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Abstract

Mutants of tumor suppressor p53 not only lose the activity in genome stabilizing and in tumor

suppression, but also exhibit oncogenic function in cancer cells. Most efforts in restoring p53

biological activity focus on either altering mutant-protein conformation or introducing an

exogenous p53 gene into cells to eliminate p53-mutant cancer cells. Being different from these,

we report that ceramide can restore the expression of wild-type p53 and induce p53-dependent

apoptosis in deletion-mutant cancer cells. We show that endogenous long-carbon chain ceramide

species (C16- to C24-ceramides) and exogenous C6-ceramide, rather than other sphingolipids,

restore wild-type mRNA (intact exon-5), phosphorylated protein (Ser15 in exon-5) of p53, and

p53-responsive proteins, including p21 and Bax, in ovarian cancer cells, which predominantly

express a deleted exon-5 of p53 mutant before treatments. Consequently, the restored p53

sensitizes these p53-mutant cancer cells to DNA damage-induced growth arrest and apoptosis.

Furthermore, we elucidate that ceramide activates protein phosphatase-1, and then the

dephosphorylated serine/arginine-rich splicing-factor 1 (SRSF1) is translocated to the nucleus,

thus promoting pre-mRNA splicing preferentially to wild-type p53 expression. These findings

disclose an unrecognized mechanism that pre-mRNA splicing dysfunction can result in p53

deletion-mutants. Ceramide through SRSF1 restores wild-type p53 expression versus deletion-

mutant and leads cancer cells to apoptosis. This suggests that heterozygous deletion-mutants of

p53 can be restored in posttranscriptional level by using epigenetic approaches.
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1. Introduction

The p53 protein, encoded by human gene TP53, is a key tumor suppressor that stabilizes the

genome, preventing tumorigenesis and cancer progression [1]. As an essential transcription

factor, p53 activates the expression of p21, Bax, Puma, Fas and other p53-responsive genes,

consequently promoting cell division-arrest, apoptosis, DNA repair and cell differentiation

[2]. Mutants of p53, which are detected more frequently than any other gene, compromise its

functions [3,4]. p53 mutants not only lose their activities in suppressing tumor, but they also

confer dominant-negative activity and oncogenic function in cancer cells [2,3]. These

changes promote tumor progression and result in drug resistance; therefore, p53 mutants

have become the most common prognostic indicator both for tumor recurrence and for

cancer death [2,5]. Most tumors that exhibit disrupted p53-signaling pathways remain

addicted to p53 mutants, and p53 mutants have emerged as perhaps the most important

target to improve cancer treatments [2,5]. Current approaches targeting p53 mutants mainly

focus on replacing wild-type p53 by introducing an exogenous p53 gene, reactivating p53

mutants by altering mutant-protein conformation and augmenting wild-type p53 by

inhibiting MDM2-mediated degradation [6–8]. In cancers, the dominant-negative activity

and gain-of-function of p53 mutants potentially compromise the efficacy of these

approaches [8,9]. To develop consistently effective approaches targeting p53 mutants,

greater promise would seem to rest in the possibility of regulating the expression of wild-

type p53 versus mutants in cancer cells, which are mostly heterozygous for the p53 gene.

Ceramide is the central metabolite of sphingolipids, and has myriad effects on cell function,

including cell growth arrest, senescence, apoptosis and autophagy [10]. Furthermore, several

reports have shown that ceramide is involved in regulating gene expression [11–14]. For

example, ceramide upregulates the expression of p21 [11,12], cyclooxygenase-2 [15], and

glucosylceramide synthase (GCS) [14]; it down-regulates the expression of c-myc [11] and

human telomerase reverse transcriptase (hTERT) [16]. By activation of Sp1 binding to the

promoter, ceramide increases the expression of GCS [14]; conversely, ceramide decreases

hTERT promoter activity by rapid proteolysis of the ubiquitin-conjugated c-myc [16].

Interestingly, ceramide can modulate alternative pre-mRNA splicing process and allow cells

to express apoptotic isoforms of bcl-x and caspase-9 [17,18]. Our previous report shows that

suppression of ceramide glycosylation restores the expression of wild-type p53 protein in

p53-mutant cells [19]. Current study examines whether or not ceramide modulates pre-

mRNA splicing to regulate the expression of wild-type p53 protein in p53-mutant cells.

2. Materials and methods

2.1. Cell culture and treatments

Human NCI/ADR-RES ovary cancer cell line, which presents multi-drug resistance and a 7-

amino acid deletion in exon-5 of tumor suppressor p53 [20], was kindly provided by Dr.

Kenneth Cowan (UNMC Eppley Cancer Center, Omaha, NE, USA) and Dr. Merrill
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Goldsmith (National Cancer Institute, Bethesda, MD, USA). Cells were cultured in

RPMI-1640 medium containing 10% fetus bovine serum (FBS), 100 units/ml penicillin, 100

μg/ml streptomycin, and 584 mg/l L-glutamine. Cells were maintained in an incubator

humidified with 95% air and 5% CO2 at 37 °C.

