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ABSTRACT

In vitro 3D growth of tumors is a new cell culture model that more closely mimics the features of the in vivo envir-
onment and is being used increasingly in the field of biological and medical research. It has been demonstrated
that cancer cells cultured in 3D matrices are more radio-resistant compared with cells in monolayers. However, the
mechanisms causing this difference remain unclear. Here we show that cancer cells cultured in a 3D microenviron-
ment demonstrated an increase in cells with stem cell properties. This was confirmed by the finding that cells in
3D cultures upregulated the gene and protein expression of the stem cell reprogramming factors such as OCT4,
SOX2, NANOG, LIN28 and miR-302a, compared with cells in monolayers. Moreover, the expression of B-catenin,
a regulating molecule of reprogramming factors, also increased in 3D-grown cancer cells. These findings suggest
that cancer cells were reprogrammed to become stem cell-like cancer cells in a 3D growth culture microenviron-
ment. Since cancer stem cell-like cells demonstrate an increased radio-resistance and chemo-resistance, our results
offer a new perspective as to why. Our findings shed new light on understanding the features of the 3D growth cell

model and its application in basic research into clinical radiotherapy and medicine.
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INTRODUCTION
Traditional 2D monolayer cell cultures are commonly used in current
biological and medicinal studies. However, significant differences
between the 2D cell culture system and an actual physiological envir-
onment in vivo have long been realized. First, cells in vivo are 3D and
exhibit a round morphology due to a tightly controlled interplay
between the cell and its extracellular matrix (ECM) focal adhesions
and actin cytoskeleton [1]. Second, cells in vivo interact with the
environment in a 3D manner. They are subjected to mechanical
forces from the ECM and soluble chemicals. In contrast, when grown
in traditional culture, such as 2D flat tissue culture substrates, cells do
not simulate the structural organization of 3D tissues and, therefore,
differ considerably in their morphology and cell-cell and cell-matrix
interactions [2-4]. As a result, these 2D monolayer cells can’t recap-
itulate the physiological conditions of in vivo microenvironments.

As animal models and in vivo studies are costly and complex, with
problems of unpredictable characteristics and ethical approval,
physiological 3D model systems using human cells to create an
authentic model is an obvious choice [S]. 3D cell culture is a third
model bridging the gap between traditional cell culture and animal
models [6, 7].

Matrigel basement membrane matrix (BD Biosciences) is a com-
mercial cell culture medium comprised of a gelatinous protein
mixture secreted by Engelbreth-Holm-Swarm (EHS) mouse
sarcoma cells. It is rich in ECM components and was used widely for
3D cell culture. Cells cultured in matrigel show many differences in
gene and protein expression, survival, proliferation, differentiation
and metabolism when compared with traditional 2D culture cells
[8-10]. In addition, the response behaviors of cells in 2D cultures
and 3D cultures also differ [11, 12]. It has been demonstrated that
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3D-cultured cancer cells are more radio-resistant and chemo-resistant
compared with 2D monolayers; specifically, they show increased clo-
nogenicity and resistance to apoptosis [13-15]. However, the reason
behind the

between 2D- and 3D-grown cancer cells remains largely unknown. As

difference in radio-resistance and chemo-resistance
is well known, matrigel is reported to help in maintaining a stem cell
phenotype and in controlling the differentiation of stem cells [16],
but the effect of matrigel on cancer cell reprogramming remains
unknown. Thus we speculated whether the 3D growth microenviron-
ment might have some impact on the reprogramming of differen-
tiated cancer cells and in turn enhance the radio-resistance.

To test our hypothesis, we cultured AS49 cancer cells in a 3D
matrigel microenvironment. Our results showed that reprogramming
factors such as OCT4, SOX2, NANOG, LIN28 and miR-302a were
upregulated significantly in 3D-cultured cancer cells compared with
their monolayer counterparts. 3D-cultured cancer cells were repro-
grammed and acquired stem cell-like properties, and in turn demon-
strated enhanced radio-resistance.

