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Abstract: The involvement of hyperactive polyisoprenylated proteins in cancers has stimulated the search for drugs 
to target and suppress their excessive activities. Polyisoprenylated methylated protein methyl esterase (PMPMEase) 
inhibition has been shown to modulate polyisoprenylated protein function. For PMPMEase inhibition to be effective 
against cancers, polyisoprenylated proteins, the signaling pathways they mediate and/or PMPMEase must be over-
expressed, hyperactive and be involved in at least some cases of cancer. PMPMEase activity in lung cancer cells and 
its expression in lung cancer cells and cancer tissues were investigated. PMPMEase was found to be overexpressed 
and significantly more active in lung cancer A549 and H460 cells than in normal lung fibroblasts. In a tissue micro-
array study, PMPMEase immunoreactivity was found to be significantly higher in lung cancer tissues compared to 
the normal controls (p < 0.0001). The mean scores ± SEM were 118.8 ± 7.7 (normal), 232.1 ± 25.1 (small-cell lung 
carcinomas), 352.1 ± 9.4 (squamous cell carcinomas), 311.7 ± 9.8 (adenocarcinomas), 350.0 ± 24.2 (papillary 
adenocarcinomas), 334.7 ± 30.1 (adenosquamous carcinomas), 321.9 ± 39.7 (bronchioloalveolar carcinomas), 
and 331.3 ± 85.0 (large-cell carcinomas). Treatment of lung cancer cells with L-28, a specific PMPMEase inhibitor, 
resulted in concentration-dependent cell death (EC50 of 8.5 μM for A549 and 2.8 μM for H460 cells). PMPMEase 
inhibition disrupted actin filament assembly, significantly inhibited cell migration and altered the transcription of 
cancer-related genes. These results indicate that elevated PMPMEase activity spur cell growth and migration, imply-
ing the possible use of PMPMEase as a protein biomarker and drug target for lung cancer.
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Introduction

Lung cancer is the second most prevalent form 
of cancer in the United States and is ranked as 
the leading cause of cancer-related deaths 
both in the United States and around the world 
[1, 2]. In 2013, an estimated 228,190 new 
cases of lung cancer will be diagnosed and 
159,480 will die from the disease (26% of all 
female cancer deaths and 28% of all male can-
cer death) in the United States alone [1]. Lung 
cancer is the most commonly diagnosed can-
cer as well as the leading cause of cancer 
deaths in males worldwide [1, 3]. The increased 
incidence of lung cancer, especially in the 
United States and other developed countries, 
has been linked mainly to smoking and urban-

ization-related environmental pollution [4, 5]. 
Of the two main histological categories of lung 
cancer, small-cell lung cancer (SCLC) is less 
prevalent (14%) although it is the more aggres-
sive form, with a 5-year survival rate of only 6% 
compared to 17% for the non-small-cell lung 
cancer (NSCLC) [5]. NSCLC comprises 80-85% 
of lung cancer cases which are categorized as 
adenocarcinoma, squamous cell and large cell 
anaplastic carcinomas [6]. Treatment options, 
which include surgical resection, radiotherapy 
and/or chemotherapy, depend on the clinical 
stage and other patient factors [7, 8]. With only 
15.9% overall 5-year survival rate for all stages 
of lung cancer combined, there is a need to 
search for other, more effective management 
options [3, 5, 9]. 
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Polyisoprenylated proteins play important roles 
in carcinogenesis [10, 11]. Such proteins that 
include the Ras superfamily [11, 12] are essen-
tial regulators of cell proliferation, differentia-
tion, motility, apoptosis, intracellular signaling 
and cytoskeletal organization [13, 14]. Indeed, 
the members of the Ras superfamily of small 
GTP-binding proteins mediate signaling path-
ways that regulate metastasis in cancer cells 
[10, 15]. Studies have shown that up to 30% of 
lung adenocarcinomas are associated with 
K-Ras mutations [16, 17]. Altered expression of 
the Ras proteins seen mostly in smokers fre-
quently occurs in lung adenocarcinomas [18]. 
Efficient localization of Ras to the inner surface 
of plasma membranes and its expression of 
biological activity is dependent on polyisopre-
nylation followed by carboxymethylation at the 
carboxyl-terminal [19]. Enzymes of the polyiso-
prenylation pathway have thus been widely 
investigated for the development of anticancer 
agents [13, 20, 21]. Farnesyltransferase inhibi-
tors such as Tipifarnib and Lonafarnib were 
evaluated in clinical trials for anticancer treat-
ment but found to be less effective [22, 23].

Polyisoprenylated protein methyl transferase 
(PPMTase) has also been the target of antican-
cer drug development efforts [24]. Although the 
research targeting the polyisoprenylation path-
way has been geared mainly towards finding 
treatments for cancers with aberrantly active 
Ras proteins, the fact that cancer-promoting 
changes also occur upstream of the Ras pro-
teins in the growth signaling pathway imply that 
effective anti-Ras agents may also be useful for 
cancers with hyperactive growth factors and 
their receptors. The epidermal growth factor 
and/or its receptors are hyperactive in cancers 
due either to overexpression and/or gain-in-
function mutations [25]. In non-small cell lung 
cancer, 43-89% of the cases overexpress epi-
dermal growth factor receptor (EGFR) or harbor 
hyperactive mutated forms [26].

Polyisoprenylated methylated protein methyl 
esterase (PMPMEase, EC 3.1.1.1) hydrolyzes 
the ester products of PPMTase at the terminal 
only reversible step of the pathway [27]. 
PMPMEase thus appears pivotal to the pro-
cessing and functioning of polyisoprenylated 
proteins. PMPMEase as polyisoprenylation-
dependent esterase was first identified in our 
laboratory [28] and its unique ability to selec-
tively hydrolyze polyisoprenylated substrates 

was demonstrated with a series of substrates 
and cholinesterase enzymes [29]. We previ-
ously determined that PMPMEase might be a 
key regulator of cell growth using polyisoprenyl-
ated sulfonyl fluoride inhibitors which caused 
significant morphological changes and degen-
eration of human neuroblastoma cells [30]. 
Amissah and co-workers further demonstrated 
that inhibition of PMPMEase with polyunsatu-
rated fatty acids (PUFAs) also causes cancer 
cell death [31, 32]. The notion that PMPMEase 
activity correlates with cell viability also stems 
from the evidence that cyclooxygenase 2 (COX-
2) is overexpressed in most tumors [33, 34], 
cancer risks are lowered due to the consump-
tion of foods rich in PUFAs [35] and/or the long 
term use of non-steroidal anti-inflammatory 
drugs [36] coupled with the findings that 
PMPMEase and cell viability are both inhibited 
by PUFAs but not prostaglandins [31, 32]. That 
PMPMEase or human carboxyesterase 1 
(CES1) activity is indeed important for polyiso-
prenylated protein metabolism, activity and 
function, has recently been confirmed in stud-
ies with PMPMEase siRNA on RhoA methylation 
status, activation, and its effects on F-actin 
and cell morphology [37]. We thus hypothe-
sized that PMPMEase is overexpressed and 
therefore hyperactive at least in some cases of 
lung cancer. As such, it would be a suitable can-
didate for further investigation as an early/com-
panion diagnostic biomarker and target for 
therapeutic drug development. Therefore, the 
overexpression of PMPMEase in 88.3% of the 
over 400 lung cancer cases strongly supports a 
link between PMPMEase hyperactivity and lung 
cancer and that targeting this enzyme for spe-
cific inhibition constitutes a valid and novel 
strategy to clinically manage lung cancer. 

