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Abstract

Altered cellular metabolism is an emerging hallmark of cancer. Accumulating recent evidence
links long non-coding RNAs (IncRNAS), a still poorly understood class of non-coding RNAsS, to
cancer metabolism. Here we review the emerging findings on the functions of IncRNAs in cancer
metabolism, with particular emphasis on how IncRNAs regulate glucose and glutamine
metabolism in cancer cells, discuss how IncRNAs regulate various aspects of cancer metabolism
through their cross-talk with other macromolecules, explore the mechanistic conceptual
framework of IncRNAs in reprogramming metabolism in cancers, and highlight the challenges in
this field. A more in-depth understanding of IncRNAs in cancer metabolism may enable the
development of novel and effective therapeutic strategies targeting cancer metabolism.
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Introduction

To support increased proliferation and growth, cancer cells generally reprogram their
metabolism to generate ATP rapidly, to facilitate the biosynthesis of macromolecules, and to
maintain appropriate redox homeostasis. Compared to normal cells, cancer cells are
associated with different metabolic features, such as excessive glucose uptake, more reliance
on aerobic glycolysis, increased glutamine uptake and glutaminolysis, and altered lipid
metabolism [1]. Mutations in several metabolic enzymes, most notably isocitrate
dehydrogenase 1/2, have been identified in various forms of human cancers, hence
evidencing a direct link between metabolism and cancer [2]. However, overall mutation rates
for metabolic enzymes are relatively low in human cancers. Instead, studies in the past
decade have revealed that altered metabolism in cancer is mainly regulated by signaling
pathways involved in cell proliferation and growth, which in turn control the metabolism
network through various transcriptional and post-translational regulatory mechanisms [3].
Principal among these are the phosphoinositide 3-kinase (P13K) pathway, which couples
extracellular growth factor stimulation to cell proliferation and growth; the mammalian
target of rapamycin complex1 (MTORC1, also known as mechanistic TORC1) pathway,
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which senses and integrates nutrient cues to control cell growth; the liver kinase B1 (LKB1)/
AMP-activated protein kinase (AMPK)-mediated energy sensing pathway; and several
transcription factors that regulate cell growth and metabolism, including p53, hypoxia-
inducible factor 1 (HIF1), and c-Myc [4, 5].

Recent advances in transcriptome analysis have prompted the realization that the human
genome encodes an unappreciated large number of non-coding RNAs (ncRNAs), RNA
transcripts that do not appear to be translated into proteins [6]. Many ncRNAs are expressed
in temporally and spatially controlled manners and have potential transcriptional, post-
transcriptional, and epigenetic regulatory functions [7]. Based on the size of the transcripts,
ncRNAs are classified into small ncRNAs (shorter than 200 nucleotides) and long ncRNAs
(IncRNAs; longer than 200 nucleotides). Small ncRNAs include microRNAs (miRNAS),
piwi-interacting RNAs (piRNAs), and small nucleolar RNAs (snoRNAs) [8-10], and it is
widely appreciated that small ncRNAs, particularly miRNAs, regulate a broad spectrum of
biological processes, including cancer metabolism [11-14]. The functions of INcCRNAs in an
array of biological processes have been established [15]; however, their roles in the
regulation of metabolism and energy homeostasis remain largely elusive. In this perspective,
we first briefly introduce the biology of InNcRNAs and summarize their classification and
known biochemical functions. Then we review the recent findings on the functions of
IncRNASs in cancer metabolism, with particular emphasis on how IncRNAs regulate glucose
and glutamine metabolism in cancer cells. Finally, we discuss the future prospects for
studying IncRNAs in cancer metabolism.

