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Abstract

It is well established that cancer cells acquire energy via the Warburg effect and oxidative phosphorylation. Citrate is con-
sidered to play a crucial role in cancer metabolism by virtue of its production in the reverse Krebs cycle from glutamine.
Here, we review the evidence that extracellular citrate is one of the key metabolites of the metabolic pathways present in
cancer cells. We review the different mechanisms by which pathways involved in keeping redox balance respond to the
need of intracellular citrate synthesis under different extracellular metabolic conditions. In this context, we further discuss
the hypothesis that extracellular citrate plays a role in switching between oxidative phosphorylation and the Warburg effect
while citrate uptake enhances metastatic activities and therapy resistance. We also present the possibility that organs rich in
citrate such as the liver, brain and bones might form a perfect niche for the secondary tumour growth and improve survival of
colonising cancer cells. Consistently, metabolic support provided by cancer-associated and senescent cells is also discussed.
Finally, we highlight evidence on the role of citrate on immune cells and its potential to modulate the biological functions
of pro- and anti-tumour immune cells in the tumour microenvironment. Collectively, we review intriguing evidence sup-
porting the potential role of extracellular citrate in the regulation of the overall cancer metabolism and metastatic activity.
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We have recently discovered that cancer cells need extracel-
lular citrate to support their metabolism [1]. Extracellular
citrate uptake occurs through a plasma membrane citrate
transporter (pmCiC), which is a variant of the mitochondrial
citrate carrier belonging to the SLC25 gene family (mCiC;
[2]). Importantly, we have also shown that extracellular cit-
rate is needed for the metastatic progression of cancer and
that citrate is supplied to cancer cells by cancer-associated
stroma cells (CACs; [3]). Moreover, we have observed that
cancer cells deprived of extracellular citrate release pro-
inflammatory cytokines. Consequently, a significant increase
of immune infiltration of tumours was observed. Interactions
of tumour cells with the tumour microenvironment (TME)
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have gained considerable interest recently, and benign cells
surrounding tumours have been determined to play a sig-
nificant role in the progression of the disease. This occurs
through the exchange of cytokines and metabolites but also
interactions with the immune cells.

Extracellular citrate uptake induces changes in cancer
metabolism which are reflected on many physiological
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levels. Increase in extracellular citrate uptake translates into
a decreased intracellular citrate synthesis and allows for an
optimal use of metabolic pathways which gives cancer cells
several advantages. Potentially, this could increase their
adaptability to different environmental conditions, therapy
resistance and metabolic protection during dissemination
and tumour dormancy.

In the present review, we will discuss the potential role
of extracellular citrate in metabolic adaptations of cancer. In
particular, we will concentrate on two major questions (1)
whether extracellular citrate could play a role in inducing
the shift from reductive to oxidative functioning of cancer
cells and (2) whether organs rich in citrate could form “per-
fect niches” for metastasis. In this context, we will discuss
the role of citrate synthesising cells such as senescent and
cancer-associated cells in cancer progression, and the effect
of citrate on the function of tumour microenvironment-asso-
ciated immune cells.

2 Use of glycolysis and OXPHOS by cancer
cells

There are two major pathways used by cells to acquire
energy, mitochondrial oxidation (OXPHOS) and glycoly-
sis. OXPHOS is not only a very efficient energy supplier but
is also responsible for keeping redox balance, the hallmark
of a properly functioning metabolism. Not surprisingly,
OXPHOS is the predominant way of acquiring energy by
healthy cells. One of the main differences between cancer
cells and healthy cells is the requirement of cancer cells to
produce their own fatty acids for which citrate is the primary
substrate [4]. Except for hepatocytes, normal cells do not
produce fatty acids but take them up from the extracellu-
lar space; therefore, they do not need excess citrate synthe-
sis and can use their Krebs cycle in the forward direction.
Cancer cells need to produce fatty acids not only to be able
to divide and replenish their plasma membrane but also to
control activities of their plasma membrane proteins such as
receptors or transporters [5, 6]. Fulfilling the special need for
lipids, through increased intracellular citrate synthesis likely
requires reversion and truncation of the Krebs cycle. This
change in mitochondrial activity and citrate release into the
cytoplasm has to be regulated, but the underlying regulatory
mechanism has not been determined. It can be deduced that
to produce excess citrate, cancer cells deprive themselves
of an efficient ATP supplying mechanism in exchange for
aerobic glycolysis (the Warburg effect).

Warburg effect was described around 100 years ago and
assigned as the major pathway of acquiring energy by cancer
cells. Despite its low efficiency in ATP synthesis, aerobic
glycolysis offers some survival advantages to cancer cells.
Firstly, using Warburg effect, cancer cells are able to produce
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excess citrate [7, 8]. Secondly, they are resistant to hypoxic
conditions, which they encounter due to the rapid growth
and metastatic progression [9, 10]. Finally, they produce and
release excess lactate, which acidifies the cancer environ-
ment and allows for a faster tumour growth [11]. However,
the use of aerobic glycolysis also has downsides. It requires
more glucose uptake, which makes the cells less resistant
to starvation and increases ROS levels [12, 13]. Increased
ROS is beneficial at the early stage of tumour development
and helps in transforming the surrounding stroma but also
decreases cancer resistance to anti-cancer therapies [12].
Moreover, use of the Warburg effect requires substantial
metabolic support including excess a-ketoglutarate, neces-
sary to feed the Krebs cycle [14] and increased activities
of the pentose phosphate pathway (PPP), malate-aspartate
shuttle (MAS) and malic enzyme (ME) to keep redox bal-
ance [15].

Cancer cells also use aerobic glycolysis when oxygen is
available; therefore, hypoxia is not the main reason for War-
burg effect. On the other hand, the need for increased citrate
synthesis from glutamine through the process of reductive
carboxylation and reverse Krebs cycle through IDH (isoci-
trate dehydrogenase) activity could explain the truncation
of the Krebs cycle [16] and so disabling its use for energy
synthesis. Therefore, two questions arise. Firstly, would the
lack of extracellular citrate be the reason for switching to
glycolysis and secondly, could extracellular citrate play a
role in switching between glycolysis and OXPHOS?

Although aerobic glycolysis seems to be an inefficient
way of acquiring energy, it clearly offers cancer cells some
necessary survival advantages. There are some tumour types
with mutated IDH1 or 2, therefore unable, or with reduced
capability, to produce citrate in the process of the reverse
Krebs cycle or in the cytoplasm. Indeed, these tumours
are unable to use aerobic glycolysis and consistently, show
a decreased expression of HIFla and several other ele-
ments of glycolysis such as SLC2A1, PDK1, LDHA, and
SLC16A3 [17]. In consequence, mutated IDH leads to sig-
nificantly reduced metastatic potential. Mutated IDH1 or 2
are frequently observed in brain tumours. Seventy percent
of the grade II and grade III astrocytic and oligodendro-
glial gliomas and a small percentage of glioblastomas have
the enzymes mutated (reviewed by [18]). Interestingly, all
patients with IDH mutations (including glioblastomas) have
a better prognosis than those with the wild type IDH [19].
In line with these observations, HCT116 colon cancer cells
with mutated IDH1 showed significantly reduced ability to
grow in vivo [20]. It is therefore clear that the inability to use
Warburg effect reduces tumour growth and aggressiveness.

Cancer cells which also use OXPHOS, e.g. cancer stem
cells (CSC), are well-known for an increased metabolic
plasticity and are predominantly responsible for therapeutic
resistance, metastatic spread, and disease recurrence [21].
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CSCs are often quiescent with the ability for self-renewal
and proliferative potential. They also show a high capacity
to switch quickly between glycolysis and OXPHOS [22].
Although some of the CSCs such as breast, ovarian cancers
or glioblastoma [23-25] rely on glycolysis as the predomi-
nant metabolic pathway, it is now more widely accepted that
most CSCs use OXPHOS as their preferred mechanism of
energy acquisition. In fact, CSCs from different cancer types
rely mainly on OXPHOS with lower glycolytic activity, less
lactate release and higher ATP synthesis (reviewed by [21]).
Based on the reviewed literature, it can be concluded
that for the metastatic progression of the disease, cancer
cells must have the ability to use both aerobic glycolysis
and OXPHOS. While the ability to use Warburg effect is
mandatory for aggressive types of tumours, features such
as increased metastatic potential, therapeutic resistance,
disease recurrence, and potentially dormant, or circulating,
cancer cells seem to be more associated with OXPHOS.

3 Role of citrate in cancer metabolism

Citrate plays a crucial role in cancer metabolism and the
way it can be intracellularly synthesised has attracted a lot of
research attention. Citrate can be synthesised in many differ-
ent ways such as in the forward Krebs cycle, which can also
be supplied with a-ketoglutarate derived from glutamine.
However, in order to be released into the cytoplasm, citrate
needs to accumulate in mitochondria and the citrate to isoci-
trate ratio needs to increase. To achieve this, cells need spe-
cial regulatory mechanisms as explained below. Although a
type of mechanism allowing for intra-mitochondrial citrate
accumulation has not been identified in cancer cells, it is
known that a defective electron transport chain or Krebs
cycle leads to an increased use of reductive carboxylation
from glutamine [26], which could be one such mechanism. It
is also possible that a lack of extracellular citrate could stim-
ulate the reverse Krebs cycle, or another unknown mecha-
nism, allowing for excess citrate synthesis and release from
mitochondria. Normal cells use citrate as an intermediate
of the Krebs cycle and except for prostate epithelial cells,
osteoblasts and astrocytes, increased mitochondrial citrate
accumulation and release into the cytoplasm has not been
observed. In prostate epithelial cells and osteoblasts, mito-
chondrial aconitase (mACN) has been determined to be a
rate limiting enzyme which allows for citrate accumulation.
Activity of mACN is decreased through increased Zn" lev-
els [27]. Logically, therefore, if intracellular citrate synthesis
was the primary aim of cancer metabolism and extracellular
uptake would not play a significant role, epithelial-derived
prostate cancer cells should keep this regulation allowing for
intracellular excess citrate synthesis. Surprisingly, this is not
the case. Prostate cancer cells lose the ability to uptake Zn>*

through downregulation of Zn>* transporter expression,
restoring full activity of the Krebs cycle [28, 29]. There-
fore, cancer cells need fully active mitochondria and they
must have a different mechanism allowing for excess citrate
synthesis and release into the cytoplasm which remains to
be elucidated.

We have recently determined that extracellular citrate
is supplied to cancer cells by the cancer environment and
that for cancer-associated cells citrate synthesis, and release
is one of their major tasks [3]. Our findings are consist-
ent with the notion that the choice of Warburg effect versus
OXPHOS depends mainly on the metabolic interactions
with the associated stroma. Extracellular citrate availabil-
ity to cancer cells enhances metastatic progression through
increased EMT/MET transition [3]. Moreover, in the pres-
ence of extracellular citrate, there was a clear reduction in
intracellular amino acid levels consistent with a catabolic
switch of cancer metabolism and increased mitochondrial
ATP synthesis [3]. This catabolic preference is associated
with the acquisition of a more aggressive phenotype in
which a switch to OXPHOS and decreased overall metabolic
activity give the cells a survival advantage in the midst of
changing environmental metabolic conditions and starvation
[30]. It can be therefore deduced that switching to OXPHOS
is primarily responsible for the induction of the disease pro-
gression. Extracellular citrate availability would allow for a
flexible use of OXPHOS or glycolysis with decreased intra-
cellular citrate synthesis resulting in increased metastatic
potential and resistance to therapies as already observed
with the CSCs.

4 Citrate in redox balance

The choice of metabolic pathways employed by cancer
cells to support the redox balance depends on their prefer-
ence towards glycolysis or OXPHOS. One reason for this
preference might be that the use of OXPHOS allows for a
better control of ROS and therefore, increased resistance to
therapies. However, the following questions remain: how
are OXPHOS, ROS control and extracellular citrate uptake
related?

If we consider that reverse Krebs cycle leads to increased
citrate synthesis, this could create an additional problem for
keeping redox balance. There will be an increased need
of NADPH for fatty synthesis and ROS control as well as
increased need of NAD™ to sustain high rate of glycoly-
sis. Lactate dehydrogenase (LDH), malate dehydrogenase
(MDH) and MAS have been determined to be involved in
controlling NAD*/NADH balance. Also, NADP*/NADPH
balance was shown to be maintained by increased activities
of the PPP oxidative branch and MEs.
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4.1 Malic enzymes

NADPH is essential to support fatty acid synthesis and to
control ROS levels and therefore to increase cancer cell
resistance to therapies. ME has been determined to play
a particularly important role in this regard. There are 3
isoforms of the ME, two present in the mitochondria (ME2
and 3) and one in the cytoplasm (ME1). However, only
ME1 and ME2 were considered to play a role in cancer
metabolism. Mitochondrial ME2 using both NAD* and
NADP as cofactors is switched on by increased malate
concentrations while increased fumarate levels further
upregulate ME2 enzymatic activity [31]. ME2 overexpres-
sion has been associated with several cancer types includ-
ing lung cancer, melanoma, or glioblastoma (reviewed
by [32]). Interestingly, gastric cancer cells were shown
to be more dependent on ME1 than ME2 in vivo under
metabolic stress conditions [33]. Under these conditions,
MEI] alone was able to account for the necessary NADPH
and increase cancer cell survival. Moreover, silencing of
MEI resulted in strong dependency on glucose uptake
[33]. Similar results confirming the role of ME1 under
low glucose conditions were obtained on human cervical
HeLa and large cell lung NCI-H460 cancer cells [34].
Accordingly, ME1 overexpression has been correlated
with worse prognosis in hepatocellular, gastric and breast
cancer patients [35-38] and increased lung cancer resist-
ance to radiotherapy [39]. Moreover, ME2 depleted cells
were more sensitive to glucose rather than glutamine
deprivation with a strong dependence on pyruvate uptake
suggesting more pronounced OXPHOS use [40]. Similar
results were seen with other cancer types including mela-
noma [41] and glioma [42].

