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Metabolic reprogramming is one of the critical features in
cancer. Tumor cells preferentially utilize glycolysis instead
of oxidative phosphorylation in the presence of oxygen,
namely ‘Warburg Effect’. Recent studies have provided
new insights into the Warburg effect, elucidating metabol-
ic-dependent and independent mechanisms of metabolic
enzymes regulated by post-translational modifications and
providing further evidence for the critical role of these
tricks in cancer metabolism and tumorigenesis. Of particu-
lar interest, we summarized the latest advances in both the
metabolic and the non-metabolic functions of metabolic
enzymes via the acetylation regulation in the Warburg
effect. In addition, their potential roles in cancer metabol-
ism therapy will also be briefly discussed.
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Introduction

Cancer is a leading cause of death worldwide. Different
underlying mechanisms have been found in multiple
cancers. However, only metabolic reprogramming was fre-
quently referred to represent the common feature in almost
all kinds of carcinomas. Initially noted by Otto Warburg
[1,2], metabolic reprogramming in cancers was called
Warburg effect in the later years. Compared with normal
cells, cancer cells preferentially utilize glycolysis instead of
oxidative phosphorylation even in the presence of normal
oxygen pressure (Fig. 1). Meeting the requirement for rapid
proliferation of cancer cells, metabolic reprogramming could
provide more building blocks, such as nucleotides and
amino acids, through glycolysis and give the cancer cells an
appropriate microenvironment by producing more lactate.
More and more studies supported the notion that metabolic

reprogramming is a hallmark of cancer, and drugs targeting
metabolic pathways probably become the most potential
therapeutic approach in multiple cancers.

A number of studies have proved that cancer cells imple-
ment the metabolic reprogramming by regulating transcrip-
tion or post-translational modification (PTM) of metabolic
enzymes [4]. Of all the regulating mechanisms, protein
acetylation could target and regulate almost all the metabolic
enzymes, and this kind of regulation is conserved from bac-
teria to human beings [5–7]. Lysine acetylation is a revers-
ible dynamic process that is catalyzed by competing
enzymes, i.e. protein lysine acetyltransferases (KATs, com-
monly termed as histone acetyltransferases) and deacetylases
(commonly known as histone deacetylases). Recent studies
have demonstrated that acetylation may serve as a wide
bridge between the extracellular nutrient status and intracel-
lular metabolic pathways under physiological conditions, or
even more important in pathological states. Several reviews
have discussed the acetylation regulation of metabolic en-
zymes in cancer [6–9]. Lately, studies on metabolite kinase
functions as protein kinase made protein moonlighting re-
emerge as a hot topic, called non-metabolic functions in vivo
[10–12]. In this review, we will briefly summarize the regu-
lation of both metabolic and non-metabolic functions of
metabolic enzymes by acetylation in cancer in the past 3
years, and also discuss their potential roles in cancer therapy.

Acetylation Control of Metabolic Enzymes
in Metabolic-Dependent Manner

As mentioned before, the Warburg effect is an essential hall-
mark of cancer. According to the Warburg effect, glucose
uptake is significantly increased in tumor cells compared
with that of normal cells, but the ATP production is not in
line with the oxidative phosphorylation of this high glucose
does [2,13,14]. In another words, some of the absorbed
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glucose is not used to produce ATP in cancer cells. Acting
as the main source of nutrition in resting cells, glucose is
used for ATP production through the tricarboxylic acid
cycle (TCA cycle). But in dividing cells, glucose is also the
source of carbon, free energy, and metabolite to synthesize
fatty acid and other biomass to support cell proliferation.
Therefore, a reasonable explanation for the Warburg effect is
that tumor cells need to convert some glucose to macromol-
ecular precursors, such as acetyl-CoA and ribose for fatty
acid and nucleotide synthesis, respectively. Here comes the
question, how could oxidative phosphorylation and glycoly-
sis be coordinately regulated to promote cell growth in
cancer cells, which is also the key step in metabolic repro-
gramming in cancer [15,16]. Many published reviews have
discussed the acetylation control of metabolic enzymes and
metabolic reprogramming in cancer [6,8,9]. Here, we will
focus on the acetylation regulation of several important
enzymes in cancer.

