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ABSTRACT

Background: Phosphoenolpyruvate carboxykinase (PCK) has been almost exclusively recognized as a critical enzyme in gluconeogenesis,
especially in the liver and kidney. Accumulating evidence has shown that the enhanced activity of PCK leads to increased glucose output and
exacerbation of diabetes, whereas the defects of PCK result in lethal hypoglycemia. Genetic mutations or polymorphisms are reported to be
related to the onset and progression of diabetes in humans.
Scope of review: Recent studies revealed that the PCK pathway is more complex than just gluconeogenesis, depending on the health or disease
condition. Dysregulation of PCK may contribute to the development of obesity, cardiac hypertrophy, stroke, and cancer. Moreover, a regulatory
network with multiple layers, from epigenetic regulation, transcription regulation, to posttranscription regulation, precisely tunes the expression of
PCK. Deciphering the molecular basis that regulates PCK may pave the way for developing practical strategies to treat metabolic dysfunction.
Major conclusions: In this review, we summarize the metabolic and non-metabolic roles of the PCK enzyme in cells, especially beyond
gluconeogenesis. We highlight the distinct functions of PCK isoforms (PCK1 and PCK2), depict a detailed network regulating PCK’s expression,
and discuss its clinical relevance. We also discuss the therapeutic potential targeting PCK and the future direction that is highly in need to better
understand PCK-mediated signaling under diverse conditions.
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1. INTRODUCTION

Phosphoenolpyruvate carboxykinase (PCK) was first discovered in the
1950s. It is highly conserved among species (Figure 1AeB) and
generally recognized as the key enzyme regulating gluconeogenesis.
There are two PCK isoforms in all vertebrates, the mitochondrial form
(PCK2) and cytosolic form (PCK1), encoded by separate genes. In
1953, PCK2, also called PEPCK2 or PEPCK-M, was first isolated from
chicken liver. PCK1, also called PEPCK1 or PEPCK-C, was discovered
in the murine liver in 1963. Both PCK1 and PCK2 contain 10 exons and
9 introns in humans, mice, and rats (Figure 1C). However, they have
differential activity among species and organs (Table 1) [1e4].
Generally, PCK1 is highly enriched in gluconeogenic organs such as
the kidney, liver, and intestine. Adipose tissue also expresses a high
level of PCK1. PCK2 is widely expressed and could be induced by
diverse stress [5]. Table 1 shows that PCK1 is the majority form of
enzyme in murine hepatocytes, constituting as much as 95% of the
total PCK, whereas conversely PCK2 constitutes nearly 100% of the
total PCK in birds, and PCK1 and PCK2 are almost equally abundant in
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the human liver [6]. By analyzing the expression data from the GTEx
and TiGER databases, we provide a more detailed graph showing the
relative expression of PCK1 and PCK2 in multiple human organs
(Figure 2AeB). PCK and PCK-mediated reactions have recently
received increasing attention, as this is the only pathway linking the
TCA metabolite pool with glycolytic intermediates upstream of PEP and
plays a unique role in diverse pathophysiological processes.

2. THE METABOLIC FUNCTION OF PCK

Most of the current knowledge on PCK comes from studies of mice and
rats, of which PCK1 is the major component of the enzyme in the liver.
The cytosolic form, PCK1, constitutes almost 95% of the total PCK in
the murine liver, whereas PCK2 is barely detectable [7]. As illustrated
in Figure 3, PCK1 catalyzes the reaction of oxaloacetate (OAA) and GTP
into phosphoenolpyruvate (PEP), GDP, and CO2. As the mitochondrial
membrane is impermeable to OAA, OAA is first reduced to malate and
shuttled to the cytoplasm via SLC25A11, where malate is re-oxidized
into OAA again. OAA is then fueled into the gluconeogenic pathway
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Abbreviations

AP-1 Activator protein 1
C/EBPa CAAT/enhance binding protein a
CRE cAMP response elements
CREB cAMP Response Element-Binding Protein
F1,6BP Fructose 1,6-bisphosphate
F6P Fructose 6-phosphate
G6P Glucose-6-phosphate
G6PC Glucose-6-phosphatase
GRE Glucocorticoid response element
GSIS glucose-stimulated biphasic insulin secretion

