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Abstract: Pancreatic cancer is characterized by K-Ras mutations in over 90% of the cases. The mutations make the 
tumors aggressive and resistant to current therapies resulting in very poor prognoses. Valiant efforts to drug mutant 
K-Ras and related proteins for the treatment of cancers with Ras mutations have been elusive. The need thus per-
sists for therapies to target and suppress the hyperactive K-Ras mutant proteins to normal levels of activity. Polyiso-
prenylated cysteinyl amide inhibitors (PCAIs) of polyisoprenylated methylated protein methyl esterase (PMPMEase) 
were designed to disrupt polyisoprenylated protein metabolism and/or functions. The potential for PCAIs to serve 
as targeted anticancer agents for pancreatic cancer was evaluated in pancreatic ductal adenocarcinoma (PDAC) 
cell lines expressing mutant (MIAPaCa-2 and Panc-1) and wild type (BxPC-3) K-Ras proteins. The PCAIs inhibited 
MIAPaCa-2 and BxPC-3 cell viability and induced apoptosis with EC50 values as low as 1.9 µM. The PCAIs, at 0.5 µM, 
inhibited MIAPaCa-2 cell migration by 50%, inhibited colony formation and disrupted F-actin filament organization. 
The PCAIs blocked MIAPaCa-2 cell progression at the G0/G1 phase. These results reveal that the PCAIs disrupt per-
tinent biological processes that lead to pancreatic cancer progression and thus have the potential to act as targeted 
effective treatments for pancreatic cancer. 
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Introduction 

Although pancreatic cancer is the twelfth most 
diagnosed cancer, its aggressive nature and 
lack of effective therapies makes it the fourth 
most deadly cancer in the United States, and 
based on current trends, it is expected to 
become the second leading cause of cancer-
related deaths by 2020 [1]. The abysmal five-
year survival rates of less than 5% implies that 
53,070 new pancreatic cases are projected in 
2016 while as much as 41,780 are expected to 
die from it [2-4]. In the absence of new tools for 
early diagnosis and novel targeted and more 
effective therapies, the prognosis for PDAC is 
certain to remain poor. The poor prognoses 
associated with pancreatic cancers are linked 
to resistance to most therapies due mainly to 
mutations in the tumor suppressor genes p53, 
p16 and Smad4, and most importantly the Ras 

proto-oncogene that regulates cell growth, sur-
vival and proliferation [5]. The monomeric 
G-protein family of proteins, which includes 
Ras, function as molecular switches. They cycle 
through the activated GTP-bound and the inac-
tivated GDP-bound states following GTP hydro-
lysis using their intrinsic GTPase activities [6]. 
This GTPase activity is abrogated in the hyper-
active mutant forms of the Ras proteins that 
drive the vast majority of pancreatic cancer 
cases [7]. The perpetual growth signaling by the 
GTP-bound mutant proteins makes the tumors 
resistant to drugs such as the monoclonal anti-
bodies and tyrosine kinase inhibitors that are 
directed mainly at such upstream targets as the 
epidermal growth factor receptor. Targeted dis-
ruption of Ras metabolism and/or functional 
interactions in tumors with mutant Ras is desir-
ous as a counter measure to these deleterious 
hyperactive effects. 
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For about three decades, the essential polyiso-
prenylation pathway modifications have attract-
ed most of the drug discovery and development 
attempts to drug oncogenic Ras [8]. To this 
effect, the initial step involving the coupling of 
the polyisoprenyl moiety to the mercapto group 
of cysteine catalyzed by polyisoprenyl transfer-
ase attracted the most attention, with some 
polyisoprenylation inhibitors undergoing clini-
cal trials [9]. Inhibitors of Ras converting 
enzyme-1 [10, 11] and polyisoprenylated pro-
tein methyl transferase (PPMTase) [12] have 
also been developed for potential anticancer 
uses. Some of the polyisoprenylated com-
pounds that were initially developed as 
PPMTase inhibitors were subsequently demon-
strated to dislodge Ras from plasma mem-
branes thereby perturbing its growth signaling 
activity [8, 13-17]. Despite these efforts, can-
cers with K-Ras mutations continue to be a 
major burden. A more recent approach has tar-
geted PMPMEase, a partner enzyme of the last 
and only reversible step of the pathway. This 
approach takes into account a prior observa-
tion that the methylation step may functionally 
regulate polyisoprenylated protein function 
[18]. We previously purified and identified 
PMPMEase as a serine esterase with a hydro-
phobic active site as was expected from the 
substrate specificities studies and irreversible 
inhibition with mechanism-based inactivators 
[19, 20]. More rigorous substrate kinetics stud-
ies clearly indicated the preference of the 
enzyme for polyisoprenylated substrates [21, 
22]. The results from these studies were 
employed in the design of targeted mechanism-
based irreversible inhibitors that were then 
used to demonstrate the pertinent role of 
PMPMEase in regulating cell growth and sur-
vival [23]. Other studies using various classes 
of synthetic and endogenous compounds have 
been used to demonstrate that PMPMEase 
inhibition suppresses various cellular events 
that promote cancer progression [24-26]. That 
PMPMEase metabolizes and modulates poly-
isoprenylated protein function has recently 
been reported by another group [27]. Recently, 
we reported on the synthesis of the PCAIs with 
significant apoptotic effects on pancreatic can-
cer cell lines [28]. The present manuscript 
expands on these initial findings by demon-
strating that the PCAIs inhibit various biological 
phenomena that promote tumor growth, cell 

