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Introduction

Prostate cancer (PC) remains the most common malignancy and 
second leading cause of cancer-related death among males world-
wide. Almost 30% of PC patients still suffer in the advanced stage 
of the disease due to non-responsiveness to hormonal androgen 
therapy.1-3 Current available drugs for the treatment of advanced 
PC may increase the survival rate for a few months, but the tox-
icity and side effects of these drugs are of great concern. The 
pathogenesis of androgen-resistant PC is poorly understood.4-7 
Therefore, a thorough understanding of the molecular mecha-
nisms involved in PC formation, recurrence, and progression is 
crucial, and alternative chemotherapeutic strategies to treat such 
patients are also needed.

We focused our study on understanding the role of an onco-
genic protein, inhibitor 2 of protein phosphatase 2A (I2PP2A), 
which is overexpressed in many cancer cells, including brain 
tumors,8 lung tumors,9 ovarian cancer,10 head and neck tumors,11 
Wilm tumors,12 prostate cancer,6,13 and leukemia.14,15 I2PP2A 
is a biological inhibitor of protein phosphatase 2A (PP2A).16-18 
PP2A is a major tumor suppressor serine/threonine phosphatase 
in mammalian cells and negatively regulates many pro-growth/
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tumor suppressor lipid, on I2PP2A function, thereby affecting c-Myc signaling and histone acetylation in cells. Our data 
indicated that C6-ceramide treatment of prostate cancer cells induces cell death in PC-3, DU145, and LNCaP cells, but not 
normal prostate epithelial cells. C6-ceramide was able to disrupt the association between PP2A and I2PP2A. C6-ceramide 
inhibits I2PP2A’s upregulation of c-Myc and downregulation of histone acetylation in prostate cancer cells. Our data 
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pro-survival signaling pathways through dephosphorylation of 
many endogenous substrates, which include Akt, c-Myc, Bcl2, 
and MAPK. Dysfunction or dysregulation of these pathways 
often leads to cancer initiation, progression and maintenance. In 
most cancer cells, including PC, the tumor suppressor activity 
of PP2A is relatively low, which has been well correlated with 
the overexpression of I2PP2A.16-20 I2PP2A is a multifunctional 
protein and regulates a wide variety of cellular functions includ-
ing cell cycle control,21,22 gene transcription,23,24 epigenetic regu-
lation,25 chromatin remodeling,26 and cell migration,27,28 as well 
as inhibition of PP2A’s function.15-20,27,29 Several studies have 
reported that I2PP2A binds with NM23H1, a metastasis suppres-
sor, and forms an inhibitory complex to prevent the DNA exo-
nuclease function of NM23H130-32 to repair the damaged DNA. 
The 3'-5' exonuclease activity is a key function of NM23H1 to 
suppress metastasis. Therefore, by inhibiting NM23H1 I2PP2A 
promotes metastasis in cancer cells. Thus, evidence suggests that 
I2PP2A interacts with numerous signaling pathways, including 
PP2A-regulated signaling pathways, which in turn promote can-
cer formation, progression and metastasis.9,15,19-25,27,29

Ceramide, a bioactive tumor suppressor sphingolipid, induces 
apoptosis in many cancer cells by regulating various cellular 
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increasing histone acetylation. Overexpression or knockdown of 
I2PP2A was performed to confirm that I2PP2A could be a phar-
macological target for PC prevention. A ceramide can be used as 
a clinical inhibitor of I2PP2A to block its cellular functions in 
cancer cells.

Results

Determination of I2PP2A expression levels in prostate can-
cer cells and normal prostate epithelial cells. First we exam-
ined the relative expression levels of I2PP2A in PC-3, DU145, 
and LNCaP prostate cancer cells compared to normal prostate 
epithelial cells (PrEC) by western blot analysis. Results indi-
cated that I2PP2A is overexpressed by 7- to 12-fold in all of the 
cancer cell lines, whereas expression of I2PP2A was either not 
found or very minimal in normal epithelial cells (Fig.  1A). It 
was observed (Fig. 1B) that I2PP2A is more highly expressed in 
PC-3 cells (12-fold higher than in PrEC) than DU145 (9-fold 
higher) or LNCaP cells (7-fold higher). We also examined the 
expression level of another oncoprotein, c-Myc, in PC cells and 
normal cells (PrEC). c-Myc is a transcription factor that is a 
well-known endogenous substrate of PP2A, and accumulation 

