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and fl exibility to adapt to the microenvironment (oxygen, 
pH, and nutrient availability) ( 2–4 ). 

 MicroRNAs are small single-stranded noncoding RNAs 
(19–25 nucleotides) that posttranscriptionally repress the 
expression of mRNAs implicated in nearly all cellular pro-
cesses, such as cell cycle, apoptosis, autophagy, stemness, 
differentiation, angiogenesis, infl ammation, drug resistance, 
stress response, transformation, and migration. MicroRNAs 
are frequently deregulated in cancer and so they are im-
portant biomarkers for diagnosis and prognosis of the 
cellular outcome ( 5, 6 ) 

 Importantly, individual microRNAs, combinations of 
microRNAs, or even artifi cial microRNAs can specifi cally 
be designed to affect entire biological pathways ( 7, 8 ), and 
this makes them good candidates for therapeutic interven-
tion compared with classical single target approaches. 

 In this review, we briefl y describe the altered cancer cell 
metabolism, and then we discuss the use of microRNAs as 
modulators of specifi c metabolic pathways in cancer (sum-
marized in   Fig. 1  ).  We note the promising potentiallity of 
microRNAs for therapeutic intervention toward the al-
tered lipid metabolism in cancer (summarized in   Fig. 2  ).  
In an attempt to open new therapeutic windows, we em-
phasize two exciting scenarios for microRNA-mediated in-
tervention that need to be further explored:  1 ) the 
cooperation between FA biosynthesis (lipogenesis) and FA 
oxidation (FAO) as a survival mechanism in cancer; and  2 ) 
the regulation of the intracellular lipid content in the 
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transcriptionally repress the expression of target mRNAs 
implicated in multiple physiological processes, including 
apoptosis, differentiation, and cancer. MicroRNAs can af-
fect entire biological pathways, making them good candi-
dates for therapeutic intervention compared with classical 
single target approaches. Moreover, microRNAs may be-
come more relevant in the fi ne-tuning adaptation to stress 
situations, such as oncogenic events, hypoxia, nutrient de-
privation, and oxidative stress. Furthermore, artifi cial mi-
croRNAs can be designed to modulate the expression of 
multiple targets of a specifi c pathway. In this review, we de-
scribe the metabolic reprogramming associated to cancer, 
with a special interest in the altered lipid metabolism. Next, 
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relevant to target cancer cell metabolism.   Finally, in an 
attempt to open new therapeutic windows, we emphasize 
two exciting scenarios for microRNA-mediated intervention 
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complementary partners for the survival of cancer cells; 
and  2 ) the regulation of the intracellular lipid content mod-
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 A   hallmark of cancer is the metabolic reprogramming 
to sustain cell proliferation and metastasis ( 1 ). Regardless of 
the oncogenic or tumor suppressor event implicated, cancer 
cells rely on a positive balance of energy and biosynthetic 
requirements. Moreover, cancer metabolism is the result 
of a combination of cell-autonomous genetic alterations 
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metabolism is interrupted, they may rely on glucose-de-
pendent anaplerosis of the TCA cycle ( 11 ). 

 This indicates that the altered tumor metabolism is the 
result of a combination of cell autonomous genetic altera-
tions and fl exibility to adapt to microenvironment changes 
(oxygenation, pH, and nutrient availability) ( 2–4 ). 

 Aerobic glycolysis in cancer is intimately coordinated with 
glutamine metabolism 

 The most prominent metabolic alteration in cancer pro-
liferating cells is the increased glucose uptake and the use 
of aerobic glycolysis versus mitochondrial respiration re-
gardless of the abundance of oxygen (Warburg effect) ( 1, 
12 ). In spite of the lower energy generated by aerobic gly-
colysis, this metabolic preference sustains intermediates for 
biosynthesis of lipids, nucleotides, and amino acids, which 
are required to sustain cell proliferation. To compensate 
the low effi ciency of ATP production compared with mito-
chondrial respiration, cancer cells upregulate glucose trans-
porters ( 13 ) to increase the uptake of glucose. In addition, 
tumors upregulate the expression of glycolytic enzymes, 
such as hexokinase (HK)2, phosphofructokinase (PFK)1, 
and lactate dehydrogenase (LDH)A, among others ( 14 ). 

cross-talk between lipid storage into lipid droplets (LDs) 
and lipid mobilization by lipolysis and/or lipophagy 
(  Table 1  ).    

 CANCER CELL METABOLIC REPROGRAMMING 

 Cancer cells alter their metabolism to provide the addi-
tional energy and anabolic demands of biosynthesis (nu-
cleotides, lipids, proteins) that sustain cell proliferation 
and metastasis. Although proliferative metabolism is a 
hallmark of cancer, it is important to note that there is in-
credible biological diversity across cancer types and even 
heterogeneities within a single tumor. This affects not only 
the mechanism by which the metabolic reprogramming is 
achieved, but also the specifi c set of metabolic dependen-
cies. For example, the exogenous glutamine dependency 
varies across different breast tumor subtypes ( 9 ). 

 In addition, cancer cells present increased metabolic 
plasticity that allows them to continuously adapt to changes 
in microenvironment. In this sense, some transformed 
cells depend on glutamine as an important carbon source 
for the replenishment of the tricarboxylic acid (TCA) cy-
cle intermediates (anaplerosis) ( 10 ), but when glutamine 

  Fig. 1.  Summary of the metabolic pathways altered in cancer that are described in this review: enhanced aerobic glycolysis, increased fl ux 
to the PPP, increased glutaminolysis, and de novo lipogenesis and cholesterogenesis. These pathways support rapid proliferation and me-
tastasis. In addition, cancer cells present an increased metabolic plasticity interconnecting pathways to adapt to the changing tumor micro-
environment; lipolysis, lipophagy, and FAO contribute to provide energy and to face oxidative stress. GLUD1, glutamate dehydrogenase; 
GOT1, aspartate aminotransferase; MDH1, malate dehydrogenase 1; PDH, pyruvate dehydrogenase;  � -KG,  � -ketoglutarate; Asp, aspartate; 
Glc, glucose, Glu, glutamate; Gln, glutamine; G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; F1,6P, fructose-1,6-bisphosphate; Mal, 
malate; 3PG, 3-phosphoglycerate; ETC, electron transporter chain; ASCT, neutral amino acid transporter; GLUT, glucose transporter; 
MCT, monocarboxylate transporter; aa, amino acids; N, nucleotides; VLCFA, very long chain FAs. (Blue lines, catabolic pathways; orange 
lines, anabolic pathways; purple lines, redox homeostasis).   
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substituted by the M1 isoform. Interestingly, cancer cells 
re-express the M2 isoform and, as a consequence, the gly-
colytic fl ux is slowed down and upstream glycolytic inter-
mediates can be redirected to anabolic processes ( 17 ). In 
addition, PK-M2 is subjected to postranslational modifi ca-
tions, such as phosphorylation, glycosylation, ubiquiti-
nation, nitrosylation, methylation, acetylation, lipidation, 
and proteolysis, that infl uence its activity. Moreover, it has 
been described as a nuclear function of PK-M2 where it 
coactivates catenin to induce cMyc, Glut1, and LDHA, 
which contribute to the Warburg effect ( 18 ). 

