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Snail is a zinc finger transcription factor that induces epithelial-to-mesenchymal transition (EMT),
which promotes tumor invasion and metastasis by repressing E-cadherin expression. In addition, Snail
restricts the cellular apoptotic response to apoptotic stimuli or survival factor withdrawal; however,
its molecular mechanism remains largely unknown. In this study, we have investigated the mecha-
nism underlying Snail-mediated chemoresistance to 5-fluorouracil (5-FU), one of the most widely used
anti-cancer drugs. When Snail was overexpressed by doxycycline (DOX) in MCF-7 #5 cells, it inhibited
5-FU-induced apoptotic cell death and switched the cell death mode to necrosis. Snail expression, ei-
ther by DOX treatment in MCF-7 #5 cells or by the transfection of Snail expression vectors
pCR3.1-Snail-Flg, phosphorylation-resistant pCR3.1-S104, and 107A Snail-Flg in MCF-7 cells specifi-
cally induced PTEN down-regulation/inactivation and Akt/PKB activation, without affecting ERK1/2
activity. In addition, Snail prominently suppressed 5-FU-induced increases in p53 levels. These find-
ings demonstrate that Snail switches 5-FU-induced apoptosis to necrosis through the activation of
Akt/PKB and the down-regulation of p53 levels.
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Introduction

Snail is induced by many kinds of tumor stimulating cyto-

kines, such as transforming growth factor (TGF) β and Wnt,

and triggers epithelial-to-mesenchymal transition (EMT) that

contributes to tumor cell invasion and metastases, by di-

rectly repressing the transcription of epithelial cell markers,

such as E-cadherin, occludin, and claudins [13,14]. Snail pro-

tein has been observed in the invasive tumor including

breast and colorectal cancers and hepatocellular carcinomas,

spreading toward the outer regions. Snail expression is cor-

related not only with invasive potential, but also with the

development of resistance to pro-apoptotic stimuli including

radiation and anti-cancer drugs [4,7,20,23]. The tumor sup-

pressor p53 and an Akt/PKB negative regulator PTEN phos-

phatase have been implicated in the Snail-mediated resist-

ance to apoptosis [2,5]; however, its molecular mechanism

remains largely unknown. Because Snail endows epithelial

cells with anti-apoptotic activities as well as migratory abil-

ities, aberrant expression of Snail promotes tumorigenesis,

resulting in poor prognosis.

5-Fluorouracil (5-FU) is a pyrimidine analogue widely

used in the treatment of breast, colon, rectum, pancreas,

stomach, and skin cancers [11,26]. It interferes with nucleo-

side metabolism and can be incorporated into RNA and

DNA, causing cytotoxicity and cell death. 5-FU is known

to trigger apoptosis by inducing the tumor suppressor p53,

which stimulates the expression of pro-apoptotic Bax, while

suppressing that of anti-apoptotic Bcl-2. The sensitivity of

cancer cells to 5-FU is influenced by diverse molecular mech-

anisms, including prosurvival signaling pathways such as

the Ser/Thr kinases Akt/protein kinase B (PKB) and

ERK1/2 [1,17,21,22,24].

In this study, we investigated the mechanism underlying

Snail-mediated inhibition of apoptosis induced in response

to 5-FU. We show that Snail inhibits 5-FU-induced apoptotic

cell death and switches the cell death mode to necrosis, in

which the prosurvival kinase Akt/protein kinase B (PKB)

activation and p53 down regulation are involved.
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Materials and Methods

Cell culture and 5-FU treatment

Human breast adenocarcinoma cells MCF-7 cells were ob-

tained from American Type Culture Collection and cultured

in DMEM (Hyclone) supplemented with 10% (v/v) heat-in-

activated FBS and 1% (v/v) penicillin–streptomycin in a

37°C humidified incubator with 5% CO2 [6]. 5-FU was pur-

chased from Sigma. 5-FU was dissolved in dimethyl sulf-

oxide and then divided into aliquots and stored at -70°C

until used. The stocks were freshly diluted in culture me-

dium before experiment [8].

Snail overexpression [25]

MCF-7 #5 stable cell lines (provided by Yook JI, Yonsei

University) were cultured in DMEM (Hyclone) supple-

mented with 10% (v/v) heat-inactivated tetracycline-free

FBS (Clontech) and 1% PS (Hyclone) and treated with 0.5

μg/ml doxycycline (DOX) to induce Snail. The expression

vectors pCR3.1-Snail-Flg and pCR3.1-S104, 107A Snail-Flg

(provided by Yook JI, Yonsei University) were stably trans-

fected into MCF-7 cells using jetPEI (Polyplus transfection)

according to the manufacturer’s instructions.