signaling pathways/proteins.33-35 In cancer cells, various stress 
stimuli can induce the generation of endogenous ceramides that 
mediate anti-proliferative responses by regulating downstream 
targets or signaling events including activation of PP2A to 
dephosphorylate c-Myc, Bcl2, c-Fos, and other proteins.36 It has 
been shown that treatment of various human cancer cells with 
chemotherapeutic agents, such as daunorubicin, vincristine, or 
gemcitabine, results in the accumulation of ceramides in these 
cancer cells and induces apoptosis.33,36,37 Clinical studies have 
shown decreased levels of ceramides in malignant tumor samples 
as compared with normal cells, which support the tumor sup-
pressor role of ceramides in cancer pathogenesis.38-41

In this study, we examined the expression of I2PP2A in pros-
tate cancer cells and normal prostate epithelial cells. We explored 
whether ceramide treatment can block the I2PP2A function in 
androgen-resistant (PC-3, DU145) and androgen-dependent 
(LNCaP) PC cells. We selected the short chain, cell-permeable 
C6-ceramide to test whether it can decrease c-Myc accumula-
tion in PC cells through inhibition of I2PP2A and activation 
of PP2A function. Since I2PP2A is known as an inhibitor of 
histone acetylation (INHAT), we also examined if ceramide 
treatment can block the epigenetic function of I2PP2A through 

Figure 1. Detection and quantification of I2PP2A, c-Myc, and PP2AC in prostate cancer cells and epithelial cells. (A) Cells were grown to 80% conflu-
ency and then western blot analysis was performed to determine the expression levels of I2PP2A, c-Myc, PP2Ac (total), and phospho-PP2Ac. Each lane 
contains 50 μg of total protein. (B) Densitometry analysis of the protein band for the respective protein compared to actin. ImageJ software was used 
for this analysis. Each experiment was performed in triplicate. Data represent the mean value (error bar represents ± SD) of the relative ratio of the 
protein to actin; P < 0.05 was considered as significant (calculated using two tailed, paired t test using Prism software).
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PrEC. Our results indicated that the endogenous levels of spe-
cific ceramide species are noticeably different in these two cancer 
cell lines and in normal prostate epithelial cells; in LNCaP cells, 
C26-ceramide is very low (60-fold lower) whereas C18- (3-fold 
higher) and C20-ceramide (6-fold higher) are high compared 
with PrEC. On the other hand, in PC-3 cells ceramide levels 
are low throughout from C14- to C26-ceramide except for C20-
ceramide (2-fold higher) compared with PrEC (Fig. 2A and B). 
Our data supports the literature evidence that endogenous 
ceramide (C14- to C26-ceramide) levels in cancer cells become 
significantly altered, either higher or lower, compared with nor-
mal cells.38-41

To examine if ceramide treatment of PC3 cells can alter the 
cellular ceramide levels, we treated the PC3 cells with 10 μM 
C6-ceramide for 48 h and then analyzed the ceramide levels. 
Results showed that in PC3 cells ceramide treatment increased 
the cellular ceramide levels 5- to 8-fold over untreated PC3 cells 
(Fig. 2C). Our data supports the previously reported studies of 
the role of ceramide in cancer regulation.38-41

of c-Myc enhances cancer cell growth.9,19,29 Our results showed 
that c-Myc is highly expressed in all of the PC cell lines, whereas 
the presence of c-Myc was not evident in normal prostate epithe-
lial cells. We also examined the expression level of both PP2Ac 
(catalytic subunit C, total cellular level) and phospho-PP2Ac 
(phosphorylated on the Y307 residue) in all of the PC cell lines 
as well as in normal prostate cells (PrEC). Studies showed that 
when PP2Ac is phosphorylated on the C-terminal 307 tyrosine 
residue, it becomes inactive for dephosphorylation and its tumor 
suppressor activity.14 Our data indicated that the total cellular 
level of PP2Ac in prostate cancer cells was not altered noticeably 
compared with PrEC, while p-PP2Ac (inactive PP2A) levels are 
higher in PC cells than PrEC (Fig. 1A). Signal densities of pro-
tein bands (Fig. 1B) were analyzed using ImageJ software and 
normalized to the loading control β-actin.

