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Abstract Transglutaminase 2 (TGase 2) expression and
glycolysis are increased in most renal cell carcinoma (RCC)
cell lines compared to the HEK293 kidney cell line. Although
increased glycolysis and altered tricarboxylic acid cycle are
common in RCC, the detailed mechanism by which this
phenomenon occurs remains to be elucidated. In the present
study, TGase 2 siRNA treatment lowered glucose consump-
tion and lactate levels by about 20-30 % in RCC cells;
conversely, high expression of TGase 2 increased glucose
consumption and lactate production together with decreased
mitochondrial aconitase (Aco 2) levels. In addition, TGase 2
siRNA increased mitochondrial membrane potential and ATP
levels by about 20-30 % and restored Aco 2 levels in RCC
cells. Similarly, Aco 2 levels and ATP production decreased
significantly upon TGase 2 overexpression in HEK293 cells.
Therefore, TGase 2 leads to depletion of Aco 2, which pro-
motes glycolytic metabolism in RCC cells.

Keywords Transglutaminase 2 - Aconitase 2 -
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Introduction

A recent GC-MS metabolomic study revealed that renal

cancer tissues had a different metabolic profile from nor-
mal tissues (Catchpole et al. 2011): renal cell carcinoma
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(RCC) tissues displayed the Warburg glycolytic phenotype
and higher glucose levels than normal tissues. The War-
burg effect in RCC is related to von Hippel-Lindau (VHL)
alterations, which are common in sporadic clear cell RCC
(Kim and Kaelin 2004) and can occur through gene
mutation (Moore et al. 2011), gene silencing via methyla-
tion (Moore et al. 2011), or post-translational polymeriza-
tion by transglutaminase 2 (TGase 2) (Kim et al. 2011).
VHL loss increases hypoxia inducible factor 1 (HIF1),
which affects several metabolic pathways (Alberghini et al.
2005). HIF1 increases the expression of glucose trans-
porters (Chen et al. 2001), hexokinase (Mathupala et al.
2001), lactate dehydrogenase (LDH), which drives the
conversion of pyruvate to lactate (Firth et al. 1995), and
pyruvate dehydrogenase kinase 1 (PDK1), which inhibits
the pyruvate dehydrogenase-driven conversion of pyruvate
to acetyl-coA (Kim et al. 2006a). Therefore, HIF-mediated
induction of LDH and PDKI is associated with TCA cycle
inhibition in RCC.

Conditionally knockdown of VHL under normoxia
induces specific target proteins such as aminopeptidase A,
collagen type V, alpha 1, cyclin G2, DEC1/Stral3, endo-
thelin 1, low-density lipoprotein receptor-related protein 1,
MIC2/CD99, and TGase 2 in RCCs (Wykoff et al. 2000).
Therefore, TGase 2 is a VHL repressible gene. In HEK293
cells, hypoxia induces TGase 2 expression through an HIF-
1-dependent pathway (Jang et al. 2010). Therefore, TGase
2 is an HIF-1 inducible gene, which gives advantages to
RCC cells through modulating both apoptosis via caspase 3
and cathepsin D depletion (Yamaguchi and Wang 2006;
Kim et al. 2013) and survival pathways via NF-xB acti-
vation (Lee et al. 2004; Kim et al. 2006b; Mehta et al.
2010).

