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Purpose: To evaluate the anticancer activity of lovastatin (LOVA), mevastatin (MEVA),
pitavastatin (PITA), and simvastatin (SIMVA) in 2D and 3D models of three human pancreatic
cancer cell lines (BxPC-3, MIA PaCa-2, and PANC-1).

Methods: The effect of statins on cell viability was estimated by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide test. The activity of statins in 3D pancreatic cancer cell
cultures was examined by measuring the size change of spheroids. The type of cell death was
identified by cell staining with Hoechst 33342 and propidium iodide. The activity of statins
on the clonogenicity of cancer cells was tested by evaluating the effect on the colony-forming
ability of cells.

Results: The rank order of the activity of tested statins on cell viability was as follows:
PITA > SIMVA > LOVA > MEVA. Among the tested statins, PITA had the greatest effect on
cell viability (half maximal effective concentration values after 72 h on BxPC-3, MIA PaCa-2,
and PANC-1 cells were 1.410.4 uM, 1.0£0.2 uM, and 1.0£0.5 uM, respectively). PITA also
showed the strongest effect on tumor spheroid growth. Statins suppressed the colony formation of
cancer cells. PITA demonstrated the greatest reduction in colony size and number. Apoptosis and
necrosis assay results showed that at lower concentrations statins mostly induced cell death through
apoptosis, whereas higher concentrations of compounds activated also necrotic processes.
Conclusion: Statins, especially PITA, demonstrate an anticancer activity against pancreatic
cancer cell lines BXPC-3, MIA PaCa-2, and PANC-1 in both 2D and 3D models.
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Introduction

Pancreatic cancer is one of the deadliest cancers. Usually it is diagnosed at a late stage,
and the efficacy of treatment is limited by the resistance to chemotherapy. According
to the International Agency for Research on Cancer, there were more than 337,000
new cases of pancreatic cancer around the world in 2012. It is predicted that over the
next two decades, the number of pancreatic cancer cases will increase by 70%.' The
S-year survival rate for patients with pancreatic cancer is about 5%? and the median
survival for patients with metastatic cancer is 2.8—5.6 months.?

Statins, also known as 3-hydroxy-3-mehylglutaryl coenzyme A reductase
(HMG-CoA) inhibitors, are a class of medicines that are used to treat hypercholes-
terolemia by inhibiting cholesterol synthesis.* Also, their anticancer activity has been
widely investigated. By inhibiting HMG-CoA reductase, statins reduce the synthesis
of isoprenoids — geranylgeraniol and farnesylfarnesol.’ These substances bind to Ras
protein, which is involved in signaling pathways essential for cell growth, proliferation,
differentiation, and cancer development.®” Lack of isoprenoids leads to Ras protein
inactivation, perturbation of cell signaling, and tumor regression.® Based on the results of
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the recent studies, we analyzed the activity of four lipophilic
statins from different classes (I class: lovastatin (LOVA),
mevastatin (MEVA), and simvastatin (SIMVA); and II
class: pitavastatin (PITA)) in 2D and 3D human pancreatic
cancer cell (BxPC-3, MIA PaCa-2, and PANC-1) cultures.

Materials and methods

Materials

MEVA and LOVA were bought from Alfa Aesar (Ward
Hill, MA, USA). SIMVA and PITA calcium were purchased
from Abcam (Cambridge, UK).

Cell cultures

Human pancreatic cancer cell lines BxPC-3, MIA PaCa-2,
and PANC-1 were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Human foreskin
fibroblast cells CRL-4001 labeled with green fluorescent
protein (HF-GFP) were kindly provided from Dr Ramiinas
Valiokas (Center for Physical Sciences and Technology,
Department of Nanoengineering). This cell line was origi-
nally purchased from ATCC. BxPC-3 cells were grown in
Roswell Park Memorial Institute 1640 GlutaMAX medium,
MIA PaCa-2 and PANC-1 cell lines were cultured in
Dulbecco’s Modified Eagle’s Medium GlutaMAX medium.
Both media were supplemented with 10,000 U/mL penicillin,
10 mg/mL streptomycin, and 10% fetal bovine serum.
HF-GFP cells were grown in Medium 106 with Low Serum
Growth Supplement. Media and supplements were purchased
from Gibco (Carlsbad, CA, USA). Cells were maintained in
a humidified atmosphere containing 5% CO, at 37°C.