The fact that ME1 was found to be more important in
supporting cancer survival in vivo and under low glucose
conditions could be explained by the fact that ME1 being
a cytosolic enzyme would be able to supply pyruvate to
fuel OXPHOS without disturbing mitochondrial activity.
On the other hand, ME1 could also supply pyruvate to
LDH, which would increase NAD?" levels necessary to sus-
tain glycolytic activity. Although, a truncated or reduced
Krebs cycle under aerobic glycolysis conditions would
be inefficient to sustain necessary malate levels for ME2,
additional malate would be expected to enter mitochondria
through the mCiC conducting citrate/malate exchange.
Therefore, it is possible that the exact choice of the path-
ways depends on the particular needs of the cells and the
way they are supported through their surroundings. For
example, highly desmoplastic cancer types relying heavily
on the interactions with the surrounding stroma, like gas-
tric and pancreatic tumours, often have genomic deletions
of ME2 [33, 43].
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4.2 Pentose phosphate pathway

The main pathway indicated in controlling the redox bal-
ance is the pentose phosphate pathway (PPP). PPP has been
shown to have two branches, the oxidative branch, employed
by cells which need increased NADPH supply, and the non-
oxidative branch used by the cells which need to support
proliferation through nucleotide precursors synthesis [44,
45]. Glucose-6-P dehydrogenase (G6PD) is the first enzyme
of the oxidative branch. It exists as a dimer or monomer
but is active only in its dimer form stabilised by NADP*
binding, while binding of p53 prevents dimerization of the
enzyme [46]. The non-oxidative branch of the PPP generates
ribose-5-P (R5P), necessary to sustain cell proliferation. If
the cells need increased levels of NADPH, e.g. when using
OXPHOS, R5P can be converted to glyceraldehyde-6-P fol-
lowed by fructose-6-P, which then enters the gluconeogen-
esis pathway [45]. Interestingly, increased levels of cytosolic
citrate taken up from the extracellular space would decrease
phosphofructokinase-1 (PFK-1) activity down-stream of the
G6PD. This could result in reduced activity of the non-oxi-
dative PPP. Therefore, uptake of extracellular citrate might
play a regulatory role in activating the oxidative PPP through
(1) increased NADP?* levels resulting from increased fatty
acid synthesis [1, 47], (2) as well as through inhibition of
PFK-1. In this case, citrate taken up from the extracellular
space could play a role not only in inducing OXPHOS and
supporting fatty acid synthesis but also regulating meta-
bolic pathways leading to a better protection of cancer cells
against ROS. In line with this hypothesis, the rate of glycoly-
sis was shown to be reduced and the oxidative PPP pathway
upregulated by a TP53 inducible glycolysis and apoptosis
regulator (TIGAR). Its expression increases O, consumption
and resistance to chemotherapies in cancer cells [48]. Simul-
taneously, a reverse process has been observed in cancer-
associated fibroblasts (increased HIF, glucose uptake and
LDH) consistent with increased citrate synthesis [3].

In line with the hypothesis that oxidative PPP activity
is associated with the OXPHOS, some recent studies have
shown that tumour types relying heavily on glycolysis
(K-Ras-driven) have a relatively small percentage of glucose
diverted to the PPP [49]. Moreover, silencing of the GOPD
did not prevent formation of K-Ras-induced non-small cell
lung, or HCT116 colorectal, primary tumour growth in mice
and only slightly decreased triple-negative MDA-MB-231
breast cancer formation. However, G6PD silencing did mod-
erately decrease lung colonisation when breast cancer cells
were delivered through tail-vain injection [49]. A similar
decrease of metastatic activity and no change of the pri-
mary tumour growth were observed when PPP activity was
inhibited in melanoma [50], tongue cancer [51] or other oral
squamous cell carcinomas [52].
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K-Ras-driven tumours are known to rely heavily on gly-
colysis with increased glucose uptake, decreased Krebs
cycle activity, increased glutamine use and reduced oxida-
tive PPP [53, 54]. Therefore, increased use of the PPP would
decrease glycolytic activity and so the lack of a substantial
effect of G6PD silencing on the primary tumour growth.
However, metastatic spread and colonisation were found to
be more dependent on the oxidative PPP even in K-Ras-
driven tumours [49]. The discussed data show clearly that
oxidative PPP activity is associated with metastatic activity,
while primary tumour growth is more oxidative PPP-inde-
pendent. It could be therefore deduced that metastasising
and colonising cancer cells require a switch to OXPHOS
and decreased overall metabolism together with a stronger
ROS control through increased NADPH levels. In this case,
contribution of the oxidative PPP would be expected to play
a more important role.

4.3 Regulation of NAD + /NADH: lactate
dehydrogenase, malate dehydrogenase,
and the malate-aspartate shuttle

Lactate dehydrogenase (LDH) has been shown to play a
major role in cancer metabolism. It metabolises the con-
version of pyruvate into lactate accompanied by oxidation
of NADH to NAD™. In this way, LDH supplies the NAD™*
necessary to sustain glycolytic activity of cancer cells. Not
surprisingly, silencing of LDH or use of LDH inhibitors
inhibited tumour initiation and progression in vivo as well
as increased oxidative stress, ROS synthesis and oxygen
consumption [55]. Consequently, decreased LDH activity
was shown to reduce cancer cell survival under hypoxic
conditions [56]. However, some recent reports considered
LDH activity alone as insufficient to support appropriate
amounts of NAD*, due to the necessity of using glyco-
lytic intermediates for biomass synthesis [57]. In this case,
malate dehydrogenase (MDH) has been implicated in the
maintenance of the appropriate NAD* levels [58]. Block-
ing of MDHI1 (cytosolic) resulted in decreased prolifera-
tion and glucose uptake in cancer cells. Consistently, over-
expression of MDHI1 is associated with a worse prognosis
in several tumour types [58]. MDH1 and MDH2 (mito-
chondrial) are a part of the malate-aspartate shuttle (MAS)
and convert oxaloacetate to malate with the concomitant
oxidation of NADH [59]. The oxoglutarate carrier GC
carries out exchange of malate against a-ketoglutarate,
one of the elements of the MAS. Although the MAS
has been shown to be coupled to the Krebs cycle, and
likely to be downregulated under aerobic glycolysis, some
studies show that silencing of the GC in KRAS*? lung
tumour and melanoma decreased ATP synthesis and inhib-
ited proliferation of the cells in vitro in addition to lung
tumour formation in vivo [60]. Importantly, silencing of

another element of the MAS, aspartate glutamate carrier
1 (SLC25A12), significantly reduced tumour growth by
disrupting the NAD*/NADH ratio and aspartate levels
[61]. Unexpectedly however, reduced activity of the MAS
increased the metastatic activity of mouse Lewis lung
carcinoma in vivo [61]. Consistently, AOAA, a specific
inhibitor of the MAS, was shown to decrease ATP levels
and proliferation rate through decreased glycolysis; how-
ever, it did not affect mitochondrial activity in C6 glio-
blastoma cells [62]. Although aerobic glycolysis decreases
Krebs cycle activity, necessary for MAS/ME2 function
[63], when increased levels of citrate need to be synthe-
sised and released from mitochondria, malate levels could
be restored by increased citrate/malate exchange through
mCiC [64]. Another source of NADPH/NAD? levels under
increased mitochondrial citrate synthesis could be citrate
itself. Citrate released into the cytoplasm could be cleaved
by ATP-citrate lyase, followed by conversion of oxaloac-
etate into malate by MDH1 regenerating NAD*. Malate
can then be transformed into pyruvate by ME1 restoring
NADPH. Moreover, additional NAD™ for glycolysis could
be generated by the conversion of pyruvate into lactate
by LDH.

4.4 Involvement of citrate in controlling redox
balance

Extracellular citrate uptake could therefore be a regula-
tory element supporting a switch of cancer metabolism
to OXPHOS, as well as playing a role in increasing the
protection of cancer cells against ROS (Fig. 1). In the
absence of extracellular citrate, cancer cells are likely to
use the reverse Krebs cycle to accumulate citrate in the
mitochondria followed by its release into the cytoplasm.
Malate coming into the mitochondria in exchange for cit-
rate could sustain some activity of the MAS/ME2 enzymes
providing an additional source of NAD™. Citrate coming
into the cytoplasm could on the other hand be used to
further provide NADPH through the action of ACLY/
MEL1 activity, followed by LDH conversion of pyruvate
into lactate. On the other hand, extracellular citrate com-
ing to the cytoplasm would allow for the forward Krebs
cycle. Increased levels of citrate in the cytoplasm would
upregulate the oxidative PPP pathway through increased
levels of NADP™ derived from increased fatty acid syn-
thesis as well as the blocking of PFK-1 activity. Cleavage
of citrate by ACLY, the first step in fatty acid synthesis,
could lead to NADPH and NAD™ synthesis through MDH/
ME]/ in a similar fashion to when extracellular citrate is
absent. However, as extracellular citrate has been shown
to increase fatty acid synthesis, this pathway could be
expected to be more pronounced.
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Fig. 1 Involvement of citrate in Warburg effect versus OXPHOS.
Diagram summarising the hypothesis that cancer cells potentially use
different metabolic pathways in the presence or absence of extracel-
lular citrate supported by the data discussed in the present review. (A)
In the absence of extracellular citrate cancer cells need to synthesise
excess citrate intracellularly in the process of the reverse Krebs cycle.
In order to keep redox balance under these conditions, several differ-
ent pathways to account for the needed NAD*/NADH and NADP"/
NADPH are used. NAD* necessary to support the process of glyco-
lysis will be supplied mainly by LDH converting pyruvate into lac-
tate. Because a part of the glycolysis intermediates is used to increase
biomass, the action of LDH alone has been determined not to be suf-
ficient. To increase NAD™" levels, citrate coming from mitochondria
into the cytoplasm can be converted into oxaloacetate, a by-product
of ATP-citrate lyase. MDHI1 can further metabolise oxaloacetate into
malate which can be then transported into mitochondria in exchange
to citrate and support activity of the MDH2 (part of MAS) and ME2
contributing to the NAD™ pool. Alternatively, malate coming from
the reaction of MDHlcan also be further metabolised by MEI1 to
support NADPH level. Pyruvate, the product of ME1 can be further
metabolised by LDH and supplying NAD™ for glycolysis. Under con-
ditions without extracellular citrate oxidative PPP activity is likely to
be decreased as it competes for G6P with glycolysis. Decreased PPP
activity would lead to decreased NADPH level resulting in increased
ROS. (B) On the other hand, when extracellular citrate is available,
its uptake can support fatty acid synthesis in the cytoplasm allow-
ing for the forward Krebs cycle and ATP synthesis in mitochon-
dria. Decreased glycolytic activity will result in decreased need of
NAD* which might reduce the need for MAS activity allowing for
undisturbed Krebs cycle. Decreased use of glycolysis will allow for
increased NADPH supply through PPP leading to decreased ROS
levels. Use of oxidative PPP will be also supported by increased
levels of cytosolic citrate inhibiting phosphofructokinase (PFK-1).
Increased cytosolic levels will allow for increased fatty acid synthe-
sis. Oxaloacetate produced through the action of ATP citrate lyase
can be further converted to malate, increase NADPH levels through
MEI1 and further supply pyruvate to mitochondria. Pathways contrib-
uting to NAD" synthesis are depicted in orange, to NADPH in dark
pink. Thickness of the lines represents activity level of the particular
metabolic pathways. a-KG, a-ketoglutarate; ACLY, ATP citrate lyase;
LDH, lactate dehydrogenase; MEI, 2, malic enzyme; MDH, malate
dehydrogenase; MAS, malate aspartate shuttle, oxid-PPP, PPP oxida-
tive branch; PFK-1, phosphofructokinase-1

5 Citrate — crucial metabolite in cancer
development and metastatic progression?

The data discussed above suggest that metabolic prefer-
ences depend on cancer activities. The choice of the meta-
bolic pathway might relate to the extracellular metabolic
conditions. Therefore, potentially, metastasising cancer
cells could show some preference towards organs with
increased citrate level such as the liver, brain, bones and
lung, which we will discuss in this section. Citrate plays a
significant role in the metabolism of all cells. Besides its
role in energy synthesis, it is also a chelator of the divalent
cations including Ca®* or Mg**, and as such has an impor-
tant function in several physiological processes such as
neuronal excitability, blood clotting or kidney stone forma-
tion. The level of citrate in blood remains stable in a well-
defined range between 100 and 150 uM [65] regardless

of its intake with nutrition or fluxes from other tissues in
particular from metabolically active soft tissues such as
muscle or skin, after meals or exercise [66]. Bones are the
major reservoir of citrate and it can be released into the
circulation in the process of bone resorption. Excess cit-
rate is removed by the kidneys and can be further absorbed
and stored by bones [67].

Citrate is an important element of urine with a function
of preventing bladder stone formation through Ca** and
Mg?* chelation. Using two different transporters NaDC1
and NaDC3 (SLC13 gene family), kidneys filter plasma
citrate in the glomerulus tubules (NaDC3) and most of the
citrate content is later reabsorbed in the proximal tubule
(NaDC1; [68]).

Digested citrate is absorbed in small intestines and its
level in blood increases after 30 min [69]. However, the
absorbed citrate quickly accumulates in urine [70], con-
sistent with the notion that keeping a stable concentration
of citrate in blood is regulated through different mecha-
nisms and does not depend on the food uptake. It there-
fore confirms the important role of citrate for a normal
physiology.

Interestingly, organs rich in citrate such as the bones,
brain and liver are common sites for metastases. At the
same time, tumours arising in these particular organs show
minimal or no metastatic activities. Importantly, tumours
arising in other organs like pancreatic cancer, urothelial
carcinoma [71] or gastric cholangiocarcinoma [72] are
known to be highly desmoplastic, therefore, more depend-
ent of the associated stroma support (Fig. 2).

Liver is an organ known to attract metastasising cancer
cells. It is responsible for citrate clearance from the plasma
[73]. Similar to cancer cells, hepatocytes need citrate to
produce fatty acids [74]. To take up extracellular citrate,
hepatocytes express a citrate specific plasma membrane
transporter NaCT, belonging to the SLC13 gene family
[75]. Therefore, metabolically active hepatocytes show
some similarities to cancer cells. It can be deduced that
extracellular metabolic conditions in the liver might form
a perfect niche for cancer/metastasis development.

