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Editorial on the Research Topic

Tumor Cell Metabolism and Autophagy as Therapeutic Targets

Cancer is a group of alterations in the normal functioning of a cell. As is known, the tumor cell has
adaptations to its environment that allow it to proliferate in conditions unfavorable to a normal cell.
Within these changes is the so-called aberrant metabolism, which permits the tumor cell to continue
with its replication rate, avoid programmed cell death, or escape from the immune system cells.
Although Otto Warburg first described in 1924 that tumor cells employ glycolysis to produce ATP
instead of oxidizing glucose in the tricarboxylic acid (TCA) cycle, it was not until recently that
tumor metabolism has gained the attention of the scientific community and studied in detail. The
seminal work of the Nobel Prize winner Otto Warburg was a pioneer in the realization not only of
glycolysis but also in the description of the deregulation of various enzymes involved in the
glycolytic cleavage and concluded with the activation of the enzyme lactate dehydrogenase A
(LDH-A).

Recent research has shown that the aberrant metabolism of cancer is not only involved in
maintaining a high proliferative rate, but it is also necessary to escape from the stress produced by
the hypoxic environment to avoid programmed cell death. The high levels of lactate in the tumor
microenvironment prevent the cells of the immune system from reacting efficiently against the
incipient tumor growth. Novel findings show that there is a delightful regulation of tumor
metabolism exerted by oncogenes, as signaling pathways involved in cell growth and
proliferation, such as the phosphoinositide 3-kinase/Akt pathway, actively regulates aerobic
glycolysis. Transcriptional networks exert control in tumor metabolic activities; thus, c-Myc
activates the expression of LDH-A, a metabolic enzyme that converts pyruvate (the final product
of glycolysis) to lactate as well as glutamine synthetase. Hypoxia-inducible transcription factor 1o
promotes survival under hypoxic conditions by regulating genes relevant in glycolysis, redox
homeostasis, among others. Sterol regulatory element-binding protein transcription factor is
involved in the synthesis of fatty acids, activates different enzymes needed to convert acetyl-
coenzyme A into fatty acids (1).

There is an exquisite regulatory network that sustains tumor metabolism at both the genetic and
epigenetic levels. Non-coding RNAs, such as long non-coding RNAs (IncRNAs) and microRNAs
(miRNAs), have been described as managers of the tumor microenvironment, involved in the
development of cancer and the regulation of the different hallmarks of cancer. These non-coding
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molecules are modulators of adaptation to stressful situations
such as hypoxia, oxidative stress, and nutrient deprivation.

There are pharmacological strategies designed to inhibit
aberrant tumor metabolism. However, the inhibition of
enzymes involved in tumor metabolism often causes acute
systemic toxicity, injuring enzymes of normal tissues too.
Therefore, the possibility of inhibiting metabolic pathways or
specific enzymes will depend on whether the systemic blockade is
tolerated. Examples of drugs already used in the oncology clinic
include inhibitors of DNA synthesis such as antifolates
(methotrexate, pemetrexed, and others). Notwithstanding these
drugs produce toxicity in normal proliferating tissues like the
intestinal epithelium and bone marrow, their use is still valid in
therapeutic schemes in different tumors. Therefore, it is an
extraordinary opportunity in drug discovery to include novel
molecular targets for cancer treatment.

Autophagy is a highly conserved intracellular molecular
mechanism in eukaryotes that allows the recycling of proteins
and cellular organelles. Several stimuli initiate autophagy; under
normal conditions, it starts to degrade misfolded proteins and
damaged organelles, depletion of nutrients, embryonic
development, or cell death by apoptosis. Although different types
of autophagy have been characterized, macroautophagy is the best-
studied mechanism and probably the most important in cancer.

The maintenance of cell homeostasis in conditions of nutrient
depletion is fundamental to cell survival. At different stages during
the development of the tumor mass, conditions of metabolic stress
due to starvation are produced, which compromises the viability of
the malignant tissue. Moreover, reports mention that hypoxic shock
activates autophagy, which plays a central role in chemoresistance
(2). On the other hand, activation of autophagy enhances the
tumor-associated endothelial cells during the development of new
blood vessels supplying the tumor mass (3).

While suppression of glycolysis activates autophagy to recycle
nutrients and maintain cell survival, the tumor cell eventually will be
able to adapt to its environment and activate other pathways to keep
TCA active and thus oxidative phosphorylation. Interestingly, one
way to escape the blockage of glycolysis is to raise the metabolism of
glutamine and glutamate consumption in different tumors (2). It is
essential to recognize that the dual role of autophagy in the
promotion of tumor phenotype as a therapeutic target puts in the
balance the need for further research in this area to generate
therapies that allow the successful treatment of cancer (4).

Cancer metabolism and autophagy have attracted the attention
of multiple research centers since the possibility of intervening in
their different signaling pathways opens the way for more efficient
and specific treatments to diminish toxicity towards normal cells
and consequently lessens the repercussions for the patient. The
topic is extensive, but thanks to the acceptance of the scientific
community, in this Research Topic, we have collected 15 articles,
five originals research, and 10 reviews. All of them of high academic
quality and with future perspectives that allow a clearer vision about
the participation of these metabolic processes in cancer. Following,
a brief description of the research works.

In their original research, Sarmiento-Salinas et al. showed that
there is a molecular signature based on mitochondrial genes that

differentiate basal-like tumors from other molecular subtypes.
This gene signature is enriched with genes that participate in
reactive oxygen species (ROS) metabolism. Finally, the authors
demonstrate that the production of mitochondrial ROS supports
the proliferative signaling in triple negative breast cancer
whereas its inhibition, using an anti-oxidant agent, induces
cells to a decreased proliferation.

Regarding breast cancer treatment, Serrano-Carbajal et al.
investigated the metabolic deregulation landscapes in breast
cancer (BC) molecular subtypes. They designed through a
computation tool, developed by their group, a treatment
scheme to regulate purine metabolism independently of the BC
subtype with Food and Drug Administration approved drugs in
public pharmacological databases.

As above mentioned, tumor cell requires low concentrations of
glucose and oxygen, as well as a lactic acidosis medium to survive.
Romero-Garcia et al. observed that cell growth is affected depending
on the lactic acidosis and the presence or absence of oxygen in the
medium. For example, in the cell lines A-427 and MCF-7 in hypoxia
conditions, cells do not survive in neutral lactosis but lactic
acidosis. On the other hand, they noted that in a lactic acidosis
medium, either in normoxia or hypoxia, the mitochondrial mass
and mitochondria DNA levels were increased in comparison to
neutral lactosis in tumor cells but not in fibroblasts. Therefore, they
concluded that lung adenocarcinoma cells induce mitochondrial
biogenesis to continue survival and proliferation in lactic
acidosis and the absence of glucose.

The discovery of new pharmacological therapies in oncology is a
tireless area of research. Natural products have been an
inexhaustible source of new molecules that provide chemical and
molecular bases for the development of new drugs. In the Couder-
Garcia et al. article, the results obtained from the antiproliferative
effect of peniocerol in an in vivo model of colon cancer are
displayed. The mechanism of action of this compound is related
to the inhibition of poly (ADP-ribose) polymerase-1 and the
decrease in the expression of proliferation cell nuclear antigen
(cell proliferation marker) both in vitro and in xenografts.

Liu et al. performed a liquid chromatography-mass
spectrometry-based methodology to discover potential
biomarkers for differential diagnosis of patients with bladder
cancer and renal cell carcinoma. The authors found that plasma
metabolomics and lipidomics could be useful for the
discrimination of the global plasma profiles of the two cancer
types evaluated from healthy controls.

The reviews published in this special issue cover several
interesting topics. Bermutdez et al. reviewed the IncRNAs
related to chemoresistance led by autophagy and the clinical
implications of the IncRNAs in colorectal cancer. Autophagy was
evaluated by Nunez-Olvera et al. as a therapeutic target in
endometrial cancer. Besides, the Acevo-Rodriguez et al.s group
discussed the crosstalk between translation and autophagy and
the implications of this process in tumorigenesis. The review of
dela Cruz Lopez et al. covered the importance of the mammalian
target of rapamycin complex 1 (mTORC1) in the regulation of
mitochondrial metabolism in cancer and also discussed the
therapeutic efficacy of mTORCI1 inhibitors.

Frontiers in Oncology | www.frontiersin.org

December 2020 | Volume 10 | Article 573343


https://doi.org/10.3389/fonc.2019.00480
https://doi.org/10.3389/fonc.2020.00097
https://doi.org/10.3389/fonc.2019.01053
https://doi.org/10.3389/fonc.2019.01341
https://doi.org/10.3389/fonc.2019.01341
https://doi.org/10.3389/fonc.2020.00717
https://doi.org/10.3389/fonc.2019.01008
https://doi.org/10.3389/fonc.2019.01326
https://doi.org/10.3389/fonc.2020.00322
https://doi.org/10.3389/fonc.2019.01373
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Jacobo-Herrera et al.

Editorial: Cancer Metabolism and Autophagy

Disturbed glucose metabolism is a characteristic of the cancer
cell. The review by Vanhove et al. addressed the importance of
glucose pathway, glycolysis, gluconeogenesis, and mitochondrial
metabolism in lung cancer, and the importance of understanding
all these processes to implement new treatments in the future.
Moreover, de la Cruz-Lopez et al. also examined the meaning of
the lactate in carcinogenesis and tumor immune evasion, as well
as a target for cancer therapy.

Regarding dysregulated metabolism, Pedroza-Torres et al.
analyzed the miRNAs and their participation in the tumor cell
metabolism and as therapeutic target opportunities in cancer.

The hepatocellular carcinoma (HCC) deserved two reviews.
In Che et al.’s article, the authors focused on the role of the fatty
acid synthase (FASN) and the molecular mechanisms involved in
the activation of this fatty acid in liver carcinogenesis. Also, put
on the table that the inhibition of FASN and related lipogenesis
as targets for HCC treatment. The second review by Marquardt
and Edlich covers the chronic inflammation and cell death
resistance in HCC as two of the main hallmarks of this disease.

Finally, the upcoming field of the role of growth differentiation
factor 11 (GDF11) in cancer was analyzed by Simoni-Nieves et al.
The growth factor GDF11 has attracted attention in cancer due to
its age-related role, targeting mainly the stem cells. This
particularity becomes imperative in the tumor cell as they acquire
the stemness ability which is reflected in tumor aggressiveness and
poor clinical prognosis. The effect of GDF11 is controversial, some
authors report tumor suppression active, while others blame the
opposite. In this study, the authors discuss the role of GDF11 and its
functions known so far in cancer biology and metabolism, including
examples in liver, breast, pancreatic, and colorectal cancers, as well
as in oral squamous cell and melanoma (7).

In summary, GDF11 is a fascinating component of the
transforming growth factor-beta superfamily. Its functions are
known to depend on cell progeny, tissue type, degree of
differentiation, and even age, which is why its activities are diverse
and why its involvement in cancer has become a new area of research.

Ample evidence of the importance of autophagy in the
development and maintenance of tumor phenotype is documented.
However, controversy arises when autophagy is evaluated from a pro-
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Due to their crucial role in cell metabolism and homeostasis, alterations in mitochondrial
biology and function have been related to the progression of diverse diseases including
cancer. One of the consequences associated to mitochondrial dysfunction is the
production of reactive oxygen species (ROS). ROS are known to have a controversial
role during cancer initiation and progression and although several studies have tried to
manipulate intracellular ROS levels using antioxidants or pro-oxidation conditions, it is not
yet clear how to target oxidation for cancer therapy. In this study, we found differences in
mitochondrial morphology in breast cancer cells when compared to a non-tumorigenic
cell line and differences in mitochondrial function among breast cancer subtypes when
exploring gene-expression data from the TCGA tumor dataset. Interestingly, we found
increased ROS levels in triple negative breast cancer (TNBC) cell lines and a dependency
on ROS for survival since antioxidant treatment induced cell death in TNBC cells but notin
an estrogen receptor positive (ER+) cell line. Moreover, we identified the mitochondria as
the main source of ROS in TNBC cell lines. Our results indicate a potential use for ROS
as a target for therapy in the TNBC subtype which currently has the worst prognosis
among all breast cancers and remains as the only breast cancer subtype which lacks a
targeted therapy.

Keywords: breast cancer, ROS, mitochondria, mitochondrial morphology, mitochondrial ROS

INTRODUCTION

Breast cancer is a highly heterogeneous disease whose classification has proven to be central for
proper patient management, follow-up, clinical trial selection and focus on translational research
(1). Breast cancer classification has gradually shifted from a classification based on morphological
findings into a more integrative approach which incorporates tumor biomarkers and molecular
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information. About 75% of breast tumors express the estrogen
(ER) and/or progesterone (PgR) receptors and can be targeted
with endocrine therapy. Hierarchical clustering of gene
expression data of several tumors has led to the definition of
molecular intrinsic tumor subgroups, classifying most ER+
tumors in the luminal subtype due to the expression of genes
characteristic of luminal epithelial cells (2, 3). Patients with a
low risk of relapse are found in the Luminal A subtype while
patients in the Luminal B subgroup have a higher risk of relapse
and their tumors express increased proliferation-related markers
(1, 4, 5). More recently, integrative cluster classification based on
DNA rearrangement patterns from whole genome sequencing
data have further characterized ER+ tumors into 9 different
subtypes with differences in clinical outcomes (1). About
10-15% of breast cancers over-express the HER2/erb2/neu
receptor protein, a receptor tyrosine kinase that signals cellular
proliferation and patients with HER2+ tumors used to have one
of the worst prognoses until the advent of anti-HER2 targeted
therapies (4). Molecularly, most of the HER2 enriched tumors
are HER2+ by immunohistochemistry (4); and HER24- tumors
have been shown to have different combinations of mutations,
supporting the existence of subclasses of HER2+ tumors and
also indicating a high heterogeneity within this subgroup (1, 5).
Finally, triple-negative breast cancer (TNBC), also classified as
basal-like breast cancer, is defined by the absence of ER, PgR,
and HER2 receptors and thus lacks a targeted therapy. Only
chemotherapy options are available for this breast cancer subtype
which has the worst prognosis in all cancer stages and also
shows a great intrinsic diversity (6-8). Gene expression patterns
have led to the identification of 6 different TNBC subgroups
(6) and TNBC tumors show multiple copy number alterations
affecting most of the chromosomes (1). Since basal-like breast
cancers are identified by gene expression profiling and TNBC
are characterized by analyzing the absence of receptors by
immunohistochemistry, both terms are not strictly synonyms.
It is known that approximately 25% of TNBC are not basal-like
on gene expression, but it has also been shown that the TNBC
phenotype enriches for basal-like cancer (9). Since TNBC
cell lines used in this study have been defined as basal (10),
both terms (TNBC and basal) are used for TNBC cell lines in
this work.

So, despite recent advances in the classification of breast
cancer that have led to effective targeted therapies for most
patients, evidence suggests that there is a high heterogeneity
in breast tumors even among the ones belonging to the same
subtype and that patients would benefit the most from a precise
classification and a targeted therapy for each individual tumor.
On the other hand, finding targetable biological features for
each breast cancer subtype has proven to be successful for
ER(+)/luminal and HER2(+) patients (8), underscoring the need
to find an effective, targeted therapy for TNBC patients.

One of the hallmarks of cancer cells is the de-regulation
of cellular energetics in order to fuel cell growth and division
(11). Otto Warburg first observed this anomaly in cancer cells
which had a high glycolytic activity even in the presence of
oxygen and proposed this metabolic shift to be a cancer driver.
However, although multiple oncogenes commonly activated in

cancer are known to activate glycolysis, they have been shown
to also activate mitochondrial metabolism (12). These metabolic
changes have brought attention to the role of mitochondria
in tumorigenesis and tumor progression but there seems to
be no simple explanation for the role of mitochondria in
cancer. Instead, mitochondrial functions have been found to
vary depending on genetic, environmental and tissue-of-origin
differences between tumors (13). One of the characteristics
associated with mitochondrial dysfunction is the production of
ROS and sensitivity to ROS-induced apoptosis. In this regard,
increased ROS have been found in diverse types of cancer and it
has been suggested that increased ROS levels in non-transformed
cells or in cancer cells could have pro-tumorigenic effects by
damaging nucleic acids and promoting genomic instability.
However, there is controversy in the literature regarding the
role of ROS in tumor progression. While some studies indicate
that ROS in cancer cells can activate pro-tumorigenic signaling
pathways (14-16), other studies have shown that treatment
with anti-oxidants accelerated tumor growth, metastasis and
decreased survival in mouse models of cancer (17, 18). In
this work, we studied differences in mitochondrial dynamics as
well as in the production of ROS in breast cancer cell lines
belonging to different subtypes of the disease with the purpose
of identifying differences in mitochondrial-dynamics or ROS-
related biomarkers which could work as molecular targets for
therapy or lead to a better classification of the disease.

MATERIALS AND METHODS

Hierarchical Clustering and Principal

Component Analysis

Mitochondria-related genes were obtained from GSEA (19, 20)
(mitochondria, OXPHOS signatures) and genes related to
mitophagy and mitochondrial dynamics were added for a total
of 167 different probes (Supplementary Table 1). ROS-related
genes were selected from GSEA (GO_OXIDATION_RED
UCTION_PROCESS; ANTIOXIDANT_ACTIVITY; and
REACTOME_BIOLOGICAL_OXIDATIONS) as well as from
a previously published ROS-signature and complemented with
NOX-related genes for a total of 370 different probes (21)
(Supplementary Table 1). Gene expression data was obtained
from cbioportal.org using mRNA Expression Z scores from
The Cancer Genome Atlas (TCGA); Nature, 2012 study (7).
Molecular subtype classification in this sample set was performed
according to the PAMS50 gene signature assay. Samples with
mutations were excluded from the mRNA expression analysis
and after elimination of non-classified samples or non-available
values, 518 samples were analyzed and Pearson hierarchical
clustering as well as principal component analysis (PCA) was
performed using Expander7 software (22).

Cell Culture

Breast cancer cell lines were cultured in the following media:
MCF10A (DMEM/F12, Caisson DFP18-1LT, 5% horse serum,
0.5 ug/mL hydrocortisone, 20 ng/mL EGE 100 ng/mL cholera
toxin, 10 pg/mL insulin); MCF7 (Eagles MEM, Caisson MEP-
10X1LT, 10 pg/mL insulin, 10% fetal bovine serum, FBS);
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T47D (RPMI-1640, Caisson, RPP10-10XLT 7.5 ug/mL insulin,
10% FBS); MDAMB231 (DMEM/F12, 10% FBS); MDAMB468
(DMEM/F12, 10% FBS); BT549 (RPMI-1640, Caisson RPP10-
10XLT, 7.5 wg/mL insulin, 10% FBS).

Mitotracker Labeling and

Mitochondrial Classification

Mitochondria were labeled with Mitotracker Red CMXRos
(ThermoFisher Scientific, M7512). Since fixation is known to
disrupt the mitochondrial network (23), we used live cells
for mitotracker labeling. Briefly, 100,000 cells were plated on
coverslips and after 24h stained with 250nM Mitotracker
Red in culture medium at 37°C, protected from light. After
incubation, cells were washed twice, first with pre-warmed,
serum free medium and then with complete medium. Live cells
were mounted with 10 pl complete medium and immediately
observed on a Zeiss Observer.Z1 microscope equipped with an
Axiocam MRm camera and an Apotome illumination system
with a 63X oil immersion objective. Cells were classified
as completely tubular (I), tubular with some fragments (II),
fragmented with some tubules (III), or completely fragmented
(IV) as shown in Figure 2B by two independent observers.

For mitochondrial ROS labeling, cells grown in coverslips
were incubated with 2uM Mitosox Red (ThermoFisher
Scientific, M36008) and 200nM  Mitotracker  green
(ThermoFisher Scientific, M7514) for 15min in complete
medium, washed with 1X PBS, mounted with 10 pl
complete medium and immediately observed on a Zeiss
Observer.Z1 microscope equipped with an Axiocam MRm
camera and an Apotome illumination system with a 63X oil
immersion objective.

ROS Measurement

ROS were evaluated by fluorescence microscopy and flow
cytometry. For microscopy, 30,000 cells were plated in 24-
well-plates and, after 24 h, stained with 10 uM dihydroethidium
(Sigma Aldrich, D7008-10MG) in culture medium for 30 min
at room temperature, protected from light. After incubation,
cells were washed three times, first with pre-heated complete
medium and then with PBS, fixed and stained with Hoechst.
Stained cells were observed with 1ml of PBS in a Zeiss
Observer.Z1 microscope. ROS quantification was performed by
flow cytometry. Briefly, 100,000 cells were plated on 6 well-plates
and after 24 h stained with 10 uM DHE as previously described.
After incubation, cells were washed tree times, first with pre-
warmed complete medium and then with PBS, trypsinized and
centrifuged at 2,500 rpm. The pellet was resuspended in PBS
with 3% FBS for immediate analysis in a BD FACS Canto II
flow cytometer. Graphs show mean fluorescence intensity minus
autofluorescence control. For ROSM8M and 1% populations, cells
were analyzed according to the flow cytometry pipeline shown
in Supplementary Figure 3 using Flow Jo V 10.0 software. For
mitochondrial ROS evaluation cells were plated as for DHE
staining but stained with 5pM MitoSox Red in pre-warmed
medium for 15 min at 37°C. After incubation, cells were washed
twice, first with pre-warmed complete medium and then with
PBS, trypsinized and centrifuged at 2,500 rpm, the pellet was

resuspended in PBS with 3% FBS for immediate analysis in a BD
FACS Canto II flow cytometer. Graphs show mean fluorescence
intensity minus autofluorescence control.

Proliferation and Cell Death Assays

Cell proliferation was assessed in a live-cell Incucyte ZOOM
System. Cells were plated at a density of 3,000-5,000 cells per
well and after 24 h, treated with hydrogen peroxide (H,O;) or
N- acetylcysteine at the indicated concentrations and imaged
every 4 h for 24 h. Proliferation was evaluated using the Incucyte
software and expressed as % confluency. Cell death was evaluated
after 24 h with 10 pM propidium iodide (PI) staining for 10 min.
Fluorescence images were taken in the Incucyte ZOOM system
and cell death was expressed as % red (PI4) confluency/%
total confluency.

Reagents
All reagents were purchased from Sigma Aldrich unless
otherwise specified.

Statistical Analysis

Graphs show three or more independent experiments and
every figure shows the mean =+ standard error. T-tests,
ANOVA and post-hoc tests were performed using GraphPad
Prism 5 software. Tukey was performed when means were
compared to every other mean and Dunnett’s post-hoc was used
for multiple-to one comparison in Figure 4. For two group
mean comparison performed in Figure4A, a student t-test
was used.

RESULTS

Mitochondrial Functional Status May
Reveal Association With Breast Cancer

Intrinsic Subtypes

Expression analysis of mitochondria-related genes in tumor
samples from the TCGA dataset revealed clusters of samples
related to molecular breast cancer subtypes, both when analyzed
by unsupervised hierarchical clustering (Figure 1A) or principal
component analysis (PCA, Figure 1B). Hierarchical clustering
analysis revealed two major clusters (I and II). Cluster I
was enriched in luminal samples while cluster II was more
heterogeneous and two big sub-groups were observed. The
first subgroup in cluster II was enriched in Basal-like tumors,
which clustered together with HER2-enriched and some luminal
samples. The other sub-group in cluster II had a small basal-
like cluster, a HER-2 enriched cluster, a luminal B-enriched
one and a big luminal cluster containing both Luminal A
and B samples. Importantly, luminal tumors in cluster II,
were more similar to basal and HER2-enriched tumors than
to the other luminal samples in cluster I, evidencing Luminal
tumors with potential differences in mitochondrial biology
and function.

Mitochondrial differences in breast cancer subtypes were
more evident in a PCA analysis (Figure 1B) where a cluster
of luminal A and B tumors was found to the left of the
graph, followed by an intermediate group with HER2-enriched
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FIGURE 1 | A mitochondria-related gene signature separates breast cancer tumor samples in clusters according to the tumor subtype, in a bioinformatic analysis of
gene expression. (A) A mitochondria-related gene expression signature was analyzed in TCGA breast tumor samples using unsupervised hierarchical clustering
analysis, revealing clusters of samples enriched in molecular subtypes. Two major clusters were found (1, Il). Cluster | was enriched in luminal samples while cluster Il
showed two major sub-groups. The first subgroup was enriched in basal and HER-2 enriched samples while the other was heterogeneous with one sub-group
enriched in luminal samples and another containing luminal B and HER2-enriched tumors. (B) Principal component analysis (PCA) revealed three main clusters, a
cluster of Luminal A and B tumors (left), an intermediate group composed of HER2-enriched and some Luminal B samples and a Basal-like enriched cluster (right).

and luminal B samples and a well-defined Basal-like enriched
cluster to the right of the graph which also included some
HER2-enriched samples. Thus, PCA analysis of the expression
of mitochondria-related genes clustered tumor samples not
only according to breast cancer subtypes but also according to
malignancy, with the most malignant triple negative or basal-
like subtype to the right and the least malignant luminal A
samples to the left of the graph (Figure 1B). These findings
suggest important differences in mitochondrial function among
tumors from different breast cancer subtypes. Importantly,
luminal B samples were the most heterogeneous, with some
samples clustering with Luminal A tumors (Figure 1B and also
Figure 1A, cluster I) and others clustering with HER2-enriched
tumors (Figure 1B and also Figure 1A, cluster II, sub-cluster
vi). This likely reflects differences in the mitochondrial biology

of Luminal B samples which are HER2+ and those which are
HER2- and suggests a possible role for the HER2 receptor in the
regulation of mitochondrial gene expression and function.
Mitochondrial shape has been extensively linked to
mitochondrial function and although it is determined by a
highly dynamic and regulated process, diverse cellular functions
and alterations have been associated to changes in mitochondrial
morphology (12, 24). Fluorescent mitochondrial labeling has
been used to assess mitochondrial shape and changes in function
in breast cancer cells and in cancer cells from other tissues
(23, 25-27). Hence, we evaluated mitochondrial morphology
in mitotracker-stained breast cancer cell lines representative
of different subtypes (Figure2A). We used MCF10A cells
as a non-tumorigenic (NT) control and, according to the
classification by Neve et al. (10), we used MCF7 and T47D
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FIGURE 2 | Breast cancer cell lines show differences in mitochondrial morphology and increased mitochondrial fragmentation than a non-tumorigenic cell line.

(A) Mitotracker staining revealed differences in mitochondrial morphology among breast cancer cell lines. (B) Cells were classified as completely tubular (I), tubular
with some fragments (Il), fragmented with some tubules (1ll), or completely fragmented (V). The graph in (A) shows the percentage of cells with the corresponding
mitochondrial morphology as shown in (B). In (C) representative images of the characteristic morphology per cell line is shown. The graph in (A) shows mean + SEM
of 3-5 independent experiments. Sixty to one hundred individual cells were classified per experiment by two independent observers. *Different to MCF10A with

p < 0.05.

cell lines as luminal cells and MDAMB231, MDAMB468, and  Importantly, we found cells with fragmented mitochondria (IV)
BT549 as triple negative, basal-like cancer cell lines. Cells were  as being the most heterogeneous population among the cell lines,
classified as completely tubular (I), tubular with few fragments  with a low percentage of fragmented mitochondria in MCF10A
(II), fragmented with few tubules (III) or completely fragmented  and a great diversity among the cancer cell lines studied. An
(IV) according to representative images in Figure 2B. We found  image of the most representative mitochondrial morphology
an important difference in the number of cells classified as  found in each cell line is shown in Figure 2C.

having mostly tubular mitochondria (I) between NT and breast We selected genes in mitochondrial gene signatures related to
cancer cell lines. The MCF10A cell line showed the highest  mitophagy, mitochondrial dynamics and biogenesis to evaluate
tubular mitochondria when compared to cancer cells, indicating  differences in mitochondrial function among breast cancer
an important role for mitochondrial fission in breast cancer.  subtypes. We found differences in the expression level of genes
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related to mitochondrial biology in tumors from the TCGA
sample set according to the molecular classification of tumors
(Table 1, Supplementary Figure 1). Significant changes in the
expression level of genes related to mitochondrial dynamics were
observed among breast cancer subtypes. Fusion-related (OPA1,
MFNI1) as well as fission related (DNMI1L) genes were found
to be increased in the basal-like subtype when compared to
Luminal A tumor samples. However, adaptor proteins for Drp-
1 on the outer mitochondrial membrane like MID49/MIEF2
or FIS1 (Table 1, Supplementary Figure 1), were found to be
decreased in the basal-like subtype when compared to the other
breast cancer subtypes, and no changes among the different
subtypes were observed in MFFE, another Drp-1 adaptor protein
(Table 1). Importantly, decreased levels of mitophagy-related
BNIP3L and PINKI, as well as increased levels of mitochondrial
biogenesis related genes PPARGC1A and PPARGCI1B were found
in the basal-like tumor samples when compared to the Luminal
A subtype (Table1, Supplementary Figure 1). This evidence
suggests changes in mitochondrial quality control mechanisms,
turnover and important differences in mitochondrial biology
among breast cancer subtypes.