HCC Hepatocellular carcinoma
INSIGs Insulin induced genes
IRS Insulin response sequence
OAA Oxaloacetate
PCK Phosphoenolpyruvate carboxykinase
PEP Phosphoenolpyruvate
PGC-1 Peroxisome proliferative activated receptor-g co-activator 1
PKA Protein kinase A
SCAP SREBP cleavage-activating protein
SREBPs Sterol regulatory element-binding proteins
TCA Tricarboxylic acid cycle
TG Triglycerides
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through the conversion to PEP mediated by PCK1. This is the first rate-
limiting step of gluconeogenesis, which couples the TCA cycle with
glycolysis [8]. This feature leads to the common understanding that
PCK exclusively regulates gluconeogenesis. However, mice without
PCK1 suffer from severe hypoglycemia right after birth and then die [8].
More importantly, supplementation of glucose increases blood glucose
but fails to improve survival, implicating a critical role other than
gluconeogenesis [8]. More evidence is provided showing the essential
cataplerotic role of PCK in the following 4 metabolic processes: (1)
glucose biosynthesis (gluconeogenesis), (2) glycerol biosynthesis
(glyceroneogenesis), (3) serine biosynthesis, and (4) amino acid
metabolism. These processes depend on the central role of PCK
converting OAA into PEP but diverge based on the origin of OAA.

2.1. PCK and gluconeogenesis
Glucose is the primary fuel for the brain, blood cells, and fetal heart in
mammals. Thus, the maintenance of glucose levels is crucial for the
normal function of these organs and fetal development. Gluconeo-
genesis plays an essential role in glucose homeostasis to maintain its
blood level within a relatively narrow range [9]. In this process, lactate,
amino acids, glycerol, and other non-carbohydrate substrates are
transformed into glucose to meet energy demands under prolonged
starvation, stress, or increased workload. PCK regulates the first rate-
limiting step in hepatic gluconeogenesis, which catalyzes OAA into
PEP. Notably, this conversion begins either in the cytoplasm or mito-
chondria mediated by PCK1 and PCK2, respectively. In detail, mito-
chondrial OAA can also be reduced to malate and enter the cytoplasm,
where malate is oxidized into OAA again. Cytoplasmic OAA is then
converted into PEP via PCK1. In the gluconeogenic cycle, PEP is
dephosphorylated to yield fructose 1,6-bisphosphate (F1,6BP), fruc-
tose 6-phosphate (F6P), glucose-6-phosphate (G6P), and glucose as
the final product. Alternatively, OAA is carboxylated from two pyruvate
molecules and then decarboxylated and phosphorylated into PEP by
PCK2 in the mitochondria. PEP is then shuttled to the cytoplasm as the
critical substrate of gluconeogenesis. Gluconeogenesis is fine-tuned by
cAMP, insulin, and glucocorticoids. Thus, overactivation of PCK in the
liver leads to hyperglycemia and exacerbation of diabetes, whereas
global PCK1 deficiency causes severe hypoglycemia, which may result
in embryonic lethality [5,6]. Given the liver’s major role in blood
glucose homeostasis, efforts were also made to examine the role of
hepatic PCK1 in gluconeogenesis. Interestingly, mice with liver-
specific knockout of PCK1 exhibited euglycemia after fasting due to
compromised glucose utilization, but developed steatosis [10], which
highly implies an organ-specific role of PCK in gluconeogenesis.
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2.2. PCK-regulated glyceroneogenesis
Triglycerides (TG) represent a major lipid storage and energy source
[11]. TG is broken down into one glycerol molecule and three fatty acid
molecules through lipolysis [12]. The fatty acid is then oxidized into
acetyl-CoA to fuel the Krebs cycle and generate ATP. Up to 40% of fatty
acid, together with glycerol 3-phosphate, is recycled to form TG again,
also known as the triglyceride/fatty acid cycle [13]. Triglyceride
metabolism disorder can lead to atherosclerosis, obesity, non-alcoholic
fatty liver disease, life-threatening pancreatitis, and cardiovascular
diseases [14,15]. As a required precursor of TG, glycerol 3-phosphate
can be derived from pyruvate, termed glyceroneogenesis [16]. Glyc-
eroneogenesis is critical to maintain the triglyceride/fatty acid cycle. It
contributes more than expected to human plasma TG, which is up to
10e60% using isotope tracers and deuterium labeling [17]. Figure 3
shows that glyceroneogenesis is a truncated gluconeogenesis
sharing many gluconeogenic enzymes [18]. PCK1 is the rate-limiting
enzyme in both gluconeogenesis and glyceroneogenesis that cata-
lyzes OAA into PEP, which is then converted into glycerol 3-phosphate
in both the adipose tissue and liver. This process is highly enhanced in
the fasted state, facilitating the development of insulin resistance [19].
Adipose-specific deletion of PCK1 leads to decreased glyceroneo-
genesis and lipodystrophy [20], whereas adipose-specific over-
expression of PCK1 results in obesity [21e23]. Mice with liver-specific
knockout of PCK1 show unesterified fatty acid accumulation without
lipogenesis in the liver [10,24]. These phenotypes generated by
perturbation of PCK1 largely depend on the differential expression of
PCK1 itself and the key enzymes of metabolic pathways in distinct
organs. Glucose-6-phosphatase (G6PC), the final step regulating
gluconeogenesis, is highly expressed in the liver and barely detectable
in fat tissue [25]. Thus, PCK1 in adipose tissue plays an essential role
in glyceroneogenesis compared to that in gluconeogenesis.