Materials and methods

Cell culture 

Human lung fibroblasts (WI-38) cells and 
human lung cancer (A549 and H460) cells were 
purchased from, authenticated and certified by 
American Type Culture Collection (Manassas, 
VA). WI-38 cells were cultured in Minimum 
Essential Medium (Invitrogen, Carlsbad, CA), 
A549 cells were cultured in F12 Kaighn’s 
Medium (Invitrogen, Carlsbad, CA) and H460 
cells were cultured in RPMI 1640 (Invitrogen, 
Carlsbad, CA). All media were supplemented 
with 10% heat-inactivated fetal bovine serum 
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(Invitrogen, Carlsbad, CA), 100 U/ml penicillin 
and 100 μg/ml streptomycin (Invitrogen, 
Carlsbad, CA). The cultures were incubated at 
37°C in 5% CO2/95% humidified air. 

Cell viability assays

The lung cell lines (WI-38, A549 and H460) 
were seeded at a density of 2 × 104 per well in 
96-well tissue culture plates and allowed to 
attach overnight at 37°C in 5% CO2/95% humid-
ified air. The cells were then treated with 
2-trans, trans-farnesylthioethanesulfonyl fluo-
ride (L-28) which was synthesized as previously 
described [30]. L-28 (1-200 µM) was dissolved 
in acetone (solvent, final concentration of 1% in 
wells). Control cells were treated with 1% of 
acetone. Identical amounts of L-28 were used 
to supplement the samples at 24 h for the 48 h 
exposure and 24 and 48 h for the 72 h expo-
sure. CellTiter-Blue Cell Viability Assay kit 
(Promega, Madison, WI) was used to determine 
the cell viability as previously described [32]. 
Cell viability was expressed as the percentage 
of the fluorescence in the treated cells relative 
to that of the controls. Cell proliferation assay 
was also conducted on the lung cancer cells by 
exploring the cell viability before the initial 
treatment and after final treatment. The differ-
ences between the initial and final viabilities 
were quantified as the cell proliferation. In 
another experiment to determine cell recovery 
after treatment, media were removed from 
treated cells and replaced with drug-free 
growth media for 48 h to observe whether 
degenerating cells could be revived. Cell viabil-

ity was measured and expressed as the per-
centage of the fluorescence in the treated cells 
relative to that of the controls. 

Effect of PMPMEase inhibition on clonogenic 
cell survival

Clonogenic cell survival was evaluated by con-
centration-survival fractions as determined by 
a colony-forming assay. Exponential growing 
cells were seeded into 6-well culture plates at a 
density of 1 × 103 cells/well and left at 37°C for 
24 h to attach. L-28 (5 and 10 µM) or 1 μL of 
acetone (carrier solution) were then added to 
triplicate wells. Identical amounts of L-28 were 
used to supplement the samples at 24 h and 
48 h for 72 h exposure. After 72-h incubation, 
plates were washed twice in serum-free medi-
um and incubated in fresh drug-free medium 
containing 10% (v/v) fetal bovine serum for an 
additional 7 days. The resulting colonies were 
fixed with a 10:1 (v/v) mixture of methanol and 
acetic acid. These were stained with 1% crystal 
violet and the number of colonies containing > 
50 cells were counted. Cell survival following 
L-28 exposure was expressed as the percent-
age of control survival.

Western blot analysis 

Whole-cell lysates were prepared from lung 
cancer cells in modified immunoprecipitation 
buffer (150 mM NaCl, 50 mM Tris-HCl, 50 mM 
NaF, 5 mM EDTA, 0.5% [wt/vol] sodium deoxy-
cholate, and 1% Triton X-100) containing phos-
phatase and protease inhibitors. Lysates con-
taining 50 µg of protein were mixed with 
SDS-PAGE sample buffer, placed in boiling 
water bath for 5 min and separated by SDS-
PAGE. Purified porcine PMPMEase (1.6 µg) was 
applied to one of the lanes as a positive control. 
Resolved proteins were transferred onto nitro-
cellulose membranes, and the membranes 
were blocked with 3% BSA solution for 1 hour at 
room temperature and incubated at 4°C over-
night with rabbit polyclonal human carboxyles-
terase 1 antibody (Santa Cruz biotechnology, 
CA). Membranes were then incubated with 
alkaline phosphatase-conjugated goat anti-rab-
bit secondary antibody for 1 h at room temper-
ature. Immunoreactivity was detected using 
nitro-blue tetrazolium and 5-bromo-4-chloro-
3’-indolyphosphate solution (Santa Cruz bio-
technology, CA) as an alkaline phosphatase 
substrate.

Figure 1. A. Schematic representation of the hydroly-
sis of the specific PMPMEase substrate, RD-PNB, to 
the product. B. Structure of the specific PMPMEase 
inhibitor, L-28.
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PMPMEase activity in lung cancer cells 

PMPMEase activity was assayed using a previ-
ously established method [29] incorporating 
the specific PMPMEase substrate, N-(4-
nitrobenzoyl)-S-trans, trans-farnesyl-L-cysteine 
methyl ester synthesized in our laboratory as 
previously described [29] (Figure 1A). The 
hydrolysis of the substrate to product is sensi-
tive to the PMPMEase specific inhibitor, L-28 
(Figure 1B) [30]. Cells were cultured in 175 cm2 
vented culture flasks at 37°C in 5% CO2/95% 
humidified air to confluence. The cells were 
washed with phosphate buffered saline, lysed 
with Triton-X 100 (0.1%) in 100 mM Tris-HCl, pH 
7.4 containing EDTA (1 mM). Aliquots of the 
resulting lysate were incubated with N-(4-
nitrobenzoyl)-S-trans, trans-farnesyl-L-cysteine 
methyl ester substrate (1 mM) in a total reac-
tion volume of 100 µL at 37°C for 3 h and ana-
lyzed by HPLC as previously described [29]. The 
total protein concentrations were determined 
using the Bradford reagent. To establish the 
effect L-28 on PMPMEase activity in the lung 
cells, aliquots of the resulting lysate were pre-
incubated for 10 min with L-28 (0.1-1000 µM) 
followed by assay for residual enzymatic 
activity. 