MATERIALS AND METHODS
Cell culture

AS549 cells (adenocarcinomic human alveolar basal epithelial cells),
MCF?7 cells (human breast cancer cells) and PC3 cells (human pros-
tate cancer cells) were obtained from the American Type Culture
Collection (Manassas, VA, USA). For 2D-grown cultures, AS49 cells
were cultured in RPMI-1640 medium (Gibco, USA) supplemented
with 10% FBS (Hyclone, USA) and 1% penicillin/streptomycin
(Amresco, USA). MCF7 cells and PC3 cells were cultured in
Dulbecco’ Modified Eagle’s Medium (DMEM) (Gibco, USA) sup-
plemented with 10% FBS and 1% penicillin/streptomycin. For
3D-grown cultures, construction of the 3D growth microenvironment
using matrigel (BD, USA) was performed mainly as described previ-
ously [17]. Briefly, a pre-chilled culture surface was coated with a thin
layer of medium-matrigel mixture (volume ratio 1:1) and incubated
for 30 min at 37°C to allow the mixture to gel. We then trypsinized
2D-cultured cells and mixed them at a concentration of 0.5 x 10°
cells/ml with matrigel (volume ratio 1:1). This was pipetted onto the
pre-coated surface and incubated for 30 min at 37°C to allow them to
gel. All experiments with 3D-grown cells were cultured in matrigel for
24 h. Both 2D- and 3D-grown cells were cultured at 37°C in a
humidified atmosphere containing 5% CO,.

Radiation
X-ray irradiation was carried out by a Faxitron RX-650 facility (Faxi-
tron Bioptics, USA), which was operated at 50 kVp S mA at room
temperature. The target of this instrument is wolframium (W). The
dose rate was 0.751 Gy/min.

Colony formation assay
For 2D culture, cells were trypsinized after radiation and resuspended
in medium. An appropriate number of cells were plated into each
60-mm dish to produce colonies. For 3D culture, the irradiated and
control cells were first recovered from matrigel by using Recovery
Solution (BD, USA) on ice for 30 min, and then trypsinized and
resuspended in medium. An appropriate number of cells were plated
into each 60-mm dish to produce colonies. After incubating for
10 days, both 2D- and 3D-grown cells were stained with 0.5% crystal
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violet for 20 min. Colonies containing >50 cells were counted as sur-
vivors. Plating efficiencies (PE) were calculated as follows: numbers

of colonies formed/numbers of cells plated. Surviving fractions were
calculated as follows: PE (irradiated)/PE (unirradiated).

Rhodamine staining analysis

2D- and 3D-cultured cells were harvested and prepared as single-cell
suspensions in medium. The cells were stained with S pug/ml Rhoda-
mine 123 (Invitrogen, USA) and incubated in darkness at 37°C for
10 minutes. After staining, the cells were washed with medium twice
and incubated again in darkness with medium at 37°C for 60 min.
The Rho fluorescence of stained cells was assayed using a flow cyt-
ometer (MACS, Germany).

QRT-PCR for mRNA expression

Total RNAs of 2D- and 3D-cultured cells were extracted with TRIzol
Reagent (Life Technologies, USA). For mRNA detection, reverse
transcription was carried out with Transcriptor First Strand cDNA
Synthesis Kit (Roche, Switzerland), and qRT-PCR was carried out
with SYBR Green PCR Master (Roche, Switzerland). The primers of
OCT4, SOX2, NANOG, c-MYC, LIN28 and internal control of
GAPDH were purchased from GeneCopoeia (Guangzhou, China).
For miRNA detection, reverse transcription and qRT-PCR was per-
formed by using an ALL-in-one™™ miRNA qRT-PCR Detection Kit
(GeneCopoeia, Guangzhou, China). The primers of miR-302a and
internal control U6 were also purchased from GeneCopoeia. Q-PCR
was performed on samples using a Bio-Rad Chromo4 System Real-
Time PCR detector (Bio-Rad, USA). All steps were carried out
according to the protocol. The relative fold change of mRNA was cal-
culated by using the 2744 method.