TNBC Was Characterized by an Increased
Oxidation State

Mitochondria have a crucial role in triggering redox signaling
through ROS release from the electron transport chain (ETC)
and ROS production is one of the aspects that has been involved
in the promotion of malignancy by mitochondrial dysfunction
(17). In this regard, ROS generation from mitochondria or

from other cellular sources can contribute to the initiation of
cancer in normal or non-malignant cells. Moreover, once a
cell is transformed, redox signaling can amplify the malignant
phenotype in terms of proliferation, survival, and migration
through the activation of pro-tumorigenic signaling pathways
(17, 28). Since we were particularly interested in TNBC, we
analyzed ROS levels in the different TNBC cell lines under basal
conditions using dihydroethidium (DHE) staining and compared
to an ER+ and a non-tumorigenic control (Figures3A-C).
DHE is widely used as a small-molecule fluorescent ROS probe
which is oxidized to 2-hydroxyethidium in the presence of O
and to ethidium enzymatically or in the presence of 1-electron
oxidants, which reflect total oxidant generation (29, 30). Since
both oxidation products are fluorescent in red and are not
distinguishable in intact cells with the methods that we used
(fluorescence microscopy and flow cytometry), we used DHE
staining as a measurement of total ROS levels.

We found increased DHE(+4) nuclei in basal-like, TNBC
cell lines with more than 45% DHE positive nuclei in the
three TNBC cell lines studied (MDAMB231, MDAMB468 and
BT549) when compared to the luminal (MCF7) or non-
tumorigenic (MCF10A) cell lines (Figures 3A,B). Interestingly,
H,0, treatment increased DHE positive nuclei only in the non-
tumorigenic, MCF10A cell line, probably indicating a better
redox balance in cancer cells or a high oxidation status in TNBC
cells that cannot be further increased by oxidants. Also, flow
cytometry analysis of DHE mean fluorescence intensity in each
cell line showed increased DHE staining in basal-like, TNBC
cell lines when compared to the non-tumorigenic MCF10A or

TABLE 1 | Breast cancer subtypes show differences in the expression level of mitochondria-related genes.

Normal-like Luminal A Luminal B HER2-enriched Basal-like
Gene Mean =SD ANOVA Mean+SD ANOVA Mean+SD ANOVA Mean + SD ANOVA Mean + SD ANOVA
Fusion OPA1 —-0.25 + 0.9 —0.244 £+ 0.96 0.34+13 1 0978 £ 1.3 0,1,2 1303+15 [0,1,2
MFN1 —0.74 +£1.18 —0.015 £ 1.15 0516 £ 1.2 1 0617 £ 1.4 0,1 1117 £15 101,22
MFN2 —-0.17 £ 0.82 —0.124 £ 1.08 —0.54 +1.3 1 —-057 +14 —-0.56 + 1.4
Fission DNM1L —-0.62 + 1.04 —0.302 +£ 1.08 0.276 £ 1.1 1 0.293 + 1.2 1 1.023 +£1.5 101,238
MTP18/MTFP1  —0.28 4+ 0.86 -0.585 + 1.05 —0.01 £ 11 1 0.201 £ 1 1 0.235 + 1.1 1
YMET1LA —-0.79 £1.77 —0.204 £ 1.1 0.378 £ 1.1 1 02+14 0.843 £ 1.9 0,1
MID51/MIEF1 —0.38 £ 0.75 —0.681 £+ 1.05 —0.56 +1.3 0297 £ 1.4 1,2 0.629 £ 1.2 1,2
MARCH5 —1.47 £1.25 —0.14 £ 0.87 0 —0.09 + 1.1 0 0142 £ 1.3 0 —0.43+1.3 3
MFF —-0.29 + 1.26 —-0.119 £ 1.01 —0.23 +1 -017 £ 1.2 0.071 £ 1.3
FIS1 —-0.61 +£1.13 0.25 £ 0.97 0.151 £ 1.1 —0.44 +£ 1 1,2 —-0.82 + 1 1,2
OMAT1 —-0.29 + 0.87 0.241 £ 0.95 0.115 £ 1.1 -0.66 + 1.3 1,2 —0.56 + 1 1,2
MID49/MIEF2 —0.49 + 0.79 0.11 +£0.95 —0.28 + 1.1 —-0.39 £ 0.8 1,2 —1.24 +1 1,2,3
Mitophagy BNIP3L —0.5 £ 1.09 —0.084 + 1.06 —-0.76 + 1.1 1 —-0.75 +1.2 1 -133+1.1 [1,2,8
PINK1 0.1563 + 0.93 0.146 + 0.92 —0.44 + 1 1 —-0.51 +£1 1 —-0.84 + 11 1
PARK2 —0.5 £ 1.09 —0.084 + 1.06 —-0.76 £ 1.1 1 -0.75+1.2 1 —-1.33+ 11
Biogenesis PPARGC1A 0.388 + 0.39 —0.066 £ 0.7 —-0.51 £ 0.7 1 0.278 £ 1 2 0.961 £ 1.6 1,2,3
PPARGC1B 0.395 + 0.87 —-0.285 + 0.84 —-0.16 + 1 0.531 £ 1 1,2 1.001 £ 09 11,238
Other SIRT3 —-1.04 £ 0.7 0.382 + 0.93 0 —0.06 + 1.1 0,1 —-0.82 £ 0.9 1,2 -1.4+09 123

mRNA expression z-scores (microarray) analyses from TGCA samples according to their breast cancer sybtype (PAM50 classification). Gray cell means differences with p < 0.05 to

Normal-like (0), Luminal A (1), Luminal B (2), or HER2 (3).

Frontiers in Oncology | www.frontiersin.org

June 2019 | Volume 9 | Article 480


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Sarmiento-Salinas et al. Mitochondrial ROS in Breast Cancer

Il MCF10A NT

I MCF7 LUMINAL
& 100 I MDAMB231
—_ R [ MDAMB468 | BASAL
H.0, 2 [ BT549
CONTROL 60 pM 100 pM m % xa
8 60- s * %
z
<. 40-
S O
= | L
L I
=2 o (@]
=
~100+

Luminal
MCF7

DHE(+) NUCLEI (%

L) o 'oo 'oco ! o' o
® 88 ©5 ©S 38 38 HO:2(m)
@ c
o Il MCF10A NT
= 150000 B MCF7 LUMINAL
< *% g MDAMB231
[m) [E MDAMB468 | BASAL
= BT549
= L 100000 . =
I *
I
[m]

Basal
MDAMB468

50000+
0-
D
o I . [ Nomal-like

100 . Luminal A

80

60 - Luminal B
[=2) " :
<t B HeRrz2-enriched

20 .
ﬁ PC1 | - W Basal-like
m -20) : LI

*

~40) %

60| *

~80)

-100)

-120) = -
-160 -140 -120 -100 80 -60 40 -20 00 20 40 60 80 100

PC2
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the ER+/luminal MCF7 cells (Figure 3C). Finally, expression  to cell lines from other subtypes, which could not be further
analysis of a ROS gene signature in tumor samples from the increased with H,O, treatment.

TCGA dataset clearly separated basal-like tumors from the other . . . .

breast cancer subtypes, both when analyzed by unsupervised Mitochondrial ROS Sustain Oncogenic
hierarchical clustering (Supplementary Figure 2) or principal ~ Signaling and Survival in TNBC

component analysis (PCA, Figure 3D), indicating that oxidant  To test if elevated ROS levels sustained oncogenic signaling and
and anti-oxidant gene expression is similar among basal-like  survival of TNBC cells, we used H,O, to induce oxidation or
tumor samples and different to other breast cancer subtypes.  the antioxidant N-acetyl cysteine (NAC) to decrease basal ROS
Thus, TNBC cells had a high level of oxidation when compared  levels in TNBC cell lines and compared to an ER+ cell line
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(MCEF?7) with low oxidation levels (Figure 4A). H,O, treatment
increased the ROSM&" population and/or decreased the relative
frequency in the ROS!Y population in the cancer cell lines
studied. NAC treatment decreased the relative frequency of
the ROSM&" or increased the ROS!Y population (Figure 4A).
We measured cell confluency as a measure of cellular viability
and cell death using the cell impermeable dye propidium
iodide (PI). Dead cells with compromised plasma membrane
are permeable to the dye and red nuclei represent dead cells
(Figures 4B,C). The MCF7 luminal breast cancer cell line was
sensitive to H,O, treatment since increased PI staining as well
as decreased proliferation was observed (Figures 4B-D), whereas
with NAC treatment, only proliferation was affected (decreased,
Figure 4D) and no induction of cell death was observed
(Figures 4B,C). Interestingly, TNBC cell lines (MDAMB231,
MDAMB468, and BT549) showed the most striking changes in
cell morphology, increased cell death, and decreased proliferation
after antioxidant treatment (Figures 4B-D). Surprisingly, H,O,
had no effect on cell death (Figures 4B,C) or cell proliferation
(Figure 4D) on MDAMB231 and MDAMB468 TNBC cell
lines and both NAC and H,0, induced cell death in the
BT549 TNBC cell line. These results suggest that high ROS

levels are responsible for maintaining oncogenic signaling in
TNBC cells.

In order to evaluate the source of ROS production,
we explored if elevated ROS in TNBC cell lines were
derived from mitochondria by co-staining cell lines with
MitoSox (red) to evaluate mitochondrial ROS production and
MitoTracker (green) to stain mitochondria and compared to
ER+ MCEF?7 or non-tumorigenic MCF10A cell lines (Figure 5A).
MitoSox is a DHE derivative with an additional cationic
triphenylphosphonium group (TPP+). Due to its positive charge,
MitoSox preferentially accumulates within the mitochondrial
matrix and its red fluorescent oxidation products have been used
to measure mitochondrial ROS production (31).

We found increased MitoSox staining in all the TNBC cell
lines studied as well as increased co-localization of both stains
indicating higher mitochondrial ROS production in the TNBC
cell lines (Figure 5A). In addition, MitoSox levels were higher
in the TNBC cell lines when compared to the luminal MCF7
cell line when MitoSox fluorescence intensity was quantified
by flow cytometry (Figure 5B). Importantly, antimycin A (AA),
a mitochondrial complex III inhibitor, only increased MitoSox
fluorescence in the MCF10A, MCF7, and MDAMB231 cell

FIGURE 5 | ROS in basal, TNBC cell lines are derived from the mitochondria. (A) Mitochondria were stained with Mitotracker (green) and MitoSox (red) to evaluate
production of mitochondrial ROS. (B) Quantification of MitoSox fluorescence was performed by flow cytometry in basal conditions or (C) in cells treated with
Antimycin A (AA) at the indicated concentrations. Graphs show mean + SEM of 3 independent experiments. In (B) *different to MCF7 and ®different to MCF10A. In
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lines, probably indicating that MDAMB468 and BT549 cell line
mitochondria were producing high mitochondrial ROS in basal
conditions that cannot be further increased by AA treatment
(Figure 5C). Although the MDAMB231 TNBC cell line had
increased MitoSox levels when compared to the MCF7 cell
line, it showed high DHE fluorescence (Figure3C) and its
DHE fluorescence intensity was similar to MDAMB468 cells.
Furthermore, frequency of MitoSox™8h cells was lower than the
DHEM8 population in both the MDAMB231 and MDAMB468
but not in the BT549 cell line (Supplementary Figure 4). The
previous data indicate that the MDAMB231 and the MDAMB468
cell line, to a lesser extent, have active ROS sources additional to
the mitochondria that contribute to the maintenance of their high
oxidation state.

DISCUSSION

Alterations in mitochondrial dynamics and function have
been related to malignancy in different types of cancer. In
breast cancer, increased mitochondrial fission-related Drpl
protein levels have been found in breast carcinomas and
lymph node metastases (25), increased mitochondrial fission
has been observed in TNBC cell lines and it has been shown
that mitochondrial fission is necessary for cell migration and
invasion (25). It has also been shown that invasive breast cancer
cells have increased oxidative phosphorylation (OXPHOS),
mitochondrial biogenesis, and oxygen consumption rates when
compared to their non-invasive counterparts (32). Differences
in mitochondrial mass have been observed in primary human
breast tumors (33), and mitochondria from breast cancer cell
lines with different metastatic capacities have been shown to
have different functional characteristics (34). In agreement with
the previously published reports, a mitochondria-related gene
signature clustered breast cancer tumor samples according
to their intrinsic subtype (Figure 1) and we found important
differences in mitochondrial morphology when comparing
the non-tumorigenic MCF10A with all the breast cancer cell
lines tested (Figures2A,C). Breast cancer cell lines had more
fragmented mitochondria than the non-tumorigenic cell line,
which had almost 40% of cells with a tubular morphology (I)
while all the cancer cell lines had <15% indicating an important
role for mitochondrial fragmentation in transformation.
However, despite significant differences in the expression
levels of genes related to mitochondrial dynamics among
breast tumor subtypes (Tablel1, Supplementary Figure 1),
we did not find a clear relationship between mitochondrial
morphology and breast cancer subtype in the cell lines studied.
Although luminal cell lines MCF7 and T47D showed a very
similar mitochondrial morphology, mitochondrial shape from
basal, TNBC cell lines was highly heterogeneous (Figure 2A).
Nevertheless, the basal-like subtype was the most different
to other breast cancer subtypes with regards to changes in
mitochondria-related gene expression (Tablel1, Figure 1),
suggesting mitochondrial alterations different to mitochondrial
shape. So, although protein levels of individual mitochondrial-
dynamics related proteins (e.g., Drpl) have been related

to increased levels of malignancy (25), the global changes in
mitochondria-related gene expression that we studied (Figure 1),
clustered breast cancer samples according to tumor subtypes
and seem to be related to changes in mitochondrial function
rather to a specific mitochondrial morphology. Indeed, we
found increased DNMIL/Drpl mRNA levels in Basal-like
breast cancer samples (Table 1, Supplementary Figure 1) but
we also found increased mitochondrial fusion and biogenesis-
related gene expression, as well as decreased mitophagy-related
genes, suggesting global changes in mitochondrial function
beyond mitochondrial morphology. Importantly, changes in
mitochondrial gene expression, particularly of genes related to
mitochondrial dynamics could also reflect a distinct association
of mitochondria with other organelles, like the endoplasmic
reticulum, which has been shown to regulate cellular processes
like endoplasmic reticulum stress, autophagy and inflammasome
signaling (35), but this was not evaluated in this study.

One of the consequences of mitochondrial disfunction that
has been involved in several aspects of carcinogenesis is
the production of ROS and elevated ROS levels have been
found in tumor cells from different tissues (14, 36). In this
regard, it has been proposed that cancer cells are able to
modulate their antioxidant capacity to achieve a different redox
balance than normal cells. In this setting, overproduction of
ROS due to oncogenic signaling or metabolic alterations has
been shown to result in increased antioxidant capacity that
is able to maintain oncogenic ROS signaling, allowing disease
progression and avoiding cell death (28). Oncogenic signaling
pathways that are known to be activated by ROS include the
NE-kB (37), NRF2, Wnt (38), and EGFR signaling pathways
(39, 40). Also, ROS have been shown to activate the tumor
suppressor p53 and mediate apoptosis (41). Importantly, basal-
like tumors are known to present TP53 loss of function in
most, if not all, tumors and show amplification of the RAS-
RAF-MEK pathway including amplifications in EGFR (7). We
found increased ROS levels in TNBC cell lines when compared
to a non-tumorigenic or an ER-+/luminal breast cancer cell
line. The increased oxidation state was necessary for cell
survival since antioxidant treatment induced cell death in TNBC
cell lines and not in non-tumorigenic or an ER+/luminal
breast cancer cell line. Our results demonstrate that increased
ROS production in TNBC cell lines have a pro-tumorigenic
role by sustaining the oncogenic signaling necessary for their
proliferation and survival and suggest that the loss of function
of p53 characteristic of this type of breast cancer might
be necessary to survive this strongly oxidizing conditions.
Mitochondrial ROS were the main source of ROS in TNBC
cell lines (Figure 5) and mitochondrial ROS levels were related
to mitochondrial shape (Figure 2), since MitoSox fluorescence
correlated with the percentage of cells in the fragmented
classification (IV, Figure 2A) for the TNBC subtype. Our results
relate differences in mitochondrial shape among TNBC cell
lines with mitochondrial ROS production and suggest that those
TNBC cell lines with low levels of fragmented mitochondria
(e.g., MDAMB231 cell line) could have additional ROS sources
to maintain oxidative conditions and signaling, while those
TNBC cells with high levels of fragmented mitochondria (BT549)
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would rely only on mitochondrial ROS production to sustain
oncogenic signaling.

In the literature, there is conflicting evidence regarding the
use of antioxidants during cancer progression and treatment.
In normal cells or pre-cancerous lesions, ROS have been
proposed to induce DNA damage and increase oncogenic
mutations, raising the possibility that dietary supplementation
with antioxidants could suppress the initiation or progression of
some types of cancer. However, antioxidant treatment is known
to suppress cancer initiation in some contexts and increase
cancer progression in others (16). Moreover, the use of dietary
antioxidants has not been shown to reduce cancer incidence
and in fact, antioxidant supplementation has actually increased
incidence and death from some types of cancer including lung
cancer (42) or increase the risk of developing another type of
unrelated diseases (43, 44). In cancer progression models there
is also contradictory evidence regarding the use of antioxidants
for the treatment of cancer. For instance, in a melanoma
mouse model, metastatic cells had higher cytoplasmic and
mitochondrial ROS levels and lower mitochondrial mass. The
authors proposed that the high levels of oxidation in metastasis
are limiting for the establishment of metastasis, since the
treatment with antioxidants increased the number of circulating
tumor cells and metastatic burden without affecting the growth
of the tumor (45). On the other hand, in another study, highly
metastatic cells were found to have increased mitochondrial
activity and superoxide production. In this case, antioxidant
treatment decreased migration and invasiveness which was
proposed to be due to ROS-mediated Src activation in tumor cells
(46). In breast cancer, in the PyMT mouse cancer model, mice
with decreased glutathione content due to deficiency in GCLM
(glutamate cysteine ligase modifier), a subunit of glutamate
cysteine ligase, necessary for glutathione synthesis or mice treated
with BSO (buthionine-[S,R]-sulfoximine) to chemically inhibit
glutathione synthesis, had decreased mammary tumor burden.
When formed, tumors in PyMT-Gclm-/- mice, showed reduced
proliferation and progression (47). So, at least in this model, pre-
cancerous lesions need the antioxidant effect of glutathione to
progress to breast cancer, which would argue against the use of
antioxidants for breast cancer treatment. On the other hand, also
in breast cancer, antioxidant treatment decreased DNA lesions
and tumorigenesis in a murine model of BRCAIl-deficient,
p53*/~ breast cancer, where excessive estrogen metabolism
increased cancer cell ROS production and DNA damage (48).
Also, ROS scavenging by overexpression of exogenous EcSOD
(extracellular superoxide dismutase), decreased invasion of
breast cancer cells in vitro (49), and decreased metastasis in vivo
in TNBC mouse models (50). Moreover, increased ROS levels
have been associated with BRCA1 mutations in this type of breast
cancer (40).

In agreement with the previous studies, where BRCAl
mutations, which predispose to TNBC have been found to have
increased ROS levels, our data shows increased ROS levels in
all the TNBC cell lines studied in comparison to an ER+
breast cancer cell line or the non-tumorigenic cells. Moreover,
high ROS levels seem to be necessary for the maintenance
and survival of this type of cancer since antioxidant treatment

greatly decreased proliferation and induced cell death. Our
results suggest a potential use for ROS or oxidation products
in cancer cells as biomarkers of malignancy in TNBC which is
currently diagnosed by the absence of immunohistochemistry
biomarkers. Furthermore, mitochondrial ROS could function as
a therapeutic target against this cancer subtype, which currently
lacks a targeted therapy. Our data explains controversies in the
literature regarding the use of antioxidants for cancer therapy and
we propose that antioxidant treatments should only be used in
those cancer cells with high basal ROS levels which are likely to
use this pro-oxidant conditions to sustain oncogenic signaling.
Our results also suggest that a similar approach could be used in
those types of cancer which have been shown to have increased
oxidation levels or similar mechanisms of transformation as
TNBC (e.g., BRCAI inactivation, RBI loss, TP53 inactivation or
amplifications in the MAPK pathway) (7). In this regard, serous
ovarian carcinomas have been shown to have a similar mutation
and expression profile as TNBC (7) and has also been shown to
manifest a pro-oxidant state (51), indicating a potential use for
antioxidant treatment in this type of cancer. Other cancer types
that have also been characterized by increased oxidation levels
and in which a role of ROS has been proposed in the promotion of
malignancy include prostate (52), gastric (53, 54), and pancreatic
cancer (55). Importantly, our data also suggests that antioxidant
treatment should not be suggested as a general therapy for cancer
in these tissues since heterogeneity in tumors from those tissues
has also been reported (56-58) and a careful analyses of those
cancer subtypes which utilize pro-oxidant signaling for survival
should be performed.

Our data also suggests a possible explanation for the anti-
cancer effect of drugs with yet unclear mechanisms of action
like metformin. This drug has been shown to have anti-cancer
effects on breast (59) and other types of cancer (60, 61), has
been proposed to have an antioxidant effect (62), and is known
to be particularly effective on the TNBC subtype (63). So, our
results indicate a potential use for this drug or for antioxidant
nutraceuticals (64) for the treatment of this type of cancer and
for cancers with similar mechanisms of oncogenicity involving
increased oxidation states.

Finally, our results underscore the role of mitochondrial
ROS production in sustaining oncogenic signaling in the
basal, TNBC subtype as the main, but likely not only, source
of ROS and highlights their potential use as a therapeutic
target in this breast cancer subtype with current limited
therapeutic options.
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Colorectal cancer (CRC) is a common malignancy with 1. 8 million cases in 2018.
Autophagy helps to maintain an adequate cancer microenvironment in order to provide
nutritional supplement under adverse conditions such as starvation and hypoxia.
Additionally, most of the cases of CRC are unresponsive to chemotherapy, representing
a significant challenge for cancer therapy. Recently, autophagy induced by therapy
has been shown as a unique mechanism of resistance to anticancer drugs. In this
regard, long non-coding RNAs (IncRNAs) analysis are important for cancer detection,
progression, diagnosis, therapy response, and prognostic values. With increasing
development of quantitative detection techniques, INncCRNAs derived from patients’
non-invasive samples (i.e., blood, stools, and urine) has become into a novel approach
in precision oncology. Tumorspecific GAS5, HOTAIR, H19, and MALAT are novels
CRC related IncRNAs detected in patients. Nonetheless, the effect and mechanism
of IncBRNAs in cancer autophagy and chemoresistance have not been extensively
characterized. Chemoresistance and autophagy are relevant for cancer treatment and
INcRNAs play a pivotal role in resistance acquisition for several drugs. LncRNAs such as
HAGLROS, KCNQ10OT1, and H19 are examples of INcRNAs related to chemoresistance
leaded by autophagy. Finally, clinical implications of INcRNAs in CRC are relevant, since
they have been associated with tumor differentiation, tumor size, histological grade,
histological types, Dukes staging, degree of differentiation, lymph node metastasis,
distant metastasis, recurrent free survival, and overall survival (OS).

Keywords: IncRNA, colorectal cancer, autophagy, chemoresistance, drug resistance, macroautophagy

INTRODUCTION

Cancer is one of the most deathly illness worldwide with an estimated 9.6 million deaths in 2018
(1). One of the most common is colorectal cancer (CRC) with 1.8 million cases and 862,000
deaths only during the last year (1). Development of CRC involves different genetic and epigenetic
changes. Most cases are sporadic and show a slow development through the time, advancing from
adenoma to carcinoma (2). Even though there are important progress in treatment and molecular
mechanisms involved in CRC, the OS rate still remains relatively low (3, 4).
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LncRNAs and CRC

Chemotherapy has been widely used for cancer treatment,
for instance, the fluoropyrimidine 5-fluorouracil (5-FU) is
a first selection anticancer drugs for CRC treatment (5).
Besides, new drugs such as cetuximab and panitumumab
have been incorporated into clinical practice (6). Nevertheless,
drug resistance acquisition is one of the main issues in
effective chemotherapy (7). This due to different factors as
Pharmacokinetic Resistance, that includes since absorption until,
distribution, metabolism, and the excretion of drugs. In addition,
the evolutionary resistance, a process that occurs in the tumor
where the cells acquire the ability to survive chemotherapy, this
through expression of different proteins, such as P-glycoprotein
1 (P-gp) also known as, multidrug resistance protein 1 (MDR1).
Besides the physics of the tumor site is involved in chemotherapy
resistance such as, number and morphology of vessels and
blood viscosity, are important factors involved (8). Drug
ineffectiveness could be the result from tumor-host interactions
and a clear understanding of such an interaction will open new
opportunities not only for the discovery of new drugs but also
for new therapeutic strategies to overcome the development and
evolution of resistance to cancer chemotherapy.

Autophagy is an important cellular response to stress
or starvation and starts when organelles and proteins are
sequestered in vesicles and delivered to lysosomes for
degradation (9). New research revealed that autophagy has
different functions in the development, maintenance, and
tumor progression (10) and recently, autophagy induced by
therapy has been shown as a new mechanism of resistance to
chemotherapeutic drugs (11). Through carcinogenic process of
CRC, autophagy could promote tumor survival or cancer cell
death, and it depends on the tumor type, stage, and the metabolic
setting (12).

Non-coding RNAs (ncRNAs) represent 99% of total
transcribed RNAs in the human genome, being the principal
components of the human transcriptome (13). Recently, ncRNAs
have shown to play key roles in important biological processes by
interfering with gene expression in several cancer types (14, 15).

The best characterized of the “expanding universe” of ncRNAs
are the ~22 nucleotide microRNAs (miRNAs) and the long non-
coding RNAs (IncRNAs). The IncRNAs are classified as >200
nucleotides in length and are involved in a wide variety of
molecular genetics and cellular processes in many aspects of
gene regulation, including imprinting, epigenetic modulation,
transcription, mRNA splicing, and tracking between the nucleus
and cytoplasm (15-18). Moreover, IncRNAs are involved in
variety biological processes such as, proliferation, differentiation,
apoptosis, invasion, and metastasis.

Recently, IncRNAs have been implicated in tumor-drug
resistance and autophagy in different types of cancer including
CRC (16, 19-22). Therefore, the aim of this review is to compile
the current knowledge about IncRNAs and their implication
on chemoresistance and autophagy in CRC. To this end, we
searched on PubMed, PMC, Web of Science, Google scholar,
and EMBASE up to July 2019 for pertinent articles using the
keywords as follows: (IncRNA or long non-coding RNA) and
(CRC or colorectal cancer) and (autophagy or autophagia) and
(chemoresistance or drug resistance). The titles and abstracts

were screened, and we acquired the relevant full-text manuscripts
for perusal.

LONG NON-CODING RNAS

Biogenesis, Classification, and Function
LncRNAs include different types of RNA polymerase II (Pol II)-
transcribed molecules with sizes over 200 nt in length. It has
been reported an estimated abundance of 5,400 to more than
10,000 IncRNAs transcripts in humans (23, 24). All mammalian
IncRNAs share a few structural, functional, or mechanistic
characteristics among them. They often harbor a poly-A tail and
can be spliced, similar to mRNAs (25). Besides, they regulate gene
expression at transcriptional and post-transcriptional levels in
multiple biological processes and cellular contexts (26-28).