Determination of ceramide levels in PC-3 and LNCaP 
cells compared with PrEC. Next, we measured the endogenous 
ceramide levels in androgen resistant PC-3 cells and andro-
gen sensitive LNCaP cells compared to the ceramide levels in 

Figure 2. Determination of the endogenous ceramide levels in prostate cancer and normal epithelial cells. PrEC, LNCaP, and PC-3 cells were grown 
until their logarithmic phase; following that cells were harvested, and pellets were collected for ceramide measurement. Ceramide levels were normal-
ized with cellular inorganic phosphate. (A) Total endogenous ceramide levels in LNCaP cells compared with normal epithelial cells. (B) Total endog-
enous ceramide levels in PC-3 cells compared with PrEC cells. (C) PC-3 cells were treated with 10 μM C6-ceramide for 48 h and then total endogenous 
ceramide levels were measured and compared with untreated PC-3 cells.
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of I2PP2A-overexpressing PrEC cells was decreased with increas-
ing concentration of ceramide (Fig. 4C), although no effect of 
ceramide treatment was observed in normal PrEC (Fig. 3A).

Ceramide inhibits I2PP2A regulation of c-Myc in prostate 
cancer cells. Our data indicated that prostate cancer cells express 
higher levels of I2PP2A than normal prostate epithelial cells 
(Fig. 1). Short chain C6-ceramide was also able to induce cyto-
toxicity in cancer cells, but not in PrEC (Fig. 3). Accumulating 
evidence suggested that c-Myc accumulation in cancer cells 
enhances cell growth.9,19 Therefore, in this study we examined 
if ceramide treatment can block the inhibitory effect of I2PP2A 
on endogenous PP2Ac for dephosphorylation of c-Myc and 
decrease the c-Myc accumulation in PC cells. PC cells were incu-
bated with C6-ceramide for 48 h, and the c-Myc expression level 
was assessed by western blot analysis. The results suggested that 
ceramide was able to inhibit I2PP2A and decrease c-Myc accu-
mulation in all PC cell lines (Fig. 5A).

Our data indicated that PC-3 cells express a higher level of 
I2PP2A compared to the other cancer cell lines (Fig. 1). Since 
PC-3 cells are highly aggressive, androgen resistant and meta-
static, we used only this cell line for the rest of our experiments 
to examine if ceramide can be used as an anti-I2PP2A agent to 
inhibit I2PP2A function. We checked the association of PP2A 
and I2PP2A in PC-3 cells with or without ceramide treat-
ment. Cells were treated with 10 μM ceramide for 24 and 48 h; 

Cell viability of prostate cancer and epithelial cells after 
treatment with C6-ceramide. In this study, we used a short 
chain C6-ceramide to examine if this bioactive lipid can induce 
cytotoxicity in a dose- and time-dependent manner, especially in 
prostate cancer cells over PrEC. The data presented in Figure 3 
indicates that ceramide was clearly able to induce cell death in all 
prostate cancer cell lines, and had little or no induced cytotoxic-
ity in PrEC. The concentrations of ceramide resulting in 50% 
growth inhibition (IC

50
) following 24 h and 48 h treatment in 

LNCaP cells were 20 μM (24 h) and 5 μM (48 h); for PC-3 cell 
lines these values were 40 μM (24 h) and 10 μM (48 h); and for 
DU145 cells they were >40 μM (24 h) and <20 μM (48 h).

Overexpression of I2PP2A in prostate epithelial cells induces 
c-Myc expression. We examined if I2PP2A has any positive role 
in inducing cellular c-Myc expression. GFP-tagged I2PP2A was 
overexpressed in PrEC (Fig.  4A) and following that cells were 
treated with or without 10 μM ceramide for 48 h. Western blot 
analysis indicated that cellular c-Myc expression was increased 
over the control (without overexpression of I2PP2A-GFP) and 
decreased after treatment with ceramide (Fig.  4B), indicat-
ing that overexpression of I2PP2A induces c-Myc expression in 
PrEC and that ceramide was able to block the I2PP2A effect on 
c-Myc accumulation. We also determined the cell viability of 
PrEC after overexpression of I2PP2A-GFP and following 10 μM 
ceramide treatment for 24 h. We observed that the cell viability 

Figure 3. Cell survival of PrEC, DU145, LNCaP and PC3 cells after treatment with ceramide. Cells were plated in 6 well plates at a density of 10 × 104 
cells/well, and the next day 0 to 40 μM C6-ceramide was added to the cells, which were then incubated for 24 and 48 h. Cell viability was determined 
using Trypan blue. (A) PrEC cells, (B) DU145 cells, (C) LNCaP cells, and (D) PC3 cells.