Western blot

2D- and 3D-grown cells were lysed in RIPA buffer (Beyotime,
Shanghai, China) with Protease Inhibitor Cocktail Tablets (Roche,
Switzerland). The total protein concentrations of the lysates were
determined using a protein assay kit (Bio-Rad, USA). Equal amounts
of protein were denatured with loading buffer (Beyotime, Shanghai,
China) at 100°C for 10 min, then loaded in 12% SDS-PAGE for elec-
trophoresis, and transferred to a methanol-activated polyvinylidene
fluoride membrane (Millipore, USA). The membrane was blocked in
tris-buffered saline (TBS) containing $% bovine serum albumin (MP
Biomedical, USA) for 2 h at room temperature. Primary antibodies
were incubated overnight at 4°C. The primary antibodies included:
OCT4 (1:1000, Abcam, USA), SOX2 (1:1000, CST, USA),
NANOG (1:1000, ABGENT, USA), B-catenin (1:1000, CST, USA)
and GAPDH (1:1000, ZSGB-BIO, Beijing, China). After washing
with TBS, the membrane was incubated with the appropriate horse-
radish peroxidase (HRP)- labeled secondary antibody for 1 h at room
temperature. Secondary antibodies conjugated with HRP include:
Goat-Anti Rabbit IgG (1:5000, ZSGB-BIO, Beijing, China) and
Rabbit-Anti Goat IgG (1:5000, ZSGB-BIO, Beijing, China).

Statistical analysis
The statistical significance (P value) for the mean value two-sample
comparison was determined with Students’ t-test. A value of P < 0.05
was considered statistically significant and is represented by an aster-
isk on the bars in the figures. A value of P <0.01 was considered



658 « G.Xueetal
extremely significant and is represented by two asterisks on the bars
in the figures. Values shown on graphs represent the means * s.d.

RESULTS
Different morphology and radio-resistance of 3D-cultured
cells compared with 2D-cultured cells

As shown in Fig. 1A, there was a change in cell shape between 2D-cul-
tured and 3D-cultured cells. 2D-grown cells grew flat and spread as a
monolayer on the tissue-culture dish, while 3D-grown cells cultured
within the matrigel microenvironment showed a round morphology.
2D- and 3D-grown AS549 cells differ in cell morphology, and 3D
culture systems more closely approximate the cells’ normal physio-
logical environment in vivo. It has been demonstrated that 3D-grown
cells are radio-resistant and chemo-resistant compared with cells
grown in monolayers. Here we chose radiation as a stress method to
test whether AS49 cells cultured 3D in a microenvironment have
increased radio-resistance. As shown (Fig. 1B), the clonogenic sur-
vival fraction of the 3D-grown AS549 cells was significantly higher
than that of the 2D-cultured cells after irradiation with X-rays.

Increasing population of Rho-low—staining (Rho'™) cells
in 3D-cultured cells compared with 2D-cultured cells
Hoechst is used to distinguish stem and non-stem cells, due to the
fact that it can be excluded from cells by the ABC transporter, a spe-
cific protein found in stem cells [ 18]. Rhodamine 123 (Rho), another
fluorescent dye, has also been used to identify stem cell-like cells by
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Rho/FACS [19, 20]. We determined the stem cell-like cell percent-
age in 2D- and 3D-grown AS549 cells using the Rho/FACS method.
As shown in Fig. 2, the percentage of Rho'®" cells in 2D-grown A549
cells was 0.962%, whereas in 3D-grown cells the percentage of Rho'*"
cells was 43%. This result indicates that there was a significantly

increased population of stem cell-like cells in 3D-cultured A549 cells.

Upregulation of reprogramming factors in 3D-cultured
cancer cells
To further investigate whether cancer cells cultured in a 3D matrigel
microenvironment acquire stem cell-like characteristics when com-
pared with 2D monolayer cells, we measured the expressions of the
stem cell markers OCT4, SOX2, NANOG, ¢-MYC and LIN28 in
both 2D- and 3D-cultured AS49 cells. We first analyzed the mRNA
expression levels of OCT4, SOX2, NANOG, ¢-MYC and LIN28 in
2D- and 3D-cultured AS49 cells by qRT-PCR. As shown in Fig. 3A,
we found that compared with 2D monolayer cells, the expressions of
OCT4, NANOG and LIN28 increased in 3D-cultured cells, while the
expression of c-MYC decreased in 3D-cultured cells. Further, we ana-
lyzed the protein expression levels of OCT4, SOX2 and NANOG in
2D- and 3D-grown A549 cells by western blot. We found that the
protein levels of OCT4, SOX2 and NANOG were significantly upre-
gulated in 3D-grown cells (Fig. 3B and 3C). Moreover, we measured
the expression of miR-302a in both 2D- and 3D-grown A549 cells.
We found that the expression of miR-302a was also upregulated in
3D-grown AS549 cells (Fig. 3D). Earlier studies have demonstrated
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Fig. 1. The morphology and clonogenic survival of 2D- and 3D-grown AS49 cells. (A) Phase-contrast images of the 2D
monolayer (above) and the 3D-cultured (below) A549 cells. (B) Survival fraction of 2D- and 3D-cultured A549 cells after
exposure to 0, 1, 2 or 4 Gy of X-rays . Data are presented as mean + SE. Experiments were independently repeated at least three

