
ONCOLOGY REPORTS  39:  2749-2758,  2018

Abstract. Recently, it has been well‑recognized that the 
response toward anticancer drugs differs between two‑ and 
three‑dimensional (2D and 3D) in vitro cancer cell growth 
models. In the present study, we have demonstrated that, 
similar to the conventional 2D monolayer culture systems 
which often lack in vivo physiological insights, RUNX2 gene 
silencing increases the gemcitabine (GEM) sensitivity of the 
3D spheres generated from p53‑mutated pancreatic cancer 
MiaPaCa‑2 cells. According to our results, MiaPaCa‑2 cells, 
but not p53‑wild‑type pancreatic cancer SW1990 cells effi-
ciently formed sphere structures in serum‑free sphere‑forming 
medium. Although GEM treatment caused a marked induc-
tion of TAp73/TAp63 in MiaPaCa‑2 spheres accompanied 
by the transcriptional activation of p53 family‑target genes 
such as p21WAF1 and NOXA, only 20% of cells underwent 
cell death. Under these experimental conditions, mutant 
p53 expression level was increased in response to GEM and 
RUNX2 remained unchanged at the protein level regardless 
of GEM exposure, which may suppress the pro‑apoptotic 
activity of TAp73/TAp63. Notably, RUNX2 gene silencing 
markedly augmented GEM‑mediated cell death of MiaPaCa‑2 
spheres compared to that of non‑depleted ones. Expression 
analyses revealed that forced depletion of RUNX2 further 

stimulated GEM‑induced upregulation of TAp63 as well as 
its downstream target genes such as p21WAF1 and NOXA. In 
summary, our observations strongly indicated that, similarly 
to 2D monolayer culture, RUNX2 gene silencing increased 
GEM sensitivity of MiaPaCa‑2 spheres and highlighted the 
therapeutic potential of RUNX2 in pancreatic cancer with p53 
mutation.

Introduction

Pancreatic cancer is the fourth leading cause of cancer‑related 
deaths in Japan and its overall 5‑year survival rate remains very 
low (less than 10%) (1). Although surgical resection provides 
complete cure for patients with pancreatic cancer, over 80% 
of cases are judged to be inoperable at the time of initial diag-
nosis, due to advanced disease or distant metastasis, and thus 
subjected to chemotherapy and/or radiotherapy (2). The DNA 
damaging anticancer drug, gemcitabine (GEM) is a first‑line 
chemotherapy agent for patients. However, most of them do 
not respond well to GEM treatment, followed by subsequent 
disease progression (3,4). To overcome this serious issue, a 
variety of combinations of GEM with other anticancer drugs 
such as Nab‑paclitaxel (Nab‑P) and 5‑fluorouracil (5‑FU) have 
been assessed. Unfortunately, these combinations have resulted 
in limited clinical benefits for patients compared to patients 
treated with GEM alone (5). Since the vast majority of cases 
carry loss of function mutations in tumor suppressor gene p53, 
as well as CDKN2A and gain of function (GOF) mutations in 
proto‑oncogene K‑Ras (6), it is probable that these mutations 
may contribute to the acquisition of resistance of pancreatic 
cancer tissues to GEM. Considering this, the understanding of 
the precise molecular basis behind the GEM‑resistant property 
of pancreatic cancer is urgently required.

RUNX2 (runt‑related transcription factor 2) has been widely 
accepted to be one of the master regulators of osteoblast differ-
entiation and bone formation. Previous studies have revealed 
that RUNX2‑deficient mice lack a mineralized skeleton and 
its forced expression potentiates the osteoblast transcription 
program (7,8). As expected, RUNX2 transactivates its multiple 
downstream target gene promoters implicated in osteogenesis 
such as osteocalcin (OCN), type I collagen, osteopontin (OPN) 
and collagenase 3 (9). In addition to osteogenesis, a growing 
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body of evidence indicates that RUNX2 has a pro‑oncogenic 
function. For example, RUNX2 has been demonstrated to 
be aberrantly overexpressed in numerous cancer tissues 
compared to their corresponding normal ones (10). Consistent 
with these observations, forced expression and depletion of 
RUNX2 promoted and suppressed malignant phenotypes of 
cancer cells of various origins, respectively (10,11).