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

966	 Cancer Biology & Therapy	 Volume 14 Issue 10

c-Myc level in I2PP2A-GFP expressing cells, but it was still higher 
compared with control (without overexpression and treated with 
ceramide) as seen in Figure 6A, lanes 4 and 2, respectively. This 
data suggested a positive role for I2PP2A to inhibit PP2A func-
tion and prevent c-Myc dephosphorylation, increasing c-Myc 
accumulation in cells.

To further examine the role of I2PP2A in c-Myc regulation, 
we performed the reciprocal experiment, knockdown of I2PP2A 
in PC-3 cells using siRNA of I2PP2A (Fig. 6B). After knocking 
down I2PP2A, cells were treated with 10 μM C6-ceramide for 
48 h and following that western blot analysis was performed to 
determine c-Myc expression level. Results indicated that siRNA 
treatment completely abolished c-Myc expression (Fig. 6B, lanes 
3 and 4). We used non-targeting siRNA as a second control to 
examine if this siRNA has any effect on I2PP2A knockdown, 
and found the cellular levels of I2PP2A and c-Myc remained sim-
ilar to controls (Fig. 6B, lanes 5 and 6 vs. 1 and 2, respectively).

We further examined c-Myc expression level after overexpres-
sion of PP2Ac in PC-3 cells to determine if the I2PP2A inhibi-
tory effect on c-Myc degradation can be overcome by PP2A 
overexpression. Our data suggested that PP2Ac overexpression 
decreased the c-Myc accumulation compared to control (Fig. 6C, 
lanes 3 and 1, respectively), and that C6-ceramide treatment of 

following that immunoprecipitation was performed with PP2A 
or I2PP2A antibody as described in Materials and Methods. 
Results indicated that after immunoprecipitation with either 
PP2A or I2PP2A, both I2PP2A and PP2A levels, respectively, 
decreased with increased time of ceramide treatment compared 
with control (Fig. 5B). This data suggested that ceramide dis-
rupts the association between PP2A and I2PP2A in PC-3 cells. 
Next, we examined if ceramide treatment of PC-3 cells can 
block endogenous I2PP2A inhibition of PP2Ac activity and its 
dephosphorylation of c-Myc. Western blot analysis indicated that 
ceramide treatment significantly decreased c-Myc accumulation 
compared with control in a time- and dose-dependent manner 
(Fig. 5C and D).

Overexpression or knockdown of I2PP2A regulates c-Myc 
accumulation in PC-3 cells, and ceramide treatment enhances 
the degradation of c-Myc. Next, we overexpressed GFP tagged 
I2PP2A in PC-3 cells (Fig.  6A), and following that cells were 
treated with 10 μM C6-ceramide for 48 h. Cellular c-Myc levels 
were examined by western blot in both the treated and untreated 
cells and compared with the control cells without overexpres-
sion of I2PP2A. Results indicated that overexpression of I2PP2A 
increased the c-Myc expression compared with control (Fig. 6A, 
lanes 3 and 1, respectively). Ceramide treatment decreased the 

Figure 4. I2PP2A induces c-Myc expression in normal prostate epithelial cells, and ceramide inhibits I2PP2A function. (A) I2PP2A-GFP was overex-
pressed in PrEC cells; following that cells were treated with or without 10 μM ceramide for 48 h. (B) c-Myc induction and the effect on c-Myc expression 
of ceramide treatment was examined by western blot analysis. (C) I2PP2A-GFP was overexpressed in PrEC cells; following that cells were treated with 0 
to 40 μM ceramide for 24 h. Cell viability was determined using Trypan blue.
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Evidence suggested that global histone modification pat-
terns could predict independently the tumor stage, preopera-
tive prostate-specific antigen levels, and capsule invasion.42,43 
Hyperacetylation of histones induces cell cycle aberrations, 
chromatin reorganization and altered gene expression profiles in 
prostate cancer.44 Ceramide has emerged as a potential treatment 
strategy in cancer cells to induce apoptotic cell death. Studies 
have reported that the short chain C2-ceramide mediated inhi-
bition of the pro-metastatic enzyme MM2, and that the inva-
siveness of broncho-carcinoma cells involves decreases in histone 
acetylation.45 Other studies showed that C6-ceramide synergis-
tically potentiates the anti-tumor effect of the histone deacety-
lase inhibitor trichostatin A in pancreatic and ovarian carcinoma 
cells.46