times.
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Fig. 2. The percentage of stem cell-like cells in 2D- (left) and 3D- (right) cultured A549 cells assayed using Rho/FACS; the

percentage of Rho'*" cells is shown in the picture.
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Fig. 3. The expression of reprogramming transcription factors in 2D- and 3D-grown A549 cells. (A) qRT-PCR for the expression
of reprogramming transcription factors OCT4, SOX2, NANOG, c-MYC and LIN28 in 2D- and 3D-grown AS49 cells. (B)
Western blotting for expression of OCT4, SOX2 and NANOG in 2D- and 3D-grown AS549 cells. (C) Gray analysis the result of
Figure 3B. (D) qRT-PCR for the expression of reprogramming factor miR-302a expression in 2D- and 3D-grown A549 cells. (E)
Western blotting for the expression of B-catenin in 2D- and 3D-grown A549 cells. Data are presented as mean + SE. Experiments
were independently repeated at least three times.
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that B-catenin, a key downstream component of the canonical Wnt
signaling pathway, can activate OCT4, LIN28, NANOG and miR-
302 expression [21-24]. We therefore measured the expression of
B-catenin in 2D- and 3D-grown cells. As shown in Fig. 3E, there was
a significantly increased expression of B-catenin in 3D-grown AS49
cells compared with monolayer cells. These results suggested that the
3D culture microenvironment induced the cancer cells to express
reprogramming factors.

More Rh01°w—staining cells in other 3D-grown cancer cells
Since AS549 cells grown in the 3D microenvironment matrigel
acquired stem cell-like properties, we want to know whether this
kind of culture can also promote the reprogramming of other cancer
cells to increase the stem cell phenotype. We chose two additional
types of cancer cells: MCF7 and PC3. We observed changes in the
morphological features when the cells were cultured in the 3D micro-
environment (Fig. 4A); the percentage of stem cell-like cells was
measured in both monolayers and 3D cultures using the Rho/FACS
method. As shown in Fig. 4B, the percentages of Rho'®" cells in 2D-
grown MCF7 and PC3 cells were 0.48% and 7.59%, respectively,
whereas the percentages in 3D-grown MCF7 and PC3 cells were
33.7% and 73.2%, respectively. These results suggest that the 3D
microenvironment can increase the stem cell phenotype of other
cancer cells as well.

A

DISCUSSION
Cancer cells in vivo interact with the ECM environment in a 3D
manner, and accumulated studies have demonstrated that the tumor
microenvironment plays an essential role in the carcinogenic process,
metastasis and therapeutic resistance [25-27]. However, the trad-
itional 2D monolayer cell culture ignores the important interplay
between cancer cells and their local environment. Matrigel, which is
rich in ECM components and mimics more closely the actual physio-
logical environment in vivo, is used widely for 3D cell culture [28].
It has been demonstrated that 3D-cultured cancer cells are more
radio-resistant and chemo-resistant compared with monolayer cells
[13-15]. However, the mechanism that results in the difference in
radio-resistance and chemo-resistance between 3D- and 2D-grown
cancer cells remains largely unknown. Our current study demon-
strated that cancer cells were reprogrammed and acquired a more
stem cell-like phenotype when cultured in a 3D growth microenviron-
ment compared with traditional 2D monolayer cultured cells. That
was shown by the increased number of Rho'®"-staining cells. More-
over, the 3D growth microenvironment induced the cancer cells to
express the reprogramming transcription factors OCT4, SOX2,
NANOG and LIN28. OCT4 and SOX2 that are well known as the
transcription factors that were used with ¢-MYC and KLF4 to gener-
ate induced pluripotent stem cells (iPSCs) [29]. However, in repro-
gramming human cells, it was indicated that c-MYC promoted both
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Fig. 4. The morphology and stem cell-like phenotype of MCF7 and PC3 cancer cells in a 3D microenvironment, compared with
2D monolayer cells. (A) Phase-contrast images of the 2D- (left) and 3D- (right) grown MCF7 (above) and PC3 (below) cells.
(B) The percentage of stem cell-like cells in 2D- (left) and 3D- (right) grown MCF?7 (above) and PC3 (below) cells were
assayed using Rho/FACS; the percentage of Rho'*" cells are shown in the picture.



