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Abstract
Increased glutamine metabolism is a hallmark of cancer. Mitochondrial glutamic pyruvate
transaminase (GPT2) catalyzes the reversible transamination between alanine and α-ketoglutarate
(α-KG), also known as 2-oxoglutarate, to generate pyruvate and glutamate during cellular
glutamine catabolism. However, the precise role of GPT2 in tumorigenesis remains elusive. Here,
we report that in breast cancer tissue samples and breast cancer cell lines, GPT2 expression level
was markedly elevated and correlated with the pathological grades of breast cancers. GPT2
overexpression increased the subpopulation of breast cancer stem cells in vitro and promoted
tumorigenesis in mice. GPT2 reduced α-KG level in cells leading to the inhibition of proline
hydroxylase 2 (PHD2) activity involved in the regulation of HIF1α stability. Accumulation of HIF1α,
resulting from GPT2-α-KG-PHD2 axial, constitutively activates sonic hedgehog (Shh) signaling
pathway. Overall, GPT2 promotes tumorigenesis and stemness of breast cancer cells by activating
the Shh signaling, suggesting that GTP2 is a potential target for breast cancer therapy.
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Introduction
Increased glutamine metabolism is a hallmark of
cancer. Proliferating tumor cells utilize glutamine's
carbon to maintain pools of TCA cycle intermediates
for energy production and its nitrogen to produce
nonessential amino acids, hexosamine, nucleotides,
and other molecules (1). For example, renal cell
carcinomas are glutamine addicted (2). Moreover, the
oncogenic function of PIK3CA mutations is
dependent on glutamine metabolism in colorectal
cancer cells (3). Intracellular glutamate in cancer cells
is primarily a product of glutamine metabolism with a
proportion of glutamate destined for secretion (4-6).
Glutaminase generates glutamate from glutamine and
its activity was reported to correlate with tumor

growth rate (7-9). In addition, glutamate is an
intracellular signaling molecule in many tissues (10).
Amplified secretion of glutamate, as well as other
aspects of dysregulated glutamatergic signaling, has
been shown to correlate with a malignant phenotype
(11-13).
The Hedgehog (Hh), Wnt and Notch signaling
pathways are considered three major signaling events
regulating stemness of cancer cells (14-16). Hh
signaling is initiated by the binding of Shh ligand to
the Patched-1 receptor (PTCH1) relieving repression
of the transducer protein Smoothened (SMO) which
then triggers the activation of the GLI family of
transcription factors. The genes activated by GLI
http://www.thno.org

Theranostics 2017, Vol. 7, Issue 12
include PTCH1 and GLI itself (17). On the other hand,
Suppressor of Fused Homolog (SUFU) suppresses Hh
signaling by regulating the localization of the
transcription factor GLI (18).
The glutamic pyruvate transaminase (GPT) is an
alanine transaminase that catalyzes the reversible
transamination between alanine and α-ketoglutarate
to generate pyruvate and glutamate. Alanine
transaminases
play
important
roles
in
gluconeogenesis and amino acid metabolism in many
tissues including skeletal muscle, kidney, and liver
(19). GPT1 locates in cytosol which is a biomarker
used clinically in liver diseases. The GPT2 protein is
more abundant than GPT1, especially in muscle and
fat, suggesting a novel role of GPT2 in the metabolism
and homeostasis of glucose, amino acids, and fatty
acids (20). Under metabolic stress, GPT2 expression in
hepatocyte cell lines is upregulated by the activating
transcription factor 4. Proliferating breast tumor cells
express high levels of GPT2 and the viability of
pancreatic cancer cells was decreased when the
activity of GPT2 was inhibited (21, 22). GPT2
expression was also upregulated in ductal breast
carcinomas (23). Moreover, GPT2 and α-ketoglutarate
- the tricarboxylic acid cycle intermediate obtained
from the catalysis of glutamine by glutaminase, is
essential for xenograft tumour growth of colorectal
cancers with PIK3CA mutations (3). These
observations indicate that GPT2 is important for
tumor growth. However, its role in tumorigenesis
remains elusive.
Here, we report that GPT2 overexpression
reduced the intracellular α-ketoglutarate (α-KG) and
increased the stability of HIF-1α, which, in turn,
increased the stemness of breast cancer cells through
activating sonic hedgehog (Shh) signaling. Our
observations suggest that GPT2 is a potential target
for breast cancer therapy.

Results
GPT2 protein levels correlate with the
pathological stages of breast cancer
Because of the importance of GPT2 in glutamate
metabolism, we performed immunohistochemistry
staining to examine GPT2 expression in breast cancers
from 82 cancer patients. GPT2 expression in breast
cancers was increased as compared to para-carcinoma
tissues (Figure 1A). Furthermore, the protein level of
GPT2 was also analyzed in breast cancers of different
pathological grades. As shown in Figure 1B, higher
grade samples had higher levels of GPT2 expression.
The Kaplan-Meier survival analysis (n = 1764)
(kmplot.com) showed breast cancer patients with
higher GPT2 mRNA level had a worse prognosis than
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those with lower GPT2 mRNA level (p < 0.01, Figure
1C) (24). Elevated GPT2 protein levels were also
detected in most of breast cancer cell lines including
MCF7 and MDA-MB-453 (Figure 1D). These findings
suggest GPT2 protein levels correlate with
progression of breast cancer.

