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Abstract
We examined the expression of PC by immunohistochemistry of paraffin-embedded

breast tissue sections of 57 breast cancer patients with different stages of cancer progression.
PC was expressed in the cancerous areas of breast tissue at higher levels than in the non-
cancerous areas. We also found statistical association between the levels of PC expression and
tumor size and tumor stage (P < 0.05). The involvement of PC with these two parameters was
further studied in four breast cancer cell lines with different metastatic potentials; i.e., MCF-7,
SKBR3 (low metastasis), MDA-MB-435 (moderate metastasis) and MDA-MB-231 (high
metastasis). The abundance of both PC mRNA and protein in MDA-MB-231 and MDA-MB-435
cells was 2-3-fold higher than that in MCF-7 and SKBR3 cells. siRNA-mediated knockdown of
PC expression in MDA-MB-231 and MDA-MB-435 cells resulted in a 50% reduction of cell
proliferation, migration and in vitro invasion ability, under both glutamine-dependent and
glutamine-depleted conditions. MDA-MB-231 cells containing PC knockdown showed a marked
reduction in viability and proliferation rates suggesting the perturbation of pathways that are
involved in cancer invasiveness. Strong PC suppression lowered glucose incorporation into
downstream metabolites of oxaloacetate, the product of the PC reaction, including malate,
citrate and aspartate. Levels of pyruvate, lactate, the redox partner of pyruvate, and acetyl-CoA
were also lower suggesting the impairment of mitochondrial pyruvate cycles. Serine, glycine
and 5-carbon sugar levels and flux of glucose into fatty acids were decreased. ATP, ADP and
NAD(H) levels were unchanged indicating that PC suppression did not significantly affect
mitochondrial energy production. The data indicate that the major metabolic roles of PC in
invasive breast cancer are primarily anaplerosis, pyruvate cycling and mitochondrial
biosynthesis of precursors of cellular components required for breast cancer cell growth and
replication.

We also combine the literature data on the miRNAs that potentially regulate 40
metabolic enzymes responsible for metabolic reprogramming in cancers, with additional miRs
from computational prediction. By combining known and predicted interactions of oncogenic
transcription factors (TFs) (c-MYC, HIF1Q and p53), sterol regulatory element binding protein 1
(SREBP1), 40 metabolic enzymes, and regulatory miRs we have established one of the first
reference maps for miRs and oncogenic TFs that regulate metabolic reprogramming in cancers.
The combined network shows that glycolytic enzymes are linked to miRs via p53, c-MYC,
HIF1Q, whereas the genes in serine, glycine and one carbon metabolism are regulated via the
c-MYC, as well as other regulatory organization that cannot be observed by investigating

individual miRs, TFs, and target genes.
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Executive summary

Significane

Breast cancer is one of the most common malignancies in women, with an estimated one
million cases diagnosed every year, and remains one of the cancer types that causes an
extremely high mortality rate worldwide (McPherson, et al., 2000; Jemal et al., 2010). This
incidence is also increasing in Thailand. Based on the data reported by the National Cancer
Institute, Thailand, approximately 45% of all cancer cases are diagnosed as breast cancer
(Jordan et al., 2009). The high incidence of breast cancer is also associated with the women
who live in a westernized lifestyle. Long term survival is more likely if the cancer remains
localized to the breast tissue. Despite advances in the prevention, diagnosis and development
of new therapies for cancer, a substantial proportion of women who succumb to breast cancer
are diagnosed with metastasis either at an initial period or during the course of treatment.
Although surgical removal of the primary tumor is always a preferred treatment, relapse of
the cancer at local or distant sites may occur due to the micrometastases undetectable during
the first diagnosis (Saphner et al., 1996). Furthermore, metastatic breast cancer is incurable as
much of the cancer develops resistance to the current chemotherapy (Hortobagyi, 2000).
Like other types of cancer, breast cancer results from genetics and alterations of
environmental factors, which in turn cause an aberrant proliferation of cells. Genetic factors
definitely predispose women to breast cancer. For example, mutations of the BRCA1 and
BRCAZ2 genes, which encode proteins involved in the DNA-repair system, are well known to
put women into high disease susceptibility (Mili et al., 1994; Wooster et al., 1995).
Amplification or over-expression of several oncogenes, for example ERBB2 or HER-2, a
member of the epidermal growth factor receptor (EGFR) family, transforms normal cells into
malignant cells (Harari and Yarden, 2000). It is clear that when combined with genetic
factors, deregulation of metabolism of normal cells as the result of overwhelming activation
of growth factor signaling, contributes to the development of cancer (Zardavas et al., 2013).
As a result of their rapid proliferation rate, most tumors have to adapt their metabolism in
order to accommodate both energy and structural components needed for the rapidly dividing
cells (Cairns et al., 2011).

Similar to other cancers, regardless of tissue oxygen levels, breast cancer oxidizes glucose
excessively via glycolysis known as the Warburg effect. Mitochondrial energy production by
oxidative phosphorylation is essentially normal or occasionally slightly repressed in cancer

cells [Lee et al., 2012]. This and other recent indirect evidence suggests that mitochondrial



metabolism could be important in other ways, such as for supplying the substrates for
biosynthesis of fatty acids, amino acids and nucleic acids as the structural and functional
components of the rapidly dividing cells [Lee et al., 2012 Vander Heiden et al., 2009]. In this
regard, “anaplerosis”, which is the net mitochondrial biosynthesis of certain citric acid cycle
intermediates [Owen et al., 2002], could be extremely important for cancer cell proliferation
and invasiveness. However, there is a paucity of data on the role of individual metabolic
pathways that support cancer cell growth and survival, especially in breast cancer. Pyruvate
carboxylation and glutaminolysis are the two major anaplerotic reactions that replenish citric
acid cycle intermediates when they are depleted by their export from the mitochondria for
biosynthetic reactions that take place mostly in the extramitochondrial compartment of the
cell. A major anaplerotic reaction involves the carboxylation of pyruvate to oxaloacetate
catalyzed by pyruvate carboxylase (PC) followed by oxaloacetate's conversion to malate,
citrate and aspartate and their export from mitochondria to the cytosol where they become
precursors for the synthesis of carbohydrates, lipids and amino acids [Jitrapakdee et al.,
2008]. Glutaminolysis involves the conversion of glutamine to glutamate by glutaminase
followed by oxidative deamination of glutamate to a-ketoglutarate catalyzed by glutamate
dehydrogenase. a-Ketoglutarate is then converted to other citric acid cycle intermediates that
can be exported from the mitochondria to the cytosol [Moreadith et al., 1984]. Different
cancers use these anaplerotic reactions to various degrees [Cheng et al., 2011; Fan et al.,

2009; Sellers et al., 2015].

Objectives

1. To investigate the association between the degree of overexpression of PC and various
breast cancer stages in breast tissue samples

2. To investigate the necessities of PC in supporting growth, proliferation and invasion of
metastasized breast cancer cell lines.

3. To identify the shuttle that is associated with overexpression of PC in metastasized
cancer cell lines.

4. To identify the transcription factors which are responsible for transcriptional activation

of the PC gene promoter in metastasized breast cancer cell lines.

PART I Investigation of association between the degree of overexpression of PC and clinical

parameters (objective 1).



A previous study has reported the overexpression of PC in solid lung tumor tissue
[Fan et al., 2009]. To examine whether this was the case for breast cancer, we performed
immunohistochemistry (IHC) staining using an anti-PC antibody on breast tissue sections
collected from 57 patients who had stages I-IV of breast cancer using anti-PC antibody. Fifty-
seven paraffin-embedded breast cancer tissue sections were collected under the protocols
approved by Siriraj Institute Revision Board, Faculty of Medicine Siriraj Hospital, Mahidol
University (COA no. Si 230/2014), and all clinical investigation were conducted according to
the principles expressed in the Declaration of Helsinki. The written informed consent was
obtained from each participant who enrolled in the study. Those breast tissues were
diagnosed invasive ductal carcinoma. Firstly, the antigen was retrieved by incubation with 10
mM citrate buffer pH 6 at 95°C for 1 h. The sections were blocked with 2% (w/v) BSA for 20
min before incubating with 1:1,000 dilution of anti-chicken PC antibody [Rohde et al., 1991]
at room temperature overnight. Excess primary antibody was removed by washing with 1x
PBS for 10 min before incubating with specific anti-rabbit EnVision+system-HRP labelled
polymer (DAKO) at room temperature for 30 min. The secondary antibody was washed with
1x PBS for 10 min before 0.05% (w/v) 3,3’-diaminobenzidine (DAB) solution was applied to
the sections and incubated at room temperate for 5 min. The sections were counter-stained
with Mayer’s hematoxylin, dipped in 1% (w/v) lithium carbonate and washed with tap water
for 5 min. Finally, the sections were mounted with Permount and examined under the
microscope. PC expression was semi-quantitatively scored on the basis of percentage of PC-
positive cells and the immunostaining intensity. Grading for the percentage of PC-positive
cancer cells were as follows: 1 for 1-25%; 2 for 26-50%; 3 for 51-75% and 4 for 76-100%.
The intensities of PC staining in cancer tissues were as follows: 0, unstained; 1, slightly; 2,
intermediate and 3, strongest staining. The interpretation of PC expression was performed by
the scores of the percent positive cells (1-4) multiplied by the scores of staining intensity (0—
3) to reach the total final immunohistochemistry (IHC) score of 0—12. The results were then
categorized as follows; low expression, [HC score < 6; and high expression, IHC score > 6.
All samples were anonymous and independently scored by two investigators of whom one is

a pathologist.

RESULT
In contrast to the non-cancerous area of the tissue sections, (Fig 1A), PC was highly

expressed in the cancerous areas of the breast tissues (Fig 1B). The expression levels of PC



expression also varied in different stages of cancer (Fig 1C—1F). Expression of PC in stromal

fibroblasts and infiltrating immune cells was rarely observed.
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Fig 1. Immunohistochemistry staining of PC in paraffin-embedded breast tissue sections of
patients with various stages of breast cancer. (A) Normal adjacent area of breast tissue
showing weak staining of PC compared to strong staining in the cancerous area (B) of the
same tissue. The representative samples showing different expression levels of PC in
different stages of breast cancer: (C) stage 1, (D) stage 2, (E) stage 3 and (F) stage 4. Original
magnification, 100x.

PC expression was detected in breast tissues of most cancer patients (96% of the total
studied cases) except two cases which were stage 1. Overall, 72% of breast cancer tissues
showed a low expression level of PC whereas 28% had a high expression level of PC (Table
1). Based on grouping the patients into early stage without distant metastasis (stages I-1II) and
late stage with distant metastasis (stage IV), 67% (4 in 6 cases) of breast cancer with distant
metastasis showed a high expression level of PC. In contrast, only 24% (12 in 51 cases) of
patients without metastasis had a high level of PC expression. Univariate analysis showed a

significant correlation between PC expression level and stage IV (P = 0.046). Interestingly,



PC expression showed a significant correlation with the tumor size (Table 1) (P = 0.033) i.e.,
PC was poorly expressed in most tumor cases with small volume (<4 cm3) (86%, 25/29). The
other clinicopathological parameters including histological type, invasion, estrogen receptor
(ER), progesterone receptor (PR) and HER2 expression did not show statistical associations

with PC expression.

Table 1. Univariate analysis of expression level of PC in breast tissues and

clinicopathological parameters.

Variable (Total cases) PC expression (IHC score) P-value
No of case Low (< 6) High (> 6)

Tumor volume (cm?) (52)
<4 28 24 4 0.033*
>4 24 14 10

Tumor staging (57)
| 18 15 3 0.225
Il 22 17 5 0.555
1] 1 7 4 0.482
v 6 2 4 0.046*

Histological type (56)
Well-differentiated T 6 1 0.661
Moderately-differentiated 30 20 10 0.365
Poorly-differentiated 19 15 4 0.543

Invasion (57)
Absence 24 18 6 0.769
Presence 33 23 10

ER (57)
High (4) 38 29 9 0.356
Low (0-3+) 19 12 T

PR (57)
High (4) 17 14 3 0.342
Low (0-3+) 40 27 13

HER2 (57)
Negative 37 27 10 1.00
Positive 20 14 ]

d0i:10.1371fjournal pone.0129848.1001
Immunohistochemistry staining of PC expression in breast cancer tissue samples with
different degrees of ER/PR/HER2 expression collected from 57 patients show that the level
of PC expression IS NOT correlated with expression of these three receptors as shown below
[P = 0.356 for ER; P = 0.342 for PR; P = 1.00 for HER2] in clinical samples as shown in
Table below.



Receptor expression PC expression levels

ER’, PR, HER2

ER’, PR", HER2 2 16 7

ER', PR, HER2 0 5 )

Also shown below is the variation of PC expression in breast tissues of four patients which

are triple neg for ER/PR/HER?2 expression.
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Figure 2. Representatives of immunohistochemistry staining of PC in paraffin embedded

breast tissues of four patients, which are ER/PR/HER?2 negative.

PART Il 2. Investigation the necessities of PC in supporting growth, proliferation and
invasion of metastasized breast cancer cell lines (objective 2).
Because the degree of PC expression showed statistical association with tumor size

and stage, we hypothesized that PC was required to support tumor growth and invasion of



breast cancer cells. We examined the above hypothesis by investigating the expression levels
of PC in breast cancer cell lines with different degrees of motility, namely, MCF-7, SKBR3,
MDA-MB-435 and MDA-MB-231.

Cell culture

Human breast cancer cell lines, MCF-7 (ATCC:HTB22) [Soule et al., 1973] and MDA-MB-
231(ATCC: HTB26) [21], MDA-MB-435 (ATCC:HTB129) and SKBR3 (ATCC: HTB-30)
were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supplemented with
10% (v/v) fetal bovine serum (FBS). The cells were maintained at 37°C with 5% CO2. The
glutamine-independent MDA-MB-231 cell line was established by progressive depletion of
glutamine in the culture medium from 4 mM to 0 mM. In brief, cells were grown in DMEM
supplemented with 2 mM glutamine for 2 weeks, 1 mM for 2 weeks, 0.5 mM for 2 weeks and
no glutamine, respectively. After 1 month of growing this cell line in the absence of

glutamine, it was used for subsequent experiments.

SiRNA transfection of and overexpression of PC

6 x 105cells of MDA-MB-231 cells or 3.5 x 105cells of MDA-MB-435 were plated in 35-
mm dish containing 2 ml of DMEM supplemented with 10% (v/v) FBS and maintained at
37°C with 5% CO2 for 24 h. 50 pmole (25 nM) or 100 pmole (50 nM) of siRNA targeted to
human PC (Cat.no. 4390824, Ambion) were transfected to MDA-MB-231 or MDA-MB-435,
respectively using Lipofectamine 2000 transfection reagent (Invitrogen) in the Optimem-
reduced serum medium (Invitrogen). Same amounts of scrambled control siRNA were also
transfected to both cell lines. The transfected cells were maintained in 2 ml complete medium
for 2 days. The cells were subsequently harvested for RT-PCR and Western blot analyses.
MCF-7 cells overexpressing PC were generated by transfection of plasmid encoding human
PC (pEF-PC) [Jitrapakdee et al., 1999]. In brief, 2 x 105 cells of MCF-7 were plated in 2 ml
complete DMEM medium in 35 mm-dish 24 h before transfecting with 4 pg of pEF-PC
plasmid. Upon 48 h post-transfection, the stable MCF-7 cells overexpressing PC cells were
selected with 0.5 pg/mL puromycin for one week. The stable lines were expanded for another

week before proliferation, migration and invasion assays were performed.

Reverse transcription polymerase chain Reaction (RT-PCR)
Total RNA was extracted from cells using TRIzolReagent (Gibco) following the

manufacturer’s instructions. Initially the random hexamers-primed RNA was carried out in a



10 pl-reaction mixture containing 2 pg of total RNA and 200 ng of random hexamers
(Promega) at 70°C for 5 min, before being chilled at 4°C. Reverse transcription was initiated
by adding 10 pl of mixture containing 1xImProm-II reaction buffer, 3 mM MgCl2, 0.5 mM
dNTP mix and 160 units of ImProm-II reverse transcriptase (Promega), to the primed-RNA
mixture and the reaction was incubated at 25°C for 5 min, 42°C for 60 min and 70°C for 15

min, respectively. The cDNA was stored at -20°C until used.

Quantitative real-time PCR

Quantitative real time PCR was performed in a 12 pl-reaction mixture containing 6 pl of
2xKAPA probe Fast gPCRmaster mix Universal (KAPA Biosystems), 2 ul of cDNA, 1 uM
of forward and reverse primers and 0.5 uM of fluorogenic probe as described previously
[Thonpho et al., 2010]. The thermal profiles consisted of initial incubation at 50°C for 2 min
and 95°C for 10 min followed by 40 cycles of denaturation at 95°C for 15 sec and
annealing/extension at 60°C for 1 min in Mx3000P Q- PCR system (Agilent Technologies).
To identify the PC mRNA isoforms expressed in breast cancer cell lines, quantitative real
time PCR was performed in a 20 pl-reaction mixture containing 10 pl of 2x KAPA SYBR
FAST gPCR Master mix universal (KAPA Biosystems), 200 nM each of specific forward
primer for detecting each isoform of PC mRNA and reverse primers [Thonpho et al., 2013],
and 2 pl of cDNA. The thermal profiles consisted of initial incubation at 95°C for 10 min
followed by 40 cycles of denaturation at 95°C for 30 sec, annealing at 60°C for 30 sec and
extension at 72°C for 30 sec in Mx 3000P Q- PCR systems (Agilent Technologies).
Expression of PC mRNA was normalized with that of 18s ribosomal RNA gene, and was
shown as the relative gene expression. Fold change was calculated using the comparative CT

method (AACT method) [Livak et al., 2001].

Western blot analysis

MCF-7, MDA-MB-231 and MDA-MBA435 cells grown in T75 cm2 flask were trypsinized
with 0.05% (v/v) trypsin-EDTA. The detached cells were centrifuged at 3,000 xg for 5 min,
cell pellet was re-suspended in 150 pl of RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM
NaCl, I mM EDTA, 0.25% sodium deoxycholate, 1% (v/v) NP-40 and 1x protease inhibitor
cocktail (Roche). 70 pg of protein lysate were subjected to discontinuous SDS-PAGE [26]
under reducing conditions. The proteins were transferred to a polyvinylidenedifluoride
(PVDF) membrane by Semi-Dry Transfer Cell (BIO-RAD) for 1.5 h. The membrane was
incubated in 15 ml of blocking solution [5% (w/v) skim milk in 1% (v/v) Tween 20 in PBS-
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T] at 4°C overnight. For detecting PC protein, the blot was incubated with1:5,000 dilution of
rabbit anti-chicken PC polyclonal antibody [Rohde et al., 1991] for 2 h. The blot was briefly
washed in PBS-T before incubating with 1:5,000 dilution of goat anti-rabbit IgG conjugated
with horseradish peroxidase (HRP) (DAKO) for 1 h. For detection of B-actin, mouse anti-
actin monoclonal antibody (sc-8432) (Santa Cruz) and sheep anti-mouse IgG conjugated with
HRP (GE healthcare) were used for primary and secondary antibodies, respectively. The
immunoreactive bands were detected using an enhanced chemiluminescence substrate (Perkin
Elmer). The images were captured using Chemiluminescence Imaging System (Syngene).

Proliferation assay

Cell proliferation was determined by counting the viable cells for 7 days. At 48 h post-
transfection, the 1 x 10° cells of MDA-MB-231, MDA-MB-435 or MCF-7 overexpressing PC
were plated into 35 mm dishes and grown in the absence or presence of 4 mM glutamine for
1,2, 3,4, 5, 6 and 7 days, at 37°C in CO2 incubator. At each time point, the cells were
trypsinized, stained with 0.4% trypan blue and counted under a microscope. The results are

presented as means + standard deviations of two independent experiments.

Wound healing assay

1.5 x 10° cells of MDA-MB-231, MDA-MB-435 and MCF-7 overexpressing PC were
replated in 24-well plate in DMEM containing no serum overnight before the artificial wound
was generated by scratching the monolayer with a pipette tip. The wound’s closure (width) of
the PC knockdown at 0 and 48 h was measured and shown as the mean + standard deviation

of that of the scrambled control which was arbitrarily set as 100%.

In vitro invasion assay

In vitro invasion assays were performed by plating 1.2 x 10° of MDA-MD-231, MDA, MDA-
MB-435 or MCF-7 cells in 200 pl of serum-free medium containing 4 mM or 0 mM
glutamine into the upper chamber of Transwell (6.5-mm diameter polyvinylpyrrolidone-free
polycarbonate filter of 8-um pore size) (Corning, NY, USA) which was pre-coated with 20
pug Matrigel (BD Biosciences) while the lower chamber contained medium supplemented
with 10% (v/v) FBS for 4 h (for MDA-MB-231) or with 20% FBS for 24 h (for MCF7 and
MDA-MB-435) at 37°C. The non-invaded cells in the upper compartment were removed and
the chamber was washed twice with 1x PBS. The cells that had invaded through the matrix
were fixed with 4% (v/v) paraformaldehyde in 1x PBS for 20 min and stained with 0.5%
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crystal violet in 25% (v/v) methanol overnight, followed by two washes with tap water.
Finally, the invaded cells were counted under a microscope and the percentage of invasion
was compared with that of the scrambled control cell which was arbitrarily set as 100%.

As shown in Fig 3A, the motilities of MDA-MB-435 and MDA-MB-231 are 10-fold
and 75-fold higher than those of MCF-7 and SKBR3 cells, respectively. Consistent with the
motility phenotype, MCF-7 and SKBR3 cell lines possess low expression level of PC mRNA
while MDA-MD-231 and MDA-MB-435 cell lines express PC mRNA 4-fold and 2-fold
higher than MCF-7 (Fig 3B). The two alternative PC mRNA isoforms, namely variant 1 and
variant 2 which differ in their 5’-untranslated regions, are differentially transcribed from two
alternative promoters, the distal and the proximal promoters, respectively [24]. To examine
which of these two PC mRNA isoforms was up-regulated in MDA-MB-231 and MDA-MB-
435 cells, quantitative real-time PCR using primers specific for variants 1 and 2 was
performed. As shown in Fig 3C, expression of variant 1 was up-regulated in all cell lines
however both MDA-MB-231 and MDA-MB-431 possessed expression of variant 1 more than
MCF-7 and SKBR3. Western blot analysis of PC protein of these four cell lines was also
consistent with their motility phenotype and PC mRNA expression i.e. the abundance of PC
in MDA-MB-231 and MDA-MB-435 are 4.5-fold higher than in MCF-7 and SKBR3 (Fig 3D
and 3E).
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Fig 3. Migration ability of various breast cancer cell lines and the expression levels of
PC in these cell lines. A, Migration ability of SKBR3, MCF-7, MDA-MB-435 and MDA-
MB-231. B, Q-PCR analysis of PC mRNA expression in the above cell lines. The expression
of PC was normalized with the expression of 18s rRNA gene and shown as the relative gene
expression. The relative PC expression in MCF-7 was arbitrarily set as 1. C, Real time PCR
analysis of PC mRNA variant 1 and 2 expression in the above cell lines. The expression of
PC was normalized with the expression of 18s rRNA gene and shown as the relative gene
expression. The expression of the relative PC mRNA variants in MCF-7 was arbitrarily set as
1. D, Western blot analysis of PC protein in the above cell lines. The blot was also probed
with anti-actin antibody to serve as loading control. E, The immunoreactive band intensity of
PC in D was quantitated and normalized with that of the B-actin and shown as the relative PC
expression. The statistical analysis was conducted using student’s t-test where *P < 0.05, **P

<0.01, ***P <0.001.

13



Suppression of PC expression lowers growth, migration and invasion ability of highly
metastasized breast cancer cell lines

We next examined whether overexpression of PC in the MDA-MB-231 cell line was
necessary to support its growth and invasion ability. We suppressed expression of PC in this
cell line by siRNA and assessed the phenotypes of the knockdown cells. As shown in Fig 4A
and 4B, suppression of PC expression in MDA-MB-231 resulted in 90% and 80% decreases
in PC mRNA and PC protein levels, respectively.

A B

MDA-MB-231

100 -

Relative PC mRNA
expression
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Fig 4. siRNA-mediated suppression of PC expression in MDA-MB-231 cell line.

Real time PCR analysis of PC mRNA expression in MDA-MB-231 cells transfected with
scrambled control (Control) or PC siRNA. The PC mRNA level was determined by Q-PCR at
48 h post-transfection (A). Western blot analysis of PC protein in the PC knockdown MDA -
MB-231 and the scrambled control (B). The statistical analysis was conducted using student’s

t-test ***P < 0.001.

PC knockdown MDA-MB-231 cell line did not affect proliferation in the first day but
showed a 50% reduction in growth by day 2 (Fig 5A). Similar degrees of reduction were
observed until day 7. Real-time PCR analysis also confirmed that the retarded proliferation
rate of this cell line was accompanied by suppression of PC mRNA throughout day 7 (Fig
5B). Because suppression of PC expression did not completely inhibit the cell proliferation
rate, the ability of the PC knockdown MDA-MB-231 cells to grow in the complete growth
medium may have resulted from the compensation of anaplerosis via glutaminolysis. To
examine whether this latter pathway contributes to the survival of the PC knockdown cells,

the glutamine-independent PC deficient MDA-MB-231 cell line was generated. In the
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absence of glutamine supplementation in the medium, any anaplerotic reaction would rely
exclusively on a PC-catalyzed reaction. We generated the glutamine-independent MDA-MB-
231 cell line (GIn-) by gradually depleting glutamine from the culture medium before
transfecting this cell line with PCsiRNA so that the phenotype of this cell line became
glutamine-independent and PC deficient (Gln/PC’-MDA-MB-231). The GIn/PC-MDA-MB-
231cells grown in the glutamine-free medium showed a growth rate similar to the control cell
line in the first two days but showed approximately 30-40% reduction of cell proliferation
from day 3 until day 7 (Fig 5C). Real time PCR analysis also confirmed that the retarded

proliferation rate of this cell line was accompanied by suppression of PC mRNA throughout
day 7 (Fig 5D).
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Fig 5. Suppression of PC expression in MDA-MB-231 retarded proliferation both in
glutamine-nourished and glutamine-depleted conditions. MDA-MB-231 cells were
transiently transfected with PC or scrambled control siRNAs. At 48 h post transfection cells

were trypsinized, re-plated and grown in the presence of 0 mM or 4 mM glutamine for 7
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days. The proliferation rate of the PC knocked down (PC siRNA) and the control MDA-MB-
231 cell lines (Control) grown in the medium containing 4 mM (A) or 0 mM (C) glutamine.
The relative expression of PC mRNA in the knocked down MDA-MB-231 cells grown in the
presence of 4 mM (B) or 0 mM (D) glutamine throughout the assay. The results are means
obtained from two independent experiments, each in triplicate. The statistical analysis was

conducted using ANOVA test where *P < 0.05, **P < 0.01, ***P <0.001.

As the levels of PC expression were significantly correlated with the stages of cancer
progression, we hypothesized that PC was involved in the aggressive phenotypes of breast
cancer cells, particularly migration and invasion. We investigated whether PC was required to
support migration and invasion ability of MDA-MB-231 cells. We first examined the ability
of the PC knockdown MDA-MB-231 cells to migrate across a wound. As shown in Fig 6A
and 6B, the PC knockdown cells exhibited a 40% reduction of migration across the wound
compared to the scrambled control. A similar degree of reduction was observed from the

glutamine-independent PC knockdown cell line (Fig 6C and 6D).
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Fig 6. Suppression of PC expression in MDA-MB-231 cells reduced migration.
Representative images of wound-healing assays. MDA-MB-231 cells were transiently
transfected with PC or scrambled control siRNAs. At 48 h post transfection, wound-healing
assays were performed as described in the materials and methods. (A, C) Representative
images of the PC knockdown (PC siRNA) or scrambled control cells (Control) migrated
across the wound areas in the presence of 4 mM (A) or absence of glutamine (C). The
wound’s closure (width) of the PC knockdown was measured and shown as the means +
standard deviation of that of the scrambled control which was arbitrarily set as 100% (B, D).
The results were obtained from two independent experiments, each in triplicate. The

statistical analysis was conducted using student’s t-test where *P < 0.05.

We next examined the ability of the knockdown cells to invade through an

extracellular matrix by performing an in vitro invasion assay using transwell coated with
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Matrigel. As shown in Fig 7A and 7B, the PC knockdown cells showed a 40% reduction of
their invasion ability. However, the reduced invasion ability was more pronounced (60%) in

the glutamine-independent knockdown MDA-MB-231 cells (Fig 7C and 7D).
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Fig 7. Suppression of PC expression in MDA-MB-231 lowers invasion ability. MDA-
MB-231 cells were transiently transfected with PC or scrambled control siRNAs. At 48 h post
transfection, an in vitro invasion assay was performed for 4 h in the presence of 4 mM (A) or
0 mM (C) glutamine. The number of PC siRNA-transfected cells that invaded the transwell
coated with Matrigel was counted in 5 different fields and shown as means + standard
deviation in comparison with that of the scrambled control which was arbitrarily set as 100%
(B, D). The results were obtained from three independent experiments, each done in

duplicate. The statistical analysis was conducted using student’s t-test where ** P < 0.01.

We also performed similar experiments in MDA-MB-435 cells which also bear a high
level of PC protein although its migration ability is less than MDA-MB-231. Suppression of
PC mRNA expression by 80% (Fig 8A) resulted in 70% down-regulation of PC protein (Fig
8B and 8C). The PC knockdown MDA-MD-435 cells showed retarded growth rates at day 4
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onwards (Fig 8D). Suppression of PC was also associated with 40% reduction of cell
migration (Fig 8E) and 50% reduction of invasion ability (Fig 8F). Similar results were

obtained when the knockdown cells were grown in the absence of glutamine (data not

shown).
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Fig 8. Suppression of PC expression in MDA-MB-435 cells reduces their proliferation,
migration and invasion. PC mRNA expression in the knockdown MDA-MB-435 was
quantitated by Q-PCR (A). Western blot analysis of MDA-MB-435 cells transfected with PC
siRNA (PC siRNA) or scrambled control (Control) (B). The band intensity of PC in B was
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quantitated and normalized with B-actin band and expressed as relative PC expression (C).
Proliferation assay (D), migration assay (E) and invasion assay (F) of the PC knockdown
MDA-MB-435 cells. The statistical analyses in B, C, E and F were conducted using student’s
t-test while in D was conducted using ANOVA test. *P < 0.05, **P <0.01, ***P < 0.001.

Overexpression of PC in MCF-7 cells increases their proliferation and in vitro invasion

To confirm whether overexpression of PC in breast cancer cells with low metastatic ability
would increase their proliferation rate and invasion ability, we generated stable MCF-7 cell
overexpressing PC. As shown in Fig 9A, the proliferation rate of MCF-7 cells at day 3
onward of MCF-7 with overexpressed PC was 2-fold higher than the MCF-7 cell line
transfected with an empty vector. Similar results were observed when the MCF-7 cell line
with overexpressed PC was grown in glutamine-depleted medium (Fig 9B). It is noted that
the level of endogenous PC was slightly increased in the MCF-7 cell line harboring empty
vector when these cells were grown in the absence of glutamine, suggesting a compensatory
increase of PC expression in response to the deprivation of glutamine. MCF-7 cells with
overexpressed PC also showed 2-fold and 2.5-fold increases in the migration and invasion
ability, respectively. Similar results were obtained when the cells were assayed under

glutamine-depleted medium (Fig 9C and 9D).
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Fig 9. Overexpression of PC in MCF-7 cells increases their proliferation, migration and
invasion. Proliferation rate of MCF-7 cells overexpressing PC grown in the medium
containing 4 mM (A) or 0 mM glutamine (B). Insets in A and B are the Western blot analysis
of MCF-7 cells transfected with empty vector (+empty, white bars) or with overexpressed PC
(+PC, black bars) at days 0, 3 and 7. MCF-7 cells overexpressing PC grown in the presence
or absence of glutamine were also subjected to migration (C) and invasion (D) assays. The

statistical analysis was conducted using student’s t-test where * P < 0.05, ** P <0.01.

Discussion

Here we show that PC is also highly expressed in breast cancer tissue but not in the normal
breast tissue. The statistical association between the levels of PC expression and the tumor
size and stage prompted us to investigate the role of this enzyme in supporting growth and
invasion. That expression of PC was highly abundant in two aggressive breast cancer cell
lines, i.e. MDA-MB-231 and MDA-MB-435 but low in less aggressive cell lines, i.e. MCF-7
and SKBR3 hints at the involvement of this enzyme in the aggressive phenotype of these two

metastatic cell lines. Suppression of PC expression in both MDA-MB-231 and MDA-MB-
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435 cells retarded cell proliferation rate, suggesting that these cell lines modestly depend on
anaplerosis via the PC reaction. The necessity for PC in supporting growth of MDA-MB-231
cells appears to be different from the SF-XL glioblastoma cell line which utilizes
glutaminolysis rather than pyruvate carboxylation as the primary anaplerotic reaction
[DeBerardinis et al., 2007] because suppression of PC expression does not affect its growth
under glutamine-dependent conditions [Sellers et al., 2015]. However, under glutamine-
depleted growth conditions, the PC-knockdown SF-XL glioblastoma cell line shows marked
reduction (>80%) of proliferation [Sellers et al., 2015], indicating that the glioblastoma cell
line uses pyruvate carboxylation as an alternative route to support its growth during
glutamine-depleted conditions. However this is not the case for MDA-MB-231 and MDA-
MB-435 cells because suppression of PC expression still allows them to grow, albeit at the
50% reduced proliferation rate observed under glutamine-dependent growth conditions. A
similar but not identical phenotype of the PC-knockdown MDA-MB-231 and MDA-MB-435
cells was observed under glutamine-independent growth conditions. An involvement of PC in
the growth phenotype of MDA-MB-231 cells is also consistent with the association between
the levels of PC expression and sizes of breast tumor in clinical samples. Low expression
levels of PC in breast tumors with a smaller size of tumor (< 4 cm3) may limit their growth
compared with the larger size of tumors which contain higher levels of PC expression (P <
0.05) [Table 1]. The above observations were also confirmed by overexpression of PC in
MCEF-7, which is a low metastatic cell line. MCF-7 cells overexpressing PC show enhanced
growth rate, motility and invasion. The enhanced growth phenotype of MCF-7 with
overexpressed PC was consistent with previous reports which show that ectopic expression of
PC in many mammalian cell lines enhances cell growth and biomass production [33,34,35].
Although several studies have pointed to the importance of PC in providing
oxaloacetate which is the first TCA cycle intermediate, that in turn is converted to other
precursor molecules such as citrate required for lipid and nucleic acid synthesis for rapid
tumor growth, not much is known as to whether PC is required to support migration and
invasion ability of some tumors [Fan et al., 2009; Cheng et al., 2011; Sellers et al., 2015]. Our
present study is the first report to show a strong association between the levels of PC
expression in breast tissues of patients and stages of cancer progression (P < 0.05), which
suggests PC is involved in metastasis. This was also studied in MDA-MB-231 and MDA-
MB-435 cells. Suppression of expression of PC markedly reduced both migration and
invasion ability through an extracellular matrix under both glutamine-nourished and

glutamine-depleted conditions, suggesting that PC is required to support these aggressive

22



phenotypes of MDA-MB-231 cells. The negative staining of PC expression by
immunohistochemistry in the normal area of breast tissue is consistent with the low level of
expression of PC in the MCF-7 cell line. The transcriptional mechanism underlying
overexpression of PC in MDA-MB-231 over MCF-7 is due to the selective activation of the
distal rather than the proximal promoter of the human PC gene (Fig 2C). The specific
transcription of the distal rather than the proximal promoter of the human PC gene may be
attributed to the presence of different putative transcription factor binding sites of both
promoters [Thonpho et al., 2013] during the transition of a low to a high metastatic
phenotype. Interestingly, Lee et al. (2012) have shown that the MCF-7 cells stimulated with
Wnt 1 or Wnt3a ligands, or ectopically expressed with Snail, a target transcription factor of
Wnt signaling, show a marked increase in PC expression. Because the Wnt signaling pathway
also induces Snail-dependent epithelial-mesenchymal transition (EMT), which is responsible
for invasion and metastasis in many tumors [Thiery et al., 2006; Yook et al., 2006], the
authors suggest that anaplerosis via up-regulation of PC expression is one of several
metabolic responses of breast tumor during EMT [Lee et al., 2012]. Although this study
underscores that the Wnt signaling pathway is important for transcriptional induction of the
PC gene, the authors cannot detect direct binding of Snail, an effector transcription factor in
response to Wnt signaling to the distal promoter of human PC gene [Lee et al., 2012]. The
lack of statistical association between expression of PC and ER as well as PR and HER2 in
cancer breast tissues indicates that PC is not regulated by these hormones or growth factor.
This is also consistent with the phenotypes of MCF-7 and MDA-MB-231 cells which are
ER+ and ER-, respectively [Holliday and Speirs, 2011].

In summary we have shown that PC is expressed in breast cancer at a higher level
than in the normal breast tissue, and exhibits a statistical association with tumor size and the
progression of metastasis. Using the highly metastatic breast cancer cell lines, MDA-MB-231
and MDA-MB-435 as models, we showed that suppression of PC expression markedly
reduces the proliferation, migration and in vitro invasion ability of cells, highlighting the
possible roles of PC in supporting these processes during oncogenesis and progression of

breast cancer.

PART Il Identification of biochemical and metabolically changes in the PC knockdown cells
To identify which biochemical pathways and metabolites are altered by PC

knockdown and contribute to the slow proliferation and decreased motility phenotypes in
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MDA-MB-231 cells, stable PC knockdown MDA-MB-231 breast cancer cell line were
generated and the levels of metabolites in the cells were analyzed by mass spectroscopy. This

will enable us to locate which metabolic pathways that are perturbed.

Designation of Pcx shRNA constructs and generation of Pcx-knockdown MDA-MB-231 cell
lines.

Six different shRNAs targeted to human pyruvate carboxylase (hPcx) coding sequence
(ACCESSION BCO011617.2) were designed wusing “siRNA Wizard v 3.17
(http://www.invivogen.com/sirnawizard/design.php). The oligonucleotides corresponding to
the shRNA sequences with BamHI or HindlIII restriction sites overhang at their 5'-ends were
synthesized by Eurofins (Fisher Scientific, USA), and their sequences are shown in Table 1.
Double stranded oligonucleotide cassettes with BamHI and HindIII sites at 5'- and 3'-ends
were generated upon annealing each pair of oligonucleotides, and subsequently ligated at the
BamHI and HindIII sites of the modified pSilencer 2.1-U6 puro TOL2 vector (Ambion,
USA). The constructs carrying six different Pcx shRNA cassettes in the pSilencer 2.1-U6
puromycin vector were sequenced to confirm the correct oligo nucleotide sequence.
Similarly, a scrambled shRNA control from Ambion (Life Technologies) (5'-
ACTACCGTTGTTATAGGTG-3") was cloned into the same vector to serve as a control.

Table 2

Oligonucleotides used to generate shRNA constructs for suppressing human pyruvate carboxylase (PC) expression.
Sequence name Sequence (5’ 3’) Length (bp)
PC 179 (forward) GATCCTCGGAGTATAAGCCCATCAAGAATCGTGCTTTTCTTGATGGGCTTATACTCCTTTTTGGAAA 66
PC 179 (reverse) AGCTTTTCCAAAAAGCAGTATAAGCCCATCAAGAAAAGCACATTICTTGATCGGGCTTATACTCCCAG 66
PC 847 (forward) GATCCTCGGAACATCCTGCACCTGTATGTGCTTTACAGGTGCAGGATGTTCCTTTTTGGAAA 62
PC 847 (reverse) AGCTTTTCCAAAAAGGAACATCCTGCACCTGTATGTGCTTTACAGGTGCAGGATGTTCCGAG 62
PC 2054 (forward) GATCCTCCCTGGTCTICAAGTTCTGTTGTGCTTACAGAACTTGAAGACCACGTTITTGGAAA 62
PC 2054 (reverse) AGCTTTTCCAAAAACCTGCTCTTCAAGTTCTGTTCTGCTTACAGAACTTGAACGACCACGGAG 62
PC 2096 (forward) GATCCTCGGATGTCTTCCGTGTGTITGATCTGCTTTCAAACACACCCAAGACATCCTTTITGGAAA 66
PC 2096 (reverse) AGCTTTTCCAAAAAGCATGTCTTCCGTGTGTTTGATGTGCTTTCAAACACACGCGAAGACATCCGAG 66
PC 2653 (forward) GATCCTCGCAACTCGGACGTGTATGATGTGCTTTCATACACGTCCGAGTTGCTTTTTGGAAA 62
PC 2653 (reverse) AGCTTTTCCAAAAAGCAACTCGGACGTGTATGAAAGCACATCATACACGTCCGAGTTGCGAG 62
PC 3436 (forward) GATCCTCGGAAGGTGATAGACATCAAAGTGTGCTTCTTTGATGTCTATCACCTTCCTTTTTGGAAA 66
PC 3436 (reverse) AGCITTTCCAAAAAGGAAGGTCATAGACATCAAAGTGTGCTTCTTTGATGTCTATCACCTTCCGAG 66

Generation of MDA-MB-231 PC knockdown cell lines.