Acetylation of PKM2K305 accumulates the metabolic
intermediates for tumor growth
Pyruvate kinase (PK), which catalyzes the last step of glycoly-
sis, is a key enzyme for glucose fermentation. PK catalyzes
the transfer of a phosphate group from phosphoenolpyruvate

(PEP) to ADP, generating one molecule of pyruvate and one
molecule of ATP. There are four isoforms of PK in
mammals: L, R, M1 and M2 encoded by two genes, PKL/R
(pyruvate kinase, liver and red blood cells) and PKM (pyru-
vate kinase, muscle). The L and R isoforms, which are
mainly expressed in liver or red blood cells, are encoded by
different transcript variants of PKL/R [17,18]. PKM1 and
PKM2 are encoded by different transcript variants of PKM.
PKM1 is expressed in organs that are strongly dependent
upon a high rate of energy regeneration, such as muscle and
brain. PKM2 is expressed in some differentiated tissues,
such as lung, fat tissue, retina, pancreatic islets, as well as in
all cells with a high rate of nucleic acid synthesis, such as
normal proliferating cells, embryonic cells, and especially
tumor cells [19–24]. In the beginning, it has been concluded
that the expression of PKM1 switches to PKM2 during
cancer development based on the comparison of PKM1/
PKM2 expression ratio between cancer cell lines and human
muscle [25], and this process was tightly regulated by MYC
oncoprotein [26]. However, other evidence showed that there
is only an up-regulation of PKM2, but not a shift in PKM1
to PKM2 during tumorigenesis [27]. Bluemlein et al. per-
formed a pure quantification of PKM1/2 splice isoforms in
samples of human cancers, tissues, and certain cell lines by

Figure 1. Different metabolic features in normal and cancerous tissues [3] Under normal oxygen pressure, glucose preferentially goes through

mitochondrial oxidative phosphorylation in normal tissues, which leads to the production of CO2 and ATP. Under low oxygen pressure, cells switch away

from oxidative phosphorylation to glycolysis to generate more lactate (anaerobic glycolysis) and less ATP. For cancer tissues, cells preferentially metabolize

most glucose to lactate even under normal oxygen conditions (aerobic glycolysis).
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using mass spectrometry. They found that PKM2 was the
predominant isoform in all analyzed samples, which was
not due to PK splicing. Consistently, Yang et al. reported
that EGFR (epidermal growth factor receptor) activation
up-regulates PKM2 expression, but not PKM1 expression,
by coordinated regulating nuclear factor-kappa B (NF-kB)-
enhanced PKM gene transcriptional expression and PTB-
dependent splicing of pre-mRNA. Their findings highlighted
the significance of the cooperation between the EGFR and
NF-kB pathways in PKM2 up-regulation and metabolic
reprogramming [28].

As pyruvate, the product of PK, serves as the substrate of
pyruvate dehydrogenase in TCA cycle, it is reasonable to
speculate that inhibition of PK may repress pyruvate metabol-
ism through mitochondria along with enhanced aerobic gly-
colysis. Christofk et al.’s [29] work supported this hypothesis.
In 2008, they found that inhibition of PKM2 enzymatic activ-
ity by binding directly to tyrosine-phosphorylated peptides led
to the shift of metabolism from energy production to anabolic
processes, which affected cellular metabolism. An important
point should be noted here is that cancer cells are not in a
shortage of energy when they turned into ‘Warburg effect’ me-
tabolism model because of the existence of alternative path-
ways to supply the substrate for TCA cycle and oxidative
phosphorylation, such as those from glutamine metabolism.

Recently, Lv et al. [30] also reported that acetylation of
PKM2 may be involved in this metabolism switch. In this
report, it was found that p300/ (CREB binding protein) asso-
ciated factor (PCAF) acetylates PKM2 at lysine 305, which
decreases its enzymatic activity. Moreover, acetylation of
PKM2K305 enhances its interaction with HSC70 and promotes
its lysosome-dependent degradation via CMA (chaperone-
mediated autophagy) under high glucose stimulation. The
decrease of PKM2 enzymatic activity and its protein level
results in the accumulation of glycolytic intermediate meta-
bolites upstream of PKM2, including FBP (fructose-1,
6-bisphophate) and G6P (glucose-6-phosphate). In line with
the metabolic alteration, ectopically expressed acetylation
mimetic PKM2K305Q promotes cell proliferation and tumor
growth. This result supports a very good example that meta-
bolic reprogramming, i.e. switch from ATP production to
building block preparation, could be tightly regulated by
acetylation at metabolic enzymes. Considering the tumorigen-
esis effect of acetylation at K305 of PKM2, drugs repressing
PKM2 acetylation by targeting the acetyltransferase or deace-
tylases have potential therapeutic value for some cancers.