In this study, we examined the level of histone acetylation 
(H4-acetylation) in prostate cancer and epithelial cells (Fig. 7A) 
as we did for c-Myc (Fig. 1). Results indicated that histone acety-
lation is decreased in PC3 cancer cells almost 50% compared 
with normal epithelial cells (Fig.  7B). No detectable change 
of histone acetylation was observed in DU145 or LNCaP cells 

the cells (10 μM, 48 h) after overexpression of PP2Ac produced 
an additional synergistic effect on c-Myc degradation in cells 
(lanes 4 and 2, respectively). Next, we treated the cells with the 
potent inhibitor of PP2A okadaic acid (10 nM) to check if inhibi-
tion of PP2A can increase I2PP2A function resulting in c-Myc 
accumulation in cells and if ceramide treatment can block the 
okadaic acid effect on I2PP2A function. PC-3 cells were pre-
treated overnight with okadaic acid (10 nM) and following that 
cells were treated with 10 μM C6-ceramide for 48 h. We showed 
that okadaic acid treatment resulted in higher c-Myc expression 
levels that were unaffected by ceramide (Fig. 6D, lanes 3 and 4), 
than the control (lanes 1 and 2). Our data indicated that the oka-
daic acid inhibition of PP2A results in an additional inhibitory 
effect on PP2A function, which in turn results in increased levels 
of c-Myc in treated cells compared to the controls.

I2PP2A inhibits histone 4 acetylation in PC-3 cells. I2PP2A 
is known as an inhibitor of histone acetyl transferase (INHAT) 
and is involved in the regulation of gene transcription and chro-
matin remodeling.25,26 In prostate cancer histone acetylation has 
a significant role in gene transcription and cancer progression.42 

Figure 5. Ceramide treatment decreases expression of c-Myc in prostate cancer cells. (A) LNCaP, DU145, and PC-3 cells were treated with or without 
10 μM ceramide for 48 h; following that the expression levels of I2PP2A and c-Myc were determined by western blot analysis. PrEC was not used in 
this experiment because PrEC has very low level or no I2PP2A or c-Myc (Fig. 1). (B) Cells were treated with 10 μM ceramide for 24 and 48 h. Immuno-
precipitation was performed as described in the text using anti-PP2Ac and anti-I2PP2A. The association of PP2A/I2PP2A was determined by western 
blot analysis using the respective antibodies. (C and D) Cells were seeded at a density of 100 000 cells/well in 6-well plates, and the cells treated 
with C6-ceramide for different times (C) and with different concentrations (D) as indicated. The control cells were treated with vehicle alone (0.2% of 
DMSO). After treatment the cells were harvested and western blot was performed to detect c-Myc, I2PP2A. Actin was used as the loading control for 
the samples.
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Discussion

This study attempts to elucidate the role of I2PP2A in prostate 
cancer progression in PC cell culture models by focusing on two 
I2PP2A-dependent pathways: (1) inhibition of PP2A resulting 
in c-Myc accumulation, and (2) inhibition of histone acetylation 
affecting gene suppression in prostate cancer cells (Fig. 8A). We 
studied the role of ceramide in blocking I2PP2A inhibition of 
PP2A function and histone acetylation to prevent cancer progres-
sion (Fig. 8B).