Approximately 1 x 10° MDA-MB-231 cells were plated in a 35-mm culture dish (6-well
plate) containing DMEM supplemented with 100 units/ml penicillin and 100 pg/ml
streptomycin, and grown at 37 °C with 5% CO2 overnight. The cells were then transfected
with 2.0 pg of shRNA expression constructs along with 1.0 pg of pCMV-Tol2 vector using
Lipofectamine2000 (Life Technologies, USA). After 24 h, the cells were selected in the
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complete medium containing 0.5 pg/ml puromycin (Invitrogen, USA) that was maintained
throughout the selection. The MDA-MB-231 cell line stably transfected with a scrambled
shRNA construct was similarly generated. Multiple puromycin resistant colonies were
formed after 15 days of selection. Thus each “cell line” is actually a population of PC
knockdown cells rather than a single clone. The selected cells were expanded and maintained

in selection media at all times before subsequent biochemical analyses.

Quantitative real time reverse transcriptase polymerase chain reaction (QRT-PCR)

Total RNA was extracted from cells using RNeasy mini kit (Qiagen) following the
manufacturer's instructions. The 10 pul RT reaction contained 2 pg of total RNA and oligo(dT)
primers (Ambion) at 85 °C for 3 min and chilled at 4 °C. Reverse transcription was initiated
by adding 10 pl of mixture containing 2 pl 10x RT buffer, 0.5 mM dNTP mix, 2 units of
RNase inhibitor and reverse transcriptase (Ambion), to the primed-RNA mixture and the
reaction was incubated at 43 °C for 60 min, 92 °C for 10 min and held at 4 °C, respectively.
The cDNA was stored at — 20 °C until used. Quantitative real time PCR was performed using
SYBR Premium Ex Taq (Takara) using MyiQ™ single-color real time PCR detection system
(BioRad). The standard curve of PC cDNA was obtained from amplification plots of PC
prepared from various dilutions of MDA-MB-231 cDNAs. The expression of PC mRNA was
normalized to the glutamate dehydrogenase (GLUD) mRNA level and is shown as the
relative gene expression. Fold change was calculated using the A Q method. The thermal
profiles consisted of initial denaturation at 95 °C for 3 min followed by 40 cycles of

denaturation at 95 °C for 10 s and annealing at 60 °C for 20 s and extension at 72 °C for 30 s.

Cell viability assay

The numbers of viable cells were determined with the CellTiter 96® AQueous One Solution
Cell Proliferation Assay (MTS) kit (Promega). Four thousand cells of various stable PC
knockdown MDA-MB-231 cell lines were plated into 96 well plates and grown in DMEM
supplement with 10% (v/v) FBS, 100 units/ml penicillin and 100 pg/ml streptomycin, at 37
°C in a CO2 incubator overnight. Twenty microliters of CellTiter one solution reagent was
added to the cells and incubated at 37 °C in CO2 incubator for 1 h. The amount of soluble
formazan was measured immediately using a 96-well plate reader (Molecular Devices) at 490

nm. The absorbance is directly proportional to the number of viable cells in culture.

Cell proliferation
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2 x 10" cells of the PC-knockdown MDA-MB-231 or the scrambled sShRNA control cell line
were plated into 35 mm?2 dishes and cultured in complete DMEM supplemented with 1.0

pg/ml puromycin at 37 °C with 5% CO,. Cells were trypsinized and counted by staining with
0.4% (w/v) trypan blue (Gibco) at days 4, 5, 6 and 7.

PC enzyme activity

The cells were trypsinized off tissue culture plates with 0.05% trypsin and 0.5 mM EDTA.
The cell pellet was washed twice with PBS and suspended in KMSH solution containing a
protease inhibitor mixture (Pierce). PC enzyme activity was measured as previously
described [Hanson et al., 2008]. Ten microliters of the homogenate was incubated in a final
volume of 50 upl of enzyme reaction mixture of 100 mM KCI, 10 mM MgCI2, 2 mM Na-
ATP, 0.1% Triton X-100, 1 mM DTT, 1.6 mM acetyl CoA, 20 mM NaHCO3, 0.2 nCi
['*CINaHCO3, and 100 mM Tris-Cl buffer, pH 7.85 with or without 8 mM pyruvate at 37 °C
for 30 min. The reaction was stopped by adding 50 ul 10% (v/v) trichloroacetic acid and after
10 min, 80 pl of the mixture was removed and added to a 20 ml scintillation vial that was left
open for 2 h to allow evaporation of the unincorporated CO,. Then, 0.5 ml of water and 5 ml
of Scintisafe scintillation mixture (catalog number SX21-5, Fisher Scientific) were added to
the vial and the carbon fixed was measured by liquid scintillation spectrometry. Background
radioactivity present in the absence of pyruvate was subtracted from the radioactivity in the

presence of pyruvate to give the enzyme rate attributable to PC enzyme activity.

Measurement of pyruvate, malate and citrate from PC knockdown cells by alkali enhanced
fluorescence

The cells were maintained in DMEM cell culture medium (contains 25 mM glucose and 4
mM glutamine) 10% (v/v) FBS 100 units/ml penicillin and 100 pg/ml streptomycin with 0.5
pg/ml puromycin on 150 mm. culture plates. The media was changed to RPMI 1640 cell
culture medium (contains 2 mM glutamine) modified to contain 5 mM glucose the day before
the experiment. On the day of the experiment the cells were washed twice with PBS and once
with Krebs Ringer solution. Five milliliters of Krebs Ringer bicarbonate solution, pH 7.3,
containing no glucose was added to the plates of cells, and the cells were incubated at 37 °C.
After 10 min Krebs Ringer bicarbonate solution containing 10 mM glucose was added and
the cells were incubated at 37 °C. After 35 min all liquid was quickly removed from the cells
and the plates were put on ice. Then 0.75 ml of 6% PCA was added and the cells were

scraped off the plates and transferred into the microtube. The mixture was homogenized and
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centrifuged to precipitate the protein and the supernatant fraction was neutralized with 30%
KOH. The resulting precipitated potassium perchlorate was removed by centrifugation and
the metabolite concentrations in the neutralized extract were measured by alkali enhanced

fluorescence, as previously described [Hansan et al., 2008].

Metabolites analysis by LC-MS and GC-MS

The cells were maintained in DMEM supplemented with 10% (v/v) FBS, 100 units/ml
penicillin, 100 pg/ml streptomycin, and 0.5 pg/ml puromycin. Cells were plated at a density
of 14 x 103 cells/cm2 in 6 cm culture dishes at 37 °C and 5% CO2 in a humidified
atmosphere to 70% confluence over 5 days prior to experimentation. On the day of an
experiment metabolism was stopped in four plates of each cell line and cells were harvested
and saved for LC-MS analysis (time zero control). The medium was changed to DMEM
without FBS modified to contain 10 mM 13C6-glucose plus 2 mM glutamine or 2 mM 13C5-
glutamine plus 10 mM glucose. Four plates of each cell line were used for each condition.
After incubation for 1 h, metabolism of cells was stopped and cells were harvested and

analyzed with LC-MS as previously described [Lorenz et al., 2011; Lorenz et al., 2013].

Enzyme activities
Homogenates were prepared and activities of all enzymes except citrate synthase were
measured as previously described [MacDonald et al., 2011]. The activity of citrate synthase

was measured as described in reference [Srere et al., 1969].

RESULT
The PC enzyme activity of the MDA-MB-231 cell line, which is a highly invasive breast
cancer cell line, was 10-fold higher than the PC enzyme activity of the less invasive breast

cancer cell line MCF-7 (Table 3).

Table 3

Pyruvate carboxylase (PC) enzyme activity is much higher in the invasive breast cancer
cell line MDA-MB-231 than in the less invasive breast cancer cell line MCF-7. Results are
means + SE nmol CO, fixed/min/mg cell protein of 4 replicate measurements.

Cell line PC enzyme activity (nmol CO5 fixed /min)
MDA-MB-231 132 +£ 06
MCF-7 1.2 + 02
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Six shRNA constructs (PC179, PC847, PC2054, PC2096, PC2653 and PC3436) targeted to
human PC mRNA were transfected to MDA-MB-231 cells. The stable cell lines were named
according to the first nucleotide of the PC mRNA sequence targeted. Fig. 10A and 10 B show
that the degree of knockdown of PC mRNA correlated fairly well with the degree of
knockdown of PC enzyme activity and PC protein in the various PC targeted cell lines. As we
have previously observed, knockdown of PC enzyme activity and PC protein, although
correlated well with the degree of mRNA knockdown was in general slightly less than the
knockdown of PC mRNA [Hansan et al., 2008]. Cell line PC 2096 4B possessed a PC mRNA
level of approximately 10% compared to the scrambled shRNA control cell line, while cell
lines PC 179 1A, PC 847 2C, PC 2054 3D, PC 3436 6A and PC 3436 6C contained PC
mRNA levels of 20—40% that of the scrambled shRNA control cell line. Only modest
reductions (50-70%) of PC mRNA level were observed in cell lines PC 179 1B, PC 2054 3A
and PC 2096 4C, while the level of PC mRNA was not decreased in cell lines PC 2653 5A
and PC 2653 5B. PC enzyme activity of these cell lines was proportional to the levels of PC
mRNA, with PC enzyme activity being lowest (5%) in the PC 2096 4B cell line (Fig. 10B).
Cell lines PC 2096 4B, PC 179 1A, PC 847 2C, PC 2054 3D, PC 3436 6C and PC 2653 5B

showed the highest, modest and lowest PC knockdown levels, respectively.
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Figure 10. Decreased pyruvate carboxylase mRNA levels induced by gene silencing
correlate with decreased PC enzyme activity in multiple cell lines derived from the
breast cancer cell line MDA-MB 231. A, Relative pyruvate carboxylase (PC) mRNA
expression in various PC knockdown cell lines (179 1A, 179 1B, 847 2C, 2054 3A, 2054 3D,
2096 4B, 2096 4C, 2653 5A, 2653 5B, 3426 6A, 3436 6C and scramble control (SC)). B, PC
enzyme activity of PC knockdown cell lines relative to that of the scramble control which

was arbitrarily set as 100%. ap < 0.05; bp < 0.01; cp <0.001 vs scramble control.

Cell lines with lower PC mRNA and enzyme activity showed lower cell viability (Fig.
11A and 11 B). We selected two cell lines, PC 847 2C and PC 2096 4B, for further analysis
of cell growth. Both knockdown cell lines showed decreased cell numbers at day 4, that
became more obvious at days 5—7, with the PC 847 2C cell line showing a 35% lower cell
count vs. the scrambled shRNA control cell line at day 7 and the PC 2096 B cell line showing
a 65% lower cell count vs. the control cell line at day 7 (Fig. 11C).
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Fig. 11. Knockdown of pyruvate carboxylase (PC) mRNA and PC enzyme activity
correlate with decreased breast cancer cell viability and growth. A, Viability of cells was
measured with the MTS assay at days 2, 3 and 4. p > 0.001 vs the RNA scramble control of
the four cell lines with the lowest viability. p < 0.05 for PC 2054 3D vs the control. B, PC
mRNA, PC enzyme activity and viability of various knockdown cells at day 3. ap < 0.05; bp
<0.01, cp>0.001 vs RNA scramble control. C. Decreased cell counts in the PC 2096 4B and
PC 847 2C cell lines with knockdown of PC. ap < 0.05; bp <0.01, cp > 0.001 vs RNA

scramble control.

Because most cancers use glucose and glutamine as the two main carbon sources for both

energy production and biosynthesis [Vander Heiden et al., 2009], we used uniformly labeled
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BC6-glucose or *C5-glutamine and LC-MS or GC-MS to track the fluxes of these two
substrates into the synthesis of various metabolites. This allowed us to distinguish which of
the fluxes of the carbon sources might be more impaired in the PC knockdown cell lines PC
847 2C and PC 2096 4B compared to the shRNA scramble control MDA-MB-231 cell line.
Prior to the experiment these three cell lines were maintained in DMEM cell culture medium
for four or more days. DMEM is the standard cell culture medium used for maintaining the
MDA-MB-231 cell line and it contains 25 mM glucose and 4 mM glutamine. For the LC-
MS/MS analysis experiment, the cell lines were maintained for 1 h in DMEM medium
modified to contain either 10 mM U-">C6 glucose plus 2 mM unlabeled glutamine or 2 mM
U-°C5 glutamine plus 10 mM unlabeled glucose. For the experiment to look for a crossover
point in the levels of the metabolites around the PC reaction, the cells were incubated in the
presence of 5 mM glucose in RPMI 1640 cell culture medium because the high concentration
of glucose in the DMEM medium would produce high levels of metabolites possibly
obscuring a crossover point in the levels of the metabolites.

As expected, because PC is a mitochondrial enzyme its suppression did not affect the
levels of glycolytic intermediates as glucose-6-phosphate, fructose-6-phosphate and fructose
bisphosphate were not altered in each of these PC knockdown cell lines (Fig. 12A and 12 B).
Also as expected, glucose-6-phosphate and fructose-6-phosphate were labeled from U-13C6
glucose but not from U-">C5 glutamine (Fig. 12C and D).
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Fig. 12. Knockdown of pyruvate carboxylase (PC) expression does not alter the levels of
glycolytic intermediates glucose-6-phosphate plus fructose-6-phosphate or fructose-
biphosphate from U-13C6-glucose or U-13C5-glutamine in MDA-MB-231-derived cell
lines. PC 847 2C and PC 2096 4B or a scramble shRNA control cell line were maintained in
DMEM cell culture medium (contains 25 mM glucose and 4 mM glutamine) and 10% FBS
for four or more days. Cells were then maintained in DMEM medium containing either 10
mM [U-13C6] glucose or 2 mM [U-13C5]glutamine for 1 h before metabolism was stopped
and cells were analyzed by LC-MS/MS as described under Experimental Procedures. A, The
levels of glucose-6-phosphate (G6P) plus fructose-6-phosphate (F6P) before the uniformly
labeled glucose or glutamine was added (zero time point). B, The level of fructose-1,6-
bisphosphate (FBP) before the uniformly labeled glucose or glutamine was added (zero time
point). C and D, Upon adding the labeled glucose or glutamine to the culture media, the
metabolites were extracted and analyzed by LC-MS/MS spectroscopy. Fractions of different
isotopomers of U-13C glucose-6-phosphate plus U-13C fructose-6-phosphate or fructose-

biphosphate are shown within the bars. AUC indicates “area under the curve”.
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The immediate product of the PC reaction is oxaloacetate which is then directly converted to
malate and citrate (Fig. 13). Oxaloacetate is very unstable and its concentration in most
tissues is so low (about 5 pM) that it is impractical to accurately measure its concentration.
Therefore, the levels of 13C incorporation into the immediate metabolites of oxaloacetate,
which are citrate and malate, were measured. In the mass spectrometry experiments using
either LC-MS/MS or GCMS, metabolite levels were measured in the cell lines immediately
before (zero time control) and then 60 min after 10 mM [U'3C]glucose or 2 mM [U-
13C]glutamine were added to the cells. Strong suppression of PC expression (cell line PC
2096 4B) markedly decreased the levels of both citrate and malate and decreased the
incorporation of carbon from glucose and glutamine into citrate and malate (Fig. 14). Citrate
was mainly + 2 labeled with 13C6-glucose, suggesting that pyruvate dehydrogenase supplied
acetyl-CoA that was incorporated into citrate in the citrate synthase reaction. In contrast,
malate was about equally + 2 labeled and + 3 labeled from 13C6-glucose. This indicates that
the + 3 labeled malate came from oxaloacetate formed in the PC reaction and the + 2 labeled
malate came from the citric acid cycle after the pyruvate dehydrogenase reaction produced +
2 labeled acetyl-CoA that was incorporated into citrate that then became + 2 labeled malate
after flux through the citrate-pyruvate cycle or through the citric acid cycle. 13C5 labeled
glutamine produced mostly + 4 labeled citrate and malate that entered mitochondrial
metabolism through a-ketoglutarate derived from glutamate in the glutamate dehydrogenase
reaction. The decreased 13C incorporation into malate and citrate from glucose and glutamine
in the PC 2096 4B cell line can be explained by PC knockdown inhibiting pyruvate flux

through the citrate-pyruvate and the malate-pyruvate cycles.
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Fig. 13. Schematic summary of metabolic pathways disturbance caused by suppression

of pyruvate carboxylase in MDA-MB-231-derived cell lines. The abbreviations used are:

ACC, acetyl-CoA carboxylase; a-KG, a-ketoglutarate; AT, aminotransferase; ACL, ATP-

citrate lyase; AST, aspartate aminotransferase; F-6-P, fructose-6-phosphate; FAS, fatty acid

synthase; G-3-P, glyceraldehyde-3-phosphate; G-6-P, glucose-6-phosphate; GDH, glutamate

dehydrogenase; GLS, glutaminase; Glu, glutamate; IDH1, isocitrate dehydrogenase 1; IDH2,

isocitrate dehydrogenase 2; LDH, lactate dehydrogenase; MDH, malate dehydrogenase; ME,

cytosolic malic enzyme; 3-PG, 3-bisphosphoglycerate; PC, pyruvate carboxylase; PDH,

pyruvate dehydrogenase; PEP, phosphoenolpyruvate; PPP, pentose phosphate pathway;

PRPP, phosphoribosylpyrophosphate. Metabolites that are altered in the knockdown cell lines

are shown in red.
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Fig. 14. Decreased labeled citrate and malate from U-**C6-glucose or U-"*C5-glutamine
in pyruvate carboxylase (PC) knockdown cell lines derived from the MDA-MB-231
breast cancer cell line. PC 847 2C and PC 2096 4B cell lines or the scramble control cell
line were maintained in the presence of U-"C6 glucose or U-">C5 glutamine for 1 h in the
same experiment described in Fig. 3. Fractions of different isotopomers of 13C citrate (A)
and 13C malate (B) in the PC knockdown cell lines and scramble control cell line are shown
within the same bars. ap < 0.01, bp <0.001 vs scramble control. Metabolic pathways showing
incorporation and distribution of labeled carbon from 13C6-glucose (C) or 13C5-glutamine
(D) to various downstream metabolites. Labeled glucose and glutamine are indicated in red
while unlabeled glucose and glutamine are indicated in blue. Abbreviations: ACCI1, acetyl-
CoA carboxylasel; o-KG, a-ketoglutarate; ACLY, ATP-citrate lyase; PC, pyruvate
carboxylase; PDH, pyruvate dehydrogenase.

To confirm the mass spectrometry measurements the levels of malate and citrate were

measured by alkali-enhanced fluorescence in cell lines maintained in RPMI 1640 tissue

culture medium (usually contains 11.1 mM glucose and 2 mM glutamine) modified to contain
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a physiologically normal concentration of glucose (5 mM) (and still 2 mM glutamine) for one
day followed by a brief starvation period in the presence of no fuel and then a 35 min
incubation period in Krebs Ringer bicarbonate buffer solution containing 10 mM glucose.
Similarly to the mass spectrometry measurements of malate and citrate in the cell lines
maintained in DMEM cell culture medium the cell lines with knocked down PC maintained
in the modified RPMI 1640 medium followed by the Krebs Ringer solution, the PC
knockdown cell lines PC 847 2C, PC 2096 4B and PC 179 1A, showed decreased levels of

malate and citrate compared to the control cell line containing a scrambled shRNA (Fig. 15).
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Fig. 15. An increase in pyruvate and decreases in malate and citrate in pyruvate
carboxylase (PC) knockdown MDA-MB-231 cells show a cross over point at the PC
consistent with inhibition of the PC reaction. PC 847 2C, PC 2096 4B and PC179 1A cell
lines and the scramble shRNA control cell line were maintained in RPMI 1640 medium
containing 5 mM glucose for 22 h and then in Krebs Ringer bicarbonate solution containing
10 mM glucose for 35 min before the concentrations of metabolites were measured as
described under Experimental Procedures. The concentrations of each metabolite in the three
PC knockdown cell lines are shown relative to those of the scramble shRNA control cell line

were measured by alkali enhanced fluorescence. ap < 0.05, bp < 0.01 vs scramble control.
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The mass spectrometry measurements showed that pyruvate was mostly labeled from glucose
rather than from glutamine (Fig. 14A). Suppression of PC caused a marked reduction in the
level of glucose-derived pyruvate in the mass spectrometry experiments in which the cells
were cultured in DMEM for four or more days prior to the experiment (see Fig. 14A). Since
pyruvate is the substrate for the PC reaction, it might be expected that suppression of PC
expression would result in the accumulation of pyruvate, which is the substrate of PC, as we
previously observed in pancreatic beta cells with knocked down PC [Hasan et al., 2008]. The
lower levels of pyruvate seen in the PC knockdown cell lines were likely due to decreased
malate and citrate cycling to pyruvate because the levels of these two metabolites were
markedly decreased by PC knockdown (Fig. 14). As shown in Fig. 13, malate can exit
mitochondria and be converted back to pyruvate by malic enzyme in the cytosol. Pyruvate
can then re-enter mitochondria and be reconverted to oxaloacetate by PC (the pyruvate-
malate shuttle) (MacDonald et al., 1995; MacDonald et al., 2005). Alternatively in the
pyruvate-citrate shuttle, citrate can exit mitochondria and be converted to oxaloacetate and
acetyl-CoA by ATP-citrate lyase [MacDonald et al., 2005; Farfari et al., 2000]. Oxaloacetate
can then be converted to malate by cytosolic malate dehydrogenase. Malic enzyme can then
convert malate to pyruvate the same as in the pyruvate-malate cycle. The malate-pyruvate
and citrate-pyruvate cycles are very active in pancreatic beta cells where PC protein and
enzyme activity are high and support these cycles (MacDonald et al., 1995; MacDonald et al.,
2005). The low pyruvate also explains the low level of lactate (Fig. 16B), which is the redox
partner of pyruvate, in these cells. Because glycolysis was not inhibited (Fig. 12), the
decreased 13C6-glucose incorporation into pyruvate and lactate in the two PC knockdown
cell lines (Fig. 16A and 16B) can only be explained by a decreased activity of pyruvate
cycling due to decreased PC enzyme activity.

The concentration of glucose in the cell culture medium can have a strong influence
on the concentration of pyruvate in the cells. As mentioned above, for LC-MS or GC-MS
analysis the cells were maintained for four or more days in DMEM cell culture medium right
up to the time of the experiment when the cells were maintained in DMEM medium modified
to contain 10 mM glucose and 2 mM glutamine for 60 min. DMEM contains a high
concentration of glucose (25 mM glucose) and glutamine (4 mM) which are much higher
concentrations of these fuels than in the RPMI 1640 cell culture medium that was modified to
contain 5 mM glucose (and contains 2 mM glutamine) that the cells were maintained in for
24 h before the cells were incubated in Krebs Ringer bicarbonate solution for the experiments

in which malate, citrate and pyruvate were measured by alkali enhanced fluorescence.
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Because the concentration of glucose was so high in the DMEM medium, it was expected
that this could cause a higher level of pyruvate in both the control and PC knockdown cell
lines making it difficult to see a crossover point with an expected even higher level of
pyruvate in the PC knockdown cell lines. Therefore the incubation conditions of the
experiment shown in Fig. 15 were made identical to those of a previous experiment with
pancreatic beta cells in which the cell lines were incubated in the presence of the
physiological concentration of glucose and glucose-starved for a short time period enabling
us to observe an increase in pyruvate after glucose (10 mM) was added to the cells for 30 min
[Hasan et al., 2008]. Similarly to experiments in which pure beta cells with knocked down PC
were maintained at a physiological concentration of glucose prior to a 35 min incubation with
10 mM glucose, an increase in pyruvate was observed along with the decreases in malate and
citrate in all three PC knockdown cell lines shown in Fig. 15. This crossover point with high
pyruvate and low malate and low citrate [Hasan et al., 2008] is consistent with a block at the
PC reaction [MacDonald et al., 1995; MacDonald et al., 2005]. The levels of malate and
citrate were much lower in cell line PC 179 1A than in the other two PC knockdown cell lines
shown in Fig. 6, and the level of pyruvate was increased less than in the other two cell lines in
this cell line (only 24% higher than in the control cell line, as compared to 350% higher in the
other two PC knockdown cell lines (Fig. 15). Cell line PC 179 1A also showed a 50% lower
level of malic enzyme that, in addition to the extremely low levels of the substrates malate

and citrate could contribute to decreased pyruvate cycling.

The decreased levels of acetyl-CoA (Fig. 16C) and the decreased labeling of acetyl-CoA
from glucose (Fig. 16D) in the PC 2096 4B cell line are also likely due to the decreased
citrate levels. Most of the + 2 labeled acetyl-CoA would be expected to come from the
pyruvate dehydrogenase reaction. However, there was slightly decreased + 2 labeling of
acetyl-CoA from glucose and from glutamine in the PC 2096 4B cell line (Fig. 16D) and this
can only be explained by the decreased PC enzyme activity inhibiting flux of citrate through
the citrate-pyruvate cycle. The lower concentrations of total cellular acetyl-CoA (Fig. 16C)
and lower 13C incorporation into acetyl-CoA (Fig. 16D) in the PC knockdown cells are
consistent with a lower cytosolic level of acetyl-CoA resulting from decreased formation of
mitochondrial citrate and its export to the cytosol via the pathway that uses ATP citrate lyase

shown in Fig. 13.
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Fig. 16. Decreased labeled pyruvate, lactate and acetyl-CoA from U-13C6-glucose or U-
13C5-glutamine in pyruvate carboxylase (PC) knockdown cell lines derived from the MDA-
MB 231 breast cancer cell line. PC 847 2C and PC 2096 4B cell lines or scramble control cell
line were maintained in the presence of U-13C6 glucose or U-13C5 glutamine for 1 h in the
same experiment described in Fig. 3. Fractions of different isotopomers of 13C-pyruvate (A),
13C-lactate (B) or 13C-acetyl-CoA (D) in the PC knockdown cell lines and the scramble
control cell line are shown within the same bars. C, The levels of acetyl-CoA in cells before
labeled glucose or glutamine was added to the culture media. ap < 0.01; bp < 0.001 total
metabolite vs scramble control same substrate; cp < 0.01 Pyr-13C3 vs scramble control; dp <
0.001 or ep < 0.01 Lac-13C3 vs scramble control; fp < 0.05 acetyl-CoA-13C2 vs scramble

control.
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Aspartate was labeled from both glucose and glutamine, albeit slightly more from
glutamine, indicating that both nutrients contribute to aspartate synthesis (Fig. 17). Aspartate
is produced directly from oxaloacetate catalyzed by aspartate aminotransferase. Suppression
of PC expression should lower oxaloacetate, resulting in a lowered level of aspartate. As
expected, the decrease of + 2 and + 3 aspartate from glucose and + 4 labeled aspartate from
glutamine in the PC 2096 4B cell line are consistent with a depleted oxaloacetate level caused
by PC suppression in the case of labeling from glucose and decreased activity of the citrate-
pyruvate cycle in the case of labeling from glutamine (Fig. 17). Both PC 847 2C and PC 2096
4B knockdown cell lines showed decreased levels of serine and glycine (Fig. 17). The
negligible or absent incorporation of 13C from glucose and glutamine into both amino acids
is due to the short incubation time of the cells in the presence of the labeled glucose or
glutamine and indicates that the levels of these two amino acids was low before two cells

were incubated in the presence of the labeled fuels.
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Fig. 17. Decreased labeled aspartate, glycine and serine from U-13C6-glucose or U-13C5-
glutamine in pyruvate carboxylase (PC) knockdown cell lines derived from MDA-MB 231
breast cancer cell line. PC 847 2C and PC 2096 4B cell lines or the shRNA scramble control
cell line were maintained in the presence of U-13C6-glucose or U-13C5-glutamine for 1 h in
the same experiment described in Fig. 3. Fractions of different isotopomers of 13C aspartate,
13C-glycine and 13C-serine between the PC knockdown cell lines and scramble control cell
lines are shown within the same bars. ap < 0.05, bp < 0.01 and cp < 0.001 total metabolite

level vs scramble control. dp < 0.001 vs Asp-13C4.
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Fatty acids act as a sink for carbon flowing from mitochondrial citrate and then through
cytosolic acetyl-CoA and malonyl-CoA (Fig. 13). Thus, the 13C incorporation from glucose
into palmitate is an indication of the rate of flux of glucose through biosynthetic pathways.
Cell lines were incubated in the presence of the 13C-labeled glucose for 18 h. Fig. 18 shows
that suppression of PC decreased the incorporation of glucose carbon into palmitate. This is
consistent with PC suppression inhibiting the mitochondrial synthesis of citrate and
consequently the export of citrate to the cytosol thus lowering the supply of cytosolic acetyl-
CoA and malonyl-CoA needed for fatty acid synthesis as depicted in Fig. 13.
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Fig. 18. Decreased U-13C6-glucose incorporation into palmitate in pyruvate carboxylase
(PC) knockdown cell lines derived from the MDA-MB-231 breast cancer cell line. PC 847
2C and PC 2096 4B cell lines or the shRNA scramble control cell line were maintained in
DMEM for 24 h or longer without labeled glucose of glutamine (the same as the zero time
control shown in Fig. 3A and B). Cells were then maintained for 18 h in DMEM modified to
contain 10 mM [U-13C6]glucose and 13C incorporation into palmitate was measured by LC-

MS/MS. ap < 0.05, bp <0.01 and cp < 0.001 vs scramble control.
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Table 4 and the heat map in Fig. 19 show several selected metabolites that were
altered in the strong knockdown cell line PC 2096 4B or both PC knockdown cell lines. In
addition to the metabolites discussed above moderate or strong suppression of PC resulted in
the decreased levels of a-ketoglutarate, ADP-glucose, GDP-fucose and GDP-mannose while
decreases in the levels of ribose-5-phosphate, CTP, hypoxanthine, UDP and GDP were
observed only in the strong PC suppression cell line PC 2096 4B (Fig. 19 and Table 4).

Table 4

Selected metabolites that are altered in pyruvate carboxylase (PC) knockdown MDA-MB-
231 cell lines.

Metabolite KD cell line PC 847 2C KD cell line PC 2096 4B
Fold change P-value Fold change P-value
Ribose-5-phosphate 0.98 NS 0.84 P <005
c-ketoglutarate 0.70 P =005 0.72 P <005
ADP-glucose 0.85 P =005 0.80 P = 001
CIP 0.9 NS 0.70 P < 0.01
Hypoxanthine 1.01 NS 0.34 P = 0.05
UDP 0.78 NS 0.70 P <005
GDP 0.85 NS 0.76 P <005
GDP-fucose 0.84 P < 0.05 0.76 P < 0.005
GDP-mannose 0.84 P <005 045 P < 0.005
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Fig. 19. Heat map showing global lowering of metabolites in pyruvate carboxylase (PC)
knockdown MDA-MB 231 breast cancer cell lines. Metabolites were measured by LC-MS
in the same experiments shown in Fig. 3 at the zero time point, i.e. before a 13C labeled
substrate was added. Metabolite levels are coded by m/z. The asterisk indicates different from

the scramble control cell line with p < 0.05.

Suppression of PC caused no or a very slight and insignificant reduction of unlabeled and
labeled ATP and ADP from glucose (Fig. 20, left panel) such that the ATP/ADP ratio was
unaltered by PC knockdown. This indicates that the energy charge of the cell was not
impaired by PC knockdown. The slightly decreased levels of ADP and ATP in the PC 2096
4B cell line may be linked to the lowered levels of ribose-5-phosphate (see Table 4 and Fig.

19), which supplies the ribose moiety of these nucleotides and/or decreased aspartate (Fig.
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17) which contributes to nitrogen-donation in purine ring synthesis. The levels of NADH and
NAD+ including NADH/NAD+ ratios were not different between the knockdown cells and

the scramble control (Fig. 20) also indicating that the energy charge of the cell was not

affected by PC not down.
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Fig 20. Normal ATP and ADP concentrations, ATP/ADP ratio, NAD(P)H and NAD(P)
concentrations and NAD(P)H/NAD(P) ratios in pyruvate carboxylase (PC) knockdown
cell lines derived from the MDA-MB-231 breast cancer cell line supplied with U-13C6-
glucose or U-13C5-glutamine. PC 847 2C and PC 2096 4B cell lines or the sShRNA
scramble control cell line were maintained in the presence of U-13C6 glucose or U-13C5
glutamine for 1 h in the same experiment described in Fig. 3. Fractions of different
isotopomers of 13C-ATP and 13C-ADP and levels of the pyridine nucleotides NAD(P),
NAD(P)H (which showed no incorporation of 13C) between the PC knockdown cell lines and
scramble control group are shown within the same bars. ap < 0.01 vs total metabolite same

substrate control.
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We measured the activities of several mitochondrial and cytosolic enzymes that catalyze
reactions of anaplerosis/cataplerosis including pyruvate cycling or might influence the levels
of the metabolites measured in our study. As shown in Fig. 13, these included cytosolic malic
enzyme, NADP-isocitrate dehydrogenase, ATP-citrate lyase, glutamate dehydrogenase,
aspartate aminotransferase and citrate synthase. The activity of only one enzyme in the PC
knockdown cells was significantly different from that of the scrambled shRNA control cell
line. This was malic enzyme and in two of the three cell lines with very low PC malic enzyme
activity was about 50% lower than that of the control cell line (Fig. 21). Malic enzyme
activity was not lower in the PC cell line with moderate knockdown of PC, PC 847 2C (Fig.
21). The shRNA nucleotide sequences used to target the PC mRNA were not similar to any of
the nucleotide sequence of cytosolic malic enzyme mRNA. Therefore, the lower malic
enzyme activities were probably a response to the effects of lower PC enzyme activity. The
50% lower activity of malic enzyme in the cell lines with severe knockdown of PC might
contribute to the lower pyruvate levels seen in these cell lines (Fig. 16) due to lower pyruvate
cycling from malate and citrate. The enzyme activities were measured in the cell lines after
they had been frozen for several months and then re-plated. Unfortunately the cell line PC
2096 4B with one of the lowest levels of PC and that was used for mass spectrometry studies
would not grow after having been stored frozen so that the enzyme activities could not be

measured in this cell line.
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Fig. 21. Malic enzyme is the only enzyme out of several anaplerotic/cataplerotic pyruvate

cycling enzymes that is decreased in breast cancer cell lines with severely knocked down
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pyruvate carboxylase (PC). Cell lines PC 3436 6A and PC 179 1A possess severely lower
levels of pyruvate carboxylase enzyme activity and cell line and PC 847 2C possesses
moderately decreased PC activity compared to the scrambled shRNA control cell line. These
cell lines show low cell proliferation rates compared to the control cell line. The lower level
malic enzyme in two cell lines with severely knocked down PC is consistent with lower
pyruvate cycling and lower malate, citrate and pyruvate levels in these cell lines (means +
SE, ap < 0.01 vs scramble control). Only malic enzyme showed decreased activity vs the
control cell lines.

To examine whether knocking down of PC expression affect EMT program, attributing
to lowered cell migration and invasion abilities, we performed Western blot of EMT markers
1.e., E-cadherin namely E-cadherin and vimentin, which are epithelial and mesenchymal
marker, respectively rather than measuring the expression of Snail/Slug markers because
these two proteins are well-known targets of Snail/Slug. As shown in Figure 22 below, in the
absence or presence of aspartate, the expression of E-cadherin in parental MDA-MB-231,
moderate knockdown and strong knockdown cells cannot be detected in these three cell lines
but is highly detectable in MCF-7 which still retains epithelial character. This result is
consistent with previous report, demonstrating that E-cadeherin expression was not detectable
in MDA-MB-231 cells. The expression of vimentin which represents mesenchymal polarity
was not altered in the two PC knockdown cells. This result suggests that the reduced
migration/invasion ability of PC knockdown MDA-MB-231 cells previously observed in our
PLoS One publication was not attributed to the loss of EMT marker expression. The reduced
mobility/invasive phenotype could secondary to the perturbed cellular metabolism especially
those involved in cellular replication, which in turn affects ability of cells to migrate and

invade.
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Figure 22. Western blot analyses of epithelial-mesenchymal transition (EMT) marker
expression in 20 [Ig of lysates prepared from scrambled control MDA-MB-231 parental cells,
moderate knockdown PC and strong knockdown PC cell lines grown in the absence or
presence of 2.5 mM aspartate at day 5. The lysate of MCF-7 cells were also used as the

positive control for E-cadherin expression. Also shown are the expression of PC and [J-actin.

Discussion

The role of PC in cancer cell proliferation

Pyruvate carboxylation is an important anaplerotic reaction that replenishes citric acid cycle
intermediates when they intermediates are removed from mitochondria by their export to the
cytosol (cataplerosis). Anaplerosis and cataplerosis are necessary for gluconeogenesis in liver
and kidney, lipogenesis in liver and adipose tissue, glutamate synthesis in astrocytes and
glucose-induced insulin secretion in pancreatic beta cells [Jitrapakdee et al., 2008; Hasan et
al., 2008; Farfari et al., 2000; Jitrapakdee et al., 2005 ; Jitrapakdee et al., 2010]. We and
others have shown that PC mRNA and PC protein are up-regulated in many cancers [Cheng
et al., 2011; Fan et al., 2009; Sellers et al., 2015; Phannasil et al., 2015]. In the current study
we generated multiple stable PC knockdown MDA-MB-231-derived cell lines by shRNA
with various levels of PC knockdown and investigated the biochemical changes associated
with the defects in growth and motility phenotypic defects of the PC knockdown cells. The
various degrees of decreases in PC mRNA and PC enzyme activity were correlated with the
decreased cell proliferation rates among the cell lines. This is a confirmation of the

relationship between PC enzyme levels and proliferation rates in breast cancer cells. This
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retarded proliferation phenotype of the PC knockdown MDA-MB-231 cell lines was also
similar to that of the transient knockdown of PC in the MDA-MB-231 cell line that we
reported prevously [Phannasil et al.,, 2015]. A dose-dependent suppression effect on
metabolism and inhibition of insulin secretion were also observed in the rat insulinoma cell
line INS-1 832/13 with different degrees of PC suppression [Hasan et al., 2008]. A similar
disturbance of common metabolites was observed in both moderate and strong PC

suppression MDA-MB-231-derived cells as shown in Table 3 and Fig. 5 ; Fig. 6.

Knockdown of PC inhibits anaplerosis

The central metabolic pathway affected by the suppression of PC appears to lie within the
anaplerosis. The product of the PC reaction is oxaloacetate, which immediately condenses
with acetyl-CoA to produce citrate or is converted to malate in the mitochondrial malate
dehydrogenase reaction. Suppression of PC resulted in the depletions of malate and citrate
levels as expected (Fig. 14 ; Fig. 15). Suppression of PC decreased the levels of total citrate
and malate and °C incorporation into their isotopomers from *C¢-labeled glucose and *Cs-
labeled glutamine (Fig. 15). This indicates that PC knockdown inhibits anaplerosis from both

pyruvate carboxylation and glutaminolysis.

PC knockdown lowers pyruvate cycling

In contrast to suppression of PC expression in pancreatic beta cells, in which the knockdown
cells showed a metabolic crossover point with increased levels of pyruvate and low levels of
malate and citrate [Hasan et al., 2008], suppression of PC in MDA-MB-231 cell lines showed
lowered levels of pyruvate and lactate when cells were maintained in the presence of a high
concentration of glucose (25 mM) (in DMEM cell culture medium) prior to the experiment
(Fig. 14). Similar to experiments with pancreatic beta cells [Hasan et al., 2008], when the PC
knockdown cells were maintained in a cell culture medium containing a lower and
physiologic concentration of glucose (5 mM) before glucose was added as in the experiments
with beta cells, pyruvate was increased and malate and citrate were decreased indicating a
crossover point and a block at the PC reaction (Fig. 15). The changes in the levels of
pyruvate, lactate, malate and citrate raise the possibility of certain pathway(s) in which these
three metabolites are connected. In pancreatic beta cells, there is a cycling of pyruvate into
mitochondria known as the pyruvate-malate shuttle [MacDonald, 1995; MacDonald et al.,
2005] as well as in the pyruvate-citrate cycle [Farfari et al., 2000; MacDonald et al., 2005]. In

the pyruvate-malate shuttle PC converts pyruvate to oxaloacetate followed by the conversion
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of oxaloacetate to malate by mitochondrial malate dehydrogenase, enabling malate to exit
mitochondria. In the cytosol malate is in turn converted back to pyruvate by cytosolic malic
enzyme, allowing pyruvate to re-enter mitochondria for carboxylation again by PC (Fig. 13).
In the citrate-pyruvate shuttle citrate is exported from the mitochondria and cleaved to
oxaloacetate in the ATP citrate lyase reaction. The oxaloacetate is then reduced to malate
catalyzed by cytosolic malate dehydrogenase. The resulting malate then participates in the
pyruvate-malate shuttle as shown in Fig. 13. These cycles provide cytosolic NADPH, a
coupling factor, required for glucose-induced insulin secretion in pancreatic beta cells
[MacDonald, 1995; Jitrapakdee et al., 2010] and lipid synthesis in many different tissues. In
addition, the acetyl-CoA derived from the ATP citrate lyase reaction can be converted to
malonyl-CoA and utilized for lipid synthesis in the cytosol. The higher levels of PC mRNA
and PC protein [Phannasil et al., 2015] and PC enzyme activity (Table 3) in the highly
metastatic MDA-MB-231 cell line than in the low metastatic MCF-7 cell line suggest that
similar to pyruvate cycling operative in pancreatic beta cells, pyruvate cycling is important
for cell invasiveness or metastasis in breast cancer. In the PC knockdown MDA-MB-231
cells, the depleted levels of malate and citrate caused by the chronic suppression of PC may
slow down the overall pyruvate cycling rate, resulting in the low level of pyruvate (Fig. 16).
Interestingly, the level of cytosolic malic enzyme was 50% lower in two of the three
cell lines with severe knockdown of PC studied. The shRNA nucleotide sequence used to
target the PC mRNA was not similar to any of the nucleotide sequence of the malic enzyme
mRNA indicating the lower level of the malic enzyme was not due to an off target effect of
PC targeting. Therefore, the lower malic enzyme level was probably a down-regulatory
response of the cell to a lower level of the substrate malate for reasons that are not exactly
clear. In any case, the 50% lower level of malic enzyme is probably enough lower to
contribute to decreased conversion of malate to pyruvate and thus a decrease in pyruvate

cycling.