migration and invasion in cell lines that harbor 
various Ras mutational. 

Materials and methods

Materials

Human pancreatic adenocarcinoma BxPC-3, 
MIAPaCa-2, Panc-1, HPAF II and embryonic kid-
ney HEK-293 cell lines were purchased from 
ATCC (Manassas, VA). Dulbecco’s minimum es- 
sential medium (DMEM), RPMI 1640 medium 
and Dulbecco PBS buffer (DPBS) were pur-
chased from Invitrogen (Carlsbad, CA). Fetal 
bovine serum (FBS), penicillin and streptomycin 
were purchased from Atlanta Biological (Atla- 
nta, GA). CellTiter-Blue Cell Viability Assay reag- 
ents were purchased from Promega (Madison, 
WI). Calcein AM was from Life Technologies 
(Waltham, MA). LifeAct-TagRFP plasmid was 
purchased from Ibidi (Verona, WI).

Cell culture

BxPC-3 cells were grown in RPMI 1640 medium 
while MIAPaCa-2, Panc-1, HPAF II and HEK-293 
cells in DMEM. The growth media were supple-
mented with 10% heat inactivated FBS, 100 U/
mL penicillin and 100 μg/mL streptomycin. 
Cells were cultured in a 5% CO2/95% humidified 
airflow incubator maintained at 37°C and sub-
cultured when 80-90% confluent. Unless other-
wise stated, assays were conducted with exper-
imental media containing 5% FBS.

Effect of PCAIs on cell viability

Cells (10,000/well) were plated in 96-well 
plates containing 100 μL experimental media 
per well and treated for 48 h with 0-50 μM of 
each of the PCAIs dissolved in Dulbecco PBS. 
Control cells were treated with equivalent vol-
umes of Dulbecco PBS. The treatments were 
repeated after 24 h. To determine the effects 
on cell viability, 20 μL of 0.02% resazurin 
reagent prepared in Dulbecco PBS was added 
to each well at the end of the 48 h treatment. 
After 2 h incubation, fluorescence was mea-
sured at an excitation wavelength of 560 nm 
and a detection wavelength of 590 nm using 
the FLx 800 Microplate Fluorescence Reader 
from BioTek (Winooski, VT). The EC50 values 
were determined from the non-linear regres-
sion plots of the logs of the PCAIs concentra-
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tions against cell viability using Graph Pad 
Prism 5 software (San Diego, CA).

Effect of PCAIs on cell proliferation

Cells (5,000/well) were plated in 96-well plates 
for 24 h and the viability of cells in 8 of the wells 
was determined using CellTiter-Blue Cell Via- 
bility Assay kit as previously described [24] to 
be used as the baseline relative fluorescence 
unit (RFU) value at the onset of the treatments. 
The cells in the remaining wells were treated for 
48 h and the viabilities similarly determined. 
Cell proliferation was computed as follows: Cell 
proliferation = 5000 cells × (RFU of treated 
cells after 48 h - RFU of untreated cells at 0 h)/
(RFU of untreated cells at 0 h).

