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Abstract

Pyruvate carboxylase (PC), an anaplerotic enzyme, plays an essential role in various cellular metabolic pathways including
gluconeogenesis, de novo fatty acid synthesis, amino acid synthesis, and glucose-induced insulin secretion. Deregulation of PC
expression or activity has long been known to be associated with metabolic syndrome in several rodent models. Accumulating
data in the past decade clearly showed that deregulation of PC expression is associated with type 2 diabetes in humans, while
targeted inhibition of PC expression in a mouse model reduced adiposity and improved insulin sensitivity in diet-induced type 2
diabetes. More recent studies also show that PC is strongly involved in tumorigenesis in several cancers, including breast, non-
small cell lung cancer, glioblastoma, renal carcinoma, and gall bladder. Systems metabolomics analysis of these cancers iden-
tified pyruvate carboxylation as an essential metabolic hub that feeds carbon skeletons of downstream metabolites of oxaloacetate
into the biosynthesis of various cellular components including membrane lipids, nucleotides, amino acids, and the redox control.
Inhibition or down-regulation of PC expression in several cancers markedly impairs their growth ex vivo and in vivo, drawing
attention to PC as an anti-cancer target. PC has also exhibited a moonlight function by interacting with immune surveillance that
can either promote or block viral infection. In certain pathogenic bacteria, PC is essential for infection, replication, and mainte-
nance of their virulence phenotype.
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Pyruvate and central metabolism of oxygen, pyruvate enters mitochondria via the mitochondrial
pyruvate carrier [4, 5]. At this point, pyruvate may be further
metabolized through two routes, depending on the tissues. In

non-gluconeogenic tissues such as muscle, brain, etc., pyruvate

Glucose is the major fuel for most living organisms. Once
transported into the cell, glucose is metabolized through glycol-

ysis, producing pyruvate as the final product of the pathway.
Under an anaerobic conditions, pyruvate is reduced in the cyto-
plasm by lactate dehydrogenase, producing lactate as an end
product [1]. However, an accumulation of lactate can potentially
lower pH of cells, perturbing cellular acid—base homeostasis.
Muscle exports lactate out via the monocarboxylate transporters
[2, 3] and preventing muscle cells from acidosis. In the presence
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is decarboxylated to form acetyl-CoA catalyzed by the pyruvate
dehydrogenase complex, a multi-subunit enzyme. The acetyl
carbons of acetyl-CoA subsequently enter the tricarboxylic acid
(TCA) cycle, producing NADH and FADH, that are both even-
tually oxidized via the respiratory chain to produce ATP. In
gluconeogenic tissues where pyruvate carboxylase (PC) is high-
ly abundant, > 80% of pyruvate entering mitochondria is carbox-
ylated by this enzyme to form oxaloacetate [6]. Oxaloacetate
formed by PC is not only used as a starting substrate for gluco-
neogenesis but also used for oxidation of glucose- or fatty acid-
derived acetyl-CoA in the TCA cycle [7-9].

Pyruvate carboxylation

As mentioned, pyruvate carboxylation increases the concentra-
tion of oxaloacetate in the TCA cycle. PC is a member of the
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biotin-dependent enzyme family that contains biotin as a pros-
thetic group [8]. Native mammalian PC is a tetramer composed
of four identical subunits each of 1178 amino acids (129 kDa).
Each subunit contains four functional domains, the biotin car-
boxylase, carboxyltransferase, biotin carboxyl carrier, and allo-
steric or tetramerization domains [10, 11]. PC catalyzes the
conversion of pyruvate to oxaloacetate via a two-step reaction.
The first step occurs in the biotin carboxylase domain where
biotin is carboxylated via a carboxyphosphate intermediate
formed in a reaction between ATP and bicarbonate [8]. The
carboxybiotin formed in the first step then swings to the
carboxyltransferase domain where —CO, s transferred to py-
ruvate, forming oxaloacetate [8]. The reaction involves inter-
molecular catalysis where the biotin of one subunit is carbox-
ylated in that subunit’s biotin carboxylase domain, but transfers
its —CO, to pyruvate in a partner subunit’s carboxyltransferase
domain [10]. In brain, PC supports the biosynthesis of neuro-
transmitter substances including glutamate and y-amino-
butyric acid, while in adipose tissue, PC supports de novo fatty
acid synthesis and glyceroneogenesis [7].