Our data showed that I2PP2A was overexpressed in all pros-
tate cancer cell lines but not in normal prostate epithelial cells, 
suggesting that I2PP2A has a positive role in prostate cancer for-
mation. Overexpression of I2PP2A or PP2Ac and knockdown 
of I2PP2A or okadaic acid treatment in PC-3 cells further sup-
ported that I2PP2A has a positive role in c-Myc upregulation 
and PC progression. I2PP2A is also known to be an inhibitor 
of histone acetyl transferase (HAT) by masking the N-terminal 
tails of histones and preventing acetylation of the various lysine 
residues, which in turn suppresses gene expression. Our results 
indicated that in PC-3 cells the level of histone acetylation was 
noticeably decreased compared to PrEC, suggesting that over-
expression of I2PP2A might be the reason for this masking of 
histones from acetylation by HAT. I2PP2A’s ability to inhibit 

compared with PrEC (Fig. 7B). Hereafter we used only PC-3 
cells to examine the cellular levels of H4-actylation (H4-Ac) 
in the rest of the experiments. Next, we checked if ceramide 
treatment can increase the H4-acetylation in PC-3 cells. Our 
data showed that with increases in time and concentration of 
ceramide the cellular level of H4-acetylation increased (Fig. 7C 
and D).

Next, we examined the effect of H4-acetylation level after 
overexpression or knockdown of I2PP2A in PC-3 cells and also 
checked if ceramide treatment (10 μM, 48 h) after knockdown/
overexpression can alter the H4-acetylation level, as we did for 
c-Myc (Fig.  6). We observed that overexpression of I2PP2A 
abolished acetylation of histone 4 (Fig.  7E, lane 3). Ceramide 
treatment was able to increase H4-acetylation level, but to a 
lower level than the ceramide-treated control (without overex-
pression of I2PP2A, Fig. 7E, lanes 4 and 2, respectively). Our 
complementary experiment of knocking down I2PP2A in PC-3 
cells showed that lower expression or absence of I2PP2A in cells 
increased H4-acetylation over the control (Fig. 7F, lanes 3 and 
1, respectively) and that ceramide treatment further increased 
H4-acetylation in cells (Fig. 7F, lanes 4 and 2, respectively). Our 
results suggested that I2PP2A negatively regulates histone 4 acet-
ylation and that ceramide was able to block the INHAT activity 
of I2PP2A in cells.

Figure 6. Effect of ceramide on I2PP2A function and c-Myc accumulation after overexpression or knockdown of I2PP2A. (A) I2PP2A-GFP was overex-
pressed in PC-3 cells; following that cells were treated with or without 10 μM C6-ceramide for 48 h and the expression level of c-Myc was determined. 
(B) Knockdown of I2PP2A was performed using siRNA of I2PP2. Next cells were treated with or without 10 μM C6-ceramide for 48 h, and the expression 
level of c-Myc was determined. Non-targeting siRNA was used as a control. (C) After overexpression of PP2Ac, PC-3 cells were treated with or without 
10 μM ceramide for 48 h and western blot was performed to examine the cellular c-Myc level. (D) Cells were pre-incubated with 10 nM okadaic acid 
overnight; okadaic acid was left in the media for the next 48 h while treating the cells with 10 μM ceramide, and subsequently the c-Myc level was 
examined.
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ceramide species are noticeably different in these two cancer cell 
lines compared with normal prostate epithelial cells, which sup-
ports the literature evidence that endogenous ceramide (C14- to 
C26-ceramide) levels in cancer cells are changed significantly 
compared with normal cells.38-41

A large number of inhibitors of PI3K/Akt/mTOR signal trans-
duction pathways and also antagonists for the androgen receptor 
are currently under clinical investigation for advanced prostate 
cancer treatment.2,47,48 Some of them may have pronounced cyto-
toxicity, but the side effects of these agents are of concern, as some 
of them may lead to cardiac arrest and patient death.2,4,5,47,48 PP2A 
signaling regulation is pharmacologically desirable for cancer 
prevention since PP2A is a major tumor suppressor phosphatase 
in cells and is negatively associated with numerous cancer related 
cellular signaling pathways. Our approach is to find a cellular tar-
get for cancer prevention which is involved in multiple pathways 

histone acetylation was further confirmed by overexpression or 
knocking down of I2PP2A in PC-3 cells.