Apoptosis assay 

The mode of cell death induced by L-28 was 
determined by the modified EB/OA staining 
method [31, 38]. A549 cells were seeded onto 
24-well plates at a density of 1.5 × 105 cells 
and incubated at 37°C in 5% CO2/95% humidi-
fied air. These were then treated with L-28 (0-10 
μM) and incubated for 48 h at 37°C before 
staining with EB/AO. A solution containing both 
EB and AO was added to each well to a final 
concentration of 10 μg/mL and incubated in 
the dark for 15 min. The cells were viewed 
under a Zeiss microscope using 480/30 nm 
excitation filter. Images of the cells were cap-
tured with an Olympus DP70 Camera. The con-
ventional EB/AO staining was also employed to 
quantify apoptosis [38, 39]. Briefly, A549 cells 
treated with L-28 (0-10 μM) and incubated for 
48 h at 37°C were harvested by transferring 
the media into 15 ml tubes. The rest of the cells 
were detached with Dulbecco’s PBS containing 
1 mM EDTA and added to the transferred 
media. Cells were pelleted by centrifugation at 
130 g for 5 minutes, washed with 1 mL of cold 
PBS and the cell pellets re-suspended in 25 μL 

of cold PBS and 2 μL EB/AO dye mix was added. 
Stained cell suspensions (10 μL) were placed 
on clean microscope slides and covered with 
coverslips. The cells were viewed and counted 
under the microscope at 40 × magnification 
using 480/30 nm excitation filter. The counts 
were conducted in triplicates with a minimum 
of 100 cells counted per replicate.

Effect of PMPMEase inhibition on lung cancer 
cell migration 

Scratch assay was conducted to determine the 
effect of L-28 on A549 cell motility. The cells 
were seeded at a density of 2.5 × 105 in a 24 
well plate. After 24 h, the medium was removed 
and replaced with medium containing 10% 
FBS. When the cells reached full confluence, 
the monolayers were wounded by scratching 
the surface as uniformly and straight as possi-
ble using a sterile 10 μL pipette tip at least 
three times. The cells were washed once with 
complete media to remove detached cells fol-
lowed by the acquisition of the original image of 
the wound under a microscope. The wounded 
cell monolayer was then incubated with the cell 
culture medium containing an appropriate con-
centration of L-28 (0.5-1.0 µM). Images of the 
cells invading the scratch were captured with 
an Olympus DP70 Camera at indicated time 
points (0, 6, and 12 h). The pictures were ana-
lyzed and the width of the wounds measured 
using NIH ImageJ software (http://rsb.info.nih.
gov/ij/). The difference between the widths is 
taken as the migration distance. 

Effect of PMPMEase inhibition on F-actin fila-
ments organization and cellular localization of 
PMPMEase and Ras proteins

To visualize the effect of L-28 on F-actin organi-
zation and localization of PMPMEase, K-ras, 
H-ras and N-ras, immunofluorescence analyses 
were performed on L-28-treated A549 cells in 
4-well Lab-tek II chambers (Nalge Nunc 
International, NY). The cells were fixed in 3.7% 
paraformaldehyde (Sigma, MO) in PBS for 15 
min at room temperature. After washing with 
PBS, the cells were permeabilized with 0.1% 
Triton X-100 (Sigma, MO) for 5 min on ice and 
blocked with 1% BSA in PBS for 1 h at 4°C. To 
visualize F-actin organization, phalloidin 
(Biotium, CA) and propidium iodide (Sigma, St. 
Louis, MO) fluorescence staining were per-
formed. To study the localization of PMPMEase, 
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K-ras, H-ras and N-ras, the cells were incubat-
ed with the respective rabbit polyclonal anti-
bodies against PMPMEase, K-Ras, H-ras or 
N-ras (Santa Cruz Biotechnology, CA) in 1% BSA 
in PBS overnight. After washing in PBS, the 
cells were incubated with flourescein isothiocy-
anate (FITC)-conjugated goat anti-antibody 
(Santa Cruz Biotechnology, CA) for 1 h at room 
temperature in a humidified chamber. The cells 
were washed with PBS, stained with DAPI 
(Sigma, St. Louis, MO) at a concentration of 0.1 
μg/ml in PBS and mounted on microscope 
slides. These were then viewed on a Zeiss fluo-
rescent microscope and the images captured 
with an Olympus DP70 Camera.

Effect of PMPMEase inhibition on the expres-
sion of cancer-related genes

Lung cancer A549 and H460 cells were seeded 
at a density of 1 × 105 per well in 24-well cul-
ture plates and allowed to attach overnight at 
37°C in 5% CO2/95% humidified air. The cells 
were then treated with either solvent (control) 
or L-28 at 2 µM and 5 µM. After 48 h of treat-
ment, the cells were detached with trypsin, 
washed once with PBS, counted and 10000 
cells were lysed in 5 µL RLT buffer (Qiagen, 
Valencia, CA). The analysis for the relative 
expression of cancer-related genes was con-
ducted using the nCounter GX Human Cancer 
References Kit for profiling cancer-related 
genes (NanoString Technologies, Seattle, WA) 
at the Oncogenomics Core Facility of the 
Sylvester Comprehensive Cancer Center 
University of Miami Miller School of Medicine. 
The raw nanoString counts were analyzed using 
the nSolver Software (NanoString Technologies, 
Seattle, WA) as previously described [40]. 
Briefly, the data were normalized using positive 
control spikes to correct for any such experi-
mental variables between the samples as dif-
ferences in efficiency in hybridization, purifica-
tion or binding. This normalization is conducted 
on all nanoString counts by multiplying them 
with a normalization factor. The normalization 
factor is calculated by averaging the sum of the 
counts for all positive hybridization controls for 
each sample divided by the sum for each sam-
ple. The normalization factor within the required 
range was between 0.3-3. In addition, the data 
were normalized for RNA content using house-
keeping genes and multiplying all counts by a 
calculated normalization factor. The normaliza-
tion is optimized using multiple housekeeping 

genes that include those with high and low 
expression levels (CLTC, GAPDH, GUSB, HPRT1, 
PGK1, TUBB). This normalization factor is cal-
culated by the average of the geometric mean 
of all the housekeeping gene counts for each 
sample divided by the geometric mean of each 
sample. Also, the average of negative controls 
consisting of eight codes with no transcript rep-
resenting background noise was subtracted 
from the normalized gene counts. Multi 
Experiment Viewer (MeV v4.6.2) was employed 
to cluster the data sets to obtain the heat maps 
resulting from the numerical fold-change 
expression levels compared to the control. 
Heat maps were obtained by clustering based 
on Manhattan Distance. Prior to clustering, the 
data was filtered using criteria set such that 
only data values ≥ 3-fold changes were 
employed. A total of 47 genes passed the filter-
ing criteria and were used for the heat map 
analyses. Color scale limits were set at “-3.0, 
0.0, 3.0”, meaning that the brightest red repre-
sents ≥ 3-fold upregulation relative to the con-
trols, the brightest green represents ≥ 3-fold 
downregulation, and black represents no 
change. The 47 genes were further grouped 
based on their main functions, and bar graphs 
indicating their relative expression levels were 
obtained using Graphpad Prism version 4.0 for 
Windows (San Diego, CA).