Effect of PCAIs on cell survival and colony 
formation

MIAPaCa-2 cells (500; 1,000; 20,000 and 
50,000/well) were plated in triplicates in 6-well 
plates for 24 h. The cells were treated with 
PCAIs at the onset and repeated 24 h after the 
initial treatment. Thereafter, growth medium 
was replaced every 3 days until visible colonies 
were observed (10-14 days). The medium for 
each well was replaced with 1 mL of 0.07% glu-
taraldehyde and incubated for 30 min at room 
temperature to fix the viable cells. Dead cells 
were rinsed off with distilled water and the 
wells air-dried for 30 min with the aid of hood 
vents. Crystal violet solution (0.1%, 1 mL) was 
added to each well and incubated for 30 min 
before rinsing several times with distilled water. 
The plates were air-dried at room temperature 
for 2 h and photographed. The fluorescent crys-
tal violet dye taken up by the live cells was solu-
bilized by the modified method published by 
Gillies et al. [29]. Briefly, cells that picked up the 
dye were distained with 1 mL solution of 0.05 
M NaH2PO4 (in a 1:1 mixture of distilled water 
and ethanol) and quantified at 540 nm in a 
plate reader (Bio-Tek EL800). Cell survival was 
calculated as the percentages of the fluores-
cence values of the treated cells relative to 
those of the untreated controls. In another 
experiment, cells were treated as described 
above and after imaging the plates, colonies 
containing 50 or more cells were counted using 
a multifunctional colony counter (e-count, Ver- 
non Hills, IL). The plating efficiency (PE) was cal-
culated as [number of colonies formed/number 
of cells seeded] × 100 for the untreated wells. 

The surviving fraction (SF) was calculated as 
follows: SF = (number of colonies formed after 
treatment/number of cells seeded) × PE as pre-
viously reported [30]. 

Mechanism of PCAIs-induced cell death

Two methods were used to determine the mode 
of the observed PCAIs-induced cell death. The 
first method was the modified acridine orange/
ethidium bromide (AO/EB) staining method 
[31]. Briefly, exponentially growing BxPC-3 or 
MIAPaCa-2 cells were harvested using trypsin-
EDTA and 5,000 cells seeded per well in 8-well 
Lab-Tech tissue culture chamber slides and 
incubated for 24 h in experimental medium 
containing 5% FBS. Thereafter, cells were treat-
ed either with PBS (controls) or with 0-2 µM of 
NSL-BA-056 at the onset and again after 24 h 
later. After 48 h exposure to the test compound, 
the cells were stained with AO/EB (10 mg/mL) 
and images of the cells were captured using an 
Olympus fluorescent microscope (20 × objec-
tive) with a 480/30 nm excitation filter fitted 
with an Olympus DP70 camera.

In another study, Annexin V, a calcium-depen-
dent phospholipid-binding protein with a high 
affinity for phosphatidylserine (PS) was used to 
further assess the mechanism of cell death. 
Briefly, 5 × 105 cells were seeded into six-well 
culture plates (Costar Corning, NY) and cul-
tured for 24 h in experimental medium contain-
ing 5% FBS. Thereafter, the cells were treated 
with 0-2 µM NSL-BA-055 and incubated for 48 
h. The cells were harvested using trypsin-EDTA, 
washed and stained with the BD Pharmingen 
Annexin V-propidium iodide FITC apoptosis re- 
agents according to the manufacturer’s proto-
col. Briefly, cells were washed twice with Dul- 
becco PBS maintained at 4°C and re-suspend-
ed in 100 µL of binding buffer solution in a 5 
mL culture tube. Annexin V and propidium 
iodide (5 µL each) were added and gently stirred 
before incubating in the dark at room tempera-
ture for 15 min. Binding buffer (400 µL) was 
added to each tube and the cells analyzed for 
apoptosis using the Becton Dickinson FACS- 
Calibur flow cytometer (San Jose, CA, USA). For 
each sample, a total of 10,000 individual 
events from the gated subpopulation were sep-
arately analyzed. CellQuest software was used 
for acquisition and analysis of the data and the 
percentage of cells in each phase was deter-
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mined with ModFit 3.0 software (Verity Soft- 
ware House, Topsham, ME). The percentage of 
cells in each phase was plotted using the 
GraphPad Prism 5 as shown in the results. 

Effect of the PCAIs on the cell cycle progres-
sion

The effect of PCAIs on pancreatic cancer cell 
progression was investigated using the C6 
Accuri flow cytometer (Accuri Cytometers, Ann 
Arbor, MI). MIAPaCa-2 cells (1 × 106 per well) 
were seeded overnight in experimental medium 
containing 5% FBS before treating with 0-10 
μM NSL-BA-055 at the onset, followed by a 
repeat treatment 24 h later. The cells were 
incubated over 5% CO2 at 37°C. At 48 h from 
the onset of treatment, the cells were trypsin-
ized, and centrifuged at 2500 rpm for 10 min at 
room temperature. Each pellet was re-sus-
pended in 1 mL of cold PBS, centrifuged at 
2500 rpm for 5 min and the supernatant 
decanted. Modified Vindelov’s reagent (500 μL 
from a mixture consisting of 100 mL PBS, 1 mg 
Ribonuclease A, 7.5 mg propidium Iodide) [32] 
was added to each tube after which they were 
gently mixed and incubated overnight in the 
dark at 4°C. The phase distribution of the cells 
was analyzed within 24 h using the C6 Accuri 
flow cytometer. A total of 10,000 events from 
the gated subpopulation were separately ana-
lyzed from each sample. C6 Accuri flow cytom-
eter software was used for the acquisition and 
analysis of the data. The percentage of cells in 
each phase was determined in the gated popu-
lation of singlet cells and plotted using the 
GraphPad Prism 5.