GPT2 is tumorigenic and enhances breast
cancer cell stemness
To determine the tumorigenic property of GPT2,
the cell viability and cell growth assays were first
analyzed. We overexpressed GPT2 in breast cancer
MDA-MB-231 cells with low level of endogenous
GPT2 or knocked-down GPT2 in breast cancer MCF7
cells with high level of endogenous GPT2 protein
(Figure S1A). The cell counting data shows that
overexpression of GPT2 promoted cell growth while
knockdown of GPT2 inhibited cell growth (Figure
S1B); however, overexpression of GPT2 had no
significant effects on cell viability (Figure S1C).
Therefore, the colony formation assay and soft agar
assays were further performed. As shown in Figure
2A, the overexpression of GPT2 significantly
increased while the knockdown of GPT2 decreased
colony numbers of MDA-MB-231 and MCF7 cells,
respectively. Consistent with this observation, the soft
agar assay also showed that the overexpression of
GPT2 increased colony numbers of MDA-MB-231
cells while GPT2 knockdown decreased the colony
numbers of MCF7 cells (Figure 2B & Figure S1D).
Moreover, reducing glutamine concentration in the
culture medium also decreased colony formation of
MDA-MB-231 cells (Figure 2C). These observations
indicated that GPT2 promotes tumorigenesis of breast
cancer cells.
The subpopulation of cancer stem cells (CSCs)
have been defined by their tumor-initiating properties
in multiple types of cancer (25, 26). The CD44+/CD24
has been widely used as a marker for breast cancer
stem cells (BCSCs) (27-30). Therefore, we analyzed the
percentage of CD44+CD24- breast cancer cells by flow
cytometry,-in MDA-MB-231 cells overexpressing
GPT2 or MCF7 cells depleted of GPT2. As shown in
Figure 2D, the overexpression of GPT2 increased the
percentage of CD44+CD24- cells from 0.88% to 1.83%
while the knockdown of GPT2 decreased the
percentage of CD44+CD24- cells from 33.11% to
13.24% or 23.61%.
Since the aldehyde dehydrogenase (ALDH) is
another recognized biomarker for BCSCs (31), the
expression
of
ALDH1
was
analyzed
by
immunofluorescence staining of MDA-MB-231 and
MCF7 cells. As shown in Figure 2E, the
overexpression of GPT2 increased the percentage of
ALDH1 positive cells in the MDA-MB-231 cell line
http://www.thno.org
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(from 33.3% to 84.1%), while the knockdown of GPT2
decreased the percentage of ALDH1 positive cells in
the MCF7 cell line (from 71.3% to average 37.6%)
(Figure S1E). To further determine whether GPT2
promotes the stemness of breast cancer cells, the
expression of stem cell markers including ALDH1,
SOX2, OCT4 and NANOG were determined. As
shown in Figure 2F, the critical markers for the stem
cell were upregulated in MDA-MB-231 cells
overexpressing GPT2. In contrast, the knock down of
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GPT2 decreased the expression of these markers in
MCF cells.
The overlap of GPT2 and ALDH expression was
also determined by immunofluorescence staining in
clinical breast cancer samples. As shown in Figure 2G,
68.36% of GPT2 positive cells were also ALDH
positive in breast cancer specimens but only 19.23% of
GPT2 positive cells were ALDH positive in paratumor
tissues. These observations suggest GPT2 promotes
the stemness of breast cancer cells.

Figure 1. GPT2 expression levels correlate with the pathological stages of breast cancer patients A. GPT2 immunohistochemistry analysis of breast
cancer or paratumor tissues. The data represent the levels of GPT2 protein in breast carcinoma and normal breast tissue, which were quantified by densitometry. The
difference between two groups was analyzed by T-test. ***: P < 0.001. B. GPT2 immunohistochemistry analysis of breast cancers of different pathologic grades. The
graph represents relative GPT2 protein levels, quantified by densitometry. *: P < 0.05. C. Kaplan-Meier analysis of breast cancer patients based on GPT2 mRNA levels
with low level (882 cases) vs high level (882 cases). P-values were calculated by log-rank test. D. Analysis of GPT2 expression in normal (MCF10A) and breast cancer
(MDA-MB-231 and MCF7) cell lines. The Western blot shown here is a representative of three independent experiments.

http://www.thno.org
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Figure 2. GPT2-induced breast cancer cell stemness and tumorigenesis A. & B. GPT2 promotes colony formation of breast cancer cells. A. Colony
formation assay (n = 3), ***: P < 0.001; **: P < 0.01. B. Soft agar assay (n = 3). ***: P < 0.001 C. The effects of glutamine on colony formation. The basic medium was
without glutamine. D. Flow cytometry analysis of CD44 and CD24 expression in GPT2 overexpressing MDA-MB-231 and GPT2 knockdown MCF7 cells. The values
represent percentage of CD44+CD24- cells. **: P < 0.01;*: P < 0.05. E. GPT2 and ALDH expression was analyzed in GPT2 overexpressing MDA-MB-231 and GPT2
knockdown MCF7 cells by immunofluorescence staining. Red and green represent GPT2 and ALDH, respectively (20 X). F. Representative Western blots show the
expression of ALDH, SOX2, OCT4 and NANOG in GPT2 overexpressing MDA-MB-231 and GPT2 knockdown MCF7 cells. G. GPT2 and ALDH expression was
analyzed in clinical breast tumors and paratumor tissues by immunofluorescence staining (n= 6 cases). Red and green represent GPT2 and ALDH, respectively (10 X).
The values on the histogram represent cell numbers per view. The big white bars represent GPT2 positive cell numbers while the small shading bars inside indicate
ALDH positive cell numbers. GPT2 overexpression cells were MDA-MB-231 while GPT2 knockdown cells were MCF7. Data in (A–G) represent three independent
experiments. Error bars: standard deviation. ***: P < 0.001; **: P < 0.01; *: P < 0.05.

