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HYPOTHESIS
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ABSTRACT

Hepatocellular carcinoma (HCC) is a longstanding issue in clinical practice and metabolic research.
New clues in better understanding the pathogenesis of HCC might relate to the metabolic context in
patients with citrin (aspartate-glutamate carrier 1) deficiency (CD). Because citrin-deficient liver (CDL)
is subject to HCC, it represents a unique metabolic model to highlight the mechanisms of HCC
promotion, offering different angles of study than the classical metabolic syndrome/obesity/non-
alcoholic fatty liver disease (NAFLD)/HCC study axis. In turn, the metabolic features of HCC could
shed light on the pathogenesis of CDL. Among these, HCC-induced re-activation of aralar-1
(aspartate-glutamate carrier 2), physiologically not expressed in the adult liver, might take place in
CDL, so gene redundancy for mitochondrial aspartate-glutamate carriers would be exploited by the
CDL. This proposed (aralar-1 re-activation) and known (citrate/malate cycle) adaptive mechanisms
may substitute for the impaired function in CD and are consistent with the clinical remission stage of
CD and CD improvement by medium-chain triglycerides (MCT). However, these metabolic adaptive
benefits could also promote HCC development. In CD, as a result of PPARa down-regulation, liver
mitochondrial fatty acid-derived acetyl-CoA would, like glucose-derived acetyl-CoA, be used for lipid
anabolism and fuel nuclear acetylation events which might trigger aralar-1 re-activation as seen in
non-CD HCC. A brief account of these metabolic events which might lead to aralar-1 re-activation in
CDL is here given. Consistency of this account for CDL events further relies on the protective roles of
PPARa and inhibition of mitochondrial and plasma membrane citrate transporters in non-CD HCC.

Keywords: mitochondrial solute carriers; SLC25A1; SLC25A12; SLC25A13; citrin; aralar-1; malate-
aspartate shuttle; citrate-malate shuttle; cytosolic NADH redox state; histone acetylation; gene
redundancy; gene re-activation; citrin deficiency; hepatocellular carcinoma



1. Introduction

Hepatocellular carcinoma (HCC) is a long-standing problem in clinical practice and research. It is the
leading type of liver cancer, accounting for approximately 4 out of 5 liver cancers and is the second
leading cause of death in cancer patients [1]. Current concepts and future challenges in HCC have
been reviewed notably by considering the metabolic syndrome/obesity/non-alcoholic fatty liver
disease (NAFLD)/HCC study axis, with a special emphasis on the burden of NAFLD-associated HCC [1].
Citrin deficiency (CD) is rare inborn error of metabolism and patients with CD may develop HCC [2]
sometimes in the infant age [3]. Because citrin-deficient liver (CDL) is subject to HCC, it represents a
unique metabolic model to highlight the mechanisms of HCC promotion, offering different angles of
study than the metabolic syndrome/obesity/NAFLD/HCC study axis mentioned above. In turn, the
metabolic features of HCC could shed light on the pathogenesis of CDL. Among these, the re-
activation of aralar-1 seen in non-CD HCC [4] might be speculated to take place in CDL. Though in
CDL, aralar-1 re-activation might have obvious metabolic benefits, it might also contribute to HCC
development in CD. A brief discussion of the metabolic background that supports this proposal is

presented here.

2. The two aspartate/glutamate carriers and citrin deficiency

Aspartate/glutamate exchange is catalyzed by proteins located in the mitochondrial inner membrane
and activated by calcium acting at the external face of this membrane [5]. Depending on the cell
type, this exchange may be catalysed by citrin (SLC25A13), aralar-1 (SLC25A12), or both proteins [6].
The metabolic basis and treatment of patients exhibiting CD was recently reviewed as well as the
different phenotypes including severe neonatal and adult onset presentations, and a third
compensation and adaption (remission-like) phenotype developing between neonatal and adult ages

[2]. As mentioned above, CD is also a cause of HCC [2].