Recently, we found that TGase 2 contributes to the
development of RCC. TGase 2 (E.C. 2.3.2.13, protein-
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glutamine y-glutamyltransferase) is a calcium-dependent
cross-linking enzyme that catalyzes the formation of an
isopeptide bond between protein-bound glutamine and
protein-bound lysine (Kim 2011). Although TGase 2 was
found to be cross-linking enzyme, there are reports that
TGase 2 participates in multiple enzymatic functions (Fe-
sus and Piacentini 2002). We found that RCC commonly
shows high expression of TGase 2 and high levels of
autophagy (Ku et al. 2013). We also reported that high
expression of TGase 2 was responsible for mitochondrial
dysfunction in Huntington’s disease through depletion of
Aco 2 (aconitate hydratase; EC 4.2.1.3) via protein cross-
linking in neuron (Kim et al. 2005). Overexpression of
TGase 2 promotes the translocation of TGase 2 into
mitochondria and the subsequent targeting of Aco 2 (Kim
et al. 2005). In vitro, TGase 2 polymerizes Aco 2 in a time-
dependent manner using mitochondrial fraction (Kim et al.
2005). Aco 2 is an enzyme that catalyzes the stereo-specific
isomerization of citrate to isocitrate via cis-aconitate in the
tricarboxylic acid cycle, a non-redox-active process.
Therefore, decreased Aco 2 activity causes energy metab-
olism dysfunction (Cheng et al. 2013). Interestingly, a
report suggests that the increase in citrate upon Aco 2
inhibition induces amino acid synthesis in citrus fruit callus
(Degu et al. 2011). Increased citrate also restores oxalo-
acetate and acetyl-CoA, which promotes de novo lipid
synthesis in cancer cells if it is exported from the mito-
chondria (Icard et al. 2012). Therefore, we investigated
whether TGase 2 expression contributes to Aco 2 regula-
tion in RCC, which may promote glycolytic metabolism.

Materials and methods
Antibodies

Antibodies against B-actin and LDH were obtained from
Santa Cruz Biotechnology; Antibodies against Aco 2 and
COX IV were obtained from Cell Signaling Technologies.
The antibody to TGase 2 was obtained from Lab Vision
(clone CUB 7402 + TG100).

Cell culture and treatment

The HEK293 cell was obtained from the American Type
Culture Collection. Caki-1 and ACHN cells were obtained
from NCI (MTA Number: 2702-09). Cells were cultured in
complete DMEM or RPMI 1640 containing 10 % fetal
bovine serum under 5 % CO, at 37 °C. A small quantity of
interfering RNAs (siRNAs) targeting human TGase 2
(Invitrogen) or Aco 2 (Santa Cruz) were introduced into
cells using Lipofectamine RNAIMAX (Invitrogen),
according to the manufacturer’s instructions. As negative
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controls, cells were incubated with Lipofectamine RNAi-
MAX and a universal negative siRNA (Invitrogen). TGase
2 was cloned in pcDNA Plasmid and transfection was done
with Lipofectamine 2000 (Invitrogen). For glucose star-
vation, cells were incubated in glucose-free RPMI
(GIBCO).

Measurements of glucose, lactate, ATP, and Aco 2
activity

Glucose consumption, lactate secretion and intracellular
ATP level assays were carried out at 12, 24, and 48 h after
transfection in normal medium. Briefly, cells were trans-
fected with siRNA or TGase 2 plasmid, media were
changed 4 h later and cells were cultured in normal med-
ium. At each time point, glucose and lactate concentrations
were measured in the culture media using the Glucose
Assay Kit (#K606-100) and the Lactate Assay kit II
(#K627-100) (Biovision) according to the manufacturer’s
instructions. Calculated lactate production ranged from 2 to
8 mmol per 1 x 10* cells. Glucose consumption was
extrapolated by subtracting the measured glucose concen-
trations in the media (3-9 mmol/1 x 10* cells) from the
original glucose concentration (DMEM; 25 mmol, RPMI
1640; 11 mmol). Intracellular ATP levels were determined
in cell lysates using the ATP Assay Kit (Biovision; #K354-
100), according to the manufacturer’s instructions. Mea-
sured intracellular ATP ranged from 10 to 30 nmol per
1 x 10° cells. The activity of Aco 2 (mitochondrial acon-
itase) was measured using the Aconitase Activity Assay Kit
(Biovision; #K716-100). For measuring Aco 2 activity,
samples were processed according to the manufacturer’s
mitochondrial aconitase assay protocol. Calculated Aco 2
activity ranged from 0.8 to 10 nmol/min/ml.

Preparation of a mitochondrial fraction

Mitochondrial fraction was prepared using Mitochondria
Isolation Kit for profiling cultured cells (Sigma) according
to the manufacturer’s instructions.