Generalized effects of PC knockdown on metabolite precursors needed for cell structure and
energy production

Since citrate and malate are the two major citric acid cycle intermediates that are capable of
exiting mitochondria for the biosynthesis of lipids, nucleic acids and certain amino acids, the
reduction in the cellular levels of nucleotides (Table 4 and Fig. 19), aspartate, glycine, serine
(Fig. 19) and lower glucose carbon incorporation into palmitate (Fig.18.) are consistent with

the anaplerotic/cataplerotic role of PC in growth of breast cancer cells.
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Transamination of oxaloacetate with glutamate catalyzed by aspartate aminotransferase
would produce aspartate. Therefore, it is likely that the lowered level of oxaloacetate caused
by suppression of PC may be responsible for the low level of aspartate (Fig. 17). A lowered
level of aspartate was also reported in the PC knockdown non-small cell lung cancer
(NSCLC), which showed a marked decrease in the cellular aspartate level [Sellers et al.,
2015]. In renal adenocarcinoma and paraganglioma cancers harboring loss of function
mutations of succinate dehydrogenase, PC was found essential to support cancer proliferation
[Cardaci et al., 2015; Lussey-Lepoutre et al., 2015]. Suppression of PC slows down
proliferation of these cancers, concomitant with reduced cellular levels of aspartate.
Supplementation of the knockdown cancer cells with aspartate rescued this slow growth
phenotype. As aspartate is the structural component of several biomolecules including the
backbone of purine and pyrimidine rings in nucleic acids, the decreased levels of nucleotides
(Fig. 19 and Table 4) and aspartate observed in the PC knockdown MDA-MB-231 cells can
potentially slow the synthesis of these nucleotides, contributing to the low rates of cell
proliferation. As the ribose-5-phosphate is also the backbone of nucleotides, the lowered level
of total ribose-5-phosphate in the knockdown cells as shown in Table 3 and may also
contribute to the decreased levels of some nucleotides and their derivatives i.e. hypoxanthine,
ADP-glucose, UDP, GDP, GDP-mannose and GDP-fucose. Similar to our study, the PC
knockdown non-small cell lung cancer (NSCLC) also showed reduction of glucose- and

glutamine- derived CTP and UTP levels [Sellers et al., 2015].

The marked reduction of serine and glycine levels in the PC knockdown cells may underlie
the retarded growth phenotype of the knockdown cells because serine contributes to various
biosynthetic pathways including protein synthesis, phospholipids and nucleotides which are

in high demand during tumorigenesis [Possemato et al., 2011].

The perturbation of serine biosynthesis may occur during the conversion of 3-
phosphoglycerate to serine. The conversion of 3-phosphoglycerate to serine is mediated
through three sequential reactions (see Fig. 13). The first reaction is the conversion of 3-
phosphoglycerate to 3-phosphohydroxypyruvate by phosphoglycerate dehydrogenase
followed by further conversion to 3-phosphoserine by phosphoserine aminotransferase before
the final conversion to serine by protein serine phosphatase. Then phosphoserine

aminotransferase catalyzes the transfer of the amino group from glutamate to 3-
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phosphohydroxypyruvate. Because glutamate is produced from ao-ketoglutarate via a
transamination reaction, the lowered level of a-ketoglutarate in the PC-knockdown MDA-
MB-231 cells (Fig.19) may in turn lower the rate of glutamate formation which consequently
affects the transamination reaction catalyzed by phosphoserine aminotransferase.
Interestingly, up-regulation of serine and glycine biosynthesis caused by amplification of
phosphoglycerate dehydrogenase gene copy number was also reported to contribute to
oncogenesis in melanoma and breast cancer [Possemato et al., 2011; Locasale, 2013)].
Suppression of phosphoglycerate dehydrogenase expression in several breast cancer cell lines
including MDA-MB-231 cells, lowered serine biosynthesis concomitant with a decreased cell
proliferation rate, indicating the crucial role of serine in supporting breast cancer growth.
Suppression of phosphoglycerate dehydrogenase expression in invasive breast cancer cells
also reduces the level of a-ketoglutarate which is produced from the transamination of
glutamate [Locasale et al., 2011]. These findings mirror the PC knockdown MDA-MB-231
cells that showed lowered levels of a-ketoglutarate and serine in the current study.

Lowered levels of total cellular acetyl-CoA in the PC knockdown cell lines can most
likely be attributed to decreased export of citrate from mitochondria causing decreased citrate
available for conversation to oxaloacetate and acetyl-CoA catalyzed by ATP citrate lyase in
the cytosol. The latter route for acetyl-CoA regeneration also forms part of alternate route of
pyruvate cycling: the well-known pyruvate/citrate cycle [Owen et al., 2002; Farfari et al.,
2000; MacDonald et al., 2005] (Fig. 13).

In addition to the lowered levels of certain mitochondrial metabolites, pyruvate cycling
and nucleotide synthesis, we also found that suppression of PC causes a reduction of glucose
incorporation into palmitate (Fig. 18), suggesting that inhibition of anaplerosis caused by PC
knockdown results in lower fatty acid synthesis which restricts membrane biogenesis of the
newly dividing cells.

Suppression of PC only slightly and insignificantly lowered the concentrations of ATP
and ADP without affecting the ATP/ADP ratio and NAD(P)(H) concentrations (Fig. 20)
indicating suppression of PC did not seriously affect the cell energy charge. The decreases in
other nucleotides and nucleotide derivatives (Table 4 and Fig. 11) can be attributed to
decreased nucleotide biosynthesis via the reduced level of ribose-5-phosphate which is a
backbone nucleotide derivatives and decreased aspartate which is a precursor for purine and
pyrimidine synthesis.

Since we studied the MDA-MB-231 cell line which is triple negative for estrogen
receptor (ER), progesterone receptor (PR) and epidermal growth factor receptor 2 (HER2) in
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our study, one might argue whether overexpression of PC is a specific characteristic of breast
cancer cell lines. Using various other breast cancer cell lines expressing these three receptors
differently, we found no correlation between the expression of these receptors and PC
expression. For example, the two most invasive breast cancer cell lines, MDA-MB-231 and
MDA-MB-435, which are ER'PR /HER2™ and ER /PR2 /HER2", respectively, express PC
much higher than MCF-7 and SKBR3 cell lines, which are ER/PR'/HER2 and
ER /PR /HER2", respectively (Phannasil et al., 2015). Furthermore, unlike MDA-MB-231,
MCF-10A, a non-invasive cell line that is also negative for those three receptors was found to
possess an extremely low level of PC enzyme activity (data not shown). Most importantly,
our clinicopathological investigation of breast cancer patients has also shown that the level of
PC expression was not correlated with the status of these receptors in breast cancer tissues of
patients but rather shows a positive correlation with tumor size and stages (10). Thus the level
of expression of PC appears to be independent of the status of ER, PR and HER2 receptor

expression.

Conclusion

Fig. 13 summarizes the disturbance of various metabolic pathways resulting in the growth
retarded phenotype of PC knockdown MDA-MB-231 cells. In conclusion, suppression of PC
expression in MDA-MB-231 breast cancer cells results in the lowered levels of citrate, malate
and a-ketoglutarate. The depleted levels of these metabolites perturb mitochondrial
cataplerosis for the synthesis of serine, glycine, aspartate and fatty acids which are used as the
building blocks for synthesis of proteins, lipids and nucleotides. The lowered levels of citrate
and malate also impair pyruvate cycling between mitochondria and cytosol. This global
perturbation of biosynthesis contributes to the retarded growth phenotype of the PC
knockdown MDA-MB-231 cells. The findings that suppression of PC inhibits cell
proliferation in glioblastoma [Cheng et al., 2011], NSCLC [Sellers et al., 2015], renal
carcinoma, paraganglioma [Cardaci et al., 2015; Lussey-Lepoutre et al., 2015) and, in our
study, breast cancer, highlights the crucial role of PC in cancer cell growth and suggests PC

may be an attractive drug target of cancer treatment.

PART IV Identification of transcription factors that regulate overexpression of PC in MDA-
MB-231 cells
As reported previously, the differential expression of PC in MDA-MB-231 and MCF-

7 cells is resulted from activation distal promoter (hP2) of human PC gene. This differential
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expression likely attributes to binding of the transcription factors that are highly abundant or
activated in MDA-MB-231 cell lines to the crucial cis-acting elements in hP2 promoter. The
nucleotide sequence of hP2 promoter is shown in Figure 23. JASPAR transcription factor

database was first used to predict the putative transcription factor site as shown in Figure 23.

c-Fos
ACTACCTACTCAGAGACATCTGCATAACTGACTCITCCTTTACTCTCTTTTTCTCTTCAGACATTCATCTCATCTTACG

TAGATTTACCGGGCATTAGCTAAAGTCCCATAGGAATGTAACTA‘:TTCTTCCTACATG CTTGTCCTAATCGCCTA
p53 c-Ets-1
G CCC]TTtTTC CTACATGCCTTCCCCTCATTCCCCCTTTAAGGAAATGCATAAATACTAAACCTCCCGAAAACCTCTTC

GGAAAAACAACCACGGATGTGTCTGTGGTTCGTGTTTTTCCCGAGCACGCCCTCAAACTGGATTAATAAGCCTCGA

TGACAGAGACTTATGCCTCAGTCACTTGTTCCACTTGTCAAAG[ZTT%’TCACT'I}CHI'I'GACDAS\,?&GTG'I]C'ITGGGTCTTGTCAA
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ACTCAGAGGTTAAGTTG cC;EchPc d%bACGTACTGTAGACTCTACGCAGCTGTTAA
AE(Eilz-éAITAGT(C:XL';'r&-iTAAtCCGTGTGGCACAAGCGCCTTCTCCTGCCCTTCGCTAACGTTAGCT'ITI’CCTG
CGACCTCTTCTCCGC]/AGCCAGCGCGTATCTGCGTCTAGCCGGGATGCC GAACTGTTGTGCTT

HIF-1a NF-kB NE-Y

GCAGCTTCGGGAGAJACGTGCTAQTCGGGTGAATGAATCGAACGTCCCCACCCCCGCCGACAGGLAATAACTGCG
Elk-1/c-Ets-1 Sp1/3 USF1/c-Myc
AGCCACAGCCCGGCCACTTCCGCCIATTGCGGGCGTCGGCTAGGGTCCGGCGGJCCACGTGAG)CTCCGGAGAC
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TCCGTAAGGCGGGGCCGGGACTGCAGCAAGTTCGGTTGCACGGAGACCGCAGCTGTTCTCT

Figure 23 Nucleotide sequence of hP2 promoter with various putative transcription

factor binding sites identified by JASPAR program.

To identify regulatory region(s) of the PC gene promoter and the transcription factors
that control PC expression in MDA-MB-231, a series of chimeric reporter constructs
containing various lengths of P2 promoter of human PC gene ligated to the luciferase reporter
gene were produced, as shown in Figure 24. These constructs were then transfected into
MDA-MB-231 and MCF-7 breast cancer cell lines, representing highly invasive and non-
invasive breast cancer cell lines, respectively. The idea is to identify specific DNA sequence
that controls expression of PC in MDA-MB-231 cells. The deleted DNA sequence upon

transfecting into MDA-MB-231 cells shows marked reduction of luciferase would reflect its
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crucial role in positive regulation while that shows increased expression of luciferase would

reflect its crucial role as a repressor element.
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Figure 24 Generation of chimeric reporter constructs containing 5’-truncated human

PC promoter.

As shown in Figure 25, in MDA-MB-231 cells, deletions of promoter elements locating
between regions -985 to -640 showed marked increased of promoter activity, indicating there
is a repressor element locating within this region while deletions of nucleotides -640 to -489
showed increased promoter activity. Deletion of nucleotides between -365 to -240 and -114
dramatically decreased promoter activity indicating the presence of a strong activator
sequence(s) between these two regions.

In MCF-7 however; there is only two control region; one acts as a strong repressor
locating between nucleotides -489 to -365 and one strong activator sequence, locating
between nucleotides -665 to -114, similar to MDA-MB-231 cells. By comparing the
expression of the various reporter genes in MDA-MB-231 cells, this can be concluded that (i)
common activator sequence(s) that directs transcript of PC in both cell lines is determined by
DNA sequence locating between nucleotides -365 to -114. (ii) common repressor sequence(s)

that inhibits transcription of PC in both cell lines is located between nucleotides -1108 to -
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985. (ii1) One repressor and one activator elements locating between nucleotides -985 and -

640 and -640 and -489, respectively work as MDA-MB-231-specific.
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Figure 25. Expression of luciferase reporter gene driven by various lengths of human
PC promoters in MDA-MB-231 and MCF-7 cells.

To sub-localize the common positive regulatory region within these regions both in
MDA-MB-231 and MCF-7 cells, 25-bp internal deletions (M1, M2, M3, M4 and M5) were
carried out across -365 and -240 in the promoter of human PC gene, and the resulting mutants
were transfected into both cell lines. As shown in Figure 26, the activator sequences were
localized within three distinct positions, -340 to -315, -315 to -290 and -265 to -240,
respectively because deletions of these sequences dramatically decreased the promoter

activity in both cell lines.
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Figure 26 Localization of activator sequence locating between nucleotides -365 and -240
in human PC promoter.

The regulatory sequence locating between nucleotides -640 and -489 that confers
MDA-MB-231-specific activity was similarly identified by generating 25-bp internal deletion
mutants (M1, M2, M3, M4, M5 and M6, respectively) across this area and the mutants were
transfected into MDA-MB-231 and MCF-7 cells. As shown in Figure 27, in MDA-MB-231
cells, the activator sequence was clearly located within four sub-regions; -640 to -615, -615 to
-590, -590 to -565 and -541 to -515. Interestingly, in MCF-7, the first three positions (-640 to
-615, -615 to -590, -590 to -565) were suppressed by regions -590 to -565 and -541 to -515
(Fig 27).
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Figure 27 Localization of activator sequence locating between nucleotides -640 and -489

in human PC promoter.

Identification of nuclear protein binding to -640 to -489 of hP2 promoter.

As deletion of nucleotides between -640 to -515 markedly abolished the reporter

activity in MDA-MB-231 cells, this suggests that these regions are the binding sites of certain

transcription factors. To address this, the electrophoretic mobility shift assay (EMSA) was

performed. Biotinylated double stranded oliognucleotide nucleotides corresponding to the

deleted nucleotides in M1, M2, M3 and M5 mutants were incubated with MDA-MB-231
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nuclear extract and ran on 4% native PAGE followed by blotting and chemiluminescence
detection. As shown in Figure 28, there was one predominant DNA-protein complex was
similarly observed in M1, M2, M3 and M5 (Figure 28). Mass spectroscopy analysis of these

bands failed to identifiy any known transcription factors in databases.

The M1-MS5 sequences are shown below:

Ml 5’>-TTGCCCAAGGTCACACAGACGTACT-3’
M2 5’-GTAGACCCCCATCATCATCTACGCA-3’
M3 5’-GCTGTTAAAGGACATAGTCATGTAA-3’
M5 5’- CTTCCTCCTGCCCTTCGCTAACGTTA-3’

M1 M2 M3 M5

20 1 2 B2 RN 2
[

|
| I 48 1}

Figure 28 Electrophoretic mobility shift assay of double stranded oligonucleotides
corresponding to the sequences located within the deleted regions of M1, M2, M3, M4
and M5 with MDA-MB-231 nuclear extract under low salt (1) and high salt (2)

conditions.

Interaction of transcription factors, miRNAs and metabolic enzymes involved in metabolic
reprogramming

To examine whether epigenetic regulation by miRNAs attribute to metabolic reworing
in cancers , we analyzed interaction between oncogenic transcription factors, miRNAs and

metabolic enzymes that involved metabolic reprogramming including aerobic glycolysis,
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pentose phosphate pathway, de novo fatty acid synthesis, and serine and glycine metabolism.
Although oncoproteins, c-MYC, HIFla and p53 are the major drivers of this metabolic
reprogramming, post-transcriptional regulation by microRNAs (miR) also plays an important
role in finely adjusting the requirement of the key metabolic enzymes underlying this
metabolic reprogramming. We also combine the literature data on the miRNAs that
potentially regulate 40 metabolic enzymes responsible for metabolic reprogramming in
cancers, with additional miRs from computational prediction. Our analyses show that: (1) a
metabolic enzyme is frequently regulated by multiple miRs, (2) confidence scores from
prediction algorithms might be useful to help narrow down functional miR-mRNA
interaction, which might be worth further experimental validation. By combining known and
predicted interactions of oncogenic transcription factors (TFs) (c-MYC, HIFla and p53),
sterol regulatory element binding protein 1 (SREBP1), 40 metabolic enzymes, and regulatory
miRs we have established one of the first reference maps for miRs and oncogenic TFs that
regulate metabolic reprogramming in cancers. The combined network shows that glycolytic
enzymes are linked to miRs via p53, c-MYC, HIF1a, whereas the genes in serine, glycine and
one carbon metabolism are regulated via the c-MYC, as well as other regulatory organization

that cannot be observed by investigating individual miRs, TFs, and target genes.

Coordinate regulation of metabolic reprogramming in cancers by oncogenic transcription
factors

Three major TFs, namely c-MYC, hypoxia inducible factor 1o (HIFla) and p53 are
responsible for simultaneous up-regulation of the above key metabolic enzymes [Li et al.,
2015]. Aberrant expression of c-MYC is observed in more than 50% of cancers and it is one
of the most amplified oncogenes. The c-MYC regulates various biological processes
including proliferation, apoptosis and metabolic reprogramming [Dang et al., 2013]. Elevated
c-MYC levels in turn bind to its target gene promoters, which contain a canonical E-box
(CANNTG) element, resulting in increased mRNA transcripts. In normal situations, c-MYC
expression is tightly regulated i.e., its expression is high during cell division but rapidly
declines during cell cycle arrest [Kruiswijk et al., 2015]. In situations of metabolic alterations,
c-MYC targets expression of genes encoding GLUT1, HK2, PDKI1 and GLS1 [Li et al.,
2015;Dang et al., 2013; Zeller et al., 2003].

The hypoxia-inducible factor (HIF1a), another key oncogenic TF, is functionally coordinated

with ¢-MYC in controlling metabolic reprogramming in cancers [Dang et al., 2008]. HIF1a
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exists into two forms: the non-hydroxylated and the hydroxylated forms. In the presence of
oxygen, HIFla undergoes hydroxylation by prolyl hydroxylase, making it prone to
proteolysis. However, when oxygen concentration is low, HIFla escapes hydroxylation,
allowing it to enter to the nucleus where it is hetero-dimerized with HIFIP and binds to the
hypoxia-responsive element (HRE) in the promoters of genes whose products are involved in
angiogenesis and metabolism [Kroemer et al., 2008]. HIFla's metabolic targets appear to
overlap with those of c-MYC, including GLUTI1, GLUT3, HKI1, HK2, aldolase A,
phosphoglycerate kinase (PGK), lactate dehydrogenase (LDH), monocarboxylic acid
transporter 4 (MCT4), PDK1 and PKM2 [Li et al., 2015; Semenza et al., 2010].

Unlike c-MYC and HIF1a, p53 functions as a tumor suppressor protein. Expression of
p53 is highly regulated as its expression is essentially low in unstressed cells whereas it
becomes highly expressed under stress conditions such as oxidative damage, nutrient
limitations and DNA damage [Kruiswijk et al., 2015]. De-regulation of p53 expression
caused by mutations is associated with more than half of all cancers [Liu et al., 2015]. As a
transcription factor, p53 binds to the promoter of other tumor suppressor genes such as those
involved in cell cycle arrest, DNA repair, apoptosis and metabolism. In addition, p53 can
regulate turnover of many proteins independently of transcription [Kruiswijk et al., 2015]. In
regard to its regulatory roles on metabolism, p53 inhibits expression of GLUTI1, GLUT3,
GLUT4, phosphoglycerate mutase 1 (PGM 1), and thus blocking excessive entry of glucose
through glycolytic flux [Kruiswijk et al., 2015; Schwartzenberg-Bar-Yoseph et al., 2004].
p53 inhibits expression of MCT1 and PDK2 while activates expression of PDH1a subunit of
PDH complex thereby coupling glycolysis with oxidative phosphorylation [Berkers et al.,
2013]. The p53 also down-regulates biosynthesis by decreasing the activity and abundance of
glucose-6-phosphate dehydrogenase (G6PD) [Jiang et al., 2011] and decreasing expression of
malic enzymes ME1 and ME2 [Kruiswijk et al., 2015; Berkers et al., 2013]. As these three
enzymes provide NADPH for biosynthesis, reducing their expression or activities would
favor oxidative rather than biosynthetic pathways. In addition to controlling pathways that
provide NADPH, p53 can also regulate de novo fatty acid synthesis via down-regulating the
expression of the sterol regulatory protein lc (SREBPIc), which is a key transcriptional
factor controlling expression of ACL and FAS genes [Berkers et al., 2013]. Therefore, loss-
of-function mutations of p53 in cancers literally shift their metabolic phenotype from an
oxidative fate to aerobic glycolysis and anabolism. The p53 protein also targets degradation
of PEPCK and G6Pase in non-small cell lung cancer [Zhang et al., 2014; Goldstein et al.,
2013].
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Expanding the repertoire of miRNA target of the alterative expressed metabolic genes in
cancer using computational prediction

It has now become clear that many cellular genes including those encoding metabolic
enzymes are regulated by miRNAs [Rottiers et al., 2012]. Several studies have identified
regulatory miRNAs of the key enzymes responsible for metabolic reprogramming while some
miRNAs regulate the expression of oncogenic TFs (e.g. c-MYC, HIFla and p53), which in
turn regulate expression of those metabolic enzymes. Despite an increasing number of studies
on regulation of metabolic genes through miRNAs in cancers, it is clear that the list of studies
on miRNA-regulated metabolic enzymes in cancers is nowhere close to the completion.
Furthermore, it is still not known whether some key metabolic enzymes e.g. HK1, Aldolase,
MCT4, SHMT2, ACCI, can be regulated by certain miRNAs. Thus, here we sought to
explore the repertoire of miRNAs that target expression of key enzymes involved in
metabolic reprogramming in cancers by combining known interactions from literature (Table
1) and computational prediction (Table S1, Table S2). One of the most important challenges
of computational prediction of miRNA is the specificity of the prediction algorithms, which
are known to give a large number of false positives. To this end, we examined whether the
prediction miRNAs are consistent with the functional validation shown in Table 1, and the
predicted miRNA-mRNA interactions that would potentially be worth following up

experimentally.
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A list of 40 metabolic enzymes that are imrolved in metabaolic reprogramming in cancers.

Enzyme Full name Gene miRMA References
Aemobic gycolysis, Warburg effect
GLUT1 Glucos tansporter 1 NM_DDB516 miR-1291 [123] [124-126]
GLUT2 Glucos tansporter 2 NI _0D 0340 MR [124]
GLUT3 Glucos transporter 3 NM_DD6931 miR-195-5p [127], [124,129,125,126]
miR-106-5p [90,128]
GLUT4 Glucos transporter 4 WM_00 1042 NA |124,130,125]
HE1 Hexokinase1 NM_0DO188 NA 131
HE2 Hexokinase2 MM_0D0189 miR-143 [131} [132] [133.3]
Aldolase A Aldolase A NM_D00034 N/A [134]
PGAM1 Phosphoglycerate mutase 1 NM_D02629 N/A |135]
FER2 Pyruvate kinase 2 WM _00 2654 miR-122 mik-133a [139,140]
miR-133bhmiR-326
|136-13E]
LDHA Lactate dehydrogenase A NM_DD5566 miR-21 [141] [142,143]
MCT1 Monocarboogdate transporter 1 NM_003051 miR-124 [144] [145]
MCT4 Monocarboogate transporter 4 NM _D0 4696 N/A |145,146]
Pentose phosphate pathway
GEFD Gluoo =-6-phosp hate dehydogenase MM_OD 0402 miR-206, mik-1 [120] |20]
TKTL1 Tranzketolaze-like 1 NM_012253 miR-206, mik-1 [120] [19]
Ghecone ogen esis
PCK1 Phosphoenolpyruvate carboooykinase 1 NM_D0 2581 N/A |139]
PCK2 Phosphoenolpyruvate carbosykinase 2 NM_D04563 N/A |38.37]
Tricarbaxylic acd [TCA | opcle
FDK1 Pyruvate dehydrogenase kinase 1 NM_DD2610 M/A |147]
FOH Pyruvate dehydrogenase MNM_003477 miR-26a | 148] [14a]
IDH1 Isocitrate dehydrogenase 1 NM _D0 5896 N/A |28]
IDH2 Isocitrate dehydrogenase 2 NM_0D2168 miR-183 [150] |28]
SDH-B Succinate dehydrogen ase complex iron sulfur subunit B N _D0 3000 NjA 127]
SDHLC Succinate dehydrogenase complex subunitC NM_D0 3001 NjA 127]
SDH-D Succinate dehydrogenase complex subunit D NM_D0 3002 miR-210 [151] 127]
FH Fumamate hydatase NM_D00143 N/A 127]
ME1 Malic enzyme 1 NM_DD 2395 MA |152]
Gheramin olysis
GLS1 Glutaminase 1 NM_01 4905 miR-23a, mik-23b | 118] 132]
GLS2 Glutaminase 2 MM _01 3267 miR-23a, mik-23b | 118] [153,154]
Serine, Glycine and one carbon metabolizm
SHMT2 Serine hydmeymethyhansferasze 2 MM _005412 miR-193b [90,155] |156]
SHMT1 Serine hydmoymethykansferaze 1 NM_DD4169 miR-198 [157] |156]
MTHFD2 Methylenetetrahydrofolate dehydrogenase NM_DD 6636 miR-9 [158] |156]
MTHFOL Methylenetetrahydrofolate dehydrogenase 1-like MM_01 5440 miR-3 [158] |156]
FHGOH Phosphoglycerate dehyd eogenase NM_0D6633 MR |41]
PSAT1 Phosphoserine aminotransferase 1 NM_021154 miR-340 [159] |160,161]
FSFH Phosphoserine phosphatase NM_DD4577 N/A [161]
GNMT Glycine-N-met hyltransferase NM_01 8950 MjA [162]
de nova faf fy acid synthesis
ac Citrate carrier NM _D05 984 N/A [163]
ACY ATFP ditrate lyase ¥ WM _001 (96 NiA [152,164]
ACCT Acetyl-CoA carbongylase 1 NM_198E36 N/A [152,165]
FASN Fatty acid synthase NM_00:4 104 miR-320 [ 166 ] |58,56,57]
SO Stearoyl-Cod decamirase NM_005 063 NA [152]

Abbreviation ; not available [N/AL

The most frequently used algorithms and webtools currently available for miRNA prediction
include miRanda—mirSVR [Betel et al., 2008] ; [Betel et al., 2010], DIANA-microT-CDS
[Paraskevopoulou et al., 2013], TargetScan [Garcia et al., 2011; Agarwal et al., 2015] Pictar
[Krek et al., 2005], miRDB [Wong et al., 2015], and RNA22 [Miranda et al., 2005], which
use common features such as seed match and sequence conservation across the species
[Peterson et al., 2014]. In brief, the seed match is a perfect pairing between miRNA and the
3'-UTR of mRNA targets, which usually starts at the 5’ end of miRNA at the positions 2 to 8.
There are four main classes of canonical seed matches including (1) 6-mer (6 perfect
nucleotide matches between miRNA at positions 2 to 7 and mRNA target), (2) 7mer-Al
(perfect match of miRNA at positions 2 to 7 with an A opposite position 1 of mRNA target),
(3) 8-mer (perfect seed paring of miRNA at positions 2 to 8 with an A opposite position 1 of
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mRNA target) [Lewis et al., 2005] and (4) 7mer-8mer (perfect match of miRNA at positions
2 to 8 and mRNA target) [Brennecke et al., 2005; Lewis et al., 2003]. However, these
different seed matches do not reflect the degrees of gene expression suppression by miRNAs
[Grimson et al., 2007].

With an aim to explore other potential miRNAs that may regulate key metabolic
enzymes listed in Table 1, we choose two widely-used miRNA prediction tools that utilize
different features to predict miRNA of the target mRNAs of interest, TargetScan7.0 and
miRanda—mirSVR. The former predicts the miRNAs targeting a given gene based on the seed
match and sequence conservation across the species, whilst the latter uses free energy binding
between miRNA and mRNA targets, and the site accessibility for miRNA target prophecy
[Peterson et al., 2014]. The context ++ scores and mirSVR scores were used as the
parameters to indicate the confidence of predictions from the TargetScan7.0 and miRanda—
mirSVR, respectively. The context ++ score is the sum of contribution from 14 features
[Agarwal et al., 2015], such as site-type, 3’ pairing, the local AU content [Grimson et al.,
2007], target site abundance, seed-pairing stability [Garcia et al., 2011]. The mirSVR scores,
on the other hand, can also rank the empirical probability of down-regulation using
supervised machine learning of mRNA expression changes as a result of specific microRNA
transfection [Betel et al., 2010]. In short, the more negative context ++ scores and mirSVR
scores from the predictions reflect the higher “likelihood” that the mRNA is targeted by
miRNA, and thus down-regulated gene expression.

As shown in Fig. 29A, TargetScan7.0 predicted that 40 metabolic enzymes shown
in Table 1 are regulated by 299 miRNAs (blue circle). Sixteen out of 40 metabolic enzymes
were predicted to be regulated by 113 miRNAs. However, only 8 out of these 113 miRNAs
have been reported to functionally regulate expression of these enzymes, leaving the other
105 miRNAs (yellow) whose functional verification is yet to be elucidated. We also noted
that there are 14 miRNAs (red) that have been experimentally verified to regulate this set of
metabolic genes but elude prediction by TargetScan7.0, suggesting a considerable degree of
false negatives. TargetScan7.0 also predicted 186 additional miRNAs that are likely to

regulate another 24 metabolic enzymes, whose regulatory miRNAs have not been studied.
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Figure 29. Venn diagrams and boxplots representing the association between miRNA
prediction scores and their functional validation. The Venn diagrams of TargetScan7.0
(Fig. 29A) and miRanda-mirSVR (Fig. 29B) show the numbers of validated and predicted
miRNAs that regulate metabolic enzymes in cancers. Boxplots illustrate the association of
between context ++ scores (Fig. 29C) or miRanda—mirSVR scores (Fig 29D), and three
miRNA groups: (1) experimentally validated miRNAs with prediction (2) miRNAs predicted
to target metabolic enzymes with other verified miRNAs (3) the predicted miRNAs of altered
metabolic enzymes whose functions have not been validated for any miRNA before.

In a similar trend but not identical, miRanda—mirSVR predicted that there are 395 miRNAs
that can potentially regulate these metabolic enzymes (Fig. 29B). One hundred and seventy
three miRNAs were predicted to regulate 16 metabolic enzymes while the other 222 miRNAs
(gray) were predicted to target another 24 metabolic enzymes which are currently unknown to
be regulated by any miRNAs. Within those 16 metabolic enzymes regulated by 173 miRNAs,
only 14 miRNAs were independently reported to regulate expression of these metabolic
enzymes while the functional verifications of the other 159 miRNAs (pink) are yet to be
elucidated. Similar to the TargetScan7.0 prediction but with fewer numbers of false
negatives, eight additional miRNAs have been reported to functionally regulate expression of

these 16 metabolic enzymes but were not detected by the miRanda—mirSVR prediction.

Due to the issues of sensitivity and specificity of miRNA prediction algorithms

mentioned earlier, we generated boxplots of the context ++ scores (Fig. 29C) and mirSRV
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scores (Fig. 29D), in three miRNA groups: (1) experimentally verified miRNAs with
prediction, (2) miRNAs predicted for target genes with other verified miRNAs, but their own
functions are yet to be validated, and (3) the predicted miRNAs of metabolic enzymes whose
functions have not be validated for any miRNA before (as outlined in the Venn diagrams).
We did indeed observe a modest trend that the validated miRNAs have lower context ++
scores, than predicted miRNAs without validation; however, the number of miRNAs in each
group is likely to be too small to give a statistical significant result. Similarly, the same can
be said about the scores assigned to mirSVR prediction, indicating that confidence scores
from the prediction might be useful as an extra indicator to extract the predicted miRNA that
are likely to be “real” functional miRNAs, and would be worth further experimental

validation.

MicroRNAs and oncogenic transcriptional regulatory networks

To observe the overall interplay of oncogenic TFs, metabolic enzymes, and regulatory
miRNAs, we combined the experimentally validated (Table 1), the experimentally validated
miRNA-target data from miRTarBase [Chou et al., 2016] and predicted interactions (from the
two algorithms as shown in Fig. 29) into a regulatory network of TFs-metabolic enzymes and
miRNA-TFs using Cytoscape [Shannon et al., 2003], as shown in Fig. 30 ; Fig. 31 Fig. 30
focuses on the known miRNAs that regulate expression of metabolic enzymes via controlling
the expression of oncogenic TFs, whereas we expand the network to cover both validated and
predicted miRNA-mRNA interactions in Fig. 30. The predicted interactions shown here are
the overlaps of the two algorithms used: TargetScan7.0 and miRanda—mirSVR, shown as
gray dashed edges, whereas the functional verified miRNA-gene targets from the Table 1 and
miRTarBase database [Chou et al., 2016] are shown in black solid lines. The edges' colors
(blue, red, green and purple) represent the miRNAs that regulate expression of metabolic
enzymes through the expression of oncogenic TFs (HIFla, ¢-MYC, p53, SREBPI,
respectively), as in Fig. 30. The colors of node genes in Fig. 31 are classified by metabolic
pathways: pale blue color for anaerobic glycolytic genes; white for enzymes involved in
serine, glycine and one carbon metabolism; orange for GLS; blue-green nodes for enzymes in
the TCA cycle; pink nodes for enzymes in the de novo fatty acid synthesis; gray nodes for

gluconeogenic enzyme, and purple nodes for enzymes in the pentose phosphate pathway.
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Fig. 30. Regulatory network of experimentally verified miRNAs and oncogenic

transcription factors controlling metabolic reprogramming in cancers. The figure shows

the integration of experimentally validated regulatory network of TFs-cancer metabolic genes

and miRNAs-TFs.
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Fig. 31. Regulatory network of miRNAs and oncogenic transcription factors controlling

metabolic reprogramming in cancers. The figure shows direct and indirect miRNAs-
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metabolic genes interaction. The miRNAs that have already verified their regulatory function
show in solid edges whereas the dash edges represent the overlap miRNAs from predictions
only. In addition, direct interaction of experimentally verified miRNAs and gene targets are
showed in black edges whilst the color edges (blue, green, red and purple) illustrate the
interaction of miRNAs and cancer metabolic genes via oncogenic transcription factors. Blue
edges represent the regulation of miRNA mediated HIFla, green edges represent the
regulation of miRNA mediated p53, red edges represent the regulation of miRNA mediated
c-MYC and the purple edges represent the regulation of miRNA mediated SREBP1. The pale
blue circle nodes show the anaerobic glycolytic genes, white circle nodes show genes in
serine, glycine and one carbon metabolism, orange circle nodes show genes in
glutaminolysis, pink circle nodes show genes in de novo fatty acid synthesis, purple circle
nodes show genes in PPP pathways, gray circle node is PCK1 and the blue-green nodes show
genes in TCA cycle.

Overall, our miRNAs and oncogenic transcriptional regulatory network depicts
individual “modules” of post-transcriptional regulation by miRNA via major drivers of
metabolic reprogramming in cancers, acting as hubs that link multiple incoming miRNAs
(yellow nodes, Fig. 3) that can bind and suppress transcription of these oncogenes, to their
downstream metabolic gene targets (blue nodes). For instance, the expression of c-MYC (red
node in Fig. 3, and interaction between miRNA and targeting metabolic genes via c-MYC are
in red lines in Fig. 4) is regulated by let-7a in Burkitt Lymphoma [Sampson et al., 2007],
miR-145 in non-small cell lung cancer [Chen et al, 2010], let-7g and miR-744 in
hepatocellular carcinoma cells [Lan et al., 2011; Lin et al., 2014] , miR-34 in prostate cancer
cells [Yamamura et al., 2012], miR-135b in osteosarcoma cells [Liu et al., 2014], miR-155 in
gastric carcinoma cells [Sun et al., 2014], miR-320b in colorectal cancer [Wang et al., 2015a]
and miR-451 in head and neck squamous cell carcinoma [Wang et al., 2015b]. Suppression of
these miRNAs contributes to overexpression of key metabolic enzymes in these tumors.
Similarly, HIF1a ( dark blue node) expression is regulated by several miRNAs including
miR-17-92 in lung cancer cells [Taguchi et al., 2008], miR-519c and miR-18a in breast and
lung cancer cells [Cha et al., 2010; Krutilina et al., 2014], miR-22 in colon cancer cells
[Yamakuchi et al., 2011], miR-199a in non-small cell lung cancers [Ding et al., 2013] and
miR-429 in human endothelial cells [Bartoszewska et al., 2015]. Ectopic expression of these
miRNAs reduces the expression of vascular endothelial growth factor (VEGF), a crucial
transcriptional target of HIF1a, thereby decreasing angiogenesis, a process of blood vessel

formation required for tumor growth and metastasis [Deng et al., 2013]. Likewise, p53 (green
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node), a tumor suppressor is also post-transcriptionally regulated by several miRNAs such as
miR-25 and miR-30d in myeloma cells [Kumar et al., 2011], miR-125a in breast and
hepatoblastoma cells [Zhang et al., 2009], miR-125b in neuroblastoma and lung fibroblalst
cells [Le et al., 2009], miR-504 in breast and colon cancer cells [Hu et al., 2010], miR-1285
in neuroblastoma, hepatoblastoma and breast cancer cells [Tian et al., 2010], miR-33 in
hematopoietic stem cells [Herrera-Merchan et al., 2010] and miR-380 in neuroblastoma cells
[Swarbrick et al., 2010]. Tight regulation of these miRNAs results in substantial expression
of p53 which then leads to cell cycle arrest, thus maintaining cells in the non-proliferative
state [Hermeking et al., 2012]. In contrast, an aberrant overexpression of these p53-target
miRNAs results in the down-regulation of p53, causing malignancy. Because this group of
miRNAs exerts its effect on the oncogenic transformation, they are generally now classified
as the “oncomiR” miRNAs [Esquela-Kerscher et al., 2006].

In addition to these three oncogenes, the sterol regulatory element binding protein
(SREBP1, purple node) is also involved in metabolic reprogramming. SREBP1 is a TF that
regulates expression of liver type-pyruvate kinase (PKL) and lipogenic enzymes, ACL, ACC
and FAS, thus allowing de novo fatty acid synthesis from glucose in liver. Cancers also use
SREBP1 to up-regulate expression of these lipogenic enzymes to support fatty acid synthesis.
Similar to c-MYC, HIFla and p53, expression of SREBP1 by itself is also regulated by
miRNAs. miR-185 and miR-342 play important role in regulation of SREBP1 expression by
direct binding to the 3'UTR of its mRNA [Li et al., 2013]. Of particular interest, most
lipogenic enzymes are co-regulated by more than one TF. For example ACL and ACC1 are
regulated by both SREBP1 and p53, while FASN is regulated by SREBP1, p53 and c-MYC.
Expression of HK1 is co-regulated by HIF1a and p53 while that of LDHA and PKM2 are co-
regulated by HIF1a and c-MYC. GLU1, HK2 and ALDOA are the only three enzymes that
are regulated by p53, HIFla and c-MYC. Interestingly, the expression of certain miRNAs
that regulate these metabolic enzymes can also be regulated by an oncogenic TFs. Gao et al.
(2009) showed that c-MYC indirectly regulates GLS expression in B lymphoma and prostate
cancer by suppressing the expression of miR-23a/b that directly regulates the expression of
GLS. Kim and coworkers also demonstrated that p53 blocks the expression of HK1, HK2,
glucose-6-phosphate isomerase (GPI) and PDK1 by inducing miR-34a expression which in
turn, down-regulates the expression of the above four enzymes [Kim et al., 2013].

