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Snail, a repressor of E-cadherin gene transcription, induces epithelial-to-mesenchymal transition and is
involved in tumor progression. Snail also mediates resistance to cell death induced by serum depletion.
By contrast, we observed that snail-expressing MDCK (MDCK/snail) cells undergo cell death at a higher
rate than control (MDCK/neo) cells in low-glucose medium. Therefore, we investigated whether snail

Key\_/vords: expression influences cell metabolism in MDCK cells. Although gylcolysis was not affected in MDCK/snail
é‘l““l cells, they did exhibit reduced pyruvate dehydrogenase (PDH) activity, which controls pyruvate entry
ucose

into the tricarboxylic acid (TCA) cycle. Indeed, the activity of multiple enzymes involved in the TCA cycle
was decreased in MDCK/snail cells, including that of mitochondrial NADP*-dependent isocitrate dehydro-
genase (IDH2), succinate dehydrogenase (SDH), and electron transport Complex II and Complex IV. Con-
sequently, lower ATP content, lower oxygen consumption and increased survival under hypoxic
conditions was also observed in MDCK/snail cells compared to MDCK/neo cells. In addition, the expres-
sion and promoter activity of pyruvate dehydrogenase kinase 1 (PDK1), which phosphorylates and inhib-
its the activity of PDH, was increased in MDCK/snail cells, while expression levels of glutaminase 2 (GLS2)
and ATP-citrate lyase (ACLY), which are involved in glutaminolysis and fatty acid synthesis, were
decreased in MDCK/snail cells. These results suggest that snail modulates cell metabolism by altering
the expression and activity of key enzymes. This results in enhanced glucose dependency and leads to
cell death under low-glucose conditions. On the other hand, the reduced requirements for oxygen and
nutrients from the surrounding environment, might confer the resistance to cell death induced by
hypoxia and malnutrition.
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1. Introduction

Snail is a zinc-finger transcription factor known to induce epi-
thelial-to-mesenchymal transition (EMT), in which epithelial cells
acquire the characteristics of mesenchymal cells with migratory
properties. EMT contributes to the formation of many tissues dur-
ing embryonic development and to the acquisition of invasive
properties in epithelial tumors [1]. Snail expression has been de-
tected in a large number of human carcinomas [2]. In human can-
cer, aberrant expression of snail is correlated with invasive growth
potential [3]. Snail also has other functions in addition to the
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induction of EMT. Snail arrests the cell cycle by increasing the
expression of p21 and confers resistance to cell death induced by
serum depletion [2,3]. Resistance to cell death conferred by snail
provides a selective advantage to migratory cells during tumor dis-
semination [2]. Recently, snail has been reported to implicate in
metabolic stress-induced necrosis. Knockdown of snail signifi-
cantly inhibited necrosis induced by glucose depletion, and snail
is presumed to facilitate necrosis by promoting mitochondrial
ROS production [4]. We observed a higher rate of cell death in
MDCK cells expressing snail (MDCK/snail) than in control MDCK/
neo cells in low-glucose medium and hypothesized that snail
might also play a role in cellular metabolism. Because snail expres-
sion has been detected in a large number of human carcinomas, we
investigated whether aberrant snail expression alters cellular
metabolism, a commonly observed characteristic of cancer cells.
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High glycolytic rates and reduced mitochondrial oxidation are
commonly observed in cancer cells [5]. Increased de novo lipid syn-
thesis [6] and increased glutaminolysis [7] are also key features of
the metabolic profile of cancer cells. In proliferating cells, citrate, a
TCA cycle metabolite, is continually exported to the cytoplasm and
used for the generation of acetyl-CoA, which serves as a precursor
of lipid synthesis. Therefore, replenishment of TCA intermediates is
necessary, and glutamines serve as both a replenishment substrate
and a carbon source for energy production [5].