Brief introduction to IncRNAs

One of the most surprising findings from genomic studies in the past decade is the
realization that there is extensive transcription from non-protein-coding regions in the
human genome [16]. It is now widely appreciated that there are numerous ncRNAs, whether
short or long, encoded in our genome. INCRNAs refer to a loosely classified group of RNA
transcripts that are longer than 200 nucleotides and have no apparent protein-coding
potential. Similar to protein-coding transcripts, IncRNAs are generally transcribed by RNA
polymerase 11, 5"-capped, spliced, and polyadenylated [17]. In recent years, high-throughput
sequencing technologies, coupled with newly developed computational approaches for
transcriptome assembly and annotation, have identified tens of thousands of IncRNAs in the
human genome, significantly outnumbering protein-coding genes [18-20]. Since INCRNAs
generally lack distinct sequence features and share poor primary sequence conservation, it is
difficult to provide categorical definitions of INcRNAs based on their sequence information.
Instead, the current classification of INCRNAs is largely based on their genomic location
relative to nearby protein-coding genes. Specifically, IncRNAs that are located within the
introns of protein-coding genes are referred to as intronic INCRNAs, while IncRNAs that do
not overlap with any protein-coding gene are referred to as intergenic IncRNAs. Some
IncRNA/MRNA pairs are transcribed from shared promoters by bidirectional transcription:
such IncRNAs are classified as divergent IncRNAs. An IncRNA that overlaps with the sense
or antisense strand of another protein-coding gene is classified as a sense or antisense
IncRNA, respectively (Fig. 1A).
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The expression of most INcRNAs is highly tissue-specific, and is regulated under many
physiological and pathological conditions, and dysregulation of INCRNA expression is
associated with many human diseases, including cancer [21]. Many studies have shown that
IncRNASs regulate a diverse array of biological processes, including cell proliferation,
differentiation, survival, and migration. IncRNAs exert their biological functions via their
interactions with other cellular macromolecules [22]. For example, via binding to the
chromatin/DNA, IncRNAs can function as guides of protein-DNA interactions or enhancers
to their neighboring genes. In addition, through interacting with proteins, INCRNAs can
function as scaffolds for protein-protein interactions or decoys to proteins (IncRNAs can
titrate away or “sponge” other proteins). Finally, through binding to mRNA or other
ncRNAs, IncRNAs can regulate mRNA splicing, RNA stability, protein translation, or
sequestration of miRNAs (Fig. 1B). For example, IncRNAs can cross-talk with other small
RNAs, such as miRNAs, through competing endogenous RNA (ceRNA) mechanisms [23].
According to this model, INcRNAs can function as molecular sponges and titrate miRNAs
away from binding to the corresponding miRNA target protein-coding transcripts, which in
turn regulate the protein levels of miRNA targets at post-transcriptional levels. Thus,
IncRNA, miRNAs, and protein-coding RNAs may form complex regulatory networks to
regulate various aspects of biology. Given the enormous flexibility of RNA molecules, many
more biochemical and biological functions of InNcRNAs are expected to be revealed in future
studies.

How do IncRNAs control cancer metabolism?

Glucose and glutamine are the two most abundant nutrients catabolized in significant
quantities in cancer cells. Glucose, the most important source of carbon, not only generates
energy, but also provides precursors for synthesis of various macromolecules. Glutamine, on
the other hand, provides both carbon and nitrogen sources for bioenergetic and biosynthetic
processes [5, 24]. Many oncogenic signaling pathways regulate glucose and/or glutamine
metabolism, and many cancer cells exhibit oncogene-dependent addictions to glucose or
glutamine in culture. In this section, we discuss the emerging functions of IncRNAs in
cancer metabolism, focusing on the metabolism of glucose and glutamine. We also discuss
the emerging function of IncRNAs in the regulation of mitochondria, the central organelle in
energy metabolism.