2.3. PCK and amino acids
PCK diverts TCA intermediate metabolites into cytosol, thus probably
participating in anaplerosis and cataplerosis involving amino acids.
PCK2-overexpressing cells exhibit high anabolic activity with higher
amino acid consumption from culture media, especially for glycine and
proline [26]. After breaking down and entering TCA, amino acid
products are further converted into PEP catalyzed by PCK and fed into
the serine biosynthetic pathway [27]. Serine is generally regarded as a
nutritionally dispensable but metabolically indispensable amino acid,
which is the major substrate for one carbon metabolism and critical for
nucleotide synthesis, methylation, and anti-oxidation [28]. Therefore,
serine biosynthesis is important for cell growth and proliferation [28].
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Comparison of PCK conservation. (A) Amino acid alignment of PCK1 among different species. Different amino acids are highlighted in red. Conservation is scaled at the
bottom, in which blue stands for less conserved. The Genome Workbench was applied to calculate the conservation score. (B) Amino acid alignment of PCK2 among different
species. (C) 3D protein structure (SWISS-MODEL) and amino acid alignment of human PCK1 and PCK2.
Intriguingly, PCK2 and key enzymes for serine biosynthesis share
similar expression patterns during cell growth [29]. By applying isotope
labeling, PCK2 was found to promote oxaloacetate-derived carbons
into de novo synthesized serine [30]. This strongly implies that PCK-
dependent diversion of TCA intermediates plays a critical role in
serine biosynthesis.
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3. A NOVEL ROLE OF PCK1 AS A PROTEIN KINASE

PCK is a vital metabolic enzyme in gluconeogenesis and glyceroneo-
genesis as previously discussed. Several lines of evidence show that
metabolic enzymes could function as kinases to regulate cellular ac-
tivities [31,32]. Surprisingly, PCK may also have kinase activity to
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Table 1 e The relative enzyme activity of PCK isoforms in different organs
of certain species.

Organ/Species % of Total Activity

PCK1 PCK1

Liver Human 50 50
Pig 50 50
Guinea Pig 50 50
Dog 50 50
Cat 50 50
Cow 40 60
Sheep 40 60
Rabbit 10 90
Pigeon 0 100
Chicken 0 100
Mouse 95 5
Rat 90 10
Hamster 90 10

Adipose Human 85 15
Kidney Chicken 50 50
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regulate the transcription of lipogenesis genes [33]. Tumor cells have a
high level of lipid metabolism to synthesize intermediates for mem-
brane biosynthesis, signaling molecules, and energy required for rapid
tumor cell proliferation [31,34]. Vital genes required for lipid meta-
bolism are controlled by sterol regulatory element-binding proteins
(SREBPs) [35,36], which are escorted by SREBP cleavage-activating
protein (SCAP) shuttling from the endoplasmic reticulum to the Golgi
apparatus [37]. In the Golgi apparatus, SREBPs are processed to
generate active fragments and translocate into the nucleus as tran-
scriptional factors. For the first time, Xu et al. reported that phos-
phorylated PCK1 by AKT translocated into the endoplasmic reticulum
and phosphorylated insulin-induced genes (INSIG1/2) to disrupt the
interaction between INSIG and SCAP. Free SCAP escorts SREBPs to the
Golgi apparatus and the activation of SREBPs leads to the transcription
of lipogenesis genes, which promotes hepatocellular carcinoma (HCC)
development [33]. PCK1-regulated SREBP activation is also noted in
primary HCC compared to that in the adjacent normal tissue from
patients, implying an important clinical relevance and a potential for
cancer therapy [33].