Western blotting

For Western blot analysis, cells were lysed and protein
assays were carried out to normalize the proteins using a
BCA protein assay kit (Pierce). Protein samples were
separated on 10 % polyacrylamide gels and then trans-
ferred to polyvinylidene difluoride membranes. After
blocking non-specific bindings, the membranes were
incubated with indicated antibodies. For detecting Aco 2
polymer, insoluble fraction was prepared as described
previously. Briefly, cells were lysed in buffer containing
50-mM Tris HCI (pH 7.5), 150-mM NaCl, 0.5 % Nonidet
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Fig. 1 TGase 2 regulates A Caki-1 ACHN
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P40, 5-mM EDTA, and a protease inhibitor cocktail, and
centrifuged at 16,000 g at 4 °C for 20 min. After centri-
fugation, the pellet (insoluble fraction) was dissolved in

for 5 min.

sample buffer containing 20 % mercaptoethanol, 1 %
Triton X-100, 1 % deoxycholate and 1 % SDS, and boiled
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Fig. 3 Aco 2 is downregulated
by TGase 2. a At 48 h after
HEK293 cells were transfected
with control or with TGase 2
expression vector, isolated
cytosol or mitochondrial
fraction were analyzed by
western blotting. b At 48 h after
Caki-1 and ACHN cells were
transfected with TGase 2
siRNA, isolated factions were
analyzed by western blotting.
Relative mitochondrial TGase 2
and Aco 2 signal intensities
were measured by densitometry
and indicated as arbitrary unit
(AU). Values are mean + S.E.
for three independent
experiments.

¢ Immunofluorescence staining
of TGase 2 and Aco 2 in
indicated cells. Nuclei were
stained with DAPI. Scale bar
50 pm
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Fig. 4 TGase 2 regulates A Caki-1 ACHN
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or JC-1 for 15 min at 37 °C, washed, and resuspended in
PBS. The cells were then analyzed using a FACSCalibur™
flow cytometer (Beckton Dickinson). In the case of DiOC6,
a high AV, was attributed to cells with a high fluorescence
signal; in the case of JC-1, cells with a high AY,, were
those forming J aggregates. Since JC-1 exhibits potential-
dependent accumulation in mitochondria, indicated by a
fluorescence emission shift from green to red, the ratios of
red:green fluorescence intensity values were calculated.

24 48 (h)

Fig. 5 TGase 2 suppresses Aco 2 activity. Aco 2 activity of Caki-1
(a) and ACHN (b) was measured using the Aconitase Activity Assay
Kit. Indicated time after transfection, cells were processed according
to the manufacturer’s assay protocol. ¢ Caki-1 cells were transfected
with a control siRNA or a TGase 2 siRNA. TGase 2-induced Aco 2
polymers were detected in insoluble fraction by western blotting. Data
are presented as mean = SE in three separate experiments in
triplicates (all three replicates of each of three experiments has been
plotted, i.e., n = 9). *p < 0.05; **p < 0.01
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Fig. 6 The TGase 2 mediated Aco 2 regulation contributes to the
increase of glycolytic metabolism. RCC cells were transfected with
TGase 2 siRNA alone or TGase 2 siRNA and Aco 2 siRNA together.
Changes in lactate production (a) and intracellular ATP levels (b) in

Immunofluorescence analysis

After transfection with TGase 2 siRNA, cells were grown on
coverslips and fixed in 4 % paraformaldehyde for 10 min at
room temperature. Fixed cells were stained with indicated
antibodies. Alexa 488 (green)- or Alexa 546 (red)-conju-
gated secondary antibodies were used for visualization.
DAPI was used to co-stain the nuclei (blue). Images were
obtained using a Zeiss Axiovert 200 M (Carl Zeiss).

Statistical analysis

Results are expressed as mean £ SE of at least three
independent experiments. Student’s 7 test was used to
determine statistical significance.

Results

TGase 2 knockdown decreases glucose uptake
and downregulates glycolytic metabolism in RCC

To test whether TGase 2 affects metabolism in RCC,
glucose uptake and lactate production were measured 12,
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response to each transfection were measured at indicated time points.
Data are presented as mean £ SE in three separate experiments in
triplicates (all three replicates of each of three experiments has been
plotted, i.e., n = 9). *p < 0.05; **p < 0.01

24, 48 h after TGase 2 knockdown by siRNA (Fig. ).
TGase 2 knockdown decreased lactate production: a
20-30 % decrease was observed in Caki-1 and ACHN
under normal culture conditions (Fig. la). TGase 2
knockdown also downregulated glycolytic metabolism by
about 20-30 % in RCC (Fig. 1b).