Cell viability

To determine the effect on cell viability, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich
Co., St Louis, MO, USA) assay was performed. BxPC-3,
MIA PaCa-2, and PANC-1 cells were seeded in 96-well
plates in a volume of 100 UL (5,000 cells/well). After 24 h
preincubation, the cells were treated with 100 puL of different
concentrations of statins. Only medium without cells was
used as a positive control, and the medium with 0.5% DMSO
(Sigma-Aldrich Co.) served as a negative control. After 24,
48, and 72 h the cells were incubated for 3 h with the MTT
solution (Sigma-Aldrich Co.). The absorbance was measured
at wavelengths of 570 and 630 nm.

Spheroid growth

Spheroids were formed from BxPC-3, MIA PaCa-2, and
PANC-1 cells by 3D Bioprinting method.” The cancer cells
were mixed with human fibroblasts (1:1) to better represent

the tumor microenvironment because noncancer cells, like
fibroblasts, endothelial, immune cells (eg, monocytes, neutro-
phils, and lymphocytes), and extracellular matrix components
(eg, proteoglycans, glycosaminoglycans, and collagens)
play an important role in cell signaling, tumor growth and
development.'®!! The cells were incubated with nanoparticles
NanoShuttle (Nano3D Biosciences Inc., Houston, TX, USA)
for 8—10 h. Then cells were resuspended and seeded into ultra-
low attachment 96-well plates in a volume of 100 uL (2,000
pancreatic cancer cells and 2,000 human fibroblasts per well).
The plate was placed on a magnetic drive and incubated in
a humidified atmosphere containing 5% CO, at 37°C until
spheroids were formed. After 2 days of incubation, the photos
of spheroids were taken and the medium was replaced by new
medium containing 5, 10, and 20 UM of statins. Photos were
taken every 48 h, and medium was replaced every 96 h.
The effect of statins in 3D pancreatic cancer cell cultures
was examined by measuring the size change of spheroids
using Imagel] software (National Institutes of Health).

Cell colony formation
BxPC-3, MIA PaCa-2, and PANC-1 cells were seeded in
12-well plates in a volume of 1 mL (100 cells/well) and
treated with 100 UL of 10 and 90% half maximal effective
concentration (EC, ) of statin solutions. Cells were incubated
in a humidified atmosphere containing 5% CO, at 37°C.
After 12 days, the cells were rinsed with phosphate-
buffered saline (PBS, Gibco) and fixed with 4% paraform-
aldehyde (Thermo Scientific, Waltham, MA, USA) solution
in PBS for 15 min. Then the cells were rinsed with PBS two
more times, incubated with 0.1% aqueous crystal violet solu-
tion for 15 min, and washed with sterile deionized water.
Pictures were taken using G:BOX gel documentation
system (Syngene International Ltd, Bengaluru, India) and
Genesys software (Syngene International Ltd). The number
and percentage area of colonies were calculated.

Type of cell death

Pancreatic cancer cells were seeded in 24-well plates in
a volume of 0.5 mL (1,500 cells/well) and incubated in
a humidified atmosphere containing 5% CO, at 37°C for
24 h. After incubation, cells were treated with 10, 50, and
90% EC, of statins. After 72 h, cells were rinsed with PBS
and the medium was replaced with the fresh one. 3 UL of
10 mg/mL Hoechst 33342 aqueous solution and 1 uL of
1 mg/mL propidium iodide were added into each well and
cells were incubated for 10 min. The type of cell death was
examined by fluorescence microscopy, and the percentage
number of apoptotic and necrotic cells was calculated.
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Statistical analysis

Statistical analysis was performed using Microsoft Office
Excel 2007 software (Microsoft Corporation, Redmond, WA,
USA). All the experiments were done in at least triplicate
independent measurements and the obtained values were
reported as mean * standard deviation. Student’s 7-test was
used and p-values were calculated. A value of p<<0.05 was
considered as the level of significance.