PMPMEase expression in lung cancer tissues

The expression of PMPMEase in lung cancer 
tissues was determined using immunohisto-
chemical analysis as previously described [41] 
using human lung cancer and normal adjacent 
tissue microarrays (TMAs) comprising a total of 
416 cores from 416 distinct cases. The tissues 
used were supplied by, and the immunohisto-
chemistry conducted at US Biomax (Rockville, 
MD).

Statistical analysis

All results were expressed as the means ± 
S.E.M. The concentration-response curves 
were obtained by plotting the percent inhibition 
against the log of the inhibitor concentrations. 
Nonlinear regression plots were generated 
using Graphpad Prism version 4.0 for Windows 
(San Diego, CA). From these, the concentra-
tions that inhibit 50% of the activity (IC50) were 
calculated. The tissue microarrays data were 
analyzed by one-way ANOVA using SAS 9.2 soft-
ware (SAS Institute, Cary NC). Statistical differ-
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ences between normal and cancer tissues 
were determined using Bonferroni›s procedure 
for multiple comparisons. The Bonferroni pro-
cedure takes into account the number of means 
to be compared and is more conservative than 
other multiple comparison methods. P-values 
of less than 0.05 were considered statistically 
significant. 

Results

PMPMEase inhibition suppresses lung cancer 
cell viability

Previous studies revealed that PMPMEase inhi-
bition induced cancer cell death [30, 32], sug-
gesting that PMPMEase activity may be 
increased in cancers. We therefore examined 
whether PMPMEase activity is increased in 
cancer cells. When cell lysates were analyzed 
for cellular PMPMEase activity, significantly 

higher specific activities were observed in lung 
cancer A549 (5.2 ± 0.10 nmol/h/mg of protein) 
and H460 (4.8 ± 0.05 nmol/h/mg of protein) 
compared to normal lung WI-38 cells (3.2 ± 
0.04 nmol/h/mg of protein) (Figure 2A). This 
was confirmed by western blot analysis to be 
due to higher expression levels of PMPMEase 
in the cancer cells relative to the normal cells 
(Figure 2B). We further examined whether inhi-
bition of PMPMEase activity by the specific 
inhibitor, L-28 may contribute to the inhibition 
of viability in the different lung cancer cell lines. 
Treatment of cells with L-28 for 24 hours result-
ed in a significant concentration-dependent 
decrease in cell viability compared with untreat-
ed cells (Figure 2C). The EC50 for L-28 against 
the two cancer cell lines were 8.5 µM (3.0 µg/
ml) for A549 and 28 µM (9.6 µg/ml) for H460 
compared to > 200 µM (70 µg/ml) for the nor-
mal WI-38 cells. Moreover, L-28 inhibited intra-
cellular PMPMEase activity in all the cell lines. 

Figure 2. PMPMEase is overexpressed and is hyperactive in lung cancer cells. A. Cultured human lung fibroblasts 
(WI-38) cells, alveolar adenocarcinoma (A549) cells and non-small cell carcinoma (H460) cells were lysed and 
assayed for PMPMEase activity using RD-PNB as substrate. The specific activities are expressed as the amount 
of product formed/h/mg of total protein ± SEM of triplicate determinations. B. Western blot analysis of whole cell 
lysates showing relative expressions of PMPMEase and GAPDH in normal and lung cancer cells under normal cell 
culture conditions. C. Cells were treated with varying concentrations of L-28 for 24 h as described in the methods. 
The viability of the treated cells was determined by fluorescence using the resazurin reduction assay. The results 
are expressed as the means (± SEM, N = 4) relative to the controls. D. Aliquots of cell lysates were assayed for PMP-
MEase activity after 3 h incubation at 37°C using RD-PNB as the substrate in the presence of L-28. 
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However, the inhibition was relatively higher in 
the cancer cells (IC50 values of 2.5 µM or 0.88 
µg/ml for A549 and 41 µM or 14 µg/ml for 
H460) compared to 520 µM (180 µg/ml) for the 
normal WI-38 cells (Figure 2D). When the effect 
of PMPMEase inhibition on cell proliferation 
was determined, L-28 significantly inhibited the 
proliferation of both A549 (Figure 3A) and 
H460 cells (Figure 3B). In order to better under-
stand the long term effect of PMPMEase inhibi-
tion on cancer cell viability, cells previously 
exposed to varying concentrations of L-28 for 
72 h were further cultured for 48 h. Withdrawal 
of treatment with L-28 did not result in renewed 
increases in cell viability (Figure 3C). A clono-
genic assay was used to assess the differences 
in reproductive viability between human lung 
cancer cells treated with L-28 and untreated 
control cells. The clonogenic deaths of A549 

and H460 cells after incubation with either 5 or 
10 μM of L-28 at 37°C are shown in Figure 3D. 
Treatment with either 5 or 10 μM of L-28 for 72 
h reduced the clonogenic survival of A549 cells 
to about 43.4% and 15.5%, and H460 cells to 
about 13.5% and 0.2%, respectively. These 
results indicate that the lung cancer cells 
exposed to PMPMEase inhibitors are unlikely to 
recover from the degeneration effects. 

The AO/EB method was used to determine the 
mode of L-28-induced cytotoxicity as previously 
described [31, 38]. Fluorescence light micros-
copy coupled with the differential uptake of the 
fluorescent DNA-binding dyes, EB and AO, was 
used for its simplicity, rapidity, and accuracy 
[38]. AO permeated the live control cells as well 
as cells exposed to lower concentrations of 
L-28 turning their nuclei green. Cells treated 

Figure 3. L-28 inhibits lung cancer cell proliferation. Cultured human lung cancer (A) A549 and (B) H460 cells were 
treated with varying concentrations of L-28 for 72 h as described in the methods. Cell viability was determined 
before the initial treatment and then after the final treatment by fluorescence using the resazurin reduction assay. 
Cell proliferation was calculated as the difference in cell viability between the initial and final readings. (C) L-28 in-
duces irreversible lung cancer cell degeneration. Cultured human lung cancer (A549 and H460) cells were treated 
with varying concentrations of L-28 for 72 h as described in the methods. The treatment medium was replaced 
with normal growth medium and cultured for a further 48 h. The cell viability was determined by fluorescence using 
the resazurin reduction assay. The results are expressed as the means (± SEM, N = 4) relative to the controls. (D)
Clonogenic cell death caused by L-28. Exponentially growing cells in culture were treated with L-28 (5 or 10 μM) 
for 72 h, washed, cultured for a further 7 days at 37°C, and clonogenic survival was determined. The results are 
expressed as the means (± SEM, N = 4) relative to the controls. Significance (***p < 0.001) was determined by 
Student’s t-test.