Spurlock et al.,, classified LncRNAs based on their structural
origin context (Figure 1). Overlapping when a protein-coding
genes is included in the intron of a IncRNA (29, 30), divergent
when the IncRNA and neighboring protein coding gene are
transcribed on opposite strands (31), intronic when the whole
sequence of the IncRNA belongs to the intron of a protein-coding
gene (32), intergenic when a IncRNA sequence belongs to two
genes as a distinct unit (33), and sense (34) or antisense (35) when
the IncRNA is located between one or more exons of another
transcript on the same sense or antisense strand (36-38). Lastly,
enhancer RNAs can be transcribed in one or two senses, 1D-
eRNAs and 2D-eRNAs, respectively, at genomic transcriptional
enhancers, frequently very close to protein-coding genes (39).

It has been shown that IncRNAs functions depend on their
subcellular location (26). There is evidence in human cell lines
using single molecule RNA fluorescence in situ-hybridization
that revealed a wide range of subcellular localization patterns,
including nucleus, cytoplasm and both (40). Nevertheless, it
is most common to catalog IncRNAs based on similar action
mechanisms (25) (Figure 2).

Some IncRNAs have a very important role in nuclear structure,
since they help to the structure of nuclear speckles, paraspeckles,
and interchromatin granules (41). Another nuclear IncRNAs are
able to regulate gene expression by epigenetic mechanisms and
recruiting chromatin-modification factors in order to switch-on
or switch-off different loci (42). Besides, there are other types of
stable IncRNAs, such as competing endogenous RNAs (ceRNAs)
and circular RNAs, which are accumulated in the cell acting as
decoys or sponges for miRNAs modulating gene expression (43).

LncRNAs also has an important role in transcription
since they help in assembling transcriptional activators and
repressors for modulating the activation of transcription (44).
Besides, IncRNAs are able to modulate gene expression post-
transcriptionally by interfering with RNA-binding proteins to
impact splicing and translation and by modulating the translation
and stability of partially complementary mRNAs (45, 46). In
addition, some IncRNAs function post-transductionally in order
to regulate protein turnover to enhance ubiquitination (47).

Detection Methods

The IncRNAs importance in cancer characteristics such as
progression, autophagy, and chemotherapy resistance has been
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FIGURE 1 | LncRNA classification on their structural origin context [modified image from Spurlock et al. (29)]. (A) Enhancer RNAs can be transcribed in one or two
senses 1D-eRNAs and 2D-eRNAs, respectively, at genomic transcriptional enhancers, frequently in close proximity to protein-coding genes; (B) Divergent when the
lincRNA and nearby protein coding gene are transcribed on opposite strands; (C) overlapping when a protein-coding genes is included in the intron of a INcCRNA;

(D) Intronic when the whole sequence of the INcRNA belongs to the intron of a protein-coding gene; Ea. Sense or (E) antisense if the INcRNA is located between one
or more exons of another transcript on the same sense or antisense strand; (F) intergenic when a IncRNA sequence belongs to two genes as a distinct unit.

established thanks to more advanced detection technologies.  approved PCA3 IncRNA as a biomarker for prostate cancer in
The main two methods for IncRNAs detection are microarrays  urine (66, 67) showing better sensitivity and specificity than
and RNA sequencing (RNA-seq), Microarrays contain probe  Prostate-specific antigen (PSA) blood test (68). Whole saliva also
sequences that match with IncRNAs (48). Whereas, RNA-  represents a source for cancer biomarkers by IncRNAs detection,
seq provides comprehensive coverage of whole transcriptomes  given this, saliva contains certain IncRNAs that can be used as
compared to microarrays. Due to unbiased genome-wide  biomarkers for oral squamous cell carcinoma diagnosis such as
screening, it is possible to exclude ribosomal RNAs (rRNAs) from  HOTAIR, which presence in saliva samples is correlated with
total RNA to enhance it, including protein-coding genes and  high levels in metastatic tissues (69).

IncRNAs. Besides, it is possible to enrich mRNAs using oligo-dT

beads with poly A tails, giving as a result the detection of protein-

coding genes and IncRNAs with poly A tails that are nearly 60% L NCRNAS IN COLORECTAL CANCER

of total IncRNAs (49, 50).

Since IncRNAs has been described as biomarkers in several ~ LncRNAs play key roles regulating gene expression during cell
types of cancer, non-invasive detection methods have been  development and differentiation, regulating or maintaining
developed (Table 1) for early diagnostic, evolution, and poor  cellular homeostasis (70, 71). Abnormal expression of
prognosis of cancer (62). Thus, there are several carcinomas that ~ [ncRNAs has been reported in numerous cancer types such
can be detected by specific serum circulating IncRNAs (Table 1) as; hematopoietic, urologic, lung, liver, breast, ovarian, and
(63). Moreover, IncRNAs are detectable in urine and may serve  colorectal (72-79). Alterations of these molecules are studied
as biomarker predictor in T-cell mediated kidney transplant  in CRC in order to obtain clinical biomarkers for diagnostic,
rejection as well as bladder cancer tumor-stage (64, 65). In  prognostic, and therapeutic applications (80, 81). Multiple
addition, US Food and Drug administration (FDA) has recently =~ IncRNAs have been related with CRC as important clinical and
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FIGURE 2 | Classification of LncRNAs based on their functions. LncRNAs participate in transcription, epigenetic regulation, nuclear organization, and alternative
splicing at nuclear level. In cytoplasm, LncRNAs have functions as enhancers of mRNA translation, scaffolds of protein complex, miRNA sponges, generators of endo
siRNA, and protectors of mRNA.

TABLE 1 | Circulating INcRNAs detected in serum in different types of cancer.

LncRNA Associated References
cancer

RP11-04K16.1, LOC_012542, Cervical (51, 52)

PVT1 cancer

SNHG1, RMRP Lung (53)

H19 Multiple (54)
myeloma

PCA3, BCAR4, CRNDE-h, Colorectal (55-58)

LNCV6_116109, LNCV6_98390,

LNCV6_38772, LNCV_108266,

LNCV6_84003, LNCV6_98602,

u50535

H19, IncUEGCA Gastric (59, 60)

LINC00161 Hepatocellular 61)

carcinoma

mechanistic molecules (Table 2) and there are some IncRNA that
are strongly associated to CRC and presented below.

In this regard, the growth arrest-specific transcript 5 (GAS5),
is located at 1q25, with a length of 630 nt (95). GAS5 is
upregulated during growth arrest induced by the absence of
growth factors or serum starvation. It has been shown that GAS5
binds to the DNA-binding domain of the glucocorticoid receptor
(GR) and acts as a decoy glucocorticoid response element

(GRE), therefore it can compete with DNA GREs for binding
to the GR (95). This IncRNA is able to inhibit cell proliferation
and promote apoptosis, by acting as tumor suppressor (96).
Nowadays, researches demonstrate that GAS5 is downregulated
in several cancer cells such as, breast cancer, prostate cancer, and
renal carcinoma (97-99).

In human CRC tumor tissues, Gas5 has been found
downregulated and it is correlated with tumor size, TNM staging,
lymph node metastasis, low histological grade and less OS (100-
104). Besides, overexpression of GAS5 shows that could inhibit
cell proliferation in vitro and in vivo (102), prevent migration
and invasion (100, 105), and promotes apoptosis (100, 101, 103)
through inhibition of mRNA expression of Akt and Erk and
protein expression of p-Akt and p-Erk, giving as a result A pho-
Casp9 protein expression and inhibition of pho-Casp3 protein
expression (100). Another mechanism of GAS5 to inhibit the
apoptosis could be through the GAS5/miR-182-5p/FOXO3a axis,
since GAS5 acts as ceRNA of miR-18-5p, which regulates a
pro-apoptotic transcription factor named FOXO3a, and target
directly the PI3K-AKT signaling pathway (101).

In the case of HOTAIR (Homeobox Transcript Antisense
Intergenic RNA), a 2.2kb IncRNA, is transcribed from the
mammalian HOXC gene cluster located in 12q13.13 (106). It
participates in epigenetic regulation of gene transcription and
interacts on its 5" end with Polycomb repressive complex 2 in
order to remodel chromatin and guarantee silencing of HOX
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TABLE 2 | Important IncRNAs involved in CRC.

IncRNA

Status of
expression

Participation in CRC

References

XLOC_010588

FTX

BLACATH
Inc-CRCMSL

DANCR

Inc-DILC

kena3

Locb54202

MAPKAPKS- AS1

ZNFX1-AS1

u505635
DUXAP10

NNT-AS1

91H

Upregulated

Upregulated

Upregulated
Downregulated

Upregulated

Upregulated

Downregulated

Downregulated

Upregulated

Upregulated

Upregulated
Upregulated

Upregulated

Upregulated

Associated with metastasis, poor prognosis, invasion, migration, and the progression of CRC
via EMT pathway

Tumor diameter, TNM stage, the lymph node, and distant metastasis and poor prognosis of
patients with CRC. In vitro, promotes CRC cell proliferation, migration, invasion, and interacts
with miR-215 and vimentin

Proliferation, both in vitro and in vivo, and have a role in G1/GO arrest by binding to EZH2

Overexpression restricts tumor growth and metastasis in vivo and in vitro and the silencing
accelerates CRC cell proliferation and migration. Also, mediates suppression EMT process by
HMGB2

Promotes proliferation and metastasis in CRC. DANCR promotes HSP27 expression and its
mediation of proliferation/metastasis via miR-577 sponging. /In vivo, DANCR promotes CRC
tumor growth and liver metastasis

Inhibits the growth and metastasis of CRC cells. Knockdown, facilitates the proliferation and
metastasis of CRC cells. Lnc-DILC is a CRC suppressor by inactivating IL-6/STAT3 signaling

Higher TNM grade and the higher occurrence rate of lymphatic metastasis and distant
metastasis, and shorter OS. Overexpression, inhibits proliferation, migration and invasion and
induces cell apoptosis in vitro, and represses CRC tumor growth in vivo. Also, exerts a
tumor-inhibit role in CRC progression through down-regulating YAP1 expression

Associated with advanced TNM and a larger tumor size. The overexpression decreases the cell
proliferation and induces apoptosis in vitro and delay tumorigenesis in vivo. Regulates cell
apoptosis through the activation of specific caspase cleavage cascades

Greater tumor size and advanced TNM in CRC patients. Knockdown, inhibits proliferation and
causes apoptosis in CRC cells. Also, p21 is a target of MAPKAPKS5- AS1

Associated with aggressive tumor phenotype and poor prognosis in CRC. Knockdown inhibits
cell proliferation and invasion in vitro, and tumorigenesis and metastasis in vivo. ZNFX1-AS1
works as a ceRNA for miR-144, inhibiting to EZH2

Activates CCL20 signaling to promote cell proliferation and migration in CRC

Positively correlated with advanced pathological stages, larger tumor sizes, and lymph node
metastasis. Knockdown inhibits cell proliferation, induces cell apoptosis and increase GO/G1
cells. DUXAP10 silencing inhibits tumor growth in vivo, also promotes CRC cell growth and
reduces cell apoptosis through silencing the expression of p21 and PTEN by binding LSD1
Correlated with lymph node metastasis, TNM stage, vessel invasion and differentiation, Also, is
an independent predictor of OS and progression free survival. Knockdown, inhibits CRC cell
proliferation, migration and invasion in vitro and suppress tumor growth and metastasis in nude
mice by NNT-AS1-mediated activating of MAPK/Erk signaling pathway and EMT

Associated with distant metastasis and poor prognosis in patients with CRC. Also, is an
independent prognostic indicator and of distant metastasis. In vitro, knockdown of 91H inhibits
the proliferation, migration, and invasiveness of CRC cells

(82)

(83)

(87)

(88)

(93)

(©94)

genes during embryonic development. On 3’ end HOTAIR
interacts with histone demethylase (107). Evidence shows that
HOTAIR exhibits an oncogenic role in renal, breast, gastric, lung,
and ovarian cancer (108-112).

HOTAIR is overexpressed at high levels in CRC (113-116)
and some studies show that HOTAIR is only overexpressed in
right (proximal) CRCs samples (117). This overregulation has
been associated to lymph node and tumor node metastasis,
distant metastases, Duke’s staging, histological types, the
degree of differentiation (113), and unfavorable prognosis
(114, 118). In vitro, the inhibition of its expression shows
decreased proliferation, invasion, and migration, as well as low
cyclin E and CDK2 expression, increased apoptosis and p21
expression (113). Besides, HOTAIR promotes tumorigenesis
and aggressiveness (114). This IncRNA directly harbors miR-
326 binding sites and regulates FUT6 expression, a specific
fucosyl transferase. The HOTAIR/miR-326/FUT6 axis modifies

al, 3-fucosylation of CD44, which triggers PI3K/AKT/mTOR
pathway mediating CRC malignancy (114). In addition, HOTAIR
knockdown and miR-203a-3p upregulation in CRC cell lines
produces inhibited Wnt/B-catenin signaling, cell proliferation,
and reduced chemoresistance (116).

The H19 gene is located on 11p15 and plays pivotal roles in
embryonal development and growth regulation (119, 120). The
H19 gene encodes for a processed 2.7kb RNA (121). H19 is
highly expressed from the onset of embryogenesis to fetal life
in vital organs such as the fetal adrenal, liver, and placenta but
is downregulated postnatal stages (122). Recent evidence shows
that H19 is upregulated in several cancers as, esophageal cancer,
hepatocellular carcinoma, ovarian cancer, bladder cancer, and
breast cancer (123-127).

It has been demonstrated that H19 is upregulated in
CRC tissues compared with adjacent noncancerous tissues
(9,128, 129). Data from The Cancer Genome Atlas (TCGA)
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shows that H19 is the IncRNA with the most substantial
correlation to CRC patient survival (130), serving as an
independent predictor for OS and disease-free survival (DFS)
(9, 131). Besides, this IncRNA has been related with poor
prognosis (132).

Besides, miR-200a binds H19 and inhibits its expression,
thus decreasing proliferation of CRC cells, also H19 regulates
the expression and activity of B-catenin by competitive binding
to miR-200a (128). In addition, depletion of H19 inhibits cell
viability and induces growth arrest whereas overexpression of
H19 upregulates a series of cell-cycle genes. Moreover, H19 binds
to eIF4A3 resulting in an abnormal cell-cycle-regulatory genes
expression (131).

H19 promotes invasion and metastasis in CRC through
activation of RAS-MAPK signaling pathway (133) and its
overexpression in MTX-resistant colorectal cell line HT-29 prove
that is involved in Metrotexate (MTX) resistance via activating
Wnt/B-catenin signaling (134). The overexpression of H19 and
miR-675 in CRC implies that both are important factors in the
tumorigenesis of CRC since H19-derived miR-675, targets tumor
suppressor RB (129).

Interestingly, mesenchymal-like cancer cells and primary CRC
tissues show high expression of H19, whereas its stable expression
accelerates tumor growth and enhances epithelial-mesenchymal
transition (EMT) progression. Finally, H19 can function as
ceRNA by antagonizing the functions of miR-138 and miR-200a,
giving as a result the de-repression of Vimentin, ZEBI1, and
ZEB2 (135).

Finally, metastasis-associated lung adenocarcinoma transcript
1 (MALAT-1), is on 11ql3 and transcribed from the nuclear-
enriched transcript 2 (NEAT2), which has been identified as a
prognostic factor in patients with stage I lung cancer (136, 137).
It has been reported that this IncRNA is expressed in mouse and
normal human tissues (137, 138) and its overexpression have
been demonstrated in many cancer types including lung, cervical,
liver, bladder and sarcomas of uterus (139-144), and correlated to
metastasis (137).

The MALAT] levels are up-regulated in human primary CRC
tissues (136), being 2.26 times higher than noncancerous tissues
(145), serving as a negative prognostic marker in stage II/III
CRC patients, since, these patients show a high hazard ratio
(HR) for OS and DFS (145). Moreover, upregulation of MALAT1
has been found in CRC tissues with lymph node metastasis
(136). In vitro, MALAT1 could promote CRC cell proliferation,
invasion, and migration through up-regulating SOX9 and
down-regulating miR-145. On the other hand, cell cycle and
apoptosis can be suppressed by MALAT1/miR-145/SOX9 axis
(146). Furthermore, MALAT1 regulates proliferation, migration,
and promotes tumor growth and metastasis in nude mice
(136), this regulation could be through SFPQ and AKAP-
9 as MALAT1 interact with SFPQ, hence releasing PTBP2
from the SFPQ/PTBP2 complex, facilitating cell proliferation
and migration (147). AKAP-9 is overexpressed in CRC cells
with metastatic potential and human primary CRC tissues
with lymph node metastasis, and its knockdown blocks
CRC cell proliferation, migration, and invasion mediated by
MALAT1 (136).

Angiogenesis and the EMT to promote metastasis in CRC
are enhanced by YAP1-induced MALAT1-miR126-5p axis since
YAP1 forms a complex with B-catenin/TCF4 bound to the
MALAT1 promoter, which can act as a sponge of miR-126-
5p to induce SLUG, VEGFA, and TWIST expression (148).
miR-20b-5p-mimic and si-MALAT1 give as a result attenuated
microsphere formation and self-renewal capability, reduces
the proportion of CSCs, downregulating the expression of
stemness markers as Oct4, Nanog, Sox2, and Notchl, and
cellular metabolism such as GLUT1, LDHB, HK2, and PKM2
in HCT-116 cells in vitro. Additionally, the administration of
either si-MALAT1 or miR-20b-5p-mimic in a xenograft model
based on BALB/c mice demonstrated that they can suppress
tumorigenicity of HCT-116 cells in vivo (149).

As we reviewed above, HOTAIR, H19, and MALAT are
overexpressed in CRC samples. Interestingly, HOTAIR and
MALAT level expression are related to lymph node and tumor
node metastasis (113, 136). In addition, H19 is considered as
an important independent predictor for OS and DFS (9, 131),
besides, H19 is the most significant IncRNA associated to CRC
(130). Moreover, MALAT1 is one important negative prognostic
marker in II/III CRC patients (145). Conversely, down regulation
of Gas5 has been found in CRC and is associated with poor
prognosis (100-104).

Interestingly, LncRNAs regulate multiples pathways in
CRC as PI3K-AKT signaling pathway, that is regulated by
GAS5, promoting apoptosis via GAS5/miR-182-5p/FOXO03a
axis (101), as well as, PI3K/AKT/mTOR that is managed
through HOTAIR/miR-326/FUT6 axis stimulating CRC (114).
In addition, H19 regulates RAS-MAPK and Wnt/B-catenin
signaling pathways, activating invasion, metastasis, and
chemoresistance mechanism (133, 134). Another important
axis is MALAT1/miR-145/SOX9 that mediates cell cycle and
apoptosis (146).

LNCRNA AS REGULATORS OF
AUTOPHAGY IN CRC

Autophagy is a basal physiological mechanism in normal cells
that assure cellular homeostasis. Besides, autophagy is a very
well-conserved catabolic process where the cell is self-digested
through the removal of proteins or dysfunctional organelles
(150). This process can also be, under specific circumstances
(hypoxia, stress, and nutrient deprivation), a survival mechanism
in which the cell recycles nutrients and energy (151).

There are three forms of autophagy based on its morphology,
macroautophagy in which autophagosomes engulf cytoplasmic
components and interact whit lysosomes for degradation,
microautophagy in which there is a direct lysosomal membrane
invagination to engulf damaged proteins, and chaperone-
mediated autophagy which involves the translocation of soluble
cytosolic proteins by chaperone-dependent selection across the
lysosomal membrane (152-154).

LncRNAs generally modulate autophagy by regulating the
expression of ATG genes which are important effectors in
autophagy process (155, 156). Frequently, LncRNAs behaves
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as competing endogenous RNAs (ceRNAs) for modulating
autophagy-related microRNAs (miRNAs). LncRNAs have a
very important implication in autophagy regulation (155). For
instance, activation of autophagy can be given by NBR2 via
AMPK activation (157) or by repression of PI3K/AKT/mTOR
pathway leaded by Ad5-AlncRNA, and PTENP1, whereas MEG3
and H19 enhances the opposite effect. Another LncRNAs
involved in activation of autophagy are HOTAIRM1, PTENPI,
and MALAT1, which increase the expression of ULK (158-162).
Conversely, RISA suppress autophagy initiation through ULK1
inhibition (163). Additionally, key genes in autophagy such as
ATG and adaptor proteins involved in later steps of autophagy
regulation are affected by H19, MEG3, AK156230, PTENP1, and
MALAT1(141, 158, 161, 164, 165).

It is clear that LncRNAs are non-canonical regulators
and participates in keeping homeostasis in a variety of
pathophysiological processes, but also they can be illness
effectors, since they can interact directly with DNA, RNA,
and proteins. In this regard, it has been demonstrated
that autophagiaparticipates in cancer progression and drug
resistance mechanisms (166). Besides, autophagy may suppress
tumors (167), but also, their induction promotes tumorigenesis
since it provide survival capacity of tumor under adverse
microenvironment (168, 169).

In CRGC, little is known about IncRNAs involved in autophagy,
for instance, POU3F3, a lincRNA, is overexpressed in CRC
tissue samples and when is silenced, autophagy is enhanced,
suggesting the involvement of autophagy in the induction of
apoptosis (170). Another IncRNA highly expressed in CRC
is HAGLROS, which is correlated with shorter survival time
of CRC patients and its decreased expression can produce
apoptosis and suppress autophagy in CRC HCT116 cells
by regulation of miR-100/ATG5 axis and PI3K/AKT/mTOR
pathway (171).

UCAL1 is also abnormally overexpressed in SW620 and
HT29 CRC cell lines when compared to CCD-18Co. There
is evidence that UCA1 downregulation inhibits the growth,
apoptosis, and autophagy of CRC cell lines in vitro. Besides,
UCA1 directly interacts with miR-185-5p downregulates its
expression. Additionally, UCA1 could reverse this effect of miR-
185-5p on the growth and autophagy, suggesting its involvement
in the derepression of WISP2 expression and the stimulation of
the WISP2/B-catenin signaling pathway (172).

Another IncRNA involved in CRC is KCNQI1OT1
(173), which is also upregulated. It has been demonstrated
that expression patterns of Atg4B, which cleavages LC3
(thus promotes the formation of autophagosome) (174)
is downregulated in CRC HCTI116 and SW480 cells in
KCNQI1OT1 knockdown cells. Besides, these cells treated with
oxaliplatin, decrease cell viability, meaning that KCNQ1OT1
induce protective autophagy and chemoresistance. Finally,
overexpression of KCNQIOT1 is correlated with poor OS of
CRC patients, suggesting that higher levels in patients make
them resistant to chemotherapy treatments (173).

H19 is another upregulated IncRNA in CRC samples and has
been correlated with patient OS suggesting that can predicts 5-
FU chemoresistance. These findings reveal that SIRT1 (which

is modulated by H19/miR-194-5p axis) dependent autophagy
pathway can affect 5-FU resistance in CRC cells (9).

There is no doubt that LncRNAs are key molecules
involved in regulation of autophagy in CRC. Nevertheless, more
research in this field is needed to clarify interactions on regulation
axis in order to understand complex processes in which
autophagy is implicated, such as apoptosis and chemoresistance.

LNCRNA AS REGULATOR OF DRUG
RESISTANCE IN CRC

Malignant CRC tumors develop pharmacological resistance,
which is a complex phenomenon that triggers increase in DNA
repair and loss of apoptosis induction, resulting from several
factors that include individual variation in patients such as
genetic and/or epigenetic differences within the tumors (7, 175,
176). Drug resistance is influenced by abnormal expression or
mutation on efflux proteins, which reduce uptakes of drugs (177).

Chemotherapy for CRC depends on the stage of cancer;
however, other factors are important as well. For stage 0 to II,
surgical treatment alone might be successful, nonetheless, for
stage I some oncologists opt for including 5-FU and leucovorin,
oxaliplatin, or capecitabine if chemotherapy is needed (178-180).
Treatment for stages III and IV includes chemo and/or
targeted drugs, commonly include CAPEOX (capecitabine plus
oxaliplatin), FOLFOX (oxaliplatin, 5-FU, and leucovorin), 5-
FU and leucovorin, or capecitabine for stage III and FOLFIRI
(leucovorin, 5-FU, and irinotecan), FOLFOXIRI (leucovorin, 5-
FU, oxaliplatin, and irinotecan) plus some target drugs such as
bevacizumab, ramucirimab, cetuximab, or panitumumab added
for stage IV (181-186).

Regulation of gene expression by different types of non-coding
RNAs such as miRNAs and IncRNAs are involved in acquisition
of drug resistance characteristics after treatment (187). Most
important dysregulated IncRNAs are summarized in Table 3.
For instance, the characteristic acquisition of 5-FU resistance
in CRC has been related with a plethora of IncRNAs miss-
expression. In the case of UCA-1, it plays an important role in
5-FU chemoresponse by exerting a sponge activity to miR-204-
5p, thus, indirectly increases CREB1 which have been related with
poor OS (172). Another LncRNA implicated in the development
of 5-FU resistance is GIHCG, since its overexpression is found
in both CRC tissues and cell lines and is related to invasion,
migration, and chemoresistant properties (188). There is also
evidence that downregulation of PVT1, MALAT1, and PCAT-
1 sensitizes CRC cells to 5-FU treatment, inducing early and
late apoptosis by regulation of MDR genes (193, 194, 196). On
the other hand, downregulation of snaR and SLC25A25-AS1
promotes chemoresistance in CRC (198, 199).

Certain aspects of chemoresistance have been related with
IncRNAs regulated by miRNAs, for instance, ENST00000547547
promotes sensitivity to 5-FU in CRC cells by competitive
arresting miR-31/ABCB9 (200) and LINCO00152/miR-139-
5p/NOTCHI1 axis increases chemoresistance by suppressing
apoptosis (191).
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TABLE 3 | Long non-coding RNAs and their physiological function in colorectal cancer drug resistance.

LncRNA Function References

GIHCG Potential target in 5-FU and Oxaliplatin resistance mechanisms. (188)

MIR100HG Coordinately MIR100HG, miR-100 and miR-125b overexpression drives Cetuximab resistance by targeting (189)
five negative regulators of Wnt signaling which have a potential clinical relevant interaction with EGFR.

UCA1 UCAT1 can decrease the sensitivity of CRC cells to 5-FU by sponging miR-204-5p resulting in attenuating (172, 190)
apoptosis. Moreover, UCA1 expression levels are increased in Cetuximab resistant cells and can be
transferred to sensitive cells through exosomes increasing resistant cells number.

LINC00152 LINOO152 confers Oxa and 5-FU chemoresistance by sponging miR-193a-3p by ERBB4 modulation and (191, 192)
then inducing the activation of AKT signaling pathway that mediates cell survival and chemoresistance.
miR-193a-3p also targets NOTCH1 regulating CRC growth, metastasis, stemness, and chemoresistance.

HOTAIR HOTAIR could regulate the progression and Cisplatin and Paclitaxel chemoresistance enhancements in CRC (116)
by targeting miR-203a-3p and the activity of Wnt/p-catenin signaling pathway.

PCAT-1 PCAT-1 regulates the invasiveness and 5-FU resistance in CRC cells and that PCAT-1 may promote CRC cell (193)
invasion by modulating the expression of c-Myc.

PVT1 PVT1 is associated with 5-FU resistance in human CRC tissues and cells by inhibiting apoptosis and (194)
upregulating the expression of MRP1, P-gp, mTOR, and Bcl-2

XIST XIST promotes Doxorubicin resistance through sponging miR-124 which targets SGK1 increasing cell (195)
survival, loss of control in cell cycle, inhibiting apoptosis, and increasing chemoresistance.

MALATH Overexpression of MALAT1 enhances chemoresistance in 5-FU resistant cells through potentiation of (196, 197)
multidrug resistant genes such as MDR1, MRP1, BCRP, and ABC. Moreover, modulates EZH2 pathway in
Oxa resistance

H19 H19 mediated Methotrexate resistance via activating Wnt/g-catenin signaling, which help to develop H19 as (20, 134)
a promising therapeutic target for MTX resistant CRC. Besides, CAFs promote stemness and Oxa
chemoresistance in CRC by transferring exosomal H19 to CRC sensitive cells through sponging miR-141.

SLC25A25-AS1 SLC25A25-AS1 has a pivotal role in CRC cells promoting chemo sensitivity to 5-FU and DOX via Erk and p38 (198)
pathway modulation. Hence, SLC25A25-AS1 was determined to play a tumor suppressive role in CRC.

snaR snaR has a negative regulator role in responsible of the development of 5-FU resistance through cell growth (199)
of CRC cells. Nonetheless, snaR detailed roles have not yet been established.

