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Sphingosine kinase 1 (SK1) is a lipid kinase whose activity produces sphin-

gosine 1-phosphate, a prosurvival lipid associated with proliferation, angio-

genesis, and invasion. SK1 overexpression has been observed in numerous

cancers. Recent studies have demonstrated that SK1 proteolysis occurs

downstream of the tumor suppressor p53 in response to several DNA-

damaging agents. Moreover, loss of SK1 in p53-knockout mice resulted in

complete protection from thymic lymphoma, providing evidence that regu-

lation of SK1 constitutes a major tumor suppressor function of p53. Given

this profound phenotype, this study aimed to investigate the mechanism by

which wild-type p53 regulates proteolysis of SK1 in response to the DNA-

damaging agent doxorubicin in breast cancer cells. We find that p53-

mediated activation of caspase-2 was required for SK1 proteolysis and that

caspase-2 activity significantly alters the levels of endogenous sphingolipids.

As p53 is mutated in 50% of all cancers, we extended our studies to inves-

tigate whether SK1 is deregulated in the context of triple-negative breast

cancer cells (TNBC) harboring a mutation in p53. Indeed, caspase-2 was

not activated in these cells and SK1 was not degraded. Moreover, caspase-

2 activation was recently shown to be downstream of the CHK1-sup-

pressed pathway in p53-mutant cells, whereby inhibition of the cell cycle

kinase CHK1 leads to caspase-2 activation and apoptosis. Indeed, knock-

down and inhibition of CHK1 led to the loss of SK1 in p53-mutant TNBC

cells, providing evidence that SK1 may be the first identified effector of the

CHK1-suppressed pathway.

Bioactive sphingolipids are recognized as important

signaling molecules that play significant roles in a

diverse array of biological processes, from cell death

and senescence to cell survival and proliferation [1,2].

Sphingolipid metabolism is a multifaceted and inter-

connected network of many enzymes that are responsi-

ble for coordinating the production of bioactive lipids

that at times may elicit very opposing effects within

the cell; therefore, the activity of the enzymes in this

network must be tightly regulated.

Sphingosine kinase 1 (SK1) is an important sphin-

golipid enzyme that is involved in maintaining the bal-

ance between the prosurvival lipid product of its kinase

activity, sphingosine 1-phosphate (S1P), and the

upstream proapoptotic sphingolipid metabolites, cera-

mide and sphingosine. Therefore, alterations in SK1
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activity could have a critical impact on cell fate. In line

with this, previous work from our laboratory showed

that SK1 mRNA and protein levels are significantly

increased in numerous types of human cancers [3,4].

Subsequent complementary work from several other

laboratories has demonstrated that deregulation of the

SK1/S1P pathway plays a role in carcinogenesis and

promoting cancer cell viability as well as chemothera-

peutic resistance [5–9]. In addition, there is an emerging

body of literature implicating SK1 as a critical down-

stream target of the tumor suppressor p53 in response

to DNA damage. Previous work from our laboratory

showed that actinomycin D (Act-D) induces SK1 degra-

dation in Molt-4 T-cell leukemia cells, and this degrada-

tion is rescued in Molt-4 cells overexpressing the

papilloma virus E6 protein, which targets p53 to degra-

dation, suggesting that SK1 proteolysis is p53 mediated.

This work also showed that pretreatment of Molt-4 cells

with the pan-caspase inhibitor Z-VAD rescued SK1

degradation in response to Act-D, suggesting that SK1

proteolysis is caspase mediated [10]. Building on this

work, Heffernan-Stroud et al. showed that UVC-

induced SK1 proteolysis in WT mouse embryonic

fibroblast (MEFs) is abrogated in p53-null MEFs

(p53�/�) [11]. This led to the hypothesis that SK1 could

be deregulated (i.e., does not get proteolyzed) in p53-

null tissues. Indeed, in that study, it was also demon-

strated that SK1 was overexpressed and more active in

the thymus of p53-null mice. Moreover, deletion of SK1

in p53-null mice completely abrogated thymic lym-

phomas in the double-knockout mice and prolonged

lifespan by approximately 30% compared to p53�/�
mice with SK1 [11].

The above data provide strong evidence identifying

SK1 as an important downstream target of the tumor-

promoting activity in p53-null mice, although many

questions still remain as to the exact mechanism of SK1

proteolysis in cancer cells in response to DNA damage,

and whether this pathway is perturbed in p53-mutant

cells. As a corollary, much is unknown about the biolog-

ical implications of SK1 loss in p53-mutant cancer.

Although some evidence in the literature indicates

that SK1 proteolysis in response to DNA damage may

be caspase mediated [10,11], these studies utilized cas-

pase inhibitors that lack the specificity to monitor the

activity of a specific caspase as the common peptide

sequences used have been demonstrated to inhibit

many members of the caspase family [12]. Moreover,

p53 activity is well documented to be involved in the

activation of a number of caspases [13,14]; neverthe-

less, a strong connection between p53 and the poorly

studied caspase-2 is emerging via its activation plat-

form, the PIDDosome [15]. The PIDDosome consists

of three proteins, PIDD [p53-induced death domain

(DD) protein] that interacts with RAIDD (RIP-asso-

ciated Ich-1/CED homologous protein with DD) via

their DDs and caspase-2 which is recruited to RAIDD

via the caspase recruitment domain (CARD) present

in both proteins. Once assembled, full-length caspase-2

can then undergo autoproteolytic cleavage producing

the fully active enzyme [15].

To date, only 16 substrates of caspase-2 have been

identified [16], whose physiological functions range

from vesicular trafficking and translation initiation to

cell cycle regulation and apoptosis. Importantly, many

of these substrates are also substrates of other cas-

pases. In addition, caspase-2�/� mice are viable, fer-

tile, and show minimal phenotype other than

deficiencies in apoptosis in oocytes, and accelerated

apoptosis in motor and sympathetic neurons [17,18].