Decreased levels of LDHAK5 acetylation implicate
in human pancreatic cancer initiation
LDH (lactate dehydrogenase) converts pyruvate, the final
product of glycolysis, to lactate when oxygen is absent or
there is shortage, and it also performs the reverse reaction
during the Cori cycle in liver, converting lactate to glucose.

LDHA belongs to the lactate dehydrogenase family and
prefers to catalyze pyruvate to lactate. When converting
pyruvate to lactate, LDH also generates one NADþ which is
necessary for the glycolysis reaction catalyzed by glycerol-
3-phosphate dehydrogenase (GAPDH). It has been reported
that the protein level of LDHA is frequently elevated in mul-
tiple tumors [31–34], and the potential explanation is that
MYC and HIF, two transcription factors, could target LDHA
gene directly [35,36]. Inhibition of LDHA by either RNA
interference or pharmacological agents blocks tumor pro-
gression in vivo [37]. Recently, Zhao et al. [38] found that
acetylation regulates both enzymatic activity and degradation
of LDHA. Interestingly, the opposite results were observed
although LDHA and PKM2 were regulated by acetylation in
a similar way. In normal cells, acetylation of LDHAK5 inhi-
bits its enzymatic activity and promotes its degradation via
CMA, keeping the metabolism in normal cells away from
‘tumor style’. In human pancreatic cancers, decreased levels
of LDHAK5 acetylation result in activation of LDHA enzym-
atic activity and inhibition of LDHA degradation, eventually
promotes cancer cell growth and migration. Besides, lactate,
the product of LDHA, can affect the microenvironment, and
subsequently promotes the communication between cancer
cells and stromal cells.

In addition, we found that LDHAK5 acetylation is
decreased in pancreatic cancer, but not liver cancer, indicat-
ing that acetylation at K5 of LDHA might be a marker for
some types of cancers, such as pancreatic cancer (Fig. 2).
Given that elevated LDHA is detected in various cancers, it
has been used to monitor treatment of some cancers because
of its correlation with poor prognosis and chemotherapy/
radiotherapy resistance. The specific antibody for LDHAK5

acetylation may serve as a valuable tool for the diagnosis of
some cancers. We further speculate that LDHAK5 acetylation
coupled with positron emission tomography/computed tom-
ography would be a potential early diagnostic marker for
pancreatic cancer. Regarding the inhibitory effect of K5
acetylation on LDHA, drugs promoting LDHA acetylation
by targeting the acetyl transferase or deacetylase should
inhibit LDHA, therefore may have potential therapeutic
value for cancers with high LDHA activity. Collectively, our
recent study not only suggested a novel mechanism of
LDHA regulation, but also provided a potential early diag-
nostic maker and therapeutic target for pancreatic cancer.

Acetylation competes with ubiquitylation to stabilize
ACLY for tumor growth in lung cancer
As long-chain fatty acids are building blocks of bilayer cell
membranes, phospholipids, and precursors of lipid second
messengers, de novo lipid synthesis plays an important role
in dividing cells. Actually, lipogenesis is also a part of meta-
bolic reprogramming in cancer. In the reaction of fatty acid
elongation, Acetyl-CoA serves as the only substrate. ACLY
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(ATP-citrate lyase), which is the crucial enzyme for the syn-
thesis of cytosolic acetyl-CoA, provides the majority of cyto-
solic Ac-CoA in most tissues. Therefore, ACLY becomes
the key enzyme to integrate glucose and lipid metabolism.
The regulation of ACLY mainly happens at transcription
level by sterol regulatory element-binding protein 1 [39].
Several studies have demonstrated that the enzymatic activity
of ACLY is regulated by the phosphatidylinositol-3-kinase/
Akt pathway [40–43]. Besides the phosphorylation on
ACLY, Lin et al. reported that ACLY is acetylated at lysines
540, 546, and 554 in response to high glucose. Acetylation
at these three lysines leads to the inhibition of ubiquitylation-
dependent degradation, resulting in enhancing lipogenesis,
increasing cell proliferation, and promoting in vivo tumor
growth (Fig. 3) [44]. Notably, acetylation of ACLY3K is also
significantly elevated in lung carcinomas, suggesting that
acetylation at ACLY3K may take part in lung cancer initi-
ation or development. Considering ACLY is up-regulated or
activated in multiple types of cancer, inhibition of ACLY
by chemical inhibitors or RNAi may suppress tumor cell
proliferation and induce differentiation in vitro and in vivo
[40,45]. Our study not only uncovered the novel mechanism

on the regulation of ACLY, but also provided the possibility
that drugs inhibiting the acetylated ACLY may merit explor-
ation as a therapeutic agent for cancer.

