D of OVCAR-3, OVCAR-3, PANC-1 and

PC3. (b–b″′) Quantification of the flow cytometry double-label analysis
results. Mean ± SE, n = 3. Differences with *P < 0.05, **P < 0.01 and
***P < 0.001 were considered statistically significant
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potential CSC-markers of CD44, CD44v6 and CD133 or both
CD44 and CD133, which showed that cancer cells in 3D had
more CSCs than those in 2D.

CSCs and normal adult stem cells have the same character-
istics, namely having self-renewal and multi-directional dif-
ferentiation potential (Clarke et al. 2006). OCT4, NANOG
and SOX2, the mammalian stemness transcription factors,
are mainly expressed in the pluripotent cells of an embryo,
cell lines and the germ cells (GCs), which play a core part in a
regulatory system of reprogramming adult cells into stem cells
and maintain stemness (Kim et al. 2009). To confirm the stem
cell phenotype of 3D cancer cells, the expressions of OCT4,

NANOG and SOX2 were evaluated. The results of Western
blot and qPCR revealed that OCT4, NANOG and SOX2 ex-
pression levels of cancer cells (OVCAR-3, SW620, PANC-1
and PC3) in 3D were significantly higher than those in 2D. In
addition, the main characteristic of CSCs is its ability to form
new tumors in murine models or side population (Xu et al.
2014). In this study, the CSCs through cell spheroids (3D)
using rubber micro-molds could form colonies with different
sizes in soft agar. These data suggest that CSCs could be
enriched through a 3D spheroid culture based on this method.

In conclusion, our results displayed a newmethod to enrich
a certain amount of CSCs from cancer cells (OVCAR-3,

Fig. 7 The protein and gene expression levels of stemness transcription
factors in 2D and 3D cancer cells. (a) Western blot band of OCT4,
NANOG, and SOX2 in 2D and 3D cancer cells. (b–b″) Quantification
of protein levels. (c–c″) Quantitative polymerase chain reaction (qPCR)

ofOct4Nanog, and Sox2 in 2D and 3D cancer cells. (d–d″) The images of
3D cancer cell colonies under an invert optical microscope. Mean ± SE,
n = 3. Differences with *P < 0.05, **P < 0.01, and ***P < 0.001 were con-
sidered statistically significant. Scale bars 100 μm
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SW620, PANC-1 and PC3) through agarose multi-well dishes
using rubber micro-molds to make cancer cells into 3D spher-
oids, which might be of benefit for CSC-targeted therapy
studies and anti-CSC drug screening applications in the future.
Meanwhile, based on this method, the controllable cancer cell
spheroids with unified size could be rapidly produced and
used to transplant into the body of animals to establish tumor
models for drug screening.
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