Recently, we have demonstrated that RUNX2 gene 
silencing significantly increased chemosensitivity of human 
osteosarcoma and pancreatic cancer cells through the augmen-
tation of the tumor suppressor p53 family‑dependent cell death 
pathway (12‑15). Tumor suppressor p53 family is composed 
of three members including p53, TAp73 and TAp63 (16,17). 
According to our observations, RUNX2 knockdown mark-
edly increased GEM sensitivity of p53‑mutated pancreatic 
cancer cells (14,15). Since it has been well known that mutant 
p53 with an extended half‑life participates in the acquisi-
tion/maintenance of chemoresistant properties of aggressive 
cancers (16,18), it is indicative that depletion of RUNX2 may 
override at least in part, the negative effect of mutant p53 on 
their chemosensitivity. To further validate our prior results, we 
sought to address these issues under the anchorage‑indepen-
dent growth of pancreatic cancer cells (spheres) instead of the 
conventional two‑dimensional (2D) monolayer culture condi-
tions (19). It has been considered that multicellular spheres 
mimic the in vivo physiological microenvironments of cancer 
tissues (20).

In the present study, we took advantage of the clinically‑
relevant in  vitro sphere culture system and demonstrated 
that RUNX2 gene silencing increased the GEM sensitivity of 
p53‑mutated pancreatic cancer MiaPaCa‑2 spheres through 
the stimulation of TAp63‑dependent cell death pathway.

Materials and methods

Cells and cell culture. Human pancreatic cancer‑derived 
SW1990 and MiaPaCa‑2 cells obtained from The American 
Type Culture Collection (Manassas, VA, USA) were main-
tained in Dulbecco's modified Eagle's medium (DMEM; 
Wako Pure Chemical Industries, Ltd., Osaka, Japan) supple-
mented with heat‑inactivated 10% fetal bovine serum (FBS; 
Invitrogen; Thermo Fisher Scientific, Inc., Carlsbad, CA, 
USA) and 50 units/ml of penicillin/streptomycin. The cells 
were cultured in incubators with a humidified atmosphere of 
5% CO2 and 95% air, at 37˚C.

Sphere formation. Cells were suspended in serum‑free 
sphere medium DMEM/F12 (Wako Pure Chemical 
Industries, Ltd., Osaka, Japan) supplemented with B27 (Bay 
Bioscience, Co., Ltd., Tokyo, Japan), 25 ng/ml of basic FGF 
(bFGF; Miltenyi Biotec, Tokyo, Japan) and 20 ng/ml of EGF 
(Miltenyi Biotec) and seeded in 6‑well plates at a density of 
5x105 cells/well. At the indicated time‑points after seeding 
(day 0, day 1, day 2 and day 3), representative images were 
captured.

siRNA‑mediated knockdown. For siRNA‑mediated silencing 
of RUNX2, MiaPaCa‑2 spheres were transfected with control 
siRNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or 
with siRNA targeting RUNX2 (Dharmacon; Ge Healthcare, 

Lafayette, CO, USA) using Lipofectamine 2000 transfec-
tion reagent according to the manufacturer's instructions 
(Invitrogen; Thermo Fisher Scientific, Inc.). The final concen-
tration of each siRNA was 10 nM. RUNX2 gene silencing was 
evaluated by immunoblotting and RT‑PCR.

Immunoblotting. Cells were lysed in 1X Laemmli buffer supple-
mented with 0.1 M DTT and the commercial protease inhibitor 
mixture (product no. P8340; Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany). Equal amounts of cell lysates (30 µg 
of protein) were analyzed by 10% SDS‑polyacrylamide gel 
electrophoresis, transferred onto membrane filter (Immobilon; 
Merck Millipore, Amsterdam, The Netherlands), and incu-
bated with Tris‑buffered saline containing 0.1% Tween-20 
(TBS‑T) plus 5% of non‑fat dry milk at 4˚C overnight. The 
membranes were probed with mouse monoclonal anti‑p53 
(DO‑1; 1:4,000; cat. no. sc126; Santa Cruz Biotechnology) 
which recognizes both wild‑type and mutant p53, rabbit 
polyclonal anti‑TAp73 (1:1,000; cat.  no.  GTX‑109045; 
GeneTex, Inc., Irvine, CA, USA), rabbit polyclonal anti‑TAp63 
(1:1,000; cat. no. GTX‑102425; GeneTex), rabbit monoclonal 
anti‑RUNX2 (1:1,000; cat. no. 8486; Cell Signaling Technology, 
Beverley, CA, USA), rabbit polyclonal anti‑E2F‑1 (1:1,000; 
cat. no. 3742; Cell Signaling Technology), rabbit polyclonal 
anti‑PARP (1:1,000; cat. no. 9542; Cell Signaling Technology), 
mouse monoclonal anti‑Itch (1:2,000; cat. no. 611199; BD 
Transduction Laboratories, Lexington, KY, USA), mouse 
monoclonal anti‑Lamin B (1:2,000; cat. no. NA12; 101‑B7; 
Calbiochem; Merck  KGaA, St.  Louis, MO, USA), mouse 
monoclonal anti‑γH2AX (2F3; 1:2,000; cat.  no.  613401; 
BioLegend, San Diego, CA, USA) or with mouse monoclonal 
anti‑actin antibody (C‑2; 1:2,000; cat. no. sc‑8432; Santa Cruz 
Biotechnology) at room temperature for 1 h. Actin was used 
as a loading control. After washing in TBS‑T, the membranes 
were incubated with horseradish peroxidase‑conjugated goat 
anti‑mouse (cat. no. 31430) or anti‑rabbit IgG (cat. no. 31466) 
(1:4,000; Invitrogen; Thermo Fisher Scientific, Inc.) at room 
temperature for 1 h. Immunoreactive signals were detected 
with an enhanced chemiluminescence detection system (ECL; 
Ge Healthcare Life Science, Piscataway, NJ, USA).