Aco 2 is downregulated by TGase 2 in RCC

Aco 2 catalyzes the conversion of citrate to isocitrate in the
tricarboxylic acid as a key player in the TCA cycle since
Aco 2 knock out fly was lethal (Cheng et al. 2013). Pre-
viously, we found that Aco 2 was one of the targets of
TGase 2 in mitochondria (Kim et al. 2005). Depletion of
Aco 2 is closely associated with mitochondrial dysfunction
in degenerative neuronal diseases (Kim et al. 2005; Scha-
pira 1999). Aco 2 levels were decreased in the mitochon-
drial fraction of RCC cells compared to the mitochondrial
fraction of HEK293 cells (Fig. 2a, b). LDH and COX IV
were used as cytosolic and mitochondrial markers,
respectively. To test whether reduced expression of Aco 2
in RCC relies on TGase 2 expression, HEK293 cells were
transfected with control or TGase 2 expression vector, and
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Fig. 7 TGase 2 facilitates glycolytic metabolism via Aco 2 inhibi-
tion. HEK293 cells were transfected with TGase 2 expression vector
or Aco 2-siRNA. a, b Lactate assay, ¢, d ATP assay were done
indicated time after transfection. Data are presented as mean £ SE in

the cytosol and mitochondrial fractions were analyzed by
Western blotting at 48 h (Fig. 3a). In the mitochondrial
fraction, TGase 2 expression was increased while Aco 2
expression was decreased (Fig. 3a). To determine whether
the reduction in Aco 2 levels in mitochondria depended on
TGase 2 expression, Caki-1 and ACHN cells were trans-
fected with TGase 2 siRNA and subcellular factions were
analyzed by Western blotting for Aco 2 at 48 h (Fig. 3b).
Aco 2 levels were restored by TGase 2 siRNA (Fig. 3b).
Immunofluorescence staining of Aco 2 and TGase 2
showed that TGase 2 knockdown restored Aco 2 levels in
Caki-1 and ACHN, and TGase 2 transfection depleted Aco
2 level in HEK293 cells (Fig. 3c).

TGase 2 regulates mitochondrial function

To test whether TGase 2 regulates mitochondrial function
through depletion of Aco 2, intracellular ATP level and
mitochondrial membrane potential (AY,,) were measured
with or without TGase 2 knockdown. 48 h treatment of
TGase 2 siRNA increased ATP production by about 50 %
(Fig. 4a). To evaluate AY,,, cells were stained with DiOCg

iAco2 - +
B Sl
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*k *% *k
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1.0 1

0.5 -

0.0

12 24 48 (h)
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three separate experiments in triplicates (all three replicates of each of
three experiments has been plotted, ie, n=09). *p <0.05;
**p < 0.01

or JC-1 and then analyzed by flow cytometry. In DiOCq
staining, A¥,, was increased by about 40 % in CAKI-1
cells and by about 170 % in ACHN cells upon TGase 2
siRNA transfection (Fig. 4b). A¥,, was also analyzed by
JC-1 staining. A¥,, change was observed by the changes in
JC-1 fluorescence from red (JC-1 aggregates) to green (JC-
1 monomers). TGase 2 knockdown increased green JC-1
staining, which implies increase of mitochondrial mem-
brane potential (Fig. 4c).

TGase 2 suppresses Aco 2 activity in RCC

To test whether TGase 2 expression functionally regulates
Aco 2 activity in RCC, Aco 2 activity was tested with
TGase 2 siRNA transfection (Fig. 4). Aco 2 activity of
Caki-1 (Fig. 5a) and ACHN (Fig. 5b) was measured using
the Aconitase Activity Assay Kit. 24 and 48 h after TGase
2 siRNA transfection, Aco 2 activity showed increased up
to 50 % to compare to control. Immuno blotting of Aco 2
using insoluble fraction of Caki-1 cell showed high
molecular weight proteins, which has been clearly reduced
by TGase 2 siRNA treatment (Fig. 5c).
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Fig. 8 TGase 2 inhibits Aco 2 through cross-linking. a HEK293 cells
were transfected with TGase 2 expression vector and Aco 2 activity
assay were done indicated time after transfection. b TGasae 2-induced
Aco 2 polymers were detected in insoluble fraction by western
blotting. ¢ TGase 2-induced cross-linking was detected in vitro by
immunoblotting using y-glutamyl-¢e-lysine (GGEL) cross-link specific
antibody