4. REGULATORY NETWORK OF PCK EXPRESSION

4.1. Transcription regulation of PCK
PCK1 is tightly regulated at multiple levels, from transcription to
enzymatic activity. After PCK1 cDNA was isolated and cloned, efforts
have been made to characterize its regulation. By applying “run-off”
analysis, researchers successfully determined that Pck1’s mRNA half-
life is considerably short, onlyw30 min [38,39]. Moreover, the rate of
PCK1 transcription shows a good linear correlation with the level of
Pck1 mRNA. Thus, transcriptional regulation of PCK1 has an impact on
its function [40]. To date, numerous regulatory elements in the PCK1
promoter have been identified (summarized in Figure 4). Hanson and
Reshef et al. characterized hormonal regulatory elements and cAMP
response elements (CRE) within the PCK1 promoter using a series of
deletion mutations [41e43]. Roesler et al. further identified a number
of protein-binding sites within the PCK1 promoter by DNase I foot-
printing [44]. Following this work, several important hormonal regu-
lators, transcriptional factors, and their corresponding binding
elements were identified and characterized, including the cAMP
response element [39,42], CAAT/enhancer-binding protein a (C/EBPa)
element [41,44,45], c-Jun/c-Fos-binding element [46], glucocorticoid
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response region [47,48], insulin response sequence [49,50], thyroid
hormone response element [51,52], PPARg-binding element [53e55],
nuclear factor 1 [56,57], insulin/SREBP-1 response element [58,59],
and retinoic acid response element [60]. Transcriptional factors and
their accessory factors orchestrate to regulate the expression of Pck1
mRNA.
Most knowledge on Pck1 regulatory elements initially has come from
studies on nutritional stress, which is closely related to cell growth and
development. Under starvation, cAMP or protein kinase A (PKA) is
activated [61]. Supplementation of cAMP or ectopic expression of PKA
highly induces Pck1 mRNA expression by w5 fold and w30 fold,
respectively [39,41]. A CRE element located at �260 to �82 bp is
involved in the binding of cAMP response element-binding protein
(CREB) and C/EBPa. The activating transcription factor (ATF) family
shares the basic region leucine zipper domain with CREB and C/EBPa.
ATF proteins dimerize and bind to a common core sequence “TGACGT”
to initiate transcription, which is identical to the consensus of CRE [62].
Stress-inducible mitogen-activated protein kinase p38b instead of ERK
augments ATF2 transcriptional activity on PCK1 [63]. Conversely, ATF3
functions as a stress signaling hub of endoplasmic reticulum stress,
cytokines, and toxins. Liver-specific overexpression of ATF3 in mice
leads to liver dysfunction including hypoglycemia and reduced adipose
tissue mass. Further research showed that ATF3 binds to CRE and
represses the transcription of PCK1 [64]. c-Jun and c-Fos, together
with ATF, belong to the activator protein 1 (AP-1) superfamily and may
share the similar consensus sequence site [65]. Gurney et al. showed
that c-Jun:c-Jun and c-Fos:c-Jun dimers mainly bind to two distinct
regions: CRE (�82 to �90 bp) and P3(II)/P4 (�252 to �258 bp
and �268 to �285 bp, respectively) [46]. Ectopic expression of c-Jun
upregulates PCK1 expression by over 10 fold, whereas c-Fos blocks
PCK1 promoter activity. Moreover, the inhibitory role of c-Fos on PCK1
expression requires additional cofactors bound to the P3(I) region
(Figure 4).
Glucocorticoids are necessary to facilitate responses in biological
processes such as starvation and pathological processes such as
diabetes. Glucocorticoids, similar to cAMP, have been reported to
exhibit a predominant positive control of Pck1mRNA synthesis [43,66].
Generally, glucocorticoid-activated receptor dimer binds to the
glucocorticoid response element (GRE) upstream from the transcription
initiation site [67]. The PCK1 promoter contains an element spanning
w110 bp responsible for glucocorticoid effects (�467 to �402 bp)
and is bound by glucocorticoid receptor (GR) (�395 to �349 bp).
Accessory factor 1 (AF1) and accessory factor 2 (AF2) are located in
regions �455 to �431 bp and �420 to�403 bp, respectively. These
two elements are required for full glucocorticoid responsiveness. The
orphan receptors COUP-TF (also NR2F2) and HNF-4 (also NR2A1) were
later identified to function as accessory factors that bind to the AF1
element for glucocorticoid response [47].
In contrast, insulin is a main inhibitory regulator of PCK1 expression
[49]. A 15-base pair sequence, designated insulin response sequence
(IRS) located at �416 to �402 bp, was described and exhibited a
strong negative control of PCK1 promoter activity even in the presence
of cAMP supplement or dexamethasone administration [49]. Insulin
can also stimulate the expression of negative regulator c-Fos in a rapid
manner [68], which may participate in the insulin-dependent inhibition
of PCK1. Forkhead transcription factor FOXO1 and peroxisome
proliferator-activated receptor-g co-activator 1 (PGC-1) collaborate to
induce PCK1 expression upon starvation, glucagon, or glucocorticoid
treatment [50]. Insulin greatly suppresses FOXO1-PGC-1-mediated
upregulation of PCK1 through phosphorylating FOXO1 by AKT. Insulin
can also increase the level of the precursor form of SREBP-1c through
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Figure 2: Relative expression of PCK1 and PCK2 in multiple human organs. Raw data were retrieved from the TiGER (A) and GTEx (B) databases.
PI3K [69]. The cleaved SREBP-1c subsequently binds to two SREBP
regulatory elements (SREs) in PCK1 promoter at �322 to �313 bp
and �590 to �581 bp, respectively [59]. Mutation of these SREs
increases basal transcription of PCK1 by 5 fold and enhances PKA-
induced PCK1 expression as much as 27 fold. Characterizing
insulin-mediated PCK expression may provide potential therapeutic
targets for diabetes.
MOLECULAR METABOLISM 53 (2021) 101257 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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Unlike PCK1, the molecular mechanisms underlying PCK2 transcription
regulation have not been elucidated. Given that PCK2 is preferentially
expressed in various cancer cells, Méndez-Lucas et al. pinpointed that
PCK2 was a vital pro-survival regulator against amino acid starvation
and endoplasmic reticulum stress [70]. ATF4, not ATF3, binds to the
amino acid response element (AARE) site (GTTACATCA) in PCK2 pro-
moter located at position �917 bp and induces its transcription via
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: Schematic representation of metabolic pathways. Glycolysis requires the three rate-limiting enzymes shown in the green ovals. Gluconeogenesis needs the four key
enzymes shown in the red ovals. Glyceroneogenesis is a truncated version of gluconeogenesis sharing the same enzymes. Abbreviations: 3-PG, 3-phosphoglycerate; DHAP,
dihydroxyacetone phosphate; F-1,6-P, fructose-1,6-biphosphate; F-6-P, fructose-6-phosphate; FBP, fructose-1,6-bisphosphatase; FFA, free fatty acid; G-3-P, glyceraldehyde-3-
phosphate; G-6-P, glucose-6-phosphate; G6PC, glucose-6-phosphatase; HK, hexokinase; MDH, malate dehydrogenase; OAA, oxaloacetate; PC, pyruvate carboxylase; PCK,
phosphoenolpyruvate carboxykinase; PEP, phosphoenolpyruvate; PFK, phosphofructokinase; PK, pyruvate kinase; R-5-P, ribose-5-phosphate; TG, triglyceride.
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GCN2-eIF2a-ATF4 and PERK-eIF2a-ATF4 signaling. It remains unclear
how PCK2 is regulated.