LncRNAs regulate glucose metabolism

Glucose is the primary energy source for cells. The usage of glucose by cancer cells is
significantly different from that of normal cells. Specifically, normal non-proliferating cells,
under aerobic conditions, generate ATP primarily through oxidative phosphorylation and
switch to glycolysis for ATP generation only under nonaerobic conditions; in contrast, most
cancer cells mainly rely on glycolysis to generate ATP even under aerobic conditions, which
is known as aerobic glycolysis, or the Warburg effect [3]. The rationale for cancer cells using
a less efficient way of generating ATP is not entirely clear, but it has been suggested that,
through aerobic glycolysis, a significant fraction of glucose will be shunted into other
biosynthetic pathways for the generation of fatty acids, amino acids, and nucleotides, which
are the essential building blocks to support cancer cell growth. Many oncogenic signaling
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pathways promote the Warburg effect through transcriptional or post-translational regulation
of various metabolic enzymes involved in glycolysis [3].

As mentioned earlier, c-Myc and HIF1 are two critical transcription factors that regulate the
expression of many genes involved in glycolysis and promote glycolysis. Accordingly,
several InNcRNAs have been identified to regulate glucose metabolism in cancer cells through
c-Myc or HIF1 (Fig. 2). PCGEM1 was identified as an IncRNA that regulates glucose
metabolism through its binding to c-Myc [25]. Mechanistically, PCGEM! functions as a co-
activator of c-Myc and regulates the expression of many genes that encode enzymes
involved in glucose uptake and glycolysis. In prostate cancer cells, PCGEM1 promotes
glucose uptake for aerobic glycolysis, coupling with the pentose phosphate shunt to facilitate
biogenesis of nucleotides and lipids [25]. Another example is /ncRNA-p21, which was
initially identified as an INCRNA induced by p53 [26]. A subsequent study revealed that
IncRNA-p21 could also be induced by hypoxia, and is essential for hypoxia-induced
glycolysis mediated by HIF-1a. [27]. Mechanistically, /ncRNA-p21 can bind to both HIF-1a
and VHL proteins, disrupts the VHL-HIF-1a interaction, and attenuates VHL-mediated
HIF-1a ubiquitination and degradation, leading to the accumulation of HIF-1a protein.
Such a positive feedback loop between HIF-1a and /ncRNA-p21 presumably further
enhances glycolysis under hypoxia [27]. As master transcription factors to regulate glucose
metabolism, c-Myc and HIF not only are subjected to tight regulation by IncRNAs, but also
regulate the expression of other INcRNAs [28, 29], thus forming complex regulatory
networks to regulate glucose metabolism. It will be important to further characterize c-
Myc/HIF -regulated IncRNAs and their potential roles in the regulation of glucose
metabolism.

Other InNcRNAs have been identified to regulate glycolysis through different mechanisms
(Fig. 2). ceruloplasmin (NRCP) was identified to be an INcRNA highly expressed in ovarian
cancer, and MNRCP knockdown resulted in significantly increased apoptosis, decreased cell
proliferation, and defective glycolysis [30]. Mechanistically, NRCP functions as an
intermediate binding partner between STAT1 and RNA polymerase Il and promotes STAT1-
RNA polymerase Il interaction, leading to increased expression of downstream target genes
such as glucose-6-phosphate isomerase, Aldolase A, and Aldolase C[30]. CRNDE is an
IncRNA highly expressed in colorectal adenomas [31] and regulated by insulin/IGF
signaling [32]. It has been shown that CRNDE promotes the Warburg effect, though the
underlying molecular mechanism remains elusive [32]. Finally, UCA1, an IncRNA
upregulated in blacker cancer, promotes aerobic glycolysis via regulating the expression of
hexokinase 2, a rate-limiting enzyme in glycolysis. Mechanistically, UCAI may regulate
hexokinase 2 expression through the mTOR-STAT3/miR143 pathway [33]. Collectively,
these studies revealed that diverse INCRNAs regulate glycolysis in cancer cells through
impinging on different transcriptional machineries involved in transcriptional regulation of
gene targets in functioning glycolysis pathway.