Effect of PCAIs on pancreatic cancer cell mi-
gration and invasion

The wound healing/scratch method was used 
to determine the effect of PCAIs on MIAPaCa-2 
cell motility. The cells (1 × 106/well) were seed-
ed in six-well culture plates in medium contain-
ing 10% FBS and placed in 5% CO2/95% humid-
ified airflow incubator maintained at 37°C. The 
medium was replaced every 48 h and 4 days 
after, 99% confluent monolayer of cells was 
observed. The wounds were created on the 
monolayers by introducing three uniform 
straight scratches on the surface of each well. 
Cell debris were washed with Dulbecco PBS 
and growth medium containing 10% FBS was 

added. Images of the wounds were taken imme-
diately with an Olympus DP70 microscope. The 
wounded monolayers of cells were then treated 
with 0-2 µM of NSL-BA-055. Images were cap-
tured and documented at 12 and 24 h time 
intervals. Prior to capturing the images at the 
24 h interval, cells were stained with Calcein 
AM (for better visualization and demarcation of 
wounds). The pictures were analyzed by count-
ing the number of cells that migrated into the 
wounded areas using NIH ImageJ software 
(http://rsb.info.nih.gov/ij/).

In another experiment, MIAPaCa-2 cells were 
cultured to about 90% confluent and starved 
for 12 hours. The Matrigel invasion chambers 
(inserts) were hydrated per manufacturer’s pro-
tocol by placing 0.5 mL of serum-free DMEM 
(1x) in the top chambers and 0.75 mL in the 
bottom chambers for at least 2 h in humidified 
5% CO2 cell culture incubator maintained at 
37°C. After hydration, 50,000 cells in 500 µL 
were added to the top chamber with or without 
NSL-BA-055. Growth medium with 10% FBS 
was added to the bottom chamber of each well 
and the invasion device incubated for 24 h. The 
cells were washed with PBS and fixed with 3.7% 
formaldehyde for 20 minutes. They were then 
rinsed with PBS and permeabilized with 100% 
methanol for 20 minutes at room temperature. 
After rinsing with PBS, the cells were stained 
with 0.1% crystal violet for 1 h. The invasion 
chamber inserts were rinsed at least 3 times 
with Dulbecco PBS and finally in deionized 
water. Cells at the top of the Matrigel mem-
branes that did not migrate were removed with 
wetted cotton swaps. The invaded cells at the 
bottom side of the membranes were observed 
with an Olympus phase contrast microscope 
using a 20 × objective and images obtained 
with an Olympus DP70 camera. The captured 
images of invaded cells were analyzed using 
NIH ImageJ software and plotted as the mean 
numbers of migrated cells versus NSL-BA-055 
concentration.

Effect of PCAIs on F-actin filament organization

MIAPaCa-2 cells were transfected with the 
LifeAct-TagRFP plasmid obtained from Ibidi, 
according to the manufacturer recommenda-
tions. The plasmid harbors a gene that encodes 
for a protein that fluoresces red upon interac-
tion with F-actin [33]. Briefly, MIAPaCa-2 cells in 
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a 75 cm2 culture flask at more than 90% con- 
fluent were transfected with the plasmid using 
20 μL of Lipofectamine obtained from Invitro- 
gen (Grand Island, NY) per manufacturer’s rec-
ommendation. Transformed cells selected us- 
ing G418, antibiotic [34] were treated with 0-5 
µM of either NSL-BA-055 or NSL-BA-056 for 24 
h and the Nikon Eclipse Ti Microscope with 
time-lapse was used to capture images at 0, 6, 
12, 18, and 24 h after treatment. The NIS-Ele- 
ments software was used to measure the sur-
face areas of at least ten cells per captured 
image for at least 4 images of each treatment 
concentration. 

