
Abstract. Background: Signal transducer and activator of
transcription (STAT)3 is involved in a metabolic shift in
cancer cells, the Warburg effect through its pro-oncogenic
activity. To develop efficient STAT3 inhibitors against cancer
cells, novel proteomic and metabolic target molecules need
to be explored using multi-omics approaches in the context of
STAT3 gene inhibition-mediated tumor growth suppression.
Materials and Methods: We found that short hairpin
(sh)RNA-mediated STAT3 inhibition suppressed tumor
growth in a highly STAT3-activated lymphoma cell line,
SCC-3 cells, and we investigated the effect of STAT3
inhibition on metabolic switching using 2-dimensional
differential gel electrophoresis and capillary electrophoresis-
time of flight-mass spectrometry. Results: We identified
latexin as a proteomic marker candidate and metabolic

enzymes including fructose-bisphosphate aldolase A
(ALDOA) as a metabolic marker candidate for STAT3-
targeting therapy using STAT3-specific shRNA gene
transduction. In particular, latexin expression was up-
regulated in four STAT3-activated cancer cell lines including
SCC-3 transduced with STAT3-specific shRNA. The up-
regulation of latexin was identified in SCC-3 tumors
transplanted to nude mice after treatment with STAT3
inhibitor. Conclusion: Our results suggest that STAT3
inactivation reverses the glycolytic shift by down-regulating
key enzymes and that it induces up-regulation of latexin as a
tumor-suppressor molecule, which partially results in cancer
cell apoptosis and tumor growth suppression. 

The signal transducer and activator of transcription (STAT)
protein family is a group of transcription factors that play an
important role in relaying signals from growth factors and
cytokines. STAT3 is involved in oncogenesis by up-
regulating the transcription of several genes that control
tumor cell survival, resistance to apoptosis, cell-cycle
progression and angiogenesis (1, 2). Targets of STAT3
include BCL-2, BCL-xL, c-MYC, cyclin D1, vascular
endothelial growth factor (VEGF), hypoxia-inducible factor
(HIF)-1α and human telomerase reverse transcriptase.

Most tumor cells switch their metabolism towards aerobic
glycolysis by increasing glycolysis and reducing oxidative
phosphorylation even under high-oxygen conditions (3-6).
This switch is known as the Warburg effect, which favors
rapidly proliferating cells such as cancer cells by promoting
the synthesis of essential cellular components, including the
nucleotides and lipids needed for fast cell duplication. 

Unexpectedly, STAT3 localizes to mitochondria when
phosphorylated at serine 727. Moreover, STAT3
mitochondrial localization is required for RAS-dependent
oncogenic transformation, which can regulate the metabolic
function of a cancer cell by increasing glycolysis and
decreasing oxidative phosphorylation (7, 8).
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HIF-1α is a specific target gene for STAT3 and is closely
linked to STAT3 activation (9-11). HIF-1α protein becomes
stabilized under hypoxia, and contributes to the activation of
glycolysis and down-regulation of mitochondrial respiration.
Taken together, current evidence suggests that STAT3 is not
only a constitutively activated pro-oncogenic transcription
factor by virtue of its tyrosine-phosphorylation and nuclear
localization, but also a mitochondria-localized metabolic
regulator when serine-727 is phosphorylated. 

In the present study, we found that STAT3 gene inhibition
significantly suppressed the proliferation of a highly STAT3-
activated lymphoma cell line, and we investigated the effect
of STAT3 inhibition on metabolic switching using 2-
dimensional differential gel electrophoresis (2D-DIGE) and
capillary electrophoresis (CE)-time of flight (TOF)-mass
spectrometry (MS) (12). With the ultimate goal of
developing an efficient STAT3 inhibitor, we attempted to
identify novel proteomic and metabolic biomarkers of short
hairpin (sh)RNA-mediated STAT3 inhibition.