 Aerobic glycolysis in cancer requires a coordinated 
adjustment of glutamine metabolism. Glutamine not only 
donates the nitrogen required for the synthesis of nucle-
otides, amino acids, and hexosamines, but it is also an im-
portant carbon source to fulfi ll TCA intermediates   ( 19–23 ). 
Unlike normal cells, where the TCA cycle provides mainly 
ATP, in proliferating cells, the TCA cycle also provides 
intermediates for biosynthetic pathways. Glutamine is the 
main carbon source for the replenishment of TCA cycle 
intermediates. Glutamine-derived citrate can be converted 
to acetyl-CoA (AcCoA) and oxaloacetate (OAA) by ATP 

 A checkpoint in the glycolytic pathway is the pentose 
phosphate pathway (PPP). This pathway generates pen-
tose sugars and NADPH (oxidative branch of the PPP). 
NADPH provides reducing equivalents that are needed 
for reductive biosynthesis (mainly de novo FAs and choles-
terol biosynthesis) and for diminishing reactive oxygen 
species (ROS), which are produced in proliferating cells. 
A major mediator of glucose redirection to the PPP versus 
aerobic glycolysis is the transcription factor, transcrip-
tional target TP53-induced glycolysis and apoptosis regula-
tor (TIGAR), whose expression correlates with increased 
survival in various cancer types ( 15, 16 ). A second check-
point in glycolysis is the differential expression of pyruvate 
kinase (PK) isoforms in cancer cells. PK catalyzes the rate-
limiting ATP-generating step of glycolysis in which phos-
phoenolpyruvate (PEP) is converted to pyruvate (Pyr). 
The PK-M1 isoform is active forming tetramers that have 
high affi nity for PEP, which is converted rapidly to Pyr 
(generating ATP as a result). By contrast, the PK-M2 iso-
form can switch from a tetrameric to a dimeric structure 
with decreased affi nity for PEP. The PK-M2 isoform is nor-
mally expressed in embryonic tissues and, in adulthood, is 

  Fig. 2.  Summary of the lipid metabolism pathways that are described in this review: Lipogenesis and FAO can cooperate as partners to 
increase plasticity of cancer cells. De novo FA and cholesterol biosynthetic pathways and LD formation are indicated by the orange arrows. 
FAO contributes to increase survival under energy and oxidative stress (indicated by blue arrows  ). Intracellular lipid content is the result 
of a dynamic balance between neutral lipid storage in LDs (TAG and CE) and lipid mobilization by neutral lipases (lipolysis) or acidic li-
pases (lipophagy) that release FFA for FAO in mitochondria or substrates for lipid-related signaling molecules, as well as structural mole-
cules for membrane biosynthesis. In addition, LDs contain an enriched proteome that regulates lipid mobilization and protects from toxic 
unfolded proteins, buffers excess of proteins, and regulates lipid mobilization when required. Lipophagy is an active process for lipid mo-
bilization that contributes to increase the survival and fi tness of cancer cells. Orange arrows, FA and lipid biosynthesis; blue arrows, lipid 
mobilization and FAO; green boxes, enzymes implicated in lipid biosynthesis; purple boxes, enzymes implicated in lipid mobilization [li-
pases (adipose TAG lipase, HSL, MAGL) and phospholipases (PLA1, PLA2, PLA3) are indicated in purple]. Lipophagy-related acidic li-
pases are indicated in yellow. mit, mitochondria; G3P, glycerol-3-phosphate; M  AG, monoacylglycerol; CE, cholesterol esters.; PG, 
phosphatidylglycerol; PS, phosphatidylserine; PC, phosphatidylcholine  , PE, phosphatidylethanolamine; PI, phosphatidylinositol; Cho, cho-
line; CPT1A2, carnitine palmitoyltransferase 1A2; CD36, thrombospondin receptor; FATP, fatty acid transport protein.   
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However, numerous studies have confi rmed that neoplas-
tic tissues show aberrant activation of de novo lipogenesis 
( 29 ). In fact, overexpression of lipogenic enzymes is re-
ported as a common characteristic of many cancers ( 27, 
30, 31 ), and inhibition of different enzymes within the FA 
biosynthetic pathway can block cancer cell growth ( 28, 32, 
33 ). FAs can be converted to triacylglycerols (TAGs) for 
storage and to phospholipids for membrane biogenesis. In 
addition, they can produce second messengers and hor-
mones implicated in signaling pathways or they can be 
completely oxidized to CO 2  for energy production. 

 Several studies have shown that key enzymes involved 
in lipid metabolism are differentially expressed in nor-
mal versus tumor tissues, and some of them have been 
proposed as prognosis biomarkers in different types of 
cancer ( 30 ). 

 De novo lipid biosynthesis is directly supported by the 
generation of AcCoA and NADPH from glucose and gluta-
mine metabolism. Large amounts of NADPH are con-
sumed during de novo lipid synthesis and several pathways 
are required for the replenishment of NADPH in prolif-
erative cells. Glucose-6-phosphate dehydrogenase that re-
directs glucose-6-phosphate to the oxidative branch of the 
PPP to produce NADPH is frequently upregulated in ma-
lignant cancer cells ( 34, 35 ). In addition, NADP-dependent 
isocitrate dehydrogenase (IDH)1 and malic enzyme (ME), 
that generate NADPH, are found to be highly expressed in 
tumor cells ( 36, 37 ). 

 Reductive carboxylation of glutamate to isocitrate can be 
further used to sustain FA synthesis during hypoxia   ( 38 ). 

citrate lyase (ACL). AcCoA feeds de novo FA synthesis ( 20, 
24, 25 ), and OAA can be metabolized to nucleotides and 
amino acid biogenesis. 

 Glutamine is also crucial for glutathione production 
and, in the reduced form (GSH), contributes to quench 
ROS produced in proliferating cells, and this has been re-
ported to protect tumor cells from apoptosis ( 3, 26 ). 

 The TCA cycle produces reducing equivalents for the 
mitochondrial respiratory system and biosynthetic precur-
sors, such as amino acids, citrate (for de novo FA synthe-
sis), and OAA (implicated in gluconeogenesis  ). Thus, 
there is a constant effl ux of intermediates from the TCA 
cycle that must be replenished to keep a functional cycle. 
The main anaplerotic enzymes are Pyr carboxylase (PC), 
that catalyzes the conversion of Pyr to OAA, and glutamin-
ase (GLS), that catalyzes the deamination of glutamine to 
produce glutamate. In addition, there is increased evi-
dence that cancer cells can use FAs as fuel in vivo. FA ca-
tabolism is carried out through the  � -oxidation pathway in 
mitochondria, which is a process highly dependent on a 
functional oxidative phosphorylation at the TCA. 

 Lipogenesis and cholesterogenesis 
 Cancer cells show specifi c alterations in lipid metabo-

lism ( 23 ) that may affect numerous cellular processes, 
including cell growth, proliferation, differentiation, malig-
nancy, and motility ( 27, 28 ). The majority of adult mam-
malian tissues satisfy their lipid requirements through the 
uptake of FFAs and lipoproteins. FA and cholesterol biosyn-
thesis are mainly restricted to liver and adipose tissues. 