Looking at the expanded miRNA-mRNA interaction networks (Fig. 4), we observe a
global overview of how metabolic genes involving cancer progression are regulated by

miRNA through their direct interaction (black lines for validated interactions and gray lines
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for those predicted by TargetScan7.0 and miRanda—mirSVR), or through oncogenic TFs
(colored edges). We have seen notable miRNAs such as miR-23a/b that directly control
glutaminolysis, whereas the miR-1 and miR-206 are responsible for regulation of the PPP
pathway genes, G6PD and TKTL1 [Gao et al., 2009; Sing et al., 2013]. The overall network
also highlights the “hub” miRNA. miR-429, a tumor suppressor that down-regulates almost
all genes in anaerobic glycolytic pathway (e.g. GLUTs) via the oncogenic TF HIFla. The
anaerobic glycolytic genes themselves are also targeted by several other miRNAs such as
miR-22, miR-199a, miR-17-92 via HIF1a (blue edges), miR-30d, miR-25, miR-125a/b, miR-
1285 via p53 (green edges), and miR-451, miR-155, let-7a, let-7g via ¢c-MYC (red edges).
The network also demonstrates other relationships between metabolic pathways and miRNA
regulation via TFs. For instance, three out of five genes in de novo fatty acid synthesis
pathway (ACCI1, ACLY, and FASN) share regulation by miRNAs via p53 and SREBP1. The
genes in the serine, glycine and one carbon metabolism pathways (white nodes) heavily rely
on the regulation of miRNAs via ¢c-MYC. Post-transcriptional regulatory networks have
demonstrated intricate regulation of metabolic genes by different miRNAs [Rottiers et al.,
2012; Feng et al., 2015; Vienberg et al., 2016]. Here, we aim to provide a detailed regulatory
network of metabolic genes under direct control of miRNAs, or oncogenic TFs regulated by
miRNAs. The high resolution network with complete labels can be found in Supplementary
material (Fig. S1 and Table S3). Such overall organization of metabolic gene expression
regulation cannot be observed by studying miRNAs, TFs, and target genes individually.
Saying that, we note that the current version of network relies on the accuracy of the two
prediction algorithms used in this study. The known interactions taken from literature might
also be biased toward well-characterized oncogenes such as p53 or c-MYC.

In conclusion, our review not only provides the current status of understanding
metabolic reprogramming in cancers but also establishes the regulatory network of miRNA-
oncogenic TF-cancer metabolic genes that would provide benefits for research guidance in

this emerging field the future.
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SUMMARY AND IMPLICATIONS

In this research work, we have shown that metabolic rewiring via pyruvate
carboxylation is vital for breast cancer growth. The expression level of PC is correlated with
the degree of invasive of cancers, independent of ER/PR/HER2 expression. Biochemical
studies show that the activity of this enzyme is essential to supports biosynthesis of various
structural molecules such as amino acids, lipids and nucleotides. Depletion of PC expression
by gene knockdown markedly lowered growth of breast cancer cell line MDA-MB-231
accompanied by reduced rate of mitochondrial anaplerosis. This in turn affects biosynthestic
pathways in MDA-MB-231 cells. Overexpression of PC in highly invasive breast cancer cell
line, MDA-MB-231 is attributed to selective activation of the proximal promoter (P1) of PC
gene as judged by overexpression of Pl-driven transcript. Inhibition of PC activity or
expression provides a novel target for anti-cancer therapy. From clinical point of view, PC
expression is correlated with cancer growth and advanced stage of breast cancer progression.
Therefore the use of PC as diagnostic marker may not be suitable as the enzyme expression
would be detectable after cancer has progressed to stage III and IV which may be too late for
effective chemo-or radiotherapy. Analysis of the expression of various metabolic genes that
are altered in various cancers show that the regulation of these metabolic enzymes are

mediated by interplay between key oncogenic transcription factors and miRNAs.
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Abstract

Pyruvate carboxylase (PC) is an anaplerotic enzyme that catalyzes the carboxylation of py-
ruvate to oxaloacetate, which is crucial for replenishing tricarboxylic acid cycle intermedi-
ates when they are used for biosynthetic purposes. We examined the expression of PC by
immunohistochemistry of paraffin-embedded breast tissue sections of 57 breast cancer pa-
tients with different stages of cancer progression. PC was expressed in the cancerous
areas of breast tissue at higher levels than in the non-cancerous areas. We also found sta-
tistical association between the levels of PC expression and tumor size and tumor stage

(P < 0.05). The involvement of PC with these two parameters was further studied in four
breast cancer cell lines with different metastatic potentials; i.e., MCF-7, SKBR3 (low metas-
tasis), MDA-MB-435 (moderate metastasis) and MDA-MB-231 (high metastasis). The abun-
dance of both PC mRNA and protein in MDA-MB-231 and MDA-MB-435 cells was 2-3-fold
higher than that in MCF-7 and SKBR3 cells. siRNA-mediated knockdown of PC expression
in MDA-MB-231 and MDA-MB-435 cells resulted in a 50% reduction of cell proliferation, mi-
gration and in vitro invasion ability, under both glutamine-dependent and glutamine-deplet-
ed conditions. Overexpression of PC in MCF-7 cells resulted in a 2-fold increase in their
proliferation rate, migration and invasion abilities. Taken together the above results suggest
that anaplerosis via PC is important for breast cancer cells to support their growth and
motility.

Introduction

As a result of over-stimulation by growth factor signaling, most tumors adapt their metabolism
in order to accommodate both energy and structural component needs during rapid prolifera-
tion [1]. Unlike differentiated cells, regardless of the presence of oxygen, most tumors
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metabolize glucose via anaerobic glycolysis known as the ‘Warburg effect’ [2,3,4]. As the result
of this metabolic shift, tumors consume large amounts of glucose, causing the accumulation of
lactate. The enhanced glucose utilization via anaerobic glycolysis partly results from the over-
expression of c-myc and hypoxia inducible factor-1o (HIF1a), which in turn stimulates expres-
sion of hexokinase II, lactate dehydrogenase (LDH), and the pyruvate kinase M2 isoform
(PK-M2) that enhance glycolysis, and pyruvate dehydrogenase kinase (PDK) that can inhibit
the oxidative decarboxylation of pyruvate by phosphorylation of pyruvate dehydrogenase. This
phenomenon results in channeling of pyruvate into anaerobic glycolysis and limits its entry
into mitochondria for oxidative phosphorylation and also shifts mitochondrial metabolism to-
wards biosynthetic purposes [5,6,7,8]. Anaplerosis via pyruvate carboxylation and glutamate
synthesis from glutamine (glutaminolysis) are the two major biochemical reactions which re-
plenish TCA cycle intermediates withdrawn for biosynthetic pathways [9]. Furthermore, up-
regulation of expression by c-myc of glutaminase, an enzyme which converts glutamine to glu-
tamate is also observed in many tumors [10,11,12,13]. This high demand for glutamine is a
hallmark of most tumors and was proposed as a target of cancer treatment. While growing evi-
dence have now indicated that glutaminolysis is crucial for many cancers, limited information
is available regarding the importance of pyruvate carboxylation via pyruvate carboxylase (PC)
in cancers.

Fan et al. [14] have shown that over-expression of PC mRNA and protein was detected in
solid cancerous lung tissue. '*C Isotopomer-based metabolomic analysis reveals that pyruvate
carboxylation flux is increased in the cancerous lung tissue compared to the paired non-cancer-
ous lung tissues, suggesting that anaplerosis via pyruvate carboxylation is essential to fulfill the
high anabolic demand of lung tumor during the establishment of primary tumorigenesis. By
infusing '*C-labeled glucose or '*N-labeled glutamine in the patients with early-stage non-
small cell lung cancer before tissue resection, the same group of investigator showed that the la-
beled glucose enters mitochondrial metabolism via pyruvate carboxylation while this not the
case for "°N-glutamine, indicating that anapleorosis via PC is the preferred route in non-small
cell lung cancer [15]. Furthermore suppression of PC expression in non-small cell lung cancer
cell lines resulted in the retardation of cell growth primarily due to the disruption of biosynthe-
sis of lipid and nucleotide and imbalance of glutathione metabolism [15].

PC is also involved in brain tumor progression. Interestingly, many low grade glioblastomas
possess a defect in the cytosolic isocitrate dehydrogenase (IDH1) which functions in converting
isocitrate to a-ketoglutarate concomitant with the production of NADPH. The a-ketoglutarate
once formed in the cytoplasm by IDH1 can re-enter mitochondria and be used for various bio-
synthetic pathways [16]. Mutation of IDH1 is predicted to impair mitochondrial metabolism
in many cancers [17]. Izquierdo-Garcia et al [18] have recently engineered astrocytes to meta-
bolically mimic low grade glioblastomas by expressing mutated IDH1 and found that these
astrocytes bearing an IDH1 mutation bypass the IDH1 defect by up-regulating pyruvate car-
boxylation. In supporting this finding, Cheng et al. [19] have demonstrated that PC is highly
abundant in some glioblastoma cell lines, and is required to support its growth under gluta-
mine-independent conditions. The above evidence highlights the roles of PC in supporting the
growth of lung and brain tumors.

Although PC has been shown to be highly abundant in these two types of tumor and ap-
pears to support growth of glioblastoma under glutamine-independent growth, it remains un-
clear whether PC is highly expressed in other types of cancer and is also required to support
other aggressive phenotypes. Here we show that PC is overexpressed in breast cancer tissues,
and that the level of expression is correlated with tumor size and stage. We also demonstrate
that suppression of PC expression in a highly metastasized cell line, MDA-MB-231 markedly
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reduces its proliferation, migration and in vitro invasion ability, indicating the importance of
PC to support growth and invasion of breast cancer.

Materials and Methods
Cell culture

Human breast cancer cell lines, MCF-7 (ATCC:HTB22) [20] and MDA-MB-231(ATCC:
HTB26) [21], MDA-MB-435 (ATCC:HTB129) and SKBR3 (ATCC: HTB-30) were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) supplemented with 10% (v/v) fetal bo-
vine serum (FBS). The cells were maintained at 37°C with 5% CO,. The glutamine-independent
MDA-MB-231 cell line was established by progressive depletion of glutamine in the culture
medium from 4 mM to 0 mM. In brief, cells were grown in DMEM supplemented with 2 mM
glutamine for 2 weeks, 1 mM for 2 weeks, 0.5 mM for 2 weeks and no glutamine, respectively.
After 1 month of growing this cell line in the absence of glutamine, it was used for subsequent
experiments.

siRNA transfection of and overexpression of PC

6 x 10°cells of MDA-MB-231 cells or 3.5 x 10°cells of MDA-MB-435 were plated in 35-mm
dish containing 2 ml of DMEM supplemented with 10% (v/v) FBS and maintained at 37°C
with 5% CO, for 24 h. 50 pmole (25 nM) or 100 pmole (50 nM) of siRNA targeted to human
PC (Cat.no. 4390824, Ambion) were transfected to MDA-MB-231 or MDA-MB-435, respec-
tively using Lipofectamine 2000 transfection reagent (Invitrogen) in the Optimem-reduced
serum medium (Invitrogen). Same amounts of scrambled control siRNA were also transfected
to both cell lines. The transfected cells were maintained in 2 ml complete medium for 2 days.
The cells were subsequently harvested for RT-PCR and Western blot analyses.

MCE-7 cells overexpressing PC were generated by transfection of plasmid encoding human
PC (pEF-PC) [22]. In brief, 2 x 10° cells of MCF-7 were plated in 2 ml complete DMEM medi-
um in 35 mm-dish 24 h before transfecting with 4 pg of pEF-PC plasmid. Upon 48 h post-
transfection, the stable MCF-7 cells overexpressing PC cells were selected with 0.5 pg/mL puro-
mycin for one week. The stable lines were expanded for another week before proliferation, mi-
gration and invasion assays were performed.

Reverse transcription polymerase chain Reaction (RT-PCR)

Total RNA was extracted from cells using TRIzolReagent (Gibco) following the manufacturer’s
instructions. Initially the random hexamers-primed RNA was carried out in a 10 pl-reaction
mixture containing 2 pg of total RNA and 200 ng of random hexamers (Promega) at 70°C for

5 min, before being chilled at 4'C. Reverse transcription was initiated by adding 10 pl of mix-
ture containing 1xImProm-II reaction buffer, 3 mM MgCl,, 0.5 mM dNTP mix and 160 units
of ImProm-II reverse transcriptase (Promega), to the primed-RNA mixture and the reaction
was incubated at 25 C for 5 min, 42°C for 60 min and 70°C for 15 min, respectively. The cDNA
was stored at -20"C until used.

Quantitative real-time PCR

Quantitative real time PCR was performed in a 12 pl-reaction mixture containing 6 pl of
2xKAPA probe Fast qPCRmaster mix Universal (KAPA Biosystems), 2 ul of cDNA, 1 pM of
forward and reverse primers and 0.5 uM of fluorogenic probe as described previously [23]. The
thermal profiles consisted of initial incubation at 50°C for 2 min and 95 C for 10 min followed
by 40 cycles of denaturation at 95 C for 15 sec and annealing/extension at 60°C for 1 min in
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Mx3000P Q- PCR system (Agilent Technologies). To identify the PC mRNA isoforms ex-
pressed in breast cancer cell lines, quantitative real time PCR was performed in a 20 pl-reaction
mixture containing 10 pl of 2x KAPA SYBR FAST qPCR Master mix universal (KAPA Biosys-
tems), 200 nM each of specific forward primer for detecting each isoform of PC mRNA and re-
verse primers [24], and 2 pl of cDNA. The thermal profiles consisted of initial incubation at
95°C for 10 min followed by 40 cycles of denaturation at 95 C for 30 sec, annealing at 60°C for
30 sec and extension at 72°C for 30 sec in Mx 3000P Q- PCR systems (Agilent Technologies).
Expression of PC mRNA was normalized with that of 18s ribosomal RNA gene, and was
shown as the relative gene expression. Fold change was calculated using the comparative Cr
method (AACt method) [25].

Western blot analysis

MCEF-7, MDA-MB-231 and MDA-MB435 cells grown in T75 cm” flask were trypsinized with
0.05% (v/v) trypsin-EDTA. The detached cells were centrifuged at 3,000 xg for 5 min, cell pellet
was re-suspended in 150 pl of RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM
EDTA, 0.25% sodium deoxycholate, 1% (v/v) NP-40 and 1x protease inhibitor cocktail
(Roche). 70 pg of protein lysate were subjected to discontinuous SDS-PAGE [26] under reduc-
ing conditions. The proteins were transferred to a polyvinylidenedifluoride (PVDF) membrane
by Semi-Dry Transfer Cell (BIO-RAD) for 1.5 h. The membrane was incubated in 15 ml of
blocking solution [5% (w/v) skim milk in 1% (v/v) Tween 20 in PBS-T] at 4°C overnight. For
detecting PC protein, the blot was incubated with1:5,000 dilution of rabbit anti-chicken PC
polyclonal antibody [27] for 2 h. The blot was briefly washed in PBS-T before incubating with
1:5,000 dilution of goat anti-rabbit IgG conjugated with horseradish peroxidase (HRP)
(DAKO) for 1 h. For detection of B-actin, mouse anti-actin monoclonal antibody (sc-8432)
(Santa Cruz) and sheep anti-mouse IgG conjugated with HRP (GE healthcare) were used for
primary and secondary antibodies, respectively. The immunoreactive bands were detected
using an enhanced chemiluminescence substrate (Perkin Elmer). The images were captured
using Chemiluminescence Imaging System (Syngene).

Proliferation assay

Cell proliferation was determined by counting the viable cells for 7 days. At 48 h post-transfec-
tion, the 1 x 10 cells of MDA-MB-231, MDA-MB-435 or MCF-7 overexpressing PC were plat-
ed into 35 mm dishes and grown in the absence or presence of 4 mM glutamine for 1, 2, 3, 4, 5,
6 and 7 days, at 37°C in CO, incubator. At each time point, the cells were trypsinized, stained
with 0.4% trypan blue and counted under a microscope. The results are presented as means +
standard deviations of two independent experiments.

Wound healing assay

1.5x 10 cells of MDA-MB-231, MDA-MB-435 and MCF-7 overexpressing PC were replated
in 24-well plate in DMEM containing no serum overnight before the artificial wound was gen-
erated by scratching the monolayer with a pipette tip. The wound’s closure (width) of the PC
knockdown at 0 and 48 h was measured and shown as the mean + standard deviation of that of
the scrambled control which was arbitrarily set as 100%.

In vitro invasion assay

In vitro invasion assays were performed by plating 1.2 x 10° of MDA-MD-231, MDA,
MDA-MB-435 or MCF-7 cells in 200 pl of serum-free medium containing 4 mM or 0 mM
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glutamine into the upper chamber of Transwell (6.5-mm diameter polyvinylpyrrolidone-free
polycarbonate filter of 8-um pore size) (Corning, NY, USA) which was pre-coated with

20 pg Matrigel (BD Biosciences) while the lower chamber contained medium supplemented
with 10% (v/v) FBS for 4 h (for MDA-MB-231) or with 20% FBS for 24 h (for MCF7 and
MDA-MB-435) at 37 C. The non-invaded cells in the upper compartment were removed and
the chamber was washed twice with 1x PBS. The cells that had invaded through the matrix
were fixed with 4% (v/v) paraformaldehyde in 1x PBS for 20 min and stained with 0.5% crystal
violet in 25% (v/v) methanol overnight, followed by two washes with tap water. Finally, the in-
vaded cells were counted under a microscope and the percentage of invasion was compared
with that of the scrambled control cell which was arbitrarily set as 100%.

Immunohistochemistry (IHC)

Fifty-seven paraffin-embedded breast cancer tissue sections were collected under the protocols
approved by Siriraj Institute Revision Board, Faculty of Medicine Siriraj Hospital, Mahidol
University (COA no. Si 230/2014), and all clinical investigation were conducted according to
the principles expressed in the Declaration of Helsinki. The written informed consent was ob-
tained from each participant who enrolled in the study. Those breast tissues were diagnosed in-
vasive ductal carcinoma. Firstly, the antigen was retrieved by incubation with 10 mM citrate
buffer pH 6 at 95°C for 1 h. The sections were blocked with 2% (w/v) BSA for 20 min before in-
cubating with 1:1,000 dilution of anti-chicken PC antibody [27] at room temperature over-
night. Excess primary antibody was removed by washing with 1x PBS for 10 min before
incubating with specific anti-rabbit EnVision+system-HRP labelled polymer (DAKO) at room
temperature for 30 min. The secondary antibody was washed with 1x PBS for 10 min before
0.05% (w/v) 3,3’-diaminobenzidine (DAB) solution was applied to the sections and incubated
at room temperate for 5 min. The sections were counter-stained with Mayer’s hematoxylin,
dipped in 1% (w/v) lithium carbonate and washed with tap water for 5 min. Finally, the sec-
tions were mounted with Permount and examined under the microscope. PC expression was
semi-quantitatively scored on the basis of percentage of PC-positive cells and the immunos-
taining intensity. Grading for the percentage of PC-positive cancer cells were as follows: 1 for
1-25%; 2 for 26-50%; 3 for 51-75% and 4 for 76-100%. The intensities of PC staining in cancer
tissues were as follows: 0, unstained; 1, slightly; 2, intermediate and 3, strongest staining. The
interpretation of PC expression was performed by the scores of the percent positive cells (1-4)
multiplied by the scores of staining intensity (0-3) to reach the total final immunohistochemis-
try (IHC) score of 0-12. The results were then categorized as follows; low expression, IHC
score < 6; and high expression, IHC score > 6. All samples were anonymous and independent-
ly scored by two investigators of whom one is a pathologist.

Statistical analysis

All values were expressed as mean + standard deviations. The statistical analysis was performed
using Student’s t-test, two way anova and univariate analysis where * P < 0.05, ** P < 0.01 and
*** P value < 0.001.

Results

PC was overexpressed in breast cancer tissues and correlated with
tumor size and late stage of tumor progression

A previous study has reported the overexpression of PC in solid lung tumor tissue [14]. To ex-
amine whether this was the case for breast cancer, we performed immunohistochemistry

PLOS ONE | DOI:10.1371/journal.pone.0129848 June 12,2015 5/20



D)
@ ’ PLOS | ONE Role of Pyruvate Carboxylase in Breast Cancer

ot

Z , L SR e

Fig 1. Inmunohistochemistry staining of PC in paraffin-embedded breast tissue sections of patients with various stages of breast cancer. (A)
Normal adjacent area of breast tissue showing weak staining of PC compared to strong staining in the cancerous area (B) of the same tissue. The
representative samples showing different expression levels of PC in different stages of breast cancer: (C) stage 1, (D) stage 2, (E) stage 3 and (F) stage 4.
Original magnification, 100x.

doi:10.1371/journal.pone.0129848.9001

(IHC) staining using an anti-PC antibody on breast tissue sections collected from 57 patients
who had stages I-IV of breast cancer using anti-PC antibody. In contrast to the non-cancerous
area of the tissue sections, (Fig 1A), PC was highly expressed in the cancerous areas of the
breast tissues (Fig 1B). The expression levels of PC expression also varied in different stages of
cancer (Fig 1C-1F). Expression of PC in stromal fibroblasts and infiltrating immune cells was
rarely observed.

PC expression was detected in breast tissues of most cancer patients (96% of the total stud-
ied cases) except two cases which were stage I. Overall, 72% of breast cancer tissues showed a
low expression level of PC whereas 28% had a high expression level of PC (Table 1). Based on
grouping the patients into early stage without distant metastasis (stages I-III) and late stage
with distant metastasis (stage IV), 67% (4 in 6 cases) of breast cancer with distant metastasis
showed a high expression level of PC. In contrast, only 24% (12 in 51 cases) of patients without
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Table 1. Univariate analysis of expression level of PC in breast tissues and clinicopathological parameters.

Variable (Total cases) PC expression (IHC score) P-value
No of case Low (< 6) High (> 6)

Tumor volume (cm?) (52)
<4 28 24 4 0.033*
>4 24 14 10

Tumor staging (57)
| 18 15 3 0.225
] 22 17 5 0.555
i 11 7 4 0.482
\Y 6 2 4 0.046*

Histological type (56)
Well-differentiated 7 6 1 0.661
Moderately-differentiated 30 20 10 0.365
Poorly-differentiated 19 15 4 0.543

Invasion (57)
Absence 24 18 6 0.769
Presence 33 23 10

ER (57)
High (4) 38 29 9 0.356
Low (0-3+) 19 12 7

PR (57)
High (4) 17 14 3 0.342
Low (0-3+) 40 27 13

HER2 (57)
Negative 37 27 10 1.00
Positive 20 14 6

doi:10.1371/journal.pone.0129848.t001

metastasis had a high level of PC expression. Univariate analysis showed a significant correla-
tion between PC expression level and stage IV (P = 0.046). Interestingly, PC expression showed
a significant correlation with the tumor size (Table 1) (P = 0.033) i.e., PC was poorly expressed
in most tumor cases with small volume (<4 cm?) (86%, 25/29). The other clinicopathological
parameters including histological type, invasion, estrogen receptor (ER), progesterone receptor
(PR) and HER2 expression did not show statistical associations with PC expression.

PC is highly abundant in metastasized breast cell lines, MDA-MB-231
and MDA-MB-435

Because the degree of PC expression showed statistical association with tumor size and stage,
we hypothesized that PC was required to support tumor growth and invasion of breast cancer
cells. We examined the above hypothesis by investigating the expression levels of PC in breast
cancer cell lines with different degrees of motility, namely, MCF-7, SKBR3, MDA-MB-435 and
MDA-MB-231. As shown in Fig 2A, the motilities of MDA-MB-435 and MDA-MB-231 are
10-fold and 75-fold higher than those of MCF-7 and SKBR3 cells, respectively. Consistent with
the motility phenotype, MCF-7 and SKBR3 cell lines possess low expression level of PC mRNA
while MDA-MD-231 and MDA-MB-435 cell lines express PC mRNA 4-fold and 2-fold higher
than MCEF-7 (Fig 2B). The two alternative PC mRNA isoforms, namely variant 1 and variant 2
which differ in their 5’-untranslated regions, are differentially transcribed from two alternative
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Fig 2. Migration ability of various breast cancer cell lines and the expression levels of PC in these cell lines. A, Migration ability of SKBR3, MCF-7,
MDA-MB-435 and MDA-MB-231. B, Q-PCR analysis of PC mRNA expression in the above cell lines. The expression of PC was normalized with the
expression of 18s rRNA gene and shown as the relative gene expression. The relative PC expression in MCF-7 was arbitrarily set as 1. C, Real time PCR
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analysis of PC mRNA variant 1 and 2 expression in the above cell lines. The expression of PC was normalized with the expression of 18s rRNA gene and
shown as the relative gene expression. The expression of the relative PC mRNA variants in MCF-7 was arbitrarily set as 1. D, Western blot analysis of PC
protein in the above cell lines. The blot was also probed with anti-actin antibody to serve as loading control. E, The immunoreactive band intensity of PC in D
was quantitated and normalized with that of the 3-actin and shown as the relative PC expression. The statistical analysis was conducted using student’s t-test
where *P < 0.05, **P < 0.01, ***P < 0.001.

doi:10.1371/journal.pone.0129848.g002

promoters, the distal and the proximal promoters, respectively [24]. To examine which of these
two PC mRNA isoforms was up-regulated in MDA-MB-231 and MDA-MB-435 cells, quanti-
tative real-time PCR using primers specific for variants 1 and 2 was performed. As shown in
Fig 2C, expression of variant 1 was up-regulated in all cell lines however both MDA-MB-231
and MDA-MB-431 possessed expression of variant 1 more than MCF-7 and SKBR3.

Western blot analysis of PC protein of these four cell lines was also consistent with their mo-
tility phenotype and PC mRNA expression i.e. the abundance of PC in MDA-MB-231 and
MDA-MB-435 are 4.5-fold higher than in MCF-7 and SKBR3 (Fig 2D and 2E).

Suppression of PC expression lowers growth, migration and invasion
ability of highly metastasized breast cancer cell lines

We next examined whether overexpression of PC in the MDA-MB-231 cell line was necessary
to support its growth and invasion ability. We suppressed expression of PC in this cell line by
siRNA and assessed the phenotypes of the knockdown cells. As shown in Fig 3A and 3B, sup-
pression of PC expression in MDA-MB-231 resulted in 90% and 80% decreases in PC mRNA
and PC protein levels, respectively. PC knockdown MDA-MB-231 cell line did not affect prolif-
eration in the first day but showed a 50% reduction in growth by day 2 (Fig 4A). Similar de-
grees of reduction were observed until day 7. Real-time PCR analysis also confirmed that the
retarded proliferation rate of this cell line was accompanied by suppression of PC mRNA
throughout day 7 (Fig 4B). Because suppression of PC expression did not completely inhibit
the cell proliferation rate, the ability of the PC knockdown MDA-MB-231 cells to grow in the
complete growth medium may have resulted from the compensation of anaplerosis via gluta-
minolysis. To examine whether this latter pathway contributes to the survival of the PC knock-
down cells, the glutamine-independent PC deficient MDA-MB-231 cell line was generated. In
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Fig 3. siRNA-mediated suppression of PC expression in MDA-MB-231 cell line. Real time PCR analysis of PC mRNA expression in MDA-MB-231 cells
transfected with scrambled control (Control) or PC siRNA. The PC mRNA level was determined by Q-PCR at 48 h post-transfection (A). Western blot
analysis of PC protein in the PC knockdown MDA-MB-231 and the scrambled control (B). The statistical analysis was conducted using student’s t-test

*¥**p <0.001.

doi:10.1371/journal.pone.0129848.9003
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Fig 4. Suppression of PC expression in MDA-MB-231 retarded proliferation both in glutamine-nourished and glutamine-depleted conditions.
MDA-MB-231 cells were transiently transfected with PC or scrambled control siRNAs. At 48 h post transfection cells were trypsinized, re-plated and grown in
the presence of 0 mM or 4 mM glutamine for 7 days. The proliferation rate of the PC knocked down (PC siRNA) and the control MDA-MB-231 cell lines
(Control) grown in the medium containing 4 mM (A) or 0 mM (C) glutamine. The relative expression of PC mRNA in the knocked down MDA-MB-231 cells
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grown in the presence of 4 mM (B) or 0 mM (D) glutamine throughout the assay. The results are means obtained from two independent experiments, each in
triplicate. The statistical analysis was conducted using ANOVA test where *P < 0.05, **P < 0.01, ***P < 0.001.

doi:10.1371/journal.pone.0129848.9004

the absence of glutamine supplementation in the medium, any anaplerotic reaction would rely
exclusively on a PC-catalyzed reaction. We generated the glutamine-independent MDA-MB-
231 cell line (GIn") by gradually depleting glutamine from the culture medium before transfect-
ing this cell line with PCsiRNA so that the phenotype of this cell line became glutamine-inde-
pendent and PC deficient (Gln/PC'-MDA-MB-231). The GIn/PC -MDA-MB-231cells grown
in the glutamine-free medium showed a growth rate similar to the control cell line in the first
two days but showed approximately 30-40% reduction of cell proliferation from day 3 until
day 7 (Fig 4C). Real time PCR analysis also confirmed that the retarded proliferation rate of
this cell line was accompanied by suppression of PC mRNA throughout day 7 (Fig 4D). As the
levels of PC expression were significantly correlated with the stages of cancer progression, we
hypothesized that PC was involved in the aggressive phenotypes of breast cancer cells, particu-
larly migration and invasion. We investigated whether PC was required to support migration
and invasion ability of MDA-MB-231 cells. We first examined the ability of the PC knockdown
MDA-MB-231 cells to migrate across a wound. As shown in Fig 5A and 5B, the PC knockdown
cells exhibited a 40% reduction of migration across the wound compared to the scrambled con-
trol. A similar degree of reduction was observed from the glutamine-independent PC knock-
down cell line (Fig 5C and 5D).

We next examined the ability of the knockdown cells to invade through an extracellular ma-
trix by performing an in vitro invasion assay using transwell coated with Matrigel. As shown in
Fig 6A and 6B, the PC knockdown cells showed a 40% reduction of their invasion ability. How-
ever, the reduced invasion ability was more pronounced (60%) in the glutamine-independent
knockdown MDA-MB-231 cells (Fig 6C and 6D).

We also performed similar experiments in MDA-MB-435 cells which also bear a high level
of PC protein although its migration ability is less than MDA-MB-231. Suppression of PC
mRNA expression by 80% (Fig 7A) resulted in 70% down-regulation of PC protein (Fig 7B and
7C). The PC knockdown MDA-MD-435 cells showed retarded growth rates at day 4 onwards
(Fig 7D). Suppression of PC was also associated with 40% reduction of cell migration (Fig 7E)
and 50% reduction of invasion ability (Fig 7F). Similar results were obtained when the knock-
down cells were grown in the absence of glutamine (data not shown).

Overexpression of PC in MCF-7 cells increases their proliferation and in
vitro invasion

To confirm whether overexpression of PC in breast cancer cells with low metastatic ability
would increase their proliferation rate and invasion ability, we generated stable MCF-7 cell
overexpressing PC. As shown in Fig 8A, the proliferation rate of MCEF-7 cells at day 3 onward
of MCF-7 with overexpressed PC was 2-fold higher than the MCF-7 cell line transfected with
an empty vector. Similar results were observed when the MCF-7 cell line with overexpressed
PC was grown in glutamine-depleted medium (Fig 8B). It is noted that the level of endogenous
PC was slightly increased in the MCF-7 cell line harboring empty vector when these cells were
grown in the absence of glutamine, suggesting a compensatory increase of PC expression in re-
sponse to the deprivation of glutamine. MCF-7 cells with overexpressed PC also showed 2-fold
and 2.5-fold increases in the migration and invasion ability, respectively. Similar results were
obtained when the cells were assayed under glutamine-depleted medium (Fig 8C and 8D).
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Fig 5. Suppression of PC expression in MDA-MB-231 cells reduced migration. Representative images of wound-healing assays. MDA-MB-231 cells
were transiently transfected with PC or scrambled control siRNAs. At 48 h post transfection, wound-healing assays were performed as described in the
materials and methods. (A, C) Representative images of the PC knockdown (PC siRNA) or scrambled control cells (Control) migrated across the wound
areas in the presence of 4 mM (A) or absence of glutamine (C). The wound’s closure (width) of the PC knockdown was measured and shown as the means +
standard deviation of that of the scrambled control which was arbitrarily set as 100% (B, D). The results were obtained from two independent experiments,
each in triplicate. The statistical analysis was conducted using student’s t-test where *P < 0.05.

doi:10.1371/journal.pone.0129848.g005

Discussion

Anaplerotic reactions are important to replenish the levels of TCA cycle intermediates upon
their removal for biosynthetic purposes [9,28]. Anaplerosis via glutaminolysis is well known to
be important in many tumors as they rely on this reaction to provide precursors needed for the
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Fig 6. Suppression of PC expression in MDA-MB-231 lowers invasion ability. MDA-MB-231 cells were transiently transfected with PC or scrambled
control siRNAs. At 48 h post transfection, an in vitro invasion assay was performed for 4 h in the presence of 4 mM (A) or 0 mM (C) glutamine. The number of
PC siRNA-transfected cells that invaded the transwell coated with Matrigel was counted in 5 different fields and shown as means + standard deviation in
comparison with that of the scrambled control which was arbitrarily set as 100% (B, D). The results were obtained from three independent experiments, each
done in duplicate. The statistical analysis was conducted using student’s t-test where ** P < 0.01.

doi:10.1371/journal.pone.0129848.9006

syntheses of structural components, i.e. membrane lipids and nucleic acids. Disruption of glu-
tamine supply to many tumors is proposed to be one means of inhibiting their growth [29].
Anaplerosis via PC has received much attention in the past few years. Fan et al. [14] have re-
ported a high rate of pyruvate carboxylation flux as a result of overexpression of PC protein in
non-small cell lung cancer, suggesting that this cancer is highly anabolic. Overexpression of PC
in this type of cancer indicates its need to fulfill the high anabolic demands during the estab-
lishment of the primary location [14]. Cheng et al [19] have also found that PC is overex-
pressed in glioblastomas in which PC is required to support tumor growth. Subsequent studies
revealed that the presence of PC activity in glioblastomas is consistent with its anaplerotic role
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Fig 7. Suppression of PC expression in MDA-MB-435 cells reduces their proliferation, migration and invasion. PC mRNA expression in the
knockdown MDA-MB-435 was quantitated by Q-PCR (A). Western blot analysis of MDA-MB-435 cells transfected with PC siRNA (PC siRNA) or scrambled
control (Control) (B). The band intensity of PC in B was quantitated and normalized with $-actin band and expressed as relative PC expression (C).
Proliferation assay (D), migration assay (E) and invasion assay (F) of the PC knockdown MDA-MB-435 cells. The statistical analyses in B, C, E and F were
conducted using student’s t-test while in D was conducted using ANOVA test. *P < 0.05, **P <0.01, ***P < 0.001.

doi:10.1371/journal.pone.0129848.9g007
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doi:10.1371/journal.pone.0129848.9008

[30]. Furthermore, pyruvate carboxylation is also shown to be an important anaplerotic reac-
tion that contributes to the citrate pool during reductive carboxylation in osteosarcoma and
renal carcinoma cell lines [31].
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Here we show that PC is also highly expressed in breast cancer tissue but not in the normal
breast tissue. The statistical association between the levels of PC expression and the tumor size
and stage prompted us to investigate the role of this enzyme in supporting growth and inva-
sion. That expression of PC was highly abundant in two aggressive breast cancer cell lines, i.e.
MDA-MB-231 and MDA-MB-435 but low in less aggressive cell lines, i.e. MCF-7 and SKBR3
hints at the involvement of this enzyme in the aggressive phenotype of these two metastatic cell
lines. Suppression of PC expression in both MDA-MB-231 and MDA-MB-435 cells retarded
cell proliferation rate, suggesting that these cell lines modestly depend on anaplerosis via the
PC reaction. The necessity for PC in supporting growth of MDA-MB-231 cells appears to be
different from the SF-XL glioblastoma cell line which utilizes glutaminolysis rather than pyru-
vate carboxylation as the primary anaplerotic reaction [32] because suppression of PC expres-
sion does not affect its growth under glutamine-dependent conditions [15]. However, under
glutamine-depleted growth conditions, the PC-knockdown SF-XL glioblastoma cell line shows
marked reduction (>80%) of proliferation [15], indicating that the glioblastoma cell line uses
pyruvate carboxylation as an alternative route to support its growth during glutamine-depleted
conditions. However this is not the case for MDA-MB-231 and MDA-MB-435 cells because
suppression of PC expression still allows them to grow, albeit at the 50% reduced proliferation
rate observed under glutamine-dependent growth conditions. A similar but not identical phe-
notype of the PC-knockdown MDA-MB-231 and MDA-MB-435 cells was observed under glu-
tamine-independent growth conditions. An involvement of PC in the growth phenotype of
MDA-MB-231 cells is also consistent with the association between the levels of PC expression
and sizes of breast tumor in clinical samples. Low expression levels of PC in breast tumors with
a smaller size of tumor (< 4 cm®) may limit their growth compared with the larger size of tu-
mors which contain higher levels of PC expression (P < 0.05) [Table 1]. The above observa-
tions were also confirmed by overexpression of PC in MCF-7, which is a low metastatic cell
line. MCF-7 cells overexpressing PC show enhanced growth rate, motility and invasion. The
enhanced growth phenotype of MCF-7 with overexpressed PC was consistent with previous re-
ports which show that ectopic expression of PC in many mammalian cell lines enhances cell
growth and biomass production [33,34,35].

Although several studies have pointed to the importance of PC in providing oxaloacetate
which is the first TCA cycle intermediate, that in turn is converted to other precursor mole-
cules such as citrate required for lipid and nucleic acid synthesis for rapid tumor growth, not
much is known as to whether PC is required to support migration and invasion ability of some
tumors [14, 15, 19]. Our present study is the first report to show a strong association between
the levels of PC expression in breast tissues of patients and stages of cancer progression
(P < 0.05), which suggests PC is involved in metastasis. This was also studied in MDA-MB-
231 and MDA-MB-435 cells. Suppression of expression of PC markedly reduced both migra-
tion and invasion ability through an extracellular matrix under both glutamine-nourished and
glutamine-depleted conditions, suggesting that PC is required to support these aggressive phe-
notypes of MDA-MB-231 cells. The negative staining of PC expression by immunohistochem-
istry in the normal area of breast tissue is consistent with the low level of expression of PC in
the MCE-7 cell line. The transcriptional mechanism underlying overexpression of PC in
MDA-MB-231 over MCF-7 is due to the selective activation of the distal rather than the proxi-
mal promoter of the human PC gene (Fig 2C). The specific transcription of the distal rather
than the proximal promoter of the human PC gene may be attributed to the presence of differ-
ent putative transcription factor binding sites of both promoters [24] during the transition of a
low to a high metastatic phenotype. Interestingly, Lee ef al. (2012) have shown that the MCF-7
cells stimulated with Wnt 1 or Wnt3a ligands, or ectopically expressed with Snalil, a target tran-
scription factor of Wnt signaling, show a marked increase in PC expression. Because the Wnt
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signaling pathway also induces Snail-dependent epithelial-mesenchymal transition (EMT),
which is responsible for invasion and metastasis in many tumors [36,37], the authors suggest
that anaplerosis via up-regulation of PC expression is one of several metabolic responses of
breast tumor during EMT [38]. Although this study underscores that the Wnt signaling path-
way is important for transcriptional induction of the PC gene, the authors cannot detect direct
binding of Snail, an effector transcription factor in response to Wnt signaling to the distal pro-
moter of human PC gene [38].

Although the involvement of PC with migration and in vitro invasion of MDA-MB-231
cells per se is yet to be elucidated, it is apparent that migration of the tumors from the primary
location to the distal organs during metastasis requires multiple biological steps such as intra-
vasation into the circulation, followed by migration, extravasation to a second site for adhesion,
tumorigenesis and angiogenesis [39], all of which require substantial amounts of ATP to pro-
vide a source of energy [40]. This is consistent with the findings that metastasized tumors in-
cluding breast and osteosarcoma show up-regulation of energy generating pathways including
TCA cycle activity and nucleotide metabolism [40,41,42]. As PC provides oxaloacetate, the
first intermediate in the TCA cycle, disruption of oxaloacetate supply by suppressing PC ex-
pression may disrupt the continual supply of this intermediate required for oxidation of pyru-
vate hence lowering ATP production required to support cell movement. Although many
tumors are highly glycolytic, growing evidence have shown that highly metastasized tumors
also utilize mitochondria to oxidize glucose. In ovarian cancer and possibly breast cancer
[43,44], the metastasized tumor invades the adjacent adipose tissue to hijack lipids to use as an
alternative fuel apart from glucose to support tumor growth and invasion. Since -oxidation of
fatty acids produces large amounts of acetyl-CoA which is subsequently oxidized via the con-
densation with oxaloacetate in the TCA cycle, a high abundance of PC would ensure that oxa-
loacetate is not limited during B-oxidation of the hijacked lipids. The presence of PC may be
involved in gluconeogenesis. Leithner et al [45] have recently shown that lung cancer utilizes
gluconeogenesis to recycle lactate back to glucose as an adaptive metabolic response to glucose
depletion. This was born out by the observation of overexpression of mitochondrial phospho-
enolpyruvate carboxykinase (PEPCK-M), one of four gluconeogenic enzymes concomitant
with the increased flux of lactate to phosphoenolpyruvate. However, the level of PC expression
varied in the three lung cancers examined in this study and was not up-regulated by low
glucose concentrations.