In many but not all organisms, PC activity is modulated by
allosteric activation by acetyl CoA which may accumulate
through excessive fatty acid oxidation [12] or through diminu-
tion of TCA cycle intermediates owing to removal for biosyn-
thetic purpose [13]. Mammalian PCs are extremely sensitive to
acetyl CoA and most show only very low levels of activation in
its absence [14]. Similarly, many bacterial PCs are highly de-
pendent on acetyl CoA for activity, e.g., Rhizobium etli PC,
however, some bacterial PCs are not regulated by acetyl CoA
at all, e.g., Pseudomonas aeruginosa [14].

On the other hand, accumulation of the TCA cycle inter-
mediate, x-ketoglutarate or L-glutamate derived by reductive
amination of o-ketoglutarate are allosteric inhibitors of mam-
malian PCs [15]. L-Aspartate that is formed directly from ox-
aloacetate by transamination acts as an allosteric inhibitor of
many bacterial PCs [15, 16].

PC deficiency and deregulation

Given the importance of oxaloacetate in various biochemical
pathways, perturbation of oxaloacetate production by PC can
produce serious diseases such as type 2 diabetes, neurological
disorder, or cancers. In certain pathogenic bacteria, PC is a
vital gene, enabling them to survive in mammalian hosts,
e.g., Listeria monocytogenes [17] as discussed below.

Diabetes

The control of systemic glucose homeostasis is pivotal to the
body because it enables various tissues or organs to maintain
their normal function during the feeding and starvation cycle.
In response to low plasma glucose, glucagon is released and
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acts metabolically by stimulating hepatic glycogenolysis and
gluconeogenesis, increasing plasma glucose [18, 19]. This
glucagon-induced hepatic glucose production protects brain
and red blood cells from starvation-induced organ failure.
An opposite situation occurs during the feeding period when
insulin is released in response to elevated plasma glucose and
acts by increasing the rate of glucose uptake into peripheral
tissues while suppressing hepatic gluconeogenesis [20, 21].
Therefore, insulin resistance results in the failure of peripheral
tissues to uptake glucose and de-repression of gluconeogene-
sis during the postprandial period, contributing to hyperglyce-
mia [22, 23] (Fig. 1). Studies performed in rodent models
showed that insulin strongly inhibits transcription of genes
encoding cytosolic phosphoenolpyruvate carboxykinase
(PEPCK-C) and glucose-6-phosphatase 1 (G6Pasel), but this
applies only weakly to PC [24]. During the feeding period,
insulin blocks lipolysis in adipose tissue by inhibiting adipo-
cyte triglyceride lipase and hormone-sensitive lipase activi-
ties, lowering delivery of free fatty acids to liver. However,
under insulin resistance, in which the rate of lipolysis from
adipose tissue becomes high, more free fatty acids are deliv-
ered to the liver for oxidation, thereby producing large
amounts of acetyl-CoA (Fig. 2). High levels of hepatic
acetyl-CoA in turn allosterically activate PC activity, increas-
ing the rate of hepatic glucose production [12, 22]. This
lipolysis-driven hepatic gluconeogenesis also operates in a
rodent model of type 1 diabetes where the leptin level is low
[12]. Low circulating leptin under type 1 diabetic conditions,
in turn, induces the activity of the hypothalamic—pituitary—
adrenal axis, causing the secretion of more corticosterone.
This hormone enhances whole body lipolysis and fatty acid
oxidation, producing a large amount of acetyl-CoA, which in
turn activates PC activity and increases hepatic gluconeogen-
esis [25]. In addition to allosteric regulation by acetyl-CoA,
the acetylation status of PC protein is also an important post-
translational mechanism during the development of diabetes.
Kendrick et al. [26] have shown that high fat diet-induced
insulin-resistant mice display increased acetylation of PC
which might contribute to enhanced PC activity during the
development of diabetes.