Interestingly, a novel caspase-2-dependent apoptotic

pathway termed the CHK1-suppressed pathway was

recently identified, where loss or inhibition of the cell

cycle checkpoint kinase CHK1 in the presence of

mutant p53 promotes a caspase-2-mediated apoptotic

response to DNA damage. However, critical down-

stream targets and components of this pathway are yet

to be identified [19–21].
In light of the above data, we hypothesized that cas-

pase-2 may mediate p53-dependent SK1 proteolysis in

response to DNA damage. To test this hypothesis, we

evaluated whether SK1 proteolysis is downstream of

caspase-2 activation using a variety of methods in WT

p53 human breast cancer cells and also whether caspase-

2 is required for SK1 proteolysis using both biochemical

and genetic models. Given that p53 mutations occur in

50% of all human cancers [22–24] and in a high propor-

tion of triple-negative breast cancer (TNBC) cells [25],

we next wanted to extend these studies to investigate

whether caspase-2 activation and SK1 proteolysis are

deregulated in these situations and if so, whether SK1

proteolysis can be restored by activation of the CHK1-

suppressed pathway in p53-mutant TNBC cells.

Experimental procedures

Chemicals and reagents

Lipofectamine� RNAiMAX, Annexin-V, and propidium

iodide were purchased from Life Technologies (Grand

Island, NY, USA). X-tremeGENE 9 DNA Transfection

Reagent was purchased from Roche Diagnostics (Indi-

anapolis, IN, USA). iTAQ and SYBR� Green master mix

master mix was purchased from Bio-Rad (Hercules, CA,

USA). CHK1/2 inhibitor AZD7762 was purchased from

sSelleckchem (Houston, TX, USA). Doxorubicin
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hydrochloride and cycloheximide were purchased from

Sigma Aldrich (St. Louis, MO, USA). D-Erythro-sphingo-

sine (C17 base) was purchased from Avanti Polar Lipids

(Alabaster, AL, USA). Thiazolyl blue tetrazolium bromide

(MTT) was purchased from Amresco (Solon, OH, USA).

SKi-II (4-[4-(4-chloro-phenyl)-thiazol-2-ylamino]-phenol)

was purchased from Cayman Chemical (Ann Arbor, MI,

USA).

Cell culture and siRNA

MCF7 and MDA-MB-231 cells were purchased from

ATCC and cultured in RPMI 1640 medium and Dulbecco’s

modified Eagle’s medium (DMEM), respectively, with 10%

FBS both from Life Technologies (Grand Island, NY). WT

and Cas2�/� MEFs were a kind gift from D. Green (St.

Jude’s Children Hospital) and cultured in DMEM with

10% FBS both from Life Technologies (Grand Island, NY,

USA). Before all doxorubicin treatments, the media were

changed on cells to fresh new media. Gene silencing was

then carried out using siRNA directed against human SK1

(target sequence 50-AAGGGCAAGGCCTTGCAGCTC-3)

and all-star siRNA as a negative control purchased from

Qiagen. The siRNA directed against CHK1 and p53 were

validated predesigned sequences from Invitrogen. Transfec-

tions were carried out using Lipofectamine� RNAiMAX

from Life Technologies (according to the manufacturer’s

protocol). For siRNA experiments, cells were seeded into

60-mm plates at < 75 000 cells per dish and treated with

20 nM siRNA for 48 h prior to stimulation.

RNA isolation and quantitative RT-PCR

RNA extraction and cDNA synthesis were carried out

using PureLink� RNA Mini Kit (Life Technologies) and

Quanta qScript cDNA SuperMix (Quanat Biosciences, Bev-

erly, MA, USA), respectively, and according to the manu-

facturer’s instructions. The cDNA was then diluted (1 : 15)

in RNase-free water, and 5 lL was used in a total reaction

volume of 20 lL. For each 20-lL real-time PCR, a ratio of

10 : 1 : 4 [iTaq: Taqman probe (209): nuclease-free water]

was used. PCR was performed using the Applied Biosys-

tems 7500 Real-Time PCR System (Applied Biosystems,

Foster City, CA, USA). The following Taqman probes

(Life Technologies) were used: mouse SK1

(Mm00448841_g1) and mouse SK2 (Mm00445021_m1).

Cycle threshold (Ct) values were obtained for each gene of

interest and b-actin. DCt values were calculated and the rel-

ative gene expression normalized to control samples was

calculated from DD Ct values.

Western blot analysis

Cultured or transfected cells were washed with ice-cold PBS

and then directly lysed in cold RIPA buffer containing 1 mM

sodium orthovanadate, 2 mM PMSF, and protease inhibitor

cocktail (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Cellular lysates were then clarified by centrifugation at 18 800 g

for 10 min at 4 °C; protein concentration was quantitated by

BCA Protein Assay kit from Thermo Scientific (Suwanee, GA,

USA). Equal amounts of protein (25 lg) were boiled in

Laemmli buffer (Boston Bio Product) and separated on SDS/

PAGE (4–15%, Tris/HCl) using the Bio-Rad Criterion system.

Separated proteins were then transferred onto nitrocellulose

membranes (Bio-Rad) and blocked with 5% nonfat milk in

PBS-0.1%Tween-20 (PBS-T) for 1 h at room temperature. Pri-

mary antibodies diluted 1 : 1000 or 1 : 20 000 for b-actin and

GADPH were then added to membranes and incubated at

4 °C overnight. Membranes were washed three times with

PBS-T, then incubated with diluted 1 : 5000 HRP-conjugated

secondary antibodies for 1 h at room temperature. Membranes

were then washed for 1 h, incubated with Pierce ECL Western

Blotting Substrate (Pierce, Waltham, MA, USA), and exposed

to X-ray films that were then processed and scanned. Anti-

SK1, anti-total CHK1, anti-phospho (296)-CHK1, anti-p53,

anti-caspase-2, and anti-GAPDH were from Cell Signaling

Technology (Danvers, MA, USA). RIPA lysis buffer system,

HRP-labeled secondary antibodies, and anti-PARP were from

Santa Cruz Biotechnology. Anti-CERT was from Bethyl Labo-

ratories (Montgomery, TX, USA). Anti-caspase-2 (clone 11B4)

was fromMillipore (Billerica, MA, USA).