Hoechst 33258 and propidium iodide (HO/PI)

double staining

To determine the cell death mode, HO (Invitrogen) and

PI (Invitrogen) double staining was performed [6,8]. MCF-7

cells were seeded at a density of 2.5×105 cells/ml in 35-mm

dishes. After 24 hr, the cells were treated with 5-FU for up

to 72 hr and stained with HO (1 μg/ml) and PI (5 μg/ml)

for 15 min.

Western blotting

Protein lysates obtained from cells treated with 5-FU were

measured using the Bradford assay. Equal amounts of pro-

tein lysates were separated by sodium dodecyl sulfate-poly-

acrylamide gel electrophoresis on 12% gels, and electro-

transferred to NC membrane and analyzed by Western blot-

ting with antibodies to Akt, p-Akt, PTEN, p-PTEN, ERK1/2,

p-ERK1/2 (Cell signaling), p53, PARP (Santa Cruz, CA,

USA) and α-tubulin (Biogenex, CA, USA). After incubation

with peroxidase-conjugated secondary antibody, protein ex-

pression was detected using ECL Western Blotting Detection

Reagents (Amersham Biosciences).

Results and Discussion

Snail inhibits 5-FU-induced apoptotic cell death

and switches the cell death mode to necrosis

We examined the effects of Snail on 5-FU-induced

apoptosis. Previously, we showed that 5-FU caused a

dose-dependent decrease in the cell viability, with a prom-

inent effect at a concentration of 400 μM [8]. After 5-FU treat-

ment, the apoptotic morphological changes such as cell

rounding and detachment and membrane blebbing were de-

tected (Fig. 1A). HO/PI nuclear staining was performed to

identify necrosis (a tumor-promoting cell death type) as well

as apoptosis (a tumor-suppressive cell death type). The

DNA-binding dyes HO is permeable to all cells (damaged

or not), causing a blue fluorescence of their nuclei. In con-

trast, the penetration of PI is restricted to the cells with dam-

aged membranes, turning to be red nuclear fluorescence.

Thus, intact blue nuclei, condensed/fragmented blue nuclei,

condensed/fragmented pink nuclei, and intact pink nuclei

defined to be viable, early apoptotic, late apoptotic

(secondary necrotic), and necrotic cells, respectively. When

5-FU was treated to MCF-7 cell culture for 72 hr, the typical

features of apoptotic cell death namely nuclear chromatin

condensation and the appearance of apoptotic bodies were

observed (Fig. 1B). To examine the effects of Snail on

5-FU-induced apoptosis, we used Snail tetracycline inducible

MCF-7 cells (MCF-7 #5). When MCF-7 #5 cells were treated

with DOX to induce Snail, they exhibited EMT, the morpho-

logical change to mesenchymal cells including loss of inter-

cellular adhesion and formation of a spindle-like cell shape

and pseudopodia (Fig. 1A), with the downregulation of

E-cadherin, one of the hallmarks of EMT [25]. When MCF-7

#5 cells treated with DOX were exposed to 5-FU, their apop-

totic response was significantly reduced and the necrotic re-

sponse was increased, indicating that Snail switches 5-FU-in-

duced apoptosis to necrosis (Fig. 1B). It has been recently

reported that Snail confers chemoresistance of colorectal can-

cer cells to 5-FU [4]. Our studies show that in addition to

preventing 5-FU-induced apoptosis, Snail could switch

5-FU-induced apoptosis to necrosis.