Consistent with the importance of PC in controlling hepatic
glucose production, Lee et al. [27] have shown that pyruvate
carboxylation flux in liver of high fat diet-induced insulin-
resistant mice is increased, accompanied by increased hepatic
glucose production. In agreement with this study, Burgess
et al. [28] have shown that PEPCK-C does not solely regulate
overall rate of hepatic gluconeogenesis because a 90% reduc-
tion of PEPCK-C expression in liver of mice only mildly
affects hepatic glucose output. A more conclusive report was
obtained from the study performed in humans which demon-
strated that PC but not PEPCK-C or G6Pasel is associated
with the glycemic index of type 2 diabetic patients [29, 30]. A
later study by the same group of investigators showed that
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Fig. 1 Lipolysis-induced hepatic PC overexpression. Insulin resistance of
white adipose tissue results in excessive lipolysis contributing to elevated
levels of plasma free fatty acids (FFA) [14]. Oxidation of FFA in liver
produces acetyl-CoA which acts as an allosteric activator of PC.

targeted inhibition of hepatic PC expression can lower plasma
glucose levels, adiposity, and improved hepatic insulin sensi-
tivity in high fat diet-induced diabetic rat, underscoring the
importance of PC during the development of type 2 diabetes
[30].

Not only does PC control hepatic gluconeogenesis, it also
serves a non-gluconeogenic role in pancreatic islets. In this cell
type, oxaloacetate is not used as the starting gluconeogenic
substrate because this tissue does not contain all the
gluconeogenic enzymes [31, 32]. Instead, rapid formation of
oxaloacetate in pancreatic beta cells drives the export of citrate
and malate out of the mitochondria into the cytosol where both
metabolites are eventually converted back to pyruvate by cyto-
solic malic enzyme, concomitant with the production of
NADPH. Pyruvate then re-enters the mitochondria in a cycle,
producing a large amount of NADPH that acts as a coupling
factor to drive insulin exocytosis during glucose stimulation
[33, 34]. As the rate of pyruvate cycling and PC activity are
directly proportional to the rate of glucose entry into beta cells,
this indicates that PC is part of the glucose sensing system that

Excessive lipolysis

Free fatty acids

Fatty acid oxidation

Increased PC activity increases gluconeogenesis, contributing to
hyperglycemia. Elevated circulating plasma glucose and triglycerides
cause glucotoxicity and lipotoxicity that impairs glucose-induced insulin
secretion from pancreatic beta cells and exacerbate diabetes [23]

enables them to secrete insulin when extracellular concentra-
tions of glucose are above the physiological range [35, 36].
Suppression of PC expression in insulinoma cells impairs
glucose-induced insulin release [37, 38]. Lowered levels of
PC expression in pancreatic beta cells are also observed in
genetically type 2 diabetic rodents and type 2 diabetic patients,
suggesting that impaired insulin release in both rodents and
humans may be secondary to the deregulation of PC expression
[39—41]. Regulation of PC expression in pancreatic beta cells is
also positively controlled by several transcription factors such
as carbohydrate-responsive binding protein, PPAR-x, FoxA2,
MAFA [42-46]. Tumor suppressor protein p53 has recently
been reported to negatively regulate PC expression in pancre-
atic beta cells [47].