For treatments, cells (3 × 106/100-mm dish; 4000 cells/well in 96-well plate) were grown in

10% FBS RPMI-1640 medium overnight and then treated with C6-ceramide (C6-Cer, 5 μM),

C6-dihydroceramide (C6-diH-Cer, 5 μM), D-threo-1-phenyl-2-decanoylamino-3-

morpholino-1-propanol (PDMP, 10 μM), okadaic acid (OA, 10 nM) and calyculin A (Cal A,

5 nM) in Opti-MEM reduced-serum medium for 4 h and then cultured in 5% FBS medium

containing 2.5 μM doxorubicin (Dox) for additional 48 h, as described previously [14]. In

combination groups, cells were pretreated with OA (10 nM) or Cal A (5 nM) in Opti-MEM

reduced-serum medium for 4 h, and then treated with C6-Cer (5 μM) in 5% FBS medium for

additional 48 h. C6-ceramide and C6-dihydroceramide were purchased from Biomol

(Plymouth Meeting, PA). D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol

HCI (PDMP) was purchased from Matreya (Pleasant Gap, PA). Sphingomyelinase (acidic,

human placenta, 100 units/mg proteins) and doxorubicin hydrochloride were purchased from

Sigma-Aldrich (St. Louis, MO). Calyculin A (Cal A) and okadaic acid (OA) were purchased

from Cell Signaling Technology Inc. (Danvers, MA).

For Geimsa staining, cells in 35-mm dishes were fixed with ice-cold methanol, and then

stained with Karyomax® Giemsa stain improved R66 solution (Invitrogen, Carlsbad, CA) at

room temperature for 2 min. Following wash with deionized water, cells were

photomicrographed (×100 magnification) under Nikon Eclipse TS-100 microscope equipped

with a digital camera.

2.2. Gene silencing of GCS and SRSF1

To silence GCS expression, mixed-backbone oligonucleotide against human GCS (MBO-

asGCS, 0–200 nM) was introduced into cells (3 × 106/100-mm dish; 4000 cells/well in 96-

well plate) after overnight growth, facilitating with Lipofectamine 2000 in Opti-MEM

reduced-serum medium (Invitrogen) for 4 h. The cells continuously grew in 5% FBS

medium containing 2.5 μM Dox for an additional 48 h, as described previously [21]. In

combination groups, cells were pretreated with FB1 (100 μM) or Cal A (5 nM) and OA (10

nM) in Opti-MEM medium for 4 h, and then transfected with MBO-asGCS (100 nM), and

further grown in 5% FBS medium containing 2.5 μM Dox for an additional 48 h. To silence

serine/arginine splicing factor 1 (SRSF1), cells were transfected with siRNA targeting

SRSF1 (siSRSF1, 100 nM) or scrambled control (siRNA-SC, 100 nM) in Opti-MEM

medium and grew in 5% FBS medium containing 2.5 μM Dox for an additional 48 h. To co-

silence GCS and SRSF1, cells were transfected with both MBO-asGCS (100 nM) and

siSRSF1 (100 nM) or siRNA-SC simultaneously. Mixed-backbone oligonucleotide against

human GCS (MBO-asGCS) and scrambled control (MBO-SC) [21] were purchased from

Integrated DNA Technologies (Coralville, IA). siRNA targeting human SRSF1 (a pool of 3

target-specific 20–25 nt siRNA, sc-38319) [22] and its scrambled control (siRNA-SC,

sc-37007) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
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2.3. SRSF1 transfection

pSRSF1-EGFP plasmid (previously named as EGFP-SF2/ASF), which was generated by

Tom Misteli [23] inserting human SRSF1 into the HindIII and PstI restriction sites of

pEGFP-C1, was generously provided by Addgene (#17990; Cambridge, MA). The pEGFP-

C1 was purchased from Clontech Laboratories (Mountain View, CA). Four micrograms of

each plasmid was introduced into NCI/ADR-RES cells (3 × 106/100-mm dish) after

overnight growth, facilitating with Lipofectamine 2000 in Opti-MEM reduced-serum

medium (Invitrogen). After 4 h transfection, cells were cultured in 10% FBS RPMI medium,

and geneticin G418 (400 μg/ml) was added into culture after overnight growth. Transfected

SRSF1 cells were treated with indicated agents as described above, and the cells transfected

with pEGFP-C1 were used as mock control.

2.4. ESI/MS/MS analysis of sphingolipids

Endogenous sphingomyelin molecular species were performed on a Thermo-Fisher TSQ

Quantum triple quadrupole mass spectrometer, operating in a Multiple Reaction Monitoring

(MRM) positive ionization mode, as described previously [24,25]. Total cells, fortified with

internal standards, were extracted with ethyl acetate/iso-propanol/water (60/30/10 v/v),

evaporated to dryness and reconstituted in 100 μl of methanol. The reconstituted samples

were injected on the Surveyor/TSQ Quantum LC/MS system and gradient eluted from the

BDS Hypersil C8 column (150 × 3.2 mm, 3 μm particle size) with 1.0 mM methanolic

ammonium formate/2 mM aqueous ammonium formate mobile phase system. The peaks for

the target analytes and internal standards were collected and processed using the Xcalibur

software. Calibration curves were constructed by plotting peak area ratios of synthetic

standards, representing each target analyte, to the corresponding internal standard. The

target analyte peak area ratios from the samples were similarly normalized to their

respective internal standards and compared with the calibration curves using a linear

regression model. The levels of sphingolipids of samples were normalized against cellular

protein, and expressed as pmol/μg protein.