TGase 2 facilitates aerobic glycolysis via Aco 2
inhibition

To test whether TGase 2 expression increases aerobic
glycolysis by depleting Aco 2, Caki-1 and ACHN cells
were transfected with TGase 2 siRNA in combination with
Aco 2 siRNA. Lactate production was decreased by about
40-50 % (Fig. 6a) while ATP production was increased by
40-80 % (Fig. 6b) upon TGase 2 siRNA transfection.
However, co-transfection of TGase 2 siRNA and Aco 2
siRNA almost completely reversed TGase 2 siRNA med-
iated metabolic changes including lactate production and
ATP level (Fig. 6a, b).

TGase 2 facilitates aerobic glycolysis

To test whether TGase 2 overexpression increases glyco-
lytic metabolism, lactate production, ATP level and Aco 2
activity assay were measured after HEK293 cells were
transfected with TGase 2 expression vector. Data showed
that TGase 2 expression induced lactate production
(Fig. 7a), decrease of ATP production (Fig. 7c) and
reduced Aco 2 activity (Fig. 8a). We proposed that TGase
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2-mediated metabolic change may be based on the direct
regulation of Aco 2. Therefore, we tested whether Aco 2
siRNA-transfected HEK293 cells may present the similar
metabolic changes. Lactate production and ATP level were
measured after HEK293 cells were transfected with Aco 2
siRNA for 48 h. Data showed that Aco 2 siRNA trans-
fection for 48 h increased lactate production (Fig. 7b) and
decreased ATP production (Fig. 7d) as well. TGase
2-induced Aco 2 polymers were also detected in insoluble
fraction of HEK293 transfected with TGase 2 for 48 h by
western blotting (Fig. 8b). TGase 2-induced cross-linking
was detected in vitro by immunoblotting using y-glutamyl-
e-lysine (GGEL) cross-link-specific antibody (Fig. 8c).

Discussion

Although TGase 2 is not a metabolic enzyme, however,
TGase 2 is responsible for the regulation of metabolic
enzyme mitochondrial Aco 2. Previously, we found that
increase of TGase 2 in the neuronal mitochondria from
Huntington’s disease (HD) is generally associated with
decrease of Aco 2 level (Kim et al. 2005). One of the
representative characters of HD is mitochondrial metabolic
dysfunction (Gu et al. 1996) (Browne et al. 1997) that is
interestingly correlated with high expression of TGase 2
(Kim et al. 2005). Furthermore, mass analysis showed that
TGase 2 specifically targets Aco 2 in the mitochondrial
fraction (Kim et al. 2005).

TGase 2 expression promotes glycolytic metabolism via
Aco 2 depletion in RCC. In this study, TGase 2 expression
induced lactate production and secretion in RCC. TGase
2-mediated mitochondrial dysfunction may drive lactate
production from pyruvate. TGase 2 induces HIF-lo via
VHL depletion (Kim et al. 2011) in the cytosol. TGase
2-mediated HIF-1a induction (Kim et al. 2011) may pro-
mote lactate production because LDH (Firth et al. 1995)
and MCT4 (Ullah et al. 2006) are induced by HIF-1a.
Therefore, increased expression of TGase 2 contributes to
glycolytic metabolism directly by Aco 2 depletion as well
as indirectly by HIF-1a induction.

In contrast to the small changes in glucose consumption
and lactate production observed 12, 24 and 48 h after
transfection of TGase 2 siRNA (Fig. 1), the change in
mitochondrial membrane potential was dramatic (Fig. 4).
This change may suggest that TGase 2-mediated Aco 2
depletion (Figs. 2, 3) will shift the metabolism to a more
glycolytic state (Fig. 1). These results are consistent with
the data showing that Aco 2 siRNA induces an increase in
lactate production of less than 20 % in HEK293 cells
(Fig. 7) and ATP production was reduced by Aco 2 siRNA
by about 20 % compared to control siRNA (Fig. 7).
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In summary, increased TGase 2 expression induces Aco
2 depletion and mitochondrial dysfunction, thereby inhib-
iting ATP production through the TCA cycle and pro-
moting glycolytic metabolism.
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