http://www.thno.org
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GPT2 activates the sonic hedgehog signaling
by increasing HIF-1α protein level
To explore the mechanism by which GPT2
induced breast cancer cell stemness, we examined the
critical molecules in the Wnt, Hedgehog, and Notch
pathways, which play a critical role in the self renewal
and differentiation of cancer stem-like cells (14, 16,
32). As displayed in Figure 3A, GPT2 overexpression
activated the Shh signaling as reflected by the
upregulated expression of Shh, PTCH1, PTCH2 and
Gli1. The GPT2 knockdown, on the other hand,
downregulated the expression of these activators of
hedgehog signaling. GPT2 overexpression and
knockdown efficiency were verified by both Western
blot and q-PCR (Figure 3A & S2A). However, GPT2
did not activate Wnt or Notch signalingas indicated
by non-alteration in the expression of their critical
effector β-catenin or RBPJ. β-catenin and RBPJ are
transcriptional regulators important in the Wnt or
Notch signaling pathway, respectively. The reason for
the upregulation of Notch1 and phospho-GSK3β in
MDA-MB-231 cells overexpressing GPT2 was not
clear (Figure S2B & S2C) (33-35).
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To further confirm the effect of GPT2 on the
hedgehog
signaling,
GPT2
overexpressing
MDA-MB-231 cells were treated with hedgehog
signaling inhibitor cyclopamine (36). Figure 3B shows
that cyclopamine decreased the protein level of Gli1,
but did not affect Shh, the upstream regulator of Gli1,
which was upreguated by GPT2. These results
indicated that GPT2 might increase the stemness of
breast cancer cells through activating hedgehog
signaling.
Recent data indicated that hypoxia-induced
factor HIF1α is an important factor in the regulation of
cancer cell stemness (17, 37, 38). We also examined the
protein levels of Gli1 and Shh in breast cancer cells
treated with HIF1α stabilizer CoCl2 to verify the role
of HIF1α in the regulation of breast cancer cell
stemness. Figure 3C indicates that CoCl2 increased
Gli1 expression in both MDA-MB-231 cells and MCF7
cells, suggesting that HIF1α regulates hedgehog
signaling in breast cancer cells. The final
concentration of CoCl2 was determined in
MDA-MB-231 cells by dose response assay (Figure
S2D).

Figure 3. GPT2 activates the sonic hedgehog signaling by increasing HIF-1α stability A. GPT2 activates hedgehog signaling pathway. Representative
Western blots are shown as indicated. B. Representative Western blots show Shh, Gli1 and ALDH protein levels in GPT2 overexpressing MDA-MB-231 cells treated
with or without Cyclopamine (a SMO inhibitor). ALDH is a marker for breast cancer stem cells. The final concentration of cyclopamine was 10 μM. C. Representative
Western blots show the protein and hydroxylation levels of HIF1α in MDA-MB-231 and MCF7 cells treated with or without CoCl2, a HIF1α stabilizer, the final
concentration of CoCl2 was 1mM. D. Representative Western blots show the protein and hydroxylation levels of HIF1α in GPT2 overexpressing MDA-MB-231 and
GPT2 knockdown MCF7 cells. E. HIF1α mRNA level analyzed by realtime PCR in GPT2 overexpressing MDA-MB-231 and GPT2 knockdown MCF7 cells. #, P > 0.05.
F. Representative Western blots show Shh and Gli1 protein levels in GPT2-overexpressing MDA-MB-231 cells treated with or without YC-1 (a HIF1α inhibitor). The
final concentration of YC-1 was 5 μM. All Western blots and Q-PCR data are representative of three independent experiments.

http://www.thno.org
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Meanwhile, CoCl2 also increased GPT2
expression in MDA-MB-231 cells (Figure S2E). To
verify whether GPT2 activated hedgehog signaling
through HIF1α, the protein levels of HIF1α were first
determined in the MDA-MB-231 and MCF7 cells. As
shown in Figure 3D, overexpression of GPT2 reduced
HIF1α hydroxylation and increased HIF1α protein
level in MDA-MB-231 while the knockdown of GPT2
reduced HIF1α protein level in MCF7 cells, but not the
mRNA levels (Figure 3E), suggesting GPT2 stabilizes
HIF1α protein. Also, HIF1α inhibitor YC-1 (39)
abolished the GPT2-induced increase in Shh and Gli1
expression (Figure 3F), and reduced GPT2 expression
too (Figure S2E), suggesting HIF1α mediates
GPT2-activated hedgehog signaling and regulates
GPT2 expression.