 TABLE 1. Summary of the microRNAs cited and their targets    

MicroRNA  Target Reference

MicroRNA-195-5p GLUT3 ( 87 )
MicroRNA-223 GLUT4 ( 88 )
MicroRNA-143 HK2 ( 89 )
MicroRNA-15a/16-1 Aldolase A ( 90 )
MicroRNA-122 PK-M2 ( 91 )
MicroRNA-326 PK-M2 ( 93 )
MicroRNA-124, -137, -140 Warburg ( 94 )
MicroRNA-126 PI3K pathways ( 95 )
MicroRNA-100, -193a-3p mTOR pathway ( 96, 97 )
MicroRNA-21 Phosphatase and tensin homolog ( 98 )
MicroRNA-451 LKB1 ( 99 )
MicroRNA-143 K-Ras ( 101 )
MicroRNA-429, -135a, -33b cMyc ( 104–106 )
Let7-a cMyc and K-Ras ( 108 )
MicroRNA-25, -30d, -504, -125b p53 ( 109, 110 )
MicroRNA-34a SIRT1 ( 111 )
MicroRNA-451 LKB1/AMPK signaling ( 99, 113 )
MicroRNA-195 CAB39 ( 112 )
MicroRNA-155 VHL ( 117 )
MicroRNA-155 mTOR pathway ( 119 )
MicroRNA-210 ISCU1/2, COX10, SDHD ( 120 )
MicroRNAs-33a/b CPT1a, HADHB, CROT, AMPKa1, SIRT6, IRS2 ( 82, 131, 132 )
MicroRNA-185, -342 SREBP ( 121 )
MicroRNA-613 LXRa ( 122 )
MicroRNA-122 Upregulation of FAO ( 123, 124 )
MicroRNA-370 CPT1a, AMACR ( 125, 126 )
MicroRNA-378/378* Adipogenesis ( 128 )
MicroRNA-27 PPAR � , C/EBPa ( 129 )
MicroRNA-122 Upregulation of LDs and caveolae ( 123 )

ISCU1/2, iron-sulfur cluster assembly homolog 1/2; COX10, cytochrome c oxidase assembly protein 10; SDHD, 
succinate dehydrogenase subunit D; LXRa, liver X receptor  � ; HADHB, hydroxyl acyl-CoA dehydrogenase-3-ketoacyl-
CoA thiolase; CROT, carnitine  O -octanyltransferase; IRS2, insulin receptor substrate 2; VHL, Von Hippel-Lindau.
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of FAs has been linked to tumor promotion in pancreatic 
cancer ( 53 ). Pharmacological inhibition of  � -methylacyl-
CoA racemase (AMACR), implicated in the oxidation of 
branched chain FAs, induces cell growth arrest and apop-
tosis in PCa ( 54, 55 ) and androgen upregulation of carni-
tine palmitoyltransferase (CPT)1 in PCa leads to increased 
mitochondrial FAO and ROS production that it has been 
associated with cell proliferation ( 56 ). Highly metastatic 
breast cancer cells rely partially on FAO induced by AMPK 
activation ( 54, 57 ). Although FAO-associated ROS produc-
tion seems to be benefi cial for cancer cells because it pro-
motes proliferation and/or protects from apoptosis as 
indicated, sometimes it is not. In this regard, there are sit-
uations in which oxidative stress may be detrimental for 
cancer cell progression, and survival depends on an in-
creased capacity to diminish ROS  . 

 Importantly, FAO provides an alternative pathway to 
support cancer cell survival when glucose becomes limit-
ing and/or when there is an increased necessity to face 
oxidative stress. FAO produces AcCoA, NADH, and FADH 2  
in each cycle. On one hand, AcCoA can enter TCA to pro-
duce more NADH and FADH 2  to fuel the electron trans-
port chain for ATP production. On the other hand, AcCoA 
condenses with OAA to produce citrate that can be further 
redirected to NADPH, generating reactions in cytoplasm 
via IDH1 and ME activities ( 58 ). The transcription factor, 
NF-E2 p45-related factor 2 (Nrf2), a master regulator of 
the response against oxidative stress, induces FAO to regu-
late redox homeostasis, allowing adaptation and survival 
( 52 ). 

 There are specifi c situations in which cancer cells re-
quire extra ATP and/or NADPH, and then FAO is crucial 
for cancer cell survival. For example, increased FAO is es-
sential for the survival of cells from solid tumors that are 
undergoing loss of attachment (LOA). During LOA, the 
loss of cells to extracellular matrix interactions induces an 
apoptotic process known as anoikis. LOA inhibits the up-
take of glucose and glycolysis, as well as the glycolytic fl ux 
to the PPP, which results in diminished levels of ATP and 
NADPH; the resulting metabolic stress triggers cell death 
or anoikis. In this specifi c scenario, treatment with antioxi-
dants inhibits anoikis due to the reactivation of FAO for 
ATP production ( 59 ). 

 FAO counteracts oxidative stress in leukemia and gli-
oma cells by increasing the pool of NADPH in the cells, 
and inhibition of  � -oxidation induces apoptosis ( 60, 61 ). 

 In addition, FAO has been described to preserve the he-
matopoietic stem cell pool and this is dependent on the 
specifi c role of promyelocytic leukemia protein in the acti-
vation of PPAR � , which increases asymmetric divisions in 
hematopoietic stem cells by a mechanism that is not well-
known ( 62 ). Similarly, it has been proposed that this 
mechanism may also be relevant for the maintenance of 
the pool of leukemia-initiating cells. A role for promyelo-
cytic leukemia protein promoting the deacetylation and 
activation of PPAR �  coactivator 1A has been associated 
with aggressive breast cancer ( 63 ). 

 In  Fig. 1 , we summarize the main metabolic pathways 
altered in cancer: enhanced aerobic glycolysis, increased 

 Synthesis of FAs starts with the utilization of citrate to 
produce AcCoA and OAA by ACL. Then, AcCoA carboxyl-
ase (ACC) converts AcCoA to malonyl-CoA. FASN con-
denses AcCoA molecules sequentially to produce saturated 
FAs, which are further desaturated by stearoyl-CoA desatu-
rase. FASN is frequently overexpressed in breast, prostate, 
and other types of cancer ( 29, 39–41 ). ACL has been re-
ported to be required for tumor formation and transfor-
mation ( 40, 42 ), and inhibition of ACC induces apoptosis 
of prostate cancer (PCa) cells ( 43 ). 

 The mevalonate pathway for cholesterol synthesis has 
been reported to be upregulated in PCa ( 44 ), and inhibi-
tion of HMG-CoA reductase, the rate limiting enzyme of 
the mevalonate pathway, induces cell cycle arrest in breast 
cancer ( 45 ). High expression levels of genes of the meval-
onate pathway correlate with poor prognosis in breast can-
cer due to the accumulation of cholesterol that alters 
membrane fl uidity properties contributing to the promo-
tion of transformation ( 41 ). 