Cancers
In response to rapid proliferation, most cancers rewire their

cellular metabolism in order to meet the demand for the struc-
tural components of the cells. One of such changes is the
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<« Fig. 2 Anaplerotic role of PC in supporting growth of various cancer
models. Glycolysis and glutaminolysis are two major biochemical
reactions that provide carbon skeletons for cellular biosynthesis.
Pyruvate carboxylation (green arrow route) by PC feeds glycolysis-
derived pyruvate to oxaloacetate into TCA cycle. Oxaloacetate can be
converted to aspartate via direct transamination. In contrast, reductive
carboxylation (blue arrow route) feeds carbon skeletons from glutamine
to isocitrate via IDH1 or IDH2. Isocitrate is further converted to citrate
before decarboxylated to acetyl-CoA, a precursor of long chain fatty acid
synthesis. a In NSCLC and breast cancer, pyruvate carboxylation is a
major anaplerotic reaction that supports cancer growth while
glutaminolysis is a minor pathway. b In glioma, glutaminolysis is the
major anaplerotic reaction that supports cancer growth while pyruvate
carboxylase is essential during glutamine-deprivation condition. ¢ In
low-grade glioma carrying loss-of-function mutations of IDHI or
IDH2, reductive carboxylation of glutamine-derived «-ketoglutarate to
citrate is inhibited, forcing cancer cells to rely on pyruvate
carboxylation to support biosynthesis. d In cancers carrying loss-of-
function mutations of SDH or FH gene, cells rely on pyruvate
carboxylation and reductive carboxylation from glutamine to support
their growth

oxidation of glucose via lactic acid production, regardless of
the presence of oxygen, known as aerobic glycolysis or
Warburg’s effect [48]. Consequently, cancers slow down the
use of mitochondria to oxidize pyruvate as a result of
redirecting pyruvate toward aerobic glycolysis. Inhibiting py-
ruvate oxidation in mitochondria provides several benefits for
cancer cells. Firstly, rapid entry of glucose into the glycolytic
pathway increases the abundance of glycolytic intermediates,
enabling them to flow into pentose phosphate pathway that
provides the ribose sugar for nucleotide synthesis and
NADPH required in redox maintenance and in de novo fatty
acid synthesis [49, 50]. Secondly, inhibiting pyruvate entry
into mitochondria allows TCA cycle intermediates to be avail-
able for biosynthetic purposes because several TCA cycle
intermediates are also used for biosynthesis. For example,
citrate is used as an acetyl-group donor for de novo fatty acid
or cholesterol synthesis. Oxaloacetate is also used as a sub-
strate of aspartate production while a-ketoglutarate can be
directly converted to glutamate. Therefore, pyruvate carbox-
ylation ensures that the availability of these substrates is not
limited during cancer proliferation. For this reason, cancer
cells increase the replenishment of TCA cycle intermediates
by increasing anaplerosis that comprises two reactions. The
first one is glutaminolysis that feeds 5-carbon skeletons from
glutamine via glutamate. Glutaminolysis involves a two-step
reaction, one of which involves the conversion of glutamine to
glutamate by glutaminase followed by the second reaction
involving oxidative deamination of glutamate to «-
ketoglutarate by glutamate dehydrogenase (Fig. 2a). This
anaplerotic reaction is crucial for many cancers because car-
bon skeletons in glutamine are used as biosynthetic precursors
via the TCA cycle. Inhibition of glutaminolysis markedly in-
hibits cancer growth and survival. While glutaminolysis has
long been known to be crucial [51], accumulating evidence

has now revealed that pyruvate carboxylation is also crucial in
many cancers, depending on genetic backgrounds and meta-
bolic conditions.