GPT2 overexpression inhibits proline
hydrolyase activity by decreasing cellular
α-ketoglutarate
GPT2 is a pyridoxal enzyme that catalyzes the
reversible transamination between alanine and
α-ketoglutarate to generate pyruvate and glutamate,
and the effective cellular α-KG (the ratio of α-KG to
fumarate and succinate) regulates dioxygenase
activity (40). The HIF1α proline hydroxylase (PHD) is
a member of dioxygenase family. We, therefore,
speculated that GPT2 reduced PHD activity by
downregulating the effective α-KG in breast cancer
cells. To determine whether GPT2 decreases HIF1α
hydroxylation through suppressing PHD activity, the
cellular concentration of α-KG, fumarate and
succinate were first analyzed in GPT2 overexpressing
MDA-MB-231 cells and GPT2 knockdown MCF7 cells.
Figure 4A shows that the cellular content of α-KG was
decreased in MDA-MB-231 cells expressing GPT2; in
line with this, we observed that α-KG content
increased in MCF7 cells depleted of GPT2. Both
fumarate and succinate had no significant changes in
breast cancer cells with different GPT2 levels.
Moreover, the cellular alanine, α-KG, glutamate and
pyruvate, the four substrates involved in the
conversion were also analyzed. Figure 4B shows that
the cellular content of α-KG and pyruvate were much
lower than alanine and glutamate. In contrast to
α-KG, the pyruvate increased in GPT2 overexpressing
MDA-MB-231 cells and decreased in GPT2
knockdown cells compared to control cells. However,
there were no significant changes in the content of
alanine and glutamate.
To further verify GPT2-catalyzed conversion of
α-KG to glutamate, we used stable isotope-labeled
nutrients ([U-13C6]-glucose and [U-13C5]-glutamine) as
the tracers in cell culture, respectively. The mass
isotopomer distribution (MID) describes the fractional
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contribution of each isotopologue normalized to the
sum of all possible isotopologues. The metabolites
α-KG and glutamate with 5 carbon atoms can have 0
to 5 of its carbon atoms labeled with 13C, resulting in
isotopologues that increase in mass (M) from M0 (all
carbons unlabeled i.e. 12C) to M5 (5 carbons labeled i.e.
13C).
As shown in Figure 4C & 4D, GPT2
overexpression increased 13C labeling of α-KG and
glutamate derived from glucose carbons compared to
control group, but decreased 13C labeling of α-KG and
glutamate derived from glutamine carbons. In
contrast, GPT2 knockdown reversed this process
(Figure S3A & 3B), supporting the notion that GPT2
promotes the conversion of α-KG to glutamate
resulting in lower concentration of α-KG.
To examine whether GPT2 regulates PHD
activity, the ODD (oxygen-dependent degradation
domain) luciferase assay was performed on 293 cells
expressing GPT2. Overexpression of GPT2 as well as
CoCl2 treatment increased ODD luciferase activity
(Figure 4E), suggesting that overexpression of GPT2
suppresses PHD activity. To determine whether GPT2
regulates HIF1α stability through α-KG, the ODD
luciferase assay was performed on 293 cells treated
with α-KG, succinate or a combination of α-KG and
succinate. As shown in Figure 3F, α-KG decreased the
ODD luciferase activity but succinate restored the
ODD activity in a dose-dependent manner. Moreover,
α-KG restored the HIF1α hydroxylation decreased by
GPT2 overexpression and reduced the protein level of
HIF1α and stem cell markers in MDA-MB-231 cells. In
contrast, succinate decreased HIF1α hydroxylation
levels and restored HIF1α protein level as well as
stem cell markers (Figure 4G & S3C).
We also knocked down three PHD isoforms
(PHD1, PHD2, or PHD3) individually in
MDA-MB-231 cells to verify which isoform was
responsible for HIF1α hydroxylation (Figure S3D). We
found that PHD2 knockdown, but not PHD1 or PHD3
knockdown, reduced HIF1α hydroxylation (Figure
4H), suggesting PHD2 is the primary enzyme
responsible for HIF1α hydroxylation and that GPT2
increases HIF1α hydroxylation through regulating
PHD activity in breast cancer cells.

GPT2 promotes mammary tumorigenesis
To further determine whether GPT2 promotes
breast cancer cell tumorigenesis, 1 x 106 MDA-MB-231
cells overexpressing GPT2 or MCF7 cells depleted of
GPT2 were injected into the armpits of nude mice as
shown in the schematic drawing (Figure 4A & 4B). In
the MDA-MB-231 group with GPT2 overexpression, 4
out of 8 injected mice grew tumors in 3 weeks after
injection while only 1 out of 8 injected mice with
control MDA-MB-231 cells had tumor (Figure 5A).
http://www.thno.org
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Figure 4. GPT2 overexpression inhibits proline hydrolyase activity by decreasing cellular effective α-ketoglutarate A. Cellular α-KG, fumarate and
succinate content examined by GC-MS in GPT2-overexpressing MDA-MB-231 and GPT2 knockdown MCF7 cells. *: P < 0.05. B. The cellular content of α-KG,
alanine, pyruvate and glutamate detected by GC-MS. C. Mass isotopologue analysis of α-KG and glutamate in MDA-MB-231cells cultured with [U-13C5]-glutamine and
unlabelled glucose (n = 3 cultures from a representative experiment). D. Mass isotopologue analysis of α-KG and glutamate in MDA-MB-231cells cultured with
[U-13C6]-glucose and unlabelled glutamine (n = 3 cultures from a representative experiment). E. The ODD luciferase activity measured in 293 cells. The final
concentration of CoCl2 was 1mM (***: P < 0.001). F. The ODD luciferase activity measured in 293 cells treated with α-KG and/or succinate. The final concentration
of α-KG and succinate were 100μM and 200μM, respectively. The values were normalized to control (*: P < 0.05). G. α-KG increased the hydroxylation and reduced
the stability of HIF1α in MDA-MB-231 cells with or without GPT2 overexpression. The final concentrations of α-KG and succinate were 100μM and 200μM,
respectively. H. PHD2, but not PHD1 nor PHD3 increased the expression of Shh. Data in (A–H) represent three independent experiments. Error bars, s.d. ***: P <
0.001; **: P < 0.01; *: P < 0.05.