Statistical analysis

All results were expressed as the means ± SEM 
for N = 4. Data were analyzed using one-way 
analysis of variance (ANOVA). Statistical differ-
ences between control and treated groups 
were determined either by Dunnett’s post-test 
comparisons or Tukey post-test comparisons. 
Significance was defined as *P < 0.05; **P < 
0.01 and ***P < 0.001. The concentrations 
that inhibited 50% of the activities (EC50) were 
obtained from nonlinear regression curves 
using GraphPad Prism version 5.0 for Windows 
(San Diego, CA). 

Results

PCAIs selectively inhibit human pancreatic 
cancer cell viability and proliferation

Previous studies on the effects of PCAIs on cell 
viability indicated that NSL-BA-036, NSL-

BxPC-3, and human embryonic kidney (HEK-
293) cells were used. As shown in Figure 1B, 
there was a concentration-dependent decre- 
ase in viability with increasing concentrations 
of the PCAIs. The results (Figure 1B and Table 
1) show that NSL-BA-055 was the most effec-
tive with EC50 values of 2.4, 1.9 and 2.0 µM for 
MIAPaCa-2, Panc-1 and BxPC-3 cells, respec-
tively. On the contrary, the EC50 value for NSL-
BA-055 against HEK-293 was in excess of 50 
µM (Figure 1). The EC50 values for the standard 
pancreatic cancer drugs, gemcitabine and erlo-
tinib, were also in excess of 50 µM (Figure 1B 
and Table 1). Figure 2 shows the anti-prolifera-
tive effect of the PCAIs against MIAPaCa-2 and 
BxPC-3 cells. Some of the untreated control 
BxPC-3 and MIAPaCa-2 cells more than tripled 
in number within 48 h. However, cells treated 
with PCAIs showed a concentration-dependent 
reduction in cell proliferation with cell numbers 
decreasing as the concentration of the PCAIs 
increased. The concentrations of the PCAIs that 
inhibited 50% of the growth (GI50 values) were 
0.35 µM for BxPC3 cells and 0.40 µM for 
MIAPaCa-2 cells treated with NSL-BA-055 and 
0.60 µM for both BxPC3 and MIAPaCa-2 cells 
treated with NSL-BA-056 (Table 2). The PCAIs 
are thus capable of halting pancreatic cell pro-
liferation at low micro- to sub-micromolar con-
centrations. These results show that PCAIs are 
several-fold more effective at halting the growth 
and killing of pancreatic cancer cells than the 
currently marketed pancreatic cancer drugs. 
Furthermore, the PCAIs are more selectively 
toxic to pancreatic cancer cells than the normal 
embryonic kidney cells.

Figure 1. PCAIs inhibit the viabilities of human pancreatic cancer cells. A: Chemical structures of the PCAIs showing 
their relationship to the polyisoprenyl secondary modifications on proteins. B: Cultured MIAPaCa-2, Panc-1, BxPC-3 
and HEK-293 cells were treated for 48 h as described in the methods with the indicated concentrations of PCAIs, 
erlotinib and gemcitabine. The cell viabilities were evaluated using the resazurin reduction fluorescence assay. The 
results are the means (± SEM, N = 4) and are representative of four independent determinations. 

Table 1. Relative inhibition of pancreatic cancer and nor-
mal cell viabilities by the PCAIs and compared to current 
therapies

EC50 (µM)
MIAPaCa-2 Panc-1 BxPC-3 HPAF-II HEK-293

NSL-BA-036 4.4 2.6 3.3 15 26
NSL-BA-040 3.4 1.8 2.4 9.9 8
NSL-BA-055 2.4 1.9 2.0 2.1 > 50
NSL-BA-056 5.1 3.3 7.3 11 24
Erlotinib > 50 ND ND > 50 ND
Gemcitabine > 50 ND ND > 50 ND

BA-040, NSL-BA-055 and NSL-BA- 
056 were very effective against MI- 
APaCa-2 cells [28]. In the current 
study, these PCAIs were used to fur-
ther investigate their effectiveness 
against a range of biological phenom-
ena that promote cancer progression. 
First, we investigated whether PCAIs 
(Figure 1A) preferentially inhibit the 
viability of different cancer cells of 
pancreatic origin compared to trans-
formed human embryonic kidney 
cells. Three human pancreatic cancer 
cell lines, MIAPaCa-2, Panc-1 and 
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PCAIs inhibit colony formation and cell survival