We found that although MDCK/snail cells exhibited decreased
amounts of oxidative phosphorylation, they did not exhibit in-
creased glycolysis. Furthermore, compared to MDCK/neo cells,
MDCK/snail cells expressed lower levels of ATP-citrate lyase (ACLY)
and glutaminase 2 (GLS2), which are involved in fatty acid synthe-
sis [6] and glutaminolysis [7]. These results suggest that snail
might downregulate these metabolic pathways and confer resis-
tance to cell death induced by hypoxia and malnutrition. They also
raise the possibility of a new role for snail in tumor progression.

2. Materials and methods
2.1. Cell culture and reagents

MDCK cells were transfected with either a hemagglutinin (HA)-
tagged human snail expression vector (snail) or a control vector
(neo) using the calcium phosphate method and designated
MDCK/snail 1, MDCK/neo 1, MDCK/snail 2, or MDCK/neo 2. MDCK
cells and HepG2 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Nissui, Tokyo, Japan) containing 5.5 mM
glucose and 10% fetal calf serum (FCS). MitoTracker was purchased
from Molecular Probes, Inc. (Eugene, OR, USA).

2.2. Cell survival

MDCK cells (2 x 10*) were seeded in 96-well plates in DMEM
containing various concentrations of glucose and 10% dialyzed
FCS. After 24-96 h incubation, the medium was removed, and
the remaining adherent cells were stained with 0.1% crystal violet
and dissolved with 0.5% Triton X-100 in PBS. The optical density
was measured at 595 nm. Cell number was calculated from a stan-
dard curve (cell number versus absorbance).

2.3. Measurement of glucose and lactate in the medium

MDCK cells (2 x 10%) were seeded in 96-well plates in DMEM
containing 5.5 mM glucose and 10% FCS. Aliquots were removed
at various time points and assayed for glucose content with a
p-glucose measurement kit (GAHK20; Sigma-Aldrich) in accor-
dance with the manufacturer’s protocol. Lactate levels were mea-
sured as described previously [8].

2.4. Measurement of intracellular ATP

MDCK cells (2 x 10%) were seeded in 96-well plates. The next
day, the medium was changed to DMEM containing 10% dialyzed
FCS with or without glucose. Intracellular ATP levels were mea-
sured at various time points using a cellular ATP measuring reagent
(Toyo Ink; Tokyo, Japan). Luminescence was measured using a
luminometer (TD-20/20; Turner Design, Sunnyvale, CA, USA).

2.5. Measurement of mitochondrial membrane potential by flow
cytometry

MDCK cells (5 x 10°) were seeded in 60 mm dishes. After 24 h,
the cells were incubated for 30 min in serum-free DMEM
containing MitoTracker. The cells were washed with PBS and then

analyzed using a FACScan flow cytometer (Becton-Dickinson,
Mountain View, CA, USA). Fluorescence was detected in the FL3
channel, as described previously [9].

2.6. Measurement of pO,

MDCK cells (5 x 10%) were harvested and suspended in Hanks
buffer containing 5.5 mM glucose. The pO, level of the medium
was measured with an MTS 5000S test system (M T Giken, Tokyo,
Japan), as reported previously [10].

2.7. Mitochondrial fractionation for TCA cycle enzyme assay

MDCK cells (4 x 10%) were seeded in a 100 mm dish. After 48 h
incubation, the intact mitochondrial fraction was prepared as de-
scribed previously [11]. Mitochondria were sonicated, either in a
sonicating water bath for 30 s or by an ultrasonic disruptor (TOMY
UD-200).

2.8. Measurement of TCA enzyme activities

The activities of hexokinase (HK) [12], phosphofructokinase
(PFK) [13], pyruvate kinase (PK) [14], lactate dehydrogenase
(LDH) [15] and glucose 6-phosphate dehydrogenase (G6PDH)
[16] were determined as described previously. The activities of
NAD"-specific isocitrate dehydrogenase (IDH3), keto-glutarate
dehydrogenase (KGDH), SDH, malate dehydrogenase (MDH), cit-
rate synthase (CS), and Complex I were measured as described pre-
viously [17]. The activities of IDH2 [18], aconitase (ACO2) and

Table 1
Primers sequences of RT-PCR.