Sphingolipidomic analysis

Following the indicated treatment, cells were directly lysed

with 2 mL of 2 : 3 ratio of 70% isopropanol/ethyl acetate,

followed by the gentle scraping of the cell from the culture

plate. Lysate was then transferred to 15-mL falcon tubes.

Upon the addition of internal standards to the tubes, sam-

ples were then briefly centrifuged at 2000 g and the upper

phase was transferred to a new glass tube. An additional

round of extraction was performed on the remaining vol-

ume. After combining the two extracts, sphingolipids and

inorganic phosphates were measured by the Lipidomics

Core Facility at the Stony Brook University of New York

using HPLC/MS determination of sphingolipid mass levels

as described previously [26].

C17-Sph labeling

Cells were plated at ~ 150 000 cells/60-mm dish. Fifteen

minutes prior to the end of treatment time, cells were incu-

bated with 1 lM C17 sphingosine for the remaining 15 min.

The cells were then washed with PBS, and 2 mL of cell

extraction mixture (2 : 3 70% isopropanol/ethyl acetate)

was then directly added to the cells. The cells were then

gently scraped and extracts were sent for analysis at the

Lipidomics Core Facility of Stony Brook University Medi-

cal Center as described above and previously [26].
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Bimolecular fluorescence complementation

As described previously [27,28], ~ 75 000 cells were grown

on poly-D-lysine-coated 35-mm confocal dishes (MatTek

Corporation, Ashland, MA, USA) overnight. The following

day, cells were transiently transfected with C2-CARD VN

(500 ng) and C2-CARD VC (500 ng) along with pshoo-

ter.dsRed-mito (250 ng) as a reporter for transfection.

Twenty-four hours after transfection, cells were treated

with doxorubicin for 24 h, and then, the percentage of

pshooter.ds.Red-mito-positive (red) cells that were Venus

positive (green) was determined from a minimum of 100

cells per plate. Live cell imaging was conducted using a

Leica TCS SP8 scanning-laser confocal microscope in a

chamber at 37 °C and 5% CO2 (Leica, Wetzlar, Germany).

The plasmids pBIFC-C2-CARD VC and pBIFC-C2-CARD

VN were kindly provided by D. Green (St. Jude’s Children

Hospital). pDsRed-Mito was purchased from Clontech

(Mountain View, CA, USA).

Flow cytometric analysis of apoptosis

Apoptotic cells were detected by Annexin-V/propidium

iodide (PI) staining using Alexa Fluor� 488 Annexin V and

PI detection kit (Life Technologies) according to the manu-

facturer’s protocol. Briefly, after the indicated treatment,

cells were trypsinized, collected by brief centrifugation, and

washed with ice-cold PBS. Cells were then resuspended in

buffer containing Alexa Fluor� 488 Annexin-V and PI (at

concentrations indicated in the manufacturer’s protocol)

for 15 min at room temperature and in the darkness. After

incubation, cells were immediately analyzed using a Becton

Dickinson FACSCalibur. Ten thousand events were

acquired on the FACSCalibur (Becton Dickinson Bio-

sciences, San Jose, CA, USA) and followed by analysis

with CELLQUEST (Becton Dickinson) software.

MTT assay

Cells were plated at ~ 150 000 cells per well in a six-well

plate. After indicated treatment, media were replaced with

1 mL of fresh media with 1 mL of 12 mM MTT (Amresco)

solution and incubated at 37 °C in the dark for 30 min.

The media/MTT mixture was then replaced with 2 mL of

DMSO and incubated with the gentle rocking for 10 min.

Following incubation, 200 lL from each well in triplicate

was then assayed in 96-well plate using a spectrophotome-

ter at 570 nm.

Trypan blue cell death assay

Cells were plated at ~ 250 000 cells per plate on 6-cm

plates. After treatment with 0.8 lM doxorubicin, media

were removed and put into a 15-mL conical Falcon tube,

and cells were trypsinized at specific time points. After

spinning the cells down at 100 g for 5 min, the cells were

resuspended in the old media, and 20 lL of a 1 : 1 dilution

of media and trypan blue was prepared. The mixture was

left at room temperature for 5 min, and the cells were

counted on a hemacytometer. Cells with a blue center were

considered dead, while those with a clear center were con-

sidered live. The percentage of live cells was calculated as a

number of total cells.

Caspase activity assay

Caspase-3 activity was measured using BioVision (Milpitas,

CA, USA) Caspase-Family Fluorometric Substrate Set

according to the manufacturer’s protocol. Briefly,

~ 150 000 cells/well were plated in a six-well plate. The fol-

lowing day, cells were treated accordingly in addition to

control cells. Cells were lysed with 50 lL of cell lysis buffer,

and protein concentration was determined by BCA Protein

Assay kit from Thermo Scientific. In a 96-well plate, a total

of 50 lg of cell lysate in a volume of 50 lL was added to

50 lL of 29 reaction buffer containing 10 mM DTT and

5 lL of the AFC-conjugated caspase-3 substrate, AC-

DEVD-AFC. Samples were incubated at 37 °C in the dark

for 1 h and then read by a fluorometer equipped with a

400-nm excitation filter and 505-nm emission filter.

Statistical analysis

The data are represented as the means � SE Unpaired

Student’s t-test and two-way ANOVA with Bonferroni

post-test, statistical analyses were performed using

PRISM/GRAPHPAD software (Prism, La Jolla, CA, USA).