RNA preparation and RT‑PCR. Total RNA was extracted 
from the indicated cells using RNeasy Mini kit following the 
manufacturer's instructions (Qiagen, Valencia, CA, USA). 
One microgram of total RNA was reverse‑transcribed using 
SuperSprict VILO cDNA Synthesis system (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol. The resultant cDNA was subsequently used 
as a template for PCR‑based amplification with gene‑specific 
primer sets. Gene expression was normalized relative to that of 
the housekeeping gene GAPDH. The oligonucleotide primers 
used for PCR were as follows: p53 forward, 5'‑CTG​CCC​TCA​
ACA​AGA​TGT​TTT​G‑3' and reverse, 5'‑CTA​TCT​GAG​CAG​
CGC​TCA​TGG‑3'; TAp63 forward, 5'‑GAC​CTG​AGT​GAC​
CCC​ATG​TG‑3' and reverse, 5'‑CGG​GTG​ATG​GAG​AGA​
GAG​CA‑3'; TAp73 forward, 5'‑TCT​GGA​ACC​AGA​CAG​CAC​
CT‑3' and reverse, 5'‑GTG​CTG​GAC​TGC​TGG​AAA​GT‑3'; 
RUNX2 forward, 5'‑TCT​GGC​CTT​CCA​CTC​TCA​GT‑3' and 
reverse, 5'‑GAC​TGG​CGG​GGT​GTA​AGT​AA‑3'; p21WAF1 
forward, 5'‑ATG​AAA​TTC​ACC​CCC​TTT​CC‑3' and reverse, 
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5'‑CCC​TAG​GCT​GTG​CTC​ACT​TC‑3'; NOXA forward, 
5'‑CTG​GAA​GTC​GAG​TGT​GCT​ACT‑3' and reverse 5'‑TCA​
GGT​TCC​TGA​GCA​GAA​GAG‑3'; BAX forward, 5'‑AGA​
GGA​TGA​TTG​CCG​CCG​T‑3' and reverse, 5'‑CAA​CCA​CCC​
TGG​TCT​TGG​AT‑3'; PUMA forward, 5'‑GCC​CAG​ACT​GTG​
AAT​CCT​GT‑3' and reverse, 5'‑TCC​TCC​CTC​TTC​CGA​GAT​ 
TT‑3'; Itch forward, 5'‑ACC​TGG​ATG​GGA​GAA​GAG​AA‑3' 
and reverse, 5'‑TGT​GCG​GGG​ATC​TAT​ATA​GG‑3'; GAPDH 
forward, 5'‑ACC​TGA​CCT​GCC​GTC​TAG​AA‑3' and reverse, 
5'‑TCC​ACC​ACC​CTG​TTGC​TGT​A‑3'. PCR products were 
analyzed by 1.5% agarose gel electrophoresis and visual-
ized using ethidium bromide staining (Wako Pure Chemical 
Industries, Ltd.).

WST cell survival assay. Cell viability was determined by 
standard WST cell survival assay. In brief, 5x103 cells were 
seeded in triplicate in 96‑well plates and allowed to attach 
overnight. Cells were then treated with or without the indi-
cated concentrations of GEM. Forty‑eight hours after GEM 
exposure, their proliferation was assesed by Cell Counting 
Kit‑8 (CCK‑8) reagent (Dojindo Molecular Technologies, 
Kumamoto, Japan) following the manufacturer's instructions.

Trypan blue dye exclusion assay. Cells were exposed to the 
indicated concentrations of GEM. Forty‑eight hours after 
treatment, floating and adherent cells were collected and incu-
bated with 0.4% trypan blue solution (Bio‑Rad Laboratories, 
Hercules, CA, USA) at room temperature for 3  min. The 
reaction mixtures were then subjected to a TC20 automated 
cell counter (Bio‑Rad Laboratories). Trypan blue‑positive 
and ‑negative cells were considered to be dead and viable cells, 
respectively.