Gene name Oligonucleotides
Human gene
Snail 5'-TTCCAGCAGCCCTACGACCAGA-3'
5'-GCCTTTCCCACTGTCCTCATC-3’
Dog gene
ACC 5'-ATGAATGGTTCATGCGTAGA-3’
5'-CTCATCAGTGAGAGTAGGGT-3'
ACLY 5-ATCCCTGCAAGGAAAGAGTG-3'
5'-CAGGGATGCCTTCAGCTATG-3
ACO2 5'-TCCGTGTTCCCCTACAACCA-3'
5-TTAGGACCTGTGCGTAGCCA-3
ALT1 5'-CGCATCTTGCAGGCATGTGG-3'
5'-CAGCTTCAGCACCGTCACGA-3'
Beta actin 5-TAAGGACCTGTATGCCAACAC-3'
5-CGTACTCCTGCTTGCTGATCC-3’
GAPDH 5'-TGAAGGTCGGTGTGAACGGATTTGGC-3'
5'-CATGTAGGCCATGAGGTCCACCAC-3’
GDH 5'-GGTGTTAAGATCAATCCCAA-3’
5-AACGTTTTATCTCCAAACCC-3’
GLS2 5'-CCCTATCCACAAGTTCACCA-3'
5'-TGGATCGCATCTTTGAGGAT-3
IDH2 5-GACCAGGTCACCATAGACTC-3’
5'-AAGTCTGTGGCCTTGTACTG-3’
PDH 5-ATTTCAAGCTTAAGCTTACAACATGG-3'
5'-TCCAGATCTACAGTAGGCGG-3’
PDK1 5'-TGAACGCTTGTGAAAAGACC-3’
5-ACCAATTGAACTGATGGAGT-3'
SDHA 5'-GGTGGCACTTCTACGACACC-3'
5'-GGTGGCACTTCTACGACACC-3'
SDHB 5'-GATTAAGAATGAAATTGACTC-3'
5-TACTGAGCATAGAAGTTGCTC-3’
SDHC 5'-CTCTTCCCATGGCAATGTCC-3'
5-GGGAATCTTCAGGCCTTTCC-3'
SDHD 5’-TAGAACCCAGCACATTCACC-3'
5'-TTGACAGCTTTCTGCAAACC-3'
SREBP 5'-CCTGTTCGACCCACCGTATG-3'

5-ATGGGCAGCTTCTCAGTGTC-3'
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fumarase [19], Complex 11 [20], and Complex V [21] were measured
as described previously.

2.9. Measurement of Complex IV (COX) activity

Intact isolated mitochondria were used to determine cyto-
chrome c oxidase activity using a cytochrome c oxidase assay kit
(CYTOCOX-1; Sigma-Aldrich).

2.10. Measurement of pyruvate dehydrogenase (PDH) activity

MDCK cells (4 x 10°) were seeded in a 60 mm dish. After 48 h,
cell extracts (50-100 g of protein) were prepared and PDH activ-
ity was measured using a PDH enzyme activity dipstick assay kit
(Abcam Inc.).

2.11. RT-PCR analysis and real-time PCR analysis

RNA was extracted with a commercial kit (ISOGEN; Wako,
Osaka, Japan) and reverse-transcribed using ReverTra Ace reverse
transcriptase (Toyobo, Osaka, Japan). Beta-actin or GAPDH was
used as an internal control. The primers are listed in Table 1.
cDNA was subjected to real-time PCR with Syber premix Ex
Taq (Takara, Ohtsu, Japan). Data were analyzed according to
the relative standard curve and normalized relative to beta-actin
mRNA.

2.12. Measurement of promoter activity

MDCK and HepG2 cells were seeded (1 x 10° cells/well) into
24-well plates and transfected with the human PDK1 reporter vec-
tor [22] and the pRL-CMV vector. HepG2 cells were co-transfected
with pCAGGS-snail vectors (snail) or an empty pCAGGS vector
(neo). After 24 h incubation, both firefly and Renilla luciferase
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activities were measured using a dual luciferase reporter assay
kit (Promega, Madison, WL, USA), as described previously [23].