ENST00000547547 ENST00000547547 reduced the chemoresistance of 5-FU via competitive sponging to miR-31 which targets (200)
ABCB9 involved in chemotherapy induced apoptosis. This suggests that INcRNA ENSTO0000547547 may
be a positive prognostic factor for 5-FU-based chemotherapy.

TUGH TUG1 mediates MTX resistance in colorectal cancer via sponging miR-186 that targets CPEB2 increasing its (201)
protein levels that play an important role in tumorigenesis and chemoresistance.

PVT1 PVT1 is a significant regulator in tumorigenesis and cisplatin resistance of CRC by inhibiting apoptotic (202)
pathways in CRC and may serve as a promising target for CRC therapy.

MEG3 MEGS3 promotes chemosensitivity to Oxa by inducing cytotoxicity in CRC cells promoting apoptosis. In (203, 204)

addition, MEGS3 sponges miR-141 that targets PDCDA4.

5-FU, 5-fluorouracil, Oxa, oxaliplatin. CAFs, cancer associated fibroblasts, DOX, doxorubicin.

In the case of oxaliplatin CRC treatment, several IncRNAs
such as GIHCG (172), LIN00152 (192), MALAT1 (197), H19
(20), and MEG3 (203, 204) promote apoptosis by inducing
cytotoxicity by different mechanisms, mainly by axis with
miRNAs targeting important genes in cell death behavior.
Nevertheless, cisplatin CRC resistance is mainly mediated by
HOTAIR and PVT1 through inhibition of apoptotic pathways,
modulation of expression levels of miR-203a-3p and the activity
of Wnt/B-catenin signaling pathway, respectively (116, 202).

Interestingly, H19 also exert drug resistance modulation in
Methotrexate treatment via Wnt/B-catenin signaling pathway
(134). Regarding to TUGI, the resistance is given by CPBE2
gene modulation after arresting of miR-186 (201). Finally,
Doxorubicin resistance is manly influenced by the XIST/miR-
124/SGK1 axis which promotes chemoresistance in CRC
cells (195).

Evaluating IncRNAs expression profiles is very important
since it can be used to identify novel biomarkers for CRC

resistance and use them as a therapeutically potential targets
based on their biological behavior, improving in this way, the
efficacy of chemotherapy in CRC patients.

CLINICAL RELEVANCE ON LNCRNA IN
AUTOPHAGY AND DRUG RESISTANCE IN
COLORECTAL CANCER

Clinical implications of IncRNAs in CRC are relevant as there
is evidence of its participation and correlation with staging and
survival. In this regard, GAS5 down-regulation is common in
CRC tissues being associated with distant metastasis, tumor
differentiation, tumor size and advanced TNM staging (100), low
histological grade (102), later tumor-node-metastasis stage and
less OS (103).

Clinical relevance of H19 has been related with poor recurrent
free survival (RFS) (9) tumor differentiation and advanced
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TNM stage, and is an independent predictor for OS and DFS.
Moreover, previous studies using HOTAIR have determined that
its overexpression is related to lymph node and, tumor node
metastasis, distant metastases, Duke’s staging, histological types,
degree of differentiation (113) and poor clinical prognosis (114).
Some studies show that it is upregulated in right CRCs biopsies
(117). In addition, high levels of HOTAIR in tumors and blood
are associated with higher mortality of patients (118).

MALAT1, patients have shown worse prognosis in tumors that
appearance overexpression of this IncRNA in human primary
CRC (145). In addition, MALAT1 have being related with lymph
node metastasis in CRC patients (136).

Regarding to autophagy and chemoresistance in CRC,
HAGLROS, a IncRNA related to autophagy, is correlated with
shorter survival time (153). KCNQ1OT]1, has also prove that
induce protective autophagy and chemoresistance and its high
expression is associated with poor OS of colon cancer patients,
suggesting that patients with overexpression of KCNQ1OT1
might be resistant to chemotherapy treatments (173). Finally,
H19 has been correlated with patient OS suggesting being a
potential biomarker for predicting 5-FU resistance that could be
modulated by H19/miR-194-5p axis (157).

CONCLUDING REMARKS

Recently IncRNAs analysis is important for cancer detection,
progression, diagnosis, therapy response, and prognostic
values. With increasing development of quantitative detection
techniques, IncRNAs derived from patients non-invasive
samples (i.e., blood, stools, and urine) has become into a novel
approach in precision oncology.
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Growth Differentiation Factor 11 (GDF11), a member of the super family of the
Transforming Growth Factor B, has gained more attention in the last few years due
to numerous reports regarding its functions in other systems, which are different to
those related to differentiation and embryonic development, such as age-related muscle
dysfunction, skin biology, metabolism, and cancer. GDF11 is expressed in many tissues,
including skeletal muscle, pancreas, kidney, nervous system, and retina, among others.
GDF11 circulating levels and protein content in tissues are quite variable and are affected
by pathological conditions or age. Although, GDF11 biology had a lot of controversies,
must of them are only misunderstandings regarding the variability of its responses, which
are independent of the tissue, grade of cellular differentiation or pathologies. A blunt fact
regarding GDF11 biology is that its target cells have stemness feature, a property that
could be found in certain adult cells in health and in disease, such as cancer cells. This
review is focused to present and analyze the recent findings in the emerging research
field of GDF11 function in cancer and metabolism, and discusses the controversies
surrounding the biology of this atypical growth factor.

Keywords: GDF11, PCSK5, cancer, liver, HCC, metabolism

INTRODUCTION

On May 2013 the research groups, led by doctors Amy J. Wagers and Richard T. Lee, published
outstanding work suggesting that the growth differentiation factor 11 (GDF11) could be a good
candidate for the age-related heart hypertrophy reversion observed in the model of heterochronic
parabiosis (1). One year later, on May 2014, Science journal published a couple of works by the same
research team at Harvard University, unveiling that systemic injection of the GDF11 reverses age-
related dysfunction in skeletal muscle (2) and vascular and neurogenic function in the brain (3).
Both reports were astonishing, particularly because myostatin, also known as GDF8, shares high
structural homology with GDF11, but GDF8 induces exactly the contrary effect, muscle growth
inhibition (4). At that moment, GDF11 was called “the rejuvenation factor;” a term taken by a
commentary note published by Jocelyn Kaiser in the same number of the Science journal (5), and
Karoline E. Brun published another similar commentary in Cell journal entitle “GDF11 and the
Mythical Fountain of Youth” (6).
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GDF11 Regulation in Cancer and Metabolism

The findings, beyond this unfortunate motto, revealed that
GDF11 could exert functions in adult systems, in addition of
those characterized in embryonic and fetal tissues. The works by
the groups of doctors Wagers and Lee provided evidence that the
main target cells are those with certain stemness phenotype, such
as the satellite cells in the muscle, which are the progenitor ones
for new functional muscle cells.

If GDF11 targets cells with stemness capacity, then many
cancer cells should be targeted by this growth factor.

Many cancer cells gain stemness capacity and this correlates
with aggressiveness and poor prognosis. The findings raised by
the group of doctors, Wagers and Lee, position cancer cells
as a target of GDF11 since they proved that stemness is a
key condition for GDFI11 effect. However, the results could be
opposite depending of the cancer cell origin, metabolic status,
or the stage of the cancer. We must wait for incoming works
in the next few years, perhaps months, revealing a more precise
mechanism regarding these apparent controversies in cancer
and metabolism.

This work is focused to review the general knowledge of
GDF11, and its functions in cancer biology and metabolism,
taking into consideration recent findings in the specialized
literature and in the public databases and scientific on-
line resources.

GDF11 AN ATYPICAL TGF- FAMILY
MEMBER

GDF11 (also known as Bone Morphogenetic Protein, BMP11),
is a member of the super family of the Transforming Growth
Factor beta (TGF-B) and a subfamily of the BMP which is widely
secreted in many species, including mouse, rat and human, and
it is accepted as a key factor in embryo development, particularly
in the anterior/posterior patterning (7-9).

GDF11 was identified by McPherron et al. in 1999, who cloned
the human and mouse GDF11 and characterized its function in
pattering the axial skeleton (9). Two years prior, the same group
also discovered and characterized the GDFS8 (10).

In humans, GDF11 gene is located in chromosome
12 (12q13.2, forward strand, Ensembl accession number:
ENSG00000135414). Two splice variants products have been
identified, according to Ensembl (Figure 1), the first one, GDF11-
201 is a 8657 bp RNA, formed by three coding exons, generating
a 407 amino acids protein, and the second one, GDF11-202, is
a 1,258 bp, formed by three exons generating a 380 amino acids
protein (11). Jeanplong (12) reported another RNA splice variant
determined as GDF-11AEx11, characterized by the absence of
exon 1, and composed for exon 2 and 3 with transcriptional
initiation in intron 1 (4,701 bp). It is predicted this variant could
be regulated by transcription factors, such as some myogenic
factors (MRE, Myf5, MyoD, Myogenin, and MRF4), Pax3, NF1,
AP1, among others (12), suggesting that it could be involved in
muscle development and/or repair as reported in other work (2).
Interestingly, the promoter of GDF11 could also be activated by
trichostatin A (13), an inhibitor of histone deacetylases (HDAC),
suggesting a clear epigenetic regulation of the GDFI1 gene

expression; HDAC3 regulates zebrafish liver development by
modulating GDF11. The overexpression of HDAC3 increases
liver size, while the increase of GDF11 expression induces a
small size liver; interestingly, the knockdown of GDF11 did
not induce any relevant change in liver morphology. The role
of HDAC3 in GDF11 function in liver development is likely
a direct control over the hepatocyte precursor (hepatoblast)
proliferation, as observed in HCC-derived cells (14), but this
must be deeply addressed.

GDF11 mRNA is translated in a precursor protein (Figure 2),
which is processed by specific proteases generating the mature
GDF11 (C-terminal, 12.5 kDa) and the pro-domain (N-
terminal, 30.1 kDa). GDFI11 shares 89% amino acid sequence
homology with GDF8, however GDF8 expression in human
tissues is restricted to cardiac and skeletal muscle (1),
while GDF11 is practically expressed in all tissues (15).
Although there is high homology between mature GDF8
and GDF11, the pro-domains of both proteins share only
54% homology. The pro-domain is fundamental for proper
protein folding, disulfide bond formation and exportation
of the homodimers (16), suggesting differences in post-
translational process.

The protein convertase subtilisin/kexin 5 (PCSK5) is one of
the main acting proteins on GDF11, activating the mature GDF11
by proteolytic process at basic sites of the pro-domain (17). The
elimination of PCSKS5 in the mouse embryo was associated with
abnormal expression of Hlxb9 and Hox genes, two well-known
GDF11 target genes, generating defects in the anteroposterior
patterning and strongly proposing a relationship with GDF11
functions (7, 8).

In humans, GDF11 is expressed in practically all tissues, but is
particularly relevant in the brain (hippocampus), the kidneys, the
endometrium, and the heart muscle; while the liver is the organ
with the lowest expression (1, 15, 18).

THE SIGNAL TRANSDUCTION

As a member of the BMP family, GDF11 uses the canonical
receptors and the SMAD proteins for signaling. The GDFI11
dimer (a disulfide-linked homodimer of carboxy-terminal
fragments) binds the activin receptors type II A or B (ActRIIA,
ActRIIB), proteins with serine/threonine kinase activity; leading
to the recruitment and transphosphorylation of two type
I serine/threonine kinase receptors, also known as activin-
like kinase receptors (ALK), particularly the 4, 5, or 7 (19,
20). The activated ALK receptor phosphorylates and activates
the receptor-regulated SMAD (R-SAMD). GDFI11 particularly
transduces by using SMAD2 and 3 (14, 21), and some reports
also propose the participation of SMADI, 5 and 8 (22). The R-
SMAD dimer recruits the co-SMAD, SMAD4, to form a trimeric
complex, which eventually translocates to the nucleus for gene
expression regulation (23). Although the signal transduction
of the TGF-p family might seem simple, it is highly regulated
by extracellular and intracellular mechanisms. Inside the cell,
the regulation can occur at the membrane or in the cytosol,
during nuclear translocation and DNA biding, at this level, is a
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FIGURE 1 | Schematic representation of GDF11 gene and mRNA. (A) Gdf11 gene and (B) Gdf11 transcripts and table with the two transcripts specifications
according to Ensembl (www.ensembl.org, ENSG00000135414.9) and Jeanplog 2014.

of the cell lineage. Further, it has been described that the

‘ ss ‘ P;gﬂo'r(raa;n family can also transduce by MAPKKK? [also known as TGEF-
S B activated kinase 1 (TAK1)] via MEK6 (28-30). TAK1 is part
‘ Ss ‘ 30.1 kDa of a signaling complex formed by TAK1 binding protein 1

(TAB1) and with either TAB2 or TAB3 (31). TAK1 complex
l Proteases follows an intricate mechanism of activation involving the tumor
necrosis factor receptor-associated factor (TRAF) 2 or 6, adaptor
proteins with non-conventional activity of E3 ubiquitin ligase.
TRAF proteins exert regulation over TAB2 or 3. Finally, the
autophosphorylation of TAKI leads to the activation of its
downstream targets, particularly members of the MAPK and
NEF-kB signaling pathways (32).

Negative regulation of the GDF11-mediated signaling can also
occur at different levels. Extracellularly, GDF11 can be negatively
l PCSK5 regulated by the interaction with many proteins such as follistatin
(33, 34), GDF-associated serum protein-1 (GASP-1), GASP-2
(35), decorin and follistatin-like 3, among others (4). Follistatin,
Mature GDF11 a secreted glycoprotein, binds GDF11 and inhibits its interaction
with ActRIIB. Follistatin is the main extracellular inhibitor of
GDF11, and is transcriptionally regulated by the same GDFI11
signaling, indicating that the signal transduction is restricted by a
negative feedback mechanism (36).

The BMP and activin membrane-bound inhibitor (BAMBI), a
co-receptor that is not functional due to it lacks cytosolic domain,
tetrameric complex because the interaction with a fourth protein ~ has been suggested to be another negative regulator in plasma
component or partner (24) (Figure 3). membrane, but that still remains to be confirmed (19).

GDF11 can also transduce by non-canonical pathways. In the cytosol, GDF11 follows the canonical negative
Mitogen activated protein kinase (MAPK) is perhaps the main  regulation of the family. It has been reported that GDFI1 is
non-SMAD pathway controlled by the growth factor, activating  regulated by SMAD7 (37) and SMADG6 (19). The SMAD specific
routes such as p38, AKT, and JNK (25, 26), however, in some  E3 ubiquitin protein ligase 2 (SMURF2) also displays negative
cases, inhibiting the activation of JNK or NF-kB (27) depending  regulation of the signaling pathway (28). Negative-regulation

H

H

FIGURE 2 | Maturation process of GDF11.
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FIGURE 3 | The signal transduction of GDF11. The figure displays the canonical signal transduction mediated by R-SMAD (SMAD 2/3, SMAD 1,5,8), assisted by the
Co-SMAD (SMAD4). The signal could inhibited by inhibitory SMAD (I-SMAD) 6 or 7 or by the SMAD specific E3 ubiquitin protein ligase (SMURF). Extracellularly,
GDF11 could be inhibited by the BMP and activin membrane-bound inhibitor (BAMBI), or the action of proteins such as Follistatin, Decorin, and GDF-associated
serum protein-1 (GASP-1) and GASP-2. The non-canonical pathway is driven particularly by the Mitogen Activated Proteins Kinases (MAPK), signaling continues to
the tumor necrosis factor receptor-associated factor (TRAF) 2 or 6; and TGF-B activated kinase 1 (TAK1), which in addition uses the TAK1 binding protein (TAB) 1 and
one of both 2 or 3. Non-canonical regulation could influence the nuclear factor kappa B (NF-kB) among others, and the inhibition of this pathway could be blocked by
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of the non-canonical pathway is driven by specific protein
phosphatases (PP), such as PPC1, among others.

DEVELOPMENT AND AGED-RELATED
FUNCTION

Although GDF11 was identified in 1999 (9), as previously
mentioned, in 2014 the growth factor was transiently located
in the “Sancta sanctorum” of the “miraculous” molecule,
when the laboratory of Amy Wagers (2) reported that
GDF11 was responsible for the skeletal muscle regeneration in
mice heterochronic parabiosis. A profound controversy arose
regarding the rejuvenating property of GDF11; some groups
stated that this property is displayed by the growth factor (1-
3, 38), while others reported the opposite effect (39-42), as
previously mentioned. To have a good point of view regarding
this debate, we suggest a deep view of cited works and
commentaries regarding the controversy (3, 5, 6, 19, 42, 43).
Regardless of this disagreement, there is no doubt about the
GDF11 function in differentiation and embryonic development,
particularly in anterior/posterior axial skeleton (9) and brain
function (44), which are nicely reviewed elsewhere (19, 45, 46).

GDF11 VS. GDF8 AND THE RACE FOR THE
DISCOVERY OF THE REJUVENATION
PROPERTIES

GDF11 and GDEF8 are close related members of the activins
subclass in the TGF-B superfamily. Sharing 90% of their
amino acid sequence (38, 47), these two proteins have been a
technical challenge for antibody manufacturers and, therefore,
protagonists of one of the most controversial studies in recent
years (29, 39, 48-50), regarding to the issue of GDF11 being the
protein responsible for “rejuvenation” of aged organisms (1, 2),
as previously mentioned.

The race from the discovery of the rejuvenation properties of
GDF11 to the following debate of the antibody specificity led to
a deeper structural analysis of these proteins and the interaction
with their receptor. Due to the similarities of ~90% of sequence
identity of the C-terminal signaling domain between GDF11 and
GDF8, their mature form is nearly identical, which causes these
proteins to share the same activin type II receptor (38).

Although they are indeed similar in their monomeric form, in
fact these proteins are thought to have opposite functions, where
GDF11 works as a muscle generator in embryogenesis (9) but
GDF8 acts as a muscle mass inhibitor (10, 51), which may be
the result of the final homodimer structure. Thus, it is important
to understand that the GDF11 and GDF8 homodimer formation
leads to a different conformation that allows them to interact with
the same receptor in a unique and specific way. It is reported
that both homodimers are linked by a single disulfide bond in
an antiparallel conformation, but the flexibility in the relative
orientations generated by the differences in their structure are
determinant for the quaternary structure variations that lead to
a distinctive biological response (47, 52).

It has also been reported that GDF11 has a stronger affinity
for the receptor than GDF8 (38) and that it is more dependent on
direct receptor contacts (53), but there is also an issue with crystal
structures of both proteins. Human myostatin alone has not been
reported and the available structures are bound to extracellular
antagonists (follistatin and follistatin-like 3) (54, 55), which have
been compared to a small-angle X-ray scattering (SAXS) analysis
to determine the mechanism of activation (52). On the other
hand, human GDF11 structure has been resolved in recent years
(47), thus, it is possible to discover the real impact of the structure
of both proteins in future, at which point we can begin to uncover
exactly what makes the responses so different.

GDF11 EFFECTS IN CANCER BIOLOGY

An emerging field of research is the impact of GDF11 in cancer
biology. Most of the cancer cells, particularly those with high
aggressiveness, retain or recover stemness capacity, placing them
as a potential target of GDF11 (14, 23).

There exist some controversies in cancer biology as well; in
some cases GDF11 induces clear tumor suppressive properties
(14, 23), and in others it is the opposite (56, 57). Once again,
the versatility displayed by this growth factor depends of cell
progeny, grade of differentiation or transformation.

LIVER CANCER

We recently published work describing how GDF11 induces
tumor suppressive properties in human hepatocellular
carcinoma-derived cells, Huh7 and Hep3B cell lines, restricting
spheroid formation and clonogenic capacity, an effect that is also
observed in other liver cancer cell lines (SNU-182, Hepal-6, and
HepG2), decreasing proliferation, motogenesis, and invasion.
These characteristics were associated with transcriptional
repression of cyclin D1 and A, and the overexpression of
p27 (14). GDF11 effects, on hepatic cell proliferation, have
been found in liver development, where GDF11 targets the
hepatoblast, the hepatocyte precursor (13, 58).

Remarkably, the invasion experiments using the chick embryo
chorioallantoic membrane (CAM) model (14, 59) revealed a
static phenotype in Huh7 cells treated for 72h with GDF11
(50 ng/ml), an outcome well-correlated with a decrease in cell
migration and proliferation. Furthermore, GDF11 treated cells
were incapable of sustaining colony and sphere capacity in the
absence of GDFI11, up to 5 days, indicating that the effect of
GDF11 on self-renewal capacity is not transient, suggesting a
reprogramming effect.

Similar results were obtained in the hepatoblastoma cell lines,
HepG2 and SMMC-7721: the treatment with GDF11 up to 72h
reduced cell viability. Although SMMC-7721 cells are probably a
HELA-derivative cell line, the effect was also present (60). This
report also provides preliminary evidence that the expression of
GDF11 was significantly lower in cancerous tissue rather than in
normal liver.

Outstandingly, GDF11 was capable of decreasing
aggressiveness-associated markers in Huh7 and Hep3B cells,
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producing a deregulation in the expression of Epcam, promol
(CD133), cd24, and ck19, that was associated with the repression
of Snail and N-cadherin, and the overexpression of occluding
and E-cadherin, strongly indicating a mesenchymal to epithelial
transition (14).

It is interesting that, under normal conditions, liver cells,
which are the poorest in GDFI11 production, are highly
responsive to GDF11 in the context of cancer could be relevant
in terms of a possible use of GDF11 for treatment. The work
by Gerardo-Ramirez clearly showed that all HCC cells used
in the study responded to the exogenous GDFI1 treatment,
decreasing all aggressiveness-associated markers. Interestingly,
the effects in HCC cells were differentiated, and it was dependent
of the stemness capacity, being more responsive to Hep3B
cells, which express fewer stemness markers compared to Huh7
cells. Supporting this statement, in liver development GDF11
has been related to inhibition of liver growth, mainly targeting
proliferation of hepatoblast, the cell precursor or mature
hepatocytes by a mechanism involving HDAC3, which inhibits
the expression of GDF11 as proven by Farooq and collaborators
(58). This work clearly demonstrates that GDF11 targets hepatic
cells with stemness features, not necessarily those observed in
cancer, but in the normal liver, particularly in development.

BREAST CANCER

Similarly, Bajikar et al. (23) identified a tumor-suppressive role
of GDF11 in a triple-negative breast cancer (TNBC). These cells,
under 3D culture, heterogeneously express GDF11 and very low
levels of GDF8, as well as the main canonical receptors, such as
ALK4, and ALK5, among other protein machinery required for
a proper signal transduction. This clearly indicates that breast
epithelial cells express the required components to recognize
GDF11 as an autocrine or paracrine stimulus (23). GDF11 also
induced a decrease in number and size of the spheroids and
generated more-compacted structures by the increment in E-
cadherin, as observed in liver cancer cell lines, and GDF11
treatment induces a cell-cell adhesion preventing metastasis
phenomena (14, 23).

Authors also found a defective GDF11 maturation and
secretion in seven of nine studied TNBC cell lines. The linker
was the convertase PCSK5, in which a deficiency was found in
the TNBC cells, inducing the extracellular accumulation of the
immature proGDF11 and, for instance, loss in the bioactivity
of GDF11. This mechanism was also observed in mice; the lack
of Pcsk5 in Apcmi“/ T animals (61) increases adenocarcinoma
formation in the small intestine, decreasing the survival (23, 62),
which demonstrates a clear function in tandem of GDF11 and
PCSKS5 to induce the tumor suppressive properties. In fact, the
restoration of the PCSK5 activity in the TNBC cells suppresses
lung metastasis (23).

Another work by Wallner et al. (63) revealed that super-
physiological levels of GDF11 (2ug/ml) could provide
advantages in chemotherapy in breast adenocarcinoma,
inducing a decrement in the migrative capacity of MCF-7 cells in
a scratch assay. Similar findings were observed in the presence of

follistatin (2 pg/ml), while GDF8 (2 jug/ml) induced cell death at
the same time. This study also showed that GDFI11 is expressed
in low grade adenocarcinoma tissue (G1), but lower levels in G3
tissue were found, and it was correlated with high expression
of follistatin in G1, suggesting an inhibitory effect of GDF11 at
higher levels of differentiation, which is consistent with the idea
that high aggressiveness in cancer associates with less GDF11
function, confirming the tumor suppressive capacity of GDF11.

PANCREATIC CANCER

Pancreatic cancer (PC) represents one of the most lethal cancers
worldwide (64). It has been reported that GDF11 is down-
regulated in PC tissue, compared with surrounding tissue, and
pancreatic cell lines exhibit a low expression of the growth
factor (65). This group also reported that, in a cohort of 63 PC
patients, those with high GDF11 expression had significantly
better survival rates in comparison with those with low GDF11
expression. These effects were related to decreased proliferation,
migration and invasion, and these observations are in agreement
with those reported in HCC and TNBC. GDF11 is also capable of
inducing apoptosis in PC cell lines (65).

Similarly, the human protein atlas (https://www.proteinatlas.
org) provides evidence from 176 patients: those with high GDF11
expression (n = 61) exhibited better survival rates, compared
with those with low expression (n = 115, p < 0.001) (Figure 4).
These observations strongly suggest that GDF11 could also exert
tumor suppressive properties that should be deeply addressed
to gain confidence, particularly the effect of exogenous active
GDF11 (18).

Interestingly, another member of the family GDF15 is directly
correlated with poor survival in PC patients, and it is proposed
as a better marker than CA-125 (66), again raising the atypical
functions of this growth factor.

As observed in HCC, in PC, the targets of GDF11 are poorly
differentiated cells. In the mouse embryo, GDF11 is expressed in
the pancreatic epithelium, at embryonic day E12-E14 (67), as it
happens in the liver, but in GDF11~/~ animals the pancreas size
are 2-fold smaller than wild type.

In the context of the educated guess that cells with some
stemness phenotype respond to GDF11, even in cancer, it has
been proven that GDF11 negatively regulates NGN3™ progenitor
cells and GDF11 induces B-cell differentiation (68), supporting
the role of GDF11 in metabolism. Under this context, GDF11
exerts its functions in pancreatic cells with stemness phenotype.

COLORECTAL CANCER

In 130 patients with colorectal cancer (CRC), the expression of
GDF11 was significantly higher compared with normal tissue
(56). The classification of the patient cohort in low and high
GDFI11 expression revealed that those patients with high levels
of GDF11 showed a higher frequency of lymph node metastasis,
more deaths and lower survival. The study suggests that GDF11
could be a prognostic biomarker in patients with this disease.
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FIGURE 5 | Genomic alterations in Gdf11 gene. Alteration frequency by type of cancer according to cBioportal for cancer genomics (https://www.cbioportal.org).
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FIGURE 6 | Number of mutations in Gdf11 gene. According to cBioportal for cancer genomics (https://www.cbioportal.org). RefSeq: NM_005811. Ensembl
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It is known that lymphangiogenesis is a fundamental progression (70), and also raises mechanistic evidence that
phenomenon for colorectal cancer dissemination (69). Recently, ~ microenvironment in the lymphatic vessel could play a pivotal
Ungaro and collaborators reported that the microenvironmentin  role in metastasis by local production of GDF11.
the lymphatic vessels provides support to the tumor-derived cells
by manipulating the production of extracellular matrix proteins  QTHER TYPES OF CANCER
and soluble factors, such as cytokines and growth factors (70).

Whole transcriptomic analysis addressed by RNA-seq of isolated ~ Some reports have pointed to the pro-tumorigenic properties
human intestinal lymphatic endothelial cells (HILEC) from of GDF11, with major or minor confidence of rigorous
surgically resected CRC and healthy corresponding controls,  scientific approach.

revealed that among those genes differentially expressed, GDF11 In oral squamous cell carcinoma, Qin and coauthors (57)
was observed as a significant increment with high statistical ~ showed that in a small patient cohort GDFI1 expression
confidence. CACO-2 cells demonstrated high proliferation in co-  is positively correlated with aggressiveness, finding a higher

culture with CRC-HILEC, but the GDFI1 silencing by siRNA  expression in metastatic oral cancer (n = 19) in comparison
abrogated this effect indicating a tumor promotion role of  with non-metastatic oral cancer (n = 15). Authors also sustain
GDF11 in CRC. Interestingly, GDF11 was expressed not only  that GDF11 induced epithelial to mesenchymal transition by
in lymphatic vessels in CRC, but also in normal tissue (69).  downregulating epithelial markers such as E-cadherin, and the
The study also provides evidence of a direct correlation of  overexpression of vimentin or metalloproteinase 9.