Flow cytometric analysis. Forty‑eight hours after GEM 
exposure, floating and attached cells were harvested, washed 
in 1X phosphate‑buffered saline (PBS) and fixed in ice‑cold 
70% ethanol. After fixation, cells were treated with 1 mg/ml 
of propidium iodide (PI) and 1 µg/ml of RNase A at 37˚C 
for 30 min in the dark. The cells were then analyzed by flow 
cytometry (FACSCalibur; BD Biosciences, Franklin Lakes, 
NJ, USA).

Statistical analysis. The results were presented as the 
mean  ±  SD of three independent experiments. One‑way 
ANOVA tests were performed to determine the statistical 
significance of difference among the control and treated groups 
using Ekuseru‑Toukei 2010 software (Social Survey Research 
Information Co., Ltd., Tokyo, Japan). P<0.05 was considered to 
indicate a statistically significant difference.

Results

p53‑mutated pancreatic cancer MiaPaCa‑2 cells but not 
p53‑wild‑type pancreatic cancer SW1990 cells, form sphere 
structure. Considering that ~75% of pancreatic cancer tissues 
carry p53 mutations and exhibit a serious anticancer drug 
resistance (6), we sought to compare GEM sensitivity between 
p53‑wild‑type and p53‑mutated pancreatic cancer cells under 
the conventional monolayer culture conditions. As clearly 
displayed in Figs. 1 and 2, p53‑mutated MiaPaCa‑2 cells poorly 

responded to GEM compared to p53‑wild‑type pancreatic 
cancer SW1990 cells (P<0.01), indicating that p53 mutation 
may be involved in the lower GEM sensitivity of pancreatic 
cancer cells.

Recently, it has been increasingly recognized that the 
response rate of cancer cells to anticancer drugs differs 
between two‑ and three‑dimensional (2D and 3D) cancer cell 
growth models. Among 3D cultures ranging in complexity 
from layered cellular systems to complex multi‑cell type 
spheres, 3D sphere cultures mimic the architectures and 
cellular contacts of cells in cancer tissues (20). These find-
ings prompted us to evaluate the GEM sensitivity of spheres 
generated from MiaPaCa‑2 and SW1990 cells, and compare 
it to that of 2D monolayer cultures. Firstly, we questioned 
whether MiaPaCa‑2 and SW1990 cells could form 3D spheres. 
The indicated numbers of MiaPaCa‑2 cells were cultured in 
the standard medium‑containing serum, and then transferred 
into serum‑free sphere‑forming medium. At the indicated 
time‑points following incubation in the sphere‑forming 
medium, representative images were captured. As displayed 
in Fig. 3A‑C, MiaPaCa‑2 cells (5x105 and 1x106 cells/plate) 
gave rise to obvious multi‑cellular structures under our experi-
mental conditions. In contrast to MiaPaCa‑2, SW1990 cells did 
not form sphere structures until 3 days of incubation (Fig. 3D), 
indicating that p53 status may be involved in sphere formation 
of pancreatic cancer cells.

Under the same experimental conditions, cell lysates 
and total RNA were prepared from MiaPaCa‑2 spheres and 
analyzed by immunoblotting and RT‑PCR, respectively. As 
displayed in Fig. 4, the expression levels of mutant p53, TAp73 
and TAp63 proteins were elevated during the sphere forma-
tion. RT‑PCR analysis revealed that p53 family target gene 
transcription was markedly reduced in MiaPaCa‑2 spheres 
compared to that of the adherent MiaPaCa‑2 cells (day 0), indi-
cating that mutant p53 prohibited the transcriptional activity of 
TAp73/TAp63.

MiaPaCa‑2 spheres respond poorly to GEM. Since it has 
been demonstrated that spheres often display the lower 
sensitivity to anticancer drugs (21,22), we thus examined the 
cytotoxic effect of GEM on MiaPaCa‑2 spheres. To this end, 
MiaPaCa‑2 cells were cultured in sphere‑forming medium 
and then exposed to different concentrations of GEM up to 
10 µM. At the indicated time‑points after treatment, the cells 
were analyzed by trypan blue dye exclusion assay. Although 
MiaPaCa‑2 spheres underwent cell death following GEM 
exposure, there were no marked differences in dose response 
among MiaPaCa‑2 spheres at a dose range of 2.5‑10 µM of 
GEM (Fig. 5). Therefore, for further experiments, we treated 
MiaPaCa‑2 spheres with 2.5 µM of GEM for 48 h. Under these 
experimental conditions, representative images were captured 
and the spheres were subsequently subjected to FACS analysis. 
As displayed in Fig. 6A, GEM treatment caused at most 2‑fold 
increase in the number of cells with sub‑G1 DNA content rela-
tive to the untreated ones, which was almost in accordance with 
the results obtained from the trypan blue dye exclusion assay.