Other possible roles of PC in supporting breast cancer growth and metastasis may be linked
to the metabolic coupling factor, NADPH. In pancreatic B-cells, PC is highly abundant to sup-
port the high activity of pyruvate cycling which provides a large amount of NADPH, required
for glucose-induced insulin secretion [46]. In tumors, it is possible that the similar pyruvate/
malate shuttle [47,48,49] may operate in the similar manner as in the pancreatic islet. Several
lines of evidence have suggested that NADPH may be a key molecule which links between reac-
tive oxygen species (ROS) formation and the EMT via the overexpression of NADPH oxidase,
notably the NOX4 isoform which is overexpressed in many tumors [50,51]. NOX4 is known to
mediate the production of ROS which triggers cellular senescence, resistance to apoptosis and
tumorigenic transformation [52].

The lack of statistical association between expression of PC and ER as well as PR and HER2
in cancer breast tissues indicates that PC is not regulated by these hormones or growth factor.
This is also consistent with the phenotypes of MCF-7 and MDA-MB-231 cells which are ER™
and ER’, respectively [53].

In summary we have shown that PC is expressed in breast cancer at a higher level than in
the normal breast tissue, and exhibits a statistical association with tumor size and the progres-
sion of metastasis. Using the highly metastatic breast cancer cell lines, MDA-MB-231 and
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MDA-MB-435 as models, we showed that suppression of PC expression markedly reduces the
proliferation, migration and in vitro invasion ability of cells, highlighting the possible roles of
PC in supporting these processes during oncogenesis and progression of breast cancer.
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Altered cellular metabolism is a fundamental adaptation of cancer during rapid proliferation as a result of growth
factor overstimulation. We review different pathways involving metabolic alterations in cancers including aero-
bic glycolysis, pentose phosphate pathway, de novo fatty acid synthesis, and serine and glycine metabolism. Al-
though oncoproteins, c-MYC, HIF1a and p53 are the major drivers of this metabolic reprogramming, post-
transcriptional regulation by microRNAs (miR) also plays an important role in finely adjusting the requirement
of the key metabolic enzymes underlying this metabolic reprogramming. We also combine the literature data

gﬁ:/:rrd& on the miRNAs that potentially regulate 40 metabolic enzymes responsible for metabolic reprogramming in can-
Metabolism cers, with additional miRs from computational prediction. Our analyses show that: (1) a metabolic enzyme is fre-
MicroRNA quently regulated by multiple miRs, (2) confidence scores from prediction algorithms might be useful to help
Oncogene narrow down functional miR-mRNA interaction, which might be worth further experimental validation. By com-

Transcriptional regulation network bining known and predicted interactions of oncogenic transcription factors (TFs) (c-MYC, HIF1« and p53), sterol

regulatory element binding protein 1 (SREBP1), 40 metabolic enzymes, and regulatory miRs we have established
one of the first reference maps for miRs and oncogenic TFs that regulate metabolic reprogramming in cancers.
The combined network shows that glycolytic enzymes are linked to miRs via p53, c-MYC, HIF1«, whereas the
genes in serine, glycine and one carbon metabolism are regulated via the c-MYC, as well as other regulatory or-

ganization that cannot be observed by investigating individual miRs, TFs, and target genes.
© 2016 Pinweha et al. Published by Elsevier B.V. on behalf of the Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Overall metabolic reprograming in cancers

In response to overstimulation of growth factor signaling, cancer
cells reprogram their metabolism in order to accommodate a high
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demand for macromolecules during rapid proliferation [1-4]. The hall-
mark of the above metabolic reprograming is the shift from oxidative
phosphorylation to aerobic glycolysis, known as the “Warburg effect”
[5]. This phenomenon provides some advantages to the tumors because
aerobic glycolysis allows them to survive under hypoxic conditions,
while an acidic environment selects a highly aggressive population of
cancers to survive and metastasize to distal tissues or organs [3,6].
Cancers are also highly anabolic because they require lipids, protein
and nucleic acids as constituents of the structural components of the
newly divided cells [2]. This highly anabolic phenotype is partly attrib-
uted to the Warburg effect because inhibition of pyruvate entering into
the mitochondria results in the redirection of glycolytic intermediates
to the pentose phosphate pathway (PPP), which provides biosynthetic
precursors for nucleotides and lipids [4]. Furthermore, mitochondrial
metabolism of cancers is also reprogrammed toward cataplerosis
where substantial amounts of tricarboxylic acid (TCA) cycle intermedi-
ates are used as the biosynthetic precursors of lipids and amino acids
[2]. Therefore, it is not surprising to see up-regulate expression of key
enzymes that catalyze the above biosynthetic pathways in several
types of cancers. Fig. 1 shows the overall metabolic reprogramming
pathways in cancers together with the key regulatory enzymes.
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Fig. 1. Metabolic pathways in cancers. Glucose and glutamine are two major carbon sources that are metabolized through these biochemical pathways.

Here we review the altered metabolic pathways and the relevant en-
zymes in cancers inferred from experimental and computational based
data[7-9]. We also review the oncogenic transcription factors (TFs) and
miRNAs that regulate those metabolic pathways. In addition, using
known and predicted miRNA-target gene interaction, we establish and
analyze the network of oncogenic miRNA-metabolic target gene net-
works that interplay and regulate metabolic reprograming in cancers.

1.1. miRNASs regulate metabolic pathways

Post-transcriptional regulation by microRNAs (miRNAs) has long
been known as a mechanism to silence gene expression. miRNAs are
short double stranded RNAs, comprising 15-25 nucleotides. They are
first transcribed in the nucleus as the primary miRNAs, consisting of
multiple stem loop structures, which are then subsequently digested
to precursor miRNAs (pre-miRNAs) by Drosha, an RNase III family en-
zyme [10]. Pre-miRNAs are then transported to the cytoplasm where
the hairpin structure is further removed by a dicer enzyme, yielding ap-
proximately 21 base pairs miRNA duplex. The miRNA duplex is subse-
quently incorporated in the Argonaute protein which digests one
strand of the duplex miRNA, generating a single stranded miRNA. This
single stranded miRNA is further brought to their target mRNAs by an
RNA-induced silencing (RISC) complex. Binding of single stranded
miRNAs to their targets is mediated by hybridization of 7-8 nucleotides
of the miRNAs (known as seed match) to their complementary nucleo-
tides in the 3’-untranslated regions of their targets. Such hybridization
results in translational inhibition or degradation of target mRNAs, thus
providing a means to inhibit gene expression. Furthermore, one
miRNA can bind to more than one species of mRNA targets due to a
non-stringent hybridization of the seed match region, allowing simulta-
neous down-regulation of multiple target mRNAs. In the same way,
multiple species of miRNAs can bind to the same mRNA targets and en-
hance translational inhibition [11]. It is estimated that 45,000 miRNA

target sites are found in the human genome, and these miRNAs control
expression of up to 60% of human genes [12].

miRNAs are implicated in the regulation of various biological pro-
cesses. Biochemically, miRNAs also regulate cellular metabolism either
directly by targeting key enzymes of metabolic pathways or indirectly
by modulating the expression of important transcription factors. Multi-
ple studies have revealed that the altered metabolic pathways in can-
cers are tightly regulated by miRNAs [13]. In the first half of the
review, we describe the metabolic pathways and key enzymes that
are altered in various cancers and regulated by miRNAs. This will be
followed by the second half on the regulatory networks between meta-
bolic enzymes, regulatory miRNAs and oncogenic transcription factors.

1.2. Glycolytic and pentose phosphate pathways

The Warburg effect is a primary event of metabolic reprogramming
during tumorigenesis. This effect includes induced expression of en-
zymes such as GLUT1, hexokinase 2 (HK2), phosphofructokinase 2
(PFK2) and pyruvate dehydrogenase kinase 1 (PDK1) [3]. Up-
regulation of the expression of the first three targets results in a rapid
uptake of glucose and increased glycolytic rate, while increased expres-
sion of PDK1 inactivates pyruvate dehydrogenase, restricting the con-
version of pyruvate to acetyl-CoA in the mitochondria and thus
uncoupling glycolysis from subsequent mitochondrial oxidation. In-
creased expression of lactate dehydrogenase and monocarboxylic acid
transporter 4 (MCT4) further sequesters pyruvate toward lactate pro-
duction, lowering the pH of the extracellular environment [14]. The
muscle-specific pyruvate kinase M (PKM) isoform has also been impli-
cated in metabolic reprogramming in certain cancers [15]. PKM exists
in two isoforms, PKM1 and PKM2 that have arisen from alternative
splicing of exons 9 and 10 [16]. The activities of these two enzymes
are determined by their conformers. PKM1 has a tendency to form tet-
ramers that possess high enzymatic activity while PKM2 shows relative-
ly low activity due to its main conformer being dimers. PKM1 is the
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most abundant isoform in skeletal muscle while PKM2 is highly
expressed during embryonic development. In many cancers, PKM2 is
selectively expressed, resulting in the accumulation of phosphoenolpyr-
uvate, and thus redirecting the flow of glycolytic intermediates toward
the pentose phosphate pathway (PPP) [15]. This mechanism provides
a great benefit for cancers because PPP provides the ribose-5-
phosphate and NADPH required for the synthesis of nucleotides and
fatty acids. PKM2 also plays a non-metabolic role in which it can act as
a co-activator of TFs including HIF1q, STAT3, Oct4 and B-catinin
which regulate expression of certain oncogenes [16,17]. Therefore
PKM2 switching can reprogram metabolic pathways and alter the pro-
gram of gene expression in cancers.

In response to PKM2 activation or by other mechanisms, PPP activity
has been reported to be elevated in many cancers [18]. Therefore it
is not surprising to see up-regulation of key enzymes in this
pathway including glucose-6-phosphate dehydrogenase (G6PD),
6-phosphogluconate dehydrogenase (6-PGD) and transketolase-
like enzyme [19-21]. NADPH produced by PPP is also crucial for
maintaining the proper glutathione-redox loop that cancers use to
counter the reactive oxygen species formed especially during
epithelial-mesenchymal-transition (EMT) or anoikis resistance
[22,23]. Inhibition of PPP via the use of specific enzyme inhibitors
or siRNAs targeted to their corresponding enzymes retards growth
and biosynthesis of lipid and nucleotides in many types of cancers
[21,24,25].

1.3. Mitochondrial metabolism

The tricarboxylic acid cycle (TCA cycle) provides both catabolic and
anabolic functions for living cells. In normal cells, the TCA cycle func-
tions as a central oxidation hub where acetyl-CoA derived from oxida-
tions of glucose, amino acids and fatty acids enters for complete
oxidation. However in dividing cells or cancers, the TCA cycle is used
as an anabolic hub because its intermediates are used as biosynthetic
precursors of amino acids, nucleotides and lipids, in a process known
as “cataplerosis” [26]. Mutations of certain TCA cycle enzymes such as
isocitrate dehydrogenase (IDH), succinate dehydrogenase (SDH) and
fumarate hydratase (FH) can contribute to tumorigenesis [27,28]. In
certain cancers especially glioma, mutations of the cytosolic (IDH1) or
mitochondrial (IDH2) enzymes create a novel function in which they
can further convert a-ketoglutarate to 2-hydroxyglutarate (2-HG)
[29]. 2-HG is an oncometabolite because it acts as an inhibitor of
a-ketoglutarate-dependent dioxygenase involved in DNA and histone
demethylation. Inhibition of such a process can lead to tumorigenesis
[2,29]. Similarly, mutations of the genes encoding succinate dehydroge-
nase (SDH) and fumarate hydratase (FH) result in the accumulation of
succinate or fumarate, respectively. These two metabolites are inhibi-
tors of prolyl hydroxylase (PHD), which hydroxylates hypoxia-
inducible factor 1o (HIF1av), resulting in its degradation by proteolysis.
Therefore elevated levels of both metabolites stabilize HIF1a, activating
glycolysis in cancers [27].

Cancers also require the replenishment of TCA cycle intermediates
after their removal for biosynthetic purposes. In order to prevent a dis-
continuity in the supply of biosynthetic precursors, there is a biochem-
ical pathway known as “anaplerosis” which is composed of two main
reactions, glutaminolysis [30] and pyruvate carboxylation [31].
Glutaminolysis is the conversion of glutamine to glutamate by gluta-
minase (GLS) before glutamate is further converted to a-ketoglutarate
in the TCA cycle by glutamate dehydrogenase. The second anaplerotic
reaction is the carboxylation of pyruvate to oxaloacetate by pyruvate
carboxylase (PC). Different cancers use these two different anaplerotic
reactions to certain extents, to support biosynthesis by up-regulation
of either or both enzymes during tumorigenesis [32-35]. Inhibition of
these two enzymes results in impaired growth of cancers accompanied
with marked reduction in biosynthesis of lipids, nucleotides and amino
acids [33-36]. Recent studies show that a gluconeogenic enzyme,

phosphoenolpyruvate carboxykinase (PEPCK) also plays an important
role in supporting biosynthesis of tumors [37-39]. PEPCK catalyzes a
further conversion of oxaloacetate to phosphoenolpyruvate (PEP).
This enzyme occurs in two isoforms: the cytosolic (PEPCK1 or PEPCK-
C) and the mitochondrial (PEPCK2 or PEPCK-M) isoforms. Colon cancer,
for instance, uses PEPCK1 [39] while non-small cell lung cancer uses
PEPCK2 [37,38] to supply PEP to support their growth, respectively.
However, PEP formed by both enzymes is not only converted to glucose
but also used locally as a biosynthetic precursor of serine and glycine.
Furthermore, elevated levels of PEP also drive the flow of the upstream
glycolytic intermediate glucose-6-phosphate to enter the PPP for the
synthesis of ribose sugar required for nucleotide synthesis [37,39]. In-
terestingly, this function becomes more obvious when the nutrient
that supports the growth of a tumor is shifted from glucose to glutamine
[37,39]. This adaptive mechanism enables cancers to grow and survive
under glucose-limited conditions.

1.4. Amino acid synthesis

Amino acids serve as not only the building blocks of polypeptides,
but also the precursors of nucleotides. As cancers require large amounts
of proteins and nucleic acids, it is not surprising that up-regulation of
key enzymes involved in biosynthesis of certain amino acids were ob-
served in cancer cells. Serine and glycine are essential for synthesis of
nucleotides as deprivations of these two amino acids endogenously or
exogenously, retard growth of many cancers [40]. De novo synthesis of
these two amino acids is started from 3-phosphoglycerate (3-PG), an
intermediate in the glycolytic pathway. 3-PG is then converted to
serine via a three-step reaction, in which 3-PG is first converted to 3-
phosphohydroxypyruvate by phosphoglycerate dehydrogenase
(PHGDH). 3-phosphohydroxypyruvate is further converted to serine
by another two reactions catalyzed by phosphoserine aminotransferase
(PSAT) and phosphoserine phosphatase (PSPH) [40]. As only 10% of 3-
PG in the glycolytic pool enters serine and glycine biosynthesis, this
seems paradoxical with such a high demand for both amino acids dur-
ing the rapid proliferation of cancers. However, many cancers cope
with this limitation via an aberrant activation of the serine biosynthetic
pathway by increasing the copy number of the PHGDH gene or up-
regulating its mRNA expression, resulting in much a higher rate of ser-
ine synthesis [41,42]. Serine is further converted to glycine by the serine
hydroxymethyl transferase (SHMT), a folate-dependent pathway [40].
SHMT is comprised of two isoforms, SHMT1 which is expressed in the
cytoplasm whereas SHMT2 is expressed in mitochondria. It remains
unclear about the functional redundancy of these two isoforms as
inhibiting activity of either isoform or suppressing their expression re-
tards growth in different cancer models [43-45]. Nevertheless, both
SHMT1 and SHMT2 are associated with the folate cycle, which is in-
volved in one-carbon metabolism including synthesis of methionine
and nucleotides, and in histone methylation. Thus, disruption of both
SHMT isoforms can potentially perturb these metabolic processes [40].

1.5. Lipid biosynthesis

Fatty acids especially in phospholipids are important components of
the plasma membrane. In cancers, fatty acids are mainly synthesized
through the de novo pathway either from glucose or glutamine via gly-
colysis or glutaminolysis, respectively. However, the latter pathway
plays a more significant role in this process [46]. As mentioned earlier,
glutamine enters the TCA cycle via glutamate before being converted
to a-ketoglutarate by glutamate dehydrogenase. This glutaminolytic
flux increases TCA cycle intermediate pools, enabling citrate to leave
the mitochondria to enter the cytosol where it is decarboxylated to ox-
aloacetate and acetyl-CoA by the ATP-citrate lyase (ACL). It has been re-
ported that ACL expression and activity are elevated in many cancers.
Thus, inhibition of its activity impairs lipid synthesis and is accompanied
by reduced cell growth and survival [47,48]. The cytosolic acetyl-CoA
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then serves as a precursor for long chain acyl-CoA synthesis, which is
highly regulated by two enzymes, acetyl-CoA carboxylase 1 (ACC1)
and fatty acid synthase (FAS). ACC1 catalyzes the carboxylation of
acetyl-CoA to form malonyl-CoA, a building block that donates two car-
bon units for fatty acid synthesis. ACC1 activity can be modulated by a
reversible phosphorylation. Among other kinases, the AMP-activated
protein kinase (AMP) can phosphorylate ACC1, transforming it into an
inactive form while protein phosphatase 1 dephosphorylates ACC1
back to an active form [49]. The phosphorylated ACC1 is subjected to a
second mode of regulation through interaction with a DNA repair pro-
tein, BRCA1 which is highly expressed in breast tissue [49]. This interac-
tion sequesters phosphorylated ACC1 from being dephosphorylated
thereby blocking fatty acid synthesis [50,51]. A high incidence of the on-
cogene BRCA1 mutations is associated with breast cancer because these
mutations not only result in the loss of BRCA1 function as a DNA repair
protein but also perturbs its interaction with phosphorylated ACC1,
freeing it to be dephosphorylated and subsequently stimulate lipogene-
sis in breast tissue [51,52]. ACC1 is one of the anti-cancer drug targets
because inhibiting its expression or activity induces apoptosis in many
cancers [53-55]. FAS has also been reported to be aberrantly activated
in many cancers [56-58]. Like ACC1, inhibition of FAS expression or
activity markedly reduces cancer growth [52,59,60].

1.6. Metabolic pathway crosstalk contributing to tumorigenesis

Although the crosstalk of signaling pathway is well implicated in tu-
morigenesis [61], only a few examples of metabolic pathway crosstalk
are reported in certain cancers. As mentioned earlier, accumulation of
succinate in cancers bearing mutations of succinate dehydrogenase
gene not only results in the inactivation of HIF1q, contributing to War-
burg effect but this also promotes tumorigenesis by attenuating the pro-
duction of glutathione, an important redox protein which functions in
detoxifying reactive oxygen species (ROS). Several cancers overproduce
ROS in order to enhance PI3K, MAPK and NF-kB signaling pathways that
support cellular proliferation [1]. Elevated levels of fumarate are found
to react with glutathione to form succinated glutathione thereby reduc-
ing the NADP/NADPH-couple regeneration system required to elimi-
nate ROS [62]. Similar reduction of glutathione levels was also
observed in glioma bearing IDH1 or IDH2 mutation which accumulates
2-HG, suggesting that this oncometabolite may support ROS formation
through attenuating the anti-oxidant system [63]. Warburg effect may
also enhance tumorigenesis via conversion of fructose-6-phosphate
into hexosamine biosynthetic pathway, yielding O-linked N-
acetylglucosamine that can enhance mitogenic signaling pathway [64].

1.7. Coordinate regulation of metabolic reprogramming in cancers by
oncogenic transcription factors

Having outlined different pathways and mechanisms of metabolic
reprogramming in cancers, an important question remains: what con-
trols this metabolic reprogramming in cancers? Three major TFs, name-
ly c-MYC, hypoxia inducible factor 1o (HIF1at) and p53 are responsible
for simultaneous up-regulation of the above key metabolic enzymes
[65]. Aberrant expression of c-MYC is observed in more than 50% of can-
cers and it is one of the most amplified oncogenes. The c-MYC regulates
various biological processes including proliferation, apoptosis and met-
abolic reprogramming [66]. Elevated c-MYC levels in turn bind to its tar-
get gene promoters, which contain a canonical E-box (CANNTG)
element, resulting in increased mRNA transcripts. In normal situations,
c-MYC expression is tightly regulated i.e., its expression is high during
cell division but rapidly declines during cell cycle arrest [67]. In situa-
tions of metabolic alterations, c-MYC targets expression of genes
encoding GLUT1, HK2, PDK1 and GLS1 [65,66,68].

The hypoxia-inducible factor (HIF1at), another key oncogenic TF, is
functionally coordinated with c-MYC in controlling metabolic
reprogramming in cancers [69]. HIF1« exists into two forms: the non-

hydroxylated and the hydroxylated forms. In the presence of oxygen,
HIF1ae undergoes hydroxylation by prolyl hydroxylase, making it
prone to proteolysis. However, when oxygen concentration is low,
HIF1a escapes hydroxylation, allowing it to enter to the nucleus
where it is hetero-dimerized with HIF1@3 and binds to the hypoxia-
responsive element (HRE) in the promoters of genes whose products
are involved in angiogenesis and metabolism [3]. HIF1a's metabolic tar-
gets appear to overlap with those of c-MYC, including GLUT1, GLUT3,
HK1, HK2, aldolase A, phosphoglycerate kinase (PGK), lactate dehydro-
genase (LDH), monocarboxylic acid transporter 4 (MCT4), PDK1 and
PKM2 [65,70].

Unlike c-MYC and HIF1q, p53 functions as a tumor suppressor pro-
tein. Expression of p53 is highly regulated as its expression is essentially
low in unstressed cells whereas it becomes highly expressed under
stress conditions such as oxidative damage, nutrient limitations and
DNA damage [67]. De-regulation of p53 expression caused by mutations
is associated with more than half of all cancers [71]. As a transcription
factor, p53 binds to the promoter of other tumor suppressor genes
such as those involved in cell cycle arrest, DNA repair, apoptosis and
metabolism. In addition, p53 can regulate turnover of many proteins in-
dependently of transcription [67]. In regard to its regulatory roles on
metabolism, p53 inhibits expression of GLUT1, GLUT3, GLUT4, phospho-
glycerate mutase 1 (PGM 1), and thus blocking excessive entry of glu-
cose through glycolytic flux [67,72]. p53 inhibits expression of MCT1
and PDK2 while activates expression of PDH1a subunit of PDH complex
thereby coupling glycolysis with oxidative phosphorylation [73]. The
p53 also down-regulates biosynthesis by decreasing the activity and
abundance of glucose-6-phosphate dehydrogenase (G6PD) [74] and de-
creasing expression of malic enzymes ME1 and ME2 [67,73]. As these
three enzymes provide NADPH for biosynthesis, reducing their expres-
sion or activities would favor oxidative rather than biosynthetic path-
ways. In addition to controlling pathways that provide NADPH, p53
can also regulate de novo fatty acid synthesis via down-regulating the
expression of the sterol regulatory protein 1c (SREBP1c), which is a
key transcriptional factor controlling expression of ACL and FAS genes
[73]. Therefore, loss-of-function mutations of p53 in cancers literally
shift their metabolic phenotype from an oxidative fate to aerobic glycol-
ysis and anabolism. The p53 protein also targets degradation of PEPCK
and G6Pase in non-small cell lung cancer [75,76].

1.8. Expanding the repertoire of miRNA target of the alterative expressed
metabolic genes in cancer using computational prediction

It has now become clear that many cellular genes including those
encoding metabolic enzymes are regulated by miRNAs [13]. Several
studies have identified regulatory miRNAs of the key enzymes responsi-
ble for metabolic reprogramming while some miRNAs regulate the ex-
pression of oncogenic TFs (e.g. c-MYC, HIF1a and p53), which in turn
regulate expression of those metabolic enzymes. Despite an increasing
number of studies on regulation of metabolic genes through miRNAs
in cancers, it is clear that the list of studies on miRNA-regulated meta-
bolic enzymes in cancers is nowhere close to the completion. Further-
more, it is still not known whether some key metabolic enzymes e.g.
HK1, Aldolase, MCT4, SHMT2, ACC1, can be regulated by certain
miRNAs. Thus, here we sought to explore the repertoire of miRNAs
that target expression of key enzymes involved in metabolic
reprogramming in cancers by combining known interactions from liter-
ature (Table 1) and computational prediction (Supplementary Tables S1
and S2). One of the most important challenges of computational predic-
tion of miRNA is the specificity of the prediction algorithms, which are
known to give a large number of false positives. To this end, we exam-
ined whether the prediction miRNAs are consistent with the functional
validation shown in Table 1, and the predicted miRNA-mRNA interac-
tions that would potentially be worth following up experimentally.

The most frequently used algorithms and webtools currently avail-
able for miRNA prediction include miRanda-mirSVR [77,78], DIANA-
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Table 1
A list of 40 metabolic enzymes that are involved in metabolic reprogramming in cancers.
Enzyme Full name Gene miRNA References
Aerobic glycolysis, Warburg effect
GLUT1 Glucose transporter 1 NM_006516 miR-1291 [123] [124-126]
GLUT2 Glucose transporter 2 NM_000340 N/A [124]
GLUT3 Glucose transporter 3 NM_006931 miR-195-5p [127], [124,129,125,126]
miR-106-5p [90,128]
GLUT4 Glucose transporter 4 NM_001042 N/A [124,130,125]
HK1 Hexokinasel NM_000188 N/A [3]
HK2 Hexokinase2 NM_000189 miR-143 [131] [132] [133,3]
Aldolase A Aldolase A NM_000034 N/A [134]
PGAM1 Phosphoglycerate mutase 1 NM_002629 N/A [135]
PKM2 Pyruvate kinase 2 NM_002654 miR-122, miR-133a, [139,140]
miR-133b,miR-326
[136-138]
LDHA Lactate dehydrogenase A NM_005566 miR-21 [141] [142,143]
MCT1 Monocarboxylate transporter 1 NM_003051 miR-124 [144] [145]
MCT4 Monocarboxylate transporter 4 NM_004696 N/A [145,146]
Pentose phosphate pathway
G6PD Glucose-6-phosphate dehydrogenase NM_000402 miR-206, miR-1 [120] [20]
TKTL1 Transketolase-like1 NM_012253 miR-206, miR-1 [120] [19]
Gluconeogenesis
PCK1 Phosphoenolpyruvate carboxykinase 1 NM_002591 N/A [39]
PCK2 Phosphoenolpyruvate carboxykinase 2 NM_004563 N/A [38,37]
Tricarboxylic acid (TCA) cycle
PDK1 Pyruvate dehydrogenase kinase 1 NM_002610 N/A [147]
PDH Pyruvate dehydrogenase NM_003477 miR-26a [148] [149]
IDH1 Isocitrate dehydrogenase 1 NM_005896 N/A [28]
IDH2 Isocitrate dehydrogenase 2 NM_002168 miR-183 [150] [28]
SDH-B Succinate dehydrogenase complex iron sulfur subunit B NM_003000 N/A [27]
SDH-C Succinate dehydrogenase complex subunit C NM_003001 N/A [27]
SDH-D Succinate dehydrogenase complex subunit D NM_003002 miR-210 [151] [27]
FH Fumarate hydratase NM_000143 N/A [27]
ME1 Malic enzyme 1 NM_002395 N/A [152]
Glutaminolysis
GLS1 Glutaminase 1 NM_014905 miR-23a, miR-23b [118] [32]
GLS2 Glutaminase 2 NM_013267 miR-23a, miR-23b [118] [153,154]
Serine, Glycine and one carbon metabolism
SHMT2 Serine hydroxymethyltransferase 2 NM_005412 miR-193b [90,155] [156]
SHMT1 Serine hydroxymethyltransferase 1 NM_004169 miR-198 [157] [156]
MTHFD2 Methylenetetrahydrofolate dehydrogenase NM_006636 miR-9 [158] [156]
MTHFD1L Methylenetetrahydrofolate dehydrogenase 1-like NM_015440 miR-9 [158] [156]
PHGDH Phosphoglycerate dehydeogenase NM_006623 N/A [41]
PSAT1 Phosphoserine aminotransferase 1 NM_021154 miR-340 [159] [160,161]
PSPH Phosphoserine phosphatase NM_004577 N/A [161]
GNMT Glycine-N-methyltransferase NM_018960 N/A [162]
de novo fatty acid synthesis
CIC Citrate carrier NM_005984 N/A [163]
ACLY ATP citrate lyase Y NM_001096 N/A [152,164]
ACC1 Acetyl-CoA carboxylase 1 NM_198836 N/A [152,165]
FASN Fatty acid synthase NM_004104 miR-320 [166] [58,56,57]
SCD Stearoyl-CoA desaturase NM_005063 N/A [152]

Abbreviation: not available (N/A).

microT-CDS [79], TargetScan [80,81], Pictar [82], miRDB [83], and RNA22
[84], which use common features such as seed match and sequence con-
servation across the species [85]. In brief, the seed match is a perfect
pairing between miRNA and the 3’-UTR of mRNA targets, which usually
starts at the 5’ end of miRNA at the positions 2 to 8. There are four main
classes of canonical seed matches including (1) 6-mer (6 perfect nucleo-
tide matches between miRNA at positions 2 to 7 and mRNA target),
(2) 7mer-A1 (perfect match of miRNA at positions 2 to 7 with an A oppo-
site position 1 of mRNA target), (3) 8-mer (perfect seed paring of miRNA
at positions 2 to 8 with an A opposite position 1 of mRNA target) [86] and
(4) 7mer-8mer (perfect match of miRNA at positions 2 to 8 and mRNA
target) [87,88]. However, these different seed matches do not reflect the
degrees of gene expression suppression by miRNAs [89].

With an aim to explore other potential miRNAs that may regulate
key metabolic enzymes listed in Table 1, we choose two widely-used

miRNA prediction tools that utilize different features to predict miRNA
of the target mRNAs of interest, TargetScan7.0 and miRanda-mirSVR.
The former predicts the miRNAs targeting a given gene based on the
seed match and sequence conservation across the species, whilst the
latter uses free energy binding between miRNA and mRNA targets,
and the site accessibility for miRNA target prophecy [85]. The
context ++ scores and mirSVR scores were used as the parameters to
indicate the confidence of predictions from the TargetScan7.0 and mi-
Randa-mirSVR, respectively. The context 4+ score is the sum of contri-
bution from 14 features [81], such as site-type, 3’ pairing, the local AU
content [89], target site abundance, seed-pairing stability [80]. The
mirSVR scores, on the other hand, can also rank the empirical probabil-
ity of down-regulation using supervised machine learning of mRNA ex-
pression changes as a result of specific microRNA transfection [78]. In
short, the more negative context 4+ scores and mirSVR scores from
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the predictions reflect the higher “likelihood” that the mRNA is targeted
by miRNA, and thus down-regulated gene expression.

As shown in Fig. 2A, TargetScan7.0 predicted that 40 metabolic en-
zymes shown in Table 1 are regulated by 299 miRNAs (blue circle). Six-
teen out of 40 metabolic enzymes were predicted to be regulated by 113
miRNAs. However, only 8 out of these 113 miRNAs have been reported
to functionally regulate expression of these enzymes, leaving the other
105 miRNAs (yellow) whose functional verification is yet to be elucidat-
ed. We also noted that there are 14 miRNAs (red) that have been
experimentally verified to regulate this set of metabolic genes but
elude prediction by TargetScan7.0, suggesting a considerable degree of
false negatives. TargetScan7.0 also predicted 186 additional miRNAs
that are likely to regulate another 24 metabolic enzymes, whose regula-
tory miRNAs have not been studied. The list of miRNAs that are
predicted to regulate theses 40 metabolic enzymes can be found in
Supplementary Table S1.

In a similar trend but not identical, miRanda-mirSVR predicted that
there are 395 miRNAs that can potentially regulate these metabolic en-
zymes (Fig. 2B). One hundred and seventy three miRNAs were predict-
ed to regulate 16 metabolic enzymes while the other 222 miRNAs
(gray) were predicted to target another 24 metabolic enzymes which
are currently unknown to be regulated by any miRNAs. Within those
16 metabolic enzymes regulated by 173 miRNAs, only 14 miRNAs
were independently reported to regulate expression of these metabolic
enzymes while the functional verifications of the other 159 miRNAs
(pink) are yet to be elucidated. Similar to the TargetScan7.0 prediction
but with fewer number of false negatives, eight additional miRNAs
have been reported to functionally regulate expression of these 16
metabolic enzymes but were not detected by the miRanda-mirSVR
prediction.

Due to the issues of sensitivity and specificity of miRNA prediction
algorithms mentioned earlier, we generated boxplots of the
context ++ scores (Fig. 2C) and mirSRV scores (Fig. 2D), in three
miRNA groups: (1) experimentally verified miRNAs with prediction,
(2) miRNAs predicted for target genes with other verified miRNAs, but
their own functions are yet to be validated, and (3) the predicted
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miRNA functional validation

186 105
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miRNAs of metabolic enzymes whose functions have not be validated
for any miRNA before (as outlined in the Venn diagrams). We did in-
deed observe a modest trend that the validated miRNAs have lower
context + + scores, than predicted miRNAs without validation; howev-
er, the number of miRNAs in each group is likely to be too small to give a
statistical significant result. Similarly, the same can be said about the
scores assigned to mirSVR prediction, indicating that confidence scores
from the prediction might be useful as an extra indicator to extract the
predicted miRNA that are likely to be “real” functional miRNAs, and
would be worth further experimental validation.

1.9. MicroRNAs and oncogenic transcriptional regulatory networks

To observe the overall interplay of oncogenic TFs, metabolic en-
zymes, and regulatory miRNAs, we combined the experimentally vali-
dated (Table 1), the experimentally validated miRNA-target data from
miRTarBase [90] and predicted interactions (from the two algorithms
as shown in Fig. 2) into a regulatory network of TFs-metabolic enzymes
and miRNA-TFs using Cytoscape [91], as shown in Figs. 3 and 4. Fig. 3 fo-
cuses on the known miRNAs that regulate expression of metabolic en-
zymes via controlling the expression of oncogenic TFs, whereas we
expand the network to cover both validated and predicted miRNA-
mRNA interactions in Fig. 4. The predicted interactions shown here are
the overlaps of the two algorithms used: TargetScan7.0 and miRanda-
mirSVR, shown as gray dashed edges, whereas the functional verified
miRNA-gene targets from the Table 1 and miRTarBase database [90]
are shown in black solid lines. The edges' colors (blue, red, green and
purple) represent the miRNAs that regulate expression of metabolic
enzymes through the expression of oncogenic TFs (HIF1a, c-MYC,
P53, SREBP1, respectively), as in Fig. 3. The colors of node genes in Fig.
4 are classified by metabolic pathways: pale blue color for anaerobic gly-
colytic genes; white for enzymes involved in serine, glycine and one car-
bon metabolism; orange for GLS; blue-green nodes for enzymes in the
TCA cycle; pink nodes for enzymes in the de novo fatty acid synthesis;
gray nodes for gluconeogenic enzyme, and purple nodes for enzymes
in the pentose phosphate pathway.

miRanda-mirSVR prediction

N miRNA functional validation

lw)

mirSVR scores
)
s
—_
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Fig. 2. Venn diagrams and boxplots representing the association between miRNA prediction scores and their functional validation. The Venn diagrams of TargetScan7.0 (Fig. 2A) and
miRanda-mirSVR (Fig. 2B) show the numbers of validated and predicted miRNAs that regulate metabolic enzymes in cancers. Boxplots illustrate the association of between
context ++ scores (Fig. 2C) or miRanda-mirSVR scores (Fig 2D), and three miRNA groups: (1) experimentally validated miRNAs with prediction (2) miRNAs predicted to target
metabolic enzymes with other verified miRNAs (3) the predicted miRNAs of altered metabolic enzymes whose functions have not been validated for any miRNA before.
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Fig. 3. Regulatory network of experimentally verified miRNAs and oncogenic transcription factors controlling metabolic reprogramming in cancers. The figure shows the integration of

experimentally validated regulatory network of TFs-cancer metabolic genes and miRNAs-TFs.

Overall, our miRNAs and oncogenic transcriptional regulatory net-
work depicts individual “modules” of post-transcriptional regulation
by miRNA via major drivers of metabolic reprogramming in cancers,
acting as hubs that link multiple incoming miRNAs (yellow nodes,
Fig. 3) that can bind and suppress transcription of these oncogenes, to
their downstream metabolic gene targets (blue nodes). For instance,
the expression of c-MYC (red node in Fig. 3, and interaction between
miRNA and targeting metabolic genes via c-MYC are in red lines in
Fig. 4) is regulated by let-7a in Burkitt Lymphoma [92], miR-145 in
non-small cell lung cancer [93], let-7g and miR-744 in hepatocellular
carcinoma cells [94,95], miR-34 in prostate cancer cells [96], miR-135b
in osteosarcoma cells [97], miR-155 in gastric carcinoma cells [98],
miR-320b in colorectal cancer [99] and miR-451 in head and neck squa-
mous cell carcinoma [100]. Suppression of these miRNAs contributes to
overexpression of key metabolic enzymes in these tumors. Similarly,
HIF1a ( dark blue node) expression is regulated by several miRNAs in-
cluding miR-17-92 in lung cancer cells [101], miR-519c and miR-18a in
breast and lung cancer cells [102,103], miR-22 in colon cancer cells
[104], miR-199a in non-small cell lung cancers [105] and miR-429 in
human endothelial cells [106]. Ectopic expression of these miRNAs re-
duces the expression of vascular endothelial growth factor (VEGF), a
crucial transcriptional target of HIF1a, thereby decreasing angiogenesis,
a process of blood vessel formation required for tumor growth and
metastasis [107]. Likewise, p53 (green node), a tumor suppressor
is also post-transcriptionally regulated by several miRNAs such as
miR-25 and miR-30d in myeloma cells [108], miR-125a in breast and
hepatoblastoma cells [109], miR-125b in neuroblastoma and lung
fibroblalst cells [110], miR-504 in breast and colon cancer cells [111],
miR-1285 in neuroblastoma, hepatoblastoma and breast cancer cells
[112], miR-33 in hematopoietic stem cells [113] and miR-380 in neuro-
blastoma cells [114]. Tight regulation of these miRNAs results in
substantial expression of p53 which then leads to cell cycle arrest,
thus maintaining cells in the non-proliferative state [115]. In contrast,

an aberrant overexpression of these p53-target miRNAs results in the
down-regulation of p53, causing malignancy. Because this group of
miRNAs exerts its effect on the oncogenic transformation, they are gen-
erally now classified as the “oncomiR” miRNAs [116].

In addition to these three oncogenes, the sterol regulatory element
binding protein (SREBP1, purple node) is also involved in metabolic
reprogramming. SREBP1 is a TF that regulates expression of liver type-
pyruvate kinase (PKL) and lipogenic enzymes, ACL, ACC and FAS, thus
allowing de novo fatty acid synthesis from glucose in liver. Cancers
also use SREBP1 to up-regulate expression of these lipogenic enzymes
to support fatty acid synthesis. Similar to c-MYC, HIF1a and p53, ex-
pression of SREBP1 by itself is also regulated by miRNAs. miR-185 and
miR-342 play important role in regulation of SREBP1 expression by di-
rect binding to the 3’UTR of its mRNA [117]. Of particular interest,
most lipogenic enzymes are co-regulated by more than one TF. For
example ACL and ACC1 are regulated by both SREBP1 and p53, while
FASN is regulated by SREBP1, p53 and c-MYC. Expression of HK1 is co-
regulated by HIF1a and p53 while that of LDHA and PKM2 are co-
regulated by HIF1a and c-MYC. GLU1, HK2 and ALDOA are the only
three enzymes that are regulated by p53, HIF1ae and c-MYC. Interesting-
ly, the expression of certain miRNAs that regulate these metabolic en-
zymes can also be regulated by an oncogenic TFs. Gao et al. [118]
showed that c-MYC indirectly regulates GLS expression in B lymphoma
and prostate cancer by suppressing the expression of miR-23a/b that di-
rectly regulates the expression of GLS. Kim and coworkers also demon-
strated that p53 blocks the expression of HK1, HK2, glucose-6-
phosphate isomerase (GPI) and PDK1 by inducing miR-34a expression
which in turn, down-regulates the expression of the above four en-
zymes [119].