Brain has significantly higher level of citrate compared
to plasma reaching 400 pM. Citrate plays several functions
in brain including being an energy product for neurons and
regulating neuronal excitability through ion chelation. Astro-
cytes have been shown to synthesise and release citrate [76];
however, the exact mechanism of citrate synthesis and the
origin of the protein responsible for citrate release have not
been determined (reviewed by [77]).

Bones. With ~20-80 pmol/g, bones contain around 80%
of body citrate. Therefore, the citrate concentration in bones
is around 50 X higher than in soft tissues except for prostate
and brain [78]. Citrate regulates the process of bone miner-
alisation [79]. The high content of citrate in bone has been
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Fig.2 pmCiC is expressed in
cancer cells and cancer-associ-
ated stroma in human tissues.
Immunohistochemical expres-
sion of pmCIC investigated

in a primary non-small cell
lung carcinoma (NSCLC; A)
showing moderate cytoplasmic
signal in the carcinoma glands
(DAB, magnification 100x;

— 100 pm). B shows a colon
carcinoma gland metastatic

to the lung with a scattered
expression of pmCIC (DAB,
magnification 100x; — 50 um).
Strong uniform expression

of a metastatic breast cancer
(C) in a liver biopsy (DAB;
magnification 200x — 50 um).
Weak expression of pmCIC in a
metastasis (D) of a carcinoma in
a lymph node (DAB, magnifica-
tion 100x; — 100 pm). Figure
E shows a solid pancreatic
carcinoma (c) with surrounding
desmoplastic stroma display-
ing a moderate (=) as well as
small vessels (DAB, magnifica-
tion 100x; — 100 pm). Figure
F shows a pancreatic cancer

(c) complex with a prominent
expression of pmCIC in small
vessels (v) (DAB, magnification
100x; — 100 pm)

associated with citrate synthetizing osteoblasts, which use a
similar mechanism of m-aconitase inhibition [80] as secre-
tory prostate epithelial cells. Bone stiffness is maintained by
carbonated apatite imbedded in collagen [81]. These struc-
tures are studded with strongly bound citrate, necessary to
keep stable thickness of the nanocrystals [81].

Bones are often hosts to metastases from tumours of dif-
ferent origin including the breast, prostate, lung or mela-
noma. Metastasising cancer cells produce osteoblastic and
osteolytic lesions by disturbing the balance between oste-
oblast-mediated bone formation and osteoclast-mediated
bone resorption [82]. Both types of lesions lead to several
changes in bones including hypercalcemia [83, 84]. Ca2*
is chelated by citrate, and so increased Ca®* levels in the
presence of metastatic cancer cells would be consistent
with the decreased level of citrate caused by consumption
of this metabolite by cancer cells. Moreover, cancer cells can
escape chemotherapy in bones by acquiring a dormant status
[85] associated with the low metabolic activity seen in the

presence of extracellular citrate [3]. Moreover, the interac-
tions between cancer cells and cancer-associated bone cells
play the major role in supporting metastasis formation [85]
and osteoclastic activity might give tumour cells access to
an inexhaustible source of citrate.

Although, extracellular citrate appears to be an impor-
tant element for metastasising cancer cells, there are
organs with increased citrate content like prostate gland
which is a very rare place of the secondary tumour growth.
Besides citrate, additional elements might also contrib-
ute to the formation of “perfect niches” for metastasising
cancer cells, especially differences in immune cells activi-
ties. Bones are highly vascularised organs and enriched in
suppressive or tolerogenic immune cells, such as regula-
tory T cells, M2 or tumour-associated macrophages [86],
and myeloid-derived suppressor cells [87]. Contributing
to the immunosuppressive environment, osteoclasts pro-
duce TGF-p that can inhibit T cell mediated anti-tumour
responses (reviewed in [88]).
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Fig.3 Citrate in tumour invasion and metastasis: the role of CAFs
and senescence. The cartoon summaries the role of fibroblast activa-
tion and senescence in the modulation of carcinoma behaviour dur-
ing tumour progression. Senescence can occur following proliferative
exhaustion or more acutely following cellular stress and the latter also
induces fibroblast activation and the formation of CAFs which secrete
(purple arrowheads) extracellular citrate (green diamonds). Develop-
ing cancer cells induce both of these phenotypes by secreting ROS
and TGF-f and in turn CAFs (yellow) and senescent fibroblasts (pur-

In regard to the brain, the central nervous system is rich
in microglia and macrophages that maintain homeostatic
conditions and control harmful responses mediated by
cytotoxic CD8 + T cells [89]. In tumour development,
upon establishment of metastatic cells, infiltrating
myeloid-suppressor cells, granulocytes and monocytes
outnumber T cells thus shifting conditions to generate an
immunosuppressive environment [90]. The liver, on the
other hand, filters blood and due to its primary task of fatty
acid synthesis is particularly rich in several metabolites
(including fatty acids) which can be of additional advantage
to cancer cells. Interestingly, the lung, which is also a target
of metastasising cancer cells, seems to have higher citrate
levels than plasma [91]. Therefore, the prostate seems to
be the only organ with increased citrate levels which is
an uncommon place for the secondary tumour growth.
Excessively high levels of citrate, which can be detrimental
to cancer cells, could restrain metastasis at this site (please
see the last section of the present manuscript). Moreover,
the anatomical location of the gland and increased levels
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ple) deliver citrate and other factors to induce EMT (green spindle-
shaped cells) and angiogenesis to promote invasion into the adjacent
mesenchyme. This is achieved in part by the upregulation of pmCiC
(blue) on the developing cancer cell surface (green shaded cells with
black nuclei). Many favoured metastatic sites are citrate-rich and
long-term exposure to citrate enhances MET and may aid the growth
of metastatic deposits at these sites (arrows). The pmCiC inhibitor
gluconate (red lines) mutes both tumour proliferation [1, 141] and
metastatic spread [3] to support this hypothesis

of hormones might also contribute to the absence of
metastases. However, increased citrate levels, which could
be one of the attractants for metastasising cells, should be
studied further.

6 Cancer-associated fibroblasts produce
citrate to support tumour growth
and metastasis

We and others have recently reviewed the evidence that
the cancer environment can modulate the behaviour
of tumour cells [92]. Here, we review the evidence of
extracellular citrate being one of the key metabolites of
the metabolic pathways present in cancer cells [93] and
specifically there is now evidence that cancer-associated
fibroblasts (CAFs) can be induced by prostate cancer
cells when they are deprived of citrate and in turn the
CAFs then supply the tumour cells with citrate to modu-
late the cytokines they produce [3]. The availability of
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citrate can induce epithelial-mesenchymal transition
(EMT) in the short term to promote tumour cell invasion
but longer-term exposure can do the reverse to promote
the mesenchyme-epithelial transition (MET; [3]). The net
result of this is to alter tumour cell metabolism [1] and
to promote tumour growth, angiogenesis and metastasis
[1,3,93].

Cancer cells have been shown to induce senescence
and conversion to myofibroblasts in neighbouring
fibroblasts and senescent cells are present in naturally
occurring CAFs. This appears to occur via ROS and
TGF-, and in the case of squamous cell carcinoma,
this appears to be specific to tumour cells that have by-
passed senescence (see below) and become genetically
unstable [94].

7 Senescent cells in the cancer environment
as potential suppliers of extracellular
citrate

As discussed above, organs rich in citrate might be attractive
niches for secondary tumour growth but cancer cells can
also import citrate from their surroundings and one poten-
tial source is senescent cells that are commonly found in
the cancer environment as part of the CAF population [94,
95] especially following cancer therapy ([96]; summarised
in Fig. 3).

Classical cellular senescence was originally defined as
an irreversible cell cycle arrest that was distinct from quies-
cence, terminal differentiation and apoptosis and can occur
following multiple rounds of cell division (replicative senes-
cence [97] or following a wide range of cellular stresses
such as ionising radiation, signalling imbalance and oxida-
tive damage otherwise known as stress-induced premature
senescence (SIPS) [98, 99]. In addition, a phenotype resem-
bling cellular senescence occurs in post-mitotic tissues such
as the liver and brain following cellular stress and during
chronological ageing [100-102].

Interestingly, the classical senescent fibroblast phenotype
resembles that of cancer cells in that energy metabolism
is shifted away from OXPHOS towards glycolysis and the
PPP in the presence of pyruvate [103]. Furthermore, many
of the other metabolic enzymes and pathways discussed
above including MAS (ME2) and IDH1/2 also regulate the
senescent phenotype and the role of these pathways has been
extensively reviewed recently [104].

For example, ME1 and ME2 expression declines in senes-
cent fibroblasts and overexpression of either counters senes-
cence. The above phenotypic effects are possibly mediated
by the positive effects of ME1/2 on NADPH and so their loss
in senescence could reduce NADPH-dependent functions,
especially antioxidant defences in the case of ME2 [105].

Furthermore, there is a reciprocal relationship between
ME1/2 and p53 [103] which can regulate both glycolysis
and the PPP [104, 106].

MDHI1 and other components of the MAS also decline
in senescence and lower the NAD*/NADH ratio. Similarly,
the inhibition of both IDH1 [107] and IDH2 [108] promotes
senescence through the upregulation of ROS to cause SIPS-
like senescence. Notably, these phenotypes are rescued
by pyruvate, as is mitochondrial-dysfunction-induced
senescence (MiDAS) regulated by sirtuins 3 and 5 [104].
Of importance here, extracellular pyruvate is important
for the optimum release of extracellular citrate (EC) from
senescent fibroblasts (James and Parkinson —unpublished
data). Moreover, pyruvate from CAFs can promote the
survival of certain cancer cells by upregulating the Krebs
cycle [109] and also promote metastasis by inducing
the production of a-ketoglutarate and remodelling the
extracellular matrix [110] but the role of pyruvate in the
suppression of mitochondrial function in these models was
not examined.

8 Citrate export and its upregulation
in senescent fibroblasts

When fibroblasts undergo classical senescence, EC accu-
mulates up to 11-fold. In the same cells, citrate becomes
depleted in parallel with a shift in metabolism away from
the Krebs cycle and towards glycolysis, consistent with high
levels of citrate being incompatible with the latter as citrate
antagonizes glycolysis by inhibiting PFK [91]. However, it
is still not clear whether citrate export increases or import
declines.

When cancer cells and fibroblasts are in close contact lac-
tate is released by CAFs and senescent cells and transferred
to the cancer cells via the monocarboxylate transporter
SLC16A3/MCT4 to drive oxidative phosphorylation and
tumour progression via what has been termed ‘the reverse
Warburg effect’ [111, 112]. In this instance, senescence is of
the SIPS type because the target cells were skin fibroblasts
immortalised by telomerase and therefore would not exhibit
replicative senescence but senescent fibroblasts induced by
ionising radiation (SIPS) also produce more extracellular
citrate [103].

9 Citrate transport in epithelial tissues
and its uptake by a wide range of cancer

types
Citrate is transported into the cytoplasm from the

mitochondrion via SLC25A1 (CiC) in exchange for malate
[93] and is then exported out of the cells in prostate
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epithelia by a variant of SLC25A1 (pmCiC) located at the
plasma membrane instead of the mitochondrial membrane.
mCiC and pmCiC have alternative first exons and differ
only in the first 38 amino acids of the N-terminal domain
[2]. Another plasma membrane transporter encoded by the
ANKH gene (SLC62A1) is also expressed in the prostate
and has recently been shown to export citrate, in addition
to malate, succinate and phosphate [113]. However, our
knowledge of plasma membrane transporters and their role
in the transport of the Krebs cycle metabolites is far from
complete.

In mitochondria, mCiC exchanges citrate against the
Krebs cycle intermediate malate. This 1:1 electroneutral
antiport is driven by the malate gradient between cytoplasm
and mitochondria. The transporter domain of pmCiC is
100% identical to mCiC. If pmCiC also functions as a citrate/
malate exchanger, the question remains whether pmCiC
would facilitate an import or an export of citrate. Secondary
transporters theoretically can switch between import and
export as substrates are able to bind from either side of the
membrane to the central binding site although with altered
affinities. In line with the questionable functional purpose of
having a citrate antiporter in the plasma membrane, pmCiC
is generally not expressed at all or only in very low amounts
in the plasma membrane of normal cells. Most interestingly,
the functional impact of pmCiC changes dramatically in
cancer cells. In fact, expression is upregulated in a wide
variety of cancer tissues [1] (see also Fig. 2) with a clear
directionality of citrate transport into the cell where pmCiC
imports citrate from the outside into the cytoplasm following
a citrate gradient. As pmCiC working as antiport would
not be physiologically unreasonable, there might be the
possibility that pmCiC switches from antiport to a citrate
uniport. A transport mode switch is not spontaneous but
can be triggered by mutations or changes in interaction with
the membrane and/or proteins [114]. Here, the N-terminal
domain of pmCiC comprising several positively charged
residues is one of the prime suspects for such functional
interaction switch. From a mechanistic point of view, a
citrate uniport would require that pmCiC cycles back to an
outward facing open state spontaneously, which would only
happen if this state is energetically favoured. The N-terminal
domain could interact directly with key residues that drive the
conformational changes from inside to outside changing the
conformational energetic landscape in a way that the pmCiC
returns fast to the outward facing state. The accessibility
of the pmCiC central binding site would allow for such an
interaction. However, it is also possible that an interaction of
the N-terminal domain with the surrounding membrane could
switch the transport mode. Further structure—function studies
are required to shed light into the mechanistic differences
between pmCiC and mCiC.
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10 The role of citrate on tumour-infiltrating
immune cells

Tumour-infiltrating innate and adaptive immune cells are a
prominent feature of the tumour microenvironment (TME),
and consist of different subpopulations, including cytotoxic
CDS8 +and helper CD4 +T cells, regulatory T and B cells
(Tregs and Bregs), natural killer (NK) cells, macrophages,
and myeloid-derived suppressor cells (MDSCs; [115, 116]).
Originally, it was believed that immune cells in the TME
were associated with enhanced anti-tumour responses and
better prognosis. However, it has been now shown that
immune cells can display pro- or anti-tumour effector func-
tions, with the final outcome being tumour suppression or
progression and metastasis, depending on the number, spa-
tiotemporal distribution of relevant immune cells, and the
type and/or stage of cancer.