2.5. RNA extraction and reverse transcription-polymerase chain reaction

After treatment, total RNA was extracted from NCI/ADR-RES cells using a SV total RNA

isolation kit (Promega, Madison, WI). Equal amounts of total RNA (500 ng) were used to

synthesize first strand DNA using the SuperSrcriptR III kit (Invitrogen) and 5 μl of the first

strand DNA reaction from each sample was amplified by using the Platinum® Blue PCR

SuperMix kit (Invitrogen) [14,19]. To detect the deletion in exon-5 of p53, a 400-bp

fragment in the region of human TP53 mRNA (ORF 113–512; accession number

BC003596.1) was generated by using the upstream primer (5′-

TCACTGCCATGGAGGAG-3′) and downstream primer (5′-TTGAGGGCAGGGGAG-3′).

This 400-bp product that includes the deleted region of exon-5 (codons 126–133) would be

absent in the p53 deletion mutant. Another 393-bp p53 fragment was generated in the region

of the TP53 mRNA (223–490) to detect the expression of p53 mRNA using the upstream

primer (5′-TTGCCGTCCCAAGCAATG-3′) and downstream primer (5′-

AAGTCACAGACTTGGCTGTC CCAGA-3′). This product that does not include the

deletion region of exon-5 (codons 126–133) is present in both mutant and wild-type p53
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mRNAs. As internal control of RNA loading, a 200-bp product from the glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) mRNA was generated using upstream primer 5′-

ATGGGGAAGGTGAAGGTCGG-3′; and the downstream primer 5′-

TCCACCACCCTGTTGCTG TA-3′. The PCR amplification was performed in 35 cycles by

denaturation at 94 °C for 30 s, annealing at 58 °C for 30 s, and extension at 72 °C for 60 s.

2.6. Western blot analysis

After treatment, cells were collected with trypsin–EDTA and lysed in NP40 cell lysis buffer

(Biosource, Camarillo, CA, USA) to extract total cellular protein for Western blot. Nuclear

protein was extracted using Tween-20 lysis buffer and centrifugation, as described

previously [26,27]. Protein was measured by using a bicinchoninic acid (BCA) protein assay

kit (Pierce, Rockford, IL, USA). Western blot analysis was conducted as described

previously [19,26]. Briefly, equal amounts of protein (50 μg/lane) were resolved by 4–20%

gradient SDS-PAGE, and transferred to a nitrocellulose membrane. The blots were blocked

in 5% fat-free milk in PBST (0.05% Tween-20, 20 mM phosphate buffered saline, pH 7.4)

for 60 min at room temperature, and then incubated with specific primary antibodies against

p53 (clone PAB1801, #13-4000, Invitrogen), phosphorylated p53 at Ser15 (pp53; #9286S,

Cell Signaling Technology), p63 (D-9, sc-25268), p73 (S-20, sc-9651), p21 (F-5, sc-6246),

Bax (2D2, sc-20067), SRSF1 (H-110, sc-28724, Santa Cruz Biotechnology) and active

caspase-7 (04-441, EMD Chemicals) (1:500–1:5000 dilution) in 5% fat-free milk PBS,

respectively, at 4 °C, overnight. After washing, these blots were incubated with appropriate

horseradish peroxide-conjugated secondary antibodies (1:5000 dilution) in 5% fat-free milk

PBST for an hour at room temperature, and developed using the SuperSignal® West Pico

ECL substrate (Thermo Scientific, Rockford, IL). Glyceraldehydrodes-3-phosphate

dehydrogenase (GAPDH, sc-137179, Santa Cruz Biotechnology) and β-tubulin (DM1A,

T6199, Sigma-Aldrich) were used as a loading control for cellular protein, and for nuclear

protein, respectively.

2.7. Immunocytochemistry

Cells (10,000 cells/chamber) after treatments were grown in 4-chamber slides for 48 h and

immunocytochemistry was performed as described previously [19,26]. After fixation with

ice cold methanol and PBS wash, cells were blocked with 5% goat serum PBS (block

solution) and then incubated with antibodies against ceramide (1:500, clone MID 15B4 from

Sigma), SRSF1 (1:500, Santa Cruz Biotechnology) and pp53 (1:500, Cell Signaling

Technology) in blocking solution at 4 °C, overnight. Cellular ceramide, SRSF1 and pp53

tagged with antibodies were recognized by corresponding Alexa Fluor 555- or 488-

conjugated goat IgG (1:1000), respectively. Cell nuclei were counter-stained with DAPI (4′,

6-diamidino-2-phenylindole) in mounting solution (Vector Laboratories). Images (×200

magnification) were captured using the EVOS FL cell imaging system with color CCD

camera (Life Technologies, Grand Island, NY).

2.8. Cell viability assay

Cell viability was determined by quantitation of ATP, an indicator of live cells, using the

CellTiter-Glo luminescent cell viability assay (Promega, Madison, WI) kit, as described

previously [19,21]. Briefly, cells (4000 cells/well) were grown in 96-well plates with 10%
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FBS RPMI-1640 medium overnight. Cells were pre-treated with MBO-asGCS (100 nM) for

6 days, and FB1 (100 μM), C6-Cer (5 μM), C6-diH-Cer (5 μM), SMase (0.5 unit/ml), and

PDMP (10 μM) for 72 h. Simultaneously, cells were exposed to Dox (2.5 μM) for 72 h. Cell

viability was determined by the measurement of luminescent ATP in a Synergy HT

microplate reader (BioTek, Winnooski, VT, USA) following incubation with CellTiter-Glo

reagent.