To investigate the ability of PCAIs at inhibiting 
human pancreatic cell survival and colony for-
mation, the colony formation and cell survival 
assays were conducted on MIAPaCa-2 cells. 
Figure 3 shows the survival fractions for 
MIAPaCa-2 cells treated with NSL-BA-055 and 
NSL-BA-056. These reveal a significant decre- 
ase in cell colony formation relative to increas-
es in the concentration of both PCAIs (Figure 
3). The number of colonies formed relative to 
the number of cells plated decreased signifi-
cantly (P < 0.001) when 5,000 cells were plat-
ed and treated with 1 µM concentrations of the 
respective PCAIs compared to the number of 
colonies formed in the control plated with 500 
but untreated cells. The number of surviving 
colonies approached zero when 50,000 cells 
were treated with 2 µM of the PCAIs. To validate 
the clonogenic assay, similar experiments were 
conducted with NSL-BA-055 and NSL-BA-056. 
When the cells were stained with crystal violet, 

PCAIs induce apoptosis in pancreatic cancer 
cells by arresting growth at G0/G1 phase

We further investigated whether PCAIs’ inhibi-
tion of pancreatic cancer cell viability, prolifera-
tion and survival is due to apoptosis. To achieve 
this, BxPC-3 and MIAPaCa-2 cells were treated 
for 48 h with varying concentrations of NSL-
BA-055 and NSL-BA-056. The analysis for 
apoptosis was conducted on BxPC-3 cells using 
the EB/AO assay. As shown in Figure 4A, 0.5 
µM of NSL-BA-056 induced cell death by apop-
tosis as revealed by the differential uptake  
of the fluorescent DNA binding dyes (EB/AO). 
The number of apoptotic cells increased with 
increasing concentration as depicted by the 
increasing proportions of orange cell nuclei in 
the AO/EB overlays (Figure 4A). The Annexin V/
propidium iodide and FACS method for deter-
mining sub-diploid cell populations [4] was 
used to analyze the apoptotic effect of the 
PCAIs on MIAPaCa-2 cells. As shown in Figure 
4B, the PCAIs induced apoptosis in MIAPaCa-2 

Table 2. Relative growth inhibition of pancreatic cancer 
cells by the PCAIs

GI50 (µM)
NSL-BA-036 NSL-BA-040 NSL-BA-055 NSL-BA-056

MIAPaCa-2 0.80 0.85 0.40 0.60
BxPC-3 0.75 0.90 0.35 0.56

Figure 2. PCAIs inhibit human pancreatic cancer cell proliferation. Cultured MIAPaCa-2 (5,000 cells) and BxPC-3 
(5000 cells) cells were treated with the indicated concentrations of PCAIs for 48 h and the cell proliferation was 
determined as described in the methods. The results are the means (± SEM, N = 4) and are representative of four 
independent experiments. 

washed and the dye dissolved and 
quantified and the mean optical den-
sity (OD) values plotted, the graphs 
show a concentration-dependent inhi-
bition of viable cells (Figure 3C). It 
was also noticed that Less than 50% 
of the treated cells survive at concen-
trations higher than 1 µM. 
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cells in a concentration-dependent manner, 
with early apoptosis occurring at sub-micro 
molar concentrations in both assays. 

To determine whether the effects of PCAIs  
on the cells involved changes in cell cycle, 
MIAPaCa-2 cells were treated with the respec-

tive PCAIs for 48 h, stained with the Vindelov 
reagent and analyzed as described in the me- 
thods. Figure 4C, 4D reveal a significant con-
centration-dependent accumulation of cells at 
the G0/G1 phase coupled with an associated 
depletion of cells from the G2 phase in the 
treated MIAPaCa-2 cells when compared to the 

Figure 3. PCAIs inhibit pancreatic cancer colony formation and cell survival. Clonogenic cell survival assays were 
performed on MIAPaCa-2 cells treated with NSL-BA-055 and NSL-BA-056 (0-5 µM) for 48 h as described in the 
methods. A: Fluorescent images of the clones of survived cells were captured using an Olympus D70 microscope. B 
and C: Cell colonies with a minimum of 50 cells were counted and used to derive the cell survival fraction and cell 
survival plots as described in the methods. The results are the means (± SEM, N = 4) and are representative of four 
independent experiments. Statistical differences between control and treated groups were determined either by 
Dunnett’s post-test comparisons. Significance was defined as *P < 0.05; **P < 0.01 and ***P < 0.001.
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controls (P < 0.05). 
The S-phase appe- 
ared to be least aff- 
ected by the PCAIs. 