 Sterol regulatory element-binding proteins (SREBPs) 
are the main transcription factors for the expression 
of the majority of enzymes involved in FA (SREBP1c) 
and cholesterol synthesis (SREBP2). SREBPs are con-
trolled by oncogenes and tumor suppressors, and they 
are frequently overexpressed in cancer ( 29 ). Oncogenic 
activation of the PI3K/Akt pathway activates SREBP to 
promote glucose uptake and its use in lipid synthesis. 
Loss of retinoblastoma increases the expression of 
SREBPs by E2F transcription factors and, on the con-
trary, AMPK activation stimulates  � -oxidation through 
direct phosphorylation and inhibition of ACC and SREBP 
functions   ( 46 ). 

 FAO 
 Regardless of the relevance of de novo lipogenesis and 

cholesterol synthesis in cancer, the mobilization of intra-
cellular FAs to be oxidized in mitochondria (FAO) is start-
ing to get relevance for cancer cell metabolism. PPARs are 
ligand-activated nuclear receptors that infl uence tran-
scriptional activity-regulating lipid and glucose metabo-
lism, infl ammatory responses, regenerative mechanisms, 
cell differentiation, and cell cycle   ( 47–49 ). Three major 
isoforms of PPARs (PPAR � , PPAR � / � , and PPAR � ) have 
been characterized, and they are expressed in highly meta-
bolically active tissues, such as skeletal muscles, heart, adi-
pose tissue, and liver. Differential activation of PPARs 
refl ects the specifi c biological activity of the three PPAR 
subtypes. PPAR �  is mainly expressed in the liver, where it 
activates FA catabolism. PPAR � / �  participates in FAO, 
mostly in skeletal and cardiac muscles, and it also regu-
lates blood glucose and cholesterol levels and keratinocyte 
differentiation. PPAR �  is mostly involved in the regulation 
of adipogenesis, energy balance, and lipid homeostasis. 
PPAR �  and PPAR � / �  play a critical role in the sensing of 
FAs and the activation of the FAO program ( 50 ). 

 While most tumors exhibit high rates of glucose uptake, 
others exhibit increased dependency on FAO as the main 
energy source. FAO is the dominant bioenergetic pathway 
in PCa ( 51, 52 ) and enhanced mitochondrial  � -oxidation 
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TAG lipase or monoacylglycerol lipase (MAGL), have 
been related to tumorigenesis ( 68 ). 

 Recently, a specifi c function of autophagy in the lipid 
mobilization has been described that may have important 
consequences in the regulation of the cellular lipid con-
tent   ( 69 ). Indeed, in cells lacking an essential autophagy 
gene, LDs accumulate in the cytoplasm due to defective 
catabolism, suggesting that it takes a functional autopha-
gic pathway to break them down. Lipophagy is achieved by 
components of the autophagy machinery, such as microtu-
bule-associated protein light chain 3 that has been found 
to be associated to LDs ( 70 ). Lysosomes contain a single 
lysosomal acid lipase (LAL) whose defi ciency has been as-
sociated with Wolman disease ( 71 ), which is characterized 
by the storage of lipids in various organs  . In response to 
nutrient starvation, it has been shown that the upregula-
tion of lipophagy in hepatocytes contributes to the catabo-
lism of LDs ( 69 ). 

 Similar to lipolysis, lipophagy releases FAs to sustain FAO 
and to supply lipids for membrane biogenesis or cell sig-
naling. Moreover, lipophagy has been reported to support 
resistance to cell death by metabolizing toxic FFAs ( 72 ). 

 In mammals, transcription factor EB (TFEB) exerts the 
most global control over autophagy ( 66 ), as it regulates 
autophagosome biogenesis and substrate targeting for 
lysosome degradation. LAL is one of the TFEB targets, 
suggesting that TFEB activation may promote lysosomal 
degradation of lipids ( 73 ). Furthermore, TFEB regulates 
the expression of genes involved in the uptake of FAs 
across the plasma membrane [by  CD36  and FA binding 
proteins ( FABP s)], and master regulators of lipid catabo-
lism, such as as  PGC1 �   and  PPAR �   genes ( 74 ). Impor-
tantly, mammalian target of rapamycin (mTOR)C1 blocks 
autophagy and FAO by the inhibition of TFEB and PPAR � , 
respectively. Recently, it has been proposed that signals 
that trigger lipophagy may start from within the lysosome, 
as mTORC1 and members of the ERK pathway have been 
found associated to the lysosomal membrane and au-
tophagosomes, respectively   ( 75 ). 

 Moreover, lipidomic studies in aged and obese mice 
have shown alterations in the lysosomal membrane com-
position and accumulation of lipids in the lysosomal lu-
men that may impair mTORC1 function and may affect 
the lysosomal degradative capacity ( 76 ). 

 Consequently, regulation of the overall lipid content by 
the interplay between lipid storage and lipid mobilization 
(by lipolysis and, more recently described, lipophagy) may 
impact cancer cell metabolism. 

  Figure 2  summarizes lipid metabolism interconnected 
pathways that are altered in cancer, such as lipogenesis 
and FAO, as well as processes regulating the overall intra-
cellular lipid content based on LD formation and lipid 
mobilization by neutral (lipolysis) and/or acidic hydro-
lases (LAL). 

 Tumor microenvironment 
 Most of the work done in relation to target cancer 

metabolism has been focused on the identifi cation of on-
cogenes and tumor suppressors that mediate metabolic 

fl ux to the PPP, increased glutaminolysis, and de novo li-
pogenesis and cholesterogenesis. These pathways support 
rapid proliferation and metastasis. 

 Regulation of FA storage versus FA mobilization (lipolysis 
and lipophagy) 

 The increased lipogenesis in cancer cells requires mech-
anisms to accommodate their lipid content intracellularly 
and, importantly, there must exist an equilibrium between 
lipid storage and lipid mobilization   ( 64 ). Indeed, altera-
tions on this equilibrium are responsible for several human 
diseases, such as lipodystrophies (inability to store lipids), 
cancer cachexia (due to the increased lipolysis), and ex-
cessive accumulation of FAs in LDs related to obesity. 

 FAs and their derivatives are thought to be rapidly incor-
porated into neutral lipids and phospholipids. LDs are 
complex and dynamic organelles that store and supply lip-
ids for energy metabolism, membrane synthesis, and the 
production of essential lipid-derived molecules. Parton 
and collaborators have written an excellent review that 
helps in understanding the biogenesis and lipid-related 
pathways that control LD biology   ( 65 ). Briefl y, LD biogen-
esis initiates at the cytoplasmic face of the endoplasmic 
reticulum (ER) with the esterifi cation of acyl-CoA with 
glycerol-3-phosphate to generate lysophosphatidic acid 
(LPA) by the activity of glycerol-3-phosphate acyltrans-
ferase. LPA is then converted into phosphatidic acid (PA) 
by the incorporation of an acyl-CoA molecule by 1-acylg-
lycerol-3-phosphate- O -acyltransferase. Next, lipin dephos-
phorylates PA to give rise to diacylglycerol (DAG). Finally, 
DAG acyltransferase adds the last acyl-CoA to generate 
TAG. Importantly, intermediates of the TAG biosynthetic 
pathway also participate in the synthesis of membrane 
phospholipids and lipid signals that promote cell growth, 
proliferation, and differentiation. LDs may have a regula-
tory role, by interaction with intracellular compartments, 
to provide specifi c lipids and/or sequester misfolded 
and functional proteins. Moreover, membrane bridges 
between the ER and LDs have been observed, and this 
can contribute to the relocalization of TAG synthesis en-
zymes ( 66 ). 