Intercellular communication between tumour and immune
cells, either through direct cell-cell interactions or the
release of soluble cytokines and growth factors, is the basis
of mechanisms that tumour cells use to induce tolerance and
suppression of anti-tumour responses [117, 118]. Adding
to this complex scenario, recent studies have highlighted
the important role of the metabolic state within the TME
[119]. Because of their high energy requirements, tumour
cells can deprive nutrients and/or release metabolic products
with the potential to either exhaust and induce non-respon-
siveness of anti-tumour effector cells or enhance and sus-
tain the function of tolerance-inducing immune populations
[120]. For instance, using a mouse model of sarcoma, Chang
and colleagues found that the high energy requirements of
tumour cells trigger a competition for glucose that results
in blocking of glycolysis in IFNy-producing effector T cells
and tumour progression [121]. Glucose deprivation would
favour then the development of regulatory Tregs which rely
on OXPHOS and lipid oxidation metabolism [122]. Other
metabolic products contributing to the establishment of an
immunosuppressive TME include adenosine and lactate.
Recent evidence has highlighted the role of these metabo-
lites in the induction and activation of pro-tumour immune
cells such as Tregs and M2-like macrophages, and dendritic
cells with an abnormal accumulation of lipids [123—-125].

As mentioned earlier, citrate is a critical metabolite that
tumour cells require to sustain their metabolism. In addi-
tion, recent evidence points to the important role of citrate in
immune cells. Once believed to be a mere metabolic by-prod-
uct, citrate is now considered an important modulator of the
activity of immune response [126]. Citrate metabolism might
have an important effect on tumour-infiltrating immune cells.
Once exported from mitochondria, citrate enters metabolic
pathways important for fatty-acid synthesis, protein acetyla-
tion [127], and contribute to the mechanisms generating the
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energy required to fight tumours off [128]. It has been shown
that NK cells express high levels of citrate and treatment with
inhibitors of ATP citrate lyase, impaired the cytotoxic func-
tion of NK cells [129]. Citrate, and products derived from
its metabolism, are also required for differentiation, and pro-
liferation of effector IFNy-producing T cells, secretion of
TNFa, and nitric oxide, prostaglandins, and IL-1 induction
by macrophages (reviewed in [130-132]). Observations that
ACLY inhibition results in decreased production of antibod-
ies indicate that citrate might play an important role in B
cell-mediated anti-tumour response [133].

As shown in the above-mentioned studies, the metabolic
reprogramming of immune cells depends on mitochondrial-
derived intracellular citrate. However, the effect of extracellu-
lar citrate on immune cells at the TME is a topic that deserves
further research. It might be possible that effector and sup-
pressor immune cells uptake from, or contribute to, the
extracellular pools of citrate in the TME. Work by our group
and others has shown that tumour cells respond to variations
in citrate concentration. This has led to the suggestion that
manipulation of citrate levels in the TME might have impor-
tant effects on both tumour and immune cells and result in
therapeutic effects. In fact, recent studies with a mouse model
of cancer have shown that tumour regression after therapeutic
administration of citrate was associated with a cytokine- and T
cell-mediated anti-tumour response [134]. These points need
more in vitro and pre-clinical in vivo studies of the effects of
artificial manipulation of TME citrate levels.

11 Extracellular citrate a double-edged
sword in cancer metabolism

We have presented evidence and put forward a hypothesis
that extracellular citrate might play a major role in cancer
metabolism and is responsible for a switch between Warburg
effect and OXPHOS. There is evidence that reducing physi-
ological levels of citrate uptake in some cancer cells inhibits
proliferation in vivo and in vitro [1, 135] and metastasis and
angiogenesis in vivo [3]. However, citrate levels can reach
50 mM in seminal fluid and up to 180 mM in prostatic fluid
[136]. While these high citrate levels may only apply to pros-
tate cancer, for the completeness of this review, it has to be
also mentioned that extracellular citrate has been postulated
to have detrimental effects on cancer cells if supplied at high
concentrations. Indeed, severely increased intracellular lev-
els of citrate are likely to disturb cancer cells metabolism
through glycolysis inhibition [134, 137]. Specifically, when
incubated with 10 mM citrate, cancer cells were shown to
have decreased proliferation, ATP synthesis, increased apop-
tosis and sensitivity to cis-platin [137-139]. Moreover, oral
application of high doses of citrate in vivo decreased tumour

growth and increased immune infiltration [134]. Although,
these approaches seem contradictory, they are based on the
same ability of cancer cells to take up extracellular citrate.
While physiological levels of extracellular citrate are highly
beneficial for cancer cells, high concentrations of citrate cause
detrimental effects [140]. Both approaches should be therefore
considered when looking for novel anti-cancer therapies.

12 Conclusions

Based on the data highlighted in this review, we propose
a hypothesis in which cancer cell metabolic preference
depends largely on the availability of extracellular citrate.
We postulate the role of extracellular citrate as the switch
between glycolysis and OXPHOS. Understanding the role
of extracellular citrate and the mechanisms through which
citrate is produced and supplied to cancer by CAS and the
TME would potentially allow for manipulation and control
of cancer metabolism.

Acknowledgements The authors are grateful to Prof. Christoph Klein
for his input in conceiving and discussing some of the hypothesis
included in this manuscript and to Mr. Lindsay Parkinson and Mrs
Maria Kolodziejczyk for assistance with graphics.

Author contribution Not applicable.

Funding Open Access funding enabled and organized by Projekt
DEAL. GE1188/5-1.

Data availability Not applicable.

Code availability Not applicable.

Declarations

Conflict of interest ME Mycielska is the inventor on the Patent Appli-
cation no. EP15767532.3 and US2020/408741 (status patent pending)
and US2017/0241981 (patent issued) “The plasma membrane citrate
transporter for use in the diagnosis and treatment of cancer” owned
by the University Hospital Regensburg. G. Zahn is an employee and a
shareholder of Eternygen GmbH. No potential conflicts of interest are
disclosed by the other authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/

1086

Cancer and Metastasis Reviews (2021) 40:1073-1091

References

10.

11.

Mycielska, M. E., Dettmer, K., Rummele, P., Schmidt, K., Prehn,
C., Milenkovic, V. M., Jagla, W., Madej, G. M., Lantow, M.,
Schladt, M., Cecil, A., Koehl, G. E., Eggenhofer, E., Wachsmuth,
C. J., Ganapathy, V., Schlitt, H. J., Kunzelmann, K., Ziegler, C.,
Wetzel, C. H., Gaumann, A., et al. (2018). Extracellular citrate
affects critical elements of cancer cell metabolism and supports
cancer development in vivo. Cancer Research, 78(10), 2513—
2523. https://doi.org/10.1158/0008-5472.CAN-17-2959
Mazurek, M. P., Prasad, P. D., Gopal, E., Fraser, S. P., Bolt, L.,
Rizaner, N., Palmer, C. P,, Foster, C. S., Palmieri, F., Ganapathy,
V., Stuhmer, W., Djamgoz, M. B., & Mycielska, M. E. (2010).
Molecular origin of plasma membrane citrate transporter in
human prostate epithelial cells. EMBO Reports, 11(6), 431-437.
https://doi.org/10.1038/embor.2010.51

Drexler, K., Schmidt, K. M., Jordan, K., Federlin, M., Milen-
kovic, V. M., Liebisch, G., Artati, A., Schmidl, C., Madej, G.,
Tokarz, J., Cecil, A., Jagla, W., Haerteis, S., Aung, T., Wagner,
C., Kolodziejczyk, M., Heinke, S., Stanton, E. H., Schwertner,
B., Riegel, D., et al. (2021). Cancer-associated cells release cit-
rate to support tumour metastatic progression. Life Science Alli-
ance, 4(6), €202000903. https://doi.org/10.26508/1sa.202000903
Wang, W., Bai, L., Li, W., & Cui, J. (2020). The lipid metabolic
landscape of cancers and new therapeutic perspectives. Fron-
tiers in Oncology, 10, 605154. https://doi.org/10.3389/fonc.2020.
605154

Dodes Traian, M. M., Cattoni, D. I., Levi, V., & Gonzalez Fle-
cha, F. L. (2012). A two-stage model for lipid modulation of the
activity of integral membrane proteins. PLoS ONE, 7(6), €39255.
https://doi.org/10.1371/journal.pone.0039255

Pignataro, M. F., Dodes-Traian, M. M., Gonzalez-Flecha, F. L.,
Sica, M., Mangialavori, I. C., & Rossi, J. P. (2015). Modulation
of plasma membrane Ca2+-ATPase by neutral phospholipids:
Effect of the micelle-vesicle transition and the bilayer thickness.
Journal of Biologial Chemistry, 290(10), 6179—-6190. https://doi.
org/10.1074/jbc.M114.585828

Coleman, P. S., & Parlo, R. A. (2021). Warburg’s ghost-cancer’s
self-sustaining phenotype: The aberrant carbon flux in choles-
terol-enriched tumor mitochondria via deregulated cholestero-
genesis. Frontiers in Cell and Developmental Biology, 9, 626316.
https://doi.org/10.3389/fcell.2021.626316

Icard, P., Coquerel, A., Wu, Z., Gligorov, J., Fuks, D., Fournel,
L., Lincet, H., & Simula, L. (2021). Understanding the central
role of citrate in the metabolism of cancer cells and tumors: An
update. International Journal of Molecular Sciences, 22(12),
6587. https://doi.org/10.3390/ijms22126587

Zhang, L., Zhang, J., Liu, Y., Zhang, P., Nie, J., Zhao, R., Shi,
Q., Sun, H., Jiao, D., Chen, Y., Zhao, X., Huang, Y., Li, Y.,
Zhao, J. Y., Xu, W., Zhao, S. M., & Wang, C. (2021). Mitochon-
drial STATSA promotes metabolic remodeling and the Warburg
effect by inactivating the pyruvate dehydrogenase complex.
Cell Death & Disease, 12(7), 634. https://doi.org/10.1038/
s41419-021-03908-0

Damaghi, M., Westm, J., Robertson-Tessi, M., Xu, L., Ferrall-
Fairbanks, M. C., Stewart, P. A., Persi, E., Fridley, B. L., Altrock,
P. M., Gatenby, R. A., Sims, P. A., Anderson, A. R. A., & Gillies,
R. J. (2021). The harsh microenvironment in early breast cancer
selects for a Warburg phenotype. Proceedings of the National
Academy of Sciences of the United States of America, 118(3),
€2011342118. https://doi.org/10.1073/pnas.2011342118

Gallo, M., Sapio, L., Spina, A., Naviglio, D., Calogero, A., &
Naviglio, S. (2015). Lactic dehydrogenase and cancer: An over-
view. Frontiers in Bioscience-Landmark, 20, 1234—1249. https://
doi.org/10.2741/4368

@ Springer

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Arfin, S., Jha, N. K., Jha, S. K., Kesari, K. K., Ruokolainen, J.,
Roychoudhury, S., Rathi, B., & Kumar, D. (2021). Oxidative
stress in cancer cell metabolism. Antioxidants (Basel), 10(5),
642. https://doi.org/10.3390/antiox 10050642

Anastasiou, D., Poulogiannis, G., Asara, J. M., Boxer, M. B.,
Jiang, J. K., Shen, M., Bellinger, G., Sasaki, A. T., Locasale, J.
W., Auld, D. S., Thomas, C.J., Vander Heiden, M. G., & Cantley,
L. C. (2011). Inhibition of pyruvate kinase M2 by reactive oxy-
gen species contributes to cellular antioxidant responses. Science,
334(6060), 1278-1283. https://doi.org/10.1126/science.1211485
Possemato, R., Marks, K. M., Shaul, Y. D., Pacold, M. E., Kim,
D., Birsoy, K., Sethumadhavan, S., Woo, H. K., Jang, H. G, Jha,
A. K., Chen, W. W,, Barrett, F. G., Stransky, N., Tsun, Z. Y.,
Cowley, G. S., Barretina, J., Kalaany, N. Y., Hsu, P. P., Ottina,
K., Chan, A. M,, et al. (2011). Functional genomics reveal that
the serine synthesis pathway is essential in breast cancer. Nature,
476(7360), 346-350. https://doi.org/10.1038/nature 10350
Moreira, J. D., Hamraz, M., Abolhassani, M., Bigan, E., Péres,
S., Paulevé, L., Nogueira, M. L., Steyaert, J. M., & Schwartz, L.
(2016). The redox status of cancer cells supports mechanisms
behind the Warburg Effect. Metabolites, 6(4), 33. https://doi.org/
10.3390/metabo6040033

Mullen, A. R., Wheaton, W. W., Jin, E. S., Chen, P.-H., Sullivan,
L. B., Cheng, T., Yang, Y., Linehan, W. M., Chandel, N. S., & de
Berardinis, R. J. (2011). Reductive carboxylation supports growth
in tumour cells with defective mitochondria. Nature Cell Biology,
481(7381), 385-388. https://doi.org/10.1038/nature 10642
Chesnelong, C., Chaumeil, M. M., Blough, M. D., Al-Najjar,
M., Stechishin, O. D., Chan, J. A., Pieper, R. O., Ronen, S. M.,
Weiss, S., Luchman, H. A., & Cairncross, J. G. (2014). Lac-
tate dehydrogenase A silencing in IDH mutant gliomas. Neuro-
Oncology, 16(5), 686—695. https://doi.org/10.1093/neuonc/
not243

Masui, K., Kato, Y., Sawada, T., Mischel, P. S., & Shibata, N.
(2017). Molecular and genetic determinants of glioma cell inva-
sion. International Journal of Molecular Sciences, 18(12), 2609.
https://doi.org/10.3390/ijms 18122609