We have chosen the short chain, cell-permeable C6-ceramide 
for our studies as an anti-I2PP2A agent to block I2PP2A regu-
lation of c-Myc and histone acetylation in PC cells. Ceramides 
have emerged as tumor suppressor lipids because of their capa-
bility to induce apoptosis in many cancer cells.33-37,40 It has been 
shown that following androgen ablation in LNCaP cells, endog-
enous C16-ceramide accumulates in cells and induces apopto-
sis in vitro.41 Exogenous C2-ceramide also induces cell death 
in irradiated LNCaP cells.38 Clinical studies reported that the 
total content of ceramide was decreased in ovarian tumors com-
pared with normal tissue.33,34 We also measured the endogenous 
ceramide levels in androgen resistant PC-3 cells and androgen 
sensitive LNCaP cells compared to the ceramide levels in PrEC. 
Our results indicated that the endogenous levels of specific 

Figure 7. The role of I2PP2A in histone acetylation in PC3 cells. (A) Detection and quantification of histone 4 acetylation in PC and PrEC cells. Cells were 
grown to 80% confluency and then western blot analysis was performed to determine the level of acetylated histone 4. (B) Densitometry analysis of 
the protein bands of H4-Ac and actin were determined using ImageJ software, and the results for H4-Ac normalized to the loading control actin; P < 
0.05 was considered as significant (calculated using two tailed, paired t test). (C) C6-ceramide inhibits I2PP2A function and increases H4-Ac with time. 
Cells were treated for 0 to 48 h with 10 μM C6-ceramide, and then H4-AC levels were determined. (D) Increasing the concentration of C6-ceramide 
increases H4-Ac through inhibition of I2PP2A. Cells were treated with the indicated concentration of C6-ceramide, and H4-Ac levels were evaluated. 
(E) Overexpression of I2PP2A in PC3 cells enhances the decrease in H4-Ac levels. (F) Knockdown of I2PP2A in PC3 cells increases H4-Ac levels, and 10 
μM ceramide treatment for 48 h increases H4-Ac levels.
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Materials and Methods

Cell lines and culture conditions. Human prostate cancer cell 
lines PC-3, DU145, and LNCaP were obtained from American 
Type Culture Collection (ATCC). Cell lines were cultured and 
maintained in EMEM (ATCC) for PC-3 and DU145, and RPMI 
1640 (ATCC) for LNCaP with 10% fetal bovine serum (Atlanta 
Biologicals) and 1% penicillin/streptomycin (Invitrogen). Cells 
were maintained in incubators containing humidified air with 
5% CO

2
 at 37 °C and passaged every fourth to fifth day by tryp-

sinization with trypsin/EDTA (Invitrogen). The prostate epithe-
lial cell line PrEC was purchased from Lonza and maintained 
according to the manufacturer’s protocol.

Transient transfection of I2PP2A and PP2Ac. I2PP2A-GFP, 
cloned in the pEGFP-C3 (BD Biosciences) vector, was kindly 
donated by Dr Besim Ogretmen from the Medical University 
of South Carolina.9 The catalytic subunit of PP2A, PP2Ac, with 
GFP and similarly cloned in the pEGFP-C3 vector, was kindly 
donated by Dr Yusuf Hannun from the Medical University of 
South Carolina. For transient transfection of PC-3 cells, we used 
the Xfect transfection reagent (Clontech) according to the manu-
facturer’s protocol.

Immunoprecipitation of PP2A and I2PP2A. PC-3 cells 
were grown until 80% confluency, and following that cells were 
treated with 10 μM C6-ceramide for 24 and 48 h to examine 
PP2A/I2PP2A association. Cells were lysed with RIPA buffer, 
and the total protein concentration was adjusted to 250 μg in 
1 mL lysis buffer. Protein A/G agarose beads (Santa Cruz, 50 μL 
slurry) were washed with chilled lysis buffer three times and then 
added to 250 μg total protein. After incubation for 2 h at room 
temperature, beads were collected by centrifugation as a control 
(pre-cleared beads). The supernatant was incubated with 2 μg of 
PP2A or I2PP2A antibody overnight at 4 °C. The next day beads 
(50 μL) were added to the mixture, which was then incubated 