ATP is the “molecular unit of currency” of intracellular energy transfer: ATP stores the

chemical energy metabolized from glucose (as well as from other nutrients), and the energy
released from ATP hydrolysis is used to drive essentially all cellular processes. As such, the
ATP level in our cells needs to be carefully monitored, and this energy checkpoint is mainly
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mediated by the energy sensor AMPK, a Ser/Thr kinase complex [34]. In response to energy
stress, the ATP concentration drops and, correspondingly, AMP concentration rises. AMP
binds to AMPK and leads to AMPK allosteric activation. AMPK is also phosphorylated by
an upstream kinase, LKB1, leading to further activation of AMPK. Once activated, AMPK
phosphorylates a wide range of downstream targets to restore energy balance in response to
energy stress. One prominent effect upon AMPK activation is the suppression of protein and
lipid syntheses, as these anabolic processes consume a large amount of energy. Since protein
and lipid syntheses are required for tumor growth, the LKB1-AMPK-mediated energy-
sensing pathway suppresses tumor development in many cancers [35]. Indeed, LKBZis a
well-established tumor suppressor mutated in various forms of human cancers [36]. Our
recent study uncovered an IncRNA-involved mechanism to regulate AMPK activation in
response to energy stress [37, 38] (Fig. 2). NBRZ2 (neighbor of BRCA1 gene 2) was
discovered as a glucose starvation-induced IncRNA through LKB1-AMPK signaling.
Furthermore, functional studies revealed that NBRZ2 directly interacts with the kinase
domain of AMPK and promotes AMPK kinase activity. Overexpression of NBRZ2in cancer
cells led to AMPK activation and proliferation suppression, while NBRZ2knockdown
downregulated glucose starvation-induced AMPK activation, leading to defective autophagy/
apoptosis and enhanced tumor development [37]. Interestingly, NBRZ2 originally was
identified as a non-coding gene that resides adjacent to the tumor suppressor gene BRCA1
[39], and both genes are transcribed from a shared promoter by bidirectional transcription
[51], but its function in cancer biology had remained elusive until our recent study [37].
NBRZ represents one of the first identified IncRNAs that can directly regulate kinase
function, although the exact biochemical mechanism by which NBRZ2 promotes AMPK
kinase activity awaits further investigation. Notably, recent studies revealed that many
metabolic enzymes are capable of interacting with RNAs [40,41]. Thus, NBR2-AMPK
model may provide a conceptual framework to further identify and study other novel
IncRNAs that can directly regulate kinase or metabolic enzyme activities.

LncRNAs regulate glutamine metabolism

Glutamine, the second principal growth-supporting metabolite, is the most abundant amino
acid in both cell culture medium and blood in vivo, and serves as an essential metabolite to
support cancer cell proliferation and growth. In the first step of glutamine metabolism,
glutaminase catalyzes the hydrolysis of glutamine to glutamate and ammonia. Glutamate
then serves as the precursor for several metabolism processes: first, glutamate can be further
metabolized to a-ketoglutarate, a tricarboxylic acid cycle intermediate, by either glutamate
dehydrogenase or amino acid transaminases. Second, glutamate contributes to reduced
nitrogen for biosynthesis of nucleotides and other nonessential amino acids. Finally,
glutamate is also a precursor of glutathione, a major cellular antioxidant [24].

Glutaminase controls the rate-limiting step in glutamine metabolism and thus is subjected to
tight regulation. There are two glutaminase isozymes, GLS and GLS2. GLS exists in at least
two isoforms, namely KGA (glutaminase kidney isoform) and GAC (glutaminase isoform c)
[24]. Accumulating evidences revealed that IncRNAs modulate glutamine metabolism
through regulation of different glutaminases (Fig. 2). As discussed previously, UCAI was
identified as an IncRNA that regulates glucose metabolism [33]. A recent study revealed that
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UCA also regulates glutamine metabolism [42]. The study showed that the expression of
UCAIand GLSZare positively correlated in bladder cancer tissues and cell lines, and that
UCA1 overexpression induces GLS2 expression at both the mRNA and protein levels and
promotes glutaminolysis in human bladder cancer cells. Mechanistically, it was proposed
that UCAI serves as a molecular sponge to interfere with the function of miR-16, which is
known to target GLS2 [42]. Colon cancer-associated transcript 2 (CCAT2), an IncRNA
associated with increased risk for various types of cancers, was also recently found to
modulate glutamine metabolism in colon cancer cells [43]. Mechanistic studies showed that
CCATZinteracts with the CFIm complex, a protein complex that regulates mRNA cleavage
and polyadenylation, and regulates the alternative splicing and the poly(A) site selection of
GLSmRNA, resulting in the preferential expression of the more aggressive splice isoform
GAC. Because glutamine serves as the precursor for several metabolism processes and
glutamine metabolism involves various metabolic enzymes, future studies are expected to
identify novel IncRNAs that regulate other aspects involved in glutamine metabolism.