 LDs consist of a neutral lipid core surrounded by a 
phospholipid monolayer that is mainly composed of phos-
phatidylcholine  . There is a complex proteome associated 
with LDs that includes structural molecules, enzymes, and 
signaling molecules. Among the LD-associated proteins 
are members of the cell death-inducing DFF45-like effec-
tor family and several components of sterol biosynthesis, 
acyl-CoA metabolism (ACSL3), and TAG biosynthesis. 
Structural proteins, such as perilipins or caveolins, are 
critical for the integrity of the LDs to avoid coalescence 
and to protect them from lipolysis. 

 It is clear that the increased of de novo lipogenesis ob-
served in cancer cells requires complementary lipolytic 
mechanisms to remodel the lipid content and to make the 
stored lipids available for the synthesis of complex lipids 
and phospholipids ( 67 ), and for ATP and NADPH pro-
duction when required  . This cooperation is refl ected by 
the fact that several enzymes of lipolysis, such as adipose 
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 MicroRNAs are frequently found to be deregulated in 
cancer and, therefore, they are important biomarkers for 
diagnosis and prognosis of the cellular outcome ( 5, 6, 83 ). 
Moreover, as microRNAs can be either down- or upregu-
lated in cancer cells, the therapeutic strategies should be 
directed either to overexpress or to knock down the cor-
responding microRNA. 

 By assessing the correlation between the expression of 
individual microRNAs and their targets, it appears that de-
regulation of “key” microRNAs may result in the global 
alterations of entire pathways ( 84 ), and this makes mi-
croRNAs important players that affect cell homeostasis in 
both normal and cancer cells  . 

 MicroRNAs are good candidates to face cancer cell me-
tabolism for several reasons. First, due to the diversity of 
mechanisms that trigger the metabolic reprogramming 
in cancer, a combination of microRNAs and/or artifi cial 
microRNAs can be designed to regulate a specifi c path-
way. Second, microRNAs can be thought of as modula-
tors rather than absolute effectors, and so they may affect 
altered pathways in cancer without strong toxic effects 
in normal cells. Third, cancer metabolism is the result 
of a combination of cell autonomous genetic alterations 
and microenvironment adaptation. It is under stress 
conditions (oncogenic events, hypoxia, oxidative stress) 
where microRNAs may become more relevant in fi ne-
tuning the adaptation to modifying situations, which is 
crucial for cancer cell survival. Fourth, glucose- and 
glutamine-reprogrammed metabolism in cancer ends up 
with an increase of de novo FA biosynthesis and mi-
croRNA-mediated targeting of de novo lipogenesis, as 
well as restrained tumor growth by the anaplerotic path-
ways of the TCA cycle  . Fifth, cancer cells are more effi -
cient in FAO activation in response to nutrient and 
oxidative stress compared with normal cells, and so it 
should be expected that cancer cells are more sensitive to 
FAO inhibition. 

 In an attempt to open new therapeutic windows based 
on microRNAs, we propose microRNA-mediated target-
ing not only of de novo lipogenesis as the ending point of 
the metabolic reprogramming, including fueling sources 
of the TCA, but also FAO as a complementary process. In 
addition, microRNAs may contribute to alter the overall 
lipid content by disrupting the cross-talk between LD 
formation and lipid mobilization by lipolysis and/or 
lipophagy. 

 MicroRNAs in the net of oncogenic and tumor 
suppressor pathways that regulate aerobic glycolysis 
and glutaminolysis in cancer 

 MicroRNAs contribute to the fi ne-tuning regulation of 
cancer-associated glycolytic pathways by targeting specifi c 
metabolic enzymes, oncogenes, and/or tumor suppres-
sors, as well as transcription factors and master regulators 
of cell metabolism ( 22, 85, 86 ). 

 Several microRNAs have been reported to affect the 
glycolytic fl ux by regulating the expression of glucose 
transporters or specifi c enzymes of glycolysis. MicroRNA-
195-5p, that has been found downregulated in bladder 

reprogramming  . However, cancer cell metabolic repro-
gramming must be accompanied by fl exibility and the capac-
ity to adapt to substrate and oxygen availability. Although 
aerobic glycolysis is a hallmark of cancer, a wide variety of 
tumors rely on a functional mitochondrial metabolism 
( 77 ), and they trigger adaptative mechanisms (e.g., mito-
chondrial biogenesis and the formation of an extensive 
mitochondrial network) to optimize their oxidative phos-
phorylation according to the substrate supply and their 
energy demand. A nice example of the incredible plastic-
ity of cancer cells to support proliferation and survival has 
recently been described. Cancer cells with mitochondrial 
defects rely on glutamine reductive carboxylation to gen-
erate isocitrate that requires, simultaneously, oxidation of 
 � -ketoglutarate provided by the carboxylation of Pyr from 
glycolysis ( 78 ). 

 Finally, it has been shown that stromal adjacent glyco-
lytic cells support lactate production to be oxidized by the 
tumor cells (reverse Warburg effect) in lung and colorec-
tal adenocarcinoma ( 79 ). A similar mechanism occurs in 
ovarian cancer, where adipocytes provide lipids to malig-
nant cells to be oxidized in mitochondria ( 80 ). 

 MicroRNAs IN CANCER 

 Introduction 
 MicroRNAs are small noncoding RNAs (19–25 nucleo-

tides) that posttranscriptionally repress the expression of 
target mRNAs. They are located in intergenic regions or 
within introns or exons of genes, and they are transcribed 
as independent units or as part of the gene ( 81 ). The ca-
nonical pathway of microRNA biogenesis is an evolution-
arily conserved process. Briefl y, it starts by the transcription 
by RNA polymerase II of a primary-microRNA (pri-miR), 
which contains a hairpin stem of 33 base pairs, a terminal 
loop, and two single stranded fl anking regions upstream 
and downstream of the hairpin. This pri-miR is processed 
in the nucleus by the nuclear microprocessor complex 
formed by the RNase III enzyme, Drosha, and the Di-
George critical region 8 (DGCR8) protein that release a 
precursor-microRNA of around 60 to 100 nucleotides. Ex-
portin 5 Ran-GTPase exports the precursor-microRNA to 
the cytoplasm where it is further processed by Dicer, re-
leasing a mature microRNA of around 19–25 nucleotides 
with a two nucleotide tail at each 3 ′  end   ( 17 ). 

 Finally, the functional strand of the mature microRNA 
is loaded together with Argonaute (Ago2) proteins into 
the RNA-induced silencing complex to silence target 
mRNAs through mRNA cleveage, translational repression, 
or deadenylation, whereas the called passenger strand is 
degraded. The last two to eight nucleotides at the 5 ′  end of 
the microRNA (seed sequence) are key for the identifi ca-
tion of the target mRNA ( 7 ). 