Materials and Methods

Cell lines and reagents. Human lymphoma, SCC-3 cells were
supplied by the Health Science Research Resources Bank (Osaka,
Japan). PANC1, MDA-MB468 and U87 cell lines were purchased
from the American Type Culture Collection (Manassas, VA, USA).
A highly metastatic derivative of the MKN45 gastric cancer cell
line, MKN45P, was described previously (13). Cell lines were
cultured in RPMI-1640 or Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma-Aldrich, St. Louis, MO, USA) supplemented with
L-glutamine (2 mM), penicillin (100 U/ml), streptomycin 
(100 U/ml) and 10% (v/v) fetal bovine serum (FBS, Gibco, Paisley,
UK). Antibodies against STAT3, phosphoSTAT3 (Tyr705) and β-
actin were purchased from Cell Signaling Technology, Inc.
(Danvers, MA, USA) and Becton-Dickinson (BD) Biosciences
(Franklin Lakes, NJ, USA) for western blotting. 

Inhibition of STAT3 gene expression using shRNA transduction.
STAT3 shRNA was transduced into SCC-3 cells by electroporation
using Nucleofector II (Amaxa Biosystems GmbH, Cologne,
Germany). Four micrograms of plasmid at 1 mg/ml containing
STAT3 shRNA (SureSilencing shRNA vector; Qiagen GmbH,
Hilden, Germany) was suspended in 100 μl of solution C (VCA-
1004) and added to 1-2×106 SCC-3 cells. After electroporation via
program W-01, SCC-3 cells transduced with STAT3 shRNA were
maintained in RPMI1640 medium containing 10% FBS and
hygromycin (Life Technology, Carlsbad, CA, USA) with increasing
dose up to 800 μg/ml. SCC-3 cells transduced with mock or STAT3
shRNA-4 were cultured for more than one month, and used for
proteomic and metabolomic analyses. In a similar method, PANC1,
NKN45P, MDA-MB468 and U87 cells were transduced with mock
or STAT3 shRNA, and then the inhibitory effect on cell proliferation
was investigated in each cell line.

Cell proliferation assay. Cell proliferation was examined using the
WST-1 assay (Dojin Kagaku Corp., Kumamoto, Japan). Briefly,
1×104 cells transduced with mock shRNA, STAT3 shRNA-3 or

shRNA-4 were seeded into each well of a 96-well microculture plate
(Corning, NY, USA). After three days, WST-1 substrate was added
to the culture, and the optical density (OD) was measured at 450
and 620 nm using an immunoreader (Immuno Mini NJ-2300, Nalge
Nunc International, Roskilde, Denmark). 

2D-DIGE. The proteins from SCC-3 cells transduced with mock or
STAT3 shRNA-4 were extracted and labeled with Cy dyes as
reported previously (13). All samples were separated by 2D-DIGE.
Briefly, one-dimensional separation was performed according to pI,
and two-dimensional separation was performed using Mr. IPG strips
(GE Healthcare UK Ltd., Buckinghamshire, England). The strips
were rehydrated with the CyDye-labeled protein mixture for 12 h at
20˚C, and electrophoresis was performed at 30 V using the IPGphor
system (GE Healthcare). After equilibration, the IPG gels were
applied onto a 24 cm acrylamide gel (10-12.5%). SDS-PAGE was
performed at 2.5 W/gel for 30 min and then at 30 W/gel (maximum
100 W) for 4-5 h at 15˚C. Labeled sample gels were scanned at the
appropriate wavelengths for Cy2, Cy3 and Cy5 using a Typhoon
9410 instrument (GE Healthcare). 

The spots were detected and quantified with DeCyder software
in the DIA mode (GE Healthcare). Only those spots greater than
1.5-fold changes in volume after normalization between mock and
STAT3 shRNA-4 samples were defined as spots of interest. Purified
peptides from trypsin-digested gels were analyzed by matrix-
assisted laser desorption ionization-time of flight mass spectrometry
using a 4700 proteomics analyzer (Applied Biosystems, Foster, CA,
USA). Ions specific for each sample were then used to interrogate
human sequences entered in the NCBInr database using the
MASCOT (www.matrixscience.com) database search algorithms. 