LncRNAs link to mitochondrial function

Mitochondria play a central role in metabolic homeostasis [44]. In addition to producing
ATP, mitochondria generate important biosynthetic intermediates and reactive oxygen
species that propagate various cellular signaling processes. Dysregulation of mitochondrial
function has been linked to various metabolic disorders and cancer. Emerging data suggest
that IncRNAs also play important roles in maintaining mitochondrial function (Fig. 2).
SAMMSON, a recently annotated INcCRNA, is found to be specifically upregulated in
melanoma and required for melanoma growth and survival [45]. SAMMSON primarily
localizes in the cytoplasm, a certain fraction co-localizing with mitochondria. An RNA
pulldown assay showed that p32, an important regulator of mitochondrial homeostasis and
metabolism, is a major binding protein to SAMMSON. Furthermore, upon SAMMSON
silencing, p32 rapidly shuttled into the nucleus, suggesting that SAMMSON interacts with
p32 to maintain the appropriate mitochondrial localization and function of p32. Through
interaction with p32, SAMMSON regulates the maturation of mitochondrial 16S rRNA, the
expression of mitochondrial-encoded proteins, and the maintenance of mitochondrial
membrane potential and oxidative phosphorylation [45]. It will be of interest to identify
other mitochondria-localized IncRNAs and study their roles in cancer metabolism in future
studies.

Future challenges in studying IncRNAs in cancer metabolism

Recent studies have revealed the important functions of IncRNAs in cancer metabolism.
However, compared to our ample understanding of the regulation of cancer metabolism by
protein-coding genes, our knowledge of IncRNAs in cancer metabolism is still limited:
several challenges and important questions remain to be addressed in future studies. First,
compared to the annotation of protein-coding genes, it is still challenging to annotate
IncRNAs accurately. In addition, the expression levels of most INCRNA genes are relatively
low, and experimental approaches to predict or study the biological function of the majority
of IncRNAs remain scant. Second, the conservation of IncRNAs across different organisms
is generally low. With the current computational tools, most of the IncRNAs identified from
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human cells/tissues do not appear to have corresponding orthologue genes in invertebrate
organisms, and in many cases, even in mouse [46]. Such features significantly limit our
capability to use relevant model systems, such as genetically engineered mouse models, to
study the IncRNAs identified in humans. Correspondingly, it may be difficult to translate
findings of INcRNAs made from other model organisms into human setting if such INcRNAs
are not conserved among different organisms.