 Due to their mechanism of action, microRNAs may af-
fect cell metabolism by modulating the expression of specifi c 
enzymes, transporters, oncogenes, and tumor suppressors, 
as well as key transcription factors ( 82 ). 
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cell death pathways. AMPK defi ciencies have been shown 
to enhance cell growth and proliferation, and this correlates 
with enhancement of tumorigenesis. Conversely, activa-
tion of AMPK is associated with tumor growth suppression 
via inhibition of the mTOR signal pathway. MicroRNA-195 
has been reported to target LKB-1-associated protein, 
CAB39 ( 112 ), leading to upregulation of the mTOR path-
way, and upregulation of microRNA-451 has been shown 
to target LKB1/AMPK signaling in glioma cells ( 99, 113 ). 
In response to energy stress, the AMPK pathway is acti-
vated and it induces mitochondrial respiration and inhib-
its cell proliferation. Many cancer cells present decreased 
AMPK signaling, which promotes enhanced aerobic gly-
colysis (Warburg effect). 

 In addition, AMPK inhibits SREBP activation and sup-
presses ACC ( 114 ), stimulating FAO. 

 MicroRNAs in the adaptation to microenvironment 
in cancer 

 In the in vivo scenario, tumor microenvironments are 
highly heterogeneous due to glucose and oxygen gradi-
ents, and metabolic transitions can be crucial for tumor 
physiology. Hypoxia-inducible transcription factors (HIFs) 
are stable and active during hypoxia, allowing the cells to 
switch to an anaerobic metabolism. However, in several tu-
mors, these transcription factors are active even in nor-
moxia ( 115 ). HIF-1 plays a key role in the reprogramming 
of cancer metabolism by activating the transcription of 
glucose transporters and glycolytic enzymes, transcription 
of Pyr dehydrogenase kinase 1, which drives Pyr away from 
the mitochondria ( 116 ), and BNIP3, which triggers selec-
tive mitochondrial autophagy. Recently, it has been reported 
that microRNA-155 targets Von Hippel-Lindau, which re-
sults in increased HIF activity   ( 117 ). MicroRNA-155 pres-
ents a hypoxia-responsive element, which contributes to 
the resistance of tumors to radiation therapies ( 118 ). 
Moreover, hypoxia induces microRNA-155 that has been 
reported to inhibit multiple targets of the mTOR pathway, 
increasing autophagic activity in human nasopharyngeal 
cancer and cervical cancer cells ( 119 ). 

 MicroRNA-210 has been shown to inhibit mitochon-
drial respiration in breast and colon cancer by targeting 
the iron-sulfur cluster assembly homolog 1/2, cytochrome 
c oxidase assembly protein 10, and succinate dehydroge-
nase subunit D ( 120 ). 

 In addition, cancer cells must adapt their metabolism to 
a more effective utilization of the available substrates. In 
the absence of glutamine, alternative anaplerotic sub-
strates are needed to maintain a functional TCA cycle. 
Hepatoma cells can increase fl ux through PC to prolifer-
ate and maintain oxidative metabolic activity ( 11 ) when 
glutamine is depleted. 

 Targeting TCA anaplerosis by microRNAs constitutes an 
attractive therapeutic opportunity to limit the effl ux of 
anabolic precursors in cancer. In this sense, PC, aspartate 
aminotransferase, propionyl-CoA carboxylase, GLS, gluta-
mate dehydrogenase, and alanine aminotransferase are 
promising targets for microRNA-mediated intervention in 
cancer. 

cancer, targets GLUT3 ( 87 ) and microRNA-223 targets 
the glucose transporter, GLUT4 ( 88 ). HK2 glycolytic en-
zyme is upregulated in tumors, and microRNA-143 that 
targets HK2 has been found to be downregulated in can-
cer cells ( 89 ). The microRNA-15a/16-1 cluster downreg-
ulates aldolase A glycolytic enzyme ( 90 ). Recently, it has 
been reported that microRNA-122 targets PK-M2, a key 
regulator of cancer metabolism ( 91 ) and overexpression 
of this microRNA resensitizes 5-fl uorouracil-resistant co-
lon cancer cells to 5-fl uorouracil through the inhibition 
of PK-M2 in vitro and in vivo ( 92 ). MicroRNA-326 has 
been reported to be downregulated in glioblastoma cells 
and this correlates with the upregulation of PK-M2 ( 93 ). 
MicroRNA-124, microRNA-137, and microRNA-340 regu-
late colorectal cancer growth via inhibition of the War-
burg effect ( 94 ). 

 In addition, microRNAs regulate the expression of mas-
ter regulators of cell metabolism. Growth factors and 
PI3K/Akt signaling activate mTOR1, which upregulates 
the expression of glycolytic enzymes (GLUT1, LDHB, and 
PK-M2) and the hypoxia induction factor (HIF)-1. Mi-
croRNA-126 inhibits PI3K activity, which indirectly re-
presses mTOR and tumor growth ( 95 ). MicroRNA-100 
actively inhibits mTOR in clear cell ovarian cancer ( 96 ) 
and microRNA-193a-3p exerts a similar effect in hepa-
tocellular carcinoma (HCC) ( 97 ). MicroRNA-21 inhibits 
phosphatase and tensin homolog tumor suppressor, which 
indirectly activates mTOR in HCC ( 98 ), and microRNA-451 
has a similar effect on glioma cells by directly targeting the 
LKB1 activator of AMPK ( 99 ). 

 Oncogenic K-Ras activates the Raf/MEK/ERK and 
PI3K/Akt pathways promoting tumor growth and survival. 
In addition, K-Ras enhances cancer metabolism through 
HIF-1 activation ( 100 ). MicroRNA-143 inhibits colorectal 
cancer growth by a direct effect on K-Ras expression ( 101 ). 
Conversely, microRNA-18* and microRNA-217 promote 
anchorage-independent growth by repressing K-Ras ex-
pression ( 102, 103 ). 

 Oncogenic cMyc increases both glucose and glutamine 
uptake to support cancer cell proliferation. MicroRNAs 
targeting cMyc have been found to be downregulated in 
cancer [microRNA-429 ( 104 ), -135a ( 105 ), and -33b ( 106 )]. 
Transformed B cells overexpressing cMyc exhibit in-
creased glutaminolysis under hypoxia to support oxidative 
TCA metabolism and NADPH generation via ME ( 3 ). This 
effect is partially mediated via cMyc-dependent suppres-
sion of microRNA-23-a/b, which inhibits mitochondrial 
GLS expression ( 107 ). On the contrary, overexpression of 
let7-a inhibits growth of lung cancer in nude mice by sup-
pression of cMyc and K-Ras oncogenes ( 108 ). 

 P53 tumor suppressor inhibits glycolysis and enhances 
mitochondrial respiration. MicroRNA-25, microRNA-30d, 
microRNA-504, and microRNA-125b directly target p53 
( 109, 110 ) and microRNA-34a indirectly activates p53 by 
downregulating sirtuin (SIRT)1 that negatively regulates 
p53 through deacetylation ( 111 ). 

 AMPK is a highly conserved master regulator of numer-
ous cellular processes, including energy homeostasis, cyto-
skeletal dynamics, modulation of cell growth rates, and 



Microtargeting cancer metabolism 201

PPAR �  and C/EBPa during adipocyte differentiation ( 129 ), 
and so, they may contribute to cancer cell metabolism in 
specifi c scenarios different to adipocytes. 