http://www.thno.org
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Figure 5. GPT2 promotes mammary tumorigenesis A. GPT2 overexpression promotes tumor formation of breast cancer cells. Mice injected with GPT2
overexpressing MDA-MB-231 cells at the indicated cell numbers. The tumors in the blue circles on the left are controls; the tumors in the red circles on the right are
overexpression group. B. Depletion of GPT2 reduces tumor formation of breast cancer cells. Mice injected with GPT2 knockdown MCF7 cells at the indicated cell
numbers. The tumors in the blue circles on the left are control. C. The expression of GPT2 and ALDH1 was detected by immunofluorescence staining. The data show
representative images from three independent experiments. The values on the histogram represent foci numbers per view, 6 views for each group were analyzed. D.
Detection of α-KG in xenografted tumors by α-KG assay kit. The data shown is presented as the means ± SD of three independent experiments. E. Expression
analysis of GPT2 and HIF1α by Western blot and immunofluorescence staining in cells and in xenografted tumors. The data show representative images from three
independent experiments.

http://www.thno.org
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When the cell number was increased to 1 x 107
for each injection, all mice with GPT2 expressing
MDA-MB-231 cells had tumors (8 out of 8) in 3 weeks
after injection, whereas only two tumors were
observed in the control group (2 out of 8). In contrast,
GPT2 knockdown dramatically suppressed tumor
formation. When 3 x 107 of MCF7 cells were injected,
GPT2 depleted group did not grow any tumors (0 out
of 8) while 7out 8 mice had tumors in the control
group (Figure 5B).
To verify whether GPT2 promotes stemness of
breast cancer cells in vivo, the immunofluorescence
staining of ALDH1, a biomarker of breast cancer
stem-like cell, was performed on xenografted tumors
samples. As is evident from Figure 5C, the percentage
of ALDH1 positive tumor cells was increased (from
14.33% to 52.94%) in tumors overexpressing GPT2
compared to the control group. The α-KG content in
xenografted tumors was also evaluated by the α-KG
assay kit. Figure 5D showed that the content of α-KG
decreased in MDA-MB-231 xenografted tumors and
increased in MCF7 xenografted tumors. Furthermore,
we detected the expression of HIF1α and GPT2 in
breast cancer cell lines and xenograft tumor
specimens, our immunofluorescence data show that
to some extent HIF1α protein levels are correlated
with GPT2 expression (Figure 5E). These observations
suggest GPT2 promotes tumorigenesis of breast
cancer cells through HIF1α.