2.9. Apoptosis analysis by flow cytometry

Apoptosis was evaluated by using propidium iodide (PI) staining and flow cytometry, as

described previously [21,28] with minimal modification. Briefly, treated cells were

harvested by trypsinization and centrifugation. Cell pellets were resuspended and exposed to

0.01% PI in staining solution (0.1% sodium citrate, 0.3% Triton X-100, 2 mg/ml

ribonuclease A) at 4 °C for 30 min, followed by flow cytometry analysis using

FACSCalibur (BD Biosciences, San Jose, CA). For each sample, 10,000 events were

counted three times and cell cycle histograms were generated. All analyses were performed

using CellQuest Pro program, where subphase G1/G0 was defined as indicative of apoptotic

cells.

2.10. Protein phosphatase assay

Protein phosphatase (PP) activity was measured using ProFluor™ Ser/Thr phosphatase

assay kit (Promega, Madison, WI), following manufacturer’s instructions [29]. Briefly, after

treatments, cells were harvested with trypsin–EDTA and lysed in NP40 cell lysis buffer.

Cell lysates (100 μg proteins) from each sample were incubated with R110 substrate, and

protease solution in 96-well plates at 25 °C for 10 min. PP activity was determined by

measurement of fluorescence with excitation/emission at 485 nm/530 nm in Synergy HT

microplate reader.

2.11. Data analysis

All experiments were repeated 2 or 3 times. The data are expressed as the mean ± SD. Two-

tailed Student’s t tests were used to compare the continuous variables between groups, using

a Prism v5 program (GraphPad software, San Diego, CA). All p < 0.05 was considered

statistically significant.

3. Results

3.1. Ceramide restores wild-type p53 expression in deletion-mutant cells

Ceramide is central in sphingolipid metabolism, and ceramide glycosylation catalyzed by

GCS converts ceramide to glucosylceramide [30, 31]. Disruption of ceramide glycosylation

can alter cellular levels of several sphingolipid molecules, including sphingosine and

sphingosine 1 phosphate (S1P), although ceramide alteration might be predominant.

Moreover, ceramide is a family of closely related molecules and constitutes more than 50

species possessing various saturated/unsaturated acyl chains [32,33]. Individual ceramide

molecular species are regulated by specific biochemical pathways in distinct subcellular

compartments and execute distinct functions. To understand how suppression of ceramide

glycosylation restores the expression of wild-type p53 [19], we analyzed endogenous

Patwardhan et al. Page 6

Biochim Biophys Acta. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



sphingolipids in p53 deletion-mutant NCI/ADR-RES cells treated with MBO-asGCS, a

mixed-backbone oligonucleotide that specifically silences GCS expression [21]. Among 13

detectable ceramide species, MBO-asGCS treatment significantly increased C16-, C18-, C20-,

C22- C24-, C24:1- and C26-Cer species. Cellular C18-Cer was increased by 2-fold (0.073 vs.

0.023 pmol/μg protein), C20-Cer increased by 2-fold, C22-Cer by 1-fold and C24-Cer by 2-

fold (1.98 vs. 0.66 pmol/μg protein) respectively, compared to the scrambled oligonucleotide

control (MBO-SC) (Fig. 1A). Among the unsaturated species, only C24:1-Cer was increased

by 1-fold (0.394 vs. 0.179 pmol/μg protein). In contrast to increasing ceramide levels, MBO-

asGCS treatment did not significantly alter other sphingolipids, including C16-

dihydroceramide, dihydrosphingosine, sphingosine and S1P in NCI/ADR-RES cells, as

compared to cells treated with MBO-SC or vehicle control (Fig. 1B). These data indicate

that suppression of ceramide glycosylation with MBO-asGCS mainly increases ceramide

level, particularly saturated C18- and C24-Cer species.

We used several different ways to evaluate ceramide effects on p53 expression. PDMP

inhibits GCS activity, and acidic SMase hydrolyzes sphingomyelin, thus increasing

endogenous ceramide [34]. C6-Cer, a short carbon-chain ceramide, is cell-permeable and

also can increase cellular ceramide [19]. Conversely, fumonisin B1 (FB1) inhibits de novo

ceramide synthesis [35], depleting cellular ceramide. C6-dihydroceramide (C6-diH-Cer),

which lacks bioactivity, was used as control. NCI/ADR-RE cells have mutated p53 with a

21-bp deletion spanning codons 126–133 in exon-5 of p53 mRNA [20]. The treatments with

MBO-asGCS, PDMP, C6-Cer, and SMase, which all increase cellular ceramide levels,

induced the expression of wild-type p53 mRNA (intact exon-5) in RT-PCR and

phosphorylated p53 (Ser15, 7 aa more than deletion-mutant) in Western blotting. MBO-

asGCS, C6-Cer, SMase, and PDMP significantly increased the pp53 levels by approximately

6-, 7-, 8-, and 7-fold, respectively, as compared to vehicle control (Fig. 1C). Consequently,

the protein levels of p21 and Bax were substantially increased in cells after these ceramide-

increasing treatments (Fig. 1C). On the other hand, agents that do not affect ceramide levels

or inhibit ceramide generation had no effect on restoration of wild-type p53 expression. In

the same conditions, we further examined p63 and p73 proteins, which both exert p53-like

tumor-suppressive activities through their ability to activate a common set of target genes