PMPMEase promotes lung cancer progression

123 Am J Cancer Res 2014;4(2):116-134

used wound-healing assay [42] to characterize 
the cell migration response in A549 cells. The 
number of cells involved in the wound sealing 
as well as the mean distance of migration were 
evaluated after 6 h and 12 h. Control untreated 
A549 cells migrated into the wound area faster, 
reaching 40% and 85% sealing at 6 and 12 h 
after wound scratch, respectively (Figure 5A 
and 5B). The number of cells in the control that 
migrated into the wound area after 6 and 12 h 
were 61 ± 5.0 and 250 ± 31, respectively. 
Treatment of A549 cells with 0.5 µM of L-28 sig-
nificantly decreased the number of cells that 

with L-28 fluoresced red due to EB uptake fol-
lowing the loss of cytoplasmic membrane integ-
rity. L-28 induced apoptosis in a concentration 
dependent manner as depicted in Figure 4. 
Taken together, these results indicate that 
higher levels of PMPMEase likely contribute to 
lung cancer progression thereby making 
PMPMEase a viable target for anticancer drug 
development.

PMPMEase inhibition attenuates cell migration 

To examine the effect of L-28 on lung cancer 
A549 cell migration, we employed the widely 

Figure 4. L-28 induces apoptosis of human lung cancer A549 cells. Cells were treated with L-28 (5 and 10 μM) for 
48 h and stained with acridine orange and ethidium bromide (AO/EB, 10 μg/ml) as described in the methods. When 
stained with AO/EB, live cells with normal nuclei (n) appear green; apoptotic cells (a) with condensed or fragmented 
chromatin in the nuclei appear orange. A. Shows pictures of cells taken with bright field focus. B. Indicates AO/EB 
overlay pictures obtained from the simplified morphological observation. C. Shows quantification of apoptotic A549 
cells (shown as percentages) using the conventional method of staining.
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120.6 ± 3.1 µm (control) to 73.5 ± 3.5 µm (0.5 
µM) and 71.7 ± 3.7 µm (1 µM), respectively 
after 12 h (p < 0.001). These results indicate 
that inhibition of PMPMEase inhibits wound-
induced cell migration. 

PMPMEase inhibition disrupts actin cytoskel-
eton organization

Polyisoprenylated monomeric G-proteins such 
as Ras and Rho family of G proteins play impor-
tant roles in regulating migration, differentia-

migrated into the wound area to 1.3 ± 0.3 and 
75 ± 9.0 after 6 and 12 h, respectively (p < 
0.001). A further decrease in the number of 
migrated cells was observed with 1.0 µM of 
L-28 treatment (1.0 ± 0.5 and 69 ± 5.0) after 6 
and 12 h, respectively (p < 0.001). The rate of 
migration as indicated by migration distance 
was also significantly inhibited by L-28 com-
pared with that of control untreated cells at 
each of the time points examined (Figure 5A 
and 5C). L-28 significantly decreased the dis-
tance of migration into the wound area from 

Figure 5. Wound healing and cell migration assays. A. Cell motility in wound healing assay. A uniform scratch was 
made in 90% confluent monolayer culture of A549 cells and the extent of closure was monitored under microscope 
and photographed. Representative images of three independent experiments done in duplicate are shown. Results 
of three independent experiments were plotted. Migrating cells within the scratch were quantified and the distance 
of migration measured using NIH ImageJ software (n = 3 individual experiments). B. Treatment with L-28 (0.5 µM 
and 1 µM) significantly inhibited the number of migrated cells compared with the control solvent-treated cells. C. 
Over the same incubation time, the cells in the control groups migrated farther, achieving a complete or near closure 
of the wounds. The results are expressed as the means (± SEM, N = 5) relative to the controls. Significance (***p 
< 0.001) was determined by Student’s t-test.
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Figure 6. Immunofluorescence analysis of PMPMEase inhibition on F-actin filaments and cellular localization 
of PMPMEase and Ras proteins. Cells treated with L-28 (0-10 µM) were fixed with 3.7% paraformaldehyde and 
permeabilized with 0.1% Triton X-100 as described in methods. These were then probed with FITC-labeled anti-
sera directed against PMPMEase (P), H-Ras (H), N-Ras (NR), K-Ras (K) or RhoA (R). Cell nuclei (N) were labeled 
either with propidium iodide (red) or DAPI (blue). F-actin filaments (F) were stained green with fluorescein-con-
jugated phalloidin. Fluorescent images were captured using a fluorescent microscope equipped with propidium 
iodide and fluorescein band pass filters and an Olympus DP70 camera.
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Figure 7. nCounter analysis of the effect of L-28 on cancer-related genes in A549 and H460 cells. Cells were treated with L-28 (2 µM and 5 µM) for 72 h. Isolated RNA 
was purified and subjected to nCounter measurements for transcripts of cancer-related genes. Data were normalized based on seven house-keeping genes showing 
stable expression levels in both cell lines. Genes with fold changes of ≥ 3 or ≤ 3 are shown. For these differentially regulated genes, their fold change values in the 
treated cells versus control conditions were obtained. A. Heat map of the fold change in gene expression values are shown. MultiExperimentViewer (MeV v4.6.2) 
was used for hierarchical clustering by average linkage clustering based on Manhattan distance (red indicates upregulated genes; green indicates downregulated 
genes). B. Bar graph of fold change in expression values of selected genes.