Finally, the major conceptual frameworks for our current understanding of IncRNAs have
been mainly built upon the studies of nucleus-localized IncRNAs. Accordingly, most of the
IncRNAs discussed in this review are proposed either to regulate gene transcription or to
serve as decoys to other macromolecules, consistent with the commonly proposed functions
for INcRNA, as summarized in Fig. 1B. In this regard, NBRZ2is a remarkable example,
because it represents one of the first cytoplasm-localized IncRNAs that directly regulate
kinase function [37]. Given that biological pathways regulating cancer metabolism mainly
occur in the cytoplasm or intracellular organelles, future studies on INcRNAs in cancer
metabolism will undoubtedly uncover other novel IncRNA-involved regulatory mechanisms
that will go beyond the current conceptual frameworks. The hypothesis that some lincRNAs
can be transported and function in intracellular organelles (such as mitochondria and
lysosomes) to control metabolism is of particular interest, and remains to be tested. In
addition, essentially all currently studied IncRNAs are proposed to exert their biological
effects through interactions with proteins or other nucleic acids (DNA/RNA). We envision
that some linRNAs involved in the regulation the cancer metabolism may directly interact
with other metabolites, such as sugars, lipids, and amino acids. Various protein-based
nutrient sensors function to sense and respond to intracellular or extracellular nutrient
availability [47]. The aforementioned AMPK protein complex directly interacts with AMP
and serves as the energy sensor [34]. Recent studies also identified several amino acid
sensors that sense different forms of amino acids to regulate mMTORC1 activation and cell
growth. For example, the Sestrin family of proteins directly interact with leucine and
function as leucine sensor to regulate mMTORC1 [48], whereas CASTOR family of proteins
directly interact with arginine and may function as arginine sensor to control mTORC1
activation [49]. Notably, in bacteria, riboswitches serve as RNA-based sensors for various
intracellular metabolites, in which a regulatory segment of mMRNA molecules can directly
bind to certain metabolites and modulate the synthesis of the proteins encoded by the
corresponding mRNAS, thus coordinating the nutrient availability to the production of the
proteins that function in the corresponding metabolism pathways [50]. Although
riboswitches mainly occur in bacteria, it is conceivable that there may exist IncRNA-based
sensors that can directly interact with metabolites and sense the nutrient availability in
mammals. Future studies will be directed to address these exciting questions and hypotheses.

Conclusion and prospects

LncRNAs are emerging as an important class of regulators in cancer metabolism. The
discoveries and functional studies of IncRNASs involved in cancer metabolism have expanded
our knowledge of the mechanisms of reprogramming of cancer metabolism, as exemplified
by the studies described above. We envision the future studies will address the technical and
conceptual challenges discussed above, and will reveal many more exciting discoveries on
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how IncRNAs control cancer metabolism. Given the highly dynamic expression patterns of
IncRNASs in cancers and emerging important functions of IncRNAs in cancer metabolism,
future studies on INcRNAs in cancer metabolism may identify novel biomarkers or
therapeutic targets for cancer treatment.
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Abbreviations

AMPK AMP-activated protein kinase
CCAT2 Colon cancer-associated transcript 2

ceRNAs competing endogenous RNAs

GAC glutaminase isoform c
GLS glutaminase

HIF1 hypoxia-inducible factor 1
KGA glutaminase kidney isoform

LKB1 the liver kinase B1
IncRNAs  long non-coding RNASs
miRNAs microRNAs

mTORC1 mammalian target of rapamycin complex 1 or mechanistic target of
rapamycin complex 1

NBR2 neighbor of BRCA1 gene 2
ncRNAs  non-coding RNAs
piRNAs piwi-interacting RNAs
PI3K phosphoinositide 3-kinase

snoRNAs small nucleolar RNAs
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Figurel.
Classification and mechanisms of IncRNA. A: According to their proximity to protein-

coding genes, INcRNAs can be classified into intronic, divergent, intergenic, sense, and
antisense INcCRNAs. B: Mechanisms of IncRNA in regulation of gene expression. In the
nucleus, INcRNAs can interact with chromatin/DNA to regulate gene expression through
mediating long-range chromatin interactions or recruitment of regulators to specific genomic
loci (left panel). In cytoplasm, INcRNAs can promote or repress the assembly of a protein
complex through protein scaffold function or harming protein-protein interaction (middle
panel). Furthermore, INcRNAs can interact with mRNA directly and regulate its stability,
splicing, or translation or function as sponge to sequester other RNAs, especially miRNAs
(right panel).
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Schematic illustration of selected IncRNAs involved in the regulation of cancer metabolism.
By regulating the master regulators/signaling pathways, InNcRNAs can reprogram major
cancer metabolism pathways. Detailed mechanisms of action of these InNCRNAs are

described in the main text.
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