Capillary electrophoresis-time of flight-mass spectrometry (CE-
TOF-MS). SCC-3 cells at 80% confluence were transduced with
mock or STAT3 shRNA-4 in 10-cm2 culture dishes; they were then
quenched using LC-MS-grade methanol and harvested. Intracellular
metabolites were extracted as described previously (14). Briefly,
cellular metabolites were extracted using two-phase liquid
extraction. Methanol, chloroform, and water were mixed in a
10:10:4 volume ratio. The aqueous phase was finally collected for
extraction of water-soluble low-molecular-weight metabolites and
centrifugally filtered. After the removal of the solvent using a
vacuum concentrator, the residue was dissolved in 50 μL of Milli-Q
water and subjected to CE-TOF-MS analysis. All CE-TOF-MS
experiments were performed using the Agilent Capillary
Electrophoresis system equipped with an Agilent 6224 TOF-MS,
Agilent 1200 isocratic HPLC pump, Agilent G1603 CE-MS adapter
kit, and Agilent G1607 CE-electrospray ionization-MS sprayer kit
(Agilent Technologies, Santa Clara, CA, USA) as described
previously (14). For system control and data acquisition, G2201AA
ChemStation software was used for CE and MassHunter software
was used for TOF-MS (Agilent Technologies). Metabolites were
quantitatively identified using metabolomics analysis software for
alignment and annotation, MasterHands (Keio University, Tsuruoka,
Japan), based on the m/z (calculated exact mass) and the migration
time of the reference metabolite materials.

Quantitative polymerase chain reaction (qPCR) analysis. The real-
time PCR analysis of 2D-DIGE-identified (proteomic) marker genes
and metabolic enzyme genes involved in glycolysis was performed
using the 7500 Real Time PCR System (Applied Biosystems) as
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described previously (15). Briefly, all PCR primers [adenosine
triphosphate (ATP)5B, latexin (LXN), SERPINB4, 15-
hydroxyprostaglandin dehydrogenase (15-HPGD), and fructose-bis-
phosphate aldolase A (ALDOA) as proteomic markers; hexokinase
2 (HK2), 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
(PFKFB3), phosphofructokinase (PFKM), phosphoglycerate mutase
1 (PGM1), pyruvate kinase muscle isozyme (PKM), and pyruvate
dehydrogenase kinase 1 (PDK1) as metabolic enzyme genes] and
TaqMan probes were purchased from Applied Biosystems. Total
RNAs from SCC-3 cells transduced with mock or STAT3 shRNA-4
and in vivo SCC-3 tumors were extracted. SCC tumors were
harvested from tumor-bearing nude mice treated with STAT3
inhibitor, STX-0119 for five days, which was described previously
(16) and isolated RNAs were used for a real-time PCR analysis of
latexin gene. Complementary DNA was synthesized from 100 ng of
the total RNA, and quantitative PCR was carried-out using a
TaqMan RNA-to-Ct 1-Step kit (Applied Biosystems). 

Western blotting. A total of 5×106 SCC-3 cells transduced with
mock or STAT3 shRNA-4 were lysed using RIPA buffer (Thermo
Fisher Scientific Inc., Rockford, IL, USA) containing protease
inhibitors and phosphatase inhibitors and used for western blotting
as described previously (13). Briefly, cell lysates were subjected to
SDS-PAGE on a 7.5% polyacrylamide separating gel, and then
transferred to membranes. After blocking, the membranes were
incubated at 4˚C overnight with primary antibodies against STAT3,
phosphoSTAT3 and β-actin in blocking solution. After a wash, the
membranes were incubated for 1 h with horseradish peroxidase-
conjugated anti-mouse IgG. The membranes were treated with ECL
plus reagent (GE Healthcare) and analyzed on a chemiluminescence
scanner (LAS-3000, FUJIFILM, Tokyo, Japan). 

Animal experiments. Male nude mice (BALB/cA-nu/nu, 5-6 weeks
old) were obtained from Nippon Clea (Tokyo, Japan). All animals
were cared for and used humanely according to guidelines for the
Welfare and Use of Animals in Cancer Research published in Br J
Cancer in 2010 (17), and the procedures were approved by the
Animal Care and Use Committee of Shizuoka Cancer Center
Research Institute (Approved No.25-5). SCC-3 cells transduced with
mock shRNA or STAT3 shRNA-3 or shRNA-4 were re-suspended in
RPMI-1640 medium (100μl) containing Matrigel (BD Biosciences)
at 1×107/mL, and inoculated into the flank of five BALB/cA-nu/nu
mice per group. Tumor volumes were calculated based on the
National Cancer Institute formula as follows: tumor volume (mm3)
=length (mm) × [width (mm)]2 × 1/2.