Results

P53-mediated SK1 proteolysis is downstream of

caspase-2 activation

Doxorubicin is an anthracycline frequently used in the

treatment for breast cancer. It is a well-known inducer

of p53 [29], has been shown to initiate p53-dependent

SK1 proteolysis [10] and to induce apoptosis in a num-

ber of cell lines via caspase activation [22,29]. Several

studies have demonstrated caspase-2 activation upon

doxorubicin treatment in numerous cell systems

including leukemia cells, MEFs, and mouse oocytes.

These studies also showed that loss of caspase-2 in

these cells results in significantly reduced sensitivity to

doxorubicin compared with control cells [17,30], albeit

effects in breast cancer cells have not been studied. We

therefore first set out to determine whether doxoru-

bicin activates caspase-2 in wild-type p53 MCF7 breast

cancer cells and also whether SK1 proteolysis is down-

stream of caspase-2 activation.
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A dose response of doxorubicin revealed that with

increasing dose from 0.2 lM to 1 lM, p53 accumula-

tion was followed by a significant reduction in procas-

pase-2 that was concomitant with the loss of SK1 at

the protein level (Fig. 1A). These data are consistent

with previous studies showing that loss of SK1 by

genotoxic stress is a post-translational event [10,11].

Similarly, a time course using 0.8 lM doxorubicin

showed a substantial accumulation of p53 at 18 h, cor-

responding with a significant processing of full-length

caspase-2 followed by almost complete loss of SK1

protein by 24 h (Fig. 1B). To further validate the acti-

vation of caspase-2, 0.8 lM doxorubicin was used at

24 h to monitor the cleavage of full-length caspase-2

into its active fragments by western blot as well as

dimerization of caspase-2 as measured by bimolecular

fluorescence complementation (BIFC) [28]. As shown

in Fig. 1C, there was a significant accumulation of the

cleaved form of caspase-2 concurrent with an approxi-

mate 80% reduction in SK1 at the protein level, as

quantified in Fig. 1D. In accordance with the western

blot data, caspase-2 activation was observed in

approximately 60% of transfected cells counted at

24 h after doxorubicin treatment as measured by BIFC

(Fig. 1E). Representative images from the BIFC exper-

iment are shown in Fig. 1F. Taken together, these

results show the activation of caspase-2 in response to

doxorubicin in a time frame corresponding to the loss

of SK1. To determine what effect caspase-2 activation

had on cell death, a trypan blue assay was conducted

on cells treated in a time course with 0.8 lM of dox-

orubicin. This assay showed no difference in cell death

between vehicle- and doxorubicin-treated cells until

36 h post-treatment (Fig. S6).

Doxorubicin significantly alters sphingolipid

metabolism

Next, to investigate whether doxorubicin-induced SK1

proteolysis results in a decrease in SK activity, the

Fig. 1. SK1 proteolysis is downstream of caspase-2 upon doxorubicin treatment in MCF7 breast cancer cells. (A) MCF7 cells were treated

with the indicated dose of doxorubicin for 24 h. Cells were then harvested in RIPA buffer, and total cell lysate was analyzed by western blot

for the proteins indicated. (B) MCF7 cells were treated with 0.8 lM doxorubicin for the indicated times and harvested, and total cell lysate

was analyzed by western blot for the proteins indicated. (C) MCF7 cells were treated with 0.8 lM doxorubicin for 24 h and harvested in

RIPA buffer, and total cell lysate was analyzed by western blot for the proteins indicated. (D) IMAGEJ was used to quantify SK1 protein levels

normalized to actin from (C) and all replicates (n = 6 ****P < 0.005 by Student’s t-test). (E) MCF7 cells were transiently transfected with

C2-CARD VN (500 ng) and C2-CARD VC (500 ng) along with pshooter.dsRed-mito (250 ng) as a reporter for transfection. Twenty-four hours

after transfection, cells were treated with 0.8 lM doxorubicin for 24 h and then the percentage of pshooter.ds.Red-mito-positive (red) cells

that were Venus positive (green) was determined from a minimum of 100 cells per plate. Data are presented as mean � SEM of three

independent experiments (n = 3 ****P < 0.001 by Student’s t-test). Representative confocal images of cells from (F) are shown.
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incorporation of C17-sphingosine into C17-S1P was

measured. As shown in Fig. 2A, upon doxorubicin

treatment, there was approximately a 50% reduction in

the incorporation of C17-sphingosine into C17-S1P,

demonstrating attenuation of ongoing SK activity. In

agreement with this reduction in SK activity, a signifi-

cant increase in SK’s endogenous substrate sphingosine

was observed (Fig. 2B), as well as a 1.5-fold increase in

total ceramide (Fig. 2C). Although SK activity was sig-

nificantly decreased (Fig. 2A), we observed an increase

in endogenous S1P at 0.8 lM upon doxorubicin treat-

ment. To further investigate S1P levels upon doxoru-

bicin treatment, we performed a dose response from 0.6

to 1 lM. Interestingly although S1P levels are increased

at 0.8 lM doxorubicin, they are decreased from 0.6 lM
doxorubicin, a dose where SK1 is not proteolyzed and

S1P levels decreased further at a higher dose of 1 lM
doxorubicin (Fig. 2D). S1P levels are maintained in the

cell via the action of SK1 and SK2, which are responsi-

ble for the production of S1P, and S1P lyase and phos-

phatases, which are responsible for its breakdown.

Therefore, these results can be explained through the

action of SK2 or delayed breakdown of S1P by the lyase

or phosphatase. These results demonstrate a biochemi-

cal and functional role for the effects of doxorubicin

on SK1 activity and the levels of key bioactive

sphingolipids.

Caspase-2 activation and SK1 proteolysis are p53

mediated

To confirm that caspase-2 activation and subsequent

SK1 proteolysis are p53 mediated, we depleted p53 in

MCF7 cells by siRNA. Indeed, loss of p53 abrogated

both processing of full-length caspase-2 and proteolysis

of SK1 (Fig. 3).