Hartmann, C., Hentscheln, B., Simon, M., Westphal, M., Schack-
ert, G., Tonn, J. C., Loeffler, M., Reifenberger, G., Pietsch, T., von
Deimling, A., Weller, M. G., & Network, G. (2013). Long-term
survival in primary glioblastoma with versus without isocitrate
dehydrogenase mutations. Clinical Cancer Research, 19(18),
5146-5157. https://doi.org/10.1158/1078-0432.CCR-13-0017
Grassian, A. R., Parker, S. J., Davidson, S. M., Divakaruni, A.
S., Green, C. R., Zhang, X., Slocum, K. L., Pu, M., Lin, F., Vick-
ers, C., Joud-Caldwell, C., Chung, F., Yin, H., Handly, E. D.,
Straub, C., Growney, J. D., Vander Heiden, M. G., Murphy, A.
N., Pagliarini, R., & Metallo, C. M. (2014). IDHI mutations
alter citric acid cycle metabolism and increase dependence on
oxidative mitochondrial metabolism. Cancer Research, 74(12),
3317-3331. https://doi.org/10.1158/0008-5472.CAN-14-0772-T
Peiris-Pages, M., Martinez-Outschoornm, U. E., Pestell, R. G.,
& Sotgia, & F., Lisanti, M. P. (2016). Cancer stem cell metabo-
lism. Breast Cancer Research, 18(1), 55. https://doi.org/10.1186/
s13058-016-0712-6

Iranmanesh, Y., Jiang, B., Favour, O. C., Dou, Z., Wu,J., Li, J., &
Sun, C. (2021). Mitochondria’s role in the maintenance of cancer
stem cells in glioblastoma. Frontiers in Oncology, 11, 582694.
https://doi.org/10.3389/fonc.2021.582694

Ciavardelli, D., Rossi, C., Barcaroli, D., Volpe, S., Consalvo, A.,
Zucchelli, M., De Cola, A., Scavo, E., Carollo, R., D’Agostino,
D., Forli, F., D’Aguanno, S., Todaro, M., Stassi, G., Di Ilio, C.,
De Laurenzi, V., & Urbani, A. (2014). Breast cancer stem cells
rely on fermentative glycolysis and are sensitive to 2-deoxyglu-
cose treatment. Cell Death and Disease, 5, €1336. https://doi.org/
10.1038/cddis.2014.285


https://doi.org/10.1158/0008-5472.CAN-17-2959
https://doi.org/10.1038/embor.2010.51
https://doi.org/10.26508/lsa.202000903
https://doi.org/10.3389/fonc.2020.605154
https://doi.org/10.3389/fonc.2020.605154
https://doi.org/10.1371/journal.pone.0039255
https://doi.org/10.1074/jbc.M114.585828
https://doi.org/10.1074/jbc.M114.585828
https://doi.org/10.3389/fcell.2021.626316
https://doi.org/10.3390/ijms22126587
https://doi.org/10.1038/s41419-021-03908-0
https://doi.org/10.1038/s41419-021-03908-0
https://doi.org/10.1073/pnas.2011342118
https://doi.org/10.2741/4368
https://doi.org/10.2741/4368
https://doi.org/10.3390/antiox10050642
https://doi.org/10.1126/science.1211485
https://doi.org/10.1038/nature10350
https://doi.org/10.3390/metabo6040033
https://doi.org/10.3390/metabo6040033
https://doi.org/10.1038/nature10642
https://doi.org/10.1093/neuonc/not243
https://doi.org/10.1093/neuonc/not243
https://doi.org/10.3390/ijms18122609
https://doi.org/10.1158/1078-0432.CCR-13-0017
https://doi.org/10.1158/0008-5472.CAN-14-0772-T
https://doi.org/10.1186/s13058-016-0712-6
https://doi.org/10.1186/s13058-016-0712-6
https://doi.org/10.3389/fonc.2021.582694
https://doi.org/10.1038/cddis.2014.285
https://doi.org/10.1038/cddis.2014.285

Cancer and Metastasis Reviews (2021) 40:1073-1091

1087

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Liao, J., Qian, F., Tchabo, N., Mhawech-Fauceglia, P., Beck, A.,
Qian, Z., Wang, X., Huss, W. J., Lele, S. B., Morrison, C. D., &
Odunsi, K. (2014). Ovarian cancer spheroid cells with stem cell-
like properties contribute to tumor generation, metastasis and
chemotherapy resistance through hypoxia-resistant metabolism.
PLoS ONE, 9(1), e84941. https://doi.org/10.1371/journal.pone.
0084941

Zhou, Y., Zhou, Y., Shingu, T., Feng, L., Chen, Z., Ogasawara,
M., Keating, M. J., Kondo, S., & Huang, P. (2011). Metabolic
alterations in highly tumorigenic glioblastoma cells: Preference
for hypoxia and high dependency on glycolysis. Journal of Bio-
logical Chemistry, 286(37), 32843-32853. https://doi.org/10.
1074/jbc.M111.260935

Yang, C., Ko, B., Hensley, C. T., Jiang, L., Wasti, A. T., Kim, J.,
Sudderth, J., Calvaruso, M. A., Lumata, L., Mitsche, M., Rutter,
J., Merritt, M. E., & DeBerardinis, R. J. (2014). Glutamine oxi-
dation maintains the TCA cycle and cell survival during impaired
mitochondrial pyruvate transport. Molecular Cell, 56(3), 414—
424. https://doi.org/10.1016/j.molcel.2014.09.025

Singh, K. K., Desouki, M. M., Franklin, R. B., & Costello, L.
C. (2006). Mitochondrial aconitase and citrate metabolism in
malignant and nonmalignant human prostate tissues. Molecu-
lar Cancer, 5, 14. https://doi.org/10.1186/1476-4598-5-14.
doi:10.1186/1476-4598-5-14

Franklin, R. B., Feng, P., Milon, B., Desouki, M. M., Singh, K.
K., Kajdacsy-Balla, A., Bagasra, O., & Costello, L. C. (2005).
hZIP1 zinc uptake transporter down regulation and zinc depletion
in prostate cancer. Molecular Cancer, 4, 32. https://doi.org/10.
1186/1476-4598-4-32

Hochachka, P. W., Rupert, J. L., Goldenberg, L., Gleave, M.,
& Kozlowski, P. (2002). Going malignant: The hypoxia-cancer
connection in the prostate. BioEssays, 24(8), 749-757. https://
doi.org/10.1002/bies.10131

Cha, Y. H., Yook, J. I, Kim, H. S., & Kim, N. H. (2015).
Catabolic metabolism during cancer EMT. Archives of Phar-
macal Research, 38(3), 313-320. https://doi.org/10.1007/
$12272-015-0567-x

Loeber, G., Infante, A. A., Maurer-Fogy, 1., Krystek, E., & Dwor-
kin, M. B. (1991). Human NAD+-dependent mitochondrial
malic enzyme. cDNA cloning, primary structure, and expres-
sion in Escherichia coli. (1991). Journal of Biological Chemistry,
266(5), 3016-3021.

Sarfraz, 1., Rasul, A., Hussain, G., Hussain, S. M., Ahmad,
M., Nageen, B., Jabeen, F., Selamoglu, Z., & Ali, M. (2018).
Malic enzyme 2 as a potential therapeutic drug target for cancer.
IUBMB Life, 70(11), 1076—1083. https://doi.org/10.1002/iub.
1930

Lu, Y. X., Ju, H. Q., Liu, Z. X., Chen, D. L., Wang, Y., Zhao,
Q., Wu, Q. N, Zeng, Z. L., Qiu, H. B., Hu, P. S., Wang, Z. Q.,
Zhang, D. S., Wang, F., & Xu, R. H. (2018). ME1 Regulates
NADPH homeostasis to promote gastric cancer growth and
metastasis. Cancer Research, 78(8), 1972-1985. https://doi.org/
10.1158/0008-5472.CAN-17-3155

Ying, M., You, D., Zhu, X., Cai, L., Zeng, S., & Hu, X. (2021).
Lactate and glutamine support NADPH generation in cancer
cells under glucose deprived conditions. Redox Biology, 46,
102065. https://doi.org/10.1016/j.redox.2021.102065

Shi, Y., Zhou, S., Wang, P., Guo, Y., Xie, B., & Ding, S. (2019).
Malic enzyme 1 (ME1) is a potential oncogene in gastric can-
cer cells and is associated with poor survival of gastric cancer
patients. OncoTargets and Therapy, 12, 5589-5599. https://doi.
org/10.2147/0TT.S203228

Liao, R., Ren, G., Liu, H., Chen, X., Cao, Q., Wu, X., Li, J., &
Dong, C. (2018). ME1 promotes basal-like breast cancer progres-
sion and associates with poor prognosis. Scientific Reports, 8(1),
16743. https://doi.org/10.1038/s41598-018-35106-y

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47

48.

49.

50.

Powell, S. M., Harper, J. C., Hamilton, S. R., Robinson, C. R.,
& Cummings, O. W. (1997). Inactivation of Smad4 in gastric
carcinomas. Cancer Research, 57(19), 4221-4224.

Liu, C., Cao, J., Lin, S., Zhao, Y., Zhu, M., Tao, Z., & Hu, X.
(2020). Malic enzyme 1 indicates worse prognosis in breast can-
cer and promotes metastasis by manipulating reactive oxygen
species. OncoTargets and Therapy, 1, 8735-8747. https://doi.
org/10.2147/0TT.S256970

Chakrabarti, G. (2015). Mutant KRAS associated malic enzyme
1 expression is a predictive marker for radiation therapy response
in non-small cell lung cancer. Radiation Oncology, 10, 145.
https://doi.org/10.1186/s13014-015-0457-x

Ren, J. G, Seth, P,, Clish, C. B., Lorkiewicz, P. K., Higashi, R.
M., Lane, A. N., Fan, T. W., & Sukhatme, V. P. (2014). Knock-
down of malic enzyme 2 suppresses lung tumor growth, induces
differentiation and impacts PI3K/AKT signaling. Scientific
Reports, 4, 5414. https://doi.org/10.1038/srep054 14

Chang, Y. L., Gao, H. W., Chiang, C. P., Wang, W. M., Huang, S. M.,
Ku, C.F, Liu, G. Y., & Hung, H. C. (2015). Human mitochondrial
NAD(P)(+)-dependent malic enzyme participates in cutaneous
melanoma progression and invasion. Journal of Investigative Der-
matology, 135(3), 807-815. https://doi.org/10.1038/jid.2014.385
Cheng, C.-P., Huangm, L.-C., Chang, Y.-L., Hsiehm, C.-H.,
Huangm, S.-M., & Hueng, D.-Y. (2016). The mechanisms of malic
enzyme 2 in the tumorigenesis of human gliomas. Oncotarget,
7(27), 41460—41472. https://doi.org/10.18632/oncotarget.9190
Dey, P., Baddour, J., Muller, F., Wu, C. C., Wang, H., Liao, W. T,
Lan, Z., Chen, A., Gutschner, T., Kang, Y., Fleming, J., Satani,
N., Zhao, D., Achreja, A., Yang, L., Lee, J., Chang, E., Genovese,
G., Viale, A., Ying, H., et al. (2017). Genomic deletion of malic
enzyme 2 confers collateral lethality in pancreatic cancer. Nature,
542(7639), 119-123. https://doi.org/10.1038/nature21052
Patra, K. C., & Hay, N. (2014). The pentose phosphate pathway
and cancer. Trends in Biochemical Sciences, 39(8), 347-354.
https://doi.org/10.1016/j.tibs.2014.06.005

Jiang, P., Du, W., & Wu, M. (2014). Regulation of the pentose
phosphate pathway in cancer. Protein & Cell, 5(8), 592-602.
https://doi.org/10.1007/s13238-014-0082-8

Jiang, P, Du, W., & Yang, X. (2013). p53 and regulation of tumor
metabolism. Journal of Carcinogenesis, 12, 21. https://doi.org/
10.4103/1477-3163.122760

Kumar, A., Cordes, T., Thalacker-Mercer, A. E., Pajor, A. M.,
Murphy, A. N., & Metallo, C. M. (2021). NaCT/SLC13A5 facili-
tates citrate import and metabolism under nutrient-limited condi-
tions. Cell Rep, 36(11), 109701. https://doi.org/10.1016/j.celrep.
2021.109701

Ko, Y. H., Domingo-Vidal, M., Roche, M., Lin, Z., Whitaker-
Menezes, D., Seifert, E., Capparelli, C., Tuluc, M., Birbe, R.
C., Tassone, P., Curry, J. M., Navarro-Sabatg, A,, Manzano, A.,
Bartrons, R., Caro, J., & Martinez-Outschoorn, U. (2016). TP53-
inducible glycolysis and apoptosis regulator (TIGAR) metaboli-
cally reprograms carcinoma and stromal cells in breast cancer.
Journal of Biological Chemistry, 291(51), 26291-26303. https://
doi.org/10.1074/jbc.M116.740209

Ghergurovich, J. M., Esposito, M., Chen, Z., Wang, J. Z., Bhatt, V.,
Lan, T., White, E., Kang, Y., Guo, J. Y., & Rabinowitz, J. D. (2020).
Glucose-6-phosphate dehydrogenase is not essential for K-Ras-
driven tumor growth or metastasis. Cancer Research, 80(18),
3820-3829. https://doi.org/10.1158/0008-5472.CAN-19-2486
Tasdogan, A., Faubert, B., Ramesh, V., Ubellacker, J. M., Shen,
B., Solmonson, A., Murphy, M. M., Gu, Z., Gu, W., Martin,
M., Kasitinon, S. Y., Vandergriff, T., Mathews, T. P., Zhao, Z.,
Schadendorf, D., DeBerardinis, R. J., & Morrison, S. J. (2020).
Metabolic heterogeneity confers differences in melanoma meta-
static potential. Nature, 577(7788), 115-120. https://doi.org/10.
1038/s41586-019-1847-2

@ Springer


https://doi.org/10.1371/journal.pone.0084941
https://doi.org/10.1371/journal.pone.0084941
https://doi.org/10.1074/jbc.M111.260935
https://doi.org/10.1074/jbc.M111.260935
https://doi.org/10.1016/j.molcel.2014.09.025
https://doi.org/10.1186/1476-4598-4-32
https://doi.org/10.1186/1476-4598-4-32
https://doi.org/10.1002/bies.10131
https://doi.org/10.1002/bies.10131
https://doi.org/10.1007/s12272-015-0567-x
https://doi.org/10.1007/s12272-015-0567-x
https://doi.org/10.1002/iub.1930
https://doi.org/10.1002/iub.1930
https://doi.org/10.1158/0008-5472.CAN-17-3155
https://doi.org/10.1158/0008-5472.CAN-17-3155
https://doi.org/10.1016/j.redox.2021.102065
https://doi.org/10.2147/OTT.S203228
https://doi.org/10.2147/OTT.S203228
https://doi.org/10.1038/s41598-018-35106-y
https://doi.org/10.2147/OTT.S256970
https://doi.org/10.2147/OTT.S256970
https://doi.org/10.1186/s13014-015-0457-x
https://doi.org/10.1038/srep05414
https://doi.org/10.1038/jid.2014.385
https://doi.org/10.18632/oncotarget.9190
https://doi.org/10.1038/nature21052
https://doi.org/10.1016/j.tibs.2014.06.005
https://doi.org/10.1007/s13238-014-0082-8
https://doi.org/10.4103/1477-3163.122760
https://doi.org/10.4103/1477-3163.122760
https://doi.org/10.1016/j.celrep.2021.109701
https://doi.org/10.1016/j.celrep.2021.109701
https://doi.org/10.1074/jbc.M116.740209
https://doi.org/10.1074/jbc.M116.740209
https://doi.org/10.1158/0008-5472.CAN-19-2486
https://doi.org/10.1038/s41586-019-1847-2
https://doi.org/10.1038/s41586-019-1847-2

1088

Cancer and Metastasis Reviews (2021) 40:1073-1091

51.