PCAIs inhibit pan-
creatic cancer cell 
migration and inva-
sion by disrupting 
F-actin filaments

The cell migration 
and invasion meth-
ods were used to 
determine the po- 

Figure 4. PCAIs induce 
apoptosis in pancreatic 
cancer cells by arrest-
ing growth at the G0/
G1 phase. A: BxPC-3 
cells were treated with 
NSL-BA-056 for 48 h, 
stained with 10 µg/
mL AO/EB and images 
captured and analyzed 
as described in the 
methods. AO stained 
live cells green and EB 
stained dying cells with 
compromised membr- 
anes red. BF, Bright 
Field; AO, Acridine Or-
ange; EB, Ethidium Br- 
omide; OL, overlay of 
AO and EB images. B 
and C: MIAPaCa-2 ce- 
lls were treated with 
0-10 µM of either NSL-
BA-055 or NSL-BA-056 
for 48 h, stained with 
Vindelov’s reagent as 
described in the meth-
ods and analyzed us-
ing a C6 flow cytometer 
as described in the 
methods. The relative 
percent cell counts in 
each phase of the cell 
cycle after treatment 
was plotted. D: MIAPa-
Ca-2cells were treated 
with NSL-BA-055 for 
48 h, stained with FITC-
labeled Annexin V and 
propidium iodide and 
analyzed as described 
in the methods. The 
results are the means 
(± SEM, N = 4) and are 
representative of four 
independent experim- 
ents.
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tential of PCAIs to inhibit the metastatic ten-
dencies of pancreatic cancer cells. In the 
wound-healing assay, 2 µM of NSL-BA-055 
inhibited MIAPaCa-2 cell migration by about 
75% (Figure 5A, 5B). Using the Matrigel inva-
sion chambers method, it was further deter-
mined that NSL-BA-055 inhibits MIAPaCa-2 cell 
migration and invasion in a concentration-
dependent manner as shown on Figure 5C, 5D. 
Treatment with sub-micromolar concentrations 
of NSL-BA-055 resulted in a 4-fold inhibition of 
the number of cells that migrated and invaded 

the membrane (Figure 5D). To determine 
whether the inhibition of cell migration may be 
linked to effects on actin filament organization, 
MIAPaCa-2 cells expressing an RFP-conjugate 
protein that fluoresces red on interacting with 
F-actin were used. The RFP-tagged protein did 
not have any significant effects on the relative 
viability of the cells compared to the non-trans-
fected cells as depicted by the near-identical 
cell viability EC50 values following treatment 
with NSL-BA-055 (results not shown). Most 
importantly, the transfected cells expressing 

Figure 5. PCAIs inhibit pancreatic cancer cell migration and invasion. A: MIAPaCa-2 cells were incubated in 12-well 
plates for 24 h, a wound was created with pipette tip, and the cells treated with the indicated concentrations of the 
NSL-BA-055. After 24 h, the extent of closure was monitored under the microscope and photographed. Representa-
tive images of four independent experiments conducted in triplicates are shown. B: MIAPaCa-2 cells were treated 
with the indicated concentrations of NSL-BA-055. C and D: The cell invasion assay was performed in the Matrigel 
invasion chambers as described in the methods. All Representative images were 10 × magnification and all data 
of invaded cells were represented as ± SEM, N = 8-10. Statistical differences between control and treated groups 
were determined by Dunnett’s post-test comparisons. Significance was defined as *P < 0.05; **P < 0.01 and ***P 
< 0.001.
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Figure 6. PCAIs alter pancreatic cancer cell morphology by disrupting F-actin filaments. Transfected MIAPaCa-2 cells 
were treated for 24 h with the indicated concentrations of PCAIs and their effect on F-actin expression was quanti-
fied by measuring the cell surface areas using Nikon NIS-Elements software. A: Representative images of treated 
and untreated control cells were captured at 20 × magnification using Nikon Eclipse Ti Microscope at the indicated 
time points. B: Cell surface area at various treatment time intervals (upper panels) and concentration after 24 h 
treatment (lower panels). The results are expressed as the means (± SEM, N = 15-20). Statistical differences be-
tween the treated and untreated controls were determined by Tukey post-test comparisons. Significant differences 
are shown by *P < 0.05; **P < 0.01 and ***P < 0.001.
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the RFP-tagged protein maintained the mor-
phological characteristics of the non-transfect-
ed cells. Since changes in F-actin organization 
usually translate into alterations in cell mor-
phology [35, 36], the morphological character-
istics of the transfected cells were used to 
quantify the effects of the PCAIs on F-actin. As 
shown in Figure 6A, cells in the treated wells 
were mostly round in nature in stark contrast to 
the elongated and more expansive shapes of 
the untreated cells. Plots of the cell surface 
area revealed significant decreases with 
increasing concentrations of the PCAIs (Figure 
6B). It was also observed that treatment with 1 
to 5 µM of NSL-BA-055 and NSL-BA-056 
reduced the average surface areas of the cells 
by 50 to 80% within 24 h (P < 0.001) compared 
to the controls (Figure 6B).