Mn-SOD and IDH2 acetylation regulates tumorigenesis
through reactive oxygen species
As discussed above, the deregulation of acetylation in some
metabolic enzymes results in tumorigenesis directly or indir-
ectly. Reactive oxygen species (ROS) are chemically react-
ive molecules containing oxygen, which are constantly
generated and eliminated in the biological system [46].
Much evidence suggested that cancer cells exhibit increased
intrinsic ROS stress, which can lead these cancer cells to
fatal lesions by damaging cellular proteins, lipids, and DNA
[47–49]. Mutations in superoxide dismutase 2 (SOD2) gene
are associated with aging, cancer, and other human diseases
[50]. Based on these research, SOD2 may play a critical role
in ROS balance. Lately, three groups reported that SOD2 is
deacetylated by Sirt3 to activate its enzymatic activity and
prevent cells from oxidative damage by ROS [51–53].
Isocitrate dehydrogenase 2 (IDH2) has recently been shown
to have an antioxidant function. Sirt3 deacetylates and

Figure 2. Acetylation of LDHA at K5 inhibits its enzymatic activity and promotes its lysosomal degradation via CMA [38] In adjacent normal

tissues, LDHA acetylation inhibits its activity and promotes its binding with HSC70. In pancreatic cancer tissues, LDHA could be deacetylated by Sirt2

which is elevated in cancer tissues. Deacetylation of LDHA leads to the elevated enzymatic activity and accumulated protein level, thereby accelerating

glycolysis and lactate production, leading to increased cell proliferation and migration. Glc, glucose; Pyr, pyruvate; Lac, lactate; Ac, acetylation.
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activates IDH2, increasing NADPH levels in mitochondria
and protects the cells from oxidative stress [54]. These all
give cancer cells further advantage to resist oxidative stress.

Acetylation Control of Metabolic Enzymes
in Non-metabolic-Dependent Manner

There are reviews which summarized metabolic enzymes
with other functions relating to cancer indirectly [55,56].
Recently, the study on metabolite kinase functions as a
protein kinase made protein moonlighting re-emerge as a hot
topic, called non-metabolic functions in vivo. In the follow-
ing sections, we will discuss the non-metabolic functions
and the potential therapeutic roles of metabolic enzymes
regulated by acetylation in cancer.

Mitogenic and oncogenic signals promote acetylation
of PKM2 K433 to function as a protein kinase
PKM2 is the most famous metabolic enzyme that has non-
metabolic functions in metabolic reprogramming, which has
already been discussed in several articles [10,12,57,58].
PKM2 converts PEP to pyruvate by transferring a phosphate
from PEP to ADP when it acts as a metabolic enzyme.
However, recently, Yang et al. [11] demonstrated that

PKM2 functions as a protein kinase to modify histone phos-
phorylation in its non-metabolic manner, which is critical
for it to regulate gene expression and tumorigenesis epigen-
etically. They reported that PKM2 binds to histone H3 dir-
ectly to phosphorylate histone H3 at T11 under EGFR
activation. Furthermore, H3T11 phosphorylation and nuclear
PKM2 expression are positively correlated. Moreover, T11
phosphorylation also correlates well with the glioma malig-
nancy grades and prognosis. Gao et al. [10] reported that
PKM2 acts as a protein kinase in nucleus to phosphorylate
STAT3 at Y705 which could finally activate the transcription
of MEK5. The transfer of a phosphate in this reaction is very
similar to protein phosphorylation catalyzed by protein
kinases. When PKM2 acts as a protein kinase in nucleus,
PKM2 transfers a phosphate from PEP, in stead of ADP, to
STAT3. As PKM2 can switch between the dimer and the
tetramer, their experiments suggested that the dimeric PKM2
is an active protein kinase [10]. On account of the role that
PKM2 plays in promoting cell proliferation, this study
revealed an important link between metabolism alteration
and gene expression in cancer. The transfer of a phosphate
or other molecule from an intermediate to another happens
in many metabolic processes. As a result, this study gave us
a revelation that metabolic enzymes could also induce this

Figure 3. Acetylation of ACLY3K increases lipid synthesis to promote tumor growth and is elevated in human lung cancer [44] Acetylation at 3K

protects ACLY from ubiquitin-mediated proteasome degradation in response to high glucose. This elevated protein level of ACLY contributes to de novo

lipogenesis and promotes tumor cell proliferation.
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kind of transfer between intermediates and proteins to carry
out the reaction which is similar to PTM.