Discussion
Previous studies demonstrated that glutamine,
as well as glucose metabolism is a hallmark of cancer.
Glutamine catabolism is increased in highly
proliferating cells for biosynthesis and energy
production (41-43). Moreover, the binding of
glutamate to its receptors activates SRC family
kinases and downstream signaling stimulating cancer
cell proliferation, apoptosis resistance, migration and
invasion in different cancer cell lines (44). Glutamine
metabolism is directly regulated by oncogenes and
tumor suppressors (45-48). Among these genes, Myc
was shown to be a critical regulator of glutamine
metabolism and glutamine addiction in cancer cells
(49-51).
Glutamate pyruvate transaminase (GPT)
catalyzes α-ketoglutarate to glutamate or reversibly
converts α-ketoglutarate into glutamate. GPT1 is
located in the cytoplasma whereas GPT2 is a
mitochondrial isoform. Both isoforms possess similar
enzymatic activity for alanine and pyruvate but with
different Km and Kcat values (52). GPT2 has been
reported to increase the content of α-ketoglutarate
during the transformation of cancer-associated
fibroblasts (CAF) (53). However, we observed that
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GPT2 overexpression reduced the content of
α-ketoglutarate by converting it to glutamate in breast
cancer MDA-MB-231 cells suggesting that GPT2 plays
different roles in CAFs and cancer cells. Highly
proliferating cancer cells require more “building
blocks” for anabolism that can be acquired by
catalyzing α-ketoglutarate from TCA cycle into
glutamate; in contrast, the CAFs with decreased
proliferation (54), might not need glutamate required
for anabolic processes. Interestingly, metabolomics
analysis with stable isotope-labeling revealed
overexpressing GPT2 increases 13C mass isotopologue
distributions (MIDs) in α-KG and glutamate derived
from glucose but decreases 13C MIDs in α-KG and
glutamate derived from glutamine, supporting the
notation that overexpressing GPT2 converses α-KG to
glutamate in breast cancer cells.
Cancer stem-like cells have aberrantly regulated
hedgehog (Hh) pathway as well as abnormalities in
Wnt, Notch and PTEN pathways inducing
tumorigenesis (55, 56). Several studies have
elucidated the molecular networks in these signaling
pathways. Hh proteins bind Patched-1 (PTCH)
receptor derepressing the membrane protein
Smoothened (SMO) and activated SMO then triggers
Gli and its subsequent downstream target SUFU (57).
Previous studies have reported the existence of an
activated Shh pathway in lung cancer and other
cancer models resulting in tumorigenesis (58). Small
cell lung cancer (SCLC) cells were dependent on Hh
signaling for their malignant behavior and underwent
autocrine regulation (59). Although the mechanism of
Hh signaling is not completely understood, aberrant
Hh signaling is believed to result in tumor growth,
proliferation, aggression, and metastasis.
In the present study, we have shown that GTP2
overexpression results in HIF1α protein stabilization,
which plays an important role in Hedgehog signaling.
HIF1α stability is regulated by ubiquitin-dependent
proteasome degradation. HIF1α ubiquitination is
triggered by hydroxylation at P402 and/or P564.
PHD2 was found to directly regulate HIF1α
hydroxylation (60-62) and itself is activated by oxygen
and α-KG but suppressed by fumarate and succinate,
two inhibitory metabolic structural analogs of α-KG.
Our results showed that in breast cancer cells GPT2
upregulation decreased α-KG content, resulting in
PHD2 inhibition and HIF1α stabilization.
In brief, our data have demonstrated that GPT2
promotes tumorigenesis of breast cancer cells by
converting α-ketoglutarate, which downregulates Shh
signaling, into glutamate. Our results suggest GTP2 is
a potential target for breast cancer therapy and local
delivery of molecules inhibiting GPT2 could avoid its
possible side effects to muscle and liver.
http://www.thno.org
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Materials and Methods
Cells and reagents
MDA-MB-231 cells and MCF7 cells were
cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) with 10% fetal bovine serum (FBS). SYBR
Green PCR master mix was purchased from ABI.
Monoclonal antibodies against GPT2 were purchased
from Proteintech. The antibody against ALDH were
obtained from BD (Cat # :611195). Antibodies against
CD24 PE (Cat #:12-0247), CD44 APC (Cat #:17-0441)
were acquired from eBioscience. Antibodies against
Shh (Cat # :2207), HIF1α (Cat # :3716), HIF1α
hydroxylation (Cat # :3434), SUFU (Cat # :2520),
PTCH1 (Cat # :2468), PTCH2 (Cat # :2470), Gli1 (Cat #
:3538), Notch Receptor Interaction Antibody Sampler
Kit (Cat # :8658), Notch Isoform Antibody Sampler Kit
(Cat # :3640), β-cantenin (Cat # :8480), p-GSK3β(Cat #
:5558s), GSK3β(Cat # :9315L), OCT4 (Cat # :2750),
SOX2 (Cat # :2748S), NANOG (Cat # :4903) were
purchased from Cell Signaling Technology. The
antibody against β-actin came from Santa Cruz
Biotechnology (Cat # :47778). The α-Ketoglutarate
Colorimetric/Fluorometric Assay Kit were obstained
from BioVision Technologies. The human breast
tumor tissue microarrays were purchased from
Shanghai Outdo Biotech Co., Ltd. Dimethyl succinate
(Cat # V900547) and Dimethyl 2-oxoglutarate (Cat #
349631) were obtained from Sigma-Aldrich.

Western blotting
The cells were harvested and lysed on ice for 15
min in lysis buffer containing 150 mM NaCl, 0.1%
SDS, 1% NaMoO4, 1% NP40, 50 mM Tris–HCl (pH
7.5), and 0.02% NaN3 supplemented with 1 mM
phenylmethanesulfonyl fluoride (PMSF). Protein
concentration was detected by using the BCA assay
kit (Ding Guo Biotechnology, Shanghai, China).
Subsequently, the proteins were separated on
polyacrylamide gels and transferred to nitrocellulose
membranes. The membranes were separately
incubated with various antibodies.

Clinical samples
Tissue collection was approved by the Shanghai
Jiao Tong University Medical Ethical Committee.
Fresh and paraffin-embedded breast cancer blocks or
peripheral normal breast tissue were collected after
informed consent from patients undergoing surgery.

Colony formation assay
MDA-MB-231 cells overexpressing GPT2 or
MCF7 cells depleted of GPT2 were seeded into 100
mm plastic dish plates at a cell density of 1000
cells/well and were allowed to grow for 10-14 days
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until clones were visible. PBS-washed cells were fixed
with 4% paraformaldehyde and stained with 1%
crystal violet. The stained clones were counted.