4.2. Posttranscriptional and posttranslational regulation of PCK
There is no evidence showing that PCK has covalent modifications
or allosteric regulation [5]. Therefore, regulation of PCK largely
depends on mRNA transcription and its degradation. mRNA stability
and miRNA-based degradation are the two main mechanisms
regulating PCK abundance. Adenine-uridine rich elements (AREs)
are identified in the 30-untranslated region (30-UTR) and direct
mRNA degradation [71]. Interestingly, PCK1 without 30-UTR is
extremely stable, with a half-life of 5 days [72]. However, PCK1
containing intact 30-UTR degrades very rapidly (t 1/2 ¼ 1.2 h). AUF1
6 MOLECULAR METABOLISM 53 (2021) 101257 � 2021 The Author(s). Published by Elsevier GmbH. T
binds to AU-rich regions in 30-UTR and promotes the rapid degra-
dation of Pck1 mRNA. 30-UTR may also be targeted by miRNAs to
facilitate mRNA degradation. miR-143 has been reported to target
PCK2 and decreases its expression in fibroblasts [73]. Further ef-
forts to identify potential miRNAs targeting PCK are still needed. We
recently identified that RNA-binding protein Lin28 binds to Pck2
mRNA and enhances its ability to exert a gluconeogenic role [74]. It
was also reported that PCK1 can be acetylated by three lysine
residues (70, 71, and 594) and degraded by ubiquitinylation [75,76].
The acetylation of PCK1 controls enzyme activity to regulate
gluconeogenesis and anaplerosis [77,78]. Thus, posttranscriptional
regulation and protein modification are essential to maintain the
homeostasis of Pck mRNA.
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Figure 4: Illustrative representation of PCK’s regulatory mechanism at different levels, from histone modification at the epigenetic level, interaction of transcriptional factors and
promoter elements at the transcription level, ARE and miR-mediated mRNA degradation, and ubiquitinylation-mediated protein degradation. Abbreviations: AF, accessory factor;
ARE, adenine-uridine rich elements; ATF, activating transcription factor; AUF, AU-rich element RNA-binding protein; C/EBP, CAAT/enhancer-binding protein; COUP-TF, chicken
ovalbumin upstream promoter transcription factor; CRE, cAMP regulatory element; CREB, cAMP regulatory element-binding protein; FOXO1, forkhead transcription factor; GR,
glucocorticoid receptor; GRE, glucocorticoid regulatory element; HNF, hepatic nuclear factor; PKA, protein kinase A; PPAR, peroxisome proliferator-activated receptor coactivator;
SRE, SREBP regulatory element; SREBP, sterol regulatory element-binding protein; UBR5, E3 ubiquitin-protein ligase.
4.3. Epigenetic regulation of PCK
Gene expression depends on epigenetic regulation, including histone
modification, DNA methylation, chromatin remodeling, and non-coding
RNA regulation [79]. New evidence shows that PCK may be under fine-
tuned epigenetic regulation as well. As previously discussed, insulin is
a vital regulator of PCK1 expression on the transcriptional layer, which
affects H3K4me3, H3ac, and H4ac levels over the PCK1 region to
suppress its expression [80,81]. A dynamic pattern of DNA methylation
has been documented in multiple developing organs of rats [82], in
which hypomethylation is accompanied by enhanced expression of
PCK1. A similar pattern is also found in baboon fetal liver exposed to
reduced nutrients [83]. This epigenetic signature on PCK1 can be
transmitted to offspring [84].