Statistical analysis. Significant differences were analyzed using
Student’s paired two-tailed t-test. Values of p<0.05 were considered
significant.

Results

Inhibitory effect of STAT3 shRNA on the proliferation of
SCC-3 cells. STAT3 protein expression and STAT3
phosphorylation were both inhibited by approximately 70%
in STAT3 shRNA-4 transduced-SCC-3 cells (Figure 1A and
B). Additionally, the STAT3 target genes c-MYC, cyclin D1,
and survivin were down-regulated in shRNA-treated cells
compared to those treated with mock shRNA. STAT3 gene

inhibition by shRNA-4 transduction significantly suppressed
the proliferation of SCC-3 cells compared with mock shRNA
(Figure 1C). Moreover, shRNA-4-mediated STAT3 gene
inhibition had an inhibitory effect even on in vivo
transplanted tumor (Figure 1D and E). In STAT3 shRNA-4-
transduced SCC-3 tumor, approximately 50% reduction of
tumor growth was recognized compared to tumor with mock
gene transduction.

2D-DIGE. Two 2D-DIGE experiments were performed, and
five gels were utilized for image matching in each
experiment. Comparing the protein spots between the Cy3-
labeled mock and the Cy5-labeled shRNA group, the number
of spots that changed by more than 1.5-fold was 13 out of
the total 2,482 spots. A gel image in which 13 spots were
selected is shown in Figure 2A, and the identified protein list
is given in Table I. Five different proteins were identified,
but spot 1 was not a hit in the MASCOT database search.
Spot numbers 4-11 were revealed to be the same protein,
ALDOA. Out of the 13 spots, two were up-regulated and 11
were down-regulated proteins. The down-regulated proteins
were serpin B4, ALDOA and 15-HPGD. The up-regulated
proteins were ATP synthase subunit-β (ΑΤP5Β) and latexin. 

Proteomic marker expression using real-time PCR analysis.
ATP5B and latexin mRNA were up-regulated, and mRNA for
ALDOA, 15-HPGD and serpin B4 was found down-regulated,
which was in accordance with the 2D-DIGE analysis. In
particular, the fold changes of 15-HPGD and latexin were the
highest, at approximately 4.0 (Figure 2B). 

CE-TOF-MS. Metabolic pathways in cancer cells and the
involvement of key enzymes are shown in Figure 3A.
Metabolites in glycolysis were mainly analyzed using CE-
TOF-MS in STAT3-knockdown SCC-3 cells. Eight
metabolites and associated molecules including glucose-6-
phosphate (G6P), fructose-6-phosphate (F6P), fructose-1,6-
bisphosphate (F6BP), 3-phosphoglyceric acid (3-PGA),
alanine, lactate, nicotinamide adenine dinucleotide
(NADH)/NAD+, and ATP/adenosine diphosphate (ADP)
were quantitatively analyzed (Figure 3B). As a result, G6P,
F6P, F6BP, and the ATP/ADP ratio were shown to decrease
in STAT3 shRNA-treated cells. In contrast, alanine and
lactate increased in shRNA-treated cells. 

Metabolic enzyme gene expression using real-time PCR
analysis. The expression levels of metabolic enzyme genes
involved in the glycolysis pathway shown in Figure 3A were
analyzed using quantitative PCR. PFKFB3, PFKM, PGM1 and
PKM were down-regulated in STAT3-knockdown SCC cells
(Figure 3C). By contrast, HK2 and PDK1 were not inhibited
by shRNA-mediated STAT3 inhibition. Additionally, using four
cancer cell lines with STAT3 signal activation such as PANC1,
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Figure 1. Inhibitory effect of shRNA-mediated STAT3 inhibition on the cell proliferation and tumor growth of SCC-3 cells. A: Inhibition of STAT3 mRNA
in STAT3-specific shRNA-4-transfected SCC-3 cells according to real-time PCR. Each column shows the mean±SD of quadruplicate samples. B:
Suppression of STAT3 protein by 70% in shRNA-4-transfected SCC-3 cells according to western blot assay. C: Proliferation of the shRNA-transduced
SCC-3 cell line. ●Mock, ■ STAT3 shRNA-3, ▲ STAT3 shRNA-4. Each point shows the mean value of triplicate samples. *p<0.05, statistically significant
compared to mock. D: Tumor growth of the shRNA-transduced SCC-3 cell line in vivo. ● Mock, ■ STAT3 shRNA-3, ▲ STAT3 shRNA-4. Each point
shows the mean value of five mice. E: Images of SCC-3 tumors transfected with mock or STAT3 shRNA-4 on day 46 after implantation.