2.13. Statistical analyses

Statistical analysis was performed by Student’s t-test for inde-
pendent samples. Comparisons between groups with respect to
survival under hypoxia and enzyme activities were performed by
one-way analysis of variance (ANOVA) and Scheffe’s F test. Data
are expressed as the means + s.e.m. Statistical significance is indi-
cated by asterisks (*P < 0.05 and **P < 0.01).

3. Results
3.1. Survival of MDCK/snail cells is decreased in low-glucose medium

Although several reports have demonstrated that snail inhibits
cell death [2,3], we observed massive cell death in MDCK/snail
cells cultured in DMEM with 5.5 mM glucose (Fig. 1A). However,
enhanced cell death was not observed when MDCK/snail cells
were cultured with 16 mM glucose (Fig. 1A). 2-Deoxyglucose
(2DG) is a glucose analogue and an inhibitor of glycolysis [24].
MDCK/snail 1 cells were more sensitive to 2DG than MDCK/neo
1 cells when cultured in glucose-free DMEM (Fig. 1B). Thus,
MDCK/snail 1 cells appeared to have an increased glucose depen-
dency. Therefore, we examined whether snail expression en-
hances glycolysis in MDCK cells. To exclude the possibility that
the phenotype (altered cellular metabolism) was due to specific
clonal variation of MDCK/snail cells, we created a second
MDCK/snail clone (MDCK/snail 2). Neither MDCK/snail 1 nor
MDCK/snail 2 cells exhibited increased glucose consumption or
lactate accumulation compared to their respective controls
(MDCK/neo 1 and MDCK/neo 2; Fig. 1C and D). Consistent with
this result, the activities of enzymes involved in glycolysis, such
as HK, PK and LDH, were not enhanced by snail expression in

Cell survival

100
-e- MDCK/neo 1, glucose (-)

920 * -o-MDCK/snail 1, glucose (-)

80
70

60

Ratio of surviving cells (%) ’a
'

0 003 01 04
2DG concentration (mg/ml)

(D) Lactate accumulation
7
E 6
c 5
-g 4 -a- MDCK/neo 1
£ -e- MDCKI/neo 2
5 3 -0~ MDCKIsnail 1
§ 2 -o- MDCK/snail 2
o
o 1
s
5 0
® 24 48 72 96
-

Time (h)

Fig. 1. MDCK/snail cells exhibit increased cell death under low-glucose conditions, but not enhanced glycolysis. (A) Survival of MDCK cell lines. MDCK cells (2 x 10%) were
cultured in DMEM containing 5.5 mM glucose or 16 mM glucose. (B) Effect of 2DG on the survival of MDCK cells cultured in glucose-free DMEM supplemented with dialyzed
FCS. Values are the mean + s.e.m. Asterisks indicate a statistical difference (P < 0.05) from the corresponding MDCK/neo cells (Student’s t-test). (C) Glucose concentration and

(D) lactate concentration in culture medium at the indicated times.
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Table 2
Activities of enzymes involved in glycolysis, TCA cycle, and oxidative
phosphorylation.

Enzyme Activity

MDCK/neo 1 MDCK/snail 1
HK 35.8+1.8 356+23
PFK 132.2+£39.2 312.8+62.0
PK 341.0+16.7 351.9+28.6
LDH 32090 + 596 32980 + 732
G6PDH 242.5+18.8 248.5+25.3
cS 548.0 +22.2 750.7 £33.7
NAD*-IDH 7.2+0.1 7.2+0.3
KGDH 1.2+1.8 0.7 £0.1
MDH 36.6+7.6 426+09
Fumarase 68.9+4.6 65.5+11.5
Complex I 419+13.8 29.6+8.6

Complex V (ATPase) 14742 +277.6 1335.6 +158.7

Values are expressed as nmol min~' (mg protein)~! and represent the mean-
s + s.e.m. Each experiment was performed 3-7 times.