 MicroRNAs in the cross-talk between lipid storage 
and lipid mobilization (lipolysis and lipophagy) 

 The majority of research on cancer lipid metabolism 
has focused on the increase of FA synthesis. This inexora-
bly affects the overall intracellular lipid content and, con-
sequently, complementary mechanisms to regulate lipid 
homeostasis are needed  . 

 Interestingly, lipolytic remodeling of lipid species have 
been reported to promote the tumorigenic properties of 
cancer cells ( 68 ). In this sense, the activity of MAGL has 
been found to be elevated in aggressive cancer cells from 
multiple tissues and inhibition of MAGL diminishes mi-
gration, invasion, and survival of cancer cells in vitro and 
xenograft tumor growth in mice ( 68 ). Moreover, MAGL 
affects the production of signaling lipids (PA, LPA, and 
prostaglandin E2) and microRNAs downregulating MAGL, 
when associated to cancer aggressiveness, may be relevant 
to block tumor progression. 

 Investigation on microRNAs that disrupt the equilib-
rium between lipid storage and lipid mobilization and in-
tra/extracellular lipid traffi cking may be crucial for tumor 
biology. In this sense, microRNA-122 has been reported to 
stimulate the production of ER-associated LDs and choles-
terol-rich membrane domains (caveolae) ( 123 ), and inhibi-
tion of microRNA-122 with anti-microRNAs may contribute 
to alter the equilibrium between lipid storage and lipid 
mobilization ( 130 ). MicroRNAs-33a/b are well-known play-
ers that affect cholesterol and lipid metabolism and en-
ergy homeostasis. They affect the expression of cholesterol 
export transporters, such as ABCA, as well as regulators of 
energy homeostasis, such as AMPKa1, SIRT6, and insulin 
receptor substrate 2 ( 82, 131, 132 ). 

 MicroRNAs could be directed to inhibit LD biogenesis 
that will have consequences on the accommodation of the 
increased lipogenesis and the additional regulatory fun-
tions of these organelles  . On the other hand, microRNA-
mediated inhibition of lipid mobilization can promote cell 
death due to the decreased availability of lipids for mem-
brane biogenesis, signaling, and/or energy production. In 
this regard, a better knowledge of the mechanisms that 
promote lipolysis and lipophagy are required. The discov-
ery of TFEB and the modulation of lysosome-mediated cel-
lular clearance by lipid content opens new therapeutic 
scenarios that need to be further explored. 

 STRATEGIES FOR MicroRNA THERAPEUTIC 
DELIVERY TO TARGET CANCER METABOLISM 

 In order to use a microRNA-based therapy to target can-
cer, it is important to defi ne the way by which gain- or loss-
of-function of the microRNA is achieved, as well as the 
delivery strategy. 

 MicroRNAs DISRUPTING LIPID HOMEOSTASIS 
IN CANCER 

 MicroRNAs in the cross-talk between lipogenesis 
and FA catabolism 

 Glucose and glutamine reprogrammed metabolism in 
cancer ends up with an increase of de novo FA biosynthesis 
independently of the availability of the extracellular lipids. 
This contributes not only to increase cancer cell prolifera-
tion and survival under oxidative and energy stress, but also 
to stimulate signaling pathways that can promote invasion 
and metastasis ( 28 ). Moreover, the hostile microenviron-
ment of solid tumors has been shown to activate several sig-
naling pathways that end up promoting FASN expression. 
Consequently, microRNA-mediated targeting of de novo li-
pogenesis, including the anaplerotic pathways of the TCA, 
will restrain tumor growth. MicroRNA-185 and microRNA-
342 have been described as regulators of lipogenesis and 
cholesterogenesis by targeting SREBP transcription factor 
in prostate cancer (PCa) cells ( 121 ). MicroRNA-613 sup-
presses lipogenesis by directly targeting liver X receptor  �  
in HCC HepG2 cells, suggesting that it may be a novel tar-
get for regulating lipid homeostasis   ( 122 ). 

 Regarding de novo lipogenesis, there are specifi c situa-
tions in which cancer cells require an extra FAO activation, 
as indicated previously, and then cancer cells should be ex-
pected to be more sensitive to FAO inhibition  . In this sense, 
downregulation of microRNA-122 correlates with an in-
crease of FAO observed in HCC ( 123, 124 ). MicroRNA-370 
targets carnitine pamitoyl transferase (CPT1a) protein, 
which mediates the transport of long FAs across the mito-
chondrial membrane and, consequently, affects the rate of 
 � -oxidation at mitochondria ( 125 ). Importantly, inhibition 
of CPT1a has been reported to sensitize human leukemia 
cells to chemotherapy ( 60 ). Recently, it has been reported 
that overexpression of micro RNA-26a reduces the expres-
sion levels of alpha-methylacyl-CoA racemase (AMACR), 
which drives the isomeric conversion of FAs entering the  � -
oxidation pathway AMACR in PCa ( 126 ). MicroRNAs-33a/b 
are coexpressed within their host genes, the  SREBF  genes, 
and they contribute to diminish the expression of acyl-CoA 
transferases involved in FAO, such as CPT1a, hydroxyl acyl-
CoA dehydrogenase-3-ketoacyl-CoA thiolase, and carnitine 
 O -octanyltransferase. 

 Finally, although lipogenesis and FAO activities seem to 
oppose one another, these two processes can be thought 
of as partners to increase the plasticity of cancer. Thus, 
there are situations in which both processes may occur si-
multaneously to support each other. Indeed FASN, a lipo-
genic enzyme, which is upregulated in colorectal cancer, is 
crucial to maintain energy homeostasis via increasing the 
mitochondrial  � -oxidation of the endogenously synthe-
sized lipids, and this cooperation is a key mechanism 
for cancer cell survival ( 127 ). Consequently microRNAs 
implicated in the regulation of FA synthesis and FAO 
may be relevant for tumor biology. In this regard, mi-
croRNA-378/378*, an intronic microRNA located within 
the PGC1 �  genomic sequence, affects important aspects 
of adipogenesis ( 128 ) and microRNA-27 that inhibits 
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complementary partner of the increased lipogenesis in spe-
cifi c situations; and  2 ) plasticity to regulate the overall lipid 
content that will support cell proliferation and survival. 

 In this scenario microRNAs are good candidates for 
therapeutic approaches to face cancer. MicroRNAs affect 
nearly all cellular processes based on their mechanism of 
action. Combination of microRNAs can modulate com-
plete pathways, depending on the specifi c genetic altera-
tion driving the tumor. Special interest has been shown in 
targeting aerobic glycolysis by microRNAs. However, in an 
attempt to explore new therapeutic opportunities, an inte-
grative knowledge of both the fueling substrates and the end 
products of biosynthetic pathways is required. MicroRNAs 
may cover the complete and different scenarios to be tar-
geted. In this sense, microRNAs can be directed against 
biosynthetic pathways, such as lipogenesis and cholestero-
genesis, and/or against FA storage versus mobilization. 