PMPMEase promotes lung cancer progression

127 Am J Cancer Res 2014;4(2):116-134

genes were similarly altered in both A549 and 
H460 cell lines, (Figure 7A). This subset of 
genes were further grouped, based on their 
principal functions, into (1) DNA repair/tran-
scription, (2) cell cycle regulation, (3) cell 
growth, proliferation, differentiation and sur-
vival, (4) cell adhesion and migration and (5) 
immune response (Figure 7B). In general, L-28 
robustly activated the expression of pro-apop-
totic and cell cycle arrest genes (BCL6, 
CDKN1A, IGFBP3, MLL, ETS1, TGFBI, TNFRSF- 

tion, survival and proliferation [43]. We deter-
mined whether PMPMEase inhibition by L-28 
affects actin cytoskeleton organization which 
plays a vital role in cell shape, adhesion and 
migration [44]. We also aimed to determine the 
effect of PMPMEase inhibition on the cellular 
localization of PMPMEase, N-Ras, K-Ras, and 
H-Ras in A549 cells. Treatment of cells with 
PMPMEase inhibitor did not appear to alter nei-
ther the levels nor the distribution of PMPMEase 
as well as N-Ras, K-Ras and H-Ras in the A549 

Table 1. Demographic, clinical and histopathological char-
acteristics of the 416 donors of the lung tissues used in the 
tissue microarray studies

Characteristics
Patients
n (%)

Age ≤ 65 years 326 78.4
> 65 years 90 21.6

Sex Female 102 24.5
Male 314 75.5

Histology Normal 16 3.8
Small cell lung carcinomas 21 5.0
Non-small cell lung carcinomas
    Squamous cell carcinomas 204 49.0
    Adenocarcinomas 109 26.2
    Papillary adenocarcinoma 21 5.0
    Adenosquamous carcinomas 21 5.0
    Bronchioloalveolar carcinomas 8 1.9
    Large-cell carcinomas 5 1.3
Others 11 1.2

Grade 1 25 6.0
2 228 54.8
3 58 13.9
Not determined 89 21.4

Pathological stage I 223 53.6
II 77 18.5
IIIa 38 9.1
IIIb 48 11.5
IV 4 1.0

Tumor status 1 17 4.1
2 304 73.1
3 30 7.2
4 49 11.8

Nodal status 0 270 64.9
1 105 25.2
2 22 5.2
3 2 0.5

Metastasis 0 396 95.2
1 4 1.0

cells (Figure 6). This is consistent 
with the expression levels of the 
different genes coding for Ras pro-
teins observed with the nanostring 
studies which were neither down-
regulated nor upregulated. Howev- 
er, F-actin organization was nota-
bly disrupted by L-28. When control 
untreated cells were stained with 
DAPI and flourescein-conjugated 
phalloidin, the cells revealed only a 
fine polymerized filamentous actin 
with centrally located nuclei (Figure 
6). Prominent perinuclear and well 
organized F-actin filaments were 
observed. However, treatment with 
L-28 resulted in altered formation 
and distribution of F-actin in cells 
(Figure 6). 

PMPMEase inhibition alters the 
expression of cancer-related 
genes in H460 and A549 cells

To further understand the antican-
cer potential of PMPMEase inhibi-
tion, we profiled the expression of 
a broad panel of inducible cancer-
related genes using RNA profiling 
technology that employs molecu-
larly bar-coded fluorescent probes 
(nCounter, NanoString). We found 
that treatment with 2 and 5 μM of 
L-28 altered the expression of sev-
eral genes in both A549 and H460 
lung cancer cell lines. When the 
results for the 5 μM of L-28 treat-
ment was used in the subsequent 
analysis and a fold change of ≤ -1.5 
or ≥ 1.5 were considered signifi-
cant, 86 genes were affected in 
the A549 cells while in the H460 
cells, 79 genes were altered. The 
expression patterns of a total of 47 
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PMPMEase immunoreactivity. Figure 8 shows 
representative images of normal lung and lung 
cancer tissues. The data indicate that increas-
ing levels of PMPMEase expression are associ-
ated with tumors (Figure 8I). We observed pre-
dominantly peri-nuclear cytoplasmic staining 
indicative of PMPMEase protein expression in 
the lung cells (Figure 8II) consistent with the 
endoplasmic reticulum localization of the 
enzyme [28, 45]. In the control cores consisting 
of normal lung tissues, staining was present in 
a few normal bronchial and glandular epithelial 
cells. However, in general, only trace to weak 
immunostaining was observed in the normal 
lung tissues. Solid tumors with deeply stained 
epithelial cells were displayed especially in 
most of the SCC, ASC, BAC, AC and PAC. 
Scattered patterns of staining were observed 
among the LCC and the SCLC tumor cells, with 
positive areas spread out throughout the cores. 
Significant differences in PMPMEase immuno-
reactivity intensities between the normal tis-
sues and the different lung tumor categories 
were observed when the stained sections were 
analyzed (p = 0.0002 - < 0.0001) (Table 2). The 
mean scores ± SEM were 118.8 ± 7.7 (normal), 
232.1 ± 25.1 (small-cell lung carcinomas), 
352.1 ± 9.4 (squamous cell carcinomas), 311.7 
± 9.8 (adenocarcinomas), 350.0 ± 24.2 (papil-
lary adenocarcinomas), 334.7 ± 30.1 (adeno-
squamous carcinomas), 321.9 ± 39.7 (bron-
chioloalveolar carcinomas), and 331.3 ± 85.0 
(large-cell carcinomas). Very high PMPMEase 
expression (score = 401-500) were observed in 
43.1% of SCC. The mean PMPMEase immuno-
reactivity score was significantly high even at 
early-stage (stages I and II) lesions, with pro-
gressively increasing staining intensities 
(Figure 8, Table 2). Although no specific trend 
was observed when the data were analyzed 
according to pathological stages, grades, tumor 
size, nodal status and metastases, there were 
significant differences when compared to the 
normal tissues regardless of the parameter 
under consideration. 

Discussion

Previous studies revealed the death of cancer 
cells treated with polyisoprenylated small mol-
ecule inhibitors of PMPMEase [30] or PUFAs 
[32]. Despite this apparent dependency of can-
cer cell viability on PMPMEase activity, the pos-
sible role of PMPMEase in cancer progression 
has not received similar research attention as 

10B, RARA, SIAH1, and CEBPA), while anti-
apoptotic genes as well as genes promoting 
cell proliferation (BIRC5, CDC2, E2F1, PCNA, 
MYBL2, CCNA2 and CCND3) were downregu-
lated. Notably, the expression of the transcrip-
tion factor and cell cycle progression gene, 
MYBL2 was severely suppressed in both H460 
and A549 cell lines. The death receptor genes, 
TNFRSF10B and PPARG were both upregulat-
ed. Also, genes involved in lung development 
(CTNNB1, PDGFA, PTHLH and FGF2) were 
upregulated whilst CTGF was downregulated by 
L-28 treatment. In addition, L-28 induced the 
upregulation of genes for the growth factors, 
FGF2, MET, AREG, IGFBP3, and EGFR, as well 
as their receptors. Genes involved in integrin 
signaling were either upregulated (LICAM, 
ITGB1 and PLAUR) or downregulated (CTGF). 
L-28 treatment induced the upregulation of 
CTNNB1, CD44, MET and CDKN1A. Moreover, 
genes that either code for ligands (AREG, FGF2, 
MET, IL6, L1F), receptors (EGFR, PLAUR) and 
downstream signaling mediators (BRAF, EPS8) 
in receptor tyrosine kinase pathways were 
upregulated. These data suggest that the 
observed effects of L-28 on the cells involve 
significant changes that impact signaling path-
ways involved in cell proliferation, differentia-
tion, apoptosis survival, adhesion and migra- 
tion.