Snail induces PTEN downregulation/inactivation

and Akt/PKB activation

Several prosurvival signaling pathways are involved in

the acquisition of resistance against anti-cancer drugs

[1,17,21,22,24]. The Ser/Thr kinase Akt/PKB is one of the
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Fig. 1. Snail switches 5-FU-induced apoptotic cell death to necrosis. (A, B) MCF-7 #5 tetracycline inducible cell line was pre-treated

with 0.5 μg/ml DOX for the indicated times and then exposed to 400 μM 5-FU for 48 h and observed under a light microscope

(A). Then the cells were stained with HO/PI and observed with fluorescence microscopy (lower panel) and apoptotic and

necrotic cells were scored (upper panel). Results (500-800 cells in each group) are expressed as the means±SEM from three

independent experiments (B). Arrow, necrotic cell.

survival kinases and is frequently hyperactivated in human

cancer [21,24]. It could be activated by the phosphatidylino-

sitol 3-kinase (PI3K) pathway and inactivated by its negative

regulator phosphatase PTEN. It suppresses apoptosis di-

rectly through phosphorylating Bcl-2 or indirectly by regu-

lating p53 and nuclear factor-κB (NF-κB) activity. ERK1/2,

a member of the mitogen-activated protein kinase (MAPK)

family, also plays an essential role in drug resistance as well

as tumor progression and is activated by Ras and B-Raf sig-

naling in many human cancers [1]. ERK1/2 inhibits apopto-

sis by preventing p53 activity and regulating Bcl-2 family

protein.

To investigate whether Snail affects the survival signal

pathways, the cellular proteins were obtained from

Snail-overexpressing cells and analyzed by Western blotting

using antibodies to phospho-Akt and phospho-ERK1/2. As

shown in Fig. 2, phosphorylation in Akt/PKB, but not

ERK1/2, proteins appeared to be increased in MCF-7 #5 cells

in which Snail was induced by DOX (Fig. 2A). We also ex-

amined the effects of ectopically overexpressed Snail on

Akt/PKB activation. Transient transfection with Snail ex-

pression vectors, pCR3.1-Snail-Flg, and phosphorylation-re-

sistant mutant Snail vectors that express more stable Snail

protein, pCR3.1-S104, 107A Snail-Flg, activated Akt/PKB

(Fig. 2B). Thus, Akt/PKB activation seemed to be implicated

in Snail-induced cell regulation such as chemoresistance.

Then, how does Snail activate Akt/PKB? We examined

if Snail-induced Akt/PKB activation is associated with in-

hibition of an Akt/PKB negative regulator PTEN

phosphatase. We found that Snail downregulated the ex-

pression of PTEN (Fig. 2A). In aggrement of this, it has been

recently shown that Snail downregulates PTEN phosphatase

gene expression, resulting in Akt/PKB activation, and con-

fers resistance to gamma radiation-induced apoptosis [2].
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Fig. 2. Snail induces PTEN downregulation/inactivation and Akt/PKB activation. (A, B) MCF-7 #5 cells were treated with 0.5 μg/ml

DOX and the resulting cell lysates analyzed by SDS-PAGE and Ponceau S staining (A) and Western blotting using antibodies

to Snail, p-Akt (Ser473), Akt, p-PTEN, PTEN, p-ERK1/2, ERK1/2, and α-tubulin (B). (C) MCF-7 cells were transfected with

pCR3.1-wild-type Snail and S104, 107A mutant expression vector for 48 hr and then analyzed by Western blotting using

antibodies to Snail, p-Akt (Ser473), Akt, and α-tubulin.

Most cancer cells exhibit increased glycolysis for ATP pro-

duction due, in part, to respiration injury (the Warburg ef-

fect). Inhibition of mitochondrial respiration has been shown

to activate the NADH-Akt/PKB survival pathway [15], con-

tributing to the acquisition of chemoresistance.

Mitochondrial repression deficiency increases NADH levels

and inactivates PTEN through a redox modification mecha-

nism, resulting in Akt/PKB activation. Previously, we

showed that Snail could suppress mitochondrial respiration

and cytochrome C oxidase (COX) activity, thereby inducing

a glycolytic switch [9]. As shown in Fig. 2A, Snail inhibited

phosphorylation of PTEN phosphatase. Thus, we suggest

that Snail may activiate Akt/PKB by inactivating PTEN ac-

tivity via mitochondrial repression, in addition to down-

regulating PTEN gene expression.

Snail downregulates p53 levels

The tumor suppressor p53 plays a critical role(s) in

5-FU-induced apoptosis. p53 induces apoptosis by upregu-

lating the expression of Bax, while downregulating that of

Bcl-2. As shown in Fig. 3A, 5-FU induced p53, with in-

duction of cleavage of poly(ADP-ribose) polymerase (PARP),

a keynote of apoptosis [8]. Snail appeared to reduce the ex-

pression of p53 in response to 5-FU (Fig. 3A). Reduced ex-

pression of p53 has been implicated in the Snail-mediated

resistance to apoptosis [5]. The PI3K/Akt pathway is known

to activate Mdm2 through phosphorylation and sub-

sequently inactivate p53 through the ubiquitin-proteasome

system, eventually leading to inhibition of p53-dependent

apoptosis [3,10,16]. Thus, Snail may reduce p53 levels

through Akt/PKB-mediated regulation of p53 stability, in

addition to directly downregulating p53 expression (Fig. 3B).