GDF11 expression and tumor stage, confirming in this particular In uveal melanoma, GDFI1 expression was significantly
cancer that GDF11 expression could be a marker of tumor  upregulated compared with surrounding tissue, the expression
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FIGURE 7 | Genomic alterations in Pcsk5 gene. Alteration frequency by type of cancer according to cBioportal for cancer genomics (https://www.cbioportal.org).
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FIGURE 8 | Number of mutations in Pcsk5 gene. According to cBioportal for cancer genomics (https://www.cbioportal.org). RefSeq: NM_001190482. Ensembl
ENST00000545128. CCDS: CCDS55320. UniProt: PCSK5_HUMAN. Somatic Mutations Frequency: 2.8%. Three hundred thirty-two missense mutations, 61
truncating, O inframe, 5 others.

was higher in stage IV and substantially greater in the deceased =~ GDF11 is a prognostic factor, which increases research interest in
cases regarding living cases (71). The multivariate analysis  transcriptional and post-translational regulation.

confirmed that GDF11 is an independent prognostic indicator of It is particularly relevant to consider the convertase PCSK5,
unfavorable overall survival. a key regulator of GDF11 activity. Pcsk5 gene presents a

high frequency of genomic alterations in 3% of the patients,
GDF11 AND PCSK MUTATIONS according to cBioportal, being particularly relevant in melanoma,

endometrial carcinoma, and stomach adenocarcinoma, among
The study by Liu et al. (71) also showed that no relevant  others (Figure 6). Missense mutations are particularly observed
mutations were observed in the GDF11 gene in fact. The  in the peptidase transcript (Figure 7) (72). As proven remarkably
cBioportal for cancer genomics web site (https://www.cbioportal. by the team of doctor Kevin A. Janes (23), maturation of bioactive
org) indicates that GDFI1 is altered in 1% of database patients. = GDFI11 is defective in TNBC due to insufficient PCSK5 activity
Figure 4 shows the alteration frequency in GdfI11 gene in some  but, as shown, the frequency of mutations appear not to be
cancers, and Figure 5 depicts the number of somatic mutations,  related with the flaw (Figure 8). Once again, transcriptional
most of which are missense (72). It seems that mutations in the  and post-translational regulation should be considered in
Gdf11 gene are not the main consequence in those cancers where  future research.
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TABLE 1 | Overview of cancer cell lines or tissue from patients with differential
effect of GDF11, as tumor suppressive or tumor promotion protein.

Cancer Cell/Tissue Tumor Tumor References
suppressive promotion
Liver Huh7 (14)
Hep3B
SNU-182 X
Hepal-6 HepG2
Liver HepG2 (60)
SMMC-7721 X
and
tissue
Breast MDA-MB-231 X (23)
MDA-MB-468
and
tissue
Breast MCF-7 X (63)
Pancreas PANC-1 X (65)
CFPAC-1
Tissue
Colorectal Tissue X (56)
Colorectal Tissue X (70)
Colorectal CACO-2 X (69)
Oral squamous  Tissue X (657)
cell carcinoma
Uveal Tissue X (71)
melanoma

EFFECTS OF GDF11 AS METABOLISM
REGULATOR

The impact of GDF11 in the development of pancreas implies
that the growth factor could exert some metabolic regulation on
this organ in the adult, particularly in the endocrine pancreas
(67). Dichmann and coauthors found that in the gdfllf/ -
mouse, the maturation and number of f- and a-cells are
normal, however, another group led by Harmon reported that
the gdf11~/~ mouse exhibited impairment maturation of B-cells
and an increment in a-cells, which could produce glucagon in
comparison with the wild type mouse (68). This controversy,
which is not unusual, must be addressed, but makes it clear that
GDF11 could be inducing effects in the metabolism mediated by
the pancreas.

Recently, a work by Anon-Hidalgo et al. (73) reported a
convincing study associating the circulating levels of GDF11
with thyroid-stimulating hormone (TSH) in humans. The study
showed subjects with high or normal levels of TSH present
high level contents of GDF11, compared with patients with low
levels of TSH. This finding could be due to the fact that other
members of the family, such as GDF8 and GDF15, are regulators
of the energy homeostasis (74, 75). Anon-Hidalgo team states
that it could be related to a regulation of TSH by GDFI1, or
GDF11 could be positively regulated by TSH or any other thyroid
hormones (73).

Luo et al. published that GDF11 decreased lipid content in
human mesenchymal stem cells and the mouse 3T3-L1 cell line.

This was associated with the repression of adipogenic genes,
such as the transcription factors Pparg, Cebpa, and the executer
proteins Plp, Cd36, Plinl, Adipoq, among others, in a mechanism
associated to the canonical signal transduction mediated by
SMAD2/3 (76). The report provides evidence that GDF11 could
exert control over lipid content in unclear fashion. The role of
GDFI1 in lipid homeostasis could be directed to lipid uptake
or efflux, intervening in lipogenic or lipolysis pathways, or lipid
removal by autophagy, but data provided by Luo et al. suggest
an intervention in lipogenesis. Interestingly, obese mice fed
with a high lipid diet present significantly decreased circulating
GDF11 levels, compared with mice under low fat diet (77). The
mRNA and protein content of GDF11 in skeletal muscle from
mice under the high fat diet correlated with the serum content
of the growth factor, exhibiting lower expression and protein
content, compared with animals under low fat diet. Furthermore,
palmitate treatment in the mouse-derived myoblast cell line,
C2C12, decreases GDF11 expression. However, the GDF11 did
not ameliorate the palmitate-induced insulin resistance and
GDF11 treatment did not change expression of Glut4 or Irs-1.

The evidence sustains the metabolic intervention by GDF11,
at least in terms of lipid homeostasis, and again in cells
with stemness features. This could be relevant in cancer, since
lipid overload is one of the main characteristics required
for a proper cancer cell proliferation (78, 79). In fact, it
is reported that GDF11 impairs mitochondrial function in
cancer cell lines, particularly in HCC-derived cells (14). The
impact of GDF11 in the central metabolic organelle could
explain the tumor suppressive properties exerted by the growth
factor. Mitochondria provide essential intermediaries required
for cell proliferation: driving redox and calcium homeostasis,
coordinating energy supply and mediating cell survival; all
of which are fundamental for all cells, and particularly for
transformed ones (80). A report by Hernandez-Rizo and
collaborators states that GDF11 restricts cell proliferation in
hepatic tumor cells through glycolysis and lipid metabolism
impairment (81). In agreement with these findings, Garrido-
Moreno et al. (82) recently reported that GDF11 prevents
cardiomyocyte hypertrophy by preserving the communication
between the mitochondria and sarcoplasmic reticulum and
calcium mobility, preserving oxidative mitochondria metabolism
by a mechanism mediated by the maintenance of mitochondrial
cytosolic calcium buffering capacity.

Although the evidence of GDF11 regulation of the energetic
and lipid metabolism is limited, it clearly indicates an effect
tending to maintain the cellular energetic homeostasis. More
research is required to characterize the mechanism underlying
metabolic regulation by the growth factor, particularly in
cancer cells.

CONCLUDING REMARKS AND FUTURE
PROSPECTIVE

GDF11 is an intriguing non-conventional growth factor, perhaps
the most fascinating new member of the TGF-f superfamily.
It transduces, as practically all members, by the canonical
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SMAD and non-canonical MAPK pathways, but its functions
can be quite variable, even contradictory, depending of the cell
lineage, tissue (Table 1), or even age. This raises a complex
body of physiological control, which could also differ in health
or disease. GDF11 displays a versatile response that must be
fully characterized, due to it representing an interesting point
of intervention in many diseases or physiological conditions,
particularly in cancer. It is remarkable that one of the main
characteristics in GDFI11 target cells, in normal or pathological
conditions, is the stemness capacity. The effects exerted by the
growth factor in cancer have begun to be characterized with
greater scientific rigor and mechanistic approaches.

Perhaps it is time that GDF11, due to its diverse functionality,
constitutes its own subfamily as an atypical and versatile member
of the TGF-p family.

We must be cautious to oversimplify its functions. The
controversies found clearly indicate that GDFI11 displays
particular activities depending of cell type, grade of
differentiation, and pathological or normal conditions. This
remarkable atypical member of the TGF-f family must be
carefully studied in clear and well-controlled biological systems.
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Lactic Acidosis Promotes
Mitochondrial Biogenesis in Lung
Adenocarcinoma Cells, Supporting
Proliferation Under Normoxia or
Survival Under Hypoxia

Susana Romero-Garcia*!, Heriberto Prado-Garcia’, Alma Delia Valencia-Camargo and
Abraham Alvarez-Pulido

Department of Chronic-Degenerative Diseases, National Institute of Respiratory Diseases “Ismael Cosio Villegas”,
Mexico City, Mexico

Lactic acidosis, glucose deprivation and hypoxia are conditions frequently found in
solid tumors because, among other reasons, tumors switch to Warburg effect and
secrete high levels of lactate, which decreases the pH (<6. 9) in the microenvironment.
We hypothesized that lung cancer cells consume lactate and induce mitochondrial
biogenesis to support survival and proliferation in lactic acidosis with glucose deprivation
even under hypoxia. We examined lung adenocarcinoma cell lines (A-427 and A-549),
a breast cancer cell line (MCF-7) and non-transformed fibroblasts (MRC-5). Cells
were cultured using RPMI-1640 medium with 28 mM lactate varying pH (6.2 or
7.2) under normoxia (atmospheric Oo) or hypoxia (2% O»). Cellular growth was
followed during 96 h, as well as lactate, glutamine and glutamate levels, which were
measured using a biochemical analyzer. The expression levels of monocarboxylate
transporters (MCT1 and MCT4) were evaluated by flow cytometry. To evaluate
mitochondrial biogenesis, mitochondrial mass was analyzed by flow cytometry and
epifluorescence microscopy. Also, mitochondrial DNA (mtDNA) was measured by gPCR.
Transcript levels of Nuclear Respiratory Factors (NRF-1 and NRF-2) and Transcription
Factor A Mitochondrial (TFAM) were determined using RT-gPCR. The specific growth
rate of A-549 and A-427 cells increased in lactic acidosis compared with neutral
lactosis, either under normoxia or hypoxia, a phenomenon that was not observed
in MRC-5 fibroblasts. Under hypoxia, A-427 and MCF-7 cells did not survive in
neutral lactosis but survived in lactic acidosis. Under lactic acidosis, A-427 and MCF-7
cells increased MCT1 levels, reduced MCT4 levels and consumed higher lactate
amounts, while A-549 cells consumed glutamine and decreased MCT1 and MCT4
levels with respect to neutral lactosis condition. Lactic acidosis, either under normoxia
or hypoxia, increased mitochondrial mass and mtDNA levels compared with neutral
lactosis in all tumor cells but not in fibroblasts. A-549 and MCF-7 cells increased
levels of NRF-1, NRF-2, and TFAM with respect to MRC-5 cells, whereas A-427 cells
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Mitochondrial Biogenesis Under Lactic Acidosis

upregulated these transcripts under lactic acidosis compared with neutral lactosis. Thus,
lung adenocarcinoma cells induce mitochondrial biogenesis to support survival and
proliferation in lactic acidosis with glucose deprivation.

Keywords: mitochondrial mass, mitochondrial DNA (mtDNA), nuclear respiratory factor (NRF), monocarboxylate
transporter (MCT), glutamine, tumor growth rate, glucose deprivation

INTRODUCTION

Lactic acidosis is a common condition found in solid tumors (1-
3); for instance, in breast cancer patients, intratumoral lactate
levels range from 0.6 to 8.0 Lmol/g (4). Lactate can be employed
as a carbon source; accordingly, some non-small cell lung
cancer (NSCLC) tumors were recently shown to use lactate as
a respiratory substrate to survive and proliferate (5). There are
different sources that promote lactic acidosis in tumors: first,
the altered metabolism of tumor cells augment both glucose
consumption and glycolysis with a concomitant increase in
lactate production in the presence of oxygen (Warburg effect) (6)
or in the absence of oxygen (Pasteur effect) (7, 8). Second, the
inefficient formation of microvasculature favors the development
of concentration gradients of lactate, glucose, oxygen and pH
(9, 10). Third, cancer-associated fibroblasts (CAFs) can also
promote high levels of lactate and an acidic microenvironment
(pH < 6.9) (6).

Because the tumor microenvironment is variable, cells that
initially had access to high glucose levels and normal oxygen
concentrations may eventually encounter an environment with
lactic acidosis (1, 7), absence of glucose (1) and hypoxia (8).
For example, in solid tumors such as colon and stomach cancer,
glucose concentrations are much lower within the tumor (0.15
mmol/g) than in normal tissues (1.2 mmol/g) (2). In breast cancer
patients, the tumor mass has an estimated median PO, value of
10 mmHg (1.5% O), whereas in normal breast tissue, it is 65
mmHg (8). These changes in the microenvironment might favor
tumor survival and invasion; in this regard, hypoxia is known
to favor angiogenesis, metastasis, and resistance to radiation and
chemotherapies (8).

The acidic microenvironment promotes extracellular matrix
degradation and angiogenesis, inhibits the immune response
and is toxic for non-transformed cells (7). For instance, human
melanoma cells maintained under acidic conditions reduce their
capacity to form flank tumors, but they exhibit a greater range
of motility and invasive phenotypes (7, 11). Also, lactic acidosis
in the presence of glucose (3 mM) promotes autophagy, increases
resistance to glucose-deprivation-induced apoptosis and arrests
cells in the GO/G1 cell cycle phase as survival mechanisms in
murine breast cancer 4T1 cells (10). As a proof of concept,
bicarbonate infusions into tumors revert lactic acidosis into
lactosis, where tumor cells switch back to the Warburg effect,
which induces glucose-deprivation-associated death (3).

Lactate transport requires of monocarboxylate transporters
(MCTs). In particular, MCT1 and MCT4 are plasma membrane
transporter proteins of lactate and pyruvate. MCTI is a
symporter that co-introduces equimolar lactate and protons.
MCT4 may import or export lactate, but it frequently transports

lactate out of the cell (5). MCT1 and MCT4 expression are
deregulated in several types of cancers. For instance, high MCT4
expression in CAFs accompanied by strong MCT1 expression in
tumor cells has been shown to be associated with poor prognosis
in prostate cancer (6, 10, 12). A previous report also showed
that some NSCLC tissues can incorporate lactate by increasing
the expression of MCT1, MCT4, and lactate dehydrogenase A
and B (LDHA and LDHB) (5). This study also indicated that
other NSCLC tissues neither introduce lactate nor express MCT1,
MCT4, LDHA, and LDHB, highlighting the heterogeneity in
human NSCLC tumor cells (5). Nevertheless, to our knowledge,
regulation of MCTs expression on lung cancer cells by lactate
itself has not been studied.

Among the many pathways involved in tumor development,
mitochondrial biogenesis has been shown to be important for
sustaining cell proliferation. Cells generate more mitochondria
from pre-existing organelles in a process called mitochondrial
biogenesis to increase their mitochondrial mass to divide them
up and inherit sufficient mitochondria to daughter cells (13).
Increases in mitochondrial mass and mtDNA are considered
markers of mitochondrial biogenesis (14, 15). The main
transcriptional regulators of mitochondrial biogenesis include
peroxisome proliferator-activated receptor gamma coactivator-
la (PGC-la), nuclear respiratory factors 1 and 2 (NRF-1
and NRF-2) and mitochondrial transcription factor (TFAM)
(14, 16). A significant increase in the PGC-la, NRF-1 and
TFAM proteins with a concomitant increase in mitochondrial
biogenesis has been reported in arsenic-induced carcinogenesis
of human keratinocytes (14) and endometrial cancer tissue (16).
Increases in mtDNA content have been reported in prostatic
cancer (12) and in the transformation from hyperplastic to
cancer endometrium (15). In contrast, mtDNA depletion has
been associated with ovarian cancer progression (17) or with
the acquisition of a more invasive phenotype in early prostate
carcinoma (18). However, none of these studies describe whether
mitochondrial biogenesis is modulated by lactate, acidosis or
hypoxia in cancer cells.

Mitochondrial biogenesis appears to be critical for several
process of the malignant transformation (19). Mitochondrial
biogenesis is increased to favor migratory and invasive tumor
phenotypes in breast cancer (8, 20), propagation and survival of
stem-like cancer cells (19), and adaptation to hypoxia in a neutral
pH microenvironment of human hepatocellular carcinoma
(HCC) cells (13). In contrast, a reduction of mitochondrial
biogenesis and the subsequent alteration of respiratory capacity
has been observed in lung tumors, these features were associated
with a lower expression level of Bcl-2 (21). Thus, mitochondrial
biogenesis has been thought to be dysfunctional in lung
cancer cells.
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Since lactic acidosis with extremely limited glucose levels and
hypoxia are conditions frequently found in solid tumors, we
hypothesized that if lung adenocarcinoma cells survive under
glucose-deprivation with lactic acidosis, then they will consume
lactate and induce mitochondrial biogenesis independently of
the oxygen tension. Thus, we tested in vitro the influence
of each variable (carbon source, pH and oxygen) on tumor
survival and proliferation, we also analyzed the expression
of MCT1 and MCT4 and evaluated whether mitochondrial
biogenesis is modified in response to lactic acidosis. The results
of this study may contribute to develop novel strategies for
cancer treatment.

MATERIALS AND METHODS

Cell Lines

Two human lung adenocarcinoma cell lines were used in this
study, A-549 and A-427. Additionally, one breast carcinoma cell
line (MCF-7) and human fetal lung fibroblast cells (MRC-5) were
included. All cell lines were obtained from the American Type
Culture Collection (Manassas, VA, USA).

Growth Kinetics of Tumor Cells

The tumor cell lines and fibroblasts were maintained in RPMI-
1640 (Sigma-Aldrich, St. Louis, MO, USA) supplemented with
10% heat-inactivated fetal calf serum (FCS, HyClone, Logan,
Utah, USA) with 100 pg/mL of streptomycin and 100 U/mL of
penicillin at 37°C, atmospheric O, and 5% CO,. The cell lines
grew in monolayers and were harvested by trypsinization.

The growth of all carcinoma cell lines and the fibroblasts was
tested using RPMI-1640 glucose-free medium (Sigma-Aldrich)
supplemented with sodium L-lactate (28 mM) (Sigma-Aldrich),
10% heat-inactivated fetal calf serum, 100 pg/mL of streptomycin
and 100 U/mL of penicillin. Because FCS contained a small
amount of glucose, the initial glucose concentration was 350 M.
Additionally, RPMI-1640 medium contained L-glutamine and
after FCS addition, the initial concentration of L-glutamine was
1.4 mM. The medium was adjusted at pH 7.2 or pH 6.2 using
HCI. Normoxic cells were incubated in a humidified chamber
at 37°C with filtered atmospheric air (21% O;) and 5% CO;.
Hypoxic cells were incubated in a humidified Billups-Rothenberg
chamber (Del Mar, CA, USA) with 2% O,, 93% N, and 5%
CO, at37°C.

A-427, A-549 and MCEF-7 cells were seeded at a density of
1 x 10° cells/mL, and MRC-5 cells were seeded at a density
of 5 x 10* cells/mL. Cellular suspensions prepared in lactate-
supplemented medium at pH 7.2 or pH 6.2 were seeded in
sextuplicate in a 24-well plate. Two 24-well plates were seeded in
an equivalent fashion. One plate was incubated under normoxia,
while the other was incubated under hypoxia for 96 h. Depending
on the cell line, the supernatant from each well was removed
and measured every 8, 12, or 24h for analysis of metabolites
considering evaporation. Cell-free supernatants were stored at
—20°C for later analysis. The cells were counted, and cell viability
was determined by trypan blue dye exclusion using a TC20
Automated Cell Counter (Bio-Rad Laboratories, Inc., USA). All
cultures were repeated at least twice. The specific growth rate

was determined during exponential growth according to the
following formula:
i = In2/(duplication time).

Determination of Metabolites

The levels of glucose, L-lactate, L-glutamine and glutamate were
determined using a YSI 2900 biochemistry analyzer (Yellow
Springs Instruments, Ohio, USA) and membranes containing
the immobilized enzymes d-glucose oxidase, L-lactate oxidase,
L-glutamine oxidase or L-glutamic acid oxidase (YSI, Ohio,
USA). For each metabolite, specific standards were prepared
and used according to the manufacturers instructions. The
evaporation volume was determined to correct the quantity of
each metabolite.

Analysis of MCT1, MCT4, and CD98 Cell

Surface Expression

MCT1 and MCT4 expression was evaluated in cancer and
fibroblast cells by flow cytometry, whereas CD98 was evaluated
in A-549 and A-427 adenocarcinoma cell lines. Briefly, cells
were cultured in 24-well plates under the four above-described
conditions over a 48h time period. The initial cellular
concentrations per well were adjusted to 1 x 10> cells/mL for
the A-549, A-427, and MCF-7 cell lines and 1.5 x 10> cells/mL
for MRC-5. All cultures were repeated at least twice. After
incubation, the cells were harvested by non-enzymatic treatment
(EDTA-MOPS). The cells were then washed with PBS. Dead
cells were excluded by using the Zombie NIR fixable viability
kit following manufacturer’s instructions (BioLegend, CA, USA).
For immunostaining, cells were resuspended with bovine serum
albumin (BSA, 1% w/v) and sodium azide (0.1% w/v) and
incubated at room temperature for 30 min with rabbit polyclonal
antibodies against MCT1 (MCT1-Alexa 647) and MCT4 (MCT4-
Alexa 488) from Bioss (Massachusetts, USA), or with monoclonal
antibody for CD98 (clone5E5, FITC) from eBioscience (San
Diego, CA, USA). After incubation, the cells were washed and
fixed with paraformaldehyde (1% w/v) for further cytometric
analysis. At least 10,000 events were acquired from the region of
viable cells. The median fluorescence intensity (MFI) of MCT1-
Alexa 647, MCT4-Alexa 488, and CD98-FITC was determined.
The results were analyzed with FlowJo V10 software (TreeStar,
Inc., Ashland, Or, USA).

Mitochondrial Mass Determination

We used MitoTracker Green (Thermo Fisher Scientific Eugene,
OR, USA) to determine mitochondrial content in the cells.
The initial cellular concentration per well was the same for
the different culture conditions and was adjusted to 1 x 10°
cells/mL for A-549, A-427, and MCF-7 and 5 x 10* cells/mL
for MRC-5. After 48h of incubation, cells were harvested and
washed with phosphate-buffered saline (PBS). After counting,
the cells were resuspended in MitoTracker Green 250 nM (200
L per 2 x 10° cells) and incubated at 37°C for 30 min in
the dark. Cells were washed with PBS and resuspended in 200
nL of 7-aminoactinomycin D (7-AAD, BioLegend, CA, USA).
Then, stained cells were analyzed by flow cytometry, and at least
2 x 10* events from the viable cellular region (7AAD-negative
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cells) were acquired in a FACS Canto II Flow Cytometer (Becton
Dickinson, San Jose, CA). The median fluorescence intensity
(MFI) of MitoTracker Green, which is directly proportional to
the mitochondrial content, was determined only in the viable
cell population.

Mitochondrial Mass Using Epifluorescence

Microscopy

The cellular preparation for epifluorescence was made as follows.
After 48h of incubation in 48-well plates, the supernatant was
removed. Then, each well was washed with 500 pL PBS, and 100
nL of MitoTracker Green 250 nM (Invitrogen, USA) was added.
The plates were incubated at 37°C for 30 min. After washing
with 500 wL PBS, 100 pL of CellMask Orange 1X (Molecular
Probes) was added. The preparations were incubated at 37°C for
5min. After washing with 500 pL PBS, 100 pL of 0.1 pg/mL
Hoechst 33342 solution (Invitrogen) was added. The plates
were incubated at 37°C for 10 min; later, digital images were
taken using an EVOS FL Imaging System (Life Technologies,
USA). Micrographs were analyzed with Image] Software v 1.50i
(Wayne Rasband, National Institutes of Health, USA) to obtain
fluorescence intensity due to MitoTracker Green per cell line.

DNA and RNA Extraction

One milliliter of 1 x 10° cells/mL for A-549, A-427, and MCF-7
and 5 x 10* cells/mL for MRC-5 was seeded per well in 24-
well plates under the four conditions mentioned above. After
48 h of incubation, total DNA and RNA were extracted from cell
lines using a ZR-Duet DNA/RNA Miniprep system according
to the manufacturer’s instructions (Zymo Research, Irvine, CA,
USA). Total isolated DNA was stored at —20°C for further
analysis. The quality and quantity of RNA were determined by
absorbance at 260 and 280 nm using a NanoDrop 2000 (Thermo
Scientific, Waltham, MA, USA). The RNA was treated with
RNase-free DNase I (Thermo Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions. The RNA was
reverse-transcribed to produce cDNA using the Maxima First
Strand c¢cDNA Synthesis Kit for RT-qPCR (Thermo Scientific,
Waltham, MA, USA). The cDNA obtained was stored at —20°C
until further analysis.

Quantification of mtDNA Using qPCR
(Real-Time PCR)

Mitochondrial mass determination and mtDNA copy number
are indicators of mitochondrial content (15). We used qPCR
to quantify mtDNA molecules. Briefly, the concentration of
purified total DNA was measured using a Nanodrop 2000
Spectrophotometer (Thermo Scientific, USA). The mtDNA (12S)
copy number was determined by qPCR and compared to
genomic DNA (RNase P), as previously described (22). Briefly,
mtDNA was quantified using 125nM specific primers for the
gene 125 (12S8-F: 5-CCA CGG GAA ACA GCA GTG ATT-
3 and 12S-R: 5-TAT TGA CTT GGG TTA ATC GTG TG-3)
and 140nM of the TagMan MGB Probe (6FAM GTG CCA
GCC ACC GCG MGENEFQ). gDNA copy number was quantified
using 1X of the PDARS RNase P Kit (VIC, Thermo Scientific,
P/N 4316944) and 1X Universal master mix (Thermo Scientific,

USA). mtDNA and gDNA were amplified in a single tube
using four 1:5 serial dilutions, beginning with 5 ng/pL of total
DNA. All samples, including serial dilutions, were analyzed
in triplicate. The amount of mtDNA relative to RNase P was

calculated using the following formula: mtDNA/RNase P =
2~ (CtmtDNA—CtRNAseP) 'ywhere Ct is the threshold cycle.

Transcriptional Analysis of NRF-1, NRF-2,
and TFAM Using RT-gPCR

To determine the transcript levels of the main transcriptional
regulators of mitochondrial biogenesis, we used semiquantitative
RT-qPCR in an ABI Prism 7500 Sequence Detector (Applied
Biosystems, Foster City, CA). NRF-1, NRF-2, and TFAM mRNA
levels were quantified using specific primers (NRF-1-F: 5'-ATG
AAG ACT CGC CTT CTT CTC-3 and NRF-1-R: 5-TTG TTG
CCT CTT CCG GAT AGA-3; NRF-2-F: 5'-AGT GCA ATC TGC
TAC ACC TAC-3' and NRF-2-R: 5-ATG CAG TCT CGA GCG
TCC TT-3; TFAM-F: 5-TGT GCA CCG GCT GTG GAA GT-3
and TFAM-R: 5'-TCC CTC CAA CGC TGG GCA AT-3), SYBR
Select Master Mix (Thermo Scientific, Waltham, MA, USA) and
cDNA as a template.

The PCR reactions were performed in 96-well reaction plates
using the recommended parameters (10 min at 95°C, 40 cycles
of 95°C for 15s and 60°C for 1 min). Validation curves were
run using 18S rRNA (18S-F: 5'-TAC CGC AGC TAG GAA TAA
TGG-3" and 18S-R: 5-CGT CTT CGA ACC TCC GAC TT-
3’) and HPRT1 (HPRT1-F: 5-CCT GCT GGA TTA CAT CAA
AGC-3" and HPRT1-R: 5'-CTG CAT TGT TTT GCC AGT GTC-
3’) to determine the suitable endogenous control for all the
analyzed genes. The 18S rRNA was selected as the endogenous
control for all transcripts. Each PCR reaction was performed in
triplicate, and two non-template controls were included. Data
were analyzed with Sequence Detection Software v 1.3.1 (Thermo
Scientific, Waltham, MA, USA) to establish the PCR cycle at
which the fluorescence exceeded a set of cycle thresholds (Ct)
for each sample. Target gene expression analysis was performed
according to the comparative 2~AACt method (23).