[36,37]. NCI/ADR-RES cells express p63 and p73 at the similar levels as mutant p53, rather

than ΔNp63 or ΔNp73 isoforms that can act as dominant-negative inhibitors of p53 [36,38];

ceramide treatments increase both protein levels, however, these changes are not significant,

compared to vehicle controls (Fig. 1C). Although the p53 promoter elements for PE21 and

Sp1 are essential for p53 transactivation [39], we found that MBO-asGCS treatments do not

have any significant effect on activating the wild-type or truncated p53 promoter reporters

(Fig. S1). Together, this evidence indicates that ceramide restores p53 expression in

deletion-mutant cancer cells.

These findings were further verified by immunostaining of ceramide and pp53, because the

induced nuclear pp53 was coincident with cytoplasmic ceramide in most NCI/ADR-RES

cells treated with MBO-asGCS, C6-Cer, SMase and PDMP, respectively (Fig. 2). However,

neither ceramide nor pp53 was detected in cells treated with vehicle and either C6-diH-Cer

or MBO-asGCS combined with FB1 (Fig. 2).
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3.2. Restored wild-type p53 expression sensitizes cells to apoptosis

To determine whether the restored wild-type p53 is able to execute its role as a tumor

suppressor, we pretreated NCI/ADR-RE cells with the reagents, which we showed can

restore wild-type p53 expression, and then assessed the cell response to doxorubicin

treatments. We found that MBO-asGCS treatment substantially decreased cell viability more

than 4-fold; however, MBO-asGCS combined with FB1, which inhibited ceramide de novo

synthesis and restoration of p53 expression, did not significantly affect cell viability (Fig.

3A). Consistently, C6-Cer decreased cell viability by 4-fold (91% vs. 17% of control), but

C6-diH-Cer did not. Treatments with SMase, and PDMP, all of which can induce p53

expression, significantly decreased cell viability by approximately 2-, 4- and 7-fold,

respectively (Fig. 3A). To account for the decreased cell viability observed on stimulation of

ceramide levels, we examined induction of apoptosis. We found that MBO-asGCS treatment

substantially increased apoptotic cells by approximately 4-fold (81% vs. 15% of total cells)

(Fig. 3B top), due to increased level of active caspase 7 (Fig. 3B bottom); however, MBO-

asGCS combined with FB1 did not significantly affect apoptosis (20% vs. 15%) or the level

of active caspase 7. Similarly, C6-Cer dramatically increased apoptotic cells by 4-fold (80%

vs. 15% of total cells), but C6-diH-Cer only increased apoptotic cells by 1-fold (30% vs.

15%) and did not significantly increase the active caspase 7 (Fig. 3B bottom). Further,

treatment with SMase or PDMP significantly increased apoptotic cells by approximately 3-

and 4-fold (Fig. 3B top), respectively, accompanied by increased levels of active caspase 7

(Fig. 3B bottom), as compared to vehicle control.

3.3. Ceramide modulates the activity of protein phosphate 1 and increases nuclear SRSF1

It has been reported that protein phosphatase 1 (PP1) as well as protein phosphatase 2A

(PP2A), can be activated by ceramide and play an important role in mediating the

pharmacological effects of ceramide [40,41]. PP1 is engaged in ceramide-mediated the

dephosphorylation of serine/arginine-rich proteins (SR proteins) [42,43]. To explore whether

PP1 or PP2A is involved in ceramide-mediated restoration of p53 expression, we tested

phosphatase inhibitors in NCI/ADR-RES cells treated with MBO-asGCS and C6-Cer. Both

MBO-asGCS and C6-Cer significantly increased the activity of PP1 to 165% (76,376 vs.

46,155 FLU/100 μg protein, p < 0.001) and 173% (79,412 vs. 46,155 FLU/100 μg protein, p

< 0.001), respectively, as compared to vehicle control (Fig. 4A). Calyculin A (Cal A) has

been reported to inhibit both PP1 and PP2a [44,45]. Pretreatment with Cal A substantially

reduced PP1 activity to 39% (30,071 vs. 76,376 FLU/100 μg protein, p < 0.001) and 47%

(37,214 vs. 79,412 FLU/100 μg protein, p < 0.001) in cells treated with MBO-asGCS and

C6-Cer, respectively. Okadaic acid (OA), a specific inhibitor of PP2, did not significantly

decrease PP activity of cells treated with either MBO-asGCS or C6-Cer (Fig. 4A).

We next assessed the effect of MBO-asGCS treatment on spliceosome proteins in

NCI/ADR/RES cells. It was found that MBO-asGCS increased the levels of nuclear splicing

factor SRSF1 in a concentration-dependent manner (Fig. 4B). Nuclear SRSF1 was

undetectable in NCI/ADR-RES cells, but its levels were significantly increased to 2-fold and

6-fold after treatments with 100 nM and 200 nM of MBO-asGCS, compared to 50 nM

treatment (Fig. 4B). Accompanying SRSF1 increase, the levels pp53 that represent wild-

type p53, were significantly induced in cells treated with MBO-asGCS (Fig. 4B).
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Consistently, RT-PCR analyses indicate that MBO-asGCS substantially induced exon-5

mRNA in NCI/ADR-RES cells, even though it did not have effects on the panel p53 mRNA

(Fig. 4C). Immunostaining of SRSF1 and pp53 indicated that translocation of SRSF1 from

the cytoplasm to the nucleus correlated well with nuclear pp53 in most of cells treated with

MBO-asGCS (Fig. 4D). Together, these data indicate that PP1 and SRSF1 are highly

associated with the effects of MBO-asGCS and ceramide in modulating restoration of wild-

type p53.