3. Rise of cytosolic NADH in CDL may be partially compensated by the citrate/malate cycle

In CDL, high cytosolic NADH/NAD* ratio, resulting from the failure to shuttle NADH (via malate)
between cytosol and mitochondria, is a key driver of the citrate/malate cycle [7]. This cycle starts
with the mitochondrial export of citrate to the cytosol where it is cleaved by ATP-citrate lyase (ACLY)
to oxaloacetate and acetyl-CoA. As a result of high cytosolic NADH levels, oxaloacetate is reduced to
malate which fuels back mitochondria Krebs’cycle to regenerate citrate. The citrate/malate cycle can
act as an energy dependent pathway which drives the oxidation of cytosolic NADH [8], and hence
might partially substitute for citrin. The roles of citrin and citrate/malate cycle in

cytosol/mitochondria NADH redox shuttling are illustrated in Figure 1.
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Figure 1 — Mitochondrial/cytosolic redox shuttling of NADH with an emphasis on the citrin (A) and
citrate/malate (B) redox shuttles. Note the citrin-driven redox cycle is also referred to as the
malate/aspartate shuttle and, historically, initially to as the Borst cycle. The citrate/malate (B) vs
citrin-catalyzed (A) cycles differ by the mitochondrial export of acetyl-CoA and need of ATP for the
citrate/malate shuttle (illustrated), and in liver, by the involvement of citrin in the urea cycle (not
illustrated). Abbreviations are: KC, Krebs cycle; mMDH, mitochondrial malate dehydrogenase; cMDH,
cytosolic malate dehydrogenase; mASAT, mitochondrial aspartate aminotransferase; cASAT, cytosolic
aspartate aminotransferase; CS, citrate synthase; ACLY, ATP citrate lyase. A pragmatic and historical
account for the two illustrated NADH redox shuttles may be found in the recent review of Piet Borst
cited in the main text.

4. MCT and CDL mitochondrial acetyl-CoA

The reason why MCT supplementation is implemented in CD patients is to provide patients with a
diet energy supply which lowers or removes sugar uptakes. This avoidance of glucose is justified by
the known promoting effect of glucose on liver cytosolic NADH burst and hence toxic expression of
the disease [2, 7]. Therein, patients with CD are currently proposed to be all candidates for being
given MCT [2]. Under MCT supplementation, CDL is supplied with MCFA directly via the portal
circulation [2]. MCFA bypass the carnitine palmitoyltransferase type 1 (CPT1) step inhibited by
malonyl-CoA (secondary to high cytosolic acetyl-CoA levels resulting from the stimulation of
citrate/malate cycle), and afford mitochondrial energy yield and formation of acetyl-CoA. In the CDL,
PPARa mRNA levels are decreased as well as the protein levels (measured by immunoblot detection)
and function (assayed by DNA-binding activity) [9]. These changes are majored under steatosis and
proposed to result possibly from stimulations of c-Jun-N-terminal kinase (JNK) and inflammation
signalling [9]. Clinically, circulating markers consistent with PPARa deficiency (or at least biological
changes targeted by PPARa agonists) are sometimes, but not always, described in patients with CD.
These may include hypertriglyceridemia [10] and its lowering by the pan-PPAR agonist bezafibrate
[11], and in CD patients with echinocytosis, low levels of HDL-cholesterol and ApoA1l [12]. Clinical

development of hypoketotic hypoglycaemia [13] as seen in mitochondrial B-oxidation disorders [14]



might be accounted for by impairment of this pathway secondarily to PPARa deficiency.
Biochemically, indeed, the PPARa deficiency is, in CDL, associated with down-regulation of the
expression of PPARa target genes and resulting decrease in the levels of proteins involved in
mitochondrial and peroxisomal fatty acid oxidation [9]. This may reduce the fuelling of ketone body
synthesis. In parallel, ketogenesis enzymes might be directly impacted. In CDL, the down-regulation
of PPARa should affect ketogenesis by the loss of the up-regulation by this nuclear receptor of the
mitochondrial 3-hydroxy,3-methylglutratyl-CoA (HMG-CoA) synthase (HMGS2), a key enzyme in
ketone body synthesis [15]. Accordingly in citrin-deficiency, circulating ketone bodies acetoacetate
and B-hydroxybutyrate are low [9,13] and are expected to be increased by MCT to a lower extent
than normal. Since less committed in ketogenesis, fatty acid-derived acetyl-CoA might fuel the
citrate/malate cycle. Along with the drop in dietary intake of glucose, this might contribute to the

improvement by MCFA of cytosolic NADH levels in CDL [2].