MDCK cells (Table 2). In addition, the activity of G6PDH, which
catalyzes the rate-limiting step in the pentose phosphate
pathway [25], was comparable between MDCK/neo and MDCK/
snail cells (Table 2). These results show that MDCK/snail cells

3.2. MDCK/snail cells exhibit a lower mitochondrial membrane
potential, decreased oxygen consumption, and lower intracellular ATP
content

Because MDCK/snail cells demonstrate increased glucose
dependency, we investigated whether MDCK/snail cells also
exhibit decreased levels of oxidative phosphorylation. First, we
measured the ATP content in MDCK cells. When cultured in glu-
cose-free DMEM, the level of intracellular ATP in MDCK/neo cells
decreased by 50% over 48 h, but then stabilized for up to 96 h.
However, under the same conditions, almost no intracellular ATP
could be detected in MDCK/snail cells after a 24 h incubation
(Fig. 2A). Next, we measured the mitochondrial membrane poten-
tial by staining MDCK cells with MitoTracker. The proportion of
cells with a low mitochondrial potential (M1 fraction) was
increased in MDCK/snail cells compared to control cells (Fig. 2B-
D). We then determined oxygen consumption by measuring pO,
levels in the cell medium. As expected, the oxygen consumption
rate was lower in MDCK/snail 1 cells than in MDCK/neo 1 cells
when they were supplemented with glucose (Fig. 2E-G). Conse-
quently, the survival of MDCK/snail cells under hypoxic conditions
(0.8% O, for a 96 h incubation) in the presence of 10 mM glucose
was greater than that of MDCK/neo cells under the same condi-

exhibit increased glucose dependency but not enhanced tions (Fig. 2H). These results demonstrate that MDCK/snail cells
glycolysis.
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Fig. 2. MDCK/snail cells exhibit reduced mitochondrial membrane potential, oxygen consumption and ATP production. (A) Intracellular ATP contents in MDCK cells cultured
in DMEM without or with 10 mM glucose (glc). Values are the mean + s.e.m. Asterisks indicate a statistical difference (P < 0.05) from the corresponding control cells (Student’s
t-test). (B and C) Flow cytometry analysis of mitochondrial membrane potential with MitoTracker Red staining. (D) The percentage of cells with lower mitochondrial
membrane potential in the M1 fraction. Data are expressed as the mean * s.e.m. Asterisks indicate a statistical difference (P < 0.05) from MDCK/neo cells (Student’s t-test). (E
and F) Respiratory traces of O, consumption in the medium of MDCK/neo and MDCK/snail cells. (G) Rate of oxygen consumption in MDCK/neo and MDCK/snail cells. Data are
expressed as the mean # s.e.m. Asterisks indicate a statistical difference (P < 0.05) from MDCK/neo cells (Student’s t-test). (H) Cell survival following exposure to 0.8% O for
96 h in DMEM containing 10 mM glucose. Comparison of cell survival rates between groups in hypoxia was performed by one-way analysis of variance (ANOVA) and Scheffe’s
F test. Data are expressed as the mean + s.e.m. Statistical significance is indicated by an asterisk (*P < 0.05 and **P < 0.01).
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Fig. 3. TCA cycle enzymes and electron transport complexes in MDCK/snail cells exhibit reduced activities. (A-E) Enzyme activities in isolated mitochondrial fractions of

MDCK cells. Values are expressed as the mean # s.e.m. in nmol (mg mitochondrial protein)

" 'min~'. Comparison between groups was performed by one-way analysis of

variance (ANOVA) and Scheffe’s F test. Statistical significance is indicated by an asterisk (*P<0.05 and **P<0.01). (F) Enzyme expression as determined by RT-PCR.
Representative bands of RT-PCR analyses of indicated genes. Each experiment was performed at least four times.

exhibit decreased levels of oxidative phosphorylation and are
resistant to hypoxia-induced cell death.