for cancer progression, recurrence, and metastasis. Therefore 
targeting I2PP2A, which is a multifunctional protein associated 
with numerous cancer related pathways including cell migration 
for metastasis, could be a beneficial strategy for PC prevention. It 
has also been reported that I2PP2A regulates androgen produc-
tion by cytochrome P450c17; I2PP2A is found in adrenals and 
promotes 17,20-lyase activity to produce sex steroids.49 Ceramide 
has been well studied for inducing cell death in various cancer 
cells. Ceramide is not a specific anti-cancer agent for cancer cells, 
but it is a natural bioactive tumor suppressor lipid associated with 
numerous cell signaling pathways, including PP2A/I2PP2A sig-
naling, and regulates various cellular functions such as cellular 
growth, proliferation, senescence and others. Treatment of mice 
with lung cancer9 and breast cancer50-52 xenografts with the exog-
enous small chain C6-ceramide resulted in significant decreases 
in tumor growth. Treatment with C6-ceramide in combination 
with the histone deacetylase inhibitor trichostatin A has also 
shown anti-tumor effects in vitro and in vivo in mouse xenograft 
models of pancreatic and ovarian cancer.46 Our data indicated 
significant cell death in all PC cell lines with ceramide treatment 
(Fig. 3), but no toxicity toward normal prostate epithelial cells, 
indicating that unlike conventional chemotherapeutics, ceramide 
has no or minimal effects on normal cells. Thus, application of 
ceramide as an anti-I2PP2A agent to block I2PP2A function in 
PC cells is a strength of this study.

Our results indicated that inhibition of I2PP2A, a multifunc-
tional protein that is involved in numerous cancer-associated 
signaling pathways, via ceramide treatment decreases PC cell 
growth. Therefore we conclude that targeting this protein clini-
cally could be a beneficial approach to prevent prostate cancer 
growth and metastasis. The approach of I2PP2A inhibition by 
ceramide treatment in PC cells provides us new insight into the 
molecular mechanisms of invasive PC formation and will help in 
the design of better drugs to inhibit I2PP2A in cancer cells.

Figure 8. A schematic diagram of a possible mechanism for prostate cancer cell proliferation through modulation of I2PP2A function. (A) High expres-
sion of I2PP2A inhibits PP2A and HAT activity and stimulates cancer cell proliferation. (B) Ceramide binds and inhibits I2PP2A, which frees PP2A and 
HAT for c-Myc dephosphorylation and histone acetylation, respectively, and inhibits cancer cell proliferation.
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Endogenous ceramide level measurement. Endogenous 
ceramides were measured by high performance liquid chroma-
tography/mass spectroscopy (LC/MS) as described in reference 
53. In brief, after the cells were collected by centrifugation, lipids 
were extracted directly from cell pellets, and the cellular levels of 
ceramides and inorganic phosphate from the same extracts were 
measured as described previously.53 Ceramide levels were normal-
ized to total cellular inorganic phosphate levels.
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for 2 h at room temperature. Beads were collected by centrifuga-
tion and washed three times with cold lysis buffer. SDS loading 
buffer (1×, 40 μL) was added to the beads, the mixture heated at 
95 °C for 5 min and then briefly centrifuged, and the supernatant 
analyzed by SDS-PAGE.

Western blot analysis. After harvesting the cells, cell pel-
lets were lysed in RIPA buffer consisting of 10 mM TRIS-HCl, 
pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% Triton-X-100, 0.1% 
SDS, 1% sodium deoxycholate, and protease inhibitor cocktail 
(Sigma). Cell lysates were centrifuged for 5 min at 5000× g and 
the supernatants were collected. Total protein concentration was 
measured from the cell lysates using the standard Bradford assay. 
Western blot analysis was performed using the following anti-
bodies: I2PP2A (rabbit polyclonal, 1:5000 dilution, Abcam); 
c-Myc (rabbit monoclonal, 1:2000 dilution, Cell Signaling 
Technologies); histone 4 acetylation (rabbit polyclonal, 1:2000 
dilution); actin (mouse monoclonal, 1:5000 dilution, Sigma), 
PP2Ac (mouse monoclonal, 1:5000 dilution, BD Biosciences), 
p-PP2Ac (rabbit polyclonal, 1:5000 dilution, Epitomics). 
Signal densities were determined using ImageJ software (NIH, 
Bethesda) and normalized with actin as the loading control.

Ceramide treatment and cell viability assay. Prostate cancer 
cells and PrEC were plated in 6 well plates at a density of 10 × 104 
cells/well in 2 mL of media. Following that, cells were treated with 
0 to 40 μM C6-ceramide (Sigma) for 24 h and 48 h as indicated. 
Viable cells were counted using a hematocytometer in the pres-
ence of Trypan blue (Sigma) as described by the manufacturer.
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