As shown in Fig. 2a, the non-small cell lung cancer
(NSCLC) uses pyruvate carboxylation as the main anaplerotic
reaction to support its growth while glutaminolysis only plays
a supportive role [52, 53]. A later study from the same group
showed that silencing PC expression reduced tumor growth
ex vivo and in a xenograft mouse model. This tumor growth
restriction is accompanied by impaired mitochondrial
anaplerosis and lowered levels of nucleotides, aspartate, and
glutathione [53]. The genetic background and tumor tissue
origin can also strongly influence metabolic reprogramming
in many cases. For example, K-ras oncogene mutations can
strongly influence metabolic phenotypes of many cancers
[54]. Davidson et al. [55] showed that K-ras-driven NSCLC
metabolizes nutrients differently when they are grown ex vivo
and in lung. When of lung origin, NSCLC relies on pyruvate
carboxylation to support its growth while it relies on
glutaminolysis during ex vivo growth. Suppression of PC ex-
pression also blocks the ability of NSCLC to induce tumor
formation in lung tissue of mice [56]. Similar to NSCLC, the
role of PC has been well studied in breast cancer. Phannasil
et al. (2015) [57] showed that the expression of PC is highly
correlated with the tumor’s mass and advanced stage, inde-
pendent of the status of their estrogen, progesterone, or epi-
dermal growth factor receptors. Suppression of PC expression
in highly invasive cells impaired mitochondrial anaplerosis,
perturbing several biosynthetic pathways including those of
non-essential amino acids, nucleotides, and fatty acids [58].
Tumor microenvironment also contributes to metabolic phe-
notype to some extent. Christen et al. [S6] showed that breast
cancer metastasized to lung tissue possesses increased levels
of mitochondrial pyruvate accompanied by increased levels of
PC mRNA and enzyme activity. Up-regulation of PC expres-
sion enables breast cancer cells to become more resistant to
glutamine deprivation. This study indicates that pyruvate car-
boxylation becomes a major anaplerotic route when glutamine
is restricted. Accumulation of mitochondrial pyruvate might
also serve as a metabolic signal that dictates aggressive phe-
notype as observed in certain cancers [59, 60].

The use of pyruvate carboxylation to support growth was
also well studied in cancers bearing loss of function mutations
of TCA cycle enzymes. Mutations of isocitrate dehydrogenase
(IDH) are found to make a big impact on cellular energetics
[61]. IDH comprises three isoenzymes produced from differ-
ent genes. IDH3 is a mitochondrial enzyme that catalyzes the
non-reversible decarboxylation of isocitrate to «-
ketoglutarate, concomitant with NADH production. IDH2,
which is also a mitochondrial enzyme, catalyzes the reversible
decarboxylation of isocitrate to o-ketoglutarate, concomitant
with production of NADPH. In contrast, IDHI is a cytosolic
isoenzyme which can also catalyze the reversible conversion
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of isocitrate to «-ketoglutarate. As shown in Fig. 2a, the pres-
ence of IDH2 allows glutamine to directly convert to citrate in
the reverse direction of TCA cycle without going through
succinate dehydrogenase (SDH) which is normally inhibited
during hypoxic conditions [62]. The ability of cancer cells to
convert glutamine to citrate via IDH1 or IDH2 is known as the
reductive carboxylation [63]. It is interesting that non-
defective IDH1/2-glioblastoma uses glutaminolysis during
glutamine-dependent growth condition while using pyruvate
carboxylation to support its growth during glutamine-
deprivation condition [64] (Fig. 2b). However, low-grade
glioblastomas, which often carry loss-of-function mutations
of the IDH1/IDH2 gene, adapt to this metabolic defect by
up-regulating expression of PC to bypass the reductive car-
boxylation from glutamine. This metabolic flexibility allows
IDH1/2-defective gliomas to produce citrate from oxaloace-
tate provided by PC [65]. In this manner, most glucose-
derived pyruvate enters the pyruvate carboxylation flux be-
cause of inactivation of PDH flux by the pyruvate dehydroge-
nase kinase (Fig. 2¢). The use of PC as the major anaplerotic
reaction was also reported in renal carcinoma bearing muta-
tions of SDH which functions in converting succinate to fu-
marate. A loss-of-function mutation of the SDH gene would
also truncate the TCA cycle, inhibiting conversion of
glutamine-derived «-ketoglutarate to citrate via succinate
due to the absence of SDH, as shown in Fig. 2d. However,
SDH-deficient parenchymal or renal cancers up-regulate the
expression of PC, enabling them to bypass the defect in the
conversion of glutamine to citrate because oxaloacetate
formed by PC can be combined with two carbons from
acetyl-CoA to form citrate, hence replacing production of cit-
rate from glutamine [66, 67]. Remarkably, suppression of PC
expression in this SDH-deficient renal carcinoma markedly
inhibits growth although this tumor contains wild-type IDH2
and IDH3 that should ideally allow glutamine to support tu-
mor growth via reductive carboxylation. Significantly, a
growth defect of SDH-defective renal carcinoma deprived of
PC expression can be fully rescued by exogenous aspartate,
indicating that aspartate production from oxaloacetate is abso-
lutely crucial for cellular proliferation, whereas the reductive
carboxylation from glutamine cannot fulfill aspartate produc-
tion in SDH-defective tumors when PC is absent. The crucial
role of aspartate in supporting growth of SDH-defective renal
carcinoma is also consistent with the studies in breast cancer
and NSCLC that knocking down expression of PC markedly
lowers cellular aspartate levels which in turn affects biosyn-
thesis of nucleotides and restricts their growth. As noted in
Fig. 2d, SDH-deficient renal cancer redirects glucose-derived
pyruvate into mitochondria in order to produce enough pyru-
vate as the starting substrate for citrate production [66].