3.3. The activities of TCA cycle enzymes and electron transport
complexes are decreased in MDCK/snail cells

To elucidate the source of decreased oxygen consumption and
ATP generation in MDCK/snail cells, we measured the activities of
TCA cycle enzymes and electron transport complexes. Indeed, the
activities of ACO2, IDH2, SDH, Complex II, and Complex IV (COX)
were decreased in MDCK/snail cells (Fig. 3A-E). IDH2 catalyzes
the conversion of isocitrate to a-ketoglutarate, a rate-limiting step
of the TCA cycle [18]. SDH is a part of both the TCA cycle and an
electron complex known as Complex II, which oxidizes succinate
to fumarate [26]. Because snail is a transcription factor, we investi-
gated whether snail attenuated the expression of these enzymes.
However, the expression levels of ACO2, IDH2 and SDH were com-
parable between MDCK/snail and MDCK/neo cells (Fig. 3F).

3.4. PDH activity is decreased in MDCK/snail cells

Because the expression levels of TCA cycle enzymes were un-
changed, we hypothesized that the reduced availability of sub-
strate, such as acetyl-coA, might decrease the activities of these
enzymes. To explore this possibility, we determined PDH activity.
PDH converts pyruvate to acetyl-CoA and controls pyruvate entry
into the TCA cycle, and thus sits at the interface between glycolysis
and glucose oxidation [5]. PDH activity was decreased (Fig. 4A).
However, the expression of PDH was not decreased in MDCK/snail
cells compared to control cells (Fig. 4B).

3.5. Expression of PDK1 is increased in MDCK/snail cells

PDH activity is tightly regulated by PDK1 via inhibitory
phosphorylation of PDH alpha subunit [5]. We found that the
expression of PDK1 mRNA in MDCK/snail cells was higher than
in MDCK/neo cells (Fig. 4B and D).
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3.6. Promoter activity of PDK1 is enhanced by expression of snail

Because the expression of PDK1 correlated with the expression
of snail (Fig. 4C and D), we next asked whether snail expression

affects the promoter activity of PDK1. As shown in Fig. 4E, PDK1

promoter activity in MDCK/snail 1 cells was 23 times higher than

(A)

623

in MDCK/neo 1 cells. Furthermore, PDK1 promoter activity in
snail-transfected HepG2 (HepG2 + snail) cells was 7.6 times higher
than that of mock-transfected HepG2 (HepG2 + neo) cells (Fig. 4F).
These results suggest that snail modulates PDH activity by enhanc-
ing PDK1 expression.
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Fig. 4. MDCK/snail cells exhibit enhanced PDK1 promoter activity and expression and decreased PDH activity. (A) PDH activity in MDCK cells. PDH activity was measured
using a PDH enzyme activity dipstick assay kit. (B) Gene expression of Snail, PDH and PDK1 in MDCK cells. Representative bands of RT-PCR analyses of the indicated genes. (C
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(P <0.05) from MDCK/neo cells (Student’s t-test). (E and F) PDK1 promoter activity in MDCK (E) and HepG2 (F) cells. MDCK/neo and MDCK/snail cells were transfected with
1 pg of a human PDK1 reporter vector and 20 ng of a pRL-CMV vector. HepG2 cells were co-transfected with pCAGGS-Snail vectors (HepG2 + Snail) or an empty pCAGGS
vector (HepG2 + neo). Data are expressed as the mean # s.e.m. Asterisks indicate a statistical difference (P < 0.05) from the corresponding control cells. (G and H) MDCK/snail
cells exhibit decreased expression of GLS2 and ACLY. Quantitative RT-PCR analyses of GLS2 (G) and ACLY (H) expression the in respective cells. Values are presented as the
mean * s.e.m. Asterisks indicate a statistical difference (P < 0.05) from MDCK/neo cells (Student’s t-test).
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3.7. Snail affects the expression of enzymes involved in glutaminolysis
and fatty acid synthesis

Glutamines serve as a replenishment substrate for the TCA cycle
and as a carbon source for energy production. Glutamine is con-
verted to glutamate by GLS, and glutamate is then converted into
alpha-ketoglutarate by either aminotransferase (ALT) or glutamate
dehydrogenase (GDH), which can then enter the TCA cycle [27].
We determined the expression of these enzymes and found that
the expression of GLS2 was decreased in MDCK/snail cells (Fig. 4G).