3.4. PP1 and SRSF1 execute the effects of ceramide on restoring wild-type p53 expression

We utilized enzyme inhibition as well as gene silencing to determine the roles of PP1 and

SRSF1 in p53 restoration. In addition to Cal A and OA, NCI/ADR-RES cells were

pretreated with siSRSF1 (100 nM) to silence SRSF1 expression [22]. Subsequently, the cells

were treated with MBO-asGCS (100 nM) or with C6-Cer (5 μM). MBO-asGCS induced the

expression of the intact exon-5 mRNA and phosphorylated p53 (pp53), which consequently

increased the expression of p21 and Bax in NCI/ADR-RES cells, as compared to vehicle

control (Fig. 5A, B). In contrast, Cal A (5 nM) and siSRSF1, which inhibits PP1 and knocks

down SRSF1, completely diminished the inductive effects of MBO-asGCS on the

expression of p53 exon-5 mRNA, pp53, p21 and Bax in NCI/ADR-RES cells. Consistently,

Cal A and siSRSF1 also diminished the effects of C6-Cer on p53 exon-5 mRNA, pp53, p21

and Bax as well. However, neither OA nor siRNA-SC prevented the restoration of wild-type

p53 and p53-responsive gene expression in NCI/ADR-RES cells treated with MBO-asGCS

and C6-Cer (Fig. 5A, B). Furthermore, introduction of human SRSF1 gene into NCI/ADR-

RES cells confers that SRSF1 is essential for ceramide induced p53 restoration.

Overexpression of SRSF1 sufficiently restored exon-5 mRNA (Fig. 5C) and pp53 (Fig. 5D)

in NCI/ADR-RES cells transfected with pSRSF1, even though no treatment of MBO-asGCS

or C6-ceramide. Cal A treatment did not prevent the expression of wild-type p53 and p53

responsive proteins of p21 and Bax in SRSF1 transfected cells (Fig. 5C, 5D).

We further examined whether PP1 and SRSF1 affect p53-dependent cell death. NCI/ADR-

RE cells were pretreated with PP1 inhibitor or transfected with siSRSF1 and pSRSF1

plasmids, and then treated with MBO-asGCS and Dox. As shown in Fig. 6A, MBO-asGCS

substantially decreased viability of cells exposed to Dox by 4.5-fold (100% vs. 18.2% of

control, p < 0.001) (Fig. 6A). Conversely, inhibition of PP1 with Cal A and knockdown of

SRSF1 with siSRSF1 allowed cell survival when they were exposed to MBO-asGCS with

Dox, and the cell viability was increased by 3.7-fold (18.2% vs. 86.5% of control, p < 0.001)

and 3.4-fold (18.2% vs. 80.3% of control, p < 0.001), respectively. Transfection of SRSF1

significantly decreased cell viability (12% vs. 80.3%, p < 0.001) in NCI/ADR-RES cells,

compared to siSRSF1 transfection or mock (Fig. 6A). However, OA and siRNA-SC or mock

transfection, which did not affect either PP1 activity or SRSF1 expression, could not

diminish the cytotoxic effect of MBO-asGCS with Dox on cells (Fig. 6A). These findings

were confirmed by Geimsa staining of cells after indicated treatments (Fig. 6B). On flow

cytometry analysis, we found that MBO-asGCS treatment (100 nM, 48 h) substantially

increased apoptosis in cells exposed to Dox (2.5 μM), by approximately 11-fold (81% vs.

6.7% of total cells, p < 0.001) (Fig. 6C). SRSF1 transfection increased apoptosis (92% vs.

25%, p < 0.001) in cancer cells, compared to siSRSF1 transfection or mock (Fig. 6C).
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Conversely, inhibition of PP1 with Cal A and knockdown of SRSF1 with siSRSF1 allowed

survival when cells were exposed to MBO-asGCS with Dox; the apoptotic cells were

decreased by approximately 3-fold (81% vs. 20.3% of total cells, p < 0.001) and 2-fold (81%

vs. 25.9% of total cells, p < 0.001), respectively (Fig. 6C). However, OA and siRNA-SC or

mock transfection, which did not affect PP1 activity or SRSF1 expression, could not

diminish the cytotoxic effect of MBO-asGCS with Dox on NCI/ADR-RES cells (Fig. 6C).

4. Discussion

A previous report shows that suppression of ceramide glycosylation restores wild-type p53

expression and p53-dependent apoptosis in p53 deletion-mutant cells [19]. Our present study

elaborates the molecular mechanism, demonstrating that ceramide modulates pre-mRNA

splicing to restore p53 expression.