Not only in cancer cells, PC also appears to support growth
of the surrounding fibroblast known as the cancer-associated
fibroblasts (CAFs). Linares et al. [68] have recently reported
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that p62-deficient prostate cancer stroma, grown under gluta-
mine deprivation conditions, up-regulates expression of PC
and asparagine synthase (ASN) to support itself and prostate
cancer. In this manner, PC provides oxaloacetate which is
further converted to aspartate and subsequently converted to
asparagine by ASN. These two amino acids are crucial nitro-
gen sources that support proliferation of both CAFs and can-
cer cells. Silencing expression of PC in CAFs markedly in-
hibits their growth under this nitrogen-limited condition [68].
In gall bladder cancer, the levels of PC protein and mRNA
expression were regulated via the interaction with the long
non-coding RNA, GSASPC [69]. This long non-coding
RNA binds to PC, thus sequestering it from being a tumor-
promoting enzyme. In patients with highly invasive gall blad-
der cancer, GSASPC was down-regulated and accompanied
by increased PC expression. Although this mechanism is
thought to be a key step to regulate the abundance of PC in
supporting anaplerosis in gall bladder cancer, the detailed
mechanism is not well understood. Although PC plays an
essential role in supporting growth in many cancers, it does
not appear to be important in melanoma which prefers
glutaminolysis rather than pyruvate carboxylation as the main
anaplerotic route to support fatty acid synthesis [70].

The use of pyruvate carboxylation as an escape route of
survival was also reported in some cancers that were treated
with the monocarboxylic acid transporters (MCTs). MCTs
function as bidirectional lactate pumps, allowing lactate/
pyruvate to transport in and out of cells [3]. Acute exposure
of human lymphoma and colon carcinoma with AZD3965, an
MCT]1 inhibitor, causes the accumulation of intracellular lac-
tate, lowering pH of the cells and also blocks regeneration of
NAD", thereby disrupting glycolysis. However, chronic expo-
sure of these cancers to this agent triggers the re-oxidation of
lactate to pyruvate accompanied by increased expression of
PC and PDH, which allows pyruvate to enter the mitochondria
via pyruvate carboxylation and pyruvate dehydrogenation, re-
spectively, to overcome energy deprivation caused by inhibi-
tion of glycolysis by MCT blockage. This evidence demon-
strates that PC at least in part is necessary to maintain cell
survival under drug stress [71]. Reed et al. [72] also reported
that the anti-proliferative action of anti-cancer drugs,
bezafibrate and medroxyprogesterone, on primary acute my-
eloid leukemia is facilitated by pyruvate carboxylation.
Exposure of this cancer to these drugs triggers the production
of' malonate, a reactive oxygen species (ROS) that is primarily
produced from oxaloacetate through pyruvate carboxylation.
This drug-induced cell death is not only associated with pro-
duction of ROS but is also associated with the massive
draining of oxaloacetate from the TCA cycle toward malonate
production [72]. Accumulation of malonate can potentially
inhibit SDH activity [73], further impairing cellular energet-
ics, leading to cell death. Wilmanski et al. [74, 75] also report-
ed that PC is part of the anti-oxidant system in the k-ras-
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transformed MCF-10A breast cancer cell line by working in
concert with malic enzyme in providing NADPH, which is
used to detoxify ROS-induced during vitamin D (1«,25-
dihydroxyvitamin D) treatment. Chronic treatment of cells
with vitamin D down-regulates PC expression, rendering cells
susceptible to oxidative damage.