Discussion 

Some of the most effective cancer therapies 
have been those targeting the molecular altera-
tions driving the disease in the afflicted indi-
viduals in what is widely described as personal-
ized medicine. Therefore, the identification of 
biomarkers has offered opportunities for the 
development of the usually more effective tar-
geted therapies. Unfortunately this has not 
been the case for pancreatic cancer in which 
the agents designed to target the mutated 
hyperactive Ras that drives tumor progression 
in the preponderance of cases have not been 
effective. We recently reported that PMPMEase, 
an enzyme that has been demonstrated to 
metabolize polyisoprenylated proteins in cells 
[27], is overexpressed in various cancer tissues 
including those from pancreatic cancer [28, 37, 
38]. This implies that PMPMEase may be a use-
ful target for agents that could potentially be 
useful against pancreatic cancer. The PCAIs, 
though very poor inhibitors of PMPMEase [28], 
were far more effective against cancer cell via-
bility in preliminary screening results [28]. The 
PCAIs, being polyisoprenylated small mole-
cules, may be interfering with the polyisoprenyl-
ation-dependent functional interactions of the 
endogenous polyisoprenylated protein sub-
strates of the enzyme, possibly uncoupling 
growth signals originating from the cell surface 
receptors from their intracellular effectors. This 
has been demonstrated in previous studies 
with the polyisoprenylated small molecule, 
farnesylthiosalicylic acid (FTS) in which the 

effects against cell viability were coupled with 
dislodging of Ras from its intracellular signaling 
location on the cytosolic side of the plasma 
membranes [14, 39]. 

The observation in the current study that the 
PCAIs disrupt F-actin filaments causing the 
cells to become more rounded as well as inhib-
iting cell proliferation and viability by blocking 
cell cycle progression suggests possible inter-
ference with polyisoprenylated protein func-
tions. Interference with Ras interactions is cer-
tain to inhibit the growth-stimulatory signaling 
of even the constitutively active mutant forms 
found in the majority of pancreatic cancer 
cases. The observed apoptotic and cell cycle 
arrest suggest possible disruption of Ras sig-
naling. Also, the recent demonstration that 
PMPMEase hydrolyzes RhoA methyl esters [40] 
suggests that PMPMEase overexpression in 
pancreatic cancer may contribute to its pro-
gression. RhoA plays an important role in focal 
adhesion in which F-actin is organized in the 
formation filopodia and lamellipodia necessary 
for cell movement [41, 42]. As such, disruption 
of RhoA interactions would be expected to alter 
cell shape and suppress the cells’ ability to 
migrate and invade as observed in this study. In 
addition to the PCAIs’ ability to curtail cell prolif-
eration and induce apoptosis, disrupting cell 
migration has the potential to limit metastasis, 
which is one of the most devastating aspects of 
cancer biology. 

The polyisoprenylation pathway has attracted a 
lot of research interest due to the role polyiso-
prenylated Ras, Rho and related proteins play 
in regulating cell biological activities that are of 
significance to cancer progression [23, 43-45]. 
Although the Ras mutations destroy their ability 
to function as molecular switches, the deleteri-
ous hyperactive changes that spur the cancer-
ous tendencies can be mitigated if the interac-
tions involving the activated proteins can be 
mitigated with molecules such as the PCAIs. 
This is plausible given that the essential nature 
of the polyisoprenylation modifications to the 
proteins’ functional interactions have been 
aptly demonstrated [10, 14, 17, 46, 47]. If the 
PCAIs disrupt the polyisoprenylation-depen-
dent functional interactions, the consequences 
would be similar to blocking the secondary 
modifications that are essential to their 
functions.
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Molecular profiling approaches have revealed 
that the activation of growth signaling interme-
diates are at the core of molecular events that 
initiate and/or promote various tumors. For 
example, the overexpression of growth factors 
[48, 49], growth factor receptors and/or acti-
vating mutations of their enzyme domains [50-
52] and signaling downstream factors such as 
Ras [17, 53-57] and kinases [58-61] have all 
been demonstrated to play major roles in pro-
moting various cancers. The fact that Ras and 
Rho are intracellular and downstream to the 
growth factors and their receptors implies that 
the PCAIs may potentially be useful not only for 
treating cancers in which the monomeric 
GTPases are hyperactive but may also be effec-
tive against those cases that are promoted by 
growth factors and their receptors. 
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