5. PCK AND CLINICAL RELEVANCE

5.1. Diabetes and obesity
The main function of PCK is associated with glucose homeostasis [5].
In 1976, Vidnes et al. reported a deficiency of cytosolic PCK activity
caused persistent hypoglycemia in a boy who died at the age of 2 years
and 10 months [85]. A later genetic analysis showed a correlation
MOLECULAR METABOLISM 53 (2021) 101257 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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between PCK1 SNP and type 2 diabetes [86]. These human obser-
vations create considerable interest in elucidating the molecular
mechanisms of PCK in metabolic syndrome using multiple lines of
transgenic mice. Of note, PCK’s function largely depends on the origin
of organs. PCK1 is the key enzyme for hepatic glucose output and
glyceroneogenesis in adipose tissue. Whole-body deletion of PCK1
leads to postnatal death within 3 days due to severe hypoglycemia and
impaired Krebs cycle in mice [87]. However, mice with liver-specific
knockout of PCK1 maintain euglycemia after fasting by coupling
impaired hepatic gluconeogenesis to compromised glucose utilization,
but develop fatty liver [10]. Beyond regulating hepatic glucose output,
an adipose-specific deletion of PCK1 shows lipodystrophy in mice
resulting from decreased rates of glyceroneogenesis in adipose tissue
[20]. Conversely, global or adipose-specific overexpression of PCK1
results in insulin-independent diabetes and obesity under a high-fat
diet [21e23]. The clinical significance of adipose-derived PCK1
largely relies on the key fact that PCK1 dominates glyceroneogenesis in
adipose tissue and maintains insulin sensitivity via affecting the con-
centration of FFA in the blood [88e90]. Unlike PCK1, PCK2 mainly
regulates glucose homeostasis by stimulating insulin release.
Pancreatic cells sense the glucose, integrate neuroendocrine signals
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Review
originating from the brain and gut, and secrete insulin and other
digestive enzymes [91]. PCK2 is the dominant form in the pancreas,
almost exclusively expressed in b cells compared to PCK1 (Figure 2Ae
B) [92,93]. PCK2 utilizes mitochondrial GTP (mtGTP) as a phosphate
donor to catalyze OAA into PEP. It serves as a critical mtGTP recycling
mechanism generated from succinyl-CoA synthase reactions [93].
Given mtGTP’s fundamental role in promoting glucose-stimulated
biphasic insulin secretion (GSIS) [94], this is an important Kþ-ATP-
independent mechanism for insulin secretion, together with classical
Kþ-ATP-dependent insulin secretion [95]. In particular, PCK2 en-
hances PEP production as much as 3 fold and thereby stimulates in-
sulin release upon glucose stimulation, while silencing PCK2 could
totally inhibit GSIS [93]. Correspondingly, single-nucleotide poly-
morphisms (SNPs) in PCK2, rs4982856 SNP, were identified to posi-
tively correlate with new-onset diabetes after kidney transplantation in
a Japanese population [96].