To gain an insight into understanding the molecular basis 
behind the poor response of MiaPaCa‑2 spheres to GEM, the 
expression patterns of p53 family members and their target 
genes were examined. As displayed in Fig. 6B, the amount of 
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γH2AX, which is one of the reliable molecular markers for 
DNA damage, was increased following GEM exposure in a 

dose‑dependent manner, indicating that MiaPaCa‑2 spheres 
received DNA damage. In addition, the proteolytic cleavage 

Figure 2. Lower sensitivity of p53‑mutated pancreatic cancer MiaPaCa‑2 cells to GEM. (A) MiaPaCa‑2 cells were exposed to increasing concentrations of 
GEM. Forty‑eight hours after treatment, representative images were captured. (B) WST cell survival assay. MiaPaCa‑2 cells were treated as described in (A). 
Forty‑eight hours after GEM treatment, cell viability was assessed by standard WST assay (*P<0.01). (C) Trypan blue dye exclusion assay (*P<0.01). MiaPaCa‑2 
cells were treated as described in (A). Forty‑eight hours after GEM exposure, cells were mixed with 0.4% trypan blue solution and the number of trypan 
blue‑positive (dead) cells was determined. (D) FACS analysis. MiaPaCa‑2 cells were treated as in (A). Forty‑eight hours after GEM treatment, floating and 
attached cells were collected and subjected to flow cytometric analysis. 

Figure 1. Higher sensitivity of p53‑wild‑type pancreatic cancer SW1990 cells to GEM. (A) SW1990 cells were treated with the indicated concentrations of 
GEM. Forty‑eight hours after treatment, representative images were captured. (B) WST cell survival assay. SW1990 cells were treated as described in (A). 
Forty‑eight hours after GEM treatment, cell viability was assessed by standard WST assay (*P<0.01). (C) Trypan blue dye exclusion assay. SW1990 cells were 
treated as described in (A). Forty‑eight hours after GEM exposure, cells were processed for trypan blue dye exclusion assay. The number of trypan blue‑positive 
(dead) cells was assessed (*P<0.01). (D) FACS analysis. SW1990 cells were treated as described in (A). Forty‑eight hours post treatment, floating and attached 
cells were collected and subjected to flow cytometric analysis. 
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of PARP which may be catalyzed by the activated caspase‑3, 
was detectable at 48 h after GEM treatment. For p53 family 
members, mutant p53, TAp73 and TAp63 proteins were 
upregulated in response to GEM. Since E2F‑1, which acts as 
a transcriptional activator of TAp73 (23), was significantly 
induced following GEM exposure, it is likely that E2F‑1 
is responsible for the GEM‑mediated induction of TAp73. 
Concurrently, RUNX2 remained basically unchanged regard-
less of the GEM treatment. RT‑PCR analysis demonstrated 
that GEM treatment stimulated the transcription of p53 family 
members (mutant p53 and TAp73) as well as E2F‑1 (Fig. 6C). 
By contrast, TAp63 was unaffected by GEM. For p53 
family‑target genes, GEM‑mediated transcriptional activation 
of p21WAF1 and NOXA was observed, whereas we did not detect 
a significant change in the expression levels of BAX and PUMA 
in response to GEM. As displayed in Fig. 6B, the amount of 

Figure 3. MiaPaCa‑2 cells, but not SW1990 cells, form sphere structures in vitro. (A‑C) The indicated numbers of MiaPaCa‑2 cells were cultured in conven-
tional medium containing serum (DMEM/FBS) (upper panels) or in serum‑free sphere‑forming medium (DMEM/F12/B27/bFGF/EGF) (lower panels). At the 
indicated time‑points after the incubation, representative images were captured. (D) MiaPaCa‑2 and SW1990 cells (5x105 cells/6‑well plate) were cultured in 
sphere‑forming medium. At the indicated time‑points after the incubation, representative images were captured. 

Figure 4. Elevated expression of mutant p53, TAp73 and TAp63 proteins during MiaPaCa‑2 sphere formation. MiaPaCa‑2 cells (5x105 cells/6‑well plate) 
were cultured in sphere‑forming medium (as described in Fig. 3D). At the indicated time‑points after incubation, cell lysates and total RNA were prepared 
and analyzed by immunoblotting (left panels) and RT‑PCR (right panels), respectively. Actin and GAPDH were used as a loading and an interenal control, 
respectively.

Figure 5. Poor response of MiaPaCa‑2 spheres to GEM. MiaPaCa‑2 cells 
were cultured in sphere‑forming medium and then exposed to increasing 
concentrations of GEM. At the indicated time‑points after treatment, spheres 
were collected and subjected to trypan blue dye exclusion assay (*P<0.01). 
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RUNX2 protein remained constant in the presence or absence 
of GEM, whereas GEM treatment led to a marked increase in 

RUNX2 transcription level. At present, we do not know the 
molecular mechanism(s) underlying this discrepancy.