Soft agar colony formation assay
The
anchorage-independent
growth
of
MDA-MB-231 cells overexpressing GPT2 or MCF7
cells depleted of GPT2 was monitored by the soft agar
colony formation assay. In brief, cells (500/well) were
re-suspended in 1.5 ml mixture of 1.2% low-melt
agarose and 2× DMEM with 10% fetal bovine serum
(v:v = 1:1). Subsequently, cells were loaded in 6-well
plates in triplicate on top of the solidified bottom agar
comprising a mixture of equal-volumes of 0.7 %
low-melt agarose and DMEM with 10% fetal bovine
serum. The cells were incubated at 37°C, 5% CO2 for 2
weeks. The colonies composed of more than 50 cells
were counted.

Luciferase assay
For the ODD luciferase assay, the ODD domain
of HIF-1a (GenBank accession number U59496) was
fused to the 5 ' end of the firefly luciferase reporter
gene (63). As a control, a luciferase expression vector
was used, in which the luciferase gene was driven by
the CMV promoter. GPT2 overexpressing cells and
control cells were transfected with1 μg ODD-firefly
luciferase reporter gene. The renilla plasmid pRL-TK
(10ng) was used as an internal control. Cells were
harvested 48 hr after transfection and analyzed with
the Dual-Luciferase Reporter Assay kit. Firefly
luciferase values were normalized to renilla luciferase
values from the same cells. The assays were repeated
at least three times in independent experiments.

Flow cytometry analysis
MDA-MB-231 cells overexpressing GPT2 or
MCF7 cells depleted of GPT2 were stained with
anti-human
CD24-PE
(eBioscience)
and
anti-human/mouse CD44-APC (eBioscience) for 30
min. At least 1 x 106 cells were analyzed by a FACS
Aria II(BD). Cells were gated based on their forward
and side scatter properties.

Quantitative real-time PCR
Total cellular RNA was extracted using the
guanidinium isothiocyanate and phenol-chloroform
method. For mRNA quantification, 1μg total RNA
was reverse transcribed into cDNA with MMLV
reverse transcriptase according to the manufacturer’s
instructions. Quantitative real-time PCR reactions
were performed in triplicate in a 96-well plate using 1
μl cDNA. The β-actin gene was used as an internal
control for normalization. The primers for q-PCR
were: GPT2 primers, sense: 5'-GGAGCTAGTGACGG
CATTTCTACGA-3', and antisense: 5'-CCCAGGGTT
http://www.thno.org

Theranostics 2017, Vol. 7, Issue 12
GATTATGCAGAGCA-3'; HIF1α primers, sense:
5'-AAACAGAGCAGGAAAAGGAGG-3',
and
antisense:
5'-TCAAAGCGACAGATAACACG-3';
β-actin
primers,
sense:
5'-GCGGGAAATC
GTGCGTGACATT-3',
and
antisense:
5'GATGGAGTTGAAGGTAGTTTCG-3'.

Lentiviral shRNA knockdown and gene
overexpression
Two short-hairpin RNA (shRNA) fragments
specifically targeting human GPT2 were synthesized
(Sangon Biotech, Shanghai,China) and inserted into
the Mirzip lentiviral shRNA mir vector (Open
Biosystems, Lafayette, CO). These lentiviral plasmids
were co-transfected into 293T cells with pVSVg,
pRSV-Rev, and pMDL to generate the lentiviruses
using Lipofectamine 2000 (Invitrogen). Viral stocks
were collected from the transduced 293T cells 72 hr
post-transfection, and were used to infect MCF7 cells
with 10 μg/ml polybrene. The viruses containing
non-sense shRNA were used as control. The full
length GPT2 cDNA fragment was cloned into the
pHRSIN lentiviral vector. These lentiviral plasmids
were co-transfected into 293T cells with psPAX2 and
pMD2G to generate the lentiviruses using
Lipofectamine 2000 (Invitrogen). Viral stocks were
collected from the transduced 293T cells 72 hr
post-transfection, and were used to infect
MDA-MB-231 with 10 μg/ml polybrene.

Immune staining
Immunofluorescence staining was performed on
cultured cells and tissue sections. Cells or sections
were first fixed for 20 min in PBS containing 4%
paraformaldehyde. After three washes, the fixed cells
or tissue sections were permeabilized by 0.4% Triton
X-100 for 10 min. Cells or tissue sections were then
incubated with primary antibodies at 4°C overnight,
followed by the appropriate Alexa Fluor 488- or
594-conjuated secondary antibodies at 37°C for 1 h.
Subsequently, the cells and tissue sections were
visualized by fluorescence microscopy.
For immunohistochemistry, breast tumors and
normal breast tissues were fixed in 4% (v/v)
phosphate-buffered paraformaldehyde overnight.
The sections were deparaffinized with xylene,
followed by rehydration through successive washes
of ethanol/water (from 100% ethanol successively to
70% ethanol). Slides were then incubated in methanol
with 3% H2O2 at room temperature. After incubation
in 10 mM sodium citrate buffer at 96 °C for 1 hr, the
sections were blocked with 10% goat serum for 1 hr,
then incubated with primary antibodies at 4°C
overnight. After incubation with horse radish
peroxidase-conjugated
anti-rabbit
polyclonal
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antibody, sections were visualized with a DAB
substrate. Images were captured by microscopy and
analyzed by densitometry method through Image J
software.

Cellular a-KG detection
Cells (2 x 106) were rapidly homogenized with
100 μl of ice cold α-KG assay buffer. Add 1- 50 μl
samples were added to duplicate wells of a 96-well
plate and the volume was brought to 50 μl with assay
buffer. α-KG was detected using Ketoglutarate
Colorimetric/Fluorometric Assay Kits which were
purchased from BioVision.