Besides modulating transcription factors and transactivation of gene expression [14,16],

recent studies show that ceramide mediates alternative splicing to preferentially express

apoptotic isoforms of bcl-x and caspase-9 [17,18]. Little is known about the role of ceramide

in restoration of wild-type gene expression in mutant cells. In our present study, suppression

of ceramide glycosylation with MBO-asGCS, which restores wild-type p53 in mutant cells,

significantly increased endogenous ceramide species, particularly C18- and C24-ceramide,

rather than other sphingolipid molecules (Fig. 1). Inhibition of ceramide synthesis in de novo

pathway by FB1 diminished the restorative effect of MBO-asGCS on p53 expression;

conversely, enhancing cellular ceramide levels, by GCS inhibitor PDMP, SMase and C6-

Cer, lead to p53 restoration (Figs. 1, 2). All these results indicate that ceramide is an

essential cellular signal in modulating the expression of wild-type p53 versus mutant p53 in

these cells. Ceramide, particularly long-carbon chain ceramide species, such as C18-

ceramide, can activate protein phosphatases including PP1 and PP2a to mediate cellular

signal transduction [41,44,46–48]. We found here that MBO-asGCS treatment via ceramide

mainly increased PP1 activity. Further, the nuclear level of SRSF1 was increased in a

concentration-dependent manner (Fig. 4). Ceramide-activated PP1 and induced nuclear

SRSF1 after MBO-asGCS treatment restored the expression of wild-type p53 and p53-

responsive genes (p21, Bax) (Fig. 5), consequently leading cells to apoptosis (Fig. 6).

SRSF1 is a serine/arginine-rich protein involved in pre-mRNA splicing, and it also functions

in multiple steps of gene expression, including chromatin remodeling, transcription, non-

sense-mediated mRNA decay, mRNA export and stability and translation [49–52]. SRSF1

contains two RNA recognition motifs (RRM) in the N-terminus and one arginine/serine-rich

(RS) domain in the C-terminus. In pre-mRNA splicing, early spliceosome assembly begins

with U1 small nuclear ribonucleoprotein (U1 snRNP) binding to the 5′ splice site of pre-

mRNA, which is assisted by SR proteins in mammalian cells. In this process, the RS domain

of SR proteins is thought to directly interact with the RS motif of U1-70K snRNP, which is

subject to regulation by RS domain phosphorylation [49,50]. Recent study shows that

interaction between the RRM of SRSF1 and U1-70K snRNP protein determines early

spliceosome assembly [49]. SR protein kinase (SRPK1) and nuclear protein kinase Clk/Sty

(CDC-like kinase) phosphorylate the RS domains [53]; in contrast, PP1 and PP2a

dephosphorylate the RS domains, thus modulating SRSF1 cellular translocation from the
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cytoplasm to the nucleus, and spliceosome recruitment [54,55]. Hyperphosphorylated SR

proteins are driven out of the nucleus to the cytoplasm where they are sequestered; the

dephosphorylated or hypophosphorylated SR proteins are translocated to the nucleus,

increasing their concentrations inside this organelle [56,57]. The phosphorylation/

dephosphorylation cycle of SRSF1 has an important effect in alternative splicing, rather than

in constitutive splicing [58]. Endogenous ceramide has been found to activate PP1 and

dephosphorylate of SRSF1, regulating the selection of exons of caspase-9 isoforms [17,42].

In the present study, we found that after MBO-asGCS treatments, endogenous ceramide

increased nuclear SRSF1 and wild-type p53 expression in a concentration-dependent

manner (Fig. 4). Inhibition of PP1 or silencing SRSF1 diminished the restorative effect of

ceramide on p53 expression; overexpression of SRSF1 confers the effect of ceramide on p53

restoration (Fig. 5). These demonstrate that nuclear SRSF1 plays a critical role in regulating

the expression of wild-type p53 versus mutants.

SRSF1 can be oncogenic, as it is reported to be overexpressed in breast cancer cells, driving

transformation of murine immoral fibroblasts and mammary epithelial cell transformation

[59,60]. The oncogenic activity of SRSF1 is partly medicated by controlling alternative

splicing of tumor suppressor BIN1 [60] and potentiating eIF4E activation through mTOR

[59]. However, several studies also indicate that SRSF1 has anticancer effect.

Dephosphorylated SRSF1 by ceramide preferentially expresses the apoptotic isoforms of

bcl-x and caspase-9 in cancer cells [17,18]. The alterative splicing of caspase 9 by SRSF1

regulates the synergistic effects of chemotherapeutic agents in non-small cell lung cancer

(NSCLC) [61,62]. Recent work from Krainer’s group shows that SRSF1 stabilizes p53

protein by abrogating its MDM2-dependent proteasomal degradation and induces cellular

senescence in primary human fibroblasts [63]. We found that SRSF1 restored wild-type p53

expression and induces apoptosis in deletion-mutant cancer cells. These suggest that the

effects of SRSF1 rely on the SRSF1-spliced genes, and their expression and functional

profiles determine whether SRSF1 is oncogenic protein or vice versa in particular types of

cells and cancers. In p53 mutant cancer cells, SRSF1 can act as tumor suppressor, if it is

able to restore wild-type p53 expression.
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PP1 protein phosphatase 1

GCS glucosylceramide synthase

MBO-asGCS mixed backbone oligonucleotide against glucosylceramide synthase

PDMP D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol

SMase sphingomyelinase

FB1 fumonisin 1

CalA calyculin A

siRNA small interfering RNA

RT-PCR reverse transcription polymerase chain reaction

ESI/MS/MS electrospray ionization-tandem mass spectrometry
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Fig. 1.
Endogenous sphingolipids and p53 expression. A) Ceramide species. NCI/ADR-RES cells

were treated with MBOs (100 nM, 48 h) and extracted lipids were analyzed by LC/MS. *, p