 Defi ning lipid-related signaling pathways altered in can-
cer cells will provide rational targets for microRNA-based 
therapeutic strategies. Future clinical trials should provide 
new insights into the safety and effi cacy of the develop-
ment of microRNA-based anti-cancer therapies ( 142 ).  

 REFERENCES 

    1 .  Hanahan ,  D. , and  R. A.   Weinberg .  2011 .  Hallmarks of cancer: the 
next generation.    Cell   .    144   :   646 – 674 .  

    2 .  Parks ,  S. K. ,  J.   Chiche , and  J.   Pouyssegur .  2011 .  pH control mecha-
nisms of tumor survival and growth.    J. Cell. Physiol.     226   :   299 – 308 .  

    3 .  Le ,  A. ,  A. N.   Lane ,  M.   Hamaker ,  S.   Bose ,  A.   Gouw ,  J.   Barbi ,  T.  
 Tsukamoto ,  C. J.   Rojas ,  B. S.   Slusher ,  H.   Zhang ,  et al .  2012 . 
 Glucose-independent glutamine metabolism via TCA cycling for 
proliferation and survival in B cells.    Cell Metab.     15   :   110 – 121 .  

    4 .  Chen ,  J. Q. , and  J.   Russo .  2012 .  Dysregulation of glucose trans-
port, glycolysis, TCA cycle and glutaminolysis by oncogenes and 
tumor suppressors in cancer cells.    Biochim. Biophys. Acta   .    1826   :  
 370 – 384 .  

    5 .  Kosaka ,  N. ,  H.   Iguchi , and  T.   Ochiya .  2010 .  Circulating microRNA 
in body fl uid: a new potential biomarker for cancer diagnosis and 
prognosis.    Cancer Sci.     101   :   2087 – 2092 .  

    6 .  Peng ,  Y. ,  S.   Yu ,  H.   Li ,  H.   Xiang ,  J.   Peng , and  S.   Jiang .  2014 . 
 MicroRNAs: emerging roles in adipogenesis and obesity.    Cell. 
Signal.     26   :   1888 – 1896 .  

    7 .  Bartel ,  D. P.   2009 .  MicroRNAs: target recognition and regulatory 
functions.    Cell   .    136   :   215 – 233 .  

    8 .  Abe ,  H. ,  Y.   Aida ,  H.   Ishiguro ,  K.   Yoshizawa ,  N.   Seki ,  T.   Miyazaki , 
 M.   Itagaki ,  S.   Sutoh ,  M.   Ika ,  K.   Kato ,  et al .  2013 .  New proposal 
for response-guided peg-interferon-plus-ribavirin combination 
therapy for chronic hepatitis C virus genotype 2 infection.    J. Med. 
Virol.     85   :   1523 – 1533 .  

    9 .  Kung ,  H. N. ,  J. R.   Marks , and  J. T.   Chi .  2011 .  Glutamine synthe-
tase is a genetic determinant of cell type-specifi c glutamine inde-
pendence in breast epithelia.    PLoS Genet.     7   :   e1002229 .  

    10 .  DeBerardinis ,  R. J. ,  A.   Mancuso ,  E.   Daikhin ,  I.   Nissim ,  M.   Yudkoff , 
 S.   Wehrli , and  C. B.   Thompson .  2007 .  Beyond aerobic glycolysis: 
transformed cells can engage in glutamine metabolism that ex-
ceeds the requirement for protein and nucleotide synthesis.    Proc. 
Natl. Acad. Sci. USA   .    104   :   19345 – 19350 .  

    11 .  Cheng ,  T. ,  J.   Sudderth ,  C.   Yang ,  A. R.   Mullen ,  E. S.   Jin ,  J. M.   Mates , 
and  R. J.   DeBerardinis .  2011 .  Pyruvate carboxylase is required for 
glutamine-independent growth of tumor cells.    Proc. Natl. Acad. 
Sci. USA   .    108   :   8674 – 8679 .  

    12 .  Warburg ,  O. ,  A. W.   Geissler , and  S.   Lorenz .  1967 .  On growth of 
cancer cells in media in which glucose is replaced by galactose 
[Article in German].    Hoppe Seylers Z. Physiol. Chem.     348   :   1686 – 1687 .  

    13 .  Macheda ,  M. L. ,  S.   Rogers , and  J. D.   Best .  2005 .  Molecular and 
cellular regulation of glucose transporter (GLUT) proteins in 
cancer.    J. Cell. Physiol.     202   :   654 – 662 .  

 Currently, when repression of microRNAs is required, 
antisense oligonucleotides complementary to the mature 
miRNA are used. 

 Specifi c modifi cations, such as methylated hydroxyl 
groups (2 ′ -OMe) or locked nucleic acid ( 133 ), increase 
the stability and the affi nity to the target microRNA ( 134 ). 
Cholesterol-modifi ed antisense oligonucleotides to re-
press microRNA-10b successfully suppressed metastasis in 
a mouse mammary tumor model ( 135 ). In addition, pep-
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microRNAs in vitro and in vivo ( 136 ). Another strategy is 
the use of “microRNA sponges” that contain multiple 
binding sites for a specifi c microRNA to reduce the endog-
enous levels of the microRNA  . This strategy has been ef-
fective in inhibiting the proliferation of B-cell lymphoma 
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reduce off-target effects ( 138 ). An alternative strategy in-
volves the expression of a shRNA or pri-miR mimic from a 
plasmid or viral construct that provides a more stable ex-
pression of the mature microRNA ( 124 ). MicroRNA-34a 
exogenously expressed in cultured breast cancer cells was 
reported to reduce tumor cell proliferation, migration, 
and invasion ( 139 ), and an adenoviral vector expressing 
shRNAs against microRNA-221 and -222 has been de-
scribed in cultured glioblastoma cells (GBM) ( 140 ). 

 On the other hand, several approaches are currently be-
ing developed to deliver microRNAs into the cell. Lipid- 
and polymer-based carriers have been tested for siRNA/
shRNA delivery in preclinical studies ( 141 ). Liposome-
mediated delivery of a plasmid encoding microRNA-34a 
reduced several microRNA-34a target genes in cultured 
breast cancer cells ( 139 ), and liposome-formulated mi-
croRNA-34a is being tested in a phase I clinical trial in pa-
tients with primary or metastatic liver cancer (http://
clinicaltrials.gov/ct2/show/NCT01829971). 

 CONCLUSIONS 

 Most of the work done to target cancer metabolism 
has been focused on the identifi cation of oncogenes and 
tumor suppressors that mediate the cancer-associated met-
abolic reprogramming: increased aerobic glycolysis, gluta-
minolysis, and de novo FA biosynthesis. Moreover, cancer 
cells present increased fl exibility to adapt to substrate and 
oxygen availability at microenvironment. 

 Several therapeutic approaches have been proposed for 
cancer treatment, such as the inhibition of specifi c glyco-
lytic enzymes (HK, PK, and LDH), reactivation of mito-
chondrial metabolism by stimulating Pyr oxidation, or 
inhibition of the expression and/or activity of HIF-1 � . Nev-
ertheless, there are exciting scenarios related to lipid me-
tabolism that need to be further investigated:  1 ) FAO as a 
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