Biological relevance of this study

The present study showed that Snail switches 5-FU-in-

duced apoptosis to necrosis, in which Akt/PKB activation

and p53 downregulation are possibly involved (Fig. 3B).

Mitochondrial function is important in determining the cell

death mode; tumor cells with dysregulated mitochondria

has been shown to undergo necrosis instead of apoptosis

in response to alkylating DNA damage that induces rapid

ATP depletion through PARP activation [27]. Thus, mi-

tochondrial depression by Snail signaling pathway may alter

the sensitivity of tumor cells to anticancer drugs such as

5-FU. Snail-mediated mitochondrial repression may prevent

apoptosis by activating PTEN-Akt/PKB pathway and switch

the cell death mode to necrosis. Necrotic cell death is charac-

terized by the cell membrane rupture to release the cellular

contents including high-mobility group box 1 protein

(HMGB1) into the extracellular microenvironment [12,18,19].

It causes to promote tumor growth and angiogenesis either

by increasing the probability of proto-oncogenic mutation

or by a proinflammatory action of HMGB1. In contrast,

apoptotic cell death is a genetically regulated process charac-



1022 생명과학회지 2012, Vol. 22. No. 8

Fig. 3. (A) MCF-7 #5 cells were treated with 0.5 μg/ml DOX for the indicated times and exposed to 400 μM 5-FU and analyzed

by Western blotting using antibodies to Snail, PARP, p53, and α-tubulin. (B) A schematic representation showing a function

of Snail to switch 5-FU-induced apoptosis to necrosis through Akt/PKB activation and p53 downregulation.

terized by membrane blebbing and DNA degradation and

eventually, induction of apoptotic body formation.

Disintegrated cell fragments are removed by phagocytes or

neighboring cells, resulting in cellular deletion without

inflammation. Snail expression enhances necrosis that is re-

lated with inflammation and tumorigenesis in response to

5-FU (Fig. 1B). Therefore, we suggest that Snail expression

in tumor patients should be examined before 5-FU treatment

to obtain the efficacy of 5-FU chemotherapy for cancer and

that the strategy to prevent necrosis as an undesirable action

should be delineated.
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초록：Snail의 Akt/PKB의 활성화와 p53의 downregulation를 통한 5-FU-induced apoptosis의

necrosis로의 전환
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Snail은 E-cadherin 발현을 직접 억제하는 zinc finger transcription factor로서, 암세포의 invasion과 metastasis

를 촉진시키는 epithelial-mesenchymal transition (EMT)를 유발한다. 또한 Snail은 세포사멸 자극과 세포 생존물

질의 제거로 인한 세포사멸에 대해 저항성을 나타낸다. 그러나 이에 대한 분자기작은 잘 알려져 있지 않다. 본

연구에서는 가장 널리 사용되는 항암제 중의 하나인 5-fluorouracil (5-FU)에 의한 세포사멸에 대한 Snail의 저항

성 기작에 대하여 조사하였다. MCF-7 #5 세포주에 doxycycline (DOX)을 처리하여 Snail을 과발현시킨 세포에서

5-FU에 의한 세포사멸이 억제되고 세포괴사가 일어남을 확인하였다. DOX 처리 및 Snail expression vectors인

pCR3.1-Snail-Flg와 phosphorylation-resistant mutant Snail vector인 pCR3.1-S104, 107A Snail-Flg을 이용하여

Snail을 과발현 시킨 경우 ERK1/2의 활성에는 영향을 주지 않는 반면 PTEN 발현억제 및 불활성화, 그리고

Akt/PKB 활성화가 유도됨을 관찰하였다. 또한, Snail은 5-FU에 의한 p53의 발현을 억제한다는 사실을 확인하였

다. 따라서 Snail은 prosurvival kinase인 Akt/PKB의 활성화와 p53 억제를 통해 5-FU에 의한 세포사멸을 세포괴

사로 전환하는 것으로 생각된다.
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