Analysis of NRF-1 and NRF-2 Protein

Levels

NRF-1 and NRF-2 protein levels were determined in A-549
and A-427 adenocarcinoma cell lines by flow cytometry. After
72h of incubation under the four tested conditions described
above, cells were harvested by trypsinization, washed with PBS,
and stained with Zombie NIR to exclude dead cells. Then cells
were fixed and permeabilized with Transcription Factor Staining
Buffer Set (Invitrogen) according to manufacturer’s instructions.
After permeabilization, cells were resuspended in 100 pL of
rabbit anti-NRF-1 polyclonal antibody (dilution 1:1000, cat.
no. bs-1342R, Bioss Antibodies) or rabbit anti-GABPA/NRF2A
polyclonal antibody (dilution 1:1000, cat. no. bs-13261R, Bioss
Antibodies). After 45min of incubation, cells were washed
and incubated with Alexa 488 mouse anti-rabbit monoclonal
antibody (Molecular Probes, Eugene Oregon) for 30 min. Cells
were washed with Perm Buffer (provided by the manufacturer)
and resuspended in 200 wL PBS/BSA to proceed to the flow
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cytometry analysis. At least 10,000 events were acquired from the
region of viable cells. The MFI values for NRF-1 and NRF-2 were
determined. The results were analyzed with FlowJo V10 software.

Statistical Analysis

All values are expressed as the mean =+ standard error of at
least two independent experiments. Changes between groups
were analyzed using unpaired Student’s T-test and post-hoc tests
were performed using GraphPad Prism 7 software. Significant
differences between groups were defined at p < 0.05.

RESULTS

Lactic Acidosis Increased the Proliferation
of Lung Adenocarcinoma Cells Compared
With Neutral Lactosis

Lactic acidosis is a condition frequently found in solid tumors.
Thus, we wanted to evaluate whether lung adenocarcinoma cells
could proliferate in the presence of lactate with or without
acidosis under normoxia (21% O;) or hypoxia (2% O,). We

included the non-transformed cells (MRC-5) as a negative
control and the breast tumor cell line (MCF-7) as a positive
control because these cells can survive consuming lactate (4).
We found that the specific growth rate (j1) of A-549 and A-427
cells significantly increased under lactic acidosis compared with
neutral lactosis either under normoxia or hypoxia. Although A-
549 cells only showed a tendency to increase growth rate under
lactic acidosis and normoxia (Table 1), cell number up to 96 h of
culture was greater under lactic acidosis (Figure 1). Of note, from
the start of the experiment to the beginning of the growth phase,
there was an adaptation phase (lag phase) that was variable for
each cell line and culture condition (Figure 1). A-427 and MCEF-
7 tumor cells did not survive in neutral lactosis under hypoxia
and they showed a decline in proliferation associated with cell
death, because the cell number at 48 h was smaller than time zero
(Figure 1). In contrast, after an adaptation phase of 8 h under
lactic acidosis and hypoxia, the A-549 tumor cells exhibited a
low proliferation rate; nonetheless, this rate increased after 48 h
of incubation (Figure 1).

In the case of the non-transformed MRC-5 cells cultured
under lactic acidosis, the p diminished under normoxia but

TABLE 1 | Specific growth rate of tumor cell lines and fibroblast cells.

Normoxia
Cell line pH7.2 pH 6.2
(x1072 h~1) (x10=2 h~1)
MRC-5 1.9(0.2) 1.4 (2.2)
A-549 1.5(0.7) 2.0(0.5)
A-427 1.2 (0.6) 2.4 (0.4)
MCF-7 2.6 (0.9) 1.5(0.6)

Hypoxia
pH 7.2 pH 6.2
(x1072 h~1) (x1072h~1)
1.9 1.4 (1172
[0.3 (0.4)] 1.1 (0.6
[-0.7 (0.4)* 0.8 (1.05
[-0.4 (0.4)* 0.5 (0.8

Specific rate of growth was determined on exponential phase. All cultures were made by triplicate in tissue-culture plate using RPMI-1640 supplemented with lactate (28 mM), glucose
(0.35 mM), and pH 7.2 or pH 6.2 under normoxia or hypoxia. \Values are expressed as mean (std dev). *p < 0.05 and **p < 0.01 respect to normoxia pH 7.2 condition. e < 0.05 respect

to hypoxia pH 7.2 condition.
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FIGURE 1 | Growth curves of MRC-5, A-549, A-427, and MCF-7 followed for 96 h, using RPMI-1640 low glucose (350 uM) supplemented lactate (28 mM) adjusted
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FIGURE 2 | Lactate levels from cultures of MRC-5, A-549, A-427, and MCF-7 followed for 96 h, using RPMI-1640 low glucose (350 M) supplemented lactate
(28 mM) adjusted at pH 7.2 or pH 6.2 under normoxia (21% O») or hypoxia (2% Oy).

Time (h)>

MRC-5 A-549 A-427 MCF-7
~ Gn&pH72] ] ]
< GnapHos] . ] z
~* Glu&pH6.2] | ] Q
| ] 3
(@]
] ] 1l ®
1 3 iz:—_—-?—.%

Glutamate & Glutamine (mmol/L)

exodAH
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increased under hypoxia compared with the neutral condition
(Table 1, Figure 1). Nonetheless, MRC-5 cells presented a long
adaptation phase and entered a survival stage, with the exception
of neutral lactosis and hypoxia.

These results indicate that lactic acidosis allows lung
adenocarcinoma cells to survive and even proliferate in lactic
acidosis and glucose deprivation.

A-427 and MCF-7 but Not A-549 Cells
Cultured Under Normoxia Consumed
Lactate Independently of the pH

After finding that adenocarcinoma cells in lactic acidosis
proliferated under normoxia or survived longer under hypoxia,

we hypothesized that adenocarcinoma cells would consume
lactate because all tumor cells and fibroblasts completely
consumed the initial small amount of glucose (350 wM) during
the first 8h of incubation. Then, the cultures remained glucose-
free to the end of the incubation period of 96h (data
not shown).

Interestingly, we found that when A-427 and MCEF-7 cells
were cultured under normoxia independently of pH, they
consumed lactate during both the growth and stationary phases
(Figures 1, 2). In contrast, A-549 and MRC-5 consumed low
lactate quantities when they were cultured under neutral
lactosis and normoxia (Figure2). Surprisingly, none of the
cell lines consumed lactate under hypoxia regardless of the
pH (Figure 2).
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FIGURE 4 | Determination of monocarboxilate transport levels in cancer cell lines and fibroblasts, cultured for 48 h. (A) Representative flow cytometric analysis and
representative histograms of MCT1 and MCT4 expression on lung adenocarcinoma cell lines. (B) Relative median fluorescence intensity (rMFl) values for MCT1 and
MCT4 on tumor and fibroblast cells. (1) Normoxia, pH 7.2; (2) Normoxia, pH 6.2; (3) Hypoxia, pH 7.2 and (4) Hypoxia, pH 6.2. Bars represent mean + SEM of at least

hypoxia pH 7.2.

three independent experiments. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001 respect to normoxia pH 7.2. %p < 0.05, #p < 0.01, ®¥p < 0.01 respect to

Under Lactic Acidosis, A-549 Cells
Consumed Higher Amounts of Glutamine
Than A-427, MCF-7, and MRC-5 Cells

Because we observed that under lactic acidosis, A-549 cells
proliferated but did not consume lactate, we investigated
whether A-549 cells consumed glutamine to support proliferation
and survival under lactic acidosis with glucose deprivation.
We found that A-549 cells cultured under lactic acidosis
consumed more glutamine (1.1mM at 72h) and produced

more glutamate (0.4mM at 72h) than A-427, MCF-7 and
MRC-5 cells (0.4-0.6mM of consumed glutamine and 0-
0.1 mM of produced glutamine at 72h) (Figure 3), indicating
that glutaminolysis supports the proliferation of A-549 cells.
Additionally, A-549 cells consumed glutamine faster under
lactic acidosis than neutral conditions independent of oxygen
tension (Figure 3). In contrast, A-427, MCF-7 and MRC-5 cells
consumed glutamine faster under neutral lactosis than in lactic
acidosis (Figure 3).
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TABLE 2 | rMFI of CD98 protein on the cell surface of lung adenocarcinoma cells.

Normoxia Hypoxia
Cell line pH 7.2 pH 6.2 pH 7.2 pH 6.2
A-549 100 61.9 (10.8) 79.0 2.7 55.1 (6.3)™
A-427 100 35.3 (7.2)* 82.8 (12.3) 76.0 (4.5)*

All cultures were made by triplicate in tissue-culture plate using RPMI-1640 supplemented
with lactate (28 mM), glucose (0.35 mM), and pH 7.2 or pH 6.2 under normoxia or hypoxia
during 48h. Values are reported as percentages with respect to lactate pH 7.2 and
expressed as mean (std dev). *p < 0.05 and **p < 0.01 respect to normoxia pH 7.2
condition. % < 0.05 respect to hypoxia pH 7.2 condition.

MCT1 Expression Was Differentially
Modulated, While CD98 Expression
Diminished on Both Adenocarcinoma Cells

Under Lactic Acidosis

After finding that A-427 and MCEF-7 cells consumed lactate under
normoxia, we analyzed the expression of MCT1 and MCT4 on
the cell surface. MFI values for the expression of MCT1 and
MCT4 were normalized with respect to neutral lactosis condition
and reported as relative MFI values (rMFI). A representative flow
cytometric analysis is shown in Figure 4A.

We found that A-427 and MCEF-7 cells tended to increase
MCTT1 levels under acidosis compared with neutral conditions
independent of oxygen tension (Figure4B). Additionally, A-
549 cells significantly diminished MCT1 expression under
acidosis regardless of oxygen tension, whereas MRC-5 cells did
not change the MCT1 expression levels (Figure 4B). Hypoxia
tended to increase MCT4 levels compared with normoxia in
all tumor cell lines when they were cultured under neutral
pH. Interestingly, A-549, A-427 and MCEF-7 cells significantly
diminished MCT4 levels under acidosis compared with neutral
conditions (Figure 4B).

CD98 alongside with LAT1 form an antiporter that introduces
long amino acids at the expense of intracellular glutamine (24).
Because CD98 has an important role in glutamine metabolism,
we analyzed CD98 protein levels on the surface of A-549
and A-427 adenocarcinoma cells (Table2). We found that
CD98 expression on both A-549 and A-427 adenocarcinoma
cells significantly decreased under lactic acidosis independent
of oxygen tension (Table2). These results suggest that lung
adenocarcinoma cells inhibit the intracellular glutamine release.
Thus, under lactic acidosis and glucose withdrawal, A-427 and
MCEF-7 cells consumed lactate by increasing MCT1 expression,
whereas A-549 cells did not consume lactate neither increased
MCT1 expression. However, A-549 cells inhibited glutamine
release and increased glutamine consumption which may
indicate that glutaminolysis was favored under lactic acidosis.

Tumor Cells Increased Mitochondrial Mass

Under Lactic Acidosis

We next wanted to determine whether mitochondrial biogenesis
correlated with tumor growth or tumor survival. Thus, we
evaluated mitochondrial mass by staining tumor cell lines
and fibroblast cells with MitoTracker Green dye, which is

a fluorescent compound that can accumulate in the lipid
environment of the mitochondria and emit fluorescence
independently of the mitochondrial membrane potential. We
included 7-AAD staining to guarantee the analysis of exclusively
viable cells. A representative flow cytometric analysis is shown in
Figure 5A. MFI values for MitoTracker Green were normalized
with respect to neutral lactosis and normoxia condition.

We found that A-549, A-427, and MCEF-7 cell lines cultured
under lactic acidosis significantly increased mitochondrial mass
compared with neutral lactosis condition, either under normoxia
or hypoxia; by contrast, MRC-5 fibroblasts did not increase
their mitochondrial mass under lactic acidosis (Figure 5B).
We corroborated these data using epifluorescence microscopy.
Representative epifluorescence images of A-427, A-549, MCEF-
7 cells and MRC-5 fibroblasts cultured under normoxia are
shown in Figure 6A, MitoTracker Green fluorescence intensity
tended to increase in tumor cells but not in fibroblasts when cells
were cultured in lactic acidosis with glucose deprivation under
normoxia (Figure 6B).

These data indicated that mitochondrial mass content
increased when tumor cells proliferated under normoxia or
presented a survival stage under hypoxia when cells were cultured
in lactic acidosis.

Adenocarcinoma Cells Increased mtDNA

Levels Under Lactic Acidosis

To corroborate the mitochondrial mass findings made by flow
cytometry and epifluorescence microscopy, we also measured the
mtDNA levels in the tumor cell lines and fibroblast cells by qPCR
and used the RNase P gene for normalization.

Under lactic acidosis, A-549 and A-427 cells significantly
increased mtDNA levels compared with neutral lactosis under
normoxia (Figure 5C). When these adenocarcinoma cells were
cultured under lactic acidosis and hypoxia, mtDNA levels tended
to increase compared with neutral lactosis (Figure 5C). These
findings correlated with the findings of increased mitochondrial
mass of adenocarcinoma cells cultured in lactic acidosis under
normoxia and hypoxia. In contrast, the mtDNA levels of MCR-5
cells did not increase when these cells were cultured under lactic
acidosis, either under normoxia or hypoxia (Figure 5C). In the
case of the MCF-7 cell line, the mtDNA levels showed a tendency
to increase under lactic acidosis.

A-549 and MCF-7 Cell Lines
Overexpressed NRF-1 NRF-2 and TFAM
Compared With MRC-5

We next evaluated the transcript levels of the main biogenesis
regulators, such as nuclear respiratory factor (NRF) 1 and
2 and mitochondrial transcription factor A (TFAM). After
normalization using 18S rRNA, we determined the relative
expression of the abovementioned genes in the tumor
cells compared with their counterparts expressed in MRC-
5 fibroblasts when all cells were cultured under neutral lactosis
and normoxia. We found that the NRF-1 and NREF-2 transcript
levels were significantly upregulated in A-549 and MCF-7 cell
lines compared with their counterparts in MRC-5 fibroblasts
(Figure 7A). Remarkably, all tumor cell lines significantly
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increased TFAM transcript levels compared with MRC-5  tumor cells expressed low levels of the transcription factors.
cells (Figure 7A), possibly to protect and stabilize mtDNA  This was the case for the A-427 cell line, where intracellular
molecules and consequently avoid their degradation. Previous =~ NRF-2 protein levels, but not NRF-1, correlated with increased
reports showed that this is an mtDNA replication-independent =~ mRNA levels.
pathway that increases mitochondrial biogenesis, enhancing
proliferation (14, 25). DISCUSSION

Next, we evaluated how the expression of the different
genes in tumor and fibroblast cells varied in acidosis  Lactic acidosis with very low glucose quantities is a condition
compared with neutral conditions. We found that A-427  found in solid tumors (2). Some reports have shown the
cells significantly increased NRF-1 and NRF-2 mRNA  importance of lactic acidosis in the transformation to a more
levels in lactic acidosis under normoxia and hypoxia  aggressive tumor phenotype, favoring invasion and metastasis (7,
(Figures 7B,C). At protein level, only NRF-2 intracellular  9). Although some groups have tried to find the mechanisms by
protein significantly increased in A-427 cell line cultured  which tumor cells proliferate in media containing lactic acidosis
under lactic acidosis with glucose deprivation independent of  with high glucose levels from 3 to 10mM (1, 3, 5); there are
oxygen tension (Table3). MCF-7 cells significantly increased  no reported data concerning the means by which tumor cells
TFAM transcript levels in lactic acidosis under normoxia or  survive and proliferate under lactic acidosis with extremely low
hypoxia (Figure 7D). In contrast, MRC-5 cells cultured under  concentrations of glucose (350 wM), under normoxia (Oz, 21%)
lactic acidosis did not increase the NRF-1, NRF-2, and TFAM  and hypoxia (O,, 2%), though these are common conditions
transcript levels. found in solid tumors. Lactic acidosis with an appreciable supply

These findings indicate that tumor cells differentially express  of glucose (3 mM) promotes a significantly longer sustainable
the NRF-1, NRF-2, and TFAM genes. Although some tumor  proliferation of a murine breast cell line (4T1) than cells cultured
cell lines (A-549 and MCF-7) maintained increased levels of  only with glucose, suggesting that lactic acidosis but not acidosis
NRF-1, NRF-2 and TFAM, lactic acidosis promoted the increase  alone favors cellular survival (3, 10). Accordingly, we found
in NRF-1, NRF-2, and TFAM transcript levels, only when the  that lung adenocarcinoma cell lines (A-549 and A-427) cultured
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in lactic acidosis with extremely low glucose concentrations
(350 wM) showed an increased growth rate under normoxia or
survived for a longer period under hypoxia than cells cultured
under glucose deprivation with neutral lactosis. In particular,
lactic acidosis was especially beneficial for MCF-7 cells when
they were cultured under hypoxia. In contrast, MRC-5 non-
transformed cells cultured under lactic acidosis did not survive.
Furthermore, each separate variable, lactosis, or acidosis alone,
does not support tumor survival under glucose deprivation.
These data indicated that lactic acidosis under normoxia or
hypoxia, but not lactosis alone, activates an adaptive response
that supports tumor survival, which is not present in normal
cells. Although this study has the limitation of being in vitro, our
results may help to explain why the experimental treatment of
tumors with bicarbonate infusion has presented some benefits
(3, 7). Taken together, our results indicate that lactic acidosis is
a potent survival factor that allows lung adenocarcinoma and
breast tumor cells to develop resistance to glucose deprivation
even under hypoxia. It will be important to extend this study
in animal models and to correlate our results with human
tumor samples.

MCT1 expression has been associated with increased
mitochondrial OXPHOS, whereas MCT4 is abundantly
expressed on glycolytic cells to allow lactate expulsion and is
also upregulated by hypoxia (12, 26, 27). This last phenomenon
was also observed in our data. Accordingly, we found that
A-427 and MCF-7 cells cultured under lactic acidosis and

TABLE 3 | rMFI of NRF-1 and NRF-2 intracellular protein levels in A-427
adenocarcinoma cell line.

Normoxia Hypoxia
Protein pH 7.2 pH 6.2 pH 7.2 pH 6.2
NRF-1 1.0 0.97 (0.09) 1.0 1.05 (0.03)
NRF-2 1.0 1.3 (0.04) 1.0 1.23 (0.04)=

All cultures were made by triplicate in tissue-culture plate using RPMI-1640 supplemented
with lactate (28 mM), glucose (0.35 mM), and pH 7.2 or pH 6.2 under normoxia or hypoxia
during 72 h. Values are expressed as mean (std dev). *p < 0.05 respect to normoxia pH
7.2 condition. % < 0.05 respect to hypoxia pH 7.2 condition.

normoxia consumed lactate, which was associated to an increase
in MCT1 expression and diminished MCT4 expression. Thus,
our results suggest that A-427 and MCEF-7 cells have an oxidative
phenotype that allows proliferation and survival. Interestingly,
A-549 cells did not consume lactate and diminished MCT1 and
MCT4 expression levels. These results complement the findings
reported by Faubert et al., who showed that some biopsies
from NSCLC can use lactate by increasing the expression of
MCT1, MCT4, LDHA, and LDHB, but due to the heterogeneity
in human NSCLC cells, there are NSCLC tumors that neither
introduce lactate nor express MCT1, MCT4, LDHA, and LDHB
(5). Nevertheless, we found that A-549 lung adenocarcinoma
cells did not introduce lactate nor upregulated MCT1 or
MCT4; instead these cells consumed glutamine under lactic
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acidosis and glucose deprivation, allowing proliferation under
normoxia or hypoxia. We corroborated the important role
of glutamine in tumor survival under lactic acidosis with
glucose deprivation, analyzing CD98 expression, which has an
important participation in glutamine release. CD98 (4F2hc),
covalently associated to glutamine transporter LAT1 (SLC7A5),
contributes to glutamine efflux and large neutral amino acids
influx, whereas ASCT2 (SLC1A5) allows Na™-glutamine influx
and neutral amino acids efflux (24, 28). Although increased
LAT1 and ASCT?2 expressions have also been reported in human
melanoma samples, prostate cancer and breast cancer (29-31),
the role of glutamine in cellular homeostasis is complex. We
found that under lactic acidosis and glucose deprivation, lung
adenocarcinoma cells inhibited glutamine release by diminishing
CD98 expression, alongside with the increased intake of
glutamine, both results indicate that lung adenocarcinoma cells
increase glutaminolysis under lactic acidosis. Nevertheless, it
will be important to evaluate ASCT2 expression on lung cancer
cells cultured under lactic acidosis. Hence, our study shows that
intracellular glutamine supports tumor survival and proliferation
under lactic acidosis with glucose deprivation.

Mitochondrial biogenesis has been evaluated through
different parameters, such as mitochondria and mtDNA count
(13-15), mitochondrial mass determination (13), and the
analysis of transcript or protein levels for NRF-1, NRF-2,
TFAM, PGC-1la, and CS (13, 14, 16). Here, we found that
lactic acidosis induced mitochondrial biogenesis in tumor cell
lines (A-549, A-427, MCF-7), as evidenced by an increase in
both mitochondrial mass and mtDNA, accompanied by high
transcript levels for NRF-1, NRF-2, and TFAM in A-549 and
MCEF-7 cells or upregulation of these transcripts by lactic acidosis
in A-427 cells. Tumor cells stimulate mitochondrial biogenesis
not only for proliferation but also for promoting malignant
transformation (15), in migration and invasiveness (8, 20) and
during tumor adaptation to hypoxia (13). Here, we showed that
lung adenocarcinoma cells (A-549, A-427) and breast cancer cells
(MCF-7) stimulate mitochondrial biogenesis to survive under
hypoxia; thus, lung and breast cancer cells share this survival
response with other very aggressive types of cancer, such as
HCC (13). Of note, mitochondrial biogenesis of fibroblast cells
(MRC-5) was not increased under lactic acidosis; consequently,
these cells were not able to proliferate under normoxia or
survive under hypoxia. On the other hand, MCEF-7 cells cultured
with lactic acidosis in the presence of glucose increase their
mitochondrial mass compared with medium with glucose alone
(6). Our results complement these findings because we found
that, even under glucose deprivation and hypoxia, lactic acidosis
increased mitochondrial biogenesis in MCF-7 cells.
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Tumor cells must generate sufficient ATP and biosynthetic precursors in order to maintain
cell proliferation requirements. Otto Warburg showed that tumor cells uptake high
amounts of glucose producing large volumes of lactate even in the presence of oxygen,
this process is known as “Warburg effect or aerobic glycolysis.” As a consequence
of such amounts of lactate there is an acidification of the extracellular pH in tumor
microenvironment, ranging between 6.0 and 6.5. This acidosis favors processes such
as metastasis, angiogenesis and more importantly, immunosuppression, which has
been associated to a worse clinical prognosis. Thus, lactate should be thought as an
important oncometabolite in the metabolic reprogramming of cancer. In this review, we
summarized the role of lactate in regulating metabolic microenvironment of cancer and
discuss its relevance in the up-regulation of the enzymes lactate dehydrogenase (LDH)
and monocarboxilate transporters (MCTs) in tumors. The goal of this review is to expose
that lactate is not only a secondary product of cellular metabolic waste of tumor cells,
but also a key molecule involved in carcinogenesis as well as in tumor immune evasion.
Finally, the possible targeting of lactate production in cancer treatment is discussed.

Keywords: lactate, acidification, tumor microenvironment (TME), therapy, immune response

INTRODUCTION

Cellular transformation involves the deregulated control of cell proliferation, resistance to cell
death, immune evasion and circumvention of growth suppressor activities, which finally allow
cancer establishment (1). Additionally, it has been observed that tumor cells have the remarkable
ability to adjust their energetic metabolism as part of their mechanisms for tumor survival, this
feature is now recognized as a hallmark of cancer (2). The increased metabolic rate in several
neoplasms, was first studied by Otto Warburg in 1926 demonstrating that tumor cells uptake high
amounts of glucose as a primary energy source, producing excessive amounts of lactate, even in
the presence of oxygen (3). In 1972, Efraim Racker named such effect as the “Warburg Effect,” also
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known as “aerobic glycolysis” (4). Initially, it was proposed that
the driving event of the enhanced glycolysis in tumor cells was
caused by an irreversible damage of the mitochondrial function.
Although defects in mitochondria function have been shown in
some types of cancer (5), this process alone cannot explain the
metabolic preference of tumor cells.

The Warburg phenotype is present in several neoplasms
including breast, colon, cervical and liver cancer (6-9). The
increased glucose uptake and metabolism by neoplastic cells
represents the basis for tumor detection using positron emission
tomography (PET); PET imaging uses a radioisotope-labeled
glucose tracer, '8F-fluorodeoxyglucose (!8F-FDG), to identify
areas of high glucose uptake/metabolism in the body. After 8F-
FDG distribution, the radionuclide is transported into the cells
by glucose transporters, and consequently phosphorylated by
the hexokinase to produce '®F-FDG-6-phosphate (!®F-FDG-6-
p). Once inside the cell, the ¥ F-FDG-6-p accumulates in the
cytoplasm since this molecule cannot be further metabolized
through the glycolytic pathway because it lacks the necessary
2’hydroxyl group (10). Additionally, due to its highly polar nature
the 18F-FDG-6-p is trapped inside the cell, thus the accumulated
amounts of '8 F-FDG-6-p are used to identify the presence of solid
tumors as well as the effectiveness of treatments (10).

The Warburg effect involves the alteration of metabolic
enzymes, including hexokinase 2 (HK2), pyruvate kinase type M2
(PKM2), glucose transporter 1 (GLUT1), lactate dehydrogenase
(LDH) and lactate transporters (monocarboxilate transporters
[MCTs]) (11-14). Importantly, the Warburg phenotype has been
associated, not only with an increased obtention of energy but
also with the activation of numerous transcription factors, such
as c-Myc, NF-kB, and Hypoxia-Inducible Factor 1-a (HIF 1-a)
(15-17). These transcription factors can regulate the expression
of metabolic enzymes resulting in the deregulated conversion of
glucose to lactate (18) then promoting a “tumor lactagenesis”
state (19).

Glycolysis is by far less efficient than oxidative
phosphorylation for ATP production, and for this reason
cancer cells increase their glucose uptake and glycolytic rate.
The high utilization of glucose by cancer cells results in the
accumulation of extracellular lactate affecting a number of cell
types within the tumor microenvironment (TME), composed by
a variety of different cell types such as endothelial cells, cancer-
associated fibroblasts (CAFs), immune cells and non-cancer
stroma cells (20).

For a long time, lactate was only recognized as a “metabolic
waste product” derived of aerobic glycolysis, however, it has
now been firmly demonstrated that lactate can be incorporated
into the tricarboxylic acid (TCA) cycle and be a source of
energy, and even act as an oncometabolite with signaling
properties. In this review we describe the role of lactate in tumor
progression, highlighting its ability to promote invasion and
metastasis. We also show the role of lactate as a metabolic fuel
for tumor cells, as well as its participation in drug resistance
(Figure 1). The importance of the suppressive acidic tumor
microenvironment induced by lactate is also presented. Finally,
we discuss the possible targeting of lactate production as a novel
therapeutic approach.

LACTATE METABOLISM BOTH IN NORMAL
PHYSIOLOGY AND CANCER

Lactate (2-hydroxypropanoic acid) is a hydroxycarboxylic acid
that may exist in the human body as two stereoisomers, D-
lactate and L-lactate; the latter is the predominant physiological
enantiomer of lactate (21). D-lactate is also present but generally
accounts only for 1-5% of L-lactate concentration (22), in this
review we only focus in L-lactate, designed as lactate. The
pKa of the lactate/lactic acid pair is 3.8 at physiological pH,
the lactic acid dissociates immediately into lactate (base form)
and hydrogen (H") (22, 23). Under physiological conditions,
lactate is used as a fuel source by the heart, brain and skeletal
muscle (24); it can also be converted into glucose in the liver
by the Cori cycle, serving as an alternate source of energy (25).
Also, lactate acts as an inter-organ carbon shuttle, supplying
both aerobic metabolism and gluconeogenesis pathways (26),
in fact, now this is identified as a “lactate shuttle theory,
describing that lactate, under fully aerobic conditions can
transcend compartment barriers and shuttle occur within and
among cells, tissues and organs (27-29), interestingly, this
phenomenon is also observed in cancer, and will be described in
this review.