In fatty acid synthesis, citrate is converted into acetyl-coA by
ACLY, and acetyl-coA is then carboxylated to malonyl CoA by acet-
yl-CoA carboxylase (ACC). Most of the enzymes involved in fatty
acid biosynthesis are regulated by sterol regulatory element-bind-
ing proteins (SREBPs) [28]. We determined the expression of ACLY,
ACC and SREBPs and found that ACLY expression was reduced in
MDCK/snail cells (Fig. 4H). These results suggest that MDCK/snail
cells exhibit reduced amounts of glutaminolysis and fatty acid
synthesis.

4. Discussion

Aberrant snail expression has been detected in a large number
of human cancers [2]. Cancer cell metabolism is associated with in-
creased glycolysis and reduced mitochondrial oxidation, a phe-
nomenon known as the Warburg effect [24]. Recently, it was
reported that inhibition of PDH activity contributes to the Warburg
effect [5]. PDH inhibition occurs via enhanced expression of PDK1,
which results in inhibitory phosphorylation of PDH. Consequently,
knockdown of PDK-1 restores PDH activity and decreases hypoxic
cell survival [5]. In this study, we demonstrated that snail increases
PDK1 promoter activity and expression in MDCK/snail cells, and
confirmed that PDH activity in MDCK/snail cells is lower than in
MDCK/neo cells. Under hypoxic conditions with sufficient glucose,
MDCK/snail cells exhibited enhanced cell survival compared with
MDCK/neo cells. Because snail expression has been detected in a
large number of human carcinomas, snail activity might contribute
to the Warburg effect.

In addition to reduced mitochondrial oxidation and high glyco-
lytic rates, cancer cells exhibit increased glutaminolysis [27] and
high rates of de novo lipid synthesis [28]. Compared with MDCK/
neo cells, MDCK/snail cells did not exhibit increased levels of gly-
colysis. Furthermore, MDCK/snail cells showed reduced expression
of GLS2 and ACLY, which might lead to reduced glutaminolysis and
fatty acid synthesis. We can assume that downregulation of these
metabolic pathways would decrease the requirement for nutrients
and O, from the environment and would therefore confer resis-
tance to cell death under conditions of malnutrition or hypoxia. In-
deed, snail has been reported to decrease cell death induced by
serum depletion in MDCK cells [2]. Therefore, snail might provide
a selective advantage to migratory cells during tumor dissemina-
tion. On the other hand, reduced oxidative phosphorylation and
glutaminolysis would increase the glucose dependency of MDCK/
snail cells, which would then lead to massive cell death under
low-glucose conditions.

Our findings raise the possibility of a new function for snail in
tumor progression, which may have clinical relevance: because in-
creased snail expression enhances cellular dependency on glycoly-
sis, treatment of snail-expressing tumors with glycolytic inhibitors
may represent a novel treatment option.

IDH2 catalyzes the conversion of isocitrate to alpha-ketoglutar-
ate [18], which is required for prolyl-4-hydroxylase (PHD) activity.
In turn, PHD promotes HIF-1alpha degradation [29]. Therefore, re-
duced IDH2 activity might contribute to PHD inactivation and HIF-
1o, stabilization. Because PDK1 is an HIF-1alpha regulated gene

[30], snail might enhance PDK1 expression not only via a direct ef-
fect on its promoter, but also by stabilizing HIF-1alpha.

Although MDCK cells are a non-transformed cell line, these cells
were selected to study the role of snail in cell metabolism because
typical cancer cells have already had alterations in metabolism, the
effect of snail on changes in metabolism would not be clear in
these cell types. Using a non-transformed cell type allowed us to
look at the effect of snail without confounding effects from other
cancer-related cellular alterations. Still, there is a possibility that
the role of snail might differ in different cellular contexts.
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