Figure 7. Depletion of RUNX2 increases GEM sensitivity of MiaPaCa‑2 spheres. (A) RT‑PCR. MiaPaCa‑2 spheres were transfected with non‑targeting control 
siRNA or with siRNA against RUNX2. Twenty‑four hours after transfection, the spheres were treated with or without 2.5 µM of GEM. Forty‑eight hours after 
treatment, total RNA was isolated and analyzed for RUNX2 by RT‑PCR. GAPDH was used as an internal control. (B and C) RUNX2 depletion‑mediated 
enhancement of GEM sensitivity of MiaPaCa‑2 spheres. MiaPaCa‑2 spheres were transfected as described in (A). Twenty‑four hours after transfection, the 
spheres were treated with or without 2.5 µM of GEM. Forty‑eight hours after GEM exposure, (B) representative images were captured, and then (C) the spheres 
were harvested and subjected to FACS analysis (*P<0.02). 

Figure 6. GEM‑mediated upregulation of mutant p53, TAp73 and TAp63 proteins in MiaPaCa‑2 spheres. (A) MiaPaCa‑2 spheres were treated with 2.5 µM of 
GEM or left untreated. At the indicated time‑points after GEM exposure, representative images were captured (upper panels), and then spheres were subjected 
to FACS analysis (lower panels). (B and C) MiaPaCa‑2 spheres were treated as described in (A). Forty‑eight hours after treatment, cell lysates and total 
RNA were prepared and analyzed by immunoblotting (B) and RT‑PCR (C), respectively. Actin and GAPDH were used as a loading and an internal control, 
respectively. 
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Based on these expression analyses, it is probable that, 
despite GEM‑mediated stimulation of TAp73/TAp63 expres-
sion, poor response of MiaPaCa‑2 spheres to GEM may be due 
to GEM‑induced further accumulation of mutant p53 and/or 
the constitutive expression of RUNX2.

Knockdown of RUNX2 increases the GEM sensitivity of 
MiaPaCa‑2 spheres. Recently, we have revealed that RUNX2 
knockdown sensitizes MiaPaCa‑2 cells to GEM under the 
conventional 2D monolayer culture conditions  (14). To 
examine the possible impact of RUNX2 on the GEM sensi-
tivity of MiaPaCa‑2 spheres, siRNA‑mediated depletion of 
RUNX2 was performed. As displayed in Fig. 7A, RUNX2 
gene silencing was successful under our experimental condi-
tions as verified by RT‑PCR analysis. Twenty‑four hours after 
the siRNA transfection, MiaPaCa‑2 spheres were exposed 
to 2.5 µM of GEM or left untreated. Forty‑eight hours after 
treatment, representaive images were captured and spheres 
were processed for the subsequent FACS analysis. As clearly 
displayed in Fig. 7B, GEM‑induced decrease in the number of 
spheres and disruption of their multi‑cellular structures were 
augmented by RUNX2 depletion. Furthermore, FACS analysis 
demonstrated that RUNX2 knockdown increased the number 
of cells with sub‑G1 DNA content of MiaPaCa‑2 spheres in 
response to GEM compared to non‑silencing ones exposed 
to GEM (Fig. 7C). These results indicated that, similar to 2D 
monolayer cultures (14), RUNX2 gene silencing increased the 
sensitivity of MiaPaCa‑2 spheres to GEM.

RUNX2 depletion causes further augmentation of the 
GEM‑mediated accumulation of TAp63 protein in MiaPaCa‑2 
spheres. To investigate the molecular mechanism(s) by 

which RUNX2 gene silencing increased the GEM sensi-
tivity of MiaPaCa‑2 spheres, we examined the expression 
patterns of the p53 family members and their target genes 
in RUNX2‑depleted spheres in response to GEM. In support 
of the results obtained by FACS analysis, GEM‑mediated 
proteolytic cleavage of PARP was markedly stimulated in 
RUNX2‑silencing MiaPaCa‑2 spheres  (Fig.  8A). Notably, 
RUNX2 depletion augmented GEM‑induced accumulation of 
γH2AX, while, RUNX2 gene silencing had a negligible effect 
on GEM‑mediated induction of mutant p53, TAp73 and E2F‑1 
proteins. Unlike TAp73 protein, GEM‑dependent promotion 
of the TAp63 protein expression was further stimulated by 
RUNX2 knockdown. In accordance with these results, Itch 
which acts as an E3 ubiquitin protein ligase for TAp63 (24), 
was downregulated in RUNX2‑silencing spheres exposed to 
GEM. RT‑PCR analyses demonstrated that GEM‑mediated 
transcriptional activation of mutant p53, TAp73 and E2F‑1 
was unaffected by RUNX2 depletion (Fig. 8B). Among the 
p53 family‑target genes that we examined, RUNX2 knock-
down further stimulated GEM‑induced upregulation of 
p21WAF1 and NOXA. TAp63 and Itch remained unchanged 
regardless of GEM treatment or RUNX2 depletion, raising 
a possibility that TAp63 was regulated by RUNX2 at the 
protein level under sphere culture. As displayed in Fig. 9A, 
TAp63 protein was stabilized in MiaPaCa‑2 spheres in the 
presence of proteasome inhibitor MG‑132. Notably, forced 
expression of RUNX2 in MiaPaCa‑2 spheres reduced TAp63 
at the protein level but not at the mRNA level  (Fig. 9B). 
Collectively, these results demonstrated that knockdown of 
RUNX2 stabilized TAp63, potentiated TAp63‑dependent 
cell death pathway in MiaPaCa‑2 spheres, thereby increasing 
their GEM sensitivity.