Results

Statins inhibit proliferation of pancreatic
cancer cells

Among tested statins, PITA had the greatest effect on
cell viability (EC,  values after 72 h on BxPC-3, MIA
PaCa-2, and Panc-1 were 1.4+0.38 uM, 1.0£0.17 uM, and
1.020.54 uM, respectively) (Figure 1A). The rank order

of the activity of tested statins on cell viability was as
follows: PITA > SIMVA > LOVA > MEVA. There was
no significant difference on cell proliferation between all
three cell lines. Moreover, statins showed a profile similar to
antimetabolites,'? ie, even at high concentrations they did not
kill the cells immediately. Significant cytotoxic effect was
determined only after 48 or 72 h (Figure 1B and C).

Statins affect the growth of pancreatic

cancer cell spheroids

BxPC-3 formed small compact spheroids, whereas PANC-1
and MIA PaCa-2 spheroids were bigger and irregular in
shape. The strongest spheroid size reduction in all three cell
lines was caused by PITA. SIMVA was less potent, while
LOVA and MEVA showed the lowest activity (Figure 2).
BxPC-3 spheroids incubated with 20 UM concentration
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Figure | Activity of statins on cell viability.

Notes: (A) The EC50 values of LOVA, MEVA, PITA, and SIMVA after 72 h in different cell lines. (B) Effect of PITA on the viability of BxPC-3 cells after 24, 48, and 72 h of
incubation. (C) Effect of PITA on the viability of MIA PaCa-2 cells after 24, 48, and 72 h of incubation.
Abbreviations: EC,, half maximal effective concentration; LOVA, lovastatin; MEVA, mevastatin; PITA, pitavastatin; SIMVA, simvastatin.
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Notes: (A) Changes in spheroid size caused by 20 UM statins. (B) Effect of different concentrations of statins on the spheroid size after 18 days of incubation. Magnification 100x.
Abbreviations: d, days; LOVA, lovastatin; MEVA, mevastatin; PITA, pitavastatin; SIMVA, simvastatin.

statins and 5 UM PITA and SIMVA started to disintegrate
after 2 days of incubation. The most intense size reduction
was from the second till the 6th day (Figure 3A).

In contrast to BXxPC-3 3D cultures, the size of MIA
PaCa-2 spheroids was gradually increasing. From the begin-
ning of experiment, all four statins at 20 WM concentration,
and PITA and SIMVA at 1 and 5 UM concentration, sig-
nificantly inhibited the growth of spheroids. On the eighth
day, MIA PaCa-2 spheroids incubated with 5 and 20 uM of
PITA and 20 uM of SIMV A were completely disintegrated
(Figure 3B).

Similar results were found in PANC-1 3D cultures.
Spheroids incubated with 5 and 20 UM of PITA started to
disintegrate on the fourth day of the experiment. On the
eighth day, they were, respectively, 1.3 and 1.6 times smaller
compared to the control (Figure 3C).

Statin effect on the reduction in colony
formation in MIA PaCa-2 and PANC-|
cells is greater than in BxPC-3 cells

Statins had a similar activity on MIA PaCa-2 and PANC-1
cell colony formation, but they were less potent in the case
of BXxPC-3 cell line (Figure 4A). PITA demonstrated the
greatest effect both on the reduction of number and area of

colonies, while MEVA, LOVA, and SIMVA had a similar
activity. Only PITA significantly decreased the number of
BxPC-3 cell colonies (Figure 4B). However, the BxPC-3
cell colony size was reduced by all statins: PITA, SIMVA,
and MEVA reduced it 2.3, 1.3, and 1.3 times, respectively
(Figure 4C). In the case of MIA PaCa-2 cell line, 90% EC,
of PITA reduced the area of colonies from 13.2% to 0.2%.
Also, it completely killed PANC-1 cells.

The effect of statins on cell apoptosis and

necrosis is concentration-dependent

We found that at low concentrations (10% of EC,)), sta-
tins caused neither apoptosis nor necrosis of cancer cells,
while at higher concentrations (50% and 90% of EC, ) the
number of apoptotic cells in all three cell lines significantly
increased (Figure 5A). Moreover, statins at concentra-
tions close to 90% of EC

50
processes. Intensity of apoptosis and necrosis was depended

started activating the necrotic

not only on the concentration of statins, but on the cell line
too. The greater number of apoptotic and necrotic cells was
determined in MIA PaCa-2 and PANC-1 cell lines than in
BxPC-3 cells. Also, different results among statins were
observed. PITA showed the strongest effect on induction of
the apoptosis in BxPC-3 and PANC-1 cell lines (Figure 5B).
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Figure 3 Effect of 20 UM statins on the size of BxPC-3 (A), MIA PaCa-2 (B), and PANC-1 (C) spheroids (n=8).