The physiological concentration of lactate, in blood and
healthy tissues is about 1.5-3mM (30), but in cancer
tissues it can be present in up to 10-30mM concentrations
(31). Tablel summarizes the amounts of lactate in
different neoplasms.

Glucose is the major source of lactate production in most
solid tumors (39). This molecule is an essential metabolic energy
source for all living organisms and the structural precursor
for cellular biosynthesis of proteins, lipids, and nucleic acids
with ATP generation being the essential metabolic process for
energy supply to the cells. Mammalian cells generate their
ATP through glycolysis in the cytoplasm (2 ATP per glucose
molecule) and oxidative phosphorylation (OXPHOS) in the
mitochondria (32-34 ATP per glucose molecule). Normal cells
(except erythrocytes and skeletal muscle cells during high
intensity exercise) depend on OXPHOS for ATP production
from glucose; on the contrary, cancer cells obtain their
ATP by glycolysis and the final conversion of glucose to
lactate (40).

Additionally, it has been demonstrated that glutamine may
contribute to a small amount of lactate formation in tumor
cells (41). Glutamine comprise the most abundant amino acid
in blood circulation (about 500 wM), representing more than
20% of the free amino acid pool in blood and 40% in muscle
(42). It was demonstrated that tumor cells require at least
10 times as much glutamine as any other amino acid in
culture (43). In the mitochondrion, glutamine is deaminated
to glutamate by glutaminase (GLS), later in other deamination
reaction, a-ketoglutarate is generated by the enzyme glutamate
dehydrogenase (GDH) finally incorporated into TCA cycle to
generate malate by fumarase enzyme since o-ketoglutarate is the
major anaplerotic source for TCA cycle (44). Malate is exported
to the cytosol where is it converted to pyruvate by the malic
enzyme which is finally converted to lactate by LDHA (41).
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FIGURE 1 | Role of lactate in cancer. Excessive production of lactate by both, tumor and stromal cells, is associated with increased aggressiveness due to the
extracellular acidification that also induces invasion and metastasis, inhibition of the antitumor immune response and resistance to therapy. Moreover, this lactate can
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LACTATE AS A FUEL SOURCE FOR
CANCER CELLS

Despite lactate was first recognized only as a waste product of
anaerobic cell metabolism, it is now known that lactate is used
continuously as a fuel by diverse cells under complete aerobic
conditions (29). Currently it is known that, certain cancer cells
may also actively use OXPHOS or a combination of OXPHOS
and glycolysis for ATP production (45, 46). Interestingly, using
high-resolution mass spectrometry, it was shown that '*C-
lactate resides inside the mitochondria and can be used as
a carbon source to synthesize lipids by cervical cancer and
human lung cancer cells (47). Furthermore, it was revealed
that LDHB is localized to the inner mitochondrial membrane
and was associated with the regulation of the mitochondrial
respiration using transmission electron microscopy (TEM) with
gold-labeled lactate dehydrogenase B (LDHB) (47). Due to these
results, it has been suggested that lactate is oxidized to pyruvate
in the mitochondria by LDHB. However, it remains unknown
how lactate enters inside the mitochondria in this cells, but
it has been proposed that mitochondrial lactate import may

be mediated by the monocarboxylate transporter (MCT) as
in muscle and neuron cells (48, 49). Another study analyzing
[3-13C]-lactate metabolism in vitro and in vivo using nuclear
magnetic resonance, indicated that lactate could be transported
into and being oxidized by cancer cells (34, 50). Cancer
cells are avid consumers of glucose, however, intratumoral
levels of glucose are usually exceedingly low (51). Under these
circumstances of low glucose, tumor cells uptake and oxidize
lactate (52, 53). For instance, breast cancer derived-cells grown
in different concentrations of glucose, produce high lactate
levels, but switched from net lactate producer to consumers
when glucose was limiting (54). Moreover by isotopomer
analysis using (U-'2C)-labeled lactate, it was determined that
under conditions of glucose deprivation, over 50% of the
total cellular pool of TCA cycle intermediates were derived
from lactate (54). Whereas it was shown that lactate can
serve as a fuel source when glucose is limited, a disagreement
remains in the field as to whether it enters into the TCA
cycle directly or if it must first be converted to glucose
through gluconeogenesis (55). Further studies are required
to decipher its role in cancer, to specifically elucidate what
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TABLE 1 | Lactate quantification in tumors and their association with metastatic spread.

Cancer type Sample Lactate concentration Method References
Head and neck cancer Cryobiopsies from head and neck With metastatic spread: 12.3 & 3.3 umol/g Quantitative (82)
tumors, either with metastatic spread bioluminescence imaging
or without Without metastatic spread: 4.7 + 1.5 wmol/g
Head and neck cancer Cryobiopsies from tumors from the With metastatic spread: 19.9 pmol/g Quantitative (81)
head and neck Without metastatic spread: 7.1 pmol/g bioluminescence imaging
Cervical cancer Cryobiopsies at first diagnosis With metastatic spread: 10.0 £ 2.9 pmol/g Quantitative (30)
Without metastatic spread: 6.3 + 2.8 pmol/g ~ Pioluminescence imaging
Colorectal cancer Cryobiopsies from primary rectal With metastatic spread: 13.4 + 3.8 umol/g Quantitative imaging (33)
adenocarcinoma Without metastatic spread: 6.9 pmol/g bioluminescence
Breast cancer Cryobiopsies from locally advanced Median concentration range of 0.6-8.0 pumol/g Quantitative imaging (34)
breast cancer bioluminescence
Metastatic non-small cell lung Venous and arterial blood sample Median maximal levels was 1.8 + 2.2 mmol/L  Enzymatic method (35)
cancer
Human astrocytomas Cyst content With metastatic spread: 12.35 mmol/L Enzymatic method (36)
Without metastatic spread: 8.28 mmol/L
Head and neck squamous Xenograft in nude mice More radioresistant tumor ranged 7.3-25.9 Quantitative imaging 37)
carcinoma wmol/g bioluminescence
Head and neck squamous, Xenograft in nude mice Median concentration in central areas: 7 Quantitative imaging (38)

melanoma, rectum carcinoma
and adenocarcinoma

wmol/g

bioluminescence

Median concentration in the periphery region:
0.5 pmol/g

metabolic pathway is preferred and if it is dependent on the
tumor metabolism.

Regarding the participation of lactate in the synthesis of
TCA cycle intermediaries, Hui et al. (52) used three genetically
modified mice cancer models, two for lung cancer and one
for pancreas cancer, all under fasting conditions, showing that
circulating lactate contributes to the generation of TCA cycle
intermediaries. This contribution was higher than of glucose in
the two lung cancer mouse models. Using intravenous infusions
of 1BC-labeled nutrients, Faubert et al. (56) showed that the
circulatory turnover flux of lactate is the highest of all metabolites
and exceeds that of glucose in human lung tumors. Recently, Bok
et al. (57) showed that '*C-pyruvate is mainly directed to lactate
production, associated with tumor progression and metastases.

Although it was shown that glutamine generates lactate in
human glioma cells (41), it has been also shown that high
amounts of lactate promotes glutamine uptake in SiHa and HeLa
cells and consequently induces the glutaminolysis pathway. This
increase in the intake and metabolism of glutamine was due to
the stabilization of HIF 1-a by lactate. HIF 1-a then transactivates
¢-MYC proto-oncogene in a pathway that mimics a response to
hypoxia. c-MYC is one of the main regulators of glutaminolysis
and is also overexpressed in the vast majority of tumors (58).
Lactate-induced c-MYC activation triggers the expression of the
glutamine transporter ASCT2 and glutaminase 1 (GLS1), both
resulting in improved glutamine uptake and catabolism (59).

These findings highlight the use of lactate in the generation
of TCA cycle intermediaries and its role as a regulatory molecule
of glutamine incorporation and metabolism, to finally serve as a
source of energy in cancer cells. Also supports the importance of
the mitochondrial function in cancer development.

LACTATE SYNTHESIS: ROLE OF LDHA IN
CANCER

The inter-conversion between pyruvate and lactate is mediate by
the nicotinamide adenine dinucleotide (NAD™) oxidoreductase
LDH enzyme. This is a tetrameric enzyme composed of M and H
protein subunits that are encoded by the LDHA and LDHB genes,
respectively (60). The two subunits can then combine and form
five homo or hetero tetramers in human tissues: LDH-1 (4H),
LDH-2 (3H1M), LDH-3 (2H2M), LDH-4 (1H3M), and LDH-5
(4M). LDHS5, also known as LDHA, is the predominant isoform
found in skeletal muscle. In contrast, LDH1 also known as LDHB,
is the predominant isoform found in heart muscle (61). LDHA
preferentially reduces pyruvate to lactate, while LDHB supports
conversion of lactate to pyruvate in cells that utilize lactate as
a nutrient source for oxidative metabolism or gluconeogenesis
(62). Pyruvate is reduced to produce lactate while NADH is
oxidized to NAD™ in a thermodynamically favored reaction. In
the opposite direction, lactate is oxidized to form pyruvate, while
NADT is reduced to NADH (63).

LDHA Expression in Tumors

Several reports indicate that LDHA expression and its activity
is increased in numerous types of tumors and is associated
with lower event-free survival rate and with resistance to
chemotherapy treatment. For instance, high LDHA levels in
serum could be a negative prognostic biomarker in osteosarcoma,
pancreatic cancer, and lung adenocarcinoma (64-67). On the
other hand, knocking down the expression of LDHA in
lung adenocarcinoma cells inhibits the proliferation, invasion,
migration and colony formation (67). In human lymphoma
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and pancreatic cancer, knocking down the expression of LDHA
by siRNA reduces ATP levels and induces significant oxidative
stress and cell death in human lymphoma and pancreatic cancer
xenografts in mice (68).

The ability to monitor when a disease arises, how it progresses
and to evaluate the result of treatment through non-invasive
techniques is the most desirable goal in clinical setting. Non-
invasive sampling is the most useful and valuable alternative
because no stress is generated in the oncological patient.
LDHA determination in saliva sample has been proposed for
detection and monitoring of oral squamous cell carcinoma
(OSCC), since the major source of salivary LDHA are the
oral epithelium-shedding cells. Any pathological changes in the
oral epithelium should be reflected diagnostically in the saliva,
and the aggressiveness of different histological grades of OSCC
could be assessed (69). Thus, the LDHA levels could be an
excellent diagnostic marker. In this regard, a positive correlation
between the LDHA expression and the histopathological grading
was found in saliva samples from patients with OSCC (70).
The expression of salivary LDHA in patients with OSCC was
significantly higher than that of healthy individuals. Importantly,
the levels of salivary LDHA in patients with squamous cell
carcinoma of the tongue and lower oral cavity were significantly
higher than other patients affected with squamous cell carcinoma
in other parts of the head and neck (71).

Phosphorylation of LDHA and Its Role in

Cancer

It was demonstrated that LDHA is phosphorylated at two
specific tyrosine sites, tyrosine 10 (Y10), and tyrosine 83 (Y83).
Phosphorylation in Y10 increases LDHA activity by enhancing
the active tetrameric LDHA conformation, which induces the
binding of NADH and promotes Warburg effect in human
head and neck squamous cell carcinoma (HNSCC), lung cancer,
breast cancer and prostate cancer cells (72). Interestingly, it
was demonstrated that high levels of phosphorylated LDHA
in human prostate cancer tissues were associated with short
recurrence and poor survival times in patients (73). The tyrosine
kinases involved in the Y10 phosphorylation of LDHA are
HER2, the avian sarcoma viral oncogene v-src homolog (Src)
and the Fibroblast growth factor receptor 1 (FGFR1), this
phosphorylation promotes the Warburg effect and pro-invasive
and pro-metastatic potential of cancer cells (73, 74). Recently,
it was identified that cyclin G2 could directly interact with
LDHA and negatively regulate the phosphorylation of Y10 in
LDHA, although the mechanism by which cyclin G2 reduce
the Y10 phosphorylation remains unknown, this interaction
inhibits the Warburg effect and tumor progression in glioma
(75). Taken together the phosphorylated-induced activation of
LDHA provides other mechanism used by tumor cells in order
to establish a malignant phenotype. However, there are very few
studies on this topic, so it is important to investigate whether
post-translational modifications such as phosphorylation in
metabolic enzymes such as LDHA are part of the broad
mechanism by which tumorigenesis is promoted by associating
signaling and metabolism pathways.

NON-CANONICAL FUNCTIONS OF LDH IN
CANCER

Metabolic enzymes exhibit “promiscuous” catalytic activities
(76). In addition to the above-described canonical functions of
LDH, it has recently been demonstrated that LDHA exhibits non-
canonical roles, which are also involved in tumor progression.

Based on this, Intlekonfer et al. (77) observed that LDHA
produces the oncometabolite L-2-hydroxyglutarate (L-2HG)
under hypoxic conditions in glioblastoma, via alternative
substrate usage and additional contributions from malate
dehydrogenase 1 and 2 (MDH 1/2). The authors also
demonstrated that during hypoxia, the resulting increase in
L-2HG is necessary and sufficient for the induction of increased
methylation of histone repressive marks such as histone 3 lysine
9 (H3K9me3). Later, the same research group also demonstrated
that the L-2HG produced by LDHA is favored in an acidic
environment and promotes the HIF 1-a stabilization under
normoxia conditions (78). HIF 1-a is associated with metabolic
regulation, specifically with tumor lactagenesis, because of the
induction of the expression of LDHA, MCT4 and the membrane-
bound carbonic anhydrase IX (CAIX), and in this way regulates
the tumor acid environment and tumor progression (79, 80).
Recently, it has been reported that LDHA translocates to the
nucleus, induced by reactive oxygen species (ROS) in cervical
cancer. Once in the nucleus, LDHA in its dimeric form produces
the antioxidant metabolite a-hydroxybutyrate (a-HB). a-HB
induces H3K79 hypermethylation through the interaction
between methyl-transferase DOT1L and LDHA, demonstrating
that LDHA nuclear translocation appears to be essential for
maintaining redox balance and sustaining cell proliferation
through epigenetic regulation (81).

This promiscuous enzymatic activity of LDHA might
represent a metabolic response to multiple environmental
stimuli including hypoxia and acidosis, conditions frequently
found in tumor microenvironment of aggressive tumors. Future
investigations will be directed at elucidating the role as well as
how deregulation L-2HG and o-HB by LDHA might contribute
to oncogenesis.

LACTATE TRANSPORT: ROLE OF MCTs IN
CANCER

Eukaryotic cells require the efflux of lactate and HT to
the extracellular space to prevent intracellular acidification
and sustain continuously high rates of glycolysis, since the
accumulation of cytosolic lactate reduces the glycolytic rate via
inhibition of the rate-limiting enzyme fosfofructokinase-1 (PFK-
1) (82). Lactate itself cannot cross the plasma membrane by
free diffusion. Hence, it requires a specific transport mechanism
provided by proton-like MCTs (83, 84) It was identified that
lactate shuttle is driven by a concentration and pH gradient or
by the cellular redox state in rat skeletal muscle (28).

MCTs belong to the family of solute carrier (SLC) transporters,
composed by 52 families of the membrane transport proteins;
in particular, the SLC16 family encodes 14 MCTs isoforms and
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plays a significant role in the absorption, tissue distribution
and clearance of both, endogenous and exogenous compounds
(83). MCTs 1-4 are known lactate transporters, but they can
carry other monocarboxylates such as pyruvate and the ketone
bodies such as acetoacetate, p-hydroxybutyrate and acetate (85).
Two proteins, basigin (CD147) and embigin (gp70), have been
identified as important chaperone proteins implicated in the
trafficking of the MCTs 1-4 to the plasma membrane (86-88).
Recently, it was discovered that the TMPRSS11B protease also
regulates the function of MCT4 mediated by CD147 in cancer
cells (89).

Over-expression of lactate transporters is a common feature
of some cancers with high metabolic rate (90). For instance,
high expression of MCT1, MCT4 and its chaperone CD147 is
associated with decreased progression-free survival in clear cell
renal cell carcinoma, head and neck cancers and neuroblastoma
(91-93). In human bladder cancer, high MCT1 expression was
associated to shorter overall survival than those with low-
MCT1 expression, and the knockdown of MCTT1 inhibits cell
proliferation, migration and invasion in a cellular model (94).
In cervical cancer, it has been shown that CD147 expression
was higher in squamous and adenocarcinoma tissue than in
their non-neoplastic counterparts, and both MCT1 and MCT4
were more frequently expressed in CD147 positive cases (90, 95).
This over-expression of MCT1 and 4 was associated with lymph
node and distant metastases in melanoma and adenocarcinoma
(96, 97). Interestingly, disruption of MCT1 or MCT4 in renal cell
carcinoma, pancreatic cancer, breast cancer and prostate cancer
has been shown to exert significant antitumor effects both in
vivo and in vitro with increased accumulation of intracellular
lactate (98, 99). In MCT4~/~ and wild type mice with oral
cancer, it was observed that mouse tongues from MCT4~/~ mice
developed significantly fewer and less extended invasive lesions
than wild type mice indicating an important role for MCT4
in tumor metastasis (100). Additionally, MCT4 was detected
in foci of the basal layer undergoing transformation, in areas
of carcinoma in situ, and also in invasive carcinomas (100).
These findings support the important role of MCTs in tumor
metastasis development.

LACTATE IN TUMOR
MICROENVIRONMENT:
TUMOR-ASSOCIATED ACIDITY

Lactate is largely produced within the TME and is used as an
energy-rich substrate, signaling molecule and as an important
immune suppressor by tumors (101). TME consist of malignant
cancer cells, endothelial cells, cancer associated fibroblasts
(CAFs), immune cells and non-cancer cell stroma conformed by
numerous peptide factors (growth factors, chemokines, cytokines
and antibodies) (20). The glycolytic cancer cells and CAFs are
the main producers of lactate, simply because they are the most
abundant populations within the neoplasm (101). TME enforce
to metabolic adaptability, physical pressure, oxidative stress,
nutrient deprivation and competition, immune surveillance
as well as adaptability to hypoxic and acidic environment

having an enormous impact on tumor malignancy (102). In
agreement with this, it was demonstrated that pH 6-6.5 in tumor
microenvironment is associated with metastasis, angiogenesis
and therapy resistance, a characteristic phenotype of more
aggressive tumors (103, 104).This tumor acidification is a
consequence of high lactate production in a poorly perfused
environment, as well as a high activity of the CAIX (105).
CAIX is a transmembrane protein belonging to the o carbonic
anhydrase family of zinc metalloenzymes that catalyze the
reversible hydration of carbon dioxide to bicarbonate ions and
H™ (106) that is overexpressed in tumors and is associated with
unfavorable responses to first-line therapy (107). The tumor
hypoxia induces the expression of the CA9 gene in a HIF 1-a
dependent manner; on the other hand it was shown that lactate
promotes normoxic expression of CA9 genes through HIF 1-a
stabilization independently of hypoxia (108). CAIX acts as an
extracellular pH-stat, maintaining an acidic tumor extracellular
pH favoring invasion and metastasis (105).

By cooperating with anion exchanger 2 (AE2) and
Na*/bicarbonate co-transporter 1 (NBCel), CAIX serves
as a pH regulatory component that provides acid-base balance.
Interestingly, it was shown that CAIX work in support with
diverse acid extruders such as MCT1 and MCT4 (109, 110),
and as mentioned earlier, MCT-mediated H efflux exacerbates
extracellular acidification and supports the formation of a
hostile environment where cancer cells, that have adapted to
these conditions, can outcompete normal cells, which further
enhances tumor progression.

The proteoglycan like (PG) domain of CAIX could function
as a “proton antenna’ to facilitate MCT1 and MCT4 transport
activity in hypoxic cancer cells (111). Recently, it was found that
CALIV also facilitate the activity of MCT1, MCT2, and MCT4 via
a non-catalytic mechanism and requires direct biding between
CAIV in the amino acid residue His-88 and a charged amino
acid in the extracellular domain of the chaperones CD147 and
GP70 (112).

LACTATE EXCHANGE BETWEEN CANCER
CELLS: METABOLIC SYMBIOSIS

As previously described, the lactate shuttle theory occurs in
normal physiology (29). Interestingly, this mechanism is also
observed in cancer cells where it is known as “metabolic
symbiosis.” Sonveaux et al. (53) found that cervical cancer-
derived SiHa cells, which expressed higher levels of MCT1 but
lower levels of MCT4, consumed significantly more lactate and
less glucose than colorectal cancer WiDr cells, conversely, WiDr
cells, which expressed higher levels of MCT4 and lower levels
of MCT1, consumed less lactate and more glucose than SiHa
cells. Consistent with the proposed “tumor metabolic symbiosis,”
metabolically heterogeneous regions within and between tumors
were identified, which are regulated by TME conditions such
as hypoxia in the center of the tumor and better oxygenated
regions in the periphery (113) (Figure 2). Furthermore, it was
shown that a high lactate uptake occur only in aerobic tumor
regions in breast cancer (34). The oxygenated cancer cells, close
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FIGURE 2 | Metabolic symbiosis. Solid tumors are characterized by metabolic heterogeneity. Glycolytic tumor cancers are sustained by a favorable location with high
nutritional availability. This phenotype is regulated by a differential expression of MCTs, where glycolytic cells preferentially express MCT4 favoring lactate export.
Meanwhile, oxidative cells express MCT1 transporter which preferentially promotes lactate import. Then, lactate is used by these cells as an energetic source due to
its conversion to pyruvate which enters the TCA cycle in the mitochondria. The presence of lactate allows a metabolic symbiosis between hypoxic cancer cells
(glycolytic) and with normoxic cancer cells (oxidative).

to blood vessels, are sustained by a favorable location with high LACTATE EXCHANGE BETWEEN CANCER

nutritional availability and can establish a metabolic symbiosis CELLS AND CAFs: REVERSE WARBURG
with hypoxic cancer cells, essential for the progression of a fast-  EFFECT
growing tumor characterized by hypoxic regions. This tumor

metabolic symbiosis is supported by differences in MCT1 and  Another way by which it is believed that cancer cells survive
MTC4 expression and activity. MCT1 (SLC16A1) is ubiquitously  under nutrient scarcity is by a cross talk between stroma
expressed and has a high affinity for lactate (3-6mM); this  cells from tumor microenvironment and tumoral cells, process
transporter is the main lactate exporter where intracellular lactate  known as “reverse Warburg effect;” in which aerobic glycolysis
levels are low (84). On the other hand, MCT4 (SLC16A3) is  takes place in CAFs, rather than in epithelial cancer cells,
expressed strongly in glycolytic tissue (114) and has low affinity  fyeling cancer cells via metabolite transfer, particularly lactate
for lactate (25-30mM) and it does not import serum lactate  (118) (Figure3). CAFs constitute the more abundant cell
(<2mM) (115). In tumors, it was demonstrated that both,  population in tumors and have been associated with tumor
the glucose transporter 1 (GLUT1) and MCT4 were induced  progression, invasion and metastasis directly through paracrine
in distal hypoxic cells in a HIF 1-a-dependent fashion (116).  pathways (119). Fibroblasts possess a metabolic phenotype
Instead, tumor cells proximal to blood vessels, expressed the  characterized by increased glycolysis and decreased OXPHOS.
lactate transporter MCT1. These differences in the regulation of  During tumor initiation, neoplastic cells recruit CAFs to
the expression and activity of lactate transporters underpin the  the surrounding area through the ROS production inducing
metabolic symbiotic model. oxidative stress. As a consequence, CAFs suffer DNA damage,

Despite the avidity by which tumor cells uptake glucose, initiating several catabolic pathways, such as autophagy and more
glutamine or lactate in vivo, encounter conditions of nutrient specifically mitophagy (120). Autophagy is a catabolic process
scarcity are often an issue as a result of the increased rate  of macromolecules (proteins, lipids) and organelles whereby
of nutrients consumption and the inadequacies of the tumor intracellular components are enveloped in double-membrane
vascular supply, for this reason tumors have develop various  vesicles, known as autophagosomes, which ultimately fuse with
nutrient scavenging strategies to bypass these limitations, for lysosomes where the content is degraded and recycled into
instance lactate exchange (117). the cytosol (121). On the other hand, mitophagy is a specific
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the TCA cycle. This phenomenon is known as reverse Warburg effect.

H ) Glucose

FIGURE 3 | Reverse Warburg effect. Tumor microenvironment (TME) is an ultrastructure consisting of different cell types including tumor cells, stromal cells, immune
cells, blood vessels and cellular metabolites such as lactate. TME promotes different processes aimed to enforce metabolic adaptability, oxidative stress, nutrient
competition, immune surveillance. This adaptability to hypoxic and acidic environments stimulates tumor malignancy. Tumor cells and cancer associated fibroblasts
(CAFs) with a glycolytic phenotype represent the principal source of lactate production within TME which is favored by the presence of GLUT1. Additionally, CAFs
exhibit high expression of MCT4 dedicated to lactate export. In this way, CAFs can interchange lactate with oxidative tumor cells which use lactate as a fuel through
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process performed in CAFs used for the removal of mitochondria
through autophagy. CAFs with dysfunctional mitochondria
shift their metabolism toward glycolysis, producing energy-
rich molecules, such as lactate, which is exported to the
tumor microenvironment and consequently can be used by
neighboring cancer cells via oxidative mitochondrial metabolism
providing an alternative energy source promoting tumor
initiation, progression and metastasis (122). Interestingly, it
has been shown that CAFs are able to stimulate cancer cell
proliferation and progression through multiple mechanisms. For
instance, in a lung cancer model, CAFs underwent increased
aerobic glycolysis and promoted the epithelial mesenchymal
transition, migration and invasion of non-small-cell lung
carcinoma (NSCLC) cells, in contrast, NSCLC cells experienced
enhanced oxidative phosphorylation upon CAF stimulation,
with an increase in ATP generation, thereby an activation
of the PIK3/Akt and MAPK/ERK pathways occurred (123).
Furthermore, colorectal cancer cells induce oxidative stress in

microenvironment fibroblast, which then undergo metabolic
changes, including increased expression of glycolytic enzymes,
reduced TCA cycle enzymes and autophagy proteins such as
microtubule-associated protein 1A/1B-light chain 3 (LC3), Bcl-
2 interacting protein 3(BNIP3), and p62 (124). In this model,
the increased autophagy promoted survival of cancer cells by
providing nutrients for cell proliferation and protection against
oxidative damage. Moreover, hypoxia-induced oxidized ATM
promoted the glycolytic activity of CAFs by phosphorylating
GLUT1 at S490 and in consequence induced its membrane
translocation (125). In addition, the PKM2 expression in CAFs
was up regulated by the activation of ATM through PI3K/Akt
signaling pathway.

Another study showed that intercellular contact activated
stromal fibroblasts, triggering the expression of GLUT1I, lactate
production, and extrusion of lactate by the de novo expressed
MCT4 (126). Conversely, prostate cancer cells, upon contact with
CAFs, were reprogrammed toward aerobic metabolism, with a
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decrease in GLUT1 expression and an increase in lactate upload
via MCT1. Metabolic reprogramming of both stromal and cancer
cells was under strict control of the HIF 1-a, which drove redox-
and SIRT3-dependent stabilization of HIF 1-a in normoxic
conditions. Prostate cancer cells gradually became independent
of glucose consumption, while developing a dependence on
lactate driving anabolic pathways and thereby cell growth (126).
Lactate shuttle between CAFs (released by MCT4) and tumor
cells (absorbed via MCT1) may accelerate tumor cell invasion by
activation of TGF-B1/p38 MAPK/MMP2/9 signaling (125).

This reverse Warburg effect provides tumoral metabolic
plasticity that enables tumor cells to adapt to variations in
microenvironment and represents a change to the paradigm
on the metabolism of neoplastic cells, indicating that not all
tumors depend on glycolysis (Warburg effect), since some
tumors exhibit high dependence of OXPHOS and consequently
of mitochondrial function (127). It has been observed that
mitochondrial metabolism is important for cancer development.
Interestingly, frozen sections of human breast tumors exhibit
have a high expression and activity of cytochrome C oxidase
(COX), NADH and succinate dehydrogenase in comparison
to normal cells (122). This effect was related to greater
aggressiveness of the tumors. Moreover, it was shown that
the mitochondrial complex I NADH dehydrogenase activity
is a critical player in the aggressive phenotype in breast
cancer through the regulation of NADT/NADH redox balance,
mTORC1 activity and autophagy (46). The mitochondrial
function and its relation with cancer development is a very
interesting topic excellently discussed in the review of Vyas
etal. (5).