At present, it is not known what cellular signaling drives
PC expression during tumorigenesis in many cancers. Lee
etal. (2013) [76] show that the Wnt signaling pathway during
epithelial-mesenchymal transition contributes to up-
regulation of PC because treatment of the MCF-7 breast can-
cer cell line with Wnt ligand markedly increased expression of
PC. In a human prostate cancer model, Linares et al. [68]
showed that endoplasmic reticulum (ER) stress-responsive
transcription factor ATF4 partly contributes to up-regulation
of PC in p62-deficient prostate cancer-associated fibroblasts.
The renal primary epithelial cells expressing constitutively
active forms of HIFl & or HIF2, mimicking clear cell renal
carcinoma, show that PC is highly inducible by these two
isoforms of HIF [77].

a

RNA virus infection

Microbial infection

Although PC is well known to support intermediary metabo-
lism during various physiological conditions, recent studies
have shown that host PC is required to support viral infection
and replication. Vastag et al. (2011) [78] showed that herpes
simplex viruses type I (HSV1) reprograms metabolic path-
ways in host cells to support their replication. One of these
changes is an increased TCA cycle activity via up-regulation
of PC expression. Oxaloacetate produced by PC would re-
plenish the removal of downstream TCA cycle intermediates
for biosynthesis of viral structural components including
nucleic acids and membrane proteins (Fig. 3b). Suppression
of PC expression in host cells markedly inhibits replication of
HSV1, clearly demonstrating the crucial role of PC in
supporting viral replication [78]. Similarly, Grady et al.
(2013) [79] performed siRNA screening of metabolic genes
that are essential for HSV1 replication and found that this
virus induces a robust activation of PC and glutamic-
oxaloacetic transaminase 2. The latter enzyme works in
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Fig.3 Role of PC during viral infection and replication. During influenza
A virus (IAV), human enterovirus 71 (EV71), and vesicular stomatitis
virus (VSV) infection, viral protein induces PC mRNA of infected cells
through unknown signal or molecule. Uncoated viral RNA also triggers
RIG-I-like receptor-mediated antiviral innate immune response that
involves activation of mitochondrial antiviral signaling protein
(MAVS)-mediated NF-kB activation. During infection by these viruses,
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PC was translocated to interact with MAVS at the outer membrane of
mitochondria. This interaction is essential to trigger NF-kB-mediated
activation of pro-inflammatory cytokine production (a). During HSV1,
HCYV, or H5N1 infection, host PC protein or activity is up-regulated to
increase the supply of oxaloacetate which is further converted to
aspartate, an important precursor for nucleotide synthesis of viral
genome (b)
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concert with PC by direct transamination of amino groups
from glutamate to oxaloacetate, producing aspartate which is
essential for nucleotide synthesis (Fig. 3b).