Looking at the expanded miRNA-mRNA interaction networks (Fig.
4), we observe a global overview of how metabolic genes involving can-
cer progression are regulated by miRNA through their direct interaction
(black lines for validated interactions and gray lines for those predicted
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Fig. 4. Regulatory network of miRNAs and oncogenic transcription factors controlling metabolic reprogramming in cancers. The figure shows direct and indirect miRNAs-metabolic genes
interaction. The miRNAs that have already verified their regulatory function show in solid edges whereas the dash edges represent the overlap miRNAs from predictions only. In addition,
direct interaction of experimentally verified miRNAs and gene targets are showed in black edges whilst the color edges (blue, green, red and purple) illustrate the interaction of miRNAs
and cancer metabolic genes via oncogenic transcription factors. Blue edges represent the regulation of miRNA mediated HIF1c, green edges represent the regulation of miRNA mediated
p53, red edges represent the regulation of miRNA mediated c-MYC and the purple edges represent the regulation of miRNA mediated SREBP1. The pale blue circle nodes show the
anaerobic glycolytic genes, white circle nodes show genes in serine, glycine and one carbon metabolism, orange circle nodes show genes in glutaminolysis, pink circle nodes show
genes in de novo fatty acid synthesis, purple circle nodes show genes in PPP pathways, gray circle node is PCK1 and the blue-green nodes show genes in TCA cycle. High resolution of

the figure with complete labels can be found in Fig. S1.

by TargetScan7.0 and miRanda-mirSVR), or through oncogenic TFs
(colored edges). We have seen notable miRNAs such as miR-23a/b
that directly control glutaminolysis, whereas the miR-1 and miR-206
are responsible for regulation of the PPP pathway genes, G6PD and
TKTL1 [118,120]. The overall network also highlights the “hub”
miRNA. miR-429, a tumor suppressor that down-regulates almost all
genes in anaerobic glycolytic pathway (e.g. GLUTSs) via the oncogenic
TF HIF1ow. The anaerobic glycolytic genes themselves are also targeted
by several other miRNAs such as miR-22, miR-199a, miR-17-92 via
HIF1a (blue edges), miR-30d, miR-25, miR-125a/b, miR-1285 via p53
(green edges), and miR-451, miR-155, let-7a, let-7g via c-MYC (red
edges). The network also demonstrates other relationships between
metabolic pathways and miRNA regulation via TFs. For instance, three
out of five genes in de novo fatty acid synthesis pathway (ACC1, ACLY,
and FASN) share regulation by miRNAs via p53 and SREBP1. The genes
in the serine, glycine and one carbon metabolism pathways (white
nodes) heavily rely on the regulation of miRNAs via c-MYC. Post-
transcriptional regulatory networks have demonstrated intricate regu-
lation of metabolic genes by different miRNAs [13,121,122]. Here, we
aim to provide a detailed regulatory network of metabolic genes
under direct control of miRNAs, or oncogenic TFs regulated by miRNAs.
The high resolution network with complete labels can be found in Sup-
plementary material (Fig. S1 and Table S3). Such overall organization of
metabolic gene expression regulation cannot be observed by studying
miRNAs, TFs, and target genes individually. Saying that, we note that
the current version of network relies on the accuracy of the two

prediction algorithms used in this study. The known interactions
taken from literature might also be biased toward well-characterized
oncogenes such as p53 or c-MYC.

In conclusion, our review not only provides the current status of un-
derstanding metabolic reprogramming in cancers but also establishes
the regulatory network of miRNA-oncogenic TF-cancer metabolic
genes that would provide benefits for research guidance in this emerg-
ing field the future.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.csbj.2016.05.005.

Acknowledgements

The authors thank Professor John Wallace, University of Adelaide for
helpful comments on the manuscript. PP and KR are supported by the
Science Achievement Scholarship of Thailand (SAST), Office of Higher
Education Commission. Research in SJ laboratory is supported by grant
BRG5780007 from the Thailand Research Fund (TRF) and Mahidol
University. VC acknowledges the TRF Grant for New Researcher:
TRG5880067, Faculty of Science, Mahidol University, and the Crown
Property Bureau Foundation. The authors have no conflict of interest.

References

[1] Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metabolism. Nat Rev Cancer
2011;11:85-95.


doi:10.1016/j.csbj.2016.05.005
doi:10.1016/j.csbj.2016.05.005
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0005
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0005

P. Pinweha et al. / Computational and Structural Biotechnology Journal 14 (2016) 223-233 231

[2] Schulze A, Harris AL. How cancer metabolism is tuned for proliferation and vulner-
able to disruption. Nature 2012;491:364-73.

[3] Kroemer G, Pouyssegur J. Tumor cell metabolism: cancer's Achilles' heel. Cancer
Cell 2008;13:472-82.

[4] Ward PS, Thompson CB. Metabolic reprogramming: a cancer hallmark even
Warburg did not anticipate. Cancer Cell 2012;21:297-308.

[5] Warburg O. On the origin of cancer cells. Science 1956;123:309-14.

[6] Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg effect:
the metabolic requirements of cell proliferation. Science 2009;324:1029-33.

[7] Li C,Han J, Yao Q, Zou C, Xu Y, et al. Subpathway-GM: identification of metabolic
subpathways via joint power of interesting genes and metabolites and their topol-
ogies within pathways. Nucleic Acids Res 2013;41, e101.

[8] Xia ], Wishart DS. MSEA: a web-based tool to identify biologically meaningful pat-
terns in quantitative metabolomic data. Nucleic Acids Res 2010;38:W71-7.

[9] LiF, XuY, Shang D, Yang H, Liu W, et al. MPINet: metabolite pathway identification
via coupling of global metabolite network structure and metabolomic profile.
Biomed Res Int 2014;2014:325697.

[10] Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol 2014;15:
509-24.

[11] Ameres SL, Zamore PD. Diversifying microRNA sequence and function. Nat Rev Mol
Cell Biol 2013;14:475-88.

[12] Friedman RC, Farh KK, Burge CB, Bartel DP. Most mammalian mRNAs are conserved
targets of microRNAs. Genome Res 2009;19:92-105.

[13] Rottiers V, Naar AM. MicroRNAs in metabolism and metabolic disorders. Nat Rev
Mol Cell Biol 2012;13:239-50.

[14] Parks SK, Chiche ], Pouyssegur ]. Disrupting proton dynamics and energy metabo-
lism for cancer therapy. Nat Rev Cancer 2013;13:611-23.

[15] Christofk HR, Vander Heiden MG, Harris MH, Ramanathan A, Gerszten RE, et al. The
M2 splice isoform of pyruvate kinase is important for cancer metabolism and tu-
mour growth. Nature 2008;452:230-3.

[16] Tamada M, Suematsu M, Saya H. Pyruvate kinase M2: multiple faces for conferring
benefits on cancer cells. Clin Cancer Res 2012;18:5554-61.

[17] Luo W, Semenza GL. Emerging roles of PKM2 in cell metabolism and cancer pro-
gression. Trends Endocrinol Metab 2012;23:560-6.

[18] Langbein S, Frederiks WM, zur Hausen A, Popa ], Lehmann J, et al. Metastasis is pro-
moted by a bioenergetic switch: new targets for progressive renal cell cancer. Int ]
Cancer 2008;122:2422-8.

[19] Zhang S, Yue JX, Yang JH, Cai PC, Kong WJ. Overexpression of transketolase protein
TKTL1 is associated with occurrence and progression in nasopharyngeal carcino-
ma: a potential therapeutic target in nasopharyngeal carcinoma. Cancer Biol Ther
2008;7:517-22.

[20] Wang ], Yuan W, Chen Z, Wu S, Chen J, et al. Overexpression of G6PD is associated
with poor clinical outcome in gastric cancer. Tumour Biol 2012;33:95-101.

[21] Lin R, EIf S, Shan C, Kang HB, Ji Q, et al. 6-Phosphogluconate dehydrogenase links
oxidative PPP, lipogenesis and tumour growth by inhibiting LKB1-AMPK signalling.
Nat Cell Biol 2015;17:1484-96.

[22] Radisky DC, Levy DD, Littlepage LE, Liu H, Nelson CM, et al. Rac1b and reactive ox-
ygen species mediate MMP-3-induced EMT and genomic instability. Nature 2005;
436:123-7.

[23] Zhou G, Dada LA, Wu M, Kelly A, Trejo H, et al. Hypoxia-induced alveolar epithelial-
mesenchymal transition requires mitochondrial ROS and hypoxia-inducible factor
1. Am ] Physiol Lung Cell Mol Physiol 2009;297:1L1120-30.

[24] Sukhatme VP, Chan B. Glycolytic cancer cells lacking 6-phosphogluconate
dehydrogenase metabolize glucose to induce senescence. FEBS Lett 2012;586:
2389-95.

[25] Xu IM, Lai RK, Lin SH, Tse AP, Chiu DK, et al. Transketolase counteracts oxidative
stress to drive cancer development. Proc Natl Acad Sci U S A 2016;113:E725-34.

[26] Owen OE, Kalhan SC, Hanson RW. The key role of anaplerosis and cataplerosis for
citric acid cycle function. ] Biol Chem 2002;277:30409-12.

[27] King A, Selak MA, Gottlieb E. Succinate dehydrogenase and fumarate hydratase:
linking mitochondrial dysfunction and cancer. Oncogene 2006;25:4675-82.

[28] Yan H, Parsons DW, Jin G, McLendon R, Rasheed BA, et al. IDH1 and IDH2 mutations
in gliomas. N Engl ] Med 2009;360:765-73.

[29] Dang L, White DW, Gross S, Bennett BD, Bittinger MA, et al. Cancer-associated IDH1
mutations produce 2-hydroxyglutarate. Nature 2009;462:739-44.

[30] Wise DR, Thompson CB. Glutamine addiction: a new therapeutic target in cancer.
Trends Biochem Sci 2010;35:427-33.

[31] Jitrapakdee S, Vidal-Puig A, Wallace JC. Anaplerotic roles of pyruvate carboxylase in
mammalian tissues. Cell Mol Life Sci 2006;63:843-54.

[32] HuangF, Zhang Q, Ma H, Lv Q, Zhang T. Expression of glutaminase is upregulated in
colorectal cancer and of clinical significance. Int ] Clin Exp Pathol 2014;7:1093-100.

[33] Sellers K, Fox MP, Bousamra 2nd M, Slone SP, Higashi RM, et al. Pyruvate carboxyl-
ase is critical for non-small-cell lung cancer proliferation. ] Clin Invest 2015;125:
687-98.

[34] Phannasil P, Thuwajit C, Warnnissorn M, Wallace JC, MacDonald M], et al. Pyruvate
carboxylase is up-regulated in breast cancer and essential to support growth and
invasion of MDA-MB-231 cells. PLoS One 2015;10, e0129848.

[35] Cheng T, Sudderth ], Yang C, Mullen AR, Jin ES, et al. Pyruvate carboxylase is re-
quired for glutamine-independent growth of tumor cells. Proc Natl Acad Sci U S A
2011;108:8674-9.

[36] Wise DR, DeBerardinis R], Mancuso A, Sayed N, Zhang XY, et al. Myc regulates a
transcriptional program that stimulates mitochondrial glutaminolysis and leads
to glutamine addiction. Proc Natl Acad Sci U S A 2008;105:18782-7.

[37] Vincent EE, Sergushichev A, Griss T, Gingras MC, Samborska B, et al. Mitochondrial
phosphoenolpyruvate carboxykinase regulates metabolic adaptation and enables
glucose-independent tumor growth. Mol Cell 2015;60:195-207.

[38] Leithner K, Hrzenjak A, Trotzmuller M, Moustafa T, Kofeler HC, et al. PCK2 activa-
tion mediates an adaptive response to glucose depletion in lung cancer. Oncogene
2015;34:1044-50.

[39] Montal ED, Dewi R, Bhalla K, Ou L, Hwang BJ, et al. PEPCK coordinates the regula-
tion of central carbon metabolism to promote cancer cell growth. Mol Cell 2015;
60:571-83.

[40] Locasale JW. Serine, glycine and one-carbon units: cancer metabolism in full circle.
Nat Rev Cancer 2013;13:572-83.

[41] Possemato R, Marks KM, Shaul YD, Pacold ME, Kim D, et al. Functional genomics re-
veal that the serine synthesis pathway is essential in breast cancer. Nature 2011;
476:346-50.

[42] Locasale JW, Grassian AR, Melman T, Lyssiotis CA, Mattaini KR, et al. Phosphoglyc-
erate dehydrogenase diverts glycolytic flux and contributes to oncogenesis. Nat
Genet 2011;43:869-74.

[43] Paone A, Marani M, Fiascarelli A, Rinaldo S, Giardina G, et al. SHMT1 knockdown in-
duces apoptosis in lung cancer cells by causing uracil misincorporation. Cell Death
Dis 2014;5, e1525.

[44] Kim D, Fiske BP, Birsoy K, Freinkman E, Kami K, et al. SHMT?2 drives glioma cell sur-
vival in ischaemia but imposes a dependence on glycine clearance. Nature 2015;
520:363-7.

[45] Marani M, Paone A, Fiascarelli A, Macone A, Gargano M, et al. A pyrazolopyran de-
rivative preferentially inhibits the activity of human cytosolic serine
hydroxymethyltransferase and induces cell death in lung cancer cells. Oncotarget
2015.

[46] Currie E, Schulze A, Zechner R, Walther TC, Farese Jr RV. Cellular fatty acid metab-
olism and cancer. Cell Metab 2013;18:153-61.

[47] Bauer DE, Hatzivassiliou G, Zhao F, Andreadis C, Thompson CB. ATP citrate lyase is
an important component of cell growth and transformation. Oncogene 2005;24:
6314-22.

[48] Hatzivassiliou G, Zhao F, Bauer DE, Andreadis C, Shaw AN, et al. ATP citrate lyase
inhibition can suppress tumor cell growth. Cancer Cell 2005;8:311-21.

[49] Tong L. Acetyl-coenzyme A carboxylase: crucial metabolic enzyme and attractive
target for drug discovery. Cell Mol Life Sci 2005;62:1784-803.

[50] Magnard C, Bachelier R, Vincent A, Jaquinod M, Kieffer S, et al. BRCA1 interacts with
acetyl-CoA carboxylase through its tandem of BRCT domains. Oncogene 2002;21:
6729-39.

[51] Moreau K, Dizin E, Ray H, Luquain C, Lefai E, et al. BRCA1 affects lipid synthesis
through its interaction with acetyl-CoA carboxylase. ] Biol Chem 2006;281:
3172-81.

[52] Chajes V, Cambot M, Moreau K, Lenoir GM, Joulin V. Acetyl-CoA carboxylase alpha
is essential to breast cancer cell survival. Cancer Res 2006;66:5287-94.

[53] Brusselmans K, De Schrijver E, Verhoeven G, Swinnen JV. RNA interference-
mediated silencing of the acetyl-CoA-carboxylase-alpha gene induces growth
inhibition and apoptosis of prostate cancer cells. Cancer Res 2005;65:6719-25.

[54] Beckers A, Organe S, Timmermans L, Scheys K, Peeters A, et al. Chemical inhibition
of acetyl-CoA carboxylase induces growth arrest and cytotoxicity selectively in can-
cer cells. Cancer Res 2007;67:8180-7.

[55] Zhan Y, Ginanni N, Tota MR, Wu M, Bays NW, et al. Control of cell growth and sur-
vival by enzymes of the fatty acid synthesis pathway in HCT-116 colon cancer cells.
Clin Cancer Res 2008;14:5735-42.

[56] Rashid A, Pizer ES, Moga M, Milgraum LZ, Zahurak M, et al. Elevated expression of
fatty acid synthase and fatty acid synthetic activity in colorectal neoplasia. Am ]
Pathol 1997;150:201-8.

[57] Pizer ES, Lax SF, Kuhajda FP, Pasternack GR, Kurman RJ. Fatty acid synthase expres-
sion in endometrial carcinoma: correlation with cell proliferation and hormone re-
ceptors. Cancer 1998;83:528-37.

[58] Kuhajda FP. Fatty acid synthase and cancer: new application of an old pathway.
Cancer Res 2006;66:5977-80.

[59] Thupari JN, Pinn ML, Kuhajda FP. Fatty acid synthase inhibition in human breast
cancer cells leads to malonyl-CoA-induced inhibition of fatty acid oxidation and cy-
totoxicity. Biochem Biophys Res Commun 2001;285:217-23.

[60] Knowles LM, Axelrod F, Browne CD, Smith JW. A fatty acid synthase blockade in-
duces tumor cell-cycle arrest by down-regulating Skp2. ] Biol Chem 2004;279:
30540-5.

[61] Kolch W, Halasz M, Granovskaya M, Kholodenko BN. The dynamic control of signal
transduction networks in cancer cells. Nat Rev Cancer 2015;15:515-27.

[62] Sullivan LB, Martinez-Garcia E, Nguyen H, Mullen AR, Dufour E, et al. The proto-
oncometabolite fumarate binds glutathione to amplify ROS-dependent signaling.
Mol Cell 2013;51:236-48.

[63] Reitman Z], Jin G, Karoly ED, Spasojevic I, Yang ], et al. Profiling the effects of
isocitrate dehydrogenase 1 and 2 mutations on the cellular metabolome. Proc
Natl Acad Sci U S A 2011;108:3270-5.

[64] Onodera Y, Nam JM, Bissell M]. Increased sugar uptake promotes oncogenesis via
EPAC/RAP1 and O-GlcNAc pathways. | Clin Invest 2014;124:367-84.

[65] LiZ, Zhang H. Reprogramming of glucose, fatty acid and amino acid metabolism for
cancer progression. Cell Mol Life Sci 2015;73:377-92.

[66] Dang CV. MYC, metabolism, cell growth, and tumorigenesis. Cold Spring Harb
Perspect Med 2013;3.

[67] Kruiswijk F, Labuschagne CF, Vousden KH. p53 in survival, death and meta-
bolic health: a lifeguard with a licence to kill. Nat Rev Mol Cell Biol 2015;
16:393-405.

[68] Zeller KI, Jegga AG, Aronow BJ, O'Donnell KA, Dang CV. An integrated database of
genes responsive to the Myc oncogenic transcription factor: identification of direct
genomic targets. Genome Biol 2003;4:R69.

[69] Dang CV, Kim JW, Gao P, Yustein J. The interplay between MYC and HIF in cancer.
Nat Rev Cancer 2008;8:51-6.


http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0010
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0010
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0015
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0015
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0020
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0020
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0025
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0030
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0030
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0035
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0035
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0035
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0040
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0040
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0045
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0045
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0045
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0050
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0050
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0055
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0055
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0060
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0060
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0065
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0065
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0070
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0070
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0075
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0075
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0075
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0080
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0080
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0085
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0085
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0090
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0090
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0090
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0095
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0095
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0095
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0095
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0100
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0100
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0105
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0105
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0105
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0110
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0110
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0110
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0115
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0115
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0115
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0120
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0120
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0120
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0125
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0125
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0130
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0130
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0135
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0135
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0140
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0140
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0145
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0145
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0150
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0150
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0155
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0155
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0160
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0160
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0165
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0165
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0165
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0170
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0170
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0170
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0175
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0175
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0175
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0180
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0180
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0180
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0185
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0185
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0185
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0190
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0190
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0190
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0195
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0195
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0195
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0200
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0200
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0205
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0205
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0205
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0210
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0210
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0210
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0215
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0215
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0215
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0220
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0220
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0220
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0225
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0225
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0225
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0225
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0230
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0230
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0235
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0235
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0235
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0240
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0240
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0245
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0245
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0250
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0250
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0250
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0255
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0255
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0255
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0260
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0260
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0265
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0265
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0265
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0270
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0270
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0270
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0275
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0275
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0275
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0280
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0280
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0280
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0285
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0285
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0285
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0290
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0290
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0295
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0295
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0295
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0300
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0300
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0300
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0305
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0305
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0310
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0310
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0310
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0315
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0315
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0315
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0320
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0320
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0325
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0325
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0330
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0330
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0335
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0335
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0335
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0340
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0340
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0340
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0345
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0345

232 P. Pinweha et al. / Computational and Structural Biotechnology Journal 14 (2016) 223-233

[70] Semenza GL. HIF-1: upstream and downstream of cancer metabolism. Curr Opin
Genet Dev 2010;20:51-6.

[71] Liu], Zhang C, Hu W, Feng Z. Tumor suppressor p53 and its mutants in cancer me-
tabolism. Cancer Lett 2015;356:197-203.

[72] Schwartzenberg-Bar-Yoseph F, Armoni M, Karnieli E. The tumor suppressor p53
down-regulates glucose transporters GLUT1 and GLUT4 gene expression. Cancer
Res 2004;64:2627-33.

[73] Berkers CR, Maddocks OD, Cheung EC, Mor I, Vousden KH. Metabolic regulation by
p53 family members. Cell Metab 2013;18:617-33.

[74] Jiang P, Du W, Wang X, Mancuso A, Gao X, et al. p53 regulates biosynthesis through
direct inactivation of glucose-6-phosphate dehydrogenase. Nat Cell Biol 2011;13:
310-6.

[75] Zhang P, Tu B, Wang H, Cao Z, Tang M, et al. Tumor suppressor p53 cooperates with
SIRT6 to regulate gluconeogenesis by promoting FoxO1 nuclear exclusion. Proc
Natl Acad Sci U S A 2014;111:10684-9.

[76] Goldstein I, Yizhak K, Madar S, Goldfinger N, Ruppin E, et al. p53 promotes the ex-
pression of gluconeogenesis-related genes and enhances hepatic glucose produc-
tion. Cancer Metab 2013;1:9.

[77] Betel D, Wilson M, Gabow A, Marks DS, Sander C. The microRNA.org resource: tar-
gets and expression. Nucleic Acids Res 2008;36:D149-53.

[78] Betel D, Koppal A, Agius P, Sander C, Leslie C. Comprehensive modeling of
microRNA targets predicts functional non-conserved and non-canonical sites.
Genome Biol 2010;11:R90.

[79] Paraskevopoulou MD, Georgakilas G, Kostoulas N, Vlachos IS, Vergoulis T, et al.
DIANA-microT web server v5.0: service integration into miRNA functional analysis
workflows. Nucleic Acids Res 2013;41:W169-73.

[80] Garcia DM, Baek D, Shin C, Bell GW, Grimson A, et al. Weak seed-pairing stability
and high target-site abundance decrease the proficiency of Isy-6 and other
microRNAs. Nat Struct Mol Biol 2011;18:1139-46.

[81] Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA target sites
in mammalian mRNAs. Elife 2015;4.

[82] Krek A, Grun D, Poy MN, Wolf R, Rosenberg L, et al. Combinatorial microRNA target
predictions. Nat Genet 2005;37:495-500.

[83] Wong N, Wang X. miRDB: an online resource for microRNA target prediction and
functional annotations. Nucleic Acids Res 2015;43:D146-52.

[84] Miranda KC, Huynh T, Tay Y, Ang YS, Tam WL, et al. A pattern-based method for the
identification of MicroRNA binding sites and their corresponding heteroduplexes.
Cell 2006;126:1203-17.

[85] Peterson SM, Thompson JA, Ufkin ML, Sathyanarayana P, Liaw L, et al. Common fea-
tures of microRNA target prediction tools. Front Genet 2014;5:23.

[86] Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by adenosines,
indicates that thousands of human genes are microRNA targets. Cell 2005;120:
15-20.

[87] Brennecke J, Stark A, Russell RB, Cohen SM. Principles of microRNA-target recogni-
tion. PLoS Biol 2005;3, e85.

[88] Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge CB. Prediction of mamma-
lian microRNA targets. Cell 2003;115:787-98.

[89] Grimson A, Farh KK, Johnston WK, Garrett-Engele P, Lim LP, et al. MicroRNA
targeting specificity in mammals: determinants beyond seed pairing. Mol Cell
2007;27:91-105.

[90] Chou CH, Chang NW, Shrestha S, Hsu SD, Lin YL, et al. miRTarBase 2016: updates to
the experimentally validated miRNA-target interactions database. Nucleic Acids
Res 2016;44:D239-47.

[91] Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, et al. Cytoscape: a software en-
vironment for integrated models of biomolecular interaction networks. Genome
Res 2003;13:2498-504.

[92] Sampson VB, Rong NH, Han ], Yang Q, Aris V, et al. MicroRNA let-7a down-regulates
MYC and reverts MYC-induced growth in Burkitt lymphoma cells. Cancer Res
2007;67:9762-70.

[93] Chen Z, Zeng H, Guo Y, Liu P, Pan H, et al. miRNA-145 inhibits non-small cell lung
cancer cell proliferation by targeting c-Myc. ] Exp Clin Cancer Res 2010;29:151.

[94] Lan FF, Wang H, Chen YC, Chan CY, Ng SS, et al. Hsa-let-7g inhibits proliferation of
hepatocellular carcinoma cells by downregulation of c-Myc and upregulation of
p16(INK4A). Int J Cancer 2011;128:319-31.

[95] LinF, Ding R, Zheng S, Xing D, Hong W, et al. Decrease expression of microRNA-744
promotes cell proliferation by targeting c-Myc in human hepatocellular carcinoma.
Cancer Cell Int 2014;14:58.

[96] Yamamura S, Saini S, Majid S, Hirata H, Ueno K, et al. MicroRNA-34a modulates
c-Myc transcriptional complexes to suppress malignancy in human prostate
cancer cells. PLoS One 2012;7, e29722.

[97] Liu Z, Zhang G, Li ], Liu J, Lv P. The tumor-suppressive microRNA-135b targets
c-Myc in osteoscarcoma. PLoS One 2014;9, e102621.

[98] Sun S, Sun P, Wang C, Sun T. Downregulation of microRNA-155 accelerates cell
growth and invasion by targeting c-Myc in human gastric carcinoma cells. Oncol
Rep 2014;32:951-6.

[99] Wang H, Cao F, Li X, Miao H, E ], et al. miR-320b suppresses cell proliferation by
targeting c-Myc in human colorectal cancer cells. BMC Cancer 2015;15:748.

[100] Wang H, Zhang G, Wu Z, Lu B, Yuan D, et al. MicoRNA-451 is a novel tumor sup-
pressor via targeting c-Myc in head and neck squamous cell carcinomas. ] Cancer
Res Ther 2015;11(Suppl. 2):C216-21.

[101] Taguchi A, Yanagisawa K, Tanaka M, Cao K, Matsuyama Y, et al. Identification of
hypoxia-inducible factor-1 alpha as a novel target for miR-17-92 microRNA cluster.
Cancer Res 2008;68:5540-5.

[102] Cha ST, Chen PS, Johansson G, Chu CY, Wang MY, et al. MicroRNA-519c suppresses
hypoxia-inducible factor-1alpha expression and tumor angiogenesis. Cancer Res
2010;70:2675-85.

[103] Krutilina R, Sun W, Sethuraman A, Brown M, Seagroves TN, et al. MicroRNA-18a in-
hibits hypoxia-inducible factor 1alpha activity and lung metastasis in basal breast
cancers. Breast Cancer Res 2014;16:R78.

[104] Yamakuchi M, Yagi S, Ito T, Lowenstein CJ. MicroRNA-22 regulates hypoxia signal-
ing in colon cancer cells. PLoS One 2011;6, e20291.

[105] Ding G, Huang G, Liu HD, Liang HX, Ni YF, et al. MiR-199a suppresses the hypoxia-
induced proliferation of non-small cell lung cancer cells through targeting
HIF1alpha. Mol Cell Biochem 2013;384:173-80.

[106] Bartoszewska S, Kochan K, Piotrowski A, Kamysz W, Ochocka R], et al. The hypoxia-
inducible miR-429 regulates hypoxia-inducible factor-lalpha expression in
human endothelial cells through a negative feedback loop. FASEB ] 2015;29:
1467-79.

[107] Deng G, Sui G. Noncoding RNA in oncogenesis: a new era of identifying key players.
Int ] Mol Sci 2013;14:18319-49.

[108] Kumar M, Lu Z, Takwi AA, Chen W, Callander NS, et al. Negative regulation of the
tumor suppressor p53 gene by microRNAs. Oncogene 2011;30:843-53.

[109] Zhang Y, Gao JS, Tang X, Tucker LD, Quesenberry P, et al. MicroRNA 125a and
its regulation of the p53 tumor suppressor gene. FEBS Lett 2009;583:
3725-30.

[110] Le MT, Teh C, Shyh-Chang N, Xie H, Zhou B, et al. MicroRNA-125b is a novel nega-
tive regulator of p53. Genes Dev 2009;23:862-76.

[111] HuW, Chan CS, Wu R, Zhang C, Sun Y, et al. Negative regulation of tumor suppres-
sor p53 by microRNA miR-504. Mol Cell 2010;38:689-99.

[112] Tian S, Huang S, Wu S, Guo W, Li ], et al. MicroRNA-1285 inhibits the expression of
p53 by directly targeting its 3’ untranslated region. Biochem Biophys Res Commun
2010;396:435-9.

[113] Herrera-Merchan A, Cerrato C, Luengo G, Dominguez O, Piris MA, et al. miR-33-
mediated downregulation of p53 controls hematopoietic stem cell self-
renewal. Cell Cycle 2010;9:3277-85.

[114] Swarbrick A, Woods SL, Shaw A, Balakrishnan A, Phua Y, et al. miR-380-5p re-
presses p53 to control cellular survival and is associated with poor outcome in
MYCN-amplified neuroblastoma. Nat Med 2010;16:1134-40.

[115] Hermeking H. MicroRNAs in the p53 network: micromanagement of tumour sup-
pression. Nat Rev Cancer 2012;12:613-26.

[116] Esquela-Kerscher A, Slack FJ. Oncomirs — microRNAs with a role in cancer. Nat Rev
Cancer 2006;6:259-69.

[117] Li X, Chen YT, Josson S, Mukhopadhyay NK, Kim ], et al. MicroRNA-185 and 342 in-
hibit tumorigenicity and induce apoptosis through blockade of the SREBP metabol-
ic pathway in prostate cancer cells. PLoS One 2013;8, e70987.

[118] Gao P, Tchernyshyov I, Chang TC, Lee YS, Kita K, et al. c-Myc suppression of miR-
23a/b enhances mitochondrial glutaminase expression and glutamine metabolism.
Nature 2009;458:762-5.

[119] Kim HR, Roe JS, Lee JE, Cho EJ, Youn HD. p53 regulates glucose metabolism by miR-
34a. Biochem Biophys Res Commun 2013;437:225-31.

[120] Singh A, Happel C, Manna SK, Acquaah-Mensah G, Carrerero ], et al. Transcription
factor NRF2 regulates miR-1 and miR-206 to drive tumorigenesis. ] Clin Invest
2013;123:2921-34.

[121] Feng L, Xu Y, Zhang Y, Sun Z, Han J, et al. Subpathway-GMir: identifying miRNA-
mediated metabolic subpathways by integrating condition-specific genes,
microRNAs, and pathway topologies. Oncotarget 2015;6:39151-64.

[122] Vienberg S, Geiger ], Madsen S, Dalgaard LT. MicroRNAs in metabolism. Acta
Physiol (0xf) 2016.

[123] Yamasaki T, Seki N, Yoshino H, Itesako T, Yamada Y, et al. Tumor-suppressive
microRNA-1291 directly regulates glucose transporter 1 in renal cell carcinoma.
Cancer Sci 2013;104:1411-9.

[124] Noguchi Y, Marat D, Saito A, Yoshikawa T, Doi C, et al. Expression of facilitative
glucose transporters in gastric tumors. Hepatogastroenterology 1999;46:
2683-9.

[125] Ito T, Noguchi Y, Satoh S, Hayashi H, Inayama Y, et al. Expression of facilitative
glucose transporter isoforms in lung carcinomas: its relation to histologic type, dif-
ferentiation grade, and tumor stage. Mod Pathol 1998;11:437-43.

[126] Kurata T, Oguri T, Isobe T, Ishioka S, Yamakido M. Differential expression of facilita-
tive glucose transporter (GLUT) genes in primary lung cancers and their liver me-
tastases. Jpn ] Cancer Res 1999;90:1238-43.

[127] Fei X, Qi M, Wu B, Song Y, Wang Y, et al. MicroRNA-195-5p suppresses glucose up-
take and proliferation of human bladder cancer T24 cells by regulating GLUT3 ex-
pression. FEBS Lett 2012;586:392-7.

[128] Dai DW, Lu Q, Wang LX, Zhao WY, Cao YQ, et al. Decreased miR-106a inhibits gli-
oma cell glucose uptake and proliferation by targeting SLC2A3 in GBM. BMC Cancer
2013;13:478.

[129] Boado R], Black KL, Pardridge WM. Gene expression of GLUT3 and GLUT1 glucose
transporters in human brain tumors. Brain Res Mol Brain Res 1994;27:51-7.

[130] Binder C, Binder L, Marx D, Schauer A, Hiddemann W. Deregulated simultaneous
expression of multiple glucose transporter isoforms in malignant cells and tissues.
Anticancer Res 1997;17:4299-304.

[131] Gregersen LH, Jacobsen A, Frankel LB, Wen |, Krogh A, et al. MicroRNA-143 down-
regulates Hexokinase 2 in colon cancer cells. BMC Cancer 2012;12:232.

[132] Jiang S, Zhang LF, Zhang HW, Hu S, Lu MH, et al. A novel miR-155/miR-143 cascade
controls glycolysis by regulating hexokinase 2 in breast cancer cells. EMBO ] 2012;
31:1985-98.

[133] Mathupala SP, Ko YH, Pedersen PL. Hexokinase II: cancer's double-edged sword
acting as both facilitator and gatekeeper of malignancy when bound to mitochon-
dria. Oncogene 2006;25:4777-86.

[134] DuS, Guan Z, Hao L, Song Y, Wang L, et al. Fructose-bisphosphate aldolase a is a po-
tential metastasis-associated marker of lung squamous cell carcinoma and pro-
motes lung cell tumorigenesis and migration. PLoS One 2014;9, e85804.


http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0350
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0350
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0355
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0355
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0360
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0360
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0360
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0365
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0365
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0370
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0370
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0370
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0375
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0375
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0375
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0380
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0380
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0380
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0385
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0385
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0390
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0390
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0390
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0395
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0395
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0395
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0400
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0400
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0400
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0405
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0405
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0410
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0410
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0415
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0415
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0420
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0420
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0420
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0425
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0425
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0430
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0430
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0430
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0435
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0435
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0440
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0440
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0445
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0445
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0445
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0450
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0450
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0450
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0455
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0455
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0455
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0460
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0460
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0460
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0465
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0465
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0470
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0470
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0470
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0475
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0475
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0475
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0480
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0480
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0480
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0485
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0485
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0490
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0490
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0490
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0495
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0495
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0500
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0500
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0500
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0505
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0505
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0505
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0510
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0510
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0510
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0515
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0515
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0515
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0520
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0520
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0525
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0525
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0525
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0530
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0530
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0530
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0530
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0535
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0535
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0540
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0540
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0545
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0545
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0545
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0550
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0550
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0555
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0555
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0560
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0560
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0560
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0565
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0565
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0565
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0570
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0570
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0570
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0575
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0575
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0580
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0580
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0585
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0585
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0585
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0590
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0590
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0590
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0595
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0595
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0600
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0600
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0600
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0605
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0605
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0605
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0610
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0610
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0615
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0615
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0615
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0620
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0620
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0620
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0625
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0625
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0625
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0630
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0630
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0630
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0635
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0635
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0635
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0640
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0640
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0640
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0645
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0645
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0650
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0650
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0650
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0655
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0655
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0660
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0660
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0660
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0665
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0665
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0665
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0670
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0670
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0670

P. Pinweha et al. / Computational and Structural Biotechnology Journal 14 (2016) 223-233 233

[135] Li C, ShuF, Lei B, Lv D, Zhang S, et al. Expression of PGAM1 in renal clear cell carci-
noma and its clinical significance. Int ] Clin Exp Pathol 2015;8:9410-5.

[136] Liu AM, Xu Z, Shek FH, Wong KF, Lee NP, et al. miR-122 targets pyruvate kinase M2
and affects metabolism of hepatocellular carcinoma. PLoS One 2014;9, e86872.

[137] Kefas B, Comeau L, Erdle N, Montgomery E, Amos S, et al. Pyruvate kinase M2 is a
target of the tumor-suppressive microRNA-326 and regulates the survival of glio-
ma cells. Neuro Oncol 2010;12:1102-12.

[138] Wong TS, Liu XB, Chung-Wai Ho A, Po-Wing Yuen A, Wai-Man Ng R, et al. Identi-
fication of pyruvate kinase type M2 as potential oncoprotein in squamous cell car-
cinoma of tongue through microRNA profiling. Int J Cancer 2008;123:251-7.

[139] Feng C, Gao Y, Wang C, Yu X, Zhang W, et al. Aberrant overexpression of pyruvate
kinase M2 is associated with aggressive tumor features and the BRAF mutation in
papillary thyroid cancer. ] Clin Endocrinol Metab 2013;98:E1524-33.

[140] Zhou CF, Li XB, Sun H, Zhang B, Han YS, et al. Pyruvate kinase type M2 is upregulat-
ed in colorectal cancer and promotes proliferation and migration of colon cancer
cells. [IUBMB Life 2012;64:775-82.

[141] Yang X, Cheng Y, Li P, Tao ], Deng X, et al. A lentiviral sponge for miRNA-21 dimin-
ishes aerobic glycolysis in bladder cancer T24 cells via the PTEN/PI3K/AKT/mTOR
axis. Tumour Biol 2015;36:383-91.

[142] Xian ZY, Liu JM, Chen QK, Chen HZ, Ye CJ, et al. Inhibition of LDHA suppresses
tumor progression in prostate cancer. Tumour Biol 2015;36:8093-100.

[143] ShiM, Cui ], Du], Wei D, Jia Z, et al. A novel KLF4/LDHA signaling pathway regulates
aerobic glycolysis in and progression of pancreatic cancer. Clin Cancer Res 2014;20:
4370-80.

[144] Li KK, Pang JC, Ching AK, Wong CK, Kong X, et al. miR-124 is frequently down-
regulated in medulloblastoma and is a negative regulator of SLC16A1. Hum Pathol
2009;40:1234-43.

[145] Pinheiro C, Longatto-Filho A, Ferreira L, Pereira SM, Etlinger D, et al. Increasing ex-
pression of monocarboxylate transporters 1 and 4 along progression to invasive
cervical carcinoma. Int ] Gynecol Pathol 2008;27:568-74.

[146] Koukourakis MI, Giatromanolaki A, Bougioukas G, Sivridis E. Lung cancer: a com-
parative study of metabolism related protein expression in cancer cells and
tumor associated stroma. Cancer Biol Ther 2007;6:1476-9.

[147] Zabkiewicz J, Pearn L, Hills RK, Morgan RG, Tonks A, et al. The PDK1 master kinase
is over-expressed in acute myeloid leukemia and promotes PKC-mediated survival
of leukemic blasts. Haematologica 2014;99:858-64.

[148] Chen B, Liu Y, Jin X, Lu W, Liu ], et al. MicroRNA-26a regulates glucose metabolism
by direct targeting PDHX in colorectal cancer cells. BMC Cancer 2014;14:443.

[149] Koukourakis MI, Giatromanolaki A, Sivridis E, Gatter KC, Harris AL, et al. Pyruvate
dehydrogenase and pyruvate dehydrogenase kinase expression in non-small cell
lung cancer and tumor-associated stroma. Neoplasia 2005;7:1-6.

[150] Tanaka H, Sasayama T, Tanaka K, Nakamizo S, Nishihara M, et al. MicroRNA-183
upregulates HIF-1alpha by targeting isocitrate dehydrogenase 2 (IDH2) in glioma
cells. ] Neurooncol 2013;111:273-83.

[151] Puissegur MP, Mazure NM, Bertero T, Pradelli L, Grosso S, et al. miR-210 is
overexpressed in late stages of lung cancer and mediates mitochondrial alterations
associated with modulation of HIF-1 activity. Cell Death Differ 2011;18:465-78.

[152] Yahagi N, Shimano H, Hasegawa K, Ohashi K, Matsuzaka T, et al. Co-ordinate acti-
vation of lipogenic enzymes in hepatocellular carcinoma. Eur ] Cancer 2005;41:
1316-22.

[153] HuW, Zhang C, Wu R, SunY, Levine A, et al. Glutaminase 2, a novel p53 target gene
regulating energy metabolism and antioxidant function. Proc Natl Acad Sci U S A
2010;107:7455-60.

[154] Suzuki S, Tanaka T, Poyurovsky MV, Nagano H, Mayama T, et al. Phosphate-
activated glutaminase (GLS2), a p53-inducible regulator of glutamine metabolism
and reactive oxygen species. Proc Natl Acad Sci U S A 2010;107:7461-6.

[155] Leivonen SK, Rokka A, Ostling P, Kohonen P, Corthals GL, et al. Identification of miR-
193b targets in breast cancer cells and systems biological analysis of their function-
al impact. Mol Cell Proteomics 2011;10(M110):005322.

[156] Jain M, Nilsson R, Sharma S, Madhusudhan N, Kitami T, et al. Metabolite profiling
identifies a key role for glycine in rapid cancer cell proliferation. Science 2012;
336:1040-4.

[157] Wu S, Zhang G, Li P, Chen S, Zhang F, et al. miR-198 targets SHMTT1 to inhibit cell
proliferation and enhance cell apoptosis in lung adenocarcinoma. Tumour Biol
2015;37:5193-202.

[158] Selcuklu SD, Donoghue MT, Rehmet K, de Souza GM, Fort A, et al. MicroRNA-9 in-
hibition of cell proliferation and identification of novel miR-9 targets by tran-
scriptome profiling in breast cancer cells. ] Biol Chem 2012;287:29516-28.

[159] Yan S, Jiang H, Fang S, Yin F, Wang Z, et al. MicroRNA-340 inhibits esophageal can-
cer cell growth and invasion by targeting phosphoserine aminotransferase 1. Cell
Physiol Biochem 2015;37:375-86.

[160] Vie N, Copois V, Bascoul-Mollevi C, Denis V, Bec N, et al. Overexpression of
phosphoserine aminotransferase PSAT1 stimulates cell growth and increases
chemoresistance of colon cancer cells. Mol Cancer 2008;7:14.

[161] Kim SK, Jung WH, Koo JS. Differential expression of enzymes associated with ser-
ine/glycine metabolism in different breast cancer subtypes. PLoS One 2014;9,
e101004.

[162] Song YH, Shiota M, Kuroiwa K, Naito S, Oda Y. The important role of glycine N-
methyltransferase in the carcinogenesis and progression of prostate cancer. Mod
Pathol 2011;24:1272-80.