Figure 8. Silencing of RUNX2 further potentiates GEM‑mediated TAp63 protein accumulation in MiaPaCa‑2 spheres. (A and B) MiaPaCa‑2 spheres were 
transfected as in described in Fig. 7A. Twenty‑four hours post transfcetion, the spheres were exposed to 2.5 µM of GEM or left untreated. Forty‑eight hours 
after treatment, cell lysates and total RNA were prepared and analyzed by (A) immunoblotting and (B) RT‑PCR, respectively. Actin and GAPDH were used as 
a loading and an internal control, respectively. 
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Discussion

In the present study, we have demonstrated that, similar to the 
conventional 2D cell culture model, RUNX2 gene silencing 
increased the GEM sensitivity of p53‑mutated pancreatic 
cancer MiaPaCa‑2 cells under the non‑adherent 3D sphere 
system. Therefore, we propose that RUNX2 may serve as a 
potential therapeutic target of pancreatic cancer.

According to our results, MiaPaCa‑2 cells poorly responded 
to GEM compared to SW1990 cells under the adherent 2D 
culture conditions. Notably, MiaPaCa‑2 cells efficiently 
formed spheres, whereas SW1990 cells did not, indicating that 
p53 status is involved in the formation of pancreatic cancer 
cell spheres. In support of this notion, p53‑mutated pancre-
atic cancer Panc‑1 cells also generated the sphere structures 
under our experimental conditions (data not shown). Recently, 
Ren et al (25) described that wild‑type p53 suppressed epithe-
lial‑mesenchymal transition (EMT) of prostate cancer cells 
through the downregulation and upregulation of the expres-
sion of mesenchymal and epithelial markers, respectively. 
Additionally, they have also revealed that prostate cancer cell 
sphere formation was markedly suppressed by wild‑type p53. 
Alternatively, Cho et al (26) successfully generated spheres 
from the adherent pancreatic cancer CFPAC‑1 and CAPAN‑1 
cells bearing p53 mutation in serum‑free medium. Based 
on their observations, CFPAC‑1 spheres highly expressed 
pro‑oncogenic PAUF (pancreatic adenocarcinoma upregu-
lated factor) relative to the adherent CFPAC‑1 cells and PAUF 
gene silencing resulted in a decrease in the number of spheres 
and an enhancement of chemotherapeutic response to GEM in 
association with downregulation of MRP5 (multidrug resistant 
protein 5) and RPM2 (ribonucleotide reductase M2). Similar 
results were also obtained in p53‑mutated pancreatic cancer 
BxPC‑3 cells (27). Notably, Di Fiore et al (28) described that 
ectopic expression of mutant p53 (R248W) in osteosarcoma 
cells promoted cancer stem cell (CSC)‑like features such as 
sphere formation, indicating that certain gain of function (GOF) 

mutants of p53 contributed to efficient sphere generation in 
the absence of serum. Therefore, it is likely that certain GOF 
mutants of p53‑induced sphere‑forming ability in malignant 
cancer cells may be one of their strategies to survive under the 
severe environments such as low nutrient. From our expression 
analyses, mutant p53 expression was elevated in MiaPaCa‑2 
spheres relative to the adherent MiaPaCa‑2 cells accompanied 
by a significant reduction in p53‑target gene transcription such 
as p21WAF1, BAX, PUMA and NOXA. Considering that mutant 
p53 acts as a dominant‑negative inhibitor against the other 
pro‑apoptotic p53 family members such as TAp73 and TAp63, 
it is possible that the collaboration of mutant p53 with PAUF 
and/or mutant p53‑dependent inhibition of TAp73/TAp63 
activity may participate in the regulatory mechanism of sphere 
formation as well as GEM resistance. Further experiments are 
required to adequately address this issue.