5.2. Cancer
Reprogramming cellular metabolism is regarded as a critical hallmark
of cancer. Tumor cells rely on aerobic glycolysis to sustain energy,
redox balance, and biomass for uncontrolled rapid proliferating de-
mands even with fully functional mitochondria, known as the Warburg
effect [97,98]. Over the past decade, a surge in publications rejuve-
nated this concept, but left even more unsolved questions, particularly
regarding its molecular mechanisms, metabolite fluxes, and functions.
Intriguingly, PCK is emerging as a novel regulator that certain types of
cancer cells use for a specific metabolic route for biosynthesis under
nutrient-restrictive conditions [30,99]. Both PCK1 and PCK2 function to
channel TCA intermediate OAA into PEP for biomass synthesis in
cancer cells. They facilitate the utilization of noncarbohydrate sources,
including amino acids such as glutamine, catalyzed into lipids and
nucleic acids. Montal et al. found that PCK1 was highly expressed in
colon-derived tumors. Inhibition of PCK1 markedly reduced TCA ac-
tivity and suppressed the cell cycle, which was mainly dependent on
glutamine. Most interestingly, PCK1 enhanced glutaminolysis but did
not promote the conversion of glutamine-derived PEP into glucose in
colon cancer cells, apparently different from PCK1-mediated gluco-
neogenesis in non-tumorigenic cells [99]. Because G6PC was almost
undetectable in these cells, colon cancer cells seem to rewire the
anabolic metabolism to fully use intermediates for biosynthesis instead
of glucose secretion. During this process, mTORC1 instead of mTORC2
was activated by newly formed PEP-derived amino acids from anabolic
metabolism and promoted tumor cell growth [99]. Beyond the meta-
bolic demands for rapid growth, cancer cells also encounter nutrient-
poor and hypoxic environments due to their rapid nutrient consumption
and inadequate vasculature [100]. Under these conditions, glutamine
generally functions as major noncarbohydrate substrate in cancer cells
[101]. Vincent et al. identified PCK2 as a key growth regulator in non-
small cell lung cancer cells in glucose-free microenvironments using
metabolomics [30]. Mechanistically, PCK2 was induced by hypoxia-
inducible factor-1 (HIF-1) and reversed glycolysis to synthesize pu-
rine nucleotides required for rapid cell proliferation [30]. PEP generated
by PCK2 could further increase intracellular calcium, which provokes
the calmodulin (CaM)-dependent activation of c-Myc and NFAT
signaling [102]. Thereafter, PEP is utilized in anabolism to produce
amino acids required for growth, especially serine, glycine, and pro-
line. Silencing or inhibiting PCK2 shuts down the TCA cycle and in-
creases ROS, leading to impaired proteostasis and limited growth of
cancer cells [26]. Vincent et al. showed that this PCK2-mediated
metabolic plasticity was common in tumors of the thyroid, bladder,
breast, and kidney [30]. In all, these studies revealed an important
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regulatory mechanism of how tumor cells handle metabolic reprog-
ramming with fluctuating microenvironments and bioenergetic de-
mands through PCK-mediated metabolic reprogramming.
A more complicated issue is that the role of PCK is highly dependent on
the origin of cancer cells, and PCK may exert an inhibitory role in the
development of certain types of cancer [103,104]. Different from the
increased expression of PCK in cancer of the colon, lungs, and skin,
both PCK1 and PCK2 are simultaneously downregulated in primary
HCC. This low expression of PCK predicts a poor prognosis in those
patients [103]. More importantly, re-expression of PCK1 or PCK2 re-
sults in excessive cataplerosis and oxidative stress, which lead to TCA
collapse and apoptosis [103]. The divergent role of PCK in cancer of
different organ origins may be due to the much higher activity of TCA
intermediate cycling (anaplerosis and cataplerosis) in liver cells
compared to other cell types [105]. As discussed in Section 3, a recent
study added another regulatory layer to PCK1-mediated HCC devel-
opment in which PCK1 functions as a protein kinase exclusively in the
endoplasmic reticulum to phosphorylate INSIGs to activate lipogenesis
and promote HCC growth [33]. Huh7 human HCC cells carrying a PCK1
S90A mutation, which abolishes the activity of phosphorylating INSIGs,
fails to grow after in vivo xenografting [33]. Except for compartment-
specific activity, this may also depend on glucose availability, since
neither PCK1 overexpression nor depletion promotes HCC growth
under high-glucose conditions [106]. Although much remains to be
explored, these studies, in concert, demonstrate the metabolic
vulnerability of cancer cells and indicate that both PCK1 and PCK2 may
be promising therapeutic targets in clinic practice.