Besides protein kinase activity, PKM2 also plays other
moonlighting roles in nucleus. In 2011, Luo et al. [57]
reported that PKM2 functions as a co-activator of hypoxia-
inducible factor 1 (HIF1). In that study, they found that
hydroxylation on proline403/408 of PKM2 by PHD3 enhances
the binding between PKM2 and HIF1 [57]. As the transcrip-
tion of PKM2 is activated by HIF-1, PKM2 may participate
in a positive feedback loop by binding with HIF1 and pro-
moting its transactivation. At the end of the same year, Yang
et al. [12] reported another non-metabolic function of
PKM2 in nucleus. They demonstrated that activation of
EGFR induces translocation of PKM2, but not PKM1 into
the nucleus. Locating in the nucleus, PKM2 binds to
c-Src-phosphorylated Y333 of b-catenin to activate its tran-
scription activity. They also revealed the positive correla-
tions between c-Src activity, b-catenin phosphorylation, and
PKM2 nuclear accumulation in human glioblastoma speci-
mens. In 2012, the same group established the mechanism
of PKM2 nuclear translocation and reported that EGFR-
activated ERK2 phosphorylates PKM2 at Ser 37 [58].
Consequently, phosphorylated PKM2 recruits PIN1 for cis–
trans isomerization of PKM2, which promotes PKM2
binding to importin alpha5 and translocating to the nucleus.
Nuclear translocation is required by all non-metabolic func-
tions of PKM2, especially protein kinases. Recently, Lv
et al. [59] found that PKM2 is acetylated by p300 acetylase
at K433 in response to mitogenic and oncogenic signals.
More importantly, compared with PKM1, only PKM2 could
be acetylated at K433. K433 acetylation in PKM2 promotes
its dimer formation by interfering its binding with fructose-1,
6-bisphosphate (FBP), the allosteric activator of PKM2, and
leads to its nuclear accumulation which is well correlated with
its protein kinase activity to promote STAT3Y705 phosphoryl-
ation. Consistently, acetylation-mimetic PKM2K433Q mutant
promotes tumor cell growth in vivo and in vitro (Fig. 4). PKM2
acetylation at K433 is enriched in human breast cancer was
also observed. Yang et al. reported that EGFR activation could
phosphorylate PKM2 at Ser 37, which promotes PKM2 trans-
locating to the nucleus by binding to importin alpha5. Their
findings demonstrated the importance of PKM2 nuclear func-
tions in Warburg effect and tumorigenesis [58]. Considering
the functions of PKM2S37 phosphorylation and PKM2K433

acetylation in PKM2 nuclear translocation, a crosstalk might
exist between these two modification pathways. As Zhang
et al. [60] reported a functional crosstalk between glycogen
phosphorylase acetylation and phosphorylation, it is very likely
that PKM2K433 acetylation could affect its phosphorylation in
regulating its nuclear translocation. It will be interesting to de-
termine whether these two regulations operate separately or se-
quentially to affect PKM2 functions.