52.

53.

54.

55.

56

57.

58.

59.

60.

61.

62.

Mele, L., Paino, F., Papaccio, F., Regad, T., Boocock, D., Stiuso,
P., Lombardi, A., Liccardo, D., Aquino, G., Barbieri, A., Arra,
C., Coveney, C., La Noce, M., Papaccio, G., Caraglia, M.,
Tirino, V., & Desiderio, V. (2018). A new inhibitor of glucose-
6-phosphate dehydrogenase blocks pentose phosphate pathway
and suppresses malignant proliferation and metastasis in vivo.
Cell death and Differentiation, 9(5), 572. https://doi.org/10.1038/
s41419-018-0635-5

Wang, Y., Li, Q., Niu, L., Xu, L., Guo, Y., Wang, L., & Guo, C.
(2020). Suppression of G6PD induces the expression and bisect-
ing GlcNAc-branched N-glycosylation of E-Cadherin to block
epithelial-mesenchymal transition and lymphatic metastasis.
British Journal of Cancer, 123(8), 1315-1325. https://doi.org/
10.1038/s41416-020-1007-3

Gaglio, D., Metallom, C. M., Gameiro, P. A., Hiller, K., Danna,
L. S., Balestrieri, C., Alberghina, L., Stephanopoulos, G., & Chi-
aradonna, F. (2011). Oncogenic K-Ras decouples glucose and
glutamine metabolism to support cancer cell growth. Molecular
Systems Biology, 7, 523. https://doi.org/10.1038/msb.2011.56
Ying, H., Kimmelman, A. C., Lyssiotis, C. A., Hua, S., Chu, G.
C., Fletcher-Sananikone, E., Locasale, J. W., Son, J., Zhang, H.,
Coloff, J. L., Yan, H., Wang, W., Chen, S., Viale, A., Zheng, H.,
Paik, J. H., Lim, C., Guimaraes, A. R., Martin, E. S., Chang,
J., et al. (2012). Oncogenic Kras maintains pancreatic tumors
through regulation of anabolic glucose metabolism. Cell, 149(3),
656-670. https://doi.org/10.1016/j.cell.2012.01.058

Le, A., Cooper, C. R., Gouw, A. M., Dinavahi, R., Maitra, A.,
Deck, L. M., Royer, R. E., Vander Jagt, D. L., Semenza, G. L.,
& Dang, C. V. (2010). Inhibition of lactate dehydrogenase A
induces oxidative stress and inhibits tumor progression. Proceed-

ings of the National Academy of Sciences of the United States of

America, 107(5), 2037-2042. https://doi.org/10.1073/pnas.09144
33107

Fantin, V. R., St-Pierre, J., & Leder, P. (2006). Attenuation of
LDH-A expression uncovers a link between glycolysis, mito-
chondrial physiology, and tumor maintenance. Cancer Cell, 9(6),
425-34. https://doi.org/10.1016/j.ccr.2006.04.023

Lunt, S. Y., & Vander Heiden, M. G. (2011). Aerobic glycolysis:
Meeting the metabolic requirements of cell proliferation. Annual
Review of Cell and Developmental Biology, 27, 441-464. https://
doi.org/10.1146/annurev-cellbio-092910-154237

Hanse, E. A., Ruan, C., Kachman, M., Wang, D., Lowman, X. H.,
& Kelekar, A. (2017). Cytosolic malate dehydrogenase activity
helps support glycolysis in actively proliferating cells and cancer.
Oncogene, 36(27), 3915-3924. https://doi.org/10.1038/onc.2017.
36

Todisco, S., Convertini, P., Iacobazzi, V., & Infantino, V. (2019).
TCA cycle rewiring as emerging metabolic signature of hepato-
cellular carcinoma. Cancers (Basel), 12(1), 68. https://doi.org/
10.3390/cancers12010068

Lee,J. S., Lee, H., Lee, S., Kang, J. H., Lee, S. H., Kim, S. G.,
Cho, E. S., Kim, N. H,, Yook, J. I., & Kim, S. Y. (2019). Loss of
SLC25A11 causes suppression of NSCLC and melanoma tumor
formation. eBioMedicine, 40, 184—197.

Alkan, H. F., Vesely, P. W., Hackl, H., FoB8elteder, J., Schmidt,
D. R., Vander Heiden, M. G., Pichler, M., Hoefler, G., &
Bogner-Strauss, J. G. (2020). Deficiency of malate-aspartate
shuttle component SLC25A12 induces pulmonary metasta-
sis. Cancer Metabolism, 8(1), 26. https://doi.org/10.1186/
s40170-020-00232-7

Wang, C., Chen, H., Zhang, M., Zhang, J., Wei, X., & Ying,
W. (2016). Malate-aspartate shuttle inhibitor aminooxyacetic
acid leads to decreased intracellular ATP levels and altered cell
cycle of C6 glioma cells by inhibiting glycolysis. Cancer Letters,
378(1), 1-7. https://doi.org/10.1016/j.canlet.2016.05.001

@ Springer

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

Mullinax, T. R., Mock, J. N., McEvily, A. J., & Harrison, J. H.
(1982). Regulation of mitochondrial malate dehydrogenase. Evi-
dence for an allosteric citrate-binding site. Journal of Biological
Chemistry, 257(22), 13233-132339.

Palmieri, E. M., Spera, 1., Menga, A., Infantino, V., Porcelli,
V., lacobazzi, V., Pierri, C. L., Hooper, D. C., Palmieri, F., &
Castegna, A. (2015). Acetylation of human mitochondrial citrate
carrier modulates mitochondrial citrate/malate exchange activity
to sustain NADPH production during macrophage activation.
Biochimica et Biophysica Acta, 1847(8), 729-738. https://doi.
org/10.1016/j.bbabio.2015.04.009

Nielsen, T. T., & Sgrensen, N. S. (1981). Daily plasma citrate
rhythms in man during feeding and fasting. Scandinavian Jour-
nal of Clinical and Laboratory Investigation, 41(3), 281-287.
https://doi.org/10.1080/00365518109092046

Nielsen, T. T. (1983). Plasma citrate in relation to glucose and
free fatty acid metabolism in man. Danish medical bulletin,
30(6), 357-378.

Costello, L. C., & Franklin, R. B. (2016). Plasma citrate home-
ostasis: How it is regulated; and its physiological and clinical
implications. An Important, But Neglected, Relationship in
Medicine. HSOA Journal of Human Endocrinology, 1(1):005.
Pajor, A. M. (1999). Citrate transport by the kidney and intestine.
Seminars in Nephrology, 19(2), 195-200.

Caudarella, R., Vescini, F., Buffa, A., & Stefoni, S. (2003). Cit-
rate and mineral metabolism: Kidney stones and bone disease.
Frontiers in Bioscience, 1(8), 1084—1106. https://doi.org/10.
2741/1119

Sakhaee, K., Alpern, R., Jacobson, H. R., & Pak, C. Y. (1991).
Contrasting effects of various potassium salts on renal citrate
excretion. The Journal of Clinical Endocrinology and Metabo-
lism, 72(2), 396—400. https://doi.org/10.1210/jcem-72-2-396
Miao, L., Liu, Q., Lin, C. M., Luo, C., Wang, Y., Liu, L., Yin,
W., Hu, S., Kim, W. Y., & Huang, L. (2017). Targeting tumor-
associated fibroblasts for therapeutic delivery in desmoplastic
tumors. Cancer Research, 77(3), 719-731. https://doi.org/10.
1158/0008-5472.CAN-16-0866

Wang, J., & Ilyas, S. Targeting the tumor microenvironment in
cholangiocarcinoma: Implications for therapy. Expert Opinion on
Investigational Drugs, 30(4), 429-438 https://doi.org/10.1080/
13543784.2021.1865308.

Li, Z., Erion, D. M., & Maurer, T. S. (2016). Model-based assess-
ment of plasma citrate flux into the liver: implications for NaCT
as a therapeutic target. CPT: Pharmacometrics & Systems Phar-
macology, 5(3), 132-139 https://doi.org/10.1002/psp4.12062.
Hodson, L., & Gunn, P. J. (2019). The regulation of hepatic fatty
acid synthesis and partitioning: The effect of nutritional state.
Nature Reviews Endocrinology, 15, 689-700. https://doi.org/10.
1038/s41574-019-0256-9

Gopal, E., Miyauchi, S., Martin, P. M., Ananth, S., Srinivas, S.
R., Smith, S. B., Prasad, P. D., & Ganapathy, V. (2007). Expres-
sion and functional features of NaCT, a sodium-coupled citrate
transporter, in human and rat livers and cell lines. The American
Journal of Physiology-Gastrointestinal and Liver Physiology,
292(1), G402-8. https://doi.org/10.1152/ajpgi.00371.2006.
Waagepetersen, H. S., Sonnewald, U., Larsson, O. M., & Schous-
boe, A. (2001). Multiple compartments with different metabolic
characteristics are involved in biosynthesis of intracellular and
released glutamine and citrate in astrocytes. Glia, 35(3), 246—
252. https://doi.org/10.1002/glia. 1089

Jordan, K., Stanton, E. H., Milenkovic, V. M., Federlin, M., Drex-
ler, K., Buchalla, W., Gaumann, A., Adamski, J., Proescholdt,
M., Haferkamp, S., Geissler, E. K., & Mycielska, M. E. (2021).
Potential involvement of extracellular citrate in brain tumor pro-
gression. Current Molecular Medicine, ahead of print https://doi.
org/10.2174/1566524021666210302143802.


https://doi.org/10.1038/s41419-018-0635-5
https://doi.org/10.1038/s41419-018-0635-5
https://doi.org/10.1038/s41416-020-1007-3
https://doi.org/10.1038/s41416-020-1007-3
https://doi.org/10.1038/msb.2011.56
https://doi.org/10.1016/j.cell.2012.01.058
https://doi.org/10.1073/pnas.0914433107
https://doi.org/10.1073/pnas.0914433107
https://doi.org/10.1016/j.ccr.2006.04.023
https://doi.org/10.1146/annurev-cellbio-092910-154237
https://doi.org/10.1146/annurev-cellbio-092910-154237
https://doi.org/10.1038/onc.2017.36
https://doi.org/10.1038/onc.2017.36
https://doi.org/10.3390/cancers12010068
https://doi.org/10.3390/cancers12010068
https://doi.org/10.1186/s40170-020-00232-7
https://doi.org/10.1186/s40170-020-00232-7
https://doi.org/10.1016/j.canlet.2016.05.001
https://doi.org/10.1016/j.bbabio.2015.04.009
https://doi.org/10.1016/j.bbabio.2015.04.009
https://doi.org/10.1080/00365518109092046
https://doi.org/10.2741/1119
https://doi.org/10.2741/1119
https://doi.org/10.1210/jcem-72-2-396
https://doi.org/10.1158/0008-5472.CAN-16-0866
https://doi.org/10.1158/0008-5472.CAN-16-0866
https://doi.org/10.1080/13543784.2021.1865308
https://doi.org/10.1080/13543784.2021.1865308
https://doi.org/10.1002/psp4.12062
https://doi.org/10.1038/s41574-019-0256-9
https://doi.org/10.1038/s41574-019-0256-9
https://doi.org/10.1152/ajpgi.00371.2006
https://doi.org/10.1002/glia.1089
https://doi.org/10.2174/1566524021666210302143802
https://doi.org/10.2174/1566524021666210302143802

Cancer and Metastasis Reviews (2021) 40:1073-1091

1089

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Chen, H., Wang, Y., Dai, H., Tian, X., Cui, Z. K., Chen, Z., Hu,
L., Song, Q., Liu, A., Zhang, Z., Xiao, G., Yang, J., Jiang, Y., &
Bai, X. (2018). Bone and plasma citrate is reduced in osteopo-
rosis. Bone, 114, 189-197. https://doi.org/10.1016/j.bone.2018.
06.014

Granchi, D., Baldini, N., Ulivieri, F. M., & Caudarella, R. (2019).
Role of citrate in pathophysiology and medical management of
bone diseases. Nutrients, 11(11), 2576.