< 0.001 compared to MBO-SC. B) Sphingolipids analyzed by ESI/MS/MS analysis. DHC16-

Cer, C16-dihydroceramide; DHSph, dihydrosphingosine; Sph, sphingosine; Sph-1P,

sphingosine 1 phosphate. C) Ceramide and p53 expression in NCI/ADR-RES cells. Cells

were treated with agents, including MBO-asGCS (100 nM), FB1 (100 μM), C6-Cer (5 μM);

C6-diH-Cer (5 μM), SMase (0.5 U/ml), and PDMP (10 μM) for 48 h. RT-PCR analyses were

utilized to detect the pan p53 mRNA and deleted region in exon-5. Equal amounts of

cellular protein (100 μg/lane) were used for Western analyses. pp53, phosphorylated p53;

pp53/p53, the ratios of optical densities of pp53 bands normalized against total p53. *, p <

0.001 compared to cells treated with vehicle and exposed to Dox.
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Fig. 2.
Cellular ceramide and wild-type p53. NCI/ADR-RES cells were treated with agents,

including MBO-asGCS (100 nM), FB1 (100 μM), C6-Cer (5 μM), C6-diH-Cer (5 μM),

SMase (0.5 U/ml), and PDMP (10 μM) for 48 h and exposed to Dox. Red, Alexa Fluor 555-

Cer; green, Alexa Fluor 488-pp53; blue, DAPI-nucleus. Fluorescence micrographs (x 200

magnification) were captured by EVOS imaging system.
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Fig. 3.
Restored expression of wild-type p53 induces cell death. NCI/ADR-RES cells were

pretreated with M-asGCS (MBO-asGCS, 100 nM), C6-Cer (5 μM), C6-diH-Cer (5 μM), FB1

(100 μM), and PDMP (10 μM), and then treated with Dox (2.5 μM). A) Cell viability after

72 h of treatments. B) Apoptotic cells were analyzed by flow cytometry after 48 h of

treatments. Active caspase 7 levels were detected by using Western blotting. *, p < 0.001

compared to vehicle (Dox alone); **, p < 0.001 compared to M-asGCS or C6-Cer,

respectively.
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Fig. 4.
PP1 and SRSF1 are associated with p53 restoration. A) PP1 activities. NCI/ADR-RES cells

were pretreated with calyculin (Cal A, 5 nM) or okadaic acid (OA 10 nM), and treated with

MBO-asGCS (M-asGCS, 100 nM) or C6-Cer (5 μM) in medium containing Dox. FLU,

fluorescence units. *, p < 0.001 compared to vehicle; **, p < 0.001 compared to M-asGCS

or C6-Cer. B) Western blotting for Nuclear SRSF1. NCI/ADR-RES cells were treated with

MBO-asGCS (0–200 nM) for 6 days and then exposed to Dox in the last 48 h. Equal

amounts of nuclear protein were used for immunoblotting. Nuclear SRSF1 levels are

represented by SRSF1/tubulin, ratios of SRSF1 optical densities normalized against β-

tubulin. C) RT-PCR analysis of wild-type p53 exon-5. D) Immunostaining of SRSF1 and

pp53. SRSF1 and pp53 tagged with antibodies were further recognized by corresponding

Alexa Fluor 488 or 555-conjugated goat IgG (×200, magnification).
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Fig. 5.
PP1 and SRSF1 determine wild-type p53 expression. NCI/ADR-RES cells were pretreated

with PP inhibitors (5 nM Cal A; 10 nM OA) and transfection of siSRSF1 (100 nM) or

pSRSF1, and then treated with MBO-asGCS and C6-Cer followed by Dox exposure (2.5

μM, 48 h). A) RT-PCR analysis of p53 exon-5. B) Western blotting for wild-type p53. C)

Effect of SRSF1 on p53 exon-5 mRNA, and D) p53 proteins. Total RNA and cellular

protein were extracted from NCI/ADR-RES cells transfected with pEGFP-SRSF1 (pSRSF1)

or pEFGP-C1 plasmids (mock) and then treated with MBO-asGCS (100 nM), C6-ceramide

(5 μM) and Cal A (5 nM), respectively.
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Fig. 6.
Restored p53 leads cancer cells to apoptosis. NCI/ADR-RES cells were pretreated with PP

inhibitors (5 nM Cal A; 10 nM OA), and transfection of siSRSF1 (100 nM) or pSRSF1, and

then treated with MBO-asGCS (100 nM) and Dox (2.5 μM). A) Cell viability. *, p < 0.001

compared to control (Dox alone); **, p < 0.001 compared to MBO-asGCS + OA or MBO-

asGCS + siRNA-SC; #, p < 0.001 compared to Mock. B) Geimsa staining. Cells were treated

with indicated conditions mentioned in Fig. 6A (×100 magnification). C) Apoptosis. *, p <

001 compared to control (Dox alone); **, p < 0.001 compared to MBO-asGCS + OA or

MBO-asGCS + siRNA-SC; #, p < 0.001 compared to MBO-asGCS + mock or MBO-asGCS

+ siSRSF1.
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