5. MCT and CDL nuclear acetyl-CoA

Improvement of cytosolic NADH levels reported for MCT was also proposed for pyruvate in CD [2].
Interestingly, MCT and pyruvate could fuel nuclear acetyl-CoA. In CDL, MCT might increase nuclear
acetylating events viag stimulation of the malate/citrate cycle. Indeed, ACLY is a cytosolic-nuclear
enzyme which may directly cleave citrate in the nucleus to provide acetyl-CoA for nuclear acetylating
reactions [16,17]. Pyruvate can directly fuel acetyl-CoA for histone acetylation via nuclear pyruvate

dehydrogenase [16].

6. Aralar-1 reactivation: a additional metabolic adaptive mechanism in CDL?

Aralar-1, the other mitochondrial aspartate-glutamate carrier, is physiologically expressed in many
adult cell types but not hepatocytes [6]. Interestingly, liver aralar-1 gene expression may be
reactivated. This has been observed in HCC and promoted by increased histone acetylation and
cAMP Response Element-Binding Protein (CREB) recruitment [4]. Therapeutic mechanisms conveyed
by MCT and pyruvate could rely on increased histone acetylation which might trigger liver SLC25A12

reactivation.

7. Aralar-1 reactivation as a HCC promoting event in CDL?

Aralar-1 reactivation might result from the increased fueling of nuclear acetyl-CoA in CDL. The
increased acetylated histones may also down-regulate arginosuccinate synthetase 1 (ASS1) gene
[18,19]. This down-regulation might little or no affect ammonia removal which in CDL rely more on

glutamine synthetase than on urea cycle [2]. By preventing the use of aspartate for ammonia



detoxifying purposes, it might however drive aspartate use towards protein synthesis, and nucleotide
biosynthesis. Overall, this might contribute to promoting tumoral development, even if in CD,
impaired ASS1 is subject to heterogeneity, respective to liver regions [20]. As stressed above, aralar-1
reactivation has been described in non-CD HCC (HepG2 cells) [4], CD is a cause of HCC [2,3] and
mitochondrial dysfunction (loss of both citrin function itself and PPARa function) [9], and aralar-1 is
only found in the fetal/developing liver [6]. Interestingly, the stem cell phenotype of HCC HepG2 cells
has recently been shown to be induced (increased stem markers) by nandrolone via mitochondrial
dysfunction (inhibition of mitochondrial OXPHOS complexes) [21]. Therefore, although not pointed in
the latter study, it is not unreasonable to think that reactivation of aralar-1 could be a pioneer stem
marker or, as suggested for a-fetoprotein [22], could promote HCC development and metastasis and
possibly HCC stem cell initiation. As suggested for norandrolone-induced mitochondrial dysfunction
[21], mitochondrial impairment in the CDL (combining deficiency of citrin function and PPARa-
dependent pathways) could also represent a precondition that, in addition to multiple impairments,
could expose to HCC development. Further studies focusing on aralar-1 in liver stem cells should
clarify this issue. In addition to an action on HCC initiation, aralar-1 provides cells with a metabolic
reprogramming that, in combination with the reduced CDL content in ASS-1 (see above), could
increase the supply of nucleic acid and protein syntheses with aspartate. Thus, aralar-1 could not

only pre-expose to HCC development but also promote it.