Costello, L. C., Franklin, R. B., Reynolds, M. A., & Chellaiah,
M. (2012). The important role of osteoblasts and citrate produc-
tion in bone formation: “Osteoblast citration” as a new concept
for an old relationship. Open Bone Journal, 4https://doi.org/10.
2174/1876525401204010027

Hu, Y. Y., Rawal, A., & Schmidt-Rohr, K. (2010). Strongly bound
citrate stabilizes the apatite nanocrystals in bone. Proceedings of
the National Academy of Sciences of the United States of America,
107(52), 22425-22429. https://doi.org/10.1073/pnas.1009219107
Kingsley, L. A., Fournier, P. G., Chirgwin, J. M., & Guise, T. A.
(2007). Molecular biology of bone metastasis. Molecular Cancer
Therapeutics, 6(10), 2609-2617. https://doi.org/10.1158/1535-
7163.MCT-07-0234

Coleman, R. E. (2006). Clinical features of metastatic bone dis-
ease and risk of skeletal morbidity. Clinical Cancer Research, 12,
62435-6249s. https://doi.org/10.1158/1078-0432.CCR-06-0931
Tiedemann, K., Hussein, O., & Komarova, S. V. (2020). Role
of altered metabolic microenvironment in osteolytic metastasis.
Frontiers in Cell and Developmental Biology, 8, 435. https://doi.
org/10.3389/fcell.2020.00435

Olechnowicz, S. W., & Edwards, C. M. (2014). Contributions
of the host microenvironment to cancer-induced bone disease.
Cancer Research, 74(6), 1625-1631. https://doi.org/10.1158/
0008-5472.CAN-13-2645

Lo, C. H., & Lynch, C. C. (2018). Multifaceted roles for mac-
rophages in prostate cancer skeletal metastasis. Frontiers in
Endocrinology (Lausanne), 9, 247. https://doi.org/10.3389/
fendo.2018.00247

Sawant, O., B, Ramadoss, J., Hogan, H. A., Washburn, S. E.
(2013). The role of acidemia in maternal binge alcohol-induced
alterations in fetal bone functional properties. Alcoholism: Clini-
cal and Experimental Research, 37(9), 1476-1482. https://doi.
org/10.1111/acer.12118.

Xiang, L., & Gilkes, D. M. (2019). The contribution of the
immune system in bone metastasis pathogenesis. International
Journal of Molecular Sciences, 20(4), 999. https://doi.org/10.
3390/ijms20040999

Mohebiany, A. N., Ramphal, N. S., Karram, K., Di Liberto, G.,
Novkovic, T., Klein, M., Marini, F., Kreutzfeldt, M., Hértner, F.,
Lacher, S. M., Bopp, T., Mittmann, T., Merkler, D., & Waisman,
A. (2020). Microglial A20 protects the brain from CD8 T-cell-
mediated immunopathology. Cell Reports, 30(5), 1585-1597.¢6.
https://doi.org/10.1016/j.celrep.2019.12.097

Rippaus, N., Taggart, D., Williams, J., Andreou, T., Wurdak, H.,
Wronski, K., & Lorger, M. (2016). Metastatic site-specific polari-
zation of macrophages in intracranial breast cancer metastases.
Oncotarget, 7(27), 41473—41487. https://doi.org/10.18632/oncot
arget.9445

Hui, S., Ghergurovich, J. M., Morscher, R. J., Jang, C., Teng, X.,
Lu, W, Esparza, L. A., Reya, T., Zhan, Le., Yanxiang Guo, J.,
White, E., & Rabinowitz, J. D. (2017). Glucose feeds the TCA
cycle via circulating lactate. Nature, 551(7678), 115-118. https://
doi.org/10.1038/nature24057 Epub 2017 Oct 18.
Sanford-Crane, H., Abrego, J., & Sherman, M. H. (2019). Fibro-
blasts as modulators of local and systemic cancer metabolism.
Cancers (Basel), 11(5), 619. https://doi.org/10.3390/cancers110
50619

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Haferkamp, S., Drexler, K., Federlin, M., Schlitt, H. J.,
Berneburg, M., Adamski, J., Gaumann, A., Geissler, E. K.,
Ganapathy, V., Parkinson, E. K., & Mycielska, M. E. (2020).
Extracellular citrate fuels cancer cell metabolism and growth.
Frontiers in Cell and Developmental Biology, 8, 602476. https://
doi.org/10.3389/fcell.2020.602476

Hassona, Y., Cirillo, N., Lim, K. P., Herman, A., Mellone, M.,
Thomas, G. J., Pitiyage, G. N., Parkinson, E. K., & Prime, S.
S. (2013). Progression of genotype-specific oral cancer leads to
senescence of cancer-associated fibroblasts and is mediated by
oxidative stress and TGF-beta. Carcinogenesis, 34(6), 1286—
1295. https://doi.org/10.1093/carcin/bgt035

Mellone, M., Hanley, C. J., Thirdborough, S., Mellows, T., Gar-
cia, E., Woo, J., Tod, J., Frampton, S., Jenei, V., Moutasim, K. A.,
Kabir, T. D., Brennan, P. A., Venturi, G., Ford, K., Herranz, N.,
Lim, K. P., Clarke, J., Lambert, D. W., Prime, S. S., Underwood,
T. J., et al. (2016). Induction of fibroblast senescence generates
a non-fibrogenic myofibroblast phenotype that differentially
impacts on cancer prognosis. Aging (Albany NY), 9(1), 114-132.
https://doi.org/10.18632/aging.101127

Demaria, M., O’Leary, M. N., Chang, J., Shao, L., Liu, S.,
Alimirah, F., Koenig, K., Le, C., Mitin, N., Deal, A. M., Alston,
S., Academia, E. C., Kilmarx, S., Valdovinos, A., Wang, B., de
Bruin, A., Kennedy, B. K., Melov, S., Zhou, D., Sharpless, N.
E., et al. (2017). Cellular senescence promotes adverse effects
of chemotherapy and cancer relapse. Cancer Discovery, 7(2),
165-176. https://doi.org/10.1158/2159-8290.CD-16-0241
Hayflick, L., & Moorhead, P. S. (1961). The serial cultivation
of human diploid cell strains. Experimental Cell Research, 25,
585-621. https://doi.org/10.1016/0014-4827(61)90192-6
Campisi, J., Kapahi, P., Lithgow, G. J., Melov, S., Newman, J.
C., & Verdin, E. (2019). From discoveries in ageing research
to therapeutics for healthy ageing. Nature, 571(7764), 183-192.
https://doi.org/10.1038/s41586-019-1365-2

Gorgoulis, V., Adams, P. D., Alimonti, A., Bennett, D. C., Bischof,
0., Bishop, C., Campisi, J., Collado, M., Evangelou, K., Ferbeyre,
G., Gil, J., Hara, E., Krizhanovsky, V., Jurk, D., Maier, A. B.,
Narita, M., Niedernhofer, L., Passos, J. F., Robbins, P. D., Schmitt,
C. A, etal. (2019). Cellular senescence: Defining a path forward.
Cell, 179(4), 813-827. https://doi.org/10.1016/j.cell.2019.10.005
Hewitt, G., Jurk, D., Marques, F. D., Correia-Melo, C., Hardy, T.,
Gackowska, A., Anderson, R., Taschuk, M., Mann, J., & Passos,
J. F. (2012). Telomeres are favoured targets of a persistent DNA
damage response in ageing and stress-induced senescence. Nature
Communications, 3, 708. https://doi.org/10.1038/ncomms1708
Fumagalli, M., Rossiello, F., Clerici, M., Barozzi, S., Cittaro, D.,
Kaplunov, J. M., Bucci, G., Dobreva, M., Matti, V., Beausejour,
C. M., Herbig, U., Longhese, M. P., & d’Adda di Fagagna, F.
(2012). Telomeric DNA damage is irreparable and causes per-
sistent DNA-damage-response activation. Nature Cell Biology,
14(4), 355-365. https://doi.org/10.1038/ncb2466

Anderson, R., Lagnado, A., Maggiorani, D., Walaszczyk, A.,
Dookun, E., Chapman, J., Birch, J., Salmonowicz, H., Ogrodnik,
M., Jurk, D., Proctor, C., Correia-Melo, C., Victorelli, S.,
Fielder, E., Berlinguer-Palmini, R., Owens, A., Greaves, L. C.,
Kolsky, K. L., Parini, A., Douin-Echinard, V., et al. (2019).
Length-independent telomere damage drives post-mitotic
cardiomyocyte senescence. EMBO Journal, 38(5), e100492.
https://doi.org/10.15252/embj.2018100492

James, E. L., Michalek, R. D., Pitiyage, G. N., de Castro, A.
M., Vignola, K. S., Jones, J., Mohney, R. P., Karoly, E. D.,
Prime, S. S., & Parkinson, E. K. (2015). Senescent human
fibroblasts show increased glycolysis and redox homeosta-
sis with extracellular metabolomes that overlap with those
of irreparable DNA damage, aging, and disease. Journal of

@ Springer


https://doi.org/10.1016/j.bone.2018.06.014
https://doi.org/10.1016/j.bone.2018.06.014
https://doi.org/10.2174/1876525401204010027
https://doi.org/10.2174/1876525401204010027
https://doi.org/10.1073/pnas.1009219107
https://doi.org/10.1158/1535-7163.MCT-07-0234
https://doi.org/10.1158/1535-7163.MCT-07-0234
https://doi.org/10.1158/1078-0432.CCR-06-0931
https://doi.org/10.3389/fcell.2020.00435
https://doi.org/10.3389/fcell.2020.00435
https://doi.org/10.1158/0008-5472.CAN-13-2645
https://doi.org/10.1158/0008-5472.CAN-13-2645
https://doi.org/10.3389/fendo.2018.00247
https://doi.org/10.3389/fendo.2018.00247
https://doi.org/10.1111/acer.12118
https://doi.org/10.1111/acer.12118
https://doi.org/10.3390/ijms20040999
https://doi.org/10.3390/ijms20040999
https://doi.org/10.1016/j.celrep.2019.12.097
https://doi.org/10.18632/oncotarget.9445
https://doi.org/10.18632/oncotarget.9445
https://doi.org/10.1038/nature24057
https://doi.org/10.1038/nature24057
https://doi.org/10.3390/cancers11050619
https://doi.org/10.3390/cancers11050619
https://doi.org/10.3389/fcell.2020.602476
https://doi.org/10.3389/fcell.2020.602476
https://doi.org/10.1093/carcin/bgt035
https://doi.org/10.18632/aging.101127
https://doi.org/10.1158/2159-8290.CD-16-0241
https://doi.org/10.1016/0014-4827(61)90192-6
https://doi.org/10.1038/s41586-019-1365-2
https://doi.org/10.1016/j.cell.2019.10.005
https://doi.org/10.1038/ncomms1708
https://doi.org/10.1038/ncb2466
https://doi.org/10.15252/embj.2018100492

1090

Cancer and Metastasis Reviews (2021) 40:1073-1091

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Proteome Research, 14(4), 1854-1871. https://doi.org/10.
1021/pr501221¢g

Wiley, C. D., & Campisi, J. (2016). From ancient pathways to
aging cells-connecting metabolism and cellular senescence. Cell
Metabolism, 23(6), 1013-1021. https://doi.org/10.1016/j.cmet.
2016.05.010

Jiang, P., Du, W., Mancuso, A., Wellen, K. E., & Yang, X.
(2013). Reciprocal regulation of p53 and malic enzymes modu-
lates metabolism and senescence. Nature, 493(7434), 689—693.
https://doi.org/10.1038/nature11776

Gottlieb, E., & Vousden, K. H. (2010). p53 regulation of meta-
bolic pathways. Cold Spring Harbour Perspectves in Biology,
2(4), a001040. https://doi.org/10.1101/cshperspect.a001040
Sun, J., Guo, Y., Fan, Y., Wang, Q., Zhang, Q., & Lai, D. (2021).
Decreased expression of IDH1 by chronic unpredictable stress
suppresses proliferation and accelerates senescence of granulosa
cells through ROS activated MAPK signaling pathways. Free
Radicals in Biology and Medicine, 169, 122—136. https://doi.
org/10.1016/j.freeradbiomed.2021.04.016

Chae, U., Park,J. W., Lee, S.R., Lee, H.J., Lee, H. S., & Lee, D.
S. (2019). Reactive oxygen species-mediated senescence is accel-
erated by inhibiting Cdk2 in Idh2-deficient conditions. Aging
(Albany NY), 11(17), 7242-7256. https://doi.org/10.18632/aging.
102259

Sakamoto, A., Kunou, S., Shimada, K., Tsunoda, M., Aoki, T.,
Iriyama, C., Tomita, A., Nakamura, S., Hayakawa, F., & Kiyoi,
H. (2019). Pyruvate secreted from patient-derived cancer-asso-
ciated fibroblasts supports survival of primary lymphoma cells.
Cancer Sciences, 110(1), 269-278. https://doi.org/10.1111/cas.
13873

Elia, I., Rossi, M., Stegen, S., Broekaert, D., Doglioni, G., van
Gorsel, M., Boon, R., Escalona-Noguero, C., Torrekens, S., Ver-
faillie, C., Verbeken, E., Carmeliet, G., & Fendt, S. M. (2019).
Breast cancer cells rely on environmental pyruvate to shape the
metastatic niche. Nature, 568(7750), 117-121. https://doi.org/
10.1038/541586-019-0977-x

Martinez-Outschoorn, U. E., Curry, J. M., Ko, Y. H., Lin, Z.,
Tuluc, M., Cognetti, D., Birbe, R. C., Pribitkin, E., Bombonati,
A., Pestell, R. G., Howell, A., Sotgia, F., & Lisanti, M. P. (2013).
Oncogenes and inflammation rewire host energy metabolism in
the tumor microenvironment: RAS and NFkappaB target stromal
MCTH4. Cell Cycle, 12(16), 2580-2597. https://doi.org/10.4161/
cc.25510

Whitaker-Menezes, D., Martinez-Outschoorn, U. E., Lin, Z.,
Ertel, A., Flomenberg, N., Witkiewicz, A. K., Birbe, R. C., How-
ell, A., Pavlides, S., Gandara, R., Pestell, R. G., Sotgia, F., Philp,
N.J., & Lisanti, M. P. (2011). Evidence for a stromal-epithelial
“lactate shuttle” in human tumors: MCT4 is a marker of oxida-
tive stress in cancer-associated fibroblasts. Cell Cycle, 10(16),
1772-1783. https://doi.org/10.4161/cc.25510

Szeri, F., Lundkvist, S., Donnelly, S., Engelke, U. F. H., Rhee,
K., Williams, C. J., Sundberg, J. P., Wevers, R. A., Tomlinson, R.
E., Jansen, R. S., & van de Wetering, K. (2020). The membrane
protein ANKH is crucial for bone mechanical performance by
mediating cellular export of citrate and ATP. PLoS Genetics,
16(7), €1008884. https://doi.org/10.1371/journal.pgen.1008884
De Palma, A., Scalera, V., Bisaccia, F., & Prezioso, G. (2003).
Citrate uniport by the mitochondrial tricarboxylate carrier: A basis
for a new hypothesis for the transport mechanism. The Journal of
Bioenergetics and Biomembranes, 35(2), 133-140. https://doi.org/
10.1023/a:1023794019331

Anderson, N. M., & Simon, M. C. (2020). The tumor microenvi-
ronment. Current Biology, 30(16), R921-R925. https://doi.org/10.
1016/j.cub.2020.06.081

@ Springer

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Michaud, D., Steward, C. R., Mirlekar, B., & Pylayeva-Gupta,
Y. (2021). Regulatory B cells in cancer. Immunological Reviews,
299(1), 74-92. https://doi.org/10.1111/imr.12939

Sato, A., Rahman, N. I. A., Shimizu, A., & Ogita, H. (2021). Cell-
to-cell contact-mediated regulation of tumor behavior in the tumor
microenvironment. Cancer Science, ahead of print https://doi.org/
10.1111/cas.15114.