Multiple non-metabolic dependent functions of GAPDH
is strictly regulated by acetylation
GAPDH is an important metabolic enzyme that catalyzes the
sixth step of glycolysis that aims to decompose glucose. The
non-metabolic functions of nuclear GAPDH were found
much earlier than PKM2. In 1993, Zeev Ronai reviewed that
at least four modified glycolytic enzymes can localize in the
nucleus to bind DNA. They are LDH, phosphoglycerate
kinase, aldolase, and GAPDH, respectively [61]. Locating in
the nucleus, GAPDH can bind nucleic acids to mediate
RNA nuclear export [62], protect mRNA from degradation
[63], and repair DNA lesions [64]. Several studies have
shown that GAPDH can bind telomeres directly and protect
telomeres from chemotherapy-induced rapid degradation
[65,66]. Elevated expression and nuclear accumulation of
GAPDH were found to be the early critical events during
apoptosis [67]. Recently, some studies have demonstrated
that GAPDH is implicated in immunity and senescence
[68–70]. Modification of GAPDH by S-nitrosylation, acetyl-
ation, and phosphorylation supports the potential mechanisms
on nuclear translocation of GAPDH [68–70]. During apop-
tosis, the activated inducible nitric oxide synthase or neuronal
NOS could generate nitric oxide S-nitrosylating GAPDH
and promote its binding with Siah1, an E3-ubiquitin-ligase
with a nuclear localization signal [68]. Nuclear GAPDH is
acetylated at lysine 160 by the acetyltransferase p300/CBP,
which in turn stimulates the acetylation and catalytic activity
of p300/CBP. Under this feedback loop, targets of p300/
CBP, such as p53, are activated and subsequently regulate
cell death [71]. Besides, acetylated GAPDH by the over-
expression of acetyltransferase PCAF leads to its transloca-
tion to the nucleus to promote apoptosis [70]. It is also
reported that Sirt1 restrains GAPDH entering nuclear via
direct interaction with GAPDH in a deacetylase activity in-
dependent manner [72]. Hence, Sirt1 depletion triggers
nuclear translocation of cytosolic GAPDH even without
apoptotic stress [72]. Besides, GAPDH functions as a
co-activator for androgen receptor (AR) which plays an im-
portant role in the development and progression of prostate
cancer. GAPDH enhances AR transactivation, independent
of its glycolytic activity in prostate cancer cells. Therefore,
instead of in the nucleus, the formation of a GAPDH.AR
complex in the cytoplasm is essential for GAPDH to enhance
AR transactivation [73,74].

Perspective

Genetically, the more functions a protein has, the more
complex regulations it needs to work properly. PTM is the
perfect way to perform this function. By covalent addition
of functional groups to proteins, proteolytic cleavage of

Acetylation control of cancer metabolism

Acta Biochim Biophys Sin (2014) | Volume 46 | Issue 3 | Page 209

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/46/3/204/2066 by guest on 09 April 2024



regulatory subunits or degradation of entire proteins, PTM
makes one protein work as various proteins in different PTM
status. It is much easier and quicker than synthesis of new
proteins. The metabolic and non-metabolic functions of
metabolic enzymes discussed above are usually involved
with PTM, especially when translocation is needed. PTM
controls and regulates the multiple functions of metabolic
enzymes precisely. Recently, great progress has been made
on lysine acetylation regulation of non-nuclear proteins. In
addition, studies have shown that acetylation regulation of
metabolic enzymes plays an essential role in cancer. While
the picture of acetylation in cancer is now emerging, more
questions are raised. First, besides acetylation, other PTM
such as phosphorylation, ubiquitylation also play important
roles in metabolic enzymes’ regulation. It is very interesting
to explore how this new emerging rival (acetylation) cross-
talk with phosphorylation and/or ubiquitylation in cancer
metabolism. Secondly, the key step now is to expand these
studies further in animal models to define the important role
of acetylation of these metabolic enzymes in cancer develop-
ment. Such studies will not only provide the fine-tune acetyl-
ation control of cancer metabolism in vivo but also the

animal models for small-molecular drug research. Thirdly,
due to the acetylation levels of specific sites are responses to
diverse signal; it is more rational to develop cancer therapy
drugs targeting on specific acetylation sites of important
metabolic enzymes in cancer. For example, PKM2K305 is sti-
mulated at the presence of high glucose and involves with its
PK activity; while PKM2K433 is increased in response to
mitogenic and oncogenic signals and positively correlated
with its protein kinase activity. Regarding cancer type
variety, distinct strategies targeting PKM2 PK or/and protein
kinases should be take into account, respectively. In add-
ition, it was reported that the senescence effect of GAPDH is
regulated by its substrate NADþ and G3P [67]. If the sub-
strate of metabolic enzymes always involves in regulation of
moonlighting, it would be much easier to design inhibitor or
activator for the non-metabolic function than to target the
lysine acetylases and deacetylases which have multiple sub-
strates. This makes moonlighting of metabolic enzymes a
better target in therapy. Addressing these questions will not
only provide the insight into the underlying mechanisms of
cancer cell metabolism but also help to develop potential
new targets for cancer therapy.

Figure 4. Acetylation regulation of PKM2 in cancer cells [59] PKM2 is acetylated by p300 acetyltransferase at K33, which is unique in PKM2 for its

binding with fructose-1, 6-bisphosphate directly. Acetylation prevents PKM2 activation by interfering its binding with FBP and promotes the nuclear

accumulation and protein kinase activity of PKM2. Acetylation-mimetic PKM2K433Q mutant promotes cell proliferation and tumorigenesis.
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