Sample Preparation and GC-MS for
metabolomics analysis
The cell samples were collected to the same cell
number in 1 mL of 50% aqueous methanol
(1.2*106/mL). Then, the same volume of chloroform
was added and the mixture was processed by 7 cycles
of 2 min ultra-sonication and 2 min interval in
ice-bath. The cell lysates were kept at 4 °C for 1h prior
to centrifugation at 14,000 g and 4 °C for 15 min. A
total 600 μL of supernatant was mixed with 10 μL of
internal
standards
(0.05
mg/mL
of
13C -15N-L-alanine, 13C -15N-L-valine, 13C -L-leucine
3
5
6
and 13C6-15N L-isoleucine), and the mixture was
evaporated to dryness, reconstituted in 50 μL of 20
mg/mL methoxyamine hydrochloride pyridine, and
incubated at 37 °C for 90 min. Following the
supplementation of another 50 μL of BSTFA (with 1%
TMCS), the sample was derivatized at 70 °C for 60
min prior to GC-MS metabolomics analysis. Quality
control (QC) sample pooled from representative
plasma samples in each group were prepared and
analyzed with the same procedure as that for the
experiment samples.
Metabolomics instrumental analysis was
performed on an Agilent 7890A gas chromatography
system coupled to an Agilent 5975C inert MSD system
(Agilent Technologies Inc., CA, USA). A HP-5ms
fused-silica capillary column (30 m × 0.25 mm × 0.25
μm; Agilent J&W Scientific, Folsom, CA) was utilized
to separate the derivatives. Helium (>99.999%) was
used as a carrier gas at a constant flow rate of 1
mL/min through the column. Injection volume was 1
μL in splitless mode, and the solvent delay time was 6
min. The initial oven temperature was held at 70 °C
for 2 min, ramped to 160 °C at a rate of 6 °C/min, to
240 °C at a rate of 10 °C/min, to 300 °C at a rate of 20
°C/min, and finally held at 300 °C for 6 min. The
temperatures of injector, transfer line, and electron
impact ion source were set to 250 °C, 250 °C, and 230
°C, respectively. The impact energy was 70 eV, and
data was collected in a full scan mode (m/z 50-600).
http://www.thno.org
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Sample Preparation and GC-MS for metabolic
flux analysis
The cell samples were collected to the same cell
number in 1 mL of 50% aqueous methanol
(1.2*106/mL). Then, the same volume of chloroform
was added and the mixture was processed by 7 cycles
of 2 min ultra-sonication and 2 min interval in
ice-bath. The cell lysates were kept at 4 °C for 1 h prior
to centrifugation at 14, 000 g and 4 °C for 15 min. A
total 600 μL of supernatant was evaporated to dryness
under nitrogen stream, reconstituted in 30 μL of 20
mg/mL methoxyamine hydrochloride in anhydrous
pyridine, and incubated at 37 °C for 90 min. Then, a
tert-butyldimethylsilyl (TBDMS) derivatization was
initiated by adding 30 μL of MTBSTFA (with 1%
TBDMCS, Regis Technologies) and incubating at 55
°C for 60 min.
Sample analysis was performed on an Agilent
7890A gas chromatography system coupled to an
Agilent 5975C inert MSD system (Agilent
Technologies Inc., CA, USA). A HP-5MS fused-silica
capillary column (30 m × 0.25 mm × 0.25μm; Agilent
J&W Scientific, Folsom, CA) was utilized to separate
the derivatives. Helium (>99.999%) was used as a
carrier gas at a constant flow rate of 1 mL/min
through the column. Injection volume was 1 μL by
splitless mode, and the solvent delay time was 5.5
min. The initial oven temperature was held at 100 °C
for 2 min, ramped to 180 °C at a rate of 10 °C/min, to
260 °C at a rate of 5 °C/min, to 320 °C at a rate of 10
°C/min and finally held for 8 min. The temperatures
of injector, transfer line, and electron impact ion
source were set to 250 °C, 250 °C, and 230 °C,
respectively. The electron energy was 70 eV, and data
was collected in a full scan mode (m/z 50-600). Steady
state metabolic flux was calculated by 13C mass
isotopologue distributions (MIDs) for α-KG and
glutamate with home-made package in R language,
which applies an elementary metabolite unit
framework to efficiently simulate MIDs and deducts
natural isotope abundance.

Breast cancer xenograft model
Six-week-old BALB/c nude mice were obtained
from the Shanghai animal laboratory. The animals
were handled according to the protocol approved by
the Shanghai Jiao Tong University Institutional
Animal Care and Use Committee. Tumor xenografts
were generated by subcutaneous injections with
varying numbers of GPT2-OE and GPT2-sh1 cells (the
total cell numbers in each injection were 1 × 105, 1 ×
106, 1 × 106 and 3 × 105, 3 × 106, 3 × 107 ) into the
armpits and groin bilaterally. After 5 weeks, the mice
were sacrificed and the tumors were excised.
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Statistical analysis
All data are presented as the means ± SD, and
are representative of at least three independent
experiments. The differences between groups were
assessed by Student’s t test; all reported differences
are p < 0.05 unless otherwise stated.
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