As suggested by Kuo et al (22), 3D sphere cultures may 
reflect the in vivo‑like microenvironments more effectively than 
the conventional 2D adherent ones. This sphere culture system 
takes into account the critical interaction of cells with their 
neighbors and their environments. According to our results, 
at most 20% of MiaPaCa‑2 spheres underwent cell death in 
response to GEM. The adherent MiaPaCa‑2 cells displayed a 
lower sensitivity to GEM than the monolayer SW1990 cells. 
Under the sphere culture conditions, GEM exposure resulted in 
an upregulation of mutant p53, TAp73, TAp63 proteins and p53 
family‑target genes such as p21WAF1 and NOXA, while, RUNX2 
protein level remained unchanged regardless of the GEM treat-
ment. As previously described (13,14), RUNX2 was capable 
of attenuating the pro‑apoptotic activity of TAp73/TAp63, 
therefore it is likely that, in addition to mutant p53, RUNX2 
prohibited TAp73/TAp63 activity under non‑adherent 3D 
cultures. In a good agreement with this notion, RUNX2 gene 
silencing improved GEM sensitivity of MiaPaCa‑2 spheres 
in association with a further augmentation of GEM‑induced 
accumulation of TAp63 protein but not of TAp73 protein. 
In contrast to MiaPaCa‑2 spheres, RUNX2 depletion in 

Figure 9. RUNX2 promotes the degradation of TAp63 protein. (A) MiaPaCa‑2 spheres were treated with DMSO or with MG‑132 (10 µM). Six hours after 
treatment, cell lysates and total RNA were prepared and analyzed by immunoblotting (upper panels) and RT‑PCR (lower panels), respectively. Lamin B and 
GAPDH were used as a loading and an interenal control, respectively. (B) MiaPaCa‑2 spheres were tranfected with the empty plasmid (pcDNA3) or with the 
expression plasmid for RUNX2. Forty‑eight hours after transfection, cell lysates and total RNA were prepared and analyzed by immunoblotting (upper panels) 
and RT‑PCR (lower panels), respectively. Actin and GAPDH were used as a loading and an internal control, respectively. 
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MiaPaCa‑2 monolayer cultures increased their GEM sensi-
tivity through the potentiation of TAp73‑dependent cell death 
pathway (14). At present, we do not know the precise molecular 
mechanisms behind RUNX2‑mediated differential regulation 
of TAp73/TAp63 under 2D and 3D sphere culture conditions.

Since RUNX2 knockdown in MiaPaCa‑2 spheres did not 
affect the TAp63 transcription level following GEM exposure, 
TAp63 may be regulated at the protein level. Indeed, TAp63 
protein was stabilized in MiaPaCa‑2 spheres treated with protea-
some inhibitor, and the overexpression of RUNX2 in MiaPaCa‑2 
spheres reduced TAp63 at the protein level. Notably, Itch which 
acts as an E3 ubiquitin protein ligase for TAp63 (24), was down-
regulated in RUNX2‑depleted MiaPaCa‑2 spheres exposed to 
GEM, indicating that the reduced expression of Itch facilitated 
the stabilization of TAp63 protein. Levy et al (29) indicated 
that Itch promoter contained the consensus RUNX‑binding site, 
and RUNX1 stimulateds the transcription of Itch. Based on our 
results, the knockdown of RUNX2 had an undetectable effect 
on Itch mRNA level, indicative that, unlike RUNX1, RUNX2 
may regulate Itch at the protein level but not at the mRNA level. 
As proposed (30), Itch was also a potential molecular target of 
chemotherapy.

Another finding of the present study was that RUNX2 
gene silencing further induced the accumulation of γH2AX 
in response to GEM. Since ATM‑mediated phosphorylation of 
histone variant H2AX is one of the early molecular events of 
DNA damage response, RUNX2 may participate in the initial 
regulatory mechanisms of DNA damage response. Recently, 
we have also observed a similar phenomenon under 2D 
cultures demonstrating that depletion of RUNX2 in MiaPaCa‑2 
cells increased the accumulation of γH2AX following 
GEM or SAHA exposure  (14,31), indicating that RUNX2 
attenuated the expansion of DNA lesions irrespective of 2D 
or 3D culture systems. Notably, Yang et al (32) described that 
RUNX2 binds to γH2AX and siRNA‑mediated knockdown 
of RUNX2 increases γH2AX in response to UV. Further 
studies are required to elucidate the functional significance of 
RUNX2/γH2AX interaction during DNA damage response.

In conclusion, the results of the present study demonstrated 
that, similar to 2D cultures, RUNX2 depletion improved GEM 
sensitivity of MiaPaCa‑2 spheres, and thus strongly indicated 
that RUNX2 gene silencing may provide a promising strategy 
for the treatment of GEM‑resistant pancreatic cancer with p53 
mutation.
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