Similarly, in influenza A virus HIN1-infected MDCK kid-
ney cells, infection by this virus increases PC activity while
decreasing PDH activity, indicating that pyruvate is specifical-
ly channeled to anaplerosis rather than oxidation via PDH.
Interestingly, glutaminase activity is also increased in parallel
with increased PC activity, demonstrating the importance of
both pyruvate carboxylation and glutaminolysis during viral
infection. An increase in anaplerosis is accompanied by in-
creased activity of ATP-citrate lyase that generates acetyl
groups for de novo fatty acid synthesis together with increased
activity of malic enzyme and glucose-6-phosphate dehydro-
genase, both of which produce NADPH that supports de novo
fatty acid synthesis [80]. Yim et al. [80] also reported the
supporting role of host PC during hepatitis C virus (HCV)
replication. During infection, the non-structural protein
NSS5A enters the mitochondria and interacts with PC.
Silencing of PC expression impairs viral maturation and re-
lease from the host cells though it did not affect viral DNA or
protein synthesis. The authors point out that host PC may be
required to support membrane lipid synthesis during viral mat-
uration from host cells [81]. Although the above evidence
demonstrates that host PC is essential to support viral replica-
tion, this seems to be opposite in the RNA viruses, including
influenza A virus, human enterovirus 71, and vesicular stoma-
titis virus [81]. Infection of cells with these RNA viruses trig-
gers the interaction between PC and mitochondrial antiviral
signaling protein (MAVS), one component of the RIG-I-like
receptor-mediated antiviral innate immune response [82].
During infection by these RNA viruses, PC is translocated to
the outer membrane and interacts with MAVS together with its
associated protein TRAF6, resulting in activation of NF-kB.
Activated NF-kB in turn binds to the promoter of its target
genes including interferon-y, interleukins, and TNF-« to sup-
press viral infection (Fig. 3a). Suppression of PC or MAVS
expression eliminates the ability of host cells to eliminate in-
fection by these viruses, demonstrating that interaction of both
proteins is required to maintain this innate immune response
against these RNA viruses [83].

In pathogenic bacteria such as Staphylococcus aureus, disrup-
tion of the PC gene attenuates its ability to cause systemic and
abscess infection [84]. Similarly, in Listeria monocytogenes,
which is a pathogenic bacterium that can enter many mammalian
cells, inactivation of PC gene results in marked reduction of the
pathogen’s growth rate and diminishes its ability to invade and
replicate inside host cells [17]. The phenotypic defects of these
two pathogenic bacteria are associated with the lowered synthe-
sis rate of small molecules that support bacterial growth, includ-
ing aspartate and glutamate, which are precursors of nucleotide
synthesis. A recent study in L. monocytogenes also demonstrates
that PC activity of this bacterium is inhibited by the cyclic di-
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adenosine monophosphate (c-di-AMP), an important physiolog-
ical regulator of many bacteria. Inactivation of L. monocytogenes
PC via binding of this allosteric ligand is proposed to prevent the
overproduction of aspartate, leading to metabolic imbalance dur-
ing intracellular growth [85].

In conclusion, PC is an important anaplerotic enzyme that
maintains proper levels of oxaloacetate and its downstream
metabolites. Deregulation of hepatic PC expression caused
by peripheral insulin resistance enhances hepatic gluconeo-
genesis, contributing to type 2 diabetes in humans.
Furthermore, up-regulation of PC expression is one of the
key mechanisms that many tumors use to increase the cellular
oxaloacetate pool that supports various biosynthetic pathways
during rapid cellular proliferation. The role of PC in
supporting growth also extends to certain DNA viruses as this
enzyme is hijacked to support their replication, infection, or
maturation, while PC in pathogenic bacteria appears to be
essential in maintaining their virulence. Down-regulation of
PC expression may provide a therapeutic means for the treat-
ment of type 2 diabetes and cancers, or of some microbial
infections if selective inhibitors can be devised. Furthermore,
the availability of the recent crystal structures of PC in humans
and pathogens [10, 11, 86] and identification of its allosteric
binding site [87—89] will provide information necessary to
design small molecules that can interfere with substrate or
allosteric binding sites and modulate PC activity.
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