Note: The asterisks (¥) indicate p<<0.05.

Abbreviations: LOVA, lovastatin; MEVA, mevastatin; PITA, pitavastatin; SIMVA, simvastatin.

On the other hand, no difference among statins was found in
MIA PaCa-2 cell line. PITA and SIMVA caused the highest
necrosis rates in PANC-1 cells, while there was no significant
difference in the number of necrotic cells in other two cell
lines (Figure 5C).

Discussion

Recent studies show that statins exert antineoplastic effects
against multiple types of cancer, such as breast,'* colon,'
and prostate cancer.”” According to other studies, statins
have antiproliferative activity;'¢ they induce apoptosis by
activation of caspases!” and proapoptotic proteins such as
Bax'® and by reduction of antiapoptotic proteins such as
Bcl-2 and Bel-x1." Furthermore, they exert antimetastatic
effects.?’ It was shown that only lipophilic, not hydrophilic
statins, such as rosuvastatin and pravastatin, possess the
anticancer activity.'®?!

In our study, PITA showed the highest anticancer
activity. These results are consistent with the findings of
Istvan and Igel that PITA is the most effective inhibitor
of HMG-CoA reductase compared to other three statins:
SIMVA and LOVA are slightly less potent and MEVA
has the weakest enzyme inhibitory activity.?>? It is also
known that due to their structural characteristics, type II
statins, including PITA, form more interactions with HMG-
CoA reductase and have a stronger binding affinity to this
enzyme, compared to type I statins, such as SIMVA, LOVA,
and MEVA.*

PITA has also been reported to possess a strong anti-
proliferative activity against other cancer lines. According
to Jiang, PITA, as well as cerivastatin, triggered the most
pronounced inhibitory effect on proliferation of glioblastoma
and breast cancer cells: after 72 h, EC; values in different
cell lines varied from 0.1 to 7.3 uM.»
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Figure 4 Effect of statins on colony formation of cancer cell lines.

Notes: (A) Representative images of colonies formed after 12 days of treatment with 90% of EC, of statins. The scale bar is equal to 5 mm. (B) Average number of colonies
counted. (C) The percentage of area covered by stained cell colonies. The asterisks (*) indicate p<<0.05.
Abbreviations: EC,, half maximal effective concentration; LOVA, lovastatin; MEVA, mevastatin; PITA, pitavastatin; SIMVA, simvastatin.

The correlation was noticed between the results in 2D
(MTT test) and 3D cell culture models (tumor spheroids):
PITA had the strongest effect on spheroid growth, SIMVA
and LOVA were less potent, and MEV A showed the weakest
activity. However, statins had greater potency in 2D mono-
layer cultures than in 3D spheroid cultures. Longati et al*
have found that some drugs such as gemcitabine, alicin, or
microtubule inhibitors also exerted weaker activity in 3D
cell cultures compared to those in 2D.

To our knowledge, no studies have been conducted
to evaluate the effects of statins on the colony formation
of human pancreatic cancer cells. Nevertheless, there are
some data showing that statins reduce the colony forma-
tion of various other types of cancer cells. You et al*” have
found that 0.5 and 1 uM concentrations of PITA inhibit the
colony formation of hepatic cancer cells. Also, Jung et al*®
determined that 0.1 uM concentration of SIMVA suppress
the clonogenicity of breast cancer cell lines.

Furthermore, in our study we found that statins induce cell
death mostly through apoptosis. However, at concentrations
close to 90% of determined EC, values, necrotic processes
become activated too. In other research, it has been estimated
that 10 uM SIMV A induced apoptosis of colon cancer cells,
whereas 50 UM SIMV A significantly increased the number of
late apoptotic and necrotic cells.'* According to the literature,
lipophilicity of statins is essential to trigger cell apoptosis.
Kato and Smalley® found that lipophilic statins LOVA and
SIMVA at concentrations of 1 and 10 uM caused apoptosis
of ovarian and cervical cancer cells; however, hydrophilic
statin pravastatin did not show this effect.

Conclusion

In conclusion, statins exert anticancer activity in pancreatic
cancer cell lines. The most potent and the most promising
statin was PITA, for which it is worth carrying out further
comprehensive studies of anticancer therapy.
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