These data indicate for the first time and using a

variety of different methods that the chemotherapeutic

doxorubicin was an inducer of caspase-2 activation in

MCF7 breast cancer cells. These data also provide

strong evidence that SK1 proteolysis is accompanied

by caspase-2 activation in response to doxorubicin in a

time- and dose-dependent manner, both of which are

abrogated in the absence of p53.

Fig. 2. Effects of doxorubicin on SK activity and endogenous sphingolipids. (A) MCF7 cells were treated with 0.8 lM doxorubicin for 24 h

and then incubated with C17-sphingosine for 15 min. Following incubation, cells were harvested for sphingolipidomic analysis by liquid

chromatography/mass spectrometry and the C17-containing S1P was normalized to the amount of lipid phosphate for each sample (n = 3

**P < 0.01 by Student’s t-test). MCF7 cells were treated with 0.8 lM doxorubicin for 24 h and then harvested for sphingolipidomic analysis

as in (A) to measure sphingosine (B) and total ceramides (C) (n = 3 **P < 0.01 by Student’s t-test). (D) MCF7 cells were treated with the

indicated dose of doxorubicin for 24 h, harvested as in (A) to measure S1P (n = 3 *P < 0.05 by Student’s t-test).
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Caspase-2 is required for SK1 proteolysis in

response to DNA damage

Next in order to build on the findings of a mechanistic

connection between genotoxic stress, p53, caspase-2

activation, and SK1 proteolysis, we set out to investi-

gate whether caspase-2 is required for SK1 degrada-

tion. To this end, we employed two methods, a siRNA

approach in MCF7 cells and a genetic model using

MEFs expressing wild-type caspase-2 (WT) or with

caspase-2 knocked out (Cas2�/�). As shown in

Fig. 4A, depletion of caspase-2 by siRNA significantly

abrogated doxorubicin-induced SK1 proteolysis com-

pared with All-Star control siRNA-transfected cells.

Next, to ensure there was an effect on SK1 proteolysis,

we observed that caspase-2 knockdown was not due to

off-target effects of caspase-2 siRNA and we investi-

gated SK1 proteolysis in WT and Cas2�/� MEFs. In

accordance with the caspase-2 siRNA data, doxoru-

bicin treatment resulted in a significant reduction in

SK1 protein that was reversed by genetic deletion of

caspase-2 (Fig. 4B,C). Analysis of SK1 mRNA levels

showed no significant changes in WT or Cas2�/�
MEFs after doxorubicin (Fig. S1A), while there was a

slight reduction in SK2 mRNA levels in both the WT

and Cas2�/� MEFs (Fig. S1B), providing further evi-

dence that the reduction in SK1 protein is a post-

translational event. To further investigate the regula-

tion of SK1 in WT and Cas2�/� MEFs, we analyzed

protein stability of SK1 in the MEFs using the protein

synthesis inhibitor cycloheximide. Interestingly, in the

WT MEFs within 12 h after treatment with cyclohex-

imide, SK1 protein was reduced by approximately

30% compared with vehicle-treated MEFs, whereas

there was no significant change in SK1 levels in the

Fig. 3. P53-mediated SK1 proteolysis and activation of caspase-2.

MCF7 cells were transfected with p53 siRNA (20 nM). Forty-eight

hours after transfection, cells were treated with 0.8 lM doxorubicin

for 24 h and harvested and total cell lysate was analyzed by

western blot for the proteins indicated.

Fig. 4. Caspase-2 is required for SK1 proteolysis in response to DNA damage. (A) MCF7 cells were transfected with caspase-2 siRNA

(20 nM) or control siRNA (AS). Forty-eight hours after transfection, cells were treated with 0.8 lM doxorubicin or vehicle for 24 h and

harvested, and total cell lysate was then analyzed by western blot for the proteins indicated. (B) MEFs expressing wild-type caspase-2 or

with caspase-2 knocked out were treated with 0.2 lM doxorubicin for 24 h and harvested, and total cell lysate was analyzed by western

blot for the proteins indicated. (C) IMAGEJ was used to quantify SK1 protein levels normalized to GAPDH from (B) and all replicates (n = 4

**P < 0.01 by two-way ANOVA). (D) MEFS were treated with 0.2 lM doxorubicin for 24 h and then incubated with C17-labeled sphingosine

for 15 min. Following incubation, MEFs were harvested for sphingolipidomic analysis by liquid chromatography/mass spectrometry, and the

C17-containing S1P was normalized to the amount of lipid phosphate for each sample (n = 3 *P < 0.05 by two-way ANOVA). MEFs were

treated with 0.2 lM doxorubicin and then harvested for sphingolipidomic analysis as in (D) to measure S1P (n = 3 **P < 0.01 by two-way

ANOVA) (E) and ceramide (n = 3 *P < 0.05 by two-way ANOVA) (F).
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Cas2�/� MEFs (Fig. S1C). Only after 30 h of cyclo-

heximide treatment, there was a reduction in SK1 pro-

tein level of approximately 40% observed in the

Cas2�/� MEFs compared with vehicle-treated MEFs

(Fig. S1C), indicating that SK1 protein is likely some-

what more stable in the Cas2�/� MEFs compared

with WT MEFs.

Accordingly, we sought to investigate the effects loss

of caspase-2 has on sphingolipid metabolism. To

accomplish this, we first measured SK activity in WT

and Cas2�/� MEFs. Consistent with the observations

at the protein level, the significant reduction in SK

activity observed in the WT MEFs after doxorubicin

treatment, as measured by the reduction in the incor-

poration of C17-sphingosine into C17-S1P, was not

observed in the cas2�/� MEFs (Fig. 4D). A similar

reduction in SK activity in WT MEFs that was abro-

gated in cas2�/� MEFs was also observed after UV

irradiation (Fig. S1D). Of note, the levels of S1P were

significantly reduced after doxorubicin treatment in

WT MEFs (Fig. 4E) concomitant with a significant

increase in proapoptotic total long-chain ceramide

species [31] (Fig. 4F). Both the decrease in S1P and

increase in long-chain ceramide species were abrogated

in the Cas2�/� MEFs (Fig. 4E,F).