PMPMEase is overexpressed in lung cancer 

The results showing that PMPMEase activities 
and protein levels are higher in lung cancer ver-
sus normal cells and the observation that 
PMPMEase inhibition in these cells induces 
apoptosis and the altered expression of cancer-
related genes led us to examine TMAs consist-
ing of various lung cancer tissues and normal 
lung tissues for the relative expression of 
PMPMEase. The demographic and histopatho-
logical characteristics of the tissues donors for 
the TMAs are shown in Table 1. The ages of the 
patients ranged from 27 to 77 years and most 
(76.25%) were males. As shown in Table 1, 
there were 416 total cases out of which 16 
were normal tissues and 21 were SCLC. The 
NSCLC tumors comprised 204 squamous cell 
carcinomas (SCC), 109 adenocarcinomas (AC), 
21 papillary adenocarcinomas (PAC), 21 adeno-
squamous carcinomas (ASC), 8 bronchioloalve-
olar carcinomas (BAC), 5 large-cell carcinomas 
(LCC) and 11 other tumors. In general, all the 
lung cancers showed intense intracellular 
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Figure 8. Analysis of lung cancer tissue microarrays cores for PMPMEase immunoreactivity. Lung TMAs consist-
ing of 416 cores from 416 distinct cases were subjected to immunohistochemical analysis using a PMPMEase 
polyclonal antibody specific for PMPMEase protein. (I) Relatively high scores were observed in lung squamous cell 
carcinoma (stage I, A2-A4; stage IIa, A5; stage IIIb, A6), lung adenosquamous carcinoma (stage I, B1; stage II, B2; 
stage IIIb, B3), adenocarcinoma (stage I, B1; stage IIa, B5; stage IIIb, B6), papillary adenocarcinoma (stage I, C1 
and C2), small cell lung carcinoma (stage I, C4; stage II, C4; stage IIIa, C5), large cell lung carcinoma (stage I, C6; 
stage IIIa, D2; stage IIIb, D3), bronchioloalveolar carcinoma (stage I, D4 and D5) and mucinous bronchioloalveolar 
carcinoma (stage I, D6). (A1 and F1) are images of sections obtained from normal lung tissues. (II) Representative 
sections of normal lung tissue (A1), lung squamous cell carcinoma (A2 and A3), lung adenosquamous carcinoma 
(A4), adenocarcinoma (B1 and B2), papillary adenocarcinoma (B3 and B4), small cell lung carcinoma (C1 and C2), 
bronchioloalveolar carcinoma (C3) and mucinous bronchioloalveolar carcinoma (C4) slices showing the brown stain-
ing indicative of PMPMEase. Areas with dense populations of blue-stained nuclei indicative of tumor cells also show 
a higher intensity of brown staining for PMPMEase. Each image represents a different case. 
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ular trafficking, all of which are associated with 
various aspects of cancer biology [14, 44, 
46-48]. PMPMEase may indeed play a critical 
regulatory role in polyisoprenylated protein 
function due to its ability to create a negatively 

the other polyisoprenylation pathway enzymes. 
In addition, polyisoprenylated proteins are 
involved in a wide array of intracellular signaling 
functions that influence cell proliferation, differ-
entiation, cytoskeleton organization and vesic-

Table 2. Association of PMPMEase immunoreactivity with the pathologic features of lung cancer

Characteristics

PMPMEase Staining Intensity, N (%)

p-value1-100
Trace

101-200
Weak

201-300
Interme-

diate

301-400
Strong

401-500
Very strong Missing Mean Scores

Histology
    Normal 9 (56.2) 7 (43.8) 0 0 0 0 118.8 ± 7.7 0.0001
    Small cell lung carcinomas 3 (14.3) 7 (33.3) 7 (33.3) 2 (9.5) 2 (9.5) 0 232.1 ± 25.1

    Non-small cell lung carcinomas

        Squamous cell carcinomas 9 (4.4) 32 (15.7) 36 (17.6) 36 (17.6) 88 (43.1) 3 (1.5) 352.1 ± 9.4
        Adenocarcinomas 4 (3.7) 14 (12.8) 34 (31.2) 37 (33.9) 18 (16.5) 2 (1.8) 311.7 ± 9.8
        Papillary adenocarcinoma 0 3 (14.3) 5 (23.8) 7 (33.3) 6 (28.6) 0 350.0 ± 24.2
        Adenosquamous carcinomas 1 (4.7) 2 (9.5) 6 (28.6) 3 (14.3) 6 (28.6) 3 (14.3) 334.7 ± 30.1
        Bronchioloalveolar carcinomas 0 2 (25.0) 0 5 (62.5) 1 (12.5) 0 321.9 ± 39.7
        Large-cell carcinomas 0 1 (20.0) 1 (20.0) 0 2 (40.0) 1 (20.0) 331.3 ± 85.0
    Others 2 (18.2) 4 (36.4) 1 (9.1) 2 (18.2) 2 (18.2) 0 238.3 ± 43.0
Pathological stage

    Normal 9 (56.2) 7 (43.8) 0 0 0 0 118.8 ± 7.7 0.0001
    I 12 (5.1) 34 (14.3) 55 (23.2) 58 (24.5) 73 (30.8) 5 (2.1) 334.2 ± 8.3
    II 4 (5.3) 14 (18.7) 19 (25.3) 18 (24.0) 17 (22.7) 3 (4.0) 305.0 ± 14.0
    IIIa 2 (5.3) 7 (18.4) 5 (13.2) 8 (21.1) 15 (39.5) 1 (2.6) 342.6 ± 22.5
    IIIb 1 (2.1) 9 (19.1) 11 (23.4) 8 (17.0) 18 (38.3) 0 333.0 ± 17.8
    IV 0 1 (25.0) 1 (25.0) 0 2 (50.0) 0 325.0 ± 89.0

Grade

    Normal 9 (56.2) 7 (43.8) 0 0 0 0 118.8 ± 7.7 0.0001
    1 0 6 (24.0) 5 (20.0) 3 (12.0) 11 (44.0) 0 333.0 ± 27.2
    2 9 (3.9) 31 (13.6) 46 (20.2) 56 (24.6) 86 (37.7) 1 (0.4) 348.8 ± 8.0
    3 3 (5.4) 7 (12.5) 19 (33.9) 17 (30.4) 10 (17.9) 0 312.9 ± 15.0
    Not determined 7 (7.9) 20 (22.5) 19 (21.3) 16 (18.0) 19 (21.3) 8 (9.0) 262.9 ± 13.9
Tumor size

    Normal 9 (56.2) 7 (43.8) 0 0 0 0 118.8 ± 7.7 0.0001
    1 0 2 (11.8) 4 (23.5) 6 (35.3) 4 (23.5) 1 (5.9) 340.6 ± 26.4
    2 14 (4.7) 48 (16.2) 67 (22.6) 69 (23.2) 91 (30.1) 8 (2.7) 330.3 ± 7.5