apoptosis and differentiation in a transcriptional activity—dependent
manner [30], which suggested that this gene was not required for
reprograming human cells. NANOG, as a transcription factor, is
believed to play a key role in maintaining pluripotency [31], and it
has been reported that OCT4 and SOX2 can bind to the promoter to
activate the transcription of NANOG [32]. Increasing evidence sug-
gests that LIN28 is a post-transcription repressor of let-7 microRNA
biogenesis and an undifferentiated embryonic stem cell marker; it can
also reprogram somatic cells to produce iPSCs and control the pluri-
potency of stem cells [33, 34]. We speculate that the upregulation of
these key transcriptional factors reprogrammed the 3D-grown cells to
acquire the properties of stem cells because it has been demonstrated
that these four transcriptional factors, OCT4, SOX2, NANOG and
LIN28, are sufficient to reprogram human somatic cells to pluripotent
human cells and exhibit the essential characteristics of embryonic
stem cells [35]. Furthermore, we found that the expression of miR-
302a was upregulated in 3D-grown cancer cells. It has been demon-
strated that the miR-302 family are not the only the key factors essen-
tial for embryonic stem cell maintenance, but also function to
reprogram cancer cells into a stem cell-like pluripotent state [36].
Moreover, the expression of the miR-302 family gene has been shown
to be regulated by the reprogramming factors OCT4 and SOX2 [37].
Although reprogramming that induced de-differentiation of differen-
tiated cells to pluripotency can take place via a variety of mechanisms,
accumulating evidence indicates that the stem cell activator Wnt/p-
catenin signaling not only plays a critical role in maintaining pluripo-
tency and reprogramming somatic cells to pluripotency, but also
induces de-differentiation of cancer cells to acquire stem cell-like
properties [38-41]. In addition, recent studies indicated that f-
catenin, a key downstream component of the canonical Wnt signaling
pathway, can activate OCT4, LIN28, NANOG and miR-302 expres-
sion [21-24]. Here, we found that the expression of B-catenin was
upregulated in the 3D-grown cells. Thus, our results suggest that the
canonical Wnt signaling pathway was activated in cancer cells when
the cells were cultured in a 3D growth microenvironment and
increased the expression of active B-catenin. The high level of B-
catenin promoted the expression of reprogramming factors, such as
OCT4, NANOG and LIN28, and upregulated the expression of miR-
302a. All these reprogramming factors together reprogram cancer
cells to become cancer stem-like cells. It has been demonstrated that
stem-like cancer cells are radio-resistant as a result of a variety of
intrinsic and extrinsic factors [42-44]. Our findings help to explain,
from a new perspective, why 3D-grown cancer cells are more radio-
resistant than 2D-grown cells.

It has been reported that a 3D sphere, forced by a low attach-
ment surface or in ultra-low attachment dishes, could induce cells
to express reprogramming transcription factors and acquire stem
cell-like features [45-47]. However, our 3D growth model is differ-
ent from the models of these researchers. In our model, cells were
cultured within a 3D matrigel microenvironment. In addition, the
cells acquired stem cell-like properties soon—only one day after
culture in Matrigel. When cells are grown on low attachment sur-
faces, the cells spontaneously aggregate to form 3D spheres with
cell-to-cell interactions; it becomes a 3D cell culture system that is
taking advantage of the natural tendency of cells to aggregate [45].
Matrigel is a medium rich in extracellular matrix. The cultures

grown in matrigel are more closely approximating the microenvironment
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in vivo and are more suitable than 2D cultures for studies on the
biology of carcinogenesis.

Taken together, our results demonstrate that cancer cells were
reprogrammed and acquired stem cell properties after culture in a 3D
microenvironment. This provides a possible explanation as to why
3D-cultured cancer cells are more radio-resistant, compared with
monolayer cancer cells. More importantly, our findings shed new
light on understanding the features of the 3D growth cell model and
its application in the basic research of clinical radiotherapy and medi-

cine development.
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