Collectively, these data provide strong evidence that

caspase-2 is required for SK1 proteolysis and that loss

of caspase-2 significantly affects endogenous sphin-

golipid levels in response to genotoxic stress. Impor-

tantly, these data support a novel and important role

of caspase-2 in regulating sphingolipid metabolism in

response to cellular stress.

SK1 is deregulated in p53-mutant TNBC cells

Next, in order to investigate whether p53 mutations

affect SK1 proteolysis and endogenous sphingolipid

levels in response to genotoxic stress, we utilized the

TNBC cell line MDA-MB-231 that harbors a missense

mutation, R280K, in the DNA-binding motif of p53.

Interestingly, in contrast to MCF7 cells, doxorubicin

treatment did not result in caspase-2 activation as

measured by cleavage of the proform of caspase-2

(Fig. 5A,D) and by BIFC, with <20% of the total

Fig. 5. SK1 is deregulated in p53-mutant TNBC cells in response to doxorubicin. (A) MDA-MB-231 cells were treated with 0.8 lM

doxorubicin for 24 h and harvested in RIPA buffer, and total cell lysate was analyzed by western blot for the proteins indicated. (B) MDA-

MB-231 cells were transiently transfected with C2-CARD VN (500 ng) and C2-CARD VC (500 ng) along with pshooter.dsRed-mito (250 ng)

as a reporter for transfection. Twenty-four hours after transfection, cells were treated with 0.8 lM doxorubicin for 24 h, and then, the

percentage of pshooter.ds.Red-mito-positive (red) cells that were Venus positive (green) was determined from a minimum of 100 cells per

plate. Data are presented as mean � SEM of three independent experiments. Representative confocal images of cells from (C) are shown.

(D) MDA-MB-231 cells were treated with the indicated dose of doxorubicin for 24 h. Cells were then harvested in RIPA buffer, and total cell

lysate was analyzed by western blot for the proteins indicated. (E) MDA-MB-231 cells were treated with 0.8 lM doxorubicin for 24 h and

harvested for sphingolipidomic analysis by liquid chromatography/mass spectrometry, and the sphingosine (E), S1P (F), and ceramide (G)

were normalized to the amount of lipid phosphate for each sample (n = 3).
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number of transfected cells counted positive for acti-

vated caspase-2 (Fig. 5B,C). In accordance with cas-

pase-2-mediated proteolysis of SK1 as described in

Fig. 4, no significant reduction in SK1 protein level

was observed in response to doxorubicin at any dose

tested in MDA-MB-231 cells (Fig. 5A,D); conversely,

an increase in SK1 protein level was observed with

increasing doses of doxorubicin (Fig. 5D). Interest-

ingly, the ceramide transport protein CERT was

recently characterized as a caspase-2 substrate in

response to tumor necrosis factor-a [32]. Given that

CERT is involved in sphingolipid homeostasis, we

hypothesized that it would also be deregulated in this

system. Indeed, in MCF7 cells when caspase-2 is acti-

vated, cleavage of CERT was observed; caspase-2 pro-

cessing and cleavage of CERT were not detectable in

UV-irradiated MDA-MB-231 (Fig. S2A).

We next wanted to investigate the levels of

endogenous sphingolipids after genotoxic stress in

MDA-MB-231 cells. There was no significant change

in the substrate or product of SK activity, sphingosine,

and S1P, respectively (Fig. 5E,F). Furthermore, there

was no significant increase in proapoptotic ceramide

after doxorubicin treatment (Fig. 5G). Taken together,

these results demonstrate that caspase-2 activation is

not achieved in p53-mutant cells, and likewise, SK1 is

not reduced, further cementing the relationship

between p53, caspase-2, and SK1. We also extend

these findings to a previously identified caspase-2 sub-

strate and sphingolipid protein CERT.

Loss of SK1 sensitizes p53-mutant TNBC cells to

doxorubicin

We next sought to determine the functional conse-

quence of deregulation of SK1. We hypothesized that

SK1 deregulation in p53-mutant TNBC cells may

contribute to enhanced survival in response to doxoru-

bicin. To test this hypothesis, SK1 was depleted by

siRNA to evaluate whether the loss of SK1 in combi-

nation with doxorubicin could sensitize MDA-MB-231

cells to DNA damage. Indeed, knockdown of SK1 in

combination with doxorubicin resulted in significant

PARP and caspase 3 cleavage (Fig. 6A) and an

approximately twofold increase in caspase 3 activity

(Fig. 6B) compared with doxorubicin alone. On the

other hand, knockdown of SK1 in MCF7 breast can-

cer cells had no effect on the doxorubicin response

(Fig. S3A). This is expected as SK1 protein levels are

already significantly reduced in response to genotoxic

stress in MCF7 cells and therefore knockdown pro-

vided no further sensitization.

Altogether, these data identify deregulation of SK1

proteolysis in the context of p53-mutant TNBC cells

as a possible mechanism of resistance to DNA damage

in response to doxorubicin, and consequently, the loss

of SK1 sensitized these cells to doxorubicin.