5.3. Cardiovascular diseases
The heart is a central organ that continuously pumps blood and fulfills
the circulatory needs of peripheral organs. As terminally differentiated
cells that lack proliferative capacity, cardiomyocytes develop hyper-
trophic growth in response to increased workloads. In a myriad of
conditions such as hypertension, myocardial infarction, valvular dis-
eases, and cardiomyopathy, cardiac hypertrophy helps normalize
increased wall tension and temporarily maintains cardiac output.
However, pathological cardiac hypertrophy largely exacerbates the risk
of heart failure and sudden death [107,108]. A hypertrophic heart
undergoes extensive metabolic reprogramming along with structural
changes, featured by a shift from fatty acid oxidation to glycolysis
[109,110]. Considerable research has been devoted to addressing
whether and how such metabolic reprogramming contributes to car-
diac hypertrophy and whether it could be a next potential therapeutic
target in cardiovascular diseases. By applying genetic screening and
stable isotope-labeled metabolic flux, we could pinpoint that PCK2,
instead of PCK1, is markedly induced in the heart under pressure
overload or treatment with adrenergic agonist, which causes cardiac
hypertrophic growth. Suppression of PCK2 attenuated cardiac hyper-
trophic growth without significantly impairing cardiomyocyte function.
Mechanistically, PCK2 was vital to initiating cardiac fetal gene pro-
gramming and enhancing anabolism. Ectopic expression of PCK2
diverted glucose-derived OAA into PEP and thereafter enhanced the
serine biosynthetic pathway. PCK2 was under fine posttranscriptional
regulation of RNA-binding protein LIN28 [74]. Strikingly, cardiac
metabolic reprogramming featuring a reliance on glycolysis precedes
ventricular hypertrophy [74,111,112]. PCK2-mediated hypertrophic
response demonstrates that metabolic repatterning could be an initi-
ator that is instrumental in ventricular structural remodeling. More
importantly, PCK2 could be a common key regulator in muscle cells
beyond cardiomyocytes. Brown et al. demonstrated that growth hor-
mone (GH) or b-adrenergic agonist greatly coordinately increased Pck2
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mRNA and serine biosynthetic pathway gene expression to promote
the growth of porcine skeletal muscle [29]. Inhibition of PCK2 activity
could reduce serine synthetic pathway genes but induce myogenic
differentiation [113]. Further study of PCK2 regulation could inspire a
novel treatment for heart and muscle protection.

5.4. Neurologic diseases
Glucose is the primary energy source for the brain. Perturbation of
glucose homeostasis may influence the progression and prognosis of
diverse neurologic diseases. Stroke is one of the most common
neurologic disorders and the leading cause of death, 87% of which is
ischemic stroke [114]. During cerebral ischemia, hyperglycemia is a
general sign of adverse clinical outcomes [115]. However, targeting
hyperglycemia did not show promising protection for those patients
with stroke in clinical trials [116]. Geng et al. identified that PCK may
be the missing link in this context [117]. PCK and its gluconeogenic
product PEP dramatically increased after ischemia, suggesting that
PCK-mediated metabolic diversion may participate in this process. By
applying the PCK-specific inhibitor 3-mercaptopropionic acid (3-MPA)
or knockdown shRNA, cerebral ischemic damage was markedly alle-
viated with reduced lactate production, acidosis, and oxidative stress.
Most interestingly, as the metabolic product of PCK, more PEP was
further catalyzed into lactate compared to that converted into glucose.
This highly implies that either defects of PEP-utilizing processes or
PCK-mediated byproducts may evoke detrimental signaling in the
ischemic brain. Together, these results identify a novel role of PCK in
ischemic stroke, suggesting more efforts should be made to illustrate
the therapeutic potential of PCK in neurologic disorders.

6. CONCLUSIONS

This review summarizes the current knowledge of the multifaceted
roles of PCK, including glyceroneogenesis, anabolism, and protein
kinase, beyond its vital function in gluconeogenesis. This review also
highlights a comprehensive regulatory network covering epigenetic,
transcription, and posttranscription regulation and posttranslational
modification of PCK isoforms. In the future, distinct regulatory ele-
ments of PCK’s isoforms should be further studied considering the
complex structure of their promoters. By applying state-of-the-art
metabolomics and flux analyses, we may gain deeper insights into
its metabolic functions, especially in tissue or context-specific man-
ners. All this information may facilitate a better understanding of the
clinical relevance of PCK and its therapeutic potential.
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