    3 3 (10.1) 5 (17.2) 4 (13.8) 6 (20.7) 10 (34.5) 0 319.0 ± 27.1

    4 1 (2.1) 8 (17.0) 11 (23.4) 8 (17.0) 19 (40.4) 0 337.8 ± 18.1

Nodal status 9 (56.2) 7 (43.8) 0 0 0 0 118.8 ± 7.7 0.0001
    0 13 (4.7) 40 (14.7) 60 (22.0) 66 (24.2) 89 (32.6) 5 (1.8) 336.3 ± 7.7
    1 5 (4.8) 19 (18.1) 25 (23.8) 23 (21.9) 30 (28.6) 3 (2.9) 317.2 ± 12.7
    2 1 (5.0) 6 (30.0) 3 (15.0) 2 (10.0) 7 (35.0) 1 (5.0) 309.2 ± 32.7
    3 0 0 1 (50.0) 0 1 (50.0) 0 362.5 ± 62.5
Metastasis

    Normal 9 (56.2) 7 (43.8) 0 0 0 0 118.8 ± 7.7 0.0001
    0 19 (4.9) 64 (16.5) 89 (23.0) 92 (23.8) 123 (31.8) 9 (2.4) 329.7 ± 6.4
    1 0 1 (25.0) 1 (25.0) 0 2 (50.0) 0 325.0 ± 89.6
Significantly higher PMPMEase immunoreactivities were observed in the different types, grades, stages, sizes, nodal invasion and metastasis of 
lung cancers as shown by the means ± SEM versus normal tissues compared by ANOVA followed by Bonferroni’s posttest.
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ligands, particularly AREG, which together play 
important roles in the pathogenesis of lung 
cancer. EGFR signaling pathways play pertinent 
roles in evading apoptosis and promoting sur-
vival which are the hallmarks of cancer cells 
[51]. The key signaling pathways initiated by 
EGFR through its Grb2/Sos1 associations 
involve Ras proteins which then stimulates the 
mitogen-activated protein kinase pathway. Ras 
activation is subsequently involved in cell 
growth, proliferation, motility, survival and 
transformation [52]. Experimental and clinical 
evidence indicates that overexpression or 
mutation of EGFR mediates tumor resistance 
to both chemotherapy and especially radiother-
apy [53]. Upregulation of trophic factors and 
their signaling mediators in the current study 
likely indicates a feedback survival effort due 
to impaired downstream mediator(s). Although 
RAS genes, as well as Ras protein localization, 
were not significantly altered, inhibition of 
PMPMEase likely affected the methylated/
demethylated ratios the proteins, impacting 
their conformations and altering their interac-
tions with downstream mediators in the signal-
ing pathway. 

Inhibition of PMPMEase was also associated 
with significant disruption of F-actin organiza-
tion as well as inhibition of cell motility. These 
may be attributed to defective processing of 
polyisoprenylated Rho family of small GTPases 
such as Rac1, RhoA and Cdc42 that control the 
dynamics of actin cytoskeleton [44]. The gene 
expression study also revealed changes in the 
expression of some pertinent genes (FGF2, 
MET, PLAUR, ITGB1 and TGFB1) necessary for 
chemotaxis, receptors signaling, cell adhesion 
and migration upon treatment of the cells with 
L-28. Genes such as CTNNB1, MET, CDKN1A 
and CD44 are associated with β-catennin, 
which is located at cell-cell adherens junction 
where it links cadherens to actin cytoskeleton 
[54, 55]. Also, the expression of genes such as 
CTGF, LICAM, ITGB1 and PLAUR which are asso-
ciated with integrin and its signaling, were 
affected. Integrin regulates cytoskeleton orga-
nization necessary for cell polarity, migration, 
proliferation [54]. Integrins also function as 
transmembrane linkers to the cytoskeleton 
required for the cells to grip the extracellular 
matrix [54]. These changes are therefore con-
sistent with the observed inhibition of cell 
migration due to PMPMEase inhibition.

charged carboxylate ion with the propensity to 
induce conformational changes near the poly-
isoprenyl moiety that is critical for protein-pro-
tein interactions [46]. That PMPMEase expres-
sion and activity is important for cell growth 
was suggested by previous work from this labo-
ratory in which PMPMEase inhibition induced 
cancer cell death [30, 31, 41]. Cushman et al.,  
using a knockdown approach in a recent study 
identified CES 1 (PMPMEase), as a specific 
esterase whose function is important for the 
methylation status as well as activation of RhoA 
and cell morphology. The elevated PMPMEase 
activity and expression in the lung cancer cells 
compared to the normal lung fibroblasts sug-
gests that overexpression of PMPMEase may 
indeed spur cell growth. 

This study shows that PMPMEase inhibition is 
associated with decrease in cell viability 
through the induction of apoptosis and the inhi-
bition of cell proliferation and survival. These 
were further confirmed by the gene expression 
studies that revealed the downregulation of 
anti-apoptotic genes as well as the upregula-
tion of pro-apototic and death receptor path-
way and cell cycle arrest genes. TNFRSF10B 
can be activated by the tumor necrosis factor-
related apoptosis-inducing ligand, TNFSF10/
TRAIL/APO-2L, and mediates in apoptosis sig-
nal transduction. Downregulation of DNA repair 
genes such as TYMS and TOP2A through inhibi-
tion of PMPMEase activity indicates the dys-
regulation of DNA damage response. Since 
DNA damage response is essential to genomic 
integrity and prevention of carcinogenesis [49], 
failure to repair DNA damage can lead to 
genomic instability and cell death that enhanc-
es chemotherapy benefit. A large body of evi-
dence from pre-clinical and clinical studies indi-
cates that BRCA1 is central to DNA damage 
repair response [50]. It is therefore not surpris-
ing to observe that its downregulation in the 
current study is associated with loss of cell 
viability. Moreover, since cell cycle checkpoints 
are essential for maintaining genomic integrity, 
the observation that cell cycle arrest genes are 
upregulated while cell cycle progression genes 
are downregulated is consistent with the 
observed effects of PMPMEase inhibition on 
cell viability. 

In addition to harboring K-RAS mutations, A549 
cells are known to express activated EGFR as a 
result of constitutive upregulation of EGFR 
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Conclusion

In summary, PMPMEase activity and expres-
sion is elevated in lung cancer. Inhibition of 
PMPMEase activity induces lung cancer cell 
apoptosis. This makes it a suitable biomarker 
that can be developed into a procedure for the 
early/companion diagnosis of lung cancer. 
Potent and specific inhibitors of PMPMEase 
could eventually be developed as a new class 
of targeted therapies for breast cancer.
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