SK1 is downstream of the CHK1-suppressed

pathway in p53-mutant TNBC cells in response

to doxorubicin

As mentioned previously, there is an emerging apop-

totic pathway, the CHK1-suppressed pathway that

identifies loss or inhibition of CHK1 as being essential

for caspase-2 activation in p53-mutant cells [19,20];

therefore, we reasoned that activation of the CHK1-

suppressed pathway in MDA-MB-231 cells would

result in caspase-2 activation and subsequent SK1 pro-

teolysis in response to doxorubicin. Indeed, inhibition

of CHK1, with the CHK1/2 inhibitor AZD7762, led

to a reduction in full-length caspase-2 concomitant

with a significant loss of SK1 at the protein level

(Fig. 7A,B). As AZD7762 is also known to inhibit

Fig. 6. Effects of loss of SK1 on p53-mutant TNBC cells in response to doxorubicin. (A) MDA-MB-231 cells were transfected with SK1

siRNA (20 nM). Sixty hours after transfection, cells were treated with 0.8 lM doxorubicin for 24 h and then harvested, and total cell lysate

was analyzed by western blot for the proteins indicated. (E) MDA-MB-231 cells were transfected with SK1 siRNA (20 nM). Sixty hours after

transfection, cells were treated with 0.8 lM doxorubicin for 24 h and harvested, and caspase 3 activity was measured (n = 3 ***P < 0.005

by two-way ANOVA).
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other kinases in addition to CHK1 including CHK2,

we next depleted CHK1 by siRNA to evaluate the

specific role of CHK1. As shown in Fig. 7C, knock-

down of CHK1 in combination with doxorubicin

resulted in a decrease in SK1 protein, in accordance

with the data obtained with CHK1 inhibition.

We then endeavored to see whether SK1 protein

levels could be rescued by inhibiting caspase-2 action

after activation of the CHK1-suppressed pathway. To

do so, we treated MDA cells with the caspase-2 inhibi-

tor Z-VDVAD-FMK after treatment with AZD7762.

Z-VDVAD-FMK is an exclusive inhibitor of caspase-

2, and as such, any restoration of protein levels could

be considered the result of caspase-2 inhibition. MDA

cells were pretreated with AZD7762 and Z-VDVAD-

FMK prior to doxorubicin treatment. Indeed, protein

levels of SK1 do appear to recover upon treatment

with caspase-2 inhibitor (Fig. S5A). While the differ-

ence is not statistically significant, there does appear to

be a trend toward higher protein levels when caspase-2

is inhibited (Fig. S5B).

Next, the functional effects of CHK1 loss and acti-

vation of the CHK1-suppressed pathway on endoge-

nous sphingolipid levels were evaluated in combination

with doxorubicin treatment. As demonstrated in

Fig. 7D, there was a significant increase in SK1’s sub-

strate sphingosine in response to the loss of CHK1

and doxorubicin compared with doxorubicin alone.

Moreover, there was a decrease in SK1’s product and

prosurvival sphingolipid, S1P, upon CHK1 loss

(Fig. 7E); although this decrease was not statistically

significant, even small changes in this potent bioactive

lipid can significantly affect cell fate. Also of note,

under the same conditions, no significant increase in

the upstream metabolite ceramide was detected

(Fig. S4A). Taken together, these results demonstrate

a role of CHK1 upstream of caspase 2 leading to the

loss of SK1 and significant changes in bioactive sphin-

golipids.

SK1 as an effector of the CHK1-suppressed

pathway of apoptosis

Currently, there are numerous CHK1 inhibitors in a

clinical trial as a combination therapy to treat cancers

such as breast and ovarian [33,34]. Intriguingly, several

studies and reports have indicated CHK1 inhibition as

being very effective as a combination therapy to treat

TNBC cells [35,36]. As we identified SK1 as being a

target of the CHK1-suppressed pathway, we wanted to

investigate whether the loss of SK1 in MDA-MB-231

TNBC cells could have similar effects in promoting

apoptosis. Remarkably, doxorubicin combined with

the loss of SK1 resulted in roughly 60% of cells under-

going apoptosis as measured by Annexin-V staining

(Fig. 8A). This compares with only approximately

30% apoptotic cells when CHK1 was depleted

(Fig. 8B).

In light of these results indicating that SK1 may be

an effector of the caspase-2 apoptotic response, we

Fig. 7. SK1 is downstream of the CS pathway in p53-mutant TNBC cells in response to doxorubicin. (A) MDA-MB-231 cells were pretreated

with 0.3 lM CHK1 inhibitor (AZD7762) for 2 h and then treated with 0.8 lM doxorubicin for 24 h and harvested, and total cell lysate was

analyzed by western blot for the proteins indicated. (B) IMAGEJ was used to quantify SK1 protein levels normalized to actin from (A) and all

replicates (n = 3 *P < 0.05 by two-way ANOVA). (C) MDA-MB-231 cells were transfected with CHK1 siRNA (20 nM). Forty-eight hours after

transfection, cells were treated with 0.8 lM doxorubicin for 24 h and harvested and total cell lysate was analyzed by western blot for the

proteins indicated. MDA-MB-231 cells were transfected with CHK1 siRNA (20 nM). Forty-eight hours after transfection, cells were treated

with 0.8 lM doxorubicin for 24 h and then harvested for sphingolipidomic analysis by liquid chromatography/mass spectrometry to measure

sphingosine (D) or S1P (E) (n = 3 *P < 0.05 by two-way ANOVA).
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next wanted to determine whether inhibition of SK1

with the nonlipid SK inhibitor Ski-II could also sensi-

tize Cas2�/� MEFs to doxorubicin. Indeed, WT

MEFs were very sensitive to doxorubicin, and as

expected, inhibition of SK had no additive effects when

combined with doxorubicin. In contrast, Cas2�/�
MEFs displayed less sensitivity to doxorubicin than

WT MEFs but when combined with SK1 inhibition,

the Cas2�/� MEFs become as sensitive as WT

(Fig. 8C).

Altogether, these data indicate SK1 as a novel

downstream target of the CHK1-suppressed pathway

and provide evidence that loss of SK1 may be a cru-

cial step in the CHK1-suppressed pathway and cas-

pase-2-mediated apoptosis. The data also provide

evidence that loss of SK1 can specifically sensitize p53-

mutant TNBCs to a greater extent than CHK1 loss in

addition to cells deficient in caspase-2 to the cytotoxic

effects of doxorubicin.