8. Conclusion and perspective for future study

In CDL, links between metabolic reprogramming and nuclear acetylation events still need
clarifications, notably whether the reactivation of liver aralar-1 might contribute to improvement by
therapies, and remission stage of the disease. Under this consideration, though antitumoral role of
MCT was supported by suggested down-regulated Wnt/B-catenin axis and a favourable issue in one
case in CD [20], re-expression of aralar-1 in CD (and possibly potentiated by MCT) might unprotect
since in HCC this re-activation drives the use of aspartate towards protein and nucleotide
biosynthesis thereby promoting tumoral development [4]. By substituting for citrin, the re-activation
of aralar-1 might explain the remission (adaptation and compensation) stage observed in this
disease, and possibly the metabolic benefit of MCT. Any MCT activity on HCC development in CD
might be explored by monitoring more systematically circulating alpha-fetoprotein (as a biological,
though not specific, marker of hepatocellular carcinoma) in MCT-treated and untreated patients with
CD. Despite the limited number of patients with CD, measurements of circulating a-fetoprotein are
feasible and promoted by widespread implementation in clinical chemistry laboratories in the
medical routine practice. Such measurements are therefore readily available in the screening and

follow-up setting to monitor changes induced by therapeutic measures and disease course. Alpha-



fetoprotein measurements can even be performed on dried blood spots, improving compliance of
patients and reducing costs for the health care screening [23].

Present considerations on CD are well consistent with the protective roles of PPARa [24] and
combined inhibition of mitochondrial and plasma membrane citrate transporters [25] in HCC. Finally,
studies on viable models of citrin-deficient cells, even if they are not hepatocytes (little or no
ketogenesis would approximate CDL instead of moving away from it), such as those obtained with
CRISPR/Cas9 technology to induce SLC25A13 knockout [26] should also be useful to study the effect
of MCT (or MCFA) on nuclear acetylation events, and therein contribution of other (acetylcarnitine
and acetate instead of citrate) routes linking mitochondrial and nuclear acetyl-CoA metabolism. To
our knowledge, in contrast to non-CD HCC [4], there are still no currently data directly supporting the
re-activation of aralar-1 in response to citrin gene inactivation or in CD HCC. Knockout models of
human CD are expected to prone to develop HCC and might help exploration of the possible
promoting effects of MCT. In this respect, mice with SLC25A13 (citrin)-knockout gene only partially
but not fully mimics the pathogenesis of human CD [27]. By contrast, the citrin/mitochondrial
glycerol-3-phosphate dehydrogenase (mG3PDH) double-knockout mouse model rather accounts
properly for the human CD [28]. This latter model should be thus more suitable to study aralar-1
reactivation and HCC development. A current account for this matter in the double knockout mouse
model is, however, still awaited. The reason why a murine double knock-out is needed to mimic the
human CD might rely on a prominant role of citrin over mG3PDH to control cell NADH redox states in
the human liver whereas in mouse liver this control might be shared in similar or complementary
parts by the two mitochondrial (citrin and G3PDH) proteins.

The main hypothesis of this article is that aralar-1 might be re-activated in the CDL. In the proposed
metabolic context on which aralar-1 re-activation could rely, how MCT/MCFA might be exactly
metabolized and, hence, how they might impact HCC development are currently unknown. Thus, as
regards to MCT therapy in human CD, the possible HCC promoting risk should deserve a very special
attention in view of the combination of mitochondrial metabolic and cytosolic redox disturbances
which, in CDL, might orientate MCT metabolism towards a fuelling of nuclear hyperacetylating
events. As mentioned above, these events are known to promote re-activation of aralar-1, HCC
development, and hence increased liver secretion of a-fetoprotein (notably increased HCC-
associated forms of this protein including the L3 fraction [29] and the aberrant osylated forms [30,
31]). Though MCT therapy is a priori an adapted and convenient therapy, the risk for its pro-HCC
promoting effects in patients with CD should be urgently checked forwards (via monitoring of the
HCC a-fetoprotein markers) in the special case of patients with CD to reposition, if needed, the
recommendation of this therapeutic measure in this disease. Other therapies based on glucose
(ethanol and glycerol) avoidance or slowly carbon hydrate releasing forms (to avoid exposure of liver
to a burst of glucose), and administration of a PPARa agonist drug such as fenofibrate (to restore the

lost connexion between urea cycle function, PPARa signalling, and fatty acid oxidation mentioned in



[9]) remain therapeutic options that warrants future consideration in treating patients with CD.
Ketone body administration and, in view of the long known liver peroxisome role in electron

shuttling and content in lactate oxidase [32], L-lactate-based therapy should not be disregarded.
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