[163] Catalina-Rodriguez O, Kolukula VK, Tomita Y, Preet A, Palmieri F, et al. The mito-
chondrial citrate transporter, CIC, is essential for mitochondrial homeostasis.
Oncotarget 2012;3:1220-35.

[164] Qian X, Hu J, Zhao ], Chen H. ATP citrate lyase expression is associated with ad-
vanced stage and prognosis in gastric adenocarcinoma. Int J Clin Exp Med 2015;
8:7855-60.

[165] Wang C, Rajput S, Watabe K, Liao DF, Cao D. Acetyl-CoA carboxylase-a as a novel
target for cancer therapy. Front Biosci (Schol Ed) 2010;2:515-26.

[166] Cheng C, Chen ZQ, Shi XT. MicroRNA-320 inhibits osteosarcoma cells proliferation
by directly targeting fatty acid synthase. Tumour Biol 2014;35:4177-83.


http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0675
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0675
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0680
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0680
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0685
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0685
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0685
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0690
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0690
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0690
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0695
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0695
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0695
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0700
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0700
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0700
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0705
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0705
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0705
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0710
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0710
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0715
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0715
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0715
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0720
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0720
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0720
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0725
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0725
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0725
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0730
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0730
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0730
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0735
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0735
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0735
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0740
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0740
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0745
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0745
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0745
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0750
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0750
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0750
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0755
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0755
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0755
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0760
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0760
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0760
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0765
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0765
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0765
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0770
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0770
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0770
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0775
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0775
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0775
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0780
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0780
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0780
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0785
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0785
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0785
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0790
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0790
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0790
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0795
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0795
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0795
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0800
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0800
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0800
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0805
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0805
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0805
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0810
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0810
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0810
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0815
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0815
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0815
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0820
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0820
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0820
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0825
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0825
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0830
http://refhub.elsevier.com/S2001-0370(16)30017-4/rf0830

FEBS Letters 589 (2015) 2073-2079

060

journal homepage: www.FEBSLetters.org ‘

Residues in the acetyl CoA binding site of pyruvate carboxylase involved

in allosteric regulation

@ CrossMark

Kamonman Choosangtong?, Chaiyos Sirithanakorn ¢, Abdul Adina-Zada", John C. Wallace ¢,

Sarawut Jitrapakdee *, Paul V. Attwood ”*

2 Department of Biochemistry, Faculty of Science, Mahidol University, Bangkok 10400, Thailand
b School of Chemistry and Biochemistry, The University of Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia
€School of Molecular and Biomedical Sciences, University of Adelaide, Adelaide, SA 5005, Australia

ARTICLE INFO ABSTRACT

Article history:

Received 24 April 2015
Revised 24 June 2015
Accepted 24 June 2015
Available online 3 July 2015

Edited by Peter Brzezinski

We have examined the roles of Asp1018, Glu1027, Arg469 and Asp471 in the allosteric domain of
Rhizobium etli pyruvate carboxylase. Arg469 and Asp471 interact directly with the allosteric activa-
tor acetyl coenzyme A (acetyl CoA) and the R469S and R469K mutants showed increased enzymic
activity in the presence and absence of acetyl CoA, whilst the D471A mutant exhibited no acetyl
CoA-activation. E1027A, E1027R and D1018A mutants had increased activity in the absence of acetyl
CoA, but not in its presence. These results suggest that most of these residues impose restrictions on

the structure and/or dynamics of the enzyme to affect activity.
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1. Introduction

Pyruvate carboxylase [EC 6.4.1.1] is a biotin-dependent enzyme
that supplies oxaloacetate for replenishment of tricarboxylic acid

Abbreviations: acetyl CoA, acetyl coenzyme A; PC, pyruvate carboxylase; RePC,
Rhizobium etli pyruvate carboxylase; SaPC, Staphylococcus aureus pyruvate carboxy-
lase; LmPC, Listeria monocytogenes pyruvate carboxylase; BC, biotin carboxylase; CT,
carboxyl transferase; BCCP, biotin carboxyl carrier protein; PCR, polymerase chain
reaction; DTE, dithioerythritol
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cycle intermediates and in some specialised mammalian tissues,
for gluconeogenesis, glucose-induced insulin release and neuro-
transmitter synthesis [1,2]. The enzyme from most organisms is
highly regulated by the allosteric activator, acetyl CoA although
there is some variation of the dependence of the enzyme on acetyl
CoA, in terms of its activity in the absence of acetyl CoA and the K,
for activation [3,4]. In addition, the cooperativity of the activation
of PC by acetyl CoA varies between species [3], with the Hill
coefficient for the activation of the Rhizobium etli enzyme (RePC)
being about 2.8 [5]. In recent years, the structures of the oy
tetrameric pyruvate carboxylase holoenzyme from R. etli,
Staphylococcus aureus (SaPC) and Listeria monocytogenes (LmPC)
have been solved [6-10] and the catalytic mechanism of the
RePC has been well characterised [11-15]. However, many aspects
of the mechanism of action of acetyl CoA in its role as an allosteric
activator of RePC remain to be established.

Fig. 1 shows the structure of the RePC monomer and the reac-
tions occurring in the biotin carboxylase (BC) and carboxyltrans-
ferase (CT) domains, with the biotin being covalently attached to
the mobile biotin carboxyl carrier protein (BCCP) domain. The
allosteric domain, where acetyl CoA binds, occupies a central posi-
tion between the three other domains [7]. The RePC tetramer is
very asymmetrical and only two of the four subunits had ethyl
CoA (an analogue of acetyl CoA) bound to them. Only this pair of

0014-5793/© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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Biotin Carrier (BCCP) Domain

Biotin Carboxylation (BC) Domain
BCCP-biotin + HCO5™ + ATP

BCCP-biotin-CO;~ + ADP + P,

Yu
/ v a \)"\
Carboxyltransferase (CT) Domain
BCCP-biotin-CO;~ + pyruvate

BCCP-biotin + oxaloacetate

Fig. 1. The domain structure of the RePC subunit and the reactions catalysed by the BC and CT domains. Different colours in the primary structure of the enzyme represent
various portions of the polypeptide attributed to the biotin carboxylase (BC), carboxyltransferase (CT), biotin carboxyl carrier protein (BCCP) and allosteric domains [6].

Reproduced with permission from [7].

subunits, on one face of the tetramer, appeared to be correctly con-
figured to carry out the inter-subunit catalysis demonstrated to
occur whereby the biotin bound to one subunit is carboxylated
in its own BC domain but transfers its carboxyl group to pyruvate
in its partner’s CT domain [7]. The main locus of action of acetyl
CoA is in the BC domain [3]. Fig. 2 shows part of the allosteric
domain, with residues that directly interact with acetyl CoA and
those that interact with these residues. Arg427 and Arg472 were
the target of earlier mutagenesis studies that showed their crucial
role in acetyl CoA binding and activation of RePC [5]. The current
work extends these studies to examine the roles in the allosteric
action of acetyl CoA of Arg469 and Asp471 residues, which interact
directly with bound acetyl CoA, and Glu1027 which interacts with
Arg472, when acetyl CoA is bound. In addition, the role of Asp1018
was examined, since this residue was shown to interact with
Arg427 in the absence of acetyl CoA, but not in its presence [7].

2. Materials and methods
2.1. Construction of mutants

Mutations of Arg469 and Asp471 residues were performed on a
1.4 kb Sacll-Xhol DNA fragment of R. etli PC gene, encompassing
the BC domain while those of Asp1018 and Glu1027 residues were
performed on a 1.0 kb BamHI-Notl fragment of R. etli PC gene,
encompassing the BCCP domain. Mutagenesis was performed
using a site-directed mutagenesis kit (Agilent) as described previ-
ously [7,11] (see Table 1 for the mutagenic primers used). The
putative mutagenic clones were verified by automated DNA
sequencing (Macrogen). Appropriate fragments of the correctly
mutagenized clones were excised with Sacll-Xhol or BamHI-Notl
and used to replace the equivalent wild-type fragments in the full
length RePC gene in pET17b vector [6].

2.2. Preparation of WT and mutant RePC

pET17b plasmid containing wild-type RePC or mutants was
co-transformed with pCY216 plasmid encoding Escherichia coli bio-
tin protein ligase (BirA) into E. coli BL21 (DE3). RePC was expressed
and purified as described previously [11].

2.3. Pyruvate carboxylase assay

Pyruvate carboxylating activities in the absence and presence of
acetyl-CoA were determined spectrophotometrically using a cou-
pled reaction with malate dehydrogenase to detect oxaloacetate
formation, as described previously [11]. Briefly, the assays were
performed at 30°C in 1 ml mixture containing 0.1 M Tris-HCl,
pH 7.8, 20 mM NaHCO;, 6 mM MgCl,, 1 mM MgATP, 0.22 mM
NADH, 10 mM sodium pyruvate and 5 units of MDH. The concen-
trations of acetyl-CoA were varied from O to 150 puM. The data were
analysed by non-linear regression fits to Eq. (1) [5]:

appkcat = kOcat + kcat/(l + (Ka/[acetyl COADH) (1)

where PPk, is the measured k., at each concentration of acetyl
CoA, ke, is the catalytic rate constant at saturating acetyl CoA, K,
is the activation constant for acetyl CoA and n is the Hill coefficient
of the activation by acetyl CoA. The catalytic rate constant in the
absence of acetyl CoA is kocar and in the case of the wild-type
enzyme the value shown in Table 2 was determined experimentally
as a mean and standard deviation of three measurements,
since although the value estimated from the fit was similar to the
experimental value it had a relatively large error. In the cases of
the mutants, the values of k. reported are the values estimated
from non-linear regression fits of the PPk, vs [acetyl CoA] data
to Eq. (1), although the data analysed included an experimental
value of kocat.
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Fig. 2. Residues in the allosteric domain of RePC that directly interact with acetyl CoA and those that interact with these residues. Residues are taken from the structure of
RePC determined by Lietzan et al. (2011) (PDB: 3TW6). Dashed lines indicate potential hydrogen bonds and the coloured arrows indicate connexions from the allosteric

domain to other parts of the enzyme structure.

Table 1

Mutagenic oligonucleotide primers used to generate RePC mutants.

Mutant Forward primer Reverse primer

construct

R469S 5’-gca-ggt-caa-gag-cca-gga- 5’-cgg-tcc-tgg-cte-ttg-acc-tge-
ccg-3' 3

R469K 5’-cag-cag-gtc-aag-aaa-cag- 5’-cgc-geg-gte-ctg-ttt-ctt-gac-
gac-cgc-geg-3' ctg-ctg-3’

D471A 5’-aag-cgc-cag-geg-cge-geg- 5'-ctg-cgc-geg-cge-ctg-geg-
acg-3' ctt-3’

D1018A 5’-acg-ggt-tgg-cgg-ccg-gcg- 5’-agc-tcc-teg-ccg-gece-gee-
agg-agc-t-3/ aac-ccg-t-3’

E1027A 5’-tcg-ccg-aca-tcg-cga-agg- 5’-gtc-ttg-ccc-ttc-geg-atg-tcg-
gca-aga-c-3' gcg-a-3’

E1027R 5-tgt-tcg-ccg-aca-tca-gga- 5'-gcg-tct-tge-cct-tec-tga-tgt-
agg-gca-aga-cge cgg-cga-aca-3'

Table 2
Effects of mutations on acetyl CoA-activation of pyruvate carboxylation.

Wild-type Kocat Kkear (+acetyl Hill K, (UM)

(WT)/mutant form (—acetyl CoA) (s71) coefficient

of RePC CoA) (s1)

WT 0.18 £0.01 17.6+0.1 2.7+0.2 7.7+0.6

R469S 1.61+0.15 11.3+03 2.3+0.2 254+0.8

R469K 0.68 £0.16 6.05+044 09zx0.1 39.9+6.0

D471A 0.11£0.01 0.105+0.002 N.D. N.D.

E1027A 3.94+0.28 149+04 3003 129+0.5

E1027R 1.18 £ 0.07 271+018 23+04 748 £6.4

D1018A 2.17+£0.25 123+03 2.1+02 109+0.5

2.4. Bicarbonate-dependent MgATP cleavage assay

Bicarbonate-dependent MgATP cleavage activities in the
presence and absence of acetyl-CoA at saturating MgATP were
determined by coupled assay with pyruvate kinase and lactate
dehydrogenase as described previously [11]. Briefly, the reactions
were performed at 30 °C in 1 ml mixture containing 0.1 M Tris-
HCl, pH 7.8, 20 mM NaHCO3, 5 mM MgCl,, 1 mM ATP, 0.22 mM
NADH, 10 mM phosphoenolpyruvate, 5 units of pyruvate kinase
and 4 units of lactate dehydrogenase. When acetyl CoA was pre-
sent in the assay, a concentration of 0.25 mM was used.

3. Results
3.1. Arg469 mutations

To examine whether the guanidinium group of the side chain of
Arg469 participates binding acetyl-CoA as shown in Fig. 2, this
residue was mutated to serine (R469S) such that the interaction
would be disrupted. To see if the length of the side chain of
Arg469 affects participation in such an interaction, R469K mutant
was also generated and characterised. Fig. 3 shows the activation
by acetyl CoA of the pyruvate carboxylation reaction in the
wild-type enzyme and R469S mutant. As shown in Table 2, the
R469S mutant showed a 9-fold increase in the acetyl
CoA-independent activity (koca¢) and a 3.3-fold increase in K, com-
pared to the wild-type enzyme. There was only a small effect on
the Hill coefficient and k., was reduced to about 70% of the value
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Fig. 3. Activation of pyruvate carboxylation by acetyl CoA in (®) wild-type RePC
and ('¥) R469S. Lines are non-linear regression fits of the data to Eq. (1).

for the wild-type enzyme. In contrast, the R469K mutation resulted
in a 3.8-fold increase in kqcac and a 5.2-fold increase in K, compared
to the wild type enzyme. The value of k., of R469K was 37% of that
in wild-type RePC, but the largest difference between R469S and
R469K mutants was that the cooperativity of acetyl CoA activation
of R469K was abolished, with the value of the Hill coefficient being
close to 1. The net result of the mutations was to reduce the effec-
tiveness of activation of RePC-catalysed pyruvate carboxylation by
acetyl CoA ((kcat/Ka)/kocat) to 0.28 (R469S) and 0.22 (R469K) com-
pared to 12.70 in wild-type RePC.

As shown in Table 3, the effect of the R469S mutation on
bicarbonate-dependent MgATP cleavage was to increase both
kocat (34-fold) and ke (7.1-fold) relative to the values for
wild-type RePC. Similar, but slightly smaller effects were seen in
the R469K mutant, with ke being 23-fold greater than the
wild-type value and kc,c being 5.3-fold greater.

3.2. Asp471 mutation

The mutation of Asp471 to alanine resulted in a relatively small
reduction in ko, Of about 40%, but completely abolished the acti-
vation of the pyruvate carboxylation reaction by acetyl CoA (see
Table 2).

3.3. Glu1027 mutations

As shown in Table 2, E1027A showed a 22-fold increase in koca¢
and a 1.7-fold increase in K, compared to those of the wild-type
enzyme. The E1027A mutant showed only a marginal effect on
the Hill coefficient, and the ks was reduced slightly to about
85% of the value for the wild-type enzyme. Thus, the effect of the
E1027A substitution was to reduce the effectiveness of activation
by acetyl CoA to approximately 0.29 compared to 12.7 in the
wild-type RePC. The E1027R mutant showed a lesser increase in
kocar (6.6-fold) but a larger increase in K, (10-fold) compared to
wild-type RePC. There was again little effect on the Hill coefficient,
but k., was reduced to only 16% of the value for the wild-type
enzyme. Again, the net result in E1027R was to greatly decrease
the effectiveness of activation of the enzyme-catalysed pyruvate
carboxylation by acetyl CoA to 0.03.

Table 3
Effects of mutations on bicarbonate-dependent MgATP cleavage in the absence of
pyruvate.

WT/mutant form of RePC  kocar (—acetyl CoA) (s7!)  Kkeae (+acetyl CoA) (s71)

WT 0.058 +£0.002 0.53+£0.01
R469S 1.98+0.15 3.75+0.15
R469K 1.33+0.16 2.82+0.03
E1027A 3.25+0.13 4.10+0.03
E1027R 0.39 £ 0.04 1.49+0.03
D1018A 2.050 +0.002 4.38 £0.09

As shown in Table 3, the effect of the E1027A mutation on
bicarbonate-dependent MgATP cleavage was to dramatically
increase both kocac (56-fold) and k. (7.7-fold) relative to those val-
ues for wild-type RePC. Similar, but considerably smaller effects
were seen in the E1027R mutant, with koca¢ being 6.7-fold greater
than the wild-type value and k.,; being 2.8-fold greater.

3.4. Asp1018 mutation

As shown in Table 2 the mutation D1018A resulted in a 12-fold
increase in koc,r and a 1.4-fold increase in K, compared to the
wild-type enzyme. The Hill coefficient and k., were reduced to
78% and 70% respectively of those values for the wild-type enzyme.
The effectiveness of activation by acetyl CoA was 0.52.

As shown in Table 3, the effect of the D1018A mutation on
bicarbonate-dependent MgATP cleavage was to dramatically
increase both koc,: (35-fold) and k., (8.3-fold) relative to the values
for wild-type RePC.

4. Discussion

In summary there are mainly two types of result that are pro-
duced by mutation of the residues. Firstly, there are the mutations
that affect acetyl CoA action by producing relatively large reduc-
tions in kc,: and/or increases in K, in the pyruvate carboxylation
reaction relative to wild-type enzyme (R469S/K, D471A, E1027R).
These can be explained in terms of disruption of acetyl CoA binding
and/or action, either by disruption of a direct interaction between
the mutated residue and acetyl CoA or disruption of acetyl CoA
interaction with other residues. The other type of result is where
the mutations have resulted in increased pyruvate carboxylating
activity in the absence of acetyl CoA and increased
bicarbonate-dependent MgATP cleavage activity both in the pres-
ence and absence of acetyl CoA (R469S/K, E1027A/R, D1018A). As
can be seen, some mutations produced both types of result.

To deal with mutations producing the first type of result, as can
be seen in Figs. 2 and 4, the side chain guanidinium group of Arg469
and the o-amide of Asp471 interact directly with acetyl CoA. In
addition, in the presence of acetyl CoA, both Glu1027 and Asp471
interact with the acetyl CoA-binding residues Arg472 and Arg469
respectively. It is easy to understand how the mutation R469S could
result in a reduction of binding of acetyl CoA and hence produce the
increase in K,. However, the more conservative mutation R469K
actually produced a greater increase in K, than R469S, abolished
the cooperativity of action acetyl CoA and reduced k., more than
R469S. These effects of mutation of Argd69 do however, mirror
the effects of mutation of the other major acetyl CoA-binding resi-
dues, Arg427 and Arg472 [5]. Mutation of Arg427 to serine or lysine
produced increases in K, for acetyl CoA of 15- and 76-fold relative to
wild-type respectively and the R427K mutant also resulted in a loss
of cooperativity of the action of acetyl CoA. Mutation of Arg472 to
serine or lysine resulted in increases in K, of 203- and 252-fold,
respectively. Adina-Zada et al. [5] rationalised these observations
by suggesting that the mutation of the arginine residues (Arg427
and Arg472) to serine removed any interaction between these resi-
dues and acetyl CoA, leaving acetyl CoA to be positioned in the bind-
ing pocket by the remaining interacting residues. Mutation of the
arginine to lysine however suggested that whilst lysine could inter-
act with acetyl CoA, lysine could not form the interactions with
other residues in the allosteric binding site that arginine can, thus
resulting in incorrect positioning of acetyl CoA in the binding site.
This rationale may also apply to Arg469, which also interacts with
Asp471 (see Fig. 4).

To some degree the very pronounced effect of the D471A muta-
tion on acetyl CoA-activation of the RePC may be explained by the
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Glu3s0 N

Arg1059

Arg1059

2077

LTMA2A

Argd69/Argd69

Asp4d71

Thr474

Fig. 4. Relative positions of Glu360, Arg469, Asp471, Thr474 and Arg1059 residues in the RePC subunit with acetyl CoA bound (coloured residues/black labels) and without
acetyl CoA bound (grey residues/grey labels) obtained by aligning Arg469 from both subunits in the structure of RePC obtained by Leitzan et al. (PDB: 3TW6) where the
positions of all the residues are well defined (which is not the case in 2QF7). Dashed lines indicate potential hydrogen bonds and the distances indicated are between the
guanidinium of Arg471 and the carboxyl of Glu360 in the presence and absence of acetyl CoA.

loss of interaction with Arg469. As can be seen in Fig. 4, Asp471
(including its a-amide) is capable of a large degree of displacement
in the absence of acetyl CoA to a position where its carboxyl group
no longer interacts with Arg469. The abolition of the interaction
with Arg469 in D471A, may result in the displacement of D471A
and loss of binding of its a-amide with acetyl CoA. The dramatic
effects of mutation of Asp471 on acetyl CoA activation of RePC
indicate that any reductions in acetyl CoA binding affinity are
probably accompanied by loss in the ability of acetyl CoA to
activate the enzyme, even at saturating acetyl CoA concentrations.
This points to a very important role for Asp471 in the mechanism
of activation by acetyl CoA, in addition, the reduction in
kocar resulting from mutation of Asp471 suggests it also plays some
role in basal catalysis, however Asp471 has not been reported to
play a direct catalytic role in RePC. Thus the roles of Asp471 in
catalysis and acetyl CoA-activation of RePC warrant further
investigation.

As can be seen in Fig. 2, Glu1027 interacts with Arg472 in the
subunit of RePC with acetyl CoA bound. The location of Glu1027
relative to Arg472 in subunits of RePC where acetyl CoA is not
bound is unclear due to imprecise positioning (due to disorder)
of Glu1027 and/or Arg472 in the structures of these subunits (in
PDB files 2QF7, 3TW6 and 3TW?7) [6,7]. The imprecise positioning
of some residues in one structure but not another explains why
Figs. 2 and 4 use PDB file 3TW6 and Fig. 5 uses 2QF7. Again, one
result of mutation of Glu1027 to arginine may be due to
mis-positioning of Arg472 in the binding of acetyl CoA, owing to
charge-repulsion between the positive charge of arginine in the
E1027R mutant and this residue (which would not occur with
E1027A). This would then produce a reduction in the affinity of
acetyl CoA binding and loss of activation of the enzyme as previ-
ously argued for lysine mutations of Arg427 and Argd72 [5].

Increased values of kg, produced by some mutations are not,
by definition, caused by effects on acetyl CoA binding and thus, it
is likely that these mutations have affected the interactions of
these residues with others that occur in the absence of acetyl
CoA. The obvious approach would seem to be to examine what
interactions these residues make with others in the subunits of
RePC without acetyl CoA bound compared to subunits with bound
acetyl CoA. As seen in Fig. 4, Arg469 interacts with Glu360 in the
absence of bound acetyl CoA and similarly Asp1018 interacts with
Arg427 (Fig.5) (differential interactions between Glu1027 and

27974 Asp1018 of

/ - S
) 2.93A

Argd27

Asp 1018 «

by Argd27

Fig. 5. Positioning of Arg427 and Glu1018 in the RePC subunit with acetyl CoA
bound (coloured residues/black labels) and without acetyl CoA bound (grey
residues/grey labels. Figure obtained by aligning the ATPyS bound in the subunit
containing the acetyl CoA analogue, ethyl CoA, with that in the subunit with no
ethyl CoA bound (from PDB file 2QF7; [7]).

Arg472 in RePC subunits with and without acetyl CoA bound can-
not be determined because of the imprecise positioning of these
residues described above). The implication being that acetyl CoA
binding results in the loss of such interactions and releases any
constraints that these interactions have on conformational changes
required for catalysis in the absence of the activator. However the
crystal structure of the RePC tetramer is very asymmetrical, even in
the absence of acetyl CoA [6,7], giving rise to the possibility that it
is this asymmetry that results in the differential positioning of the
residues discussed above, not acetyl CoA binding. Comparison of
the positions of these residues in the RePC tetramer structure
determined with acetyl CoA bound with those in the structure of
RePC tetramer without acetyl CoA bound is not possible because
of the low resolution of the latter structure [6,7].
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The crystal structures of other pyruvate carboxylase tetramers
that have been determined have not exhibited this very marked
asymmetry [8-10,16]. The crystal structure of SaPC has been deter-
mined in the absence of acetyl CoA (PDB: 3BG5) and also in its
presence (PDB: 3H08), where the activator is bound to all four sub-
units. The residues in SaPC that correspond to Glu360, Arg427,
Argd69, Argd72, Asp1018, Glu1027 and Argl1059 in RePC from
sequence alignments are Leu353, Arg420, Ser462, Arg465,
Asn1012, Asp1021 and Arg1053, respectively. The positions of
pairs residues in SaPC subunits that correspond to those that inter-
act in RePC subunits with no acetyl CoA bound were examined.
None of the residues within these pairs are close enough to interact
with each other in either of the SaPC structures and their positions
relative to each other are not markedly different between the two
structures. This is suggestive that in RePC it is not primarily acetyl
CoA binding that changes the positions of these residues, rather it
is the asymmetry of the tetramer. Unlike Arg1059 in RePC, Arg1053
in SaPC interacts directly with acetyl CoA and in the structure
without acetyl CoA, it interacts directly with Asp465 that is equiv-
alent to Asp471 in RePC.

So what is the relevance of these interactions between residues
that occur in the asymmetrical tetramer of RePC? Although the
crystal structure of the SaPC tetramer is more symmetrical than
that of RePC, it still exhibits asymmetry [16]. In addition, Tong
and co-workers have recently presented cryo-electron microscopy
evidence that the SaPC tetramer undergoes transitions between
symmetrical and asymmetrical conformations, depending on the
stage of the enzyme-catalysed reaction, and that the
half-of-the-sites activity alternates between pairs of subunits on
opposite faces of the tetramer [17]. Thus, the difference between
the crystal structure of the RePC tetramer and those of the SaPC
and LmPC tetramers is likely due to enhanced stabilization of the
asymmetrical conformer in RePC. Tong and coworkers [17] have
speculated that differences in inter-tetramer contacts between
SaPC and RePC in the crystal may result in stabilization of the dif-
ferent tetrameric conformers. It is possible that the interactions
between residues in the allosteric domain of RePC that do not
occur in SaPC may also contribute to this enhanced stabilization
of the asymmetrical conformation of the RePC tetramer (Arg469-
Glu360; Argd27-Asp1018).

In addition, these interactions between residues that are evi-
dent in the asymmetrical conformer may constrain the conversion
to the symmetrical conformer. Thus mutation of these residues so
as to remove such interactions would relieve these constraints,
allowing freer inter-conversion between the two conformers.
This inter-conversion may be much more rate-limiting in the
absence of acetyl CoA than in its presence and so the effects of
the mutations would be much more pronounced on the acetyl
CoA-independent activity. It is interesting to note that the acetyl
CoA-independent activity of SaPC is very much higher than that
of RePC both in terms of the percentage of the activity in the pres-
ence of acetyl CoA (about 25%) and in absolute terms, 55! (at
room temperature) [10].

The MgATP cleavage reactions were performed in the absence
of pyruvate and the decarboxylation of the carboxybiotin, formed
in the BC domains, in the CT domains to complete the catalytic
cycle becomes rate-limiting [18,19], even in the presence of acetyl
CoA. In SaPC this reaction has been shown to be associated with a
conversion from the asymmetrical conformer to the symmetrical
conformer [17]. Thus the mutation of some of the residues in the
current work may again remove interactions that stabilize the
asymmetrical conformer and so enhance the rate of conversion
to the symmetrical form and hence the overall rate of catalysis.
The smaller effects of the mutations on the rate constants of the

pyruvate carboxylation reactions compared to those on
bicarbonate-dependent MgATP cleavage, even in the presence of
acetyl CoA, suggest that binding of pyruvate may enhance the
inter-conversion of the asymmetrical conformer to symmetrical
conformer, making it less rate-limiting.

If the analysis of the effects of the mutation of residues that
enhance enzymic activity is correct, this would suggest that one
mode of activation of PC by acetyl CoA is that the binding of acetyl
CoA to all four subunits in the PC tetramer, in conjunction with
pyruvate, enhances the ease of inter-conversion of the two con-
formers of the tetramer. What is the purpose of stabilizing the
structure in the asymmetrical conformation? This would serve to
place the enzyme in the resting state in a conformation ready for
biotin carboxylation, but also by increasing the stabilization of this
conformer, this would make the enzyme more highly regulated by
acetyl CoA, so that there is a tighter coupling between PC activity,
fatty acid oxidation and anaplerosis.
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We recently showed that the anaplerotic enzyme pyruvate carboxylase (PC) is up-regulated in human breast
cancer tissue and its expression is correlated with the late stages of breast cancer and tumor size [Phannasil et
al., PloS One 10, e0129848, 2015]. In the current study we showed that PC enzyme activity is much higher in
the highly invasive breast cancer cell line MDA-MB-231 than in less invasive breast cancer cell lines. We gener-
ated multiple stable PC knockdown cell lines from the MDA-MB-231 cell line and used mass spectrometry with
13Cg-glucose and >Cs-glutamine to discern the pathways that use PC in support of cell growth. Cells with severe
PC knockdown showed a marked reduction in viability and proliferation rates suggesting the perturbation of
pathways that are involved in cancer invasiveness. Strong PC suppression lowered glucose incorporation into
downstream metabolites of oxaloacetate, the product of the PC reaction, including malate, citrate and aspartate.
Levels of pyruvate, lactate, the redox partner of pyruvate, and acetyl-CoA were also lower suggesting the impair-
ment of mitochondrial pyruvate cycles. Serine, glycine and 5-carbon sugar levels and flux of glucose into fatty
acids were decreased. ATP, ADP and NAD(H) levels were unchanged indicating that PC suppression did not sig-
nificantly affect mitochondrial energy production. The data indicate that the major metabolic roles of PC in inva-
sive breast cancer are primarily anaplerosis, pyruvate cycling and mitochondrial biosynthesis of precursors of

Keywords:

Gene knockout

Pyruvate carboxylase (PC)
Breast cancer

Cell proliferation rate
Mitochondrial biosynthesis
Cancer biology

Anaplerosis

Mitochondrial metabolism

cellular components required for breast cancer cell growth and replication.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Breast cancer is one of the most common malignancies in women,
with an estimated one million cases diagnosed every year, and remains
one of the cancer types that cause an extremely high mortality rate
worldwide [1]. Similar to other cancers, regardless of tissue oxygen
levels, breast cancer oxidizes glucose excessively via glycolysis known
as the Warburg effect. Mitochondrial energy production by oxidative
phosphorylation is essentially normal or occasionally slightly repressed
in cancer cells [2]. This and other recent indirect evidence suggests that
mitochondrial metabolism could be important in other ways, such as for
supplying the substrates for biosynthesis of fatty acids, amino acids and
nucleic acids as the structural and functional components of the rapidly
dividing cells [2,3]. In this regard, “anaplerosis”, which is the net mito-
chondrial biosynthesis of certain citric acid cycle intermediates [4],
could be extremely important for cancer cell proliferation and

Abbreviations: PC, pyruvate carboxylase; MS, mass spectrometry.
* Corresponding author at: Mahidol University, 272 Rama 6 Rd, Rajathewee, Bangkok
10400, Thailand.
E-mail address: sarawut.jit@mahidol.ac.th (S. Jitrapakdee).
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invasiveness. However, there is a paucity of data on the role of individ-
ual metabolic pathways that support cancer cell growth and survival,
especially in breast cancer. Pyruvate carboxylation and glutaminolysis
are the two major anaplerotic reactions that replenish citric acid cycle
intermediates when they are depleted by their export from the mito-
chondria for biosynthetic reactions that take place mostly in the
extramitochondrial compartment of the cell. A major anaplerotic reac-
tion involves the carboxylation of pyruvate to oxaloacetate catalyzed
by pyruvate carboxylase (PC) followed by oxaloacetate's conversion to
malate, citrate and aspartate and their export from mitochondria to
the cytosol where they become precursors for the synthesis of carbohy-
drates, lipids and amino acids [5]. Glutaminolysis involves the conver-
sion of glutamine to glutamate by glutaminase followed by oxidative
deamination of glutamate to ai-ketoglutarate catalyzed by glutamate
dehydrogenase. a-Ketoglutarate is then converted to other citric acid
cycle intermediates that can be exported from the mitochondria to the
cytosol [6]. Different cancers use these anaplerotic reactions to various
degrees [7-9].

We recently showed that PC is up-regulated in human breast cancer
tissue and its expression levels correlated with the late stages of breast
cancer and tumor size but not with the expression of estrogen receptor
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Oligonucleotides used to generate ShRNA constructs for suppressing human pyruvate carboxylase (PC) expression.

Sequence name

Sequence (5’ 3')

Length (bp)

PC 179 (forward)
PC 179 (reverse)
PC 847 (forward)
PC 847 (reverse)
PC 2054 (forward)
PC 2054 (reverse)
PC 2096 (forward)
PC 2096 (reverse)
PC 2653 (forward)
PC 2653 (reverse)
PC 3436 (forward)
PC 3436 (reverse)

GATCCTCGGAGTATAAGCCCATCAAGAATGTGCTTTTCTTGATGGGCTTATACTCCTTTTTGGAAA
AGCTTTTCCAAAAAGGAGTATAAGCCCATCAAGAAAAGCACATTCTTGATGGGCTTATACTCCGAG
GATCCTCGGAACATCCTGCACCTGTATGTGCTTTACAGGTGCAGGATGTTCCTTTTTGGAAA
AGCTTTTCCAAAAAGGAACATCCTGCACCTGTATGTGCTTTACAGGTGCAGGATGTTCCGAG
GATCCTCCGTGGTCTTCAAGTTCTGTTGTGCTTACAGAACTTGAAGACCACGTTTTTGGAAA
AGCTTTTCCAAAAACGTGGTCTTCAAGTTCTGTTGTGCTTACAGAACTTGAAGACCACGGAG
GATCCTCGGATGTCTTCCGTGTGTTTGATGTGCTTTCAAACACACGGAAGACATCCTTTTTGGAAA
AGCTTTTCCAAAAAGGATGTCTTCCGTGTGTTTGATGTGCTTTCAAACACACGGAAGACATCCGAG
GATCCTCGCAACTCGGACGTGTATGATGTGCTTTCATACACGTCCGAGTTGCTTTTTGGAAA
AGCTTTTCCAAAAAGCAACTCGGACGTGTATGAAAGCACATCATACACGTCCGAGTTGCGAG
GATCCTCGGAAGGTGATAGACATCAAAGTGTGCTTCTTTGATGTCTATCACCTTCCTTTTTGGAAA
AGCTTTTCCAAAAAGGAAGGTGATAGACATCAAAGTGTGCTTCTTTGATGTCTATCACCTTCCGAG

(ER), progesterone receptor (PR) and epidermal growth factor receptor
2 (HER2) in patients’ breast tissues [10]. In supporting these clinical
data, we also found that the levels of PC and its mRNA were not correlat-
ed with expression of these three receptors in four independent breast
cancer cell lines, namely MDA-MB-231 (ER™/PR™/HER2 ™), MDA-MB-
435 (ER™ /PR /HER2"), MCF-7 (ER*/PR*/HER2 ™) and SKRB3 (ER™/
PR™/HER2") [11] but highly correlated with their invasive phenotype
i.e., highly expressed in highly metastasized cell lines (MDA-MB-231 >
MDA-MB-435) but poorly expressed in low or non-metastasizing cell
lines (SKRB3 and MCF-7) [10]. Ectopic expression of PC in MCF-7 cells
increases their proliferation, motility and invasion abilities, suggesting
a further link between PC and aggressive phenotype of breast cancer.
Transient suppression of PC expression in MDA-MB-231 and MDA-
MB-435 cell lines reduced their proliferation, migration and invasion
in vitro indicating the essential role of PC in supporting breast cancer
growth and invasiveness [10].

It remains unclear which biochemical pathways and metabolites are
altered by PC knockdown and contribute to the slow proliferation and
decreased motility phenotypes in breast cancer. In the current study
we generated multiple stable PC knockdown cell lines from the MDA-
MB-231 breast cancer cell line, a highly invasive cell line with a high
PC enzyme activity. The cell lines with severe PC knockdown showed
marked decreases in cell viability and proliferation rates. PC knockdown
caused decreases in malate, citrate and pyruvate levels and glucose in-
corporation into these metabolites suggesting the inhibition of mito-
chondrial pyruvate cycling, decreases in aspartate and other amino
acids, some nucleotides and their derivatives needed for cell structure,
as well as decreased incorporation of glucose carbon into palmitate.
ATP, ADP and pyridine nucleotide levels were not significantly affected
demonstrating that PC knockdown does not inhibit mitochondrial ener-
gy production. The results demonstrate the important role of PC in
anaplerosis and pyruvate cycling via mitochondrial biosynthesis for
growth and survival of the MDA-MB-231 cells.

2. Materials and methods
2.1. Materials

Human breast cancer cell lines, MCF-7 and MDA-MB-231 were gen-
erous gifts from Dr. Wei Xu, University of Wisconsin-Madison. Cells
were grown in Dulbecco's modified Eagle's medium (DMEM) (Corning)
supplemented with 10% (v/v) fetal bovine serum (FBS), 100 units/ml
penicillin and 100 pg/ml streptomycin, and maintained at 37 °C with
5% CO».

2.2. Designation of Pcx sShRNA constructs and generation of Pcx-knockdown
MDA-MB-231 cell lines

Six different shRNAs targeted to human pyruvate carboxylase
(hPcx) coding sequence (ACCESSION BC011617.2) were designed
using “siRNA Wizard v 3.1” (http://www.invivogen.com/sirnawizard/

design.php). The oligonucleotides corresponding to the shRNA se-
quences with BamHI or HindlIl restriction sites overhang at their 5’-
ends were synthesized by Eurofins (Fisher Scientific, USA), and their
sequences are shown in Table 1. Double stranded oligonucleotide cas-
settes with BamHI and HindllI sites at 5’- and 3’-ends were generated
upon annealing each pair of oligonucleotides, and subsequently ligated
at the BamHI and HindIlIl sites of the modified pSilencer 2.1-U6 puro
TOL2 vector (Ambion, USA) [16]. The constructs carrying six different
Pcx shRNA cassettes in the pSilencer 2.1-U6 puromycin vector were se-
quenced to confirm the correct oligo nucleotide sequence. Similarly, a
scrambled shRNA control from Ambion (Life Technologies) (5’-
ACTACCGTTGTTATAGGTG-3’) was cloned into the same vector to
serve as a control.

2.3. Generation of MDA-MB-231 PC knockdown cell lines

Approximately 1 x 10° MDA-MB-231 cells were plated in a 35-mm
culture dish (6-well plate) containing DMEM supplemented with
100 units/ml penicillin and 100 pg/ml streptomycin, and grown at
37 °C with 5% CO, overnight. The cells were then transfected with
2.0 ug of shRNA expression constructs along with 1.0 pg of pCMV-Tol2
vector using Lipofectamine2000 (Life Technologies, USA). After 24 h,
the cells were selected in the complete medium containing 0.5 pig/ml
puromycin (Invitrogen, USA) that was maintained throughout the se-
lection. The MDA-MB-231 cell line stably transfected with a scrambled
shRNA construct was similarly generated. Multiple puromycin resistant
colonies were formed after 15 days of selection. Thus each “cell line” is
actually a population of PC knockdown cells rather than a single clone.
The selected cells were expanded and maintained in selection media
at all times before subsequent biochemical analyses.

2.4. Quantitative real time reverse transcriptase polymerase chain reaction
(QRT-PCR)

Total RNA was extracted from cells using RNeasy mini kit (Qiagen)
following the manufacturer's instructions. The 10 pl RT reaction
contained 2 pg of total RNA and oligo(dT) primers (Ambion) at 85 °C
for 3 min and chilled at 4 °C. Reverse transcription was initiated by
adding 10 pl of mixture containing 2 pl 10x RT buffer, 0.5 mM dNTP
mix, 2 units of RNase inhibitor and reverse transcriptase (Ambion), to
the primed-RNA mixture and the reaction was incubated at 43 °C for
60 min, 92 °C for 10 min and held at 4 °C, respectively. The cDNA was
stored at — 20 °C until used. Quantitative real time PCR was performed
using SYBR Premium Ex Taq (Takara) using MyiQ™ single-color real
time PCR detection system (BioRad). The standard curve of PC cDNA
was obtained from amplification plots of PC prepared from various dilu-
tions of MDA-MB-231 ¢DNAs. The expression of PC mRNA was normal-
ized to the glutamate dehydrogenase (GLUD) mRNA level and is shown
as the relative gene expression. Fold change was calculated using the
AQ method. The thermal profiles consisted of initial denaturation at
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95 °C for 3 min followed by 40 cycles of denaturation at 95 °C for 10 s
and annealing at 60 °C for 20 s and extension at 72 °C for 30 s.

2.5. Cell viability assay

The numbers of viable cells were determined with the CellTiter 96®
AQueous One Solution Cell Proliferation Assay (MTS) kit (Promega).
Four thousand cells of various stable PC knockdown MDA-MB-231 cell
lines were plated into 96 well plates and grown in DMEM supplement
with 10% (v/v) FBS, 100 units/ml penicillin and 100 pg/ml streptomycin,
at37 °Cin a CO, incubator overnight. Twenty microliters of CellTiter one
solution reagent was added to the cells and incubated at 37 °Ciin CO; in-
cubator for 1 h. The amount of soluble formazan was measured imme-
diately using a 96-well plate reader (Molecular Devices) at 490 nm.
The absorbance is directly proportional to the number of viable cells in
culture.