Discussion

The aim of this study was to elucidate the mechanism

of p53-mediated SK1 proteolysis. Consolidating previ-

ous studies using nonspecific caspase inhibitors that

hint at a role of this family of proteases in SK1 prote-

olysis, we demonstrate that caspase-2 is required for

SK1 degradation in human breast cancer cells and that

loss of caspase-2 significantly affects sphingolipid

metabolism in response to DNA damage. Interestingly,

in unraveling the mechanism of SK1 proteolysis in

WT p53 cells, we then could identify perturbations of

this pathway in mutant TNBC cells, where persistent

SK1 levels and deregulation of sphingolipid metabo-

lites in response to DNA damage were observed. We

found a defect in caspase-2 activation in p53-mutant

cells that could be overcome by CHK1 inhibition and

activation of the CHK1-suppressed pathway leading to

SK1 proteolysis.

As much research is currently focused on unraveling

the role caspase-2 plays within the cell, this study adds

to an emerging literature implicating caspase-2 activity

with the regulation of both lipid and sphingolipid

metabolism [32,37,38]. Our data indicate that caspase-

2 activity is required for SK1 proteolysis. This is

important as SK1 holds a crucial position in sphin-

golipid metabolism, acting to maintain homeostasis

between proapoptotic sphingolipids such as ceramide

and the prosurvival sphingolipid S1P; therefore, dereg-

ulation of SK1 could greatly affect cell survival. In line

with this, we show that inhibition of SK1 can sensitize

Cas2�/� MEFs to similar levels as WT MEFs to dox-

orubicin. Interestingly, a recent study revealed that the

microRNA mir-708 directly downregulates caspase-2

and this downregulation is necessary to induce car-

cinogenicity of bladder cancer [39]. Moreover, SK1

levels are documented as increased in bladder cancer,

and elevated SK1 levels are associated with poor

Fig. 8. Loss of SK1 sensitizes p53-mutant TNBC cells to a greater extent than loss of CHK1. (A) MDA-MB-231 cells were transfected with

SK1 siRNA (20 nM). Sixty hours after transfection, cells were treated with 0.8 lM doxorubicin for 24 h, labeled with Annexin-V, and analyzed

by flow cytometry to detect apoptotic cells as described in ‘Experimental procedures’ (n = 3 ****P < 0.001 by two-way ANOVA). (B) MDA-

MB-231 cells were transfected with CHK1 siRNA (20 nM). Forty-eight hours after transfection, cells were treated with 0.8 lM doxorubicin

for 24 h, labeled with Annexin-V, and analyzed by flow cytometry to detect apoptotic cells as described in ‘Experimental procedures’ (n = 3

****P < 0.001 by two-way ANOVA). (C) MEFs were pretreated with 10 lM Ski-II for 1 h followed by 0.2 lM doxorubicin for 24 h. MTT

assay was then performed as described in ‘Experimental procedures’ to assess cell viability.
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prognosis in bladder cancer [40]. As more studies begin

to elucidate the role of caspase-2 in cancer, it will be

interesting to investigate how levels of sphingolipid

proteins that are regulated by caspase-2 such as SK1

and CERT and subsequent sphingolipid levels are

altered in these cancers and whether these alterations

play an important role in tumorigenesis or response to

therapy. It is important to note that this study does

not implicate caspase-2 as the cleaving agent of SK1.

Rather, we show that caspase-2 activation is required

for the proteolysis of SK1 demonstrated in the above-

mentioned data. Our laboratory has tried to determine

whether caspase-2 cleaves SK1 directly, but thus far

there have been no results indicating this to be the

case. Therefore, it is possible that caspase-2 is

upstream of SK1 proteolysis and is involved in activat-

ing other necessary proteins. The identity of those

other proteins is currently unknown.

Although the current results indicate that caspase-2

is required for SK1 proteolysis after DNA damage, we

could not find evidence that SK1 is a direct substrate

of caspase-2. One plausible explanation for this comes

from research describing the caspase-2-PIDDosome as

an important factor in maintaining p53 levels and reg-

ulating p53 dynamics after DNA damage [41]. Oliver

et al. [41] cleverly demonstrated that DNA damage

and PIDD-induced activation of caspase-2 result in

Mdm2 cleavage, bolstering p53 stability and activity in

a positive feedback loop, and alternatively, loss of cas-

pase-2 results in decreased p53 levels. We know from

our research [10,11] that SK1 proteolysis is dependent

on p53; therefore, one could imagine that a threshold

of p53 needs to be achieved in order to initiate SK1

proteolysis. Our data in fact show decreased levels of

p53 with both caspase-2 knockdown and in the cas2�/�
MEFs compared with control cells, providing evidence

that this decreased level of p53 could hypothetically be

insufficient to drive SK1 proteolysis.

Finally, in this report, we identify SK1 as a novel

target of the CHK1-suppressed pathway. To our

knowledge, this is the first potential effector of the

CHK1-suppressed pathway to be identified. CHK1

plays significant roles in maintaining cellular home-

ostasis and is indispensable for normal development as

CHK1-knockout mouse are embryonic lethal; there-

fore, repeated or high dose use of CHK1 inhibitors

could have undesired side effects in patients [42,43]. As

the CHK1-suppressed pathway is an emerging apop-

totic pathway whose activation by CHK1 inhibitors

can sensitize p53-mutant cells, it is of great clinical sig-

nificance to identify targets that are effectors of this

pathway that could also be potential targets for thera-

peutic intervention [19–21]. In this study, we provide

evidence that targeting SK1 offers an exciting potential

therapeutic avenue for patients with altered p53 status,

which has proven a challenging obstacle in cancer

therapy for years.
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