NKN45P, MDA-MB468 and U87 cells which were transduced
with STAT3 shRNA, metabolic enzyme levels were analyzed.
PDK1, PFKFB3, PGM1 and PKM were down-regulated in
more than two cell lines as in SCC-3 cells (Table II).

Restoration of latexin mRNA expression in STAT3-knockdown
cancer cells other than SCC-3 cells. Five cancer cell lines,
including SCC-3 cells, that showed activation of STAT3

signaling, were transduced with STAT3-specific shRNA. The
expression of STAT3 in all cell lines was inhibited by more than
60% and cell proliferation of shRNA-transduced cells was also
significantly inhibited. Additionally, the growth of tumors was
suppressed in four cell lines transduced with STAT3 shRNA
(Figure 4A). Meanwhile, latexin mRNA expression was restored
after shRNA-mediated STAT3 inhibition in three cancer cell
lines (Figure 4B). In particular, latexin expression was up-
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Figure 2. Characterization of proteomic markers identified in 2D-DIGE. A: 2D-DIGE using SCC-3 cells transfected with mock or STAT3 shRNA was
performed. Comparing the protein spots between the Cy3-labeled mock and the Cy5-labeled shRNA-4 group, 13 spots were changed by more than
1.5-fold. The list of identified proteins is shown in Table I. B: Changes in mRNA expression for proteomic markers identified in 2D-DIGE. The
expression of ATP5B, LXN, SERPINB4, 15-HPGD, ALDOA was evaluated using real-time PCR. The expression level of each gene in the mock-
transfected SCC-3 cells was rated as 1. Each point shows the mean value for quadruplicate samples.
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regulated more than 8-fold after STAT3 knockdown in U87 cells.
More importantly, the up-regulation of latexin mRNA expression
was also identified in vivo tumors transplanted to nude mice
which were treated STAT3 inhibitor, STX-0119 for five days
compared with the control group without treatment (Figure 4C). 

Discussion

ATP, required by proliferating cells, is derived from two main
sources. One is glycolysis, which metabolizes glucose to
pyruvate in the cytoplasm, producing two molecules of ATP
per molecule of glucose. The other is the tricarboxylic acid
(TCA) cycle, which uses pyruvate and supplies electrons to
the respiratory chain complexes in the mitochondria, in which
36 molecules of ATP per molecule of glucose are produced.
Cancer cells consume a substantial amount of glucose and
produce lactate for ATP production. The shift towards lactate
production in cancer cells, even in a non-hypoxic environment,
is termed the Warburg effect (5, 6). Cancer tissues perform
aerobic glycolysis through activation of oncogenes or loss of

tumor suppressor proteins, which is highly promoted by the
stabilization of HIF proteins. Recent advances of multiomics-
based analyses have enabled us to clarify part of the
mechanism responsible for the Warburg effect in cancer cells
(18-20), which has contributed to the development of novel
therapeutic approaches targeting cancer cell dependence on
glycolysis and ATP citrate lyase (21-23). 

We previously reported that a human lymphoma cell line,
SCC-3 exhibits constitutively high STAT3 activation (16).
We demonstrated that specific STAT3 knockdown by shRNA
inhibited the growth of SCC-3 cells in vitro and in vivo. In
the present study, we dissected the mechanism responsible
for the growth inhibition and searched for novel biomarkers
reflecting STAT3 inhibition-mediated growth suppression of
SCC-3 cells using 2D-DIGE and CE-TOF-MS.