Zhang, Y., Liu, T., Hu, X., Wang, M., Wang, J., Zou, B., Tan, P.,
Cui, T., Dou, Y., Ning, L., Huang, Y., Rao, S., Wang, D., & Zhao,
X. (2021). Cell Call: Integrating paired ligand-receptor and tran-
scription factor activities for cell-cell communication. Nucleic
Acids Research, 49(15), 8520-8534. https://doi.org/10.1093/nar/
gkab638.doi:10.1093/nar/gkab638

Ho, P., & Liu, P. (2016). Metabolic communication in tumors:
A new layer of immunoregulation for immune evasion. Jour-
nal for ImmunoTherapy of Cancer, 4, 4. https://doi.org/10.1186/
s40425-016-0109-1

Sukumar, M., Roychoudhuri, R., & Restifo, N. P. (2015). Nutri-
ent competition: A new axis of tumor immunosuppression. Cell,
162(6), 1206—1208. https://doi.org/10.1016/j.cell.2015.08.064
Chang, C. H., Qiu, J., O’Sullivan, D., Buck, M. D., Noguchi, T,
Curtis, J. D., Chen, Q., Gindin, M., Gubin, M. M., van der Windt,
G. J., Tonc, E., Schreiber, R. D., Pearce, E. J., & Pearce, E. L.
(2015). Metabolic competition in the tumor microenvironment is a
driver of cancer progression. Cell, 162(6), 1229-1241. https://doi.
org/10.1016/j.cell.2015.08.016

Michalek, R. D., Gerriets, V. A., Jacobs, S. R., Macintyre, A.
N., Maclver, N. J., Mason, E. F., Sullivan, S. A., Nichols, A. G.,
& Rathmell, J. C. (2011). Cutting edge: Distinct glycolytic and
lipid oxidative metabolic programs are essential for effector and
regulatory CD4+ T cell subsets. Journal of Immunology, 186(6),
3299-3303. https://doi.org/10.4049/jimmunol. 1003613

Allard, B., Allard, D., Buisseret, L., & Stagg, J. (2020). The adeno-
sine pathway in immuno-oncology. Nature Reviews Clinical Oncol-
ogy, 17(10), 611-629. https://doi.org/10.1038/s41571-020-0382-2
Liu, N., Luo, J., Kuang, D., Xu, S., Duan, Y., Xia, Y., Wei, Z., Xie,
X., Yin, B, Chen, F., Luo, S., Liu, H., Wang, J., Jiang, K., Gong,
F., Tang, Z. H., Cheng, X., Li, H,, Li, Z., Laurence, A., et al. (2019).
Lactate inhibits ATP6V0d2 expression in tumor-associated mac-
rophages to promote HIF-2o-mediated tumor progression. Journal
of Clinical Investigation, 129(2), 631-646.

Cubillos-Ruiz, J. R., Silberman, P. C., Rutkowski, M. R., Chopra,
S., Perales-Puchalt, A., Song, M., Zhang, S., Bettigole, S. E., Gupta,
D., Holcomb, K., Ellenson, L. H., Caputo, T., Lee, A. H., Conejo-
Garcia, J. R., & Glimcher, L. H. (2015). ER stress sensor XBP1 con-
trols anti-tumor immunity by disrupting dendritic cell homeostasis.
Cell, 161(7), 1527-1538. https://doi.org/10.1016/j.cell.2015.05.025
Soto-Heredero, G., de Las, G., Heras, M. M., Gabandé-Rodriguez,
E., Oller, J., & Mittelbrunn, M. (2020). Glycolysis — A key player
in the inflammatory response. The FEBS Journal, 287(16), 3350—
3369. https://doi.org/10.1111/febs.15327

Williams, N. C., & O’Neill, L. A. J. (2018). A role for the Krebs
cycle intermediate citrate in metabolic reprogramming in innate
immunity and inflammation. Frontiers in Immunology, 9, 141.
https://doi.org/10.3389/fimmu.2018.00141

Zotta, A., Zaslona, Z., & O’Neill, L. A. (2020). Citrate a critical
signal in immunity and inflammation? Journal of Cellular Signal-
ing, 1(3), 87-96. https://doi.org/10.33696/signaling.1.017
Assmann, N., O’Brien, K. L., Donnelly, R. P., Dyck, L., Zaiatz-
Bittencourt, V., Loftus, R. M., Heinrich, P., Oefner, P. J., Lynch,
L., Gardiner, C. M., Dettmer, K., & Finlay, D. K. (2017). Srebp-
controlled glucose metabolism is essential for NK cell functional
responses. Nature Immunology, 18(11), 1197-1206. https://doi.org/
10.1038/ni.3838


https://doi.org/10.1021/pr501221g
https://doi.org/10.1021/pr501221g
https://doi.org/10.1016/j.cmet.2016.05.010
https://doi.org/10.1016/j.cmet.2016.05.010
https://doi.org/10.1038/nature11776
https://doi.org/10.1101/cshperspect.a001040
https://doi.org/10.1016/j.freeradbiomed.2021.04.016
https://doi.org/10.1016/j.freeradbiomed.2021.04.016
https://doi.org/10.18632/aging.102259
https://doi.org/10.18632/aging.102259
https://doi.org/10.1111/cas.13873
https://doi.org/10.1111/cas.13873
https://doi.org/10.1038/s41586-019-0977-x
https://doi.org/10.1038/s41586-019-0977-x
https://doi.org/10.4161/cc.25510
https://doi.org/10.4161/cc.25510
https://doi.org/10.4161/cc.25510
https://doi.org/10.1371/journal.pgen.1008884
https://doi.org/10.1023/a:1023794019331
https://doi.org/10.1023/a:1023794019331
https://doi.org/10.1016/j.cub.2020.06.081
https://doi.org/10.1016/j.cub.2020.06.081
https://doi.org/10.1111/imr.12939
https://doi.org/10.1111/cas.15114
https://doi.org/10.1111/cas.15114
https://doi.org/10.1186/s40425-016-0109-1
https://doi.org/10.1186/s40425-016-0109-1
https://doi.org/10.1016/j.cell.2015.08.064
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.4049/jimmunol.1003613
https://doi.org/10.1038/s41571-020-0382-2
https://doi.org/10.1016/j.cell.2015.05.025
https://doi.org/10.1111/febs.15327
https://doi.org/10.3389/fimmu.2018.00141
https://doi.org/10.33696/signaling.1.017
https://doi.org/10.1038/ni.3838
https://doi.org/10.1038/ni.3838

Cancer and Metastasis Reviews (2021) 40:1073-1091

1091

130.

131.

132

133.

134.

135.

Dominguez, M., Briine, B., & Namgaladze, D. (2021). Explor-
ing the role of ATP-citrate lyase in the immune system. Frontiers
in Immunology, 12, 632526. https://doi.org/10.3389/fimmu.2021.
632526

Peng, M., Yin, N., Chhangawala, S., Xu, K., Leslie, C. S., & Li,
M. O. (2016). Aerobic glycolysis promotes T helper 1 cell differen-
tiation through an epigenetic mechanism. Science, 354, 481-484.
https://doi.org/10.1126/science.aaf6284

North, R. J., Neubauer, R. H., Huang, J. J., Newton, R. C., & Love-
less, S. E. (1988). Interleukin 1- induced, T cell-mediated regres-
sion of immunogenic murine tumors. Requirement for an adequate
level of already acquired host concomitant immunity. Journal of
Experimental Medicine, 168(1988), 2031-2043. https://doi.org/10.
1084/jem.168.6.2031

Dufort, F. J., Gumina, M. R., Ta, N. L., Tao, Y., Heyse, S. A.,
Scott, D. A., Richardson, A. D., Seyfried, T. N., & Chiles, T. C.
(2014). Glucose-dependent de novo lipogenesis in B lymphocytes:
A requirement for atp-citrate lyase in lipopolysaccharide-induced
differentiation. Journal of Biological Chemistry, 289(10), 7011—
7024. https://doi.org/10.1074/jbc.M114.551051

Ren, J.-G., Seth, P,, Ye, H., Guo, K., Hanai, J. I., Husain, Z., &
Sukhatme, V. P. (2017). Citrate suppresses tumor growth in mul-
tiple models through inhibition of glycolysis, the tricarboxylic
acid cycle and the IGF-1R pathway. Scientific Reports, 7(1), 4537.
https://doi.org/10.1038/s41598-017-04626-4

Li, Z., Li, D., Choi, E. Y., Lapidus, R., Zhang, L., Huang, S. M.,
Shapiro, P., & Wang, H. (2017). Silencing of solute carrier family
13 member 5 disrupts energy homeostasis and inhibits proliferation
of human hepatocarcinoma cells. Journal of Biological Chemistry,
292(33), 13890-13901. https://doi.org/10.1074/jbc.M117.783860

136.

137.

138.

139.

140.

141.

Kavanagh, J. P. Isocitric and citric acid in human prostatic and
seminal fluid: Implications for prostatic metabolism and secretion.
Prostate, 24(3), 139-42 https://doi.org/10.1002/pros.2990240307.
Icard, P., & Lincet, H. (2016). The reduced concentration of citrate
in cancer cells: An indicator of cancer aggressiveness and a possi-
ble therapeutic target. Drug Resistance Updates, 29, 47-53. https://
doi.org/10.1016/j.drup.2016.09.003

Zhang, X., Varin, E., Allouche, S., Lu, Y., Poulain, L., & Icard, P.
(2009). Effect of citrate on malignant pleural mesothelioma cells:
A synergistic effect with cisplatin. Anticancer Research, 29(4),
1249-1254.

Kruspig, B., Nilchian, A., Orrenius, S., Zhivotovsky, B., & Gog-
vadze, V. (2012). Citrate kills tumor cells through activation of
apical caspases. Cellular and Molecular Life Sciences, 69(24),
4229-4237. https://doi.org/10.1007/s00018-012-1166-3

Petillo, A., Abruzzese, V., Koshal, P., Ostuni, A., & Bisaccia, F.
(2020). Extracellular citrate is a Trojan horse for cancer cells. Fron-
tiers in Molecular Biosciences, 7, 593866. https://doi.org/10.3389/
fmolb.2020.593866

Mycielska, M. E., Mohr, M. T. J., Schmidt, K., Drexler, K., Riim-
mele, P., Haferkamp, S., Schlitt, H. J., Gaumann, A., Adamski, J., &
Geissler, E. K. (2019). Potential use of gluconate in cancer therapy.
Frontiers in Oncology, 9, 522. https://doi.org/10.3389/fonc.2019.
00522

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3389/fimmu.2021.632526
https://doi.org/10.3389/fimmu.2021.632526
https://doi.org/10.1126/science.aaf6284
https://doi.org/10.1084/jem.168.6.2031
https://doi.org/10.1084/jem.168.6.2031
https://doi.org/10.1074/jbc.M114.551051
https://doi.org/10.1038/s41598-017-04626-4
https://doi.org/10.1074/jbc.M117.783860
https://doi.org/10.1002/pros.2990240307
https://doi.org/10.1016/j.drup.2016.09.003
https://doi.org/10.1016/j.drup.2016.09.003
https://doi.org/10.1007/s00018-012-1166-3
https://doi.org/10.3389/fmolb.2020.593866
https://doi.org/10.3389/fmolb.2020.593866
https://doi.org/10.3389/fonc.2019.00522
https://doi.org/10.3389/fonc.2019.00522

	Extracellular citrate and metabolic adaptations of cancer cells
	Abstract
	1 Introduction
	2 Use of glycolysis and OXPHOS by cancer cells
	3 Role of citrate in cancer metabolism
	4 Citrate in redox balance
	4.1 Malic enzymes
	4.2 Pentose phosphate pathway
	4.3 Regulation of NAD + NADH: lactate dehydrogenase, malate dehydrogenase, and the malate-aspartate shuttle
	4.4 Involvement of citrate in controlling redox balance

	5 Citrate — crucial metabolite in cancer development and metastatic progression?
	6 Cancer-associated fibroblasts produce citrate to support tumour growth and metastasis
	7 Senescent cells in the cancer environment as potential suppliers of extracellular citrate
	8 Citrate export and its upregulation in senescent fibroblasts
	9 Citrate transport in epithelial tissues and its uptake by a wide range of cancer types
	10 The role of citrate on tumour-infiltrating immune cells
	11 Extracellular citrate a double-edged sword in cancer metabolism
	12 Conclusions
	Acknowledgements 
	References