2.6. Cell proliferation

2 x 10* cells of the PC-knockdown MDA-MB-231 or the scrambled
shRNA control cell line were plated into 35 mm? dishes and cultured
in complete DMEM supplemented with 1.0 pg/ml puromycin at 37 °C
with 5% CO,. Cells were trypsinized and counted by staining with 0.4%
(wy/v) trypan blue (Gibco) at days 4, 5, 6 and 7.

2.7. PC enzyme activity

The cells were trypsinized off tissue culture plates with 0.05% trypsin
and 0.5 mM EDTA. The cell pellet was washed twice with PBS and
suspended in KMSH solution containing a protease inhibitor mixture
(Pierce). PC enzyme activity was measured as previously described
[12]. Ten microliters of the homogenate was incubated in a final volume
of 50 pl of enzyme reaction mixture of 100 mM KCl, 10 mM MgCl,, 2 mM
Na-ATP, 0.1% Triton X-100, 1 mM DTT, 1.6 mM acetyl CoA, 20 mM
NaHCOs, 0.2 uCi ["*C]NaHCO;, and 100 mM Tris-Cl buffer, pH 7.85
with or without 8 mM pyruvate at 37 °C for 30 min. The reaction was
stopped by adding 50 pl 10% (v/v) trichloroacetic acid and after
10 min, 80 pl of the mixture was removed and added to a 20 ml scintil-
lation vial that was left open for 2 h to allow evaporation of the unincor-
porated CO,. Then, 0.5 ml of water and 5 ml of Scintisafe scintillation
mixture (catalog number SX21-5, Fisher Scientific) were added to the
vial and the carbon fixed was measured by liquid scintillation spectrom-
etry. Background radioactivity present in the absence of pyruvate was
subtracted from the radioactivity in the presence of pyruvate to give
the enzyme rate attributable to PC enzyme activity.

2.8. Measurement of pyruvate, malate and citrate from PC knockdown cells
by alkali enhanced fluorescence

The cells were maintained in DMEM cell culture medium (contains
25 mM glucose and 4 mM glutamine) 10% (v/v) FBS 100 units/ml pen-
icillin and 100 pg/ml streptomycin with 0.5 pg/ml puromycin on
150 mm. culture plates. The media was changed to RPMI 1640 cell cul-
ture medium (contains 2 mM glutamine) modified to contain 5 mM glu-
cose the day before the experiment. On the day of the experiment the
cells were washed twice with PBS and once with Krebs Ringer solution.
Five milliliters of Krebs Ringer bicarbonate solution, pH 7.3, containing
no glucose was added to the plates of cells, and the cells were incubated
at 37 °C. After 10 min Krebs Ringer bicarbonate solution containing
10 mM glucose was added and the cells were incubated at 37 °C. After
35 min all liquid was quickly removed from the cells and the plates
were put on ice. Then 0.75 ml of 6% PCA was added and the cells were
scraped off the plates and transferred into the microtube. The mixture
was homogenized and centrifuged to precipitate the protein and the su-
pernatant fraction was neutralized with 30% KOH. The resulting precip-
itated potassium perchlorate was removed by centrifugation and the

metabolite concentrations in the neutralized extract were measured
by alkali enhanced fluorescence, as previously described [12].

2.9. Metabolites analysis by LC-MS and GC-MS

The cells were maintained in DMEM supplemented with 10% (v/v)
FBS, 100 units/ml penicillin, 100 pg/ml streptomycin, and 0.5 pg/ml pu-
romycin. Cells were plated at a density of 14 x 10 cells/cm? in 6 cm cul-
ture dishes at 37 °C and 5% CO, in a humidified atmosphere to 70%
confluence over 5 days prior to experimentation. On the day of an ex-
periment metabolism was stopped in four plates of each cell line and
cells were harvested and saved for LC-MS analysis (time zero control).
The medium was changed to DMEM without FBS modified to contain
10 mM '3Cg-glucose plus 2 mM glutamine or 2 mM !3Cs-glutamine
plus 10 mM glucose. Four plates of each cell line were used for each con-
dition. After incubation for 1 h, metabolism of cells was stopped and
cells were harvested and analyzed with LC-MS as previously described
[13,14].

2.10. Enzyme activities

Homogenates were prepared and activities of all enzymes except cit-
rate synthase were measured as previously described [15]. The activity
of citrate synthase was measured as described in reference [16].

2.11. Statistical analysis

Values of relative PC mRNA, PC enzyme activity, MTS cell prolifera-
tion and metabolite levels were expressed as mean 4+ standard error.
The statistical analysis was confirmed with Student's t-test.

3. Results
3.1. Characterization of the PC knockdown MDA-MB-231 cell lines

The PC enzyme activity of the MDA-MB-231 cell line, which is a
highly invasive breast cancer cell line, was 10-fold higher than the PC
enzyme activity of the less invasive breast cancer cell line MCF-7
(Table 2). Six shRNA constructs (PC179, PC847, PC2054, PC2096,
PC2653 and PC3436) targeted to human PC mRNA were transfected to
MDA-MB-231 cells. The stable cell lines were named according to the
first nucleotide of the PC mRNA sequence targeted. Fig. 1A and B show
that the degree of knockdown of PC mRNA correlated fairly well with
the degree of knockdown of PC enzyme activity and PC protein in the
various PC targeted cell lines. As we have previously observed, knock-
down of PC enzyme activity and PC protein, although correlated well
with the degree of mRNA knockdown was in general slightly less than
the knockdown of PC mRNA [12]. Cell line PC 2096 4B possessed a PC
mRNA level of approximately 10% compared to the scrambled shRNA
control cell line, while cell lines PC 179 1A, PC 847 2C, PC 2054 3D, PC
3436 6A and PC 3436 6C contained PC mRNA levels of 20-40% that of
the scrambled shRNA control cell line. Only modest reductions (50-
70%) of PC mRNA level were observed in cell lines PC 179 1B, PC 2054
3A and PC 2096 4C, while the level of PC mRNA was not decreased in
cell lines PC 2653 5A and PC 2653 5B. PC enzyme activity of these cell
lines was proportional to the levels of PC mRNA, with PC enzyme activ-
ity being lowest (5%) in the PC 2096 4B cell line (Fig. 1B). Cell lines PC

Table 2

Pyruvate carboxylase (PC) enzyme activity is much higher in the invasive breast cancer
cell line MDA-MB-231 than in the less invasive breast cancer cell line MCF-7. Results are
means + SE nmol CO, fixed/min/mg cell protein of 4 replicate measurements.

Cell line PC enzyme activity (nmol CO, fixed/min)
MDA-MB-231 132 £ 0.6
MCEF-7 12 4+ 02
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Fig. 1. Decreased pyruvate carboxylase mRNA levels induced by gene silencing correlate with decreased PC enzyme activity in multiple cell lines derived from the breast cancer cell line
MDA-MB 231. A, Relative pyruvate carboxylase (PC) mRNA expression in various PC knockdown cell lines (179 1A, 179 1B, 847 2C, 2054 3A, 2054 3D, 2096 4B, 2096 4C, 2653 5A, 2653 5B,
3426 6A, 3436 6C and scramble control (SC)). B, PC enzyme activity of PC knockdown cell lines relative to that of the scramble control which was arbitrarily set as 100%. *p < 0.05; °p<0.01;

p < 0.001 vs scramble control.

2096 4B, PC 179 1A, PC 847 2C, PC 2054 3D, PC 3436 6C and PC 2653 5B
showed the highest, modest and lowest PC knockdown levels,
respectively.

3.2. Decreased cell proliferation rates in PC knockdown cell lines

Cell lines with lower PC mRNA and enzyme activity showed lower
cell viability (Fig. 2A and B). We selected two cell lines, PC 847 2C and
PC 2096 4B, for further analysis of cell growth. Both knockdown cell
lines showed decreased cell numbers at day 4, that became more obvi-
ous at days 5-7, with the PC 847 2C cell line showing a 35% lower cell
count vs. the scrambled shRNA control cell line at day 7 and the PC
2096 B cell line showing a 65% lower cell count vs. the control cell line
at day 7 (Fig. 2C).

3.3. Metabolite analysis

Because most cancers use glucose and glutamine as the two main
carbon sources for both energy production and biosynthesis [3], we
used uniformly labeled '3Cg-glucose or '>Cs-glutamine and LC-MS or
GC-MS to track the fluxes of these two substrates into the synthesis of
various metabolites. This allowed us to distinguish which of the fluxes

of the carbon sources might be more impaired in the PC knockdown
cell lines PC 847 2C and PC 2096 4B compared to the shRNA scramble
control MDA-MB-231 cell line. Prior to the experiment these three cell
lines were maintained in DMEM cell culture medium for four or more
days. DMEM is the standard cell culture medium used for maintaining
the MDA-MB-231 cell line and it contains 25 mM glucose and 4 mM glu-
tamine. For the LC-MS/MS analysis experiment, the cell lines were
maintained for 1 h in DMEM medium modified to contain either
10 mM U-'3Cg glucose plus 2 mM unlabeled glutamine or 2 mM
U-13C5 glutamine plus 10 mM unlabeled glucose. For the experiment
to look for a crossover point in the levels of the metabolites around
the PC reaction, the cells were incubated in the presence of 5 mM glu-
cose in RPMI 1640 cell culture medium because the high concentration
of glucose in the DMEM medium would produce high levels of metabo-
lites possibly obscuring a crossover point in the levels of the
metabolites.

3.4. No decrease in glycolytic intermediates with PC knockdown

As expected, because PC is a mitochondrial enzyme its suppression
did not affect the levels of glycolytic intermediates as glucose-6-phos-
phate, fructose-6-phosphate and fructose bisphosphate were not
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Fig. 2. Knockdown of pyruvate carboxylase (PC) mRNA and PC enzyme activity correlate
with decreased breast cancer cell viability and growth. A, Viability of cells was measured
with the MTS assay at days 2, 3 and 4. p > 0.001 vs the RNA scramble control of the four
cell lines with the lowest viability. p < 0.05 for PC 2054 3D vs the control. B, PC mRNA,
PC enzyme activity and viability of various knockdown cells at day 3. p < 0.05;
p < 0.01, °p > 0.001 vs RNA scramble control. C. Decreased cell counts in the PC 2096 4B
and PC 847 2C cell lines with knockdown of PC. ?p < 0.05; ®p < 0.01, °p > 0.001 vs RNA
scramble control.

altered in each of these PC knockdown cell lines (Fig. 3A and B). Also as
expected, glucose-6-phosphate and fructose-6-phosphate were labeled
from U-'3Cg glucose but not from U-'3C5 glutamine (Fig. 3C and D).

3.5. Suppression of PC lowers malate and citrate

The immediate product of the PC reaction is oxaloacetate which is
then directly converted to malate and citrate (Fig. 4). Oxaloacetate is
very unstable and its concentration in most tissues is so low (about
5 uM) that it is impractical to accurately measure its concentration.
Therefore, the levels of 1>C incorporation into the immediate metabo-
lites of oxaloacetate, which are citrate and malate, were measured. In
the mass spectrometry experiments using either LC-MS/MS or GCMS,
metabolite levels were measured in the cell lines immediately before
(zero time control) and then 60 min after 10 mM [U-'3C]glucose or
2 mM [U-'3C]glutamine were added to the cells. Strong suppression of

PC expression (cell line PC 2096 4B) markedly decreased the levels of
both citrate and malate and decreased the incorporation of carbon
from glucose and glutamine into citrate and malate (Fig. 5). Citrate
was mainly + 2 labeled with *Cs-glucose, suggesting that pyruvate de-
hydrogenase supplied acetyl-CoA that was incorporated into citrate in
the citrate synthase reaction. In contrast, malate was about equally
+2 labeled and + 3 labeled from 'Cg-glucose. This indicates that the
+ 3 labeled malate came from oxaloacetate formed in the PC reaction
and the + 2 labeled malate came from the citric acid cycle after the py-
ruvate dehydrogenase reaction produced + 2 labeled acetyl-CoA that
was incorporated into citrate that then became + 2 labeled malate
after flux through the citrate-pyruvate cycle or through the citric acid
cycle. 13Cs labeled glutamine produced mostly + 4 labeled citrate and
malate that entered mitochondrial metabolism through o-
ketoglutarate derived from glutamate in the glutamate dehydrogenase
reaction. The decreased '>C incorporation into malate and citrate from
glucose and glutamine in the PC 2096 4B cell line can be explained by
PC knockdown inhibiting pyruvate flux through the citrate-pyruvate
and the malate-pyruvate cycles.

To confirm the mass spectrometry measurements the levels of ma-
late and citrate were measured by alkali-enhanced fluorescence in cell
lines maintained in RPMI 1640 tissue culture medium (usually contains
11.1 mM glucose and 2 mM glutamine) modified to contain a physiolog-
ically normal concentration of glucose (5 mM) (and still 2 mM gluta-
mine) for one day followed by a brief starvation period in the
presence of no fuel and then a 35 min incubation period in Krebs Ringer
bicarbonate buffer solution containing 10 mM glucose. Similarly to the
mass spectrometry measurements of malate and citrate in the cell
lines maintained in DMEM cell culture medium the cell lines with
knocked down PC maintained in the modified RPMI 1640 medium
followed by the Krebs Ringer solution, the PC knockdown cell lines PC
847 2C, PC 2096 4B and PC 179 1A, showed decreased levels of malate
and citrate compared to the control cell line containing a scrambled
shRNA (Fig. 6).

3.6. Effects of suppression of PC on levels of pyruvate, lactate and acetyl-CoA

The mass spectrometry measurements showed that pyruvate was
mostly labeled from glucose rather than from glutamine (Fig. 7A). Sup-
pression of PC caused a marked reduction in the level of glucose-derived
pyruvate in the mass spectrometry experiments in which the cells were
cultured in DMEM for four or more days prior to the experiment (see
Fig. 7A). Since pyruvate is the substrate for the PC reaction, it might be
expected that suppression of PC expression would result in the accumu-
lation of pyruvate, which is the substrate of PC, as we previously ob-
served in pancreatic beta cells with knocked down PC [12]. The lower
levels of pyruvate seen in the PC knockdown cell lines were likely due
to decreased malate and citrate cycling to pyruvate because the levels
of these two metabolites were markedly decreased by PC knockdown
(Fig. 5). As shown in Fig. 4, malate can exit mitochondria and be con-
verted back to pyruvate by malic enzyme in the cytosol. Pyruvate can
then re-enter mitochondria and be reconverted to oxaloacetate by PC
(the pyruvate-malate shuttle) [17,18]. Alternatively in the pyruvate-cit-
rate shuttle, citrate can exit mitochondria and be converted to oxaloac-
etate and acetyl-CoA by ATP-citrate lyase [18,19]. Oxaloacetate can then
be converted to malate by cytosolic malate dehydrogenase. Malic en-
zyme can then convert malate to pyruvate the same as in the pyru-
vate-malate cycle. The malate-pyruvate and citrate-pyruvate cycles
are very active in pancreatic beta cells where PC protein and enzyme ac-
tivity are high and support these cycles [17,18]. The low pyruvate also
explains the low level of lactate (Fig. 7B), which is the redox partner
of pyruvate, in these cells. Because glycolysis was not inhibited
(Fig. 3), the decreased '*Cg-glucose incorporation into pyruvate and lac-
tate in the two PC knockdown cell lines (Fig. 7A and B) can only be ex-
plained by a decreased activity of pyruvate cycling due to decreased PC
enzyme activity.
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Fig. 3. Knockdown of pyruvate carboxylase (PC) expression does not alter the levels of glycolytic intermediates glucose-6-phosphate plus fructose-6-phosphate or fructose-biphosphate
from U-'>Cg-glucose or U-'3Cs-glutamine in MDA-MB-231-derived cell lines. PC 847 2C and PC 2096 4B or a scramble shRNA control cell line were maintained in DMEM cell culture
medium (contains 25 mM glucose and 4 mM glutamine) and 10% EBS for four or more days. Cells were then maintained in DMEM medium containing either 10 mM [U-'C4] glucose
or 2 mM [U-3Cs]glutamine for 1 h before metabolism was stopped and cells were analyzed by LC-MS/MS as described under Experimental Procedures. A, The levels of glucose-6-
phosphate (G6P) plus fructose-6-phosphate (F6P) before the uniformly labeled glucose or glutamine was added (zero time point). B, The level of fructose-1,6-bisphosphate (FBP)
before the uniformly labeled glucose or glutamine was added (zero time point). C and D, Upon adding the labeled glucose or glutamine to the culture media, the metabolites were
extracted and analyzed by LC-MS/MS spectroscopy. Fractions of different isotopomers of U-!3C glucose-6-phosphate plus U-'>C fructose-6-phosphate or fructose-biphosphate are

shown within the bars. AUC indicates “area under the curve”.

The concentration of glucose in the cell culture medium can have a
strong influence on the concentration of pyruvate in the cells. As men-
tioned above, for LC-MS or GC-MS analysis the cells were maintained
for four or more days in DMEM cell culture medium right up to the
time of the experiment when the cells were maintained in DMEM me-
dium modified to contain 10 mM glucose and 2 mM glutamine for
60 min. DMEM contains a high concentration of glucose (25 mM glu-
cose) and glutamine (4 mM) which are much higher concentrations of
these fuels than in the RPMI 1640 cell culture medium that was modi-
fied to contain 5 mM glucose (and contains 2 mM glutamine) that the
cells were maintained in for 24 h before the cells were incubated in
Krebs Ringer bicarbonate solution for the experiments in which malate,
citrate and pyruvate were measured by alkali enhanced fluorescence.
Because the concentration of glucose was so high in the DMEM medium,
it was expected that this could cause a higher level of pyruvate in both
the control and PC knockdown cell lines making it difficult to see a
crossover point with an expected even higher level of pyruvate in the

PC knockdown cell lines. Therefore the incubation conditions of the
experiment shown in Fig. 6 were made identical to those of a previous
experiment with pancreatic beta cells in which the cell lines were incu-
bated in the presence of the physiological concentration of glucose and
glucose-starved for a short time period enabling us to observe an in-
crease in pyruvate after glucose (10 mM) was added to the cells for
30 min [12]. Similarly to experiments in which pure beta cells with
knocked down PC were maintained at a physiological concentration of
glucose prior to a 35 min incubation with 10 mM glucose, an increase
in pyruvate was observed along with the decreases in malate and citrate
in all three PC knockdown cell lines shown in Fig. 6. This crossover point
with high pyruvate and low malate and low citrate [12] is consistent
with a block at the PC reaction [17,18]. The levels of malate and citrate
were much lower in cell line PC 179 1A than in the other two PC knock-
down cell lines shown in Fig. 6, and the level of pyruvate was increased
less than in the other two cell lines in this cell line (only 24% higher than
in the control cell line, as compared to 350% higher in the other two PC
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knockdown cell lines (Fig. 6)). Cell line PC 179 1A also showed a 50%
lower level of malic enzyme (as later shown in Fig. 12) that, in addition
to the extremely low levels of the substrates malate and citrate could
contribute to decreased pyruvate cycling.

The decreased levels of acetyl-CoA (Fig. 7C) and the decreased label-
ing of acetyl-CoA from glucose (Fig. 7D) in the PC 2096 4B cell line are
also likely due to the decreased citrate levels. Most of the + 2 labeled
acetyl-CoA would be expected to come from the pyruvate dehydroge-
nase reaction. However, there was slightly decreased + 2 labeling of
acetyl-CoA from glucose and from glutamine in the PC 2096 4B cell
line (Fig. 7D) and this can only be explained by the decreased PC en-
zyme activity inhibiting flux of citrate through the citrate-pyruvate
cycle. The lower concentrations of total cellular acetyl-CoA (Fig. 7C)
and lower >C incorporation into acetyl-CoA (Fig. 7D) in the PC knock-
down cells are consistent with a lower cytosolic level of acetyl-CoA
resulting from decreased formation of mitochondrial citrate and its ex-
port to the cytosol via the pathway that uses ATP citrate lyase shown in
Fig. 4.

3.7. Suppression of PC lowers aspartate, glycine and serine
Aspartate was labeled from both glucose and glutamine, albeit

slightly more from glutamine, indicating that both nutrients contribute
to aspartate synthesis (Fig. 8). Aspartate is produced directly from

oxaloacetate catalyzed by aspartate aminotransferase. Suppression of
PC expression should lower oxaloacetate, resulting in a lowered level
of aspartate. As expected, the decrease of +2 and + 3 aspartate from
glucose and + 4 labeled aspartate from glutamine in the PC 2096 4B
cell line are consistent with a depleted oxaloacetate level caused by PC
suppression in the case of labeling from glucose and decreased activity
of the citrate-pyruvate cycle in the case of labeling from glutamine
(Fig. 8). Both PC 847 2C and PC 2096 4B knockdown cell lines showed
decreased levels of serine and glycine (Fig. 8). The negligible or absent
incorporation of '3C from glucose and glutamine into both amino
acids is due to the short incubation time of the cells in the presence of
the labeled glucose or glutamine and indicates that the levels of these
two amino acids was low before two cells were incubated in the pres-
ence of the labeled fuels.

3.8. Decreased >C-glucose incorporation into palmitate in PC knockdown
cell lines

Fatty acids act as a sink for carbon flowing from mitochondrial cit-
rate and then through cytosolic acetyl-CoA and malonyl-CoA (Fig. 4).
Thus, the '3C incorporation from glucose into palmitate is an indication
of the rate of flux of glucose through biosynthetic pathways. Cell lines
were incubated in the presence of the 'C-labeled glucose for 18 h.
Fig. 9 shows that suppression of PC decreased the incorporation of
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glucose carbon into palmitate. This is consistent with PC suppression
inhibiting the mitochondrial synthesis of citrate and consequently the
export of citrate to the cytosol thus lowering the supply of cytosolic ace-
tyl-CoA and malonyl-CoA needed for fatty acid synthesis as depicted in
Fig. 4.

3.9. PC knockdown lowers various metabolites including nucleotides

Table 3 and the heat map in Fig. 10 show several selected metabo-
lites that were altered in the strong knockdown cell line PC 2096 4B or
both PC knockdown cell lines. In addition to the metabolites discussed
above moderate or strong suppression of PC resulted in the decreased
levels of a-ketoglutarate, ADP-glucose, GDP-fucose and GDP-mannose
while decreases in the levels of ribose-5-phosphate, CTP, hypoxanthine,
UDP and GDP were observed only in the strong PC suppression cell line
PC 2096 4B (Fig. 10 and Table 3).

Suppression of PC caused no or a very slight and insignificant reduc-
tion of unlabeled and labeled ATP and ADP from glucose (Fig. 11, left
panel) such that the ATP/ADP ratio was unaltered by PC knockdown.
This indicates that the energy charge of the cell was not impaired by
PC knockdown. The slightly decreased levels of ADP and ATP in the PC
2096 4B cell line may be linked to the lowered levels of ribose-5-phos-
phate (see Table 3 and Fig. 10), which supplies the ribose moiety of

these nucleotides and/or decreased aspartate (Fig. 8) which contributes
to nitrogen-donation in purine ring synthesis. The levels of NADH and
NAD™ including NADH/NAD ™ ratios were not different between the
knockdown cells and the scramble control (Fig. 11) also indicating
that the energy charge of the cell was not affected by PC not down.

3.10. Enzyme levels in PC knockdown cell lines

We measured the activities of several mitochondrial and cytosolic
enzymes that catalyze reactions of anaplerosis/cataplerosis including
pyruvate cycling or might influence the levels of the metabolites mea-
sured in our study. As shown in Fig. 4, these included cytosolic malic en-
zyme, NADP-isocitrate dehydrogenase, ATP-citrate lyase, glutamate
dehydrogenase, aspartate aminotransferase and citrate synthase. The
activity of only one enzyme in the PC knockdown cells was significantly
different from that of the scrambled shRNA control cell line. This was
malic enzyme and in two of the three cell lines with very low PC malic
enzyme activity was about 50% lower than that of the control cell line
(Fig. 12). Malic enzyme activity was not lower in the PC cell line with
moderate knockdown of PC, PC 847 2C (Fig. 12). The shRNA nucleotide
sequences used to target the PC mRNA were not similar to any of the nu-
cleotide sequence of cytosolic malic enzyme mRNA. Therefore, the
lower malic enzyme activities were probably a response to the effects
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of lower PC enzyme activity. The 50% lower activity of malic enzyme in
the cell lines with severe knockdown of PC might contribute to the
lower pyruvate levels seen in these cell lines (Fig. 5) due to lower pyru-
vate cycling from malate and citrate. The enzyme activities were mea-
sured in the cell lines after they had been frozen for several months
and then re-plated. Unfortunately the cell line PC 2096 4B with one of
the lowest levels of PC and that was used for mass spectrometry studies
would not grow after having been stored frozen so that the enzyme ac-
tivities could not be measured in this cell line.

4. Discussion
4.1. The role of PC in cancer cell proliferation

Pyruvate carboxylation is an important anaplerotic reaction that re-
plenishes citric acid cycle intermediates when they intermediates are
removed from mitochondria by their export to the cytosol
(cataplerosis). Anaplerosis and cataplerosis are necessary for gluconeo-
genesis in liver and kidney, lipogenesis in liver and adipose tissue, glu-
tamate synthesis in astrocytes and glucose-induced insulin secretion
in pancreatic beta cells [5,18-21]. We and others have shown that PC
mRNA and PC protein are up-regulated in many cancers [7-10].

In the current study we generated multiple stable PC knockdown
MDA-MB-231-derived cell lines by shRNA with various levels of PC
knockdown and investigated the biochemical changes associated with
the defects in growth and motility phenotypic defects of the PC knock-
down cells. The various degrees of decreases in PC mRNA and PC en-
zyme activity were correlated with the decreased cell proliferation
rates among the cell lines (Fig. 2). This is a confirmation of the

relationship between PC enzyme levels and proliferation rates in breast
cancer cells. This retarded proliferation phenotype of the PC knockdown
MDA-MB-231 cell lines was also similar to that of the transient knock-
down of PC in the MDA-MB-231 cell line that we reported previously
[10]. A dose-dependent suppression effect on metabolism and inhibi-
tion of insulin secretion were also observed in the rat insulinoma cell
line INS-1 832/13 with different degrees of PC suppression [12]. A sim-
ilar disturbance of common metabolites was observed in both moderate
and strong PC suppression MDA-MB-231-derived cells as shown in
Table 3 and Figs. 5 and 6.

4.2. Knockdown of PC inhibits anaplerosis

The central metabolic pathway affected by the suppression of PC ap-
pears to lie within the anaplerosis. The product of the PC reaction is ox-
aloacetate, which immediately condenses with acetyl-CoA to produce
citrate or is converted to malate in the mitochondrial malate dehydro-
genase reaction. Suppression of PC resulted in the depletions of malate
and citrate levels as expected (Figs. 5 and 6). Suppression of PC de-
creased the levels of total citrate and malate and '3C incorporation
into their isotopomers from >Cg-labeled glucose and '3Cs-labeled glu-
tamine (Fig. 5). This indicates that PC knockdown inhibits anaplerosis
from both pyruvate carboxylation and glutaminolysis.

4.3. PC knockdown lowers pyruvate cycling

In contrast to suppression of PC expression in pancreatic beta cells, in
which the knockdown cells showed a metabolic crossover point with
increased levels of pyruvate and low levels of malate and citrate [12],
suppression of PC in MDA-MB-231 cell lines showed lowered levels of
pyruvate and lactate when cells were maintained in the presence of a
high concentration of glucose (25 mM) (in DMEM cell culture medium)
prior to the experiment (Fig. 7). Similar to experiments with pancreatic
beta cells [12], when the PC knockdown cells were maintained in a cell
culture medium containing a lower and physiologic concentration of
glucose (5 mM) before glucose was added as in the experiments with
beta cells, pyruvate was increased and malate and citrate were de-
creased indicating a crossover point and a block at the PC reaction
(Fig. 6). The changes in the levels of pyruvate, lactate, malate and citrate
raise the possibility of certain pathway(s) in which these three metabo-
lites are connected. In pancreatic beta cells, there is a cycling of pyruvate
into mitochondria known as the pyruvate-malate shuttle [17,18], as
well as in the pyruvate-citrate cycle [18,19]. In the pyruvate-malate
shuttle PC converts pyruvate to oxaloacetate followed by the conversion
of oxaloacetate to malate by mitochondrial malate dehydrogenase, en-
abling malate to exit mitochondria. In the cytosol malate is in turn con-
verted back to pyruvate by cytosolic malic enzyme, allowing pyruvate to
re-enter mitochondria for carboxylation again by PC (Fig. 4). In the cit-
rate-pyruvate shuttle citrate is exported from the mitochondria and
cleaved to oxaloacetate in the ATP citrate lyase reaction. The oxaloace-
tate is then reduced to malate catalyzed by cytosolic malate dehydroge-
nase. The resulting malate then participates in the pyruvate-malate
shuttle as shown in Fig. 4. These cycles provide cytosolic NADPH, a cou-
pling factor, required for glucose-induced insulin secretion in pancreatic
beta cells [17,21] and lipid synthesis in many different tissues. In addi-
tion, the acetyl-CoA derived from the ATP citrate lyase reaction can be
converted to malonyl-CoA and utilized for lipid synthesis in the cytosol.
The higher levels of PC mRNA and PC protein [10] and PC enzyme activ-
ity (Table 2) in the highly metastatic MDA-MB-231 cell line than in the
low metastatic MCF-7 cell line suggest that similar to pyruvate cycling
operative in pancreatic beta cells, pyruvate cycling is important for cell
invasiveness or metastasis in breast cancer. In the PC knockdown
MDA-MB-231 cells, the depleted levels of malate and citrate caused by
the chronic suppression of PC may slow down the overall pyruvate cy-
cling rate, resulting in the low level of pyruvate (Fig. 7).
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Interestingly, the level of cytosolic malic enzyme was 50% lower in
two of the three cell lines with severe knockdown of PC studied. The
shRNA nucleotide sequence used to target the PC mRNA was not similar
to any of the nucleotide sequence of the malic enzyme mRNA indicating
the lower level of the malic enzyme was not due to an off target effect of
PC targeting. Therefore, the lower malic enzyme level was probably a
down-regulatory response of the cell to a lower level of the substrate
malate for reasons that are not exactly clear. In any case, the 50%
lower level of malic enzyme is probably enough lower to contribute to

decreased conversion of malate to pyruvate and thus a decrease in pyru-
vate cycling.

4.4. Generalized effects of PC knockdown on metabolite precursors needed
for cell structure and energy production

Since citrate and malate are the two major citric acid cycle interme-
diates that are capable of exiting mitochondria for the biosynthesis of
lipids, nucleic acids and certain amino acids, the reduction in the cellular
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levels of nucleotides (Table 3 and Fig. 11), aspartate, glycine, serine
(Fig. 8) and lower glucose carbon incorporation into palmitate (Fig. 9)
are consistent with the anaplerotic/cataplerotic role of PC in growth of
breast cancer cells.

Transamination of oxaloacetate with glutamate catalyzed by aspar-
tate aminotransferase would produce aspartate. Therefore, it is likely
that the lowered level of oxaloacetate caused by suppression of PC
may be responsible for the low level of aspartate (Fig. 8). A lowered
level of aspartate was also reported in the PC knockdown non-small
cell lung cancer (NSCLC), which showed a marked decrease in the cellu-
lar aspartate level [9]. In renal adenocarcinoma and paraganglioma can-
cers harboring loss of function mutations of succinate dehydrogenase,
PC was found essential to support cancer proliferation [22,23].
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Fig. 9. Decreased U-'3Cg-glucose incorporation into palmitate in pyruvate carboxylase
(PC) knockdown cell lines derived from the MDA-MB-231 breast cancer cell line. PC 847
2C and PC 2096 4B cell lines or the shRNA scramble control cell line were maintained in
DMEM for 24 h or longer without labeled glucose of glutamine (the same as the zero
time control shown in Fig. 3A and B). Cells were then maintained for 18 h in DMEM
modified to contain 10 mM [U-'3Cg]glucose and '3C incorporation into palmitate was
measured by LC-MS/MS. ?p < 0.05, °p < 0.01 and p < 0.001 vs scramble control.

Suppression of PC slows down proliferation of these cancers, concomi-
tant with reduced cellular levels of aspartate. Supplementation of the
knockdown cancer cells with aspartate rescued this slow growth phe-
notype. As aspartate is the structural component of several biomole-
cules including the backbone of purine and pyrimidine rings in nucleic
acids, the decreased levels of nucleotides (Fig. 10 and Table 3) and as-
partate observed in the PC knockdown MDA-MB-231 cells can poten-
tially slow the synthesis of these nucleotides, contributing to the low
rates of cell proliferation. As the ribose-5-phosphate is also the back-
bone of nucleotides, the lowered level of total ribose-5-phosphate in
the knockdown cells as shown in Table 3 and may also contribute to
the decreased levels of some nucleotides and their derivatives i.e. hypo-
xanthine, ADP-glucose, UDP, GDP, GDP-mannose and GDP-fucose. Sim-
ilar to our study, the PC knockdown non-small cell lung cancer (NSCLC)
also showed reduction of glucose- and glutamine- derived CTP and UTP
levels [9].

The marked reduction of serine and glycine levels in the PC knock-
down cells may underlie the retarded growth phenotype of the knock-
down cells because serine contributes to various biosynthetic pathways
including protein synthesis, phospholipids and nucleotides which are in
high demand during tumorigenesis [24].

The perturbation of serine biosynthesis may occur during the con-
version of 3-phosphoglycerate to serine. The conversion of 3-

Table 3
Selected metabolites that are altered in pyruvate carboxylase (PC) knockdown MDA-MB-
231 cell lines.

Metabolite KD cell line PC 847 2C KD cell line PC 2096 4B
Fold change P-value Fold change P-value
Ribose-5-phosphate 0.98 NS 0.84 P < 0.05
a-ketoglutarate 0.70 P < 0.05 0.72 P < 0.05
ADP-glucose 0.85 P < 0.05 0.80 P <0.01
CTP 0.9 NS 0.70 P <0.01
Hypoxanthine 1.01 NS 0.84 P < 0.05
ubP 0.78 NS 0.70 P < 0.05
GDP 0.85 NS 0.76 P <0.05
GDP-fucose 0.84 P < 0.05 0.76 P < 0.005
GDP-mannose 0.84 P < 0.05 045 P < 0.005
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phosphoglycerate to serine is mediated through three sequential reac-
tions (see Fig. 4). The first reaction is the conversion of 3-phosphoglyc-
erate to 3-phosphohydroxypyruvate by phosphoglycerate dehydro
genase followed by further conversion to 3-phosphoserine by
phosphoserine aminotransferase before the final conversion to serine
by protein serine phosphatase. Then phosphoserine aminotransferase
catalyzes the transfer of the amino group from glutamate to 3-
phosphohydroxypyruvate. Because glutamate is produced from o-
ketoglutarate via a transamination reaction, the lowered level of a-
ketoglutarate in the PC-knockdown MDA-MB-231 cells (Fig. 10) may in
turn lower the rate of glutamate formation which consequently affects
the transamination reaction catalyzed by phosphoserine aminotransfer-
ase. Interestingly, up-regulation of serine and glycine biosynthesis caused
by amplification of phosphoglycerate dehydrogenase gene copy number
was also reported to contribute to oncogenesis in melanoma and breast
cancer [24,25]. Suppression of phosphoglycerate dehydrogenase expres-
sion in several breast cancer cell lines including MDA-MB-231 cells,
lowered serine biosynthesis concomitant with a decreased cell prolifera-
tion rate, indicating the crucial role of serine in supporting breast cancer
growth. Suppression of phosphoglycerate dehydrogenase expression in
invasive breast cancer cells also reduces the level of a-ketoglutarate

which is produced from the transamination of glutamate [26]. These find-
ings mirror the PC knockdown MDA-MB-231 cells that showed lowered
levels of a-ketoglutarate and serine in the current study.

Lowered levels of total cellular acetyl-CoA in the PC knockdown cell
lines can most likely be attributed to decreased export of citrate from
mitochondria causing decreased citrate available for conversation to ox-
aloacetate and acetyl-CoA catalyzed by ATP citrate lyase in the cytosol.
The latter route for acetyl-CoA regeneration also forms part of alternate
route of pyruvate cycling: the well-known pyruvate/citrate cycle [4,18,
19] (Fig. 4).

In addition to the lowered levels of certain mitochondrial metabo-
lites, pyruvate cycling and nucleotide synthesis, we also found that sup-
pression of PC causes a reduction of glucose incorporation into
palmitate (Fig. 9), suggesting that inhibition of anaplerosis caused by
PC knockdown results in lower fatty acid synthesis which restricts
membrane biogenesis of the newly dividing cells.

Suppression of PC only slightly and insignificantly lowered the con-
centrations of ATP and ADP without affecting the ATP/ADP ratio and
NAD(P)(H) concentrations (Fig. 11) indicating suppression of PC did
not seriously affect the cell energy charge. The decreases in other nucle-
otides and nucleotide derivatives (Table 3 and Fig. 11) can be attributed
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Fig 11. Normal ATP and ADP concentrations, ATP/ADP ratio, NAD(P)H and NAD(P) concentrations and NAD(P)H/NAD(P) ratios in pyruvate carboxylase (PC) knockdown cell lines derived
from the MDA-MB-231 breast cancer cell line supplied with U-'>Cg-glucose or U-'>Cs-glutamine. PC 847 2C and PC 2096 4B cell lines or the shRNA scramble control cell line were
maintained in the presence of U-'>Cg glucose or U-'3Cs glutamine for 1 h in the same experiment described in Fig. 3. Fractions of different isotopomers of '*C-ATP and '*C-ADP and
levels of the pyridine nucleotides NAD(P), NAD(P)H (which showed no incorporation of '3C) between the PC knockdown cell lines and scramble control group are shown within the
same bars. °p < 0.01 vs total metabolite same substrate control.

to decreased nucleotide biosynthesis via the reduced level of ribose-5- Since we studied the MDA-MB-231 cell line which is triple negative
phosphate which is a backbone nucleotide derivatives and decreased for estrogen receptor (ER), progesterone receptor (PR) and epidermal
aspartate which is a precursor for purine and pyrimidine synthesis. growth factor receptor 2 (HER2) in our study, one might argue whether
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Fig. 12. Malic enzyme is the only enzyme out of several anaplerotic/cataplerotic pyruvate cycling enzymes that is decreased in breast cancer cell lines with severely knocked down
pyruvate carboxylase (PC). Cell lines PC 3436 6A and PC 179 1A possess severely lower levels of pyruvate carboxylase enzyme activity and cell line and PC 847 2C possesses
moderately decreased PC activity compared to the scrambled shRNA control cell line. These cell lines show low cell proliferation rates compared to the control cell line (Figs. 1 and 2).
The lower level malic enzyme in two cell lines with severely knocked down PC is consistent with lower pyruvate cycling and lower malate, citrate and pyruvate levels (Figs. 5-8) in
these cell lines (means =+ SE, *p < 0.01 vs scramble control). Only malic enzyme showed decreased activity vs the control cell line.
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overexpression of PC is a specific characteristic of breast cancer cell
lines. Using various other breast cancer cell lines expressing these
three receptors differently, we found no correlation between the ex-
pression of these receptors and PC expression. For example, the two
most invasive breast cancer cell lines, MDA-MB-231 and MDA-MB-
435, which are ER™/PR™/HER2™ and ER~/PR2~/HER2™, respectively,
express PC much higher than MCF-7 and SKBR3 cell lines, which are
ER*/PRT/HER2™ and ER™/PR™/HER2*, respectively (10). Furthermore,
unlike MDA-MB-231, MCF-10A, a non-invasive cell line that is also neg-
ative for those three receptors was found to possess an extremely low
level of PC enzyme activity (data not shown). Most importantly, our
clinicopathological investigation of breast cancer patients has also
shown that the level of PC expression was not correlated with the status
of these receptors in breast cancer tissues of patients but rather shows a
positive correlation with tumor size and stages (10). Thus the level of
expression of PC appears to be independent of the status of ER, PR and
HER2 receptor expression.

5. Conclusion

Fig. 4 summarizes the disturbance of various metabolic pathways
resulting in the growth retarded phenotype of PC knockdown MDA-
MB-231 cells. In conclusion, suppression of PC expression in MDA-MB-
231 breast cancer cells results in the lowered levels of citrate, malate
and o-ketoglutarate. The depleted levels of these metabolites perturb
mitochondrial cataplerosis for the synthesis of serine, glycine, aspartate
and fatty acids which are used as the building blocks for synthesis of
proteins, lipids and nucleotides. The lowered levels of citrate and malate
also impair pyruvate cycling between mitochondria and cytosol. This
global perturbation of biosynthesis contributes to the retarded growth
phenotype of the PC knockdown MDA-MB-231 cells. The findings that
suppression of PC inhibits cell proliferation in glioblastoma [7], NSCLC
[9], renal carcinoma, paraganglioma [22,23] and, in our study, breast
cancer (Fig. 2), highlights the crucial role of PC in cancer cell growth
and suggests PC may be an attractive drug target of cancer treatment.
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