2D-DIGE analysis revealed five proteins as being
differentially expressed: ATP synthase and latexin were up-
regulated, and ALDOA, serpin B4 and 15-PGDH were down-
regulated. ATP synthase, especially the ectopic ATP synthase
subunit, is expressed on the membrane surface of the non-
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Table I. Proteins identified using STAT3 gene-inhibited SCC-3 cells.  

No. Protein name Ratio Score Mr pI

1 - −1.84 - - -
2 ATP synthase subunit beta 1.72 287 56525 5.26
3 Serpin B4 −1.51 482 44825 5.86
4 Fructose-bisphosphate aldolase A −1.76 207 39395 8.30
5 Fructose-bisphosphate aldolase A −1.51 20 39395 8.30
6 Fructose-bisphosphate aldolase A −1.64 189 39395 8.30
7 Fructose-bisphosphate aldolase A −1.62 271 39395 8.30
8 Fructose-bisphosphate aldolase A −1.58 245 39395 8.30
9 Fructose-bisphosphate aldolase A −1.6 147 39395 8.30

10 Fructose-bisphosphate aldolase A −1.67 239 39395 8.30
11 Fructose-bisphosphate aldolase A −1.58 365 39395 8.30
12 Latexin 2.18 114 25734 5.54
13 15-Hydroxyprostaglandin dehydrogenase −2.15 271 28959 5.5

Numbers (No.) in the table correspond with spot numbers shown in Figure 2. The ratio is the a fold change of protein spot volume between mock
and shRNA-4-transfected SCC-3 cells. Plus and minus values indicate up-regulation and down-regulation of protein expression in STAT3 shRNA-
transfected compared with mock-transfected cells, respectively.

Table II. Effect of STAT3 inhibition on the relative expression of metabolic enzymes. The expression of metabolic enzymes in STAT3 gene-inhibited
cells was measured using real-time PCR. The expression level of each gene in the mock-transfected SCC-3 cells was rated as 1.

Cell line HK2 PDK1 PFKFB3 PFKM PGM1 PKM TKTL1

SCC-3 1.06±0.06 0.96±0.03 0.34±0.01** 0.63±0.02** 0.51±0.03** 0.45±0.02** ND
MKN45P 0.78±0.05** 1.04±0.05 1.31±0.06 1.02±0.05 1.27±0.11 1.24±0.07** 2.75±0.19
PANC1 1.02±0.05 0.85±0.04** 0.53±0.03** 0.87±0.04* 0.63±0.03* 0.70±0.04** 0.29±0.02**
U87 0.71±0.06* 0.72±0.04* 0.85±0.06* 1.47±0.10 1.17±0.07 1.03±0.10 0.84±0.17
MDA-MB468 1.00±0.0 0.69±0.02** 1.19±0.05 1.36±0.05 0.74±0.03** 1.39±0.06 ND
SEKI 1.62±0.14 0.95±0.06 1.48±0.06 1.60±0.08 1.51±0.06 1.03±0.05 4.57±0.45

Data are the mean of quadruplicate samples. Significantly different at *p<0.05 and **p<0.01 from mock-transfected cells. ND: Not done.



small cell lung cancer cell line A549 (24), and it is a potential
cancer-specific biomarker associated with metastasis (25) and
a therapeutic target for developing ATP synthase inhibitors
(26). Our study did not show any reduction of ATP synthase

in STAT3-inhibited cells, but STAT3 inhibition does inhibit
ATP production by suppressing mitochondrial function (27,
28), which might be partly in accordance with our
observation of a reduction of the ATP/ADP ratio. 
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Figure 4. Restoration of latexin mRNA expression in STAT3 knockdown in cancer cell lines using a real-time PCR. A: STAT3 inhibition by shRNA
and its effect on cancer cell proliferation and tumor growth in vivo in five cancer cell lines including SCC-3. B: The restoration of latexin mRNA
expression after STAT3 gene inhibition. Open column: mock shRNA, closed column: STAT3 shRNA. The expression level of each gene in the mock-
transfected cells was rated as 1. C: The up-regulation of latexin mRNA in SCC-3 tumors transplanted to node mice treated with STX-0119
administered on days 1 to 5. The tumors were harvested on days 3, 7, 14 and 21. The expression level of the control tumor harvested on day 3 was
rated as 1. Each column shows the mean value for quadruplicate samples.



ALDOA cleaves fructose-1,6BP to glyceraldehyde-3
phosphate, which is finally metabolized to pyruvate by way
of 3-phosphoglycerate and phosphoenolpyruvate in the
glycolysis pathway. This pathway should promote an
increase of ATP production in the anaerobic state in cancer
cells (29). Here, all investigated metabolic genes contribute
to the metabolism of fructose-6P to pyruvate (PFKFB3,
PFKM, ALDOA, PGM1 and PKM), were down-regulated. In
particular, ALDOA was strongly down-regulated, even at the
protein level. These results might suggest that suppression of
glycolytic activation in cancer cells can be mediated by
inhibition of STAT3 signaling. 

Latexin acts as a tumor suppressor and hematopoietic stem
cell-regulating protein, and its expression is reduced in
human gastric cancer and lymphoma (30-32). In our study,
latexin expression was up-regulated in three cancer cell lines,
aside from SCC-3 transduced with STAT3-specific shRNA.
Impressively, the up-regulation of latexin expression was
identified in SCC-3 tumors transplanted to nude mice after
the treatment by STAT3 inhibitor. The restoration of latexin
expression after STAT3 gene inhibition suggests a potential
link to STAT3 signaling. However, no correlation of STAT3
with latexin has been reported. In the near future, the
interaction of STAT3 with latexin methylation should be
investigated.

15-PGDH is considered to play a key role as a tumor
suppressor in gastrointestinal cancers. Ryu et al. (33)
demonstrated that 15-PGDH expression is significantly
reduced in Helicobacter pylori-positive gastric cancers,
and its expression is restored after H. pylori eradication
therapy. Meanwhile, STAT3 and cyclo-oxygenase (COX)2
are closely linked key molecules in triggering long-term
inflammation and contribute to an environment conductive
to carcinogenesis. Specifically, the knockdown of STAT3
attenuates COX2 expression in gastric cancer cell lines
(34). Interestingly, the COX2-specific inhibitor celecoxib
(35) significantly reduces STAT3 phosphorylation and
down-regulates STAT3 target genes including BCL-2,
survivin and cyclin D1. 15-PGDH, as a tumor suppressor,
and STAT3 and COX2, as pro-tumor factors, have
opposing actions in cancer cell-associated signaling
pathways. 

Cancer cells continue to exhibit high ratios of ATP/ADP
and NADH/NAD+ due to the alternative mode of ATP
production of converting two ADPs to one ATP and one
AMP catalyzed by adenylate kinases (3). This helps not only
to maintain a viable ATP/ADP ratio but also to accumulate
AMP, which can lead to the phosphorylation of other target
proteins to improve the energy charge in the proliferating
cells. In our study, shRNA-mediated STAT3 inactivation
reversed the glycolytic shift by reducing metabolic enzyme
genes such as ALDOA and fructose-1,6-BP and by reducing
the ATP/ADP ratio.

Recently, Demaria et al. demonstrated a potential correlation
of STAT3 with the Warburg effect, in a metabolomics analysis
(10), which indicates that activated STAT3 acts as a master
regulator of cell metabolism by inducing both aerobic
glycolysis and down-regulation of mitochondrial activity. In
particular, STAT3-mediated up-regulation of HIF-1α is
considered an additional important factor that promotes
glycolysis and mitochondrial suppression in cancer cells.
Additionally, our finding that STAT3 inhibition in highly
STAT3-activated cancer cells induced not only growth
suppression but also the restoration of the metabolic shift to
glycolysis, suggests that the induction of aerobic glycolysis is
an important biological aspect of the pro-oncogenic activities
of STAT3. Therefore, metabolic markers closely linked to
STAT3 signaling are potential novel targets associated with the
metabolic shift in cancer and could be used to develop a new
type of STAT3 inhibitor regulating serine-727 phosphorylation-
associated STAT3 localization to mitochondria. 

In the current study, we identified latexin as a proteomic
marker candidate and metabolic enzymes such as ALDOA
and fructose-1,6DP as candidate metabolic markers for
STAT3-targeting therapy using our STAT3-specific shRNA
gene transduction model. Our observations could contribute
to the development of new inhibitors of STAT3 signaling for
cancer treatment in the near future.
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