LACTATE AS A KEY MOLECULE IN
REGULATION OF THE IMMUNE
RESPONSE IN CANCER

The immune system is responsible for protecting the body
from damage caused either by pathogens or by tumor cells
through the detection and elimination of aberrant cells (128).
The presence of neoplastic cells causes the activation of both,
the innate and adaptive immune responses in order to maintain
homeostasis (129). Nevertheless, tumor cells have developed
different mechanisms to evade the immune system including
a constant remodeling at the genetic, epigenetic and metabolic
levels, in order to resist apoptosis and select tumor variant
cells resistant to immune recognition. In addition, TME favors
the induction and recruitment of different immune cells and
molecules constituting an immunosuppressive environment,
favoring the development of the tumor mass (130). It has
been shown that metabolic alterations play an important role
in cancer development, progression and maintenance (131).
As part of the high metabolic rate and reprograming, tumor
cells secrete metabolic products as lactate, which is thought
to act as an important oncometabolite in the metabolic
reprogramming of cancer. In turn, the high levels of secreted
lactate promote acidosis in the tumoral environment favoring
processes such as metastasis, angiogenesis and importantly,

immunosuppression, which has been associated to a worse
clinical prognosis (132).

Different cells are involved in the recognition and elimination
of tumor cells including natural killer (NK), natural killer T
(NKT) cells, macrophages, dendritic cells (DC), macrophages,
and lymphocytes (129).

NK cells induce the destruction of stressed cells, cells
infected by viruses or bacteria as well as tumor cells (133);
this last action performed through their “killer” receptor (KIR)
(134). The major histocompatibility class I (MHC-I) complex
is recognized by KIR receptors inhibiting the activation of
NK cells, however, tumor cells display diminished amounts of
MHC-I which in consequence triggers the activation of NK
cells, with the subsequent release of their cytoplasmic granules
containing granzyme and perforin finally inducing cell lysis
(135). Nevertheless, tumor cells inhibit the activation of NK
cells triggered by lacking of MCH class I expression through
the release of soluble molecules such as MHC class I chain-
related protein A (MICA) and MHC class I chain-related protein
B (MICB), which bind to the activator receptor (NKG2D) on
NK cells surface causing the endocytosis and its subsequent
degradation, leading to the inactivation of NK cells (136). In
addition to this mechanism for inhibiting NK cells action, it
has been demonstrated that the presence of lactate induces the
apoptosis of NK cell, since lactate decreases the intracellular
pH resulting in mitochondrial dysfunction in colon cancer-
derived cells (137). It was also observed that those NK cells that
migrate to the tumor cannot regulate intracellular pH, causing
mitochondrial stress and subsequent apoptosis.

Using a pancreatic cancer-derived mouse xenografted model,
the silencing of LDH caused a reduction of the tumor associated
to a better cytolytic activity of NK cells (138). Thus, tumor
microenvironment easily affects immune actions by producing
lactate, favoring the development of cancer.

NKT are another immune cells with antitumor activity, which
recognize glycolipids through the CD1d receptor on the tumor
cells, this interaction activate its antitumor action releasing the
content of their cytoplasmic granules (perforin and granzyme
B) as well as cytokines favoring activation of both, innate and
adaptative immune response (139). It has been shown that lactate
present in TME, blocks IFNy, and IL-4 production from NKT
cells, since lactate inhibits mT'OR signaling due to the inhibition
of the nuclear translocation of promyelocytic leukemia zinc-
finger (PLZF) avoiding the activation of NKT cells (140). These
results are in agreement with those reported recently by Kumar
etal. (141), showing that high lactate environment is detrimental
for NKT cell survival and proliferation. This indicates that the
production of lactate by the tumor microenvironment inhibits
the anti-tumor action of NK and NKT cells, promoting tumor
development (Figure 4).

DCs are antigen-presenting cells, which play a major role
in the innate and adaptive immune responses (142). DCs main
function relies on its ability to detect and phagocytize pathogens,
but also on the recognition of tumor cells, by processing and
presenting antigens that finally activates virgin T lymphocytes
(143). DCs present the antigen through the MHC-II activating
CD4™" T (LT) or helper cells, that depending on the produced
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FIGURE 4 | Role of lactate in immune suppression. Lactate secretion by tumor cells promotes acidification of the tumor microenvironment (represented in yellow
color). This acidification of the medium, reduces the pH within the immune cells affecting signaling pathways finally causing inhibition of the activation and proliferation
of CD4, CD8, NK, NKT, and dendritic cells. Moreover, lactate-induced acidification causes apoptosis in CD8 lymphocytes and NK cells, thus lactate contributes to
immune evasion. Furthermore, the acidification of the medium causes the polarization of the macrophages toward the M2 subpopulation, which favors growth,
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cytokine environment, these will differentiate into a variety of
subpopulations of helper T cells mainly Th1, due to the action
of IL-12 and IFN-y produced by NK, NKT and macrophage
cells (144, 145). In addition, DCs present antigens to cytotoxic
T lymphocytes (CTL) or CD8, these cells recognize tumor
antigen through MHC-I producing the elimination of tumors
(146). After the recognition of non-own peptides (such as tumor
antigens) through MHC-I, CD8 T cells will be activated causing
cytokine release, mainly TNF-a and IFN-y (147), as well as their
cytoplasmic granule (perforin and granzime B) content toward
neoplastic cells, it also induces apoptosis through the interaction
of dead molecules such as Fas with Fas Ligand present in the
tumor cells, causing lysis and apoptosis of the tumor cells (148).
The T lymphocytes (CD4 and CD8) play an important role
in eliminating tumor cells; this process is known as immune-
surveillance (149). The lack of response of the lymphocytes could
also be due to the fact that it has been shown that lactate affects
the dendritic cells, prevents their differentiation and makes them

tolerogenic, leading to an increase in the production of IL-10, a
potent immuno-suppressive cytokine (150).

IL-10 is an anti-inflammatory cytokine with potent immune-
suppressive action, since it inhibits the production of pro-
inflammatory cytokines such as IFNy, TNFa, IL-1f, and IL-6;
moreover, IL-10 prevents DC maturation in part by inhibiting
the expression of IL-12, necessary for Activating of type 1
helper T cells and stimulates the production of cytotoxic
T cells and NK cells. It also stimulates the production of
interferon (151, 152). Also, IL-10 inhibits Thl differentiation
and production of IL-12 (153). In addition, IL-10 inhibits the
expression of MCH-I and different co-stimulatory molecules
inhibiting T cell activation (154, 155). Several reports indicate
an IL-10 increase in serum levels in patients with different types
of cancer such as hepatocellular, head and neck, lymphoma,
leukemia and melanoma (155). Therefore, over regulation of
IL-10 production by tumor cells promotes tumor progression
through the escape of immunosurveillance performed by NK,
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CD4, and CD8 lymphocytes. In addition, lactate produced by
the tumor cell promotes the overexpression of IL-23, present
in different types of tumors (colon, breast, stomach, melanoma)
(156), the presence of this cytokine promotes expression of IL-
17, Matrix metalloprotease 9 (MMP-9), increases angiogenesis
and reduces the infiltration of CD8 in the tumor, promoting
immunosuppression and tumor growth (157). Thus, increased
IL-10 favors tumor microenvironment.

A study quantified lactate levels in the serum of patients
with different malignancies (lymphoid malignancies, myeloid
malignancies, breast cancer, gastrointestinal cancer, urogenital
cancer, sarcoma, lung cancer, melanoma and other types
of cancer), finding high levels of lactate, furthermore, the
authors demonstrated that lactate inhibits T-cell proliferation
and alters the cytokine production of CTLs in cultured CTLs
(158), therefore, lactate promotes immunosuppression and the
development of cancer through the inhibition of T lymphocytes.

Lactate produced by tumor microenvironment participates in
immune escape through an inhibition of lymphocytes activity.
As demonstrated in samples of melanoma patients showing
that high LDHA expression is associated not only with poor
prognosis, reduced disease-free survival, but also with lower
expression of T cell markers (159). Moreover, in a melanoma
mouse model it was found that tumor-derived lactate reduced the
numbers and activity of CD8" T cells as well as NK cells, both
in vitro and in vivo. This because lactate concentrations above
20 mM caused the apoptosis of T and NK cells, which may explain
smaller proportions of T cells and NK cells in tumors with higher
concentrations of lactate (159). Similar results were observed
recently by Daneshmandi et al. (160), where blocking of LDHA
in melanoma tumors effectively enhances infiltration of CD8" T
cells and NK cells in the tumor microenvironment. Interestingly,
they also demonstrated that blocking LDHA in tumor cells
improves the efficacy of anti-programmed cell death-1 (PD-
1) therapy in melanoma (160). Therefore, this is a mechanism
used by tumor cells to evade the action of T lymphocytes.
Moreover, the acidic pH (6.5) suppress T-cell functions including
IL-2 secretion and the activation of T-cell receptors and the
treatment with proton pump inhibitor (esomeprazole) delayed
cancer progression in tumor bearing mice (161). Recently, it was
shown that the acidic pH environment (6.6) blockades the T-cell
activation and decreases IFNYy secretion (162).

There is great evidence indicating that lactate promotes
immunosuppression thus preventing the recognition of tumor
cells and favoring carcinogenesis. Interestingly, lactate has a
different effect on macrophages, as demonstrated by Colegio et al.
(163) tumor-cell-derived lactate has an important impact in the
macrophages polarization and the promotion of tumor growth.
This is because lactate induces mainly vascular endothelial
growth factor (VEGF) and arginase 1 (Argl) expression
via HIF 1-a, favoring the TAM polarization. Moreover, the
upregulation of VEGF and Argl in macrophages contributes to
the development of cancer since tumor growth is supported by
inducing neovascularization and by providing the substrates for
cancer cell proliferation. Otherwise, it has been demonstrated
that lactate activate human macrophages to a M2 phenotype
and stimulate the secretion of Chemokine (C-C motif) ligand

5 (CCL5) by activation of Notch signaling in macrophages.
The authors also found that CCL5 increased cell migration
and induced cancer cell epithelial to mesenchymal transition
in a breast cancer cell model (164). Additionally, it was shown
that lactate activates the ERK/STAT3 signaling inducing the M2
macrophage polarization favoring proliferation, migration, and
angiogenesis in a breast cancer model (165).

LACTATE IN TUMOR METASTASIS AND
THERAPY RESISTANCE

Metastatic dissemination represents a malignant character of
cancer with important clinical consequences since the majority
of cancer-associated deaths are caused by metastatic disease
rather that the primary tumors (166). Intratumor lactate levels
can be used as a prognostic factor and a therapy response
biomarker. It has been shown that high concentrations of
lactate in biopsies of cervical, lung, head and neck, colorectal
and breast cancers are associated with an increased risk for
developing metastasis, and such levels of lactate indicate a
bad prognosis for survival in cancer patients (30, 31, 35, 167)
(Table 1). In human astrocytomas, a positive correlation between
the grade of lesion and high lactate concentration was found
using stereotactic brain biopsy specimens (36). Moreover, using
imaging bioluminescence from primary cryo-tumor sections of
human cancers, lactate concentrations were significantly higher
in cervical tumors with metastatic spread (30). Another study
encompassing 34 biopsies from patients with cancers of the
head and neck, it was demonstrated that elevated tumor lactate
concentrations are associated with the subsequent development
of nodal or distant metastases (31).

The measurement of intratumor lactate levels using non-
invasive methodologies; such as nuclear magnetic resonance
(MRS) is currently used (168). In HER2-positive breast cancer
lactate can be used as a quantitative and non-invasive biomarker
of sensitivity to trastuzumab. Using MRS in a cohort of 39
frozen HER2-positive breast cancer specimens of patients who
showed response to trastuzumab, a positive correlation between
the transcript levels of HER2 and increased intratumor lactate
concentration was found, moreover in vitro analyses using
HER2-high expression (ZR75.30, SKBR3, BT474, and HCC1954)
or HER2-low expression (MDAMB361 and MDAMB453) cell
lines, it was found a direct correlation between HER2 transcript
levels and lactate content in milieu (169).

Resistance to therapy is frequently developed during the
clinical application of antineoplastic agents and is a major
obstacle in the treatment of malignant cases (170). A substantial
percentage of cancer patients exposed to an antineoplastic
agent either does not benefit from the treatment (primary
resistance) and shown reduced responsiveness or undergo
tumor relapse progression (secondary resistance) (171). This
resistance may be due to both, cell-autonomous and non-cell-
autonomous mechanisms, TME is important in the initiation and
maintenance of non-cell-autonomous drug resistance through
various mechanisms including hypoxia, extracellular acidity and
production of soluble factors such as lactate (172) (Figure 1). The
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role of lactate in resistance to therapy has been demonstrated
using in vivo and in vitro models. High lactate concentration
in xenografted Nude mice with five human HNCSCC cell
lines treated with irradiation (4 Gy) within 6 weeks correlates
with radio resistance (37). In NSCLC, it has been shown that
lactate is a key molecule involved in resistance to therapy
based on tyrosine kinase inhibitors (TKIs), specifically with
c-MET receptor tyrosine kinase inhibitor JNJ-605 and the
epidermal growth factor receptor (EGFR) inhibitor erlotinib
(173). In this work, the authors demonstrated that prolonged
treatment with these TKIs induced lactate production by tumor
cells, which in turn instructed the TME cells to produce
hepatocyte growth factor (HGF), enforcing drug resistance and
tumor progression. Targeting tumor lactate metabolism was
sufficient to overcome resistance, demonstrating the causative
role of lactate in resistance to therapy. Another study tested
several metabolic inhibitors including BEZ235, GDC0980 (dual
PI3K/mTOR inhibitors), or LY294002 and GDC0942 (PI3K
inhibitors) showing an inhibition of cell proliferation of breast
cancer cells in high glucose media (54). Nevertheless, when
lactate was used as the primary metabolic substrate these cells
were completely resistant to these inhibitors, suggesting that
cancer cells bypass the need for glycolysis by utilizing lactate and
are thus less sensitive to PI3K/mTOR inhibitors.

Due to the role of lactate in tumor initiation and metastatic
dissemination previously —mentioned, impairing lactate
homeostasis is a promising approach for cancer therapeutics and
has been implemented in several preclinical and clinical trials, it
is also essential to establish a synergy between lactate inhibitors
and other adjuvant therapies.

THERAPEUTIC APPROACHES IN LACTATE
METABOLISM

Targeting Lactate Production

Glycolytic tumors undergo a metabolic reprogramming
transforming themselves into a highly glycolytic and poorly
oxidative phenotype with lactate formation as the end product
despite normoxic conditions. This high glycolytic metabolism
supplies precursors for biomolecules in cellular structure and
processes allowing cell survival and proliferation (174, 175). In
agreement with the above mentioned with regard to essential
role of lactate in tumor development, metastasis and its role
in drug resistance, impairing the lactate biogenesis could be a
promising approach to cancer therapeutics (Table 2).

Several methods have focused in targeting lactate production,
for instance Le et al. (68) demonstrated an increase in oxygen
consumption, ROS production and late cell death even necrosis,
in P493 cells (B-lymphoid cells) after inhibiting the expression
of LDHA using siRNAs as well as employing a Gossypol analog
as FX11, a direct competitive inhibitor of LDHA. Another
compound FK866, that hinders the NAD" synthesis through
direct inhibition of Nicotinamide Phosphoribosyl transferase
(NAMPT) was used. The use of both molecules was toxic for
P493 cells either alone or in combination, causing a reduction
of mitochondrial membrane potential resulting in profound

inhibition of cell proliferation. Tumor xenograft models using
P493 (lymphoma) and P198 (pancreatic) cells were performed
in order to demonstrate the potential of both compounds in the
inhibition of tumorigenesis in vivo. FX11 effectively inhibited
tumor growth in xenografts derived from both cell lines; the
combination of FX11 with FK866 induced tumor regression in
the human lymphoma xenograft model. These results showed
that LDHA is required for tumor progression where targeting
cancer metabolism using small molecules provides a manner for
controlling tumor growth.

As part of the responses of tumor metabolic stress, heat
shock proteins (HSPs) are rapidly expressed, stress signals
include a wide variety of physiological and environmental insults,
which are proven to be essential for survival, this protective
mechanism is usually referred as “Heat shock response” (HSR).
Moreover, there is evidence that a wide range of human cancers
exhibit an over-expression of HSPs providing a meaning for cell
proliferation, differentiation, invasion, metastasis and evasion
of the immune system (187). The HSF-1 transcriptional factor
regulates the expression of HSPs but also regulates glucose
metabolism by activating the expression of LDHA (188). In order
to set the connection between HSR and LDH, an inhibitor of the
LDH activity (Oxamate) by direct competition with its natural
substrate was used in a hepatocellular carcinoma (HCC) derived
cell model. Oxamate, was found to impact the constitutively
activated HSR by reducing the levels of the HSP-27,—72, and—90
(181). Additionally, Galloflavin, hindered the ATPase activity of
HSP 72 and 90, both compounds resulted in cell senescence.
Taken together, the inhibition of LDH could be an efficient way
to reduce the constitutively activated HSR in cancer cells by
hindering the function of the three major molecular chaperones
involved in tumorigenesis.

Targeting lactate metabolism as a therapeutic approach to
defeat drug resistance has also been tested in different tumors.
For instance, Das et al. (179) induced tamoxifen-resistant
breast cancer cell lines (TAM-MCF-7 and -T47D) in order
to establish a connection between LDHA and the induced
pro-survival mechanism autophagy. The pharmacological and
genetic inhibition of LDHA re-sensitized the TAM-resistant
breast cancer cells to tamoxifen, but also inhibited the autophagy
process therefore increasing cell death. These results provided
a link between LDHA and Beclin-1, an important regulator of
autophagy, in the induction of the cytoprotective autophagy of
TAM-resistant breast cancer cells. Moreover, the depletion of
LDHA reverted the EMT-like process attenuating the invasive
and migratory properties of TAM-resistant cells. These results
reveal that targeting the LDHA enzyme may be a novel strategy
to combat glycolytic chemo-resistant cancers.

Given the importance of lactate metabolism in different types
of cancers, the discovery and development of new molecules
that could inhibit LDHA activity is urgently needed. Only
a few molecules have started tests in clinical trials, for this
reason there is a trend to optimize existing compounds, such
is the case of compound 5, that was used as a template for
molecular docking, then the 200 top-ranked compounds with
the highest total binding scores were selected, however, only 1
molecule (compound 11: 11¢) from 7 candidates was employed
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TABLE 2 | Approaches for inhibit lactate production and transport.

Inhibitor(s) Mechanism of action Type of cancer or cell/animal model Research Limitations References
phase
5 designed peptides LDHA tetramerization inhibition, affecting the ~ None In silico modeling In vivo investigation of these peptides on cancer cell (176)
(QLYNL, LIYNLL, I'YNLLK, activity of the enzyme lines is needed to evaluate their biological potential
KVVYNVA, and KVWYNV)
Compound 24 24c interacts directly with the binding pocket ~ Pancreas carcinoma (MiaPaCa-2) Pre-clinical No limitations were shown, indeed 24c did not affect (177)
of LDHA affecting the activity of the enzyme the body weight of the mice, indicating low toxicity of
the compound
1-(Phenylseleno)- This allosteric inhibitor of LDHA modifies the Large cell lung cancer (NCI-H460) Pre-clinical No limitations were shown, even in normal human (178)
4-(Trifluoromethyl) Benzene pyruvate binding site due to conformational Breast cancer (MCF-7) bronchial epithelial BEAS-2B cells, the cytotoxic
(PSTMB) changes on the enzyme by non-competition Hepatocellular carcinoma (Hep3B) effect of PSTMB was limited
inhibition Malignant melanoma (A375)
Colorectal adenocarcinoma (HT29)
Murine lung cancer cells (LLC)
Oxamate Oxamate is a non-competitive inhibitor which  Breast cancer (MCF-7 and T47D) Pre-clinical No limitations were shown (179)
siRNA LDHA gene has same the structure of pyruvate, this
compound inhibits LDHA activity
Small interfering RNA use to regulate the
expression of LDHA gene
Compounds 5 and 11 Both compounds maintain the same hydrogen Osteosarcoma (MG-63) Pre-clinical No limitations were shown, however further (180)
bond interactions with LDHA, however 11c experiments with different cancer models are needed
has extra interactions which could give rise to to ensure its biological efficacy
its inhibitory activity against LDHA
Oxamate Oxamate a non-competitive inhibitor hinders  Liver cancer (PLC/PRF/5) Pre-clinical No limitations were shown (181)
Galloflavin LDH activity
Galloflavin inhibits human LDH isoforms
preferentially binding the free enzyme, without
competing with the substrate or cofactor
siRNA LDHA gene Small interfering RNAs for knocking-down the  B-lymphoid cells (P493) Pre-clinical The combination of both compounds was toxic for (68)
FX11 expression of LDHA gene Pancreatic cancer (P198) P493 cells causing a reduction of mitochondrial
FK866 FX11 is a competitive inhibitor of LDHA membrane potential resulting in profound inhibition of
FK866 hinders the NADT synthesis through cell proliferation
direct inhibition of Nicotinamide In the in vivo assay, animals treated only with FX11
Phosphoribosyl transferase (NAMPT) did not lose weight or showed any alterations in
blood and chemistry studies. However, two of five
studied animals treated with FK866 did show mild
thrombocytopenia. Remarkably, the combination of
FX11 and FK866 increased BUN
AZD3965 Selective inhibitor of human MCT1 with Human diffuse large B-cell lymphomas Pre-clinical This potent inhibitor of MCT1 showed a reduction in (182)
additional activity against MCT2 (HBL-1 and TMD8) growth of different cell lines especially hematological
This compound hinders lactate transport, Human B-cell lymphoma (WSU-DLCL-2 types. Although the inhibitory effect, some types of
consequently increasing intracellular levels and SU-DHL10) cancers express both transporters MCT1 and MCT4,
followed by glycolytic feedback and increased Lymphoblast (HT) in this regard MCT4 may be continuing the lactate
flux into the TCA cycle B-cell non-Hodgkin lymphoma transport suggesting a resistance to the
(Karpas-422 NHL) monotherapy
Raji Burkitt’s lymphoma cells
(Continued)
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TABLE 2 | Continued

Inhibitor(s) Mechanism of action Type of cancer or cell/animal model Research Limitations References
phase
AR-C155858 Selective monocarboxylate transporter (MCT1  Murine breast cancer cell line, 4T1 Pre-clinical No limitations were shown (183)
and MCT2) which affects lactate uptake in a
time dependent manner with slow reversible
features
CHC CHC inhibits different MCT isoforms, namely ~ Colorectal cancer cells (HCT15 and RKO)  Pre-clinical Tested compounds are wide MCT inhibitors (184)
(a-cyano-4-hydroxycinnamic ~ MCT1 as a primary target. This compound
acid) interacts with the outside proteins of the
DIDS membrane affecting lactate efflux,
(4,4’ -diisothiocyanatostilbene-  consequently arresting glycolysis
2,2’-disulphonic acid) DIDS is a MCT1 inhibitor, the interaction
Quercetin between one of the isothiocyanate groups of
DIDS with a lysine residue of MCT1 could
affect the transporter activity
Quercetin is a MCT inhibitor, specifically MCT1
and MCT2, the lactate and proton transport
promotes intracellular acidification
BAY-8002 Selective inhibition MCT1 which potently Hematopoietic malignancies, Raji, and Pre-clinical A limited antitumor efficacy was observed in the in (185)
suppress bidirectional lactate transport Daudi Burkitt lymphoma cells vivo models suggesting a limited effect of the MCT1
blockage. Thus, cells exhibit a capability to adapt to
long-term inhibition of MCT1
Only a small proportion of cell lines tested showed a
significant reduction of cell viability indicating the
necessity for testing MCT1 in clinical tests
Syrosingopine Increases intracellular lactate due the inhibition Hela, HAP1, HL60 cells, liver tumor Pre-clinical No limitations were shown (186)

of both MCT transporters (MCT1 and MCT4)  mouse model
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for further biological validation (180). 11c maintains the same
hydrogen bond interactions as compound 5 in the binding
model and exhibits extra hydrogen bond interactions with the
residues Asp 194 and Thr 247 in LDHA, which could give
rise to its inhibitory activity against LDHA. The in vitro assays
reveal the potential action of 1lc in the metabolism of an
osteosarcoma-derived cell line, MG-63. These cells exhibit a
dose-response effect to 11c, where lactate formation significantly
diminished with the subsequent extracellular acidification rate
(ECAR) decrement, consistent with a poor lactate synthesis. In
addition, the use of 11c upregulated the oxygen consumption
rate (OCR) indicating a metabolic switch from lactate production
to pyruvate consumption. In relation to cell proliferation, 11c
promoted apoptosis in the same dose dependent manner, thus
impacting cell proliferation. Taking together, compound 11 is a
new potent LDHA inhibitor, demonstrated by its ability to induce
the reprogramming of MG-63 cancer cells metabolism from
glycolysis to mitochondrial respiration decreasing cell survival.
Nevertheless, further experiments using different types of cancers
are needed to ensure its biological efficacy.

As for the optimization of small molecules, compound 24c
is a novel potent LDHA inhibitor obtained by a hit-to-lead
optimization from an in-house library. 24c interacts directly
into the binding pocket of LDHA, forming a direct hydrogen
bond interaction with Asn137, Argl68, His192, and GIn99 of the
enzyme causing a metabolic alteration by enhancing oxidative
phosphorylation and reducing lactate formation in cancer cells,
which might contribute to their anti-proliferation effect. In
addition, this compound showed a reduction of cell growth as
well as apoptosis and cell cycle arrest in a dose dependent manner
against MiaPaCa-2 cells derived from pancreas carcinoma.
Furthermore, 24c suppressed the tumor growth in the xenograft
model. Additionally, the evaluation of the metabolic profile
in MiaPaCa-2 cells treated by 24c exhibited a decreasing in
ECAR and lactate production but an increased OCR value.
Consequently, these observations suggested that 24c could be
used as a lead pharmacophore for the development of new potent
LDHA inhibitor (177).

Through a screening of novel inhibitors, Kim et al
(178) found several promising selenobenzene compounds
with inhibitory effects on LDHA activity. The most potent
inhibitor of the activity of LDHA was 1-(phenylseleno)- 4-
(trifluoromethyl) benzene (PSTMB), this compound acts as an
allosteric inhibitor modifying the active site where pyruvate
binds, trough conformational changes that lead to the inhibition
of enzymatic activity. Experimental assays indicated that PSTMB
inhibited cell proliferation in several tumor cell lines including
lung cancer (NCI-H460), breast cancer (MCFE-7), hepatocellular
carcinoma (Hep3B), malignant melanoma (A375), colorectal
adenocarcinoma (HT29) and murine lung cancer cells (LLC).
Furthermore, PSTMB incremented ROS generation and reduced
the stability of the mitochondria inducing intrinsic pathway-
mediated apoptosis of cancer cells. Additionally, LDHA activity
and lactate production were clearly reduced by PSTMB under
hypoxic and normoxic conditions, this suppression was mainly
mediated by the inhibition of the enzyme activity, and not
by the regulation of its expression. Summarizing, this novel

selenobenzene, PSTMB, was found to be a potent inhibitor of the
human LDHA enzyme.

Recently, peptides have been used as new class of drugs
for the treatment of different diseases including cancer (189-
191). Owing to the protein-protein interaction (PPI), peptides
have been used as a novel and powerful tool in drug discovery.
Recently, novel peptides aiming to disrupt the subunit association
of LDHA during its tetramerization process have been designed
through in silico methods, designed to impact the activity of
the enzyme. These peptides were developed based on its active
conformation and the interaction interface of LDHA subunits
where the N-terminal arm (residues 5-17) acts as an anchor
to maintain the position and distance between the two LDHA
subunits. Thus, these new peptides mimic the anchoring of
the LDHA subunits avoiding its tetramerization (176). These
novel anti-cancer agents designed for therapy have promising
advantages like low toxicity, ease of synthesis and high target
specificity whereas the classical pharmalogical therapeutics.
However, in vivo investigation of these peptides and its effects on
cancer cell lines is needed to evaluate the biological potential.

Targeting MCTs

The inhibition of the MCTs has also been implemented as
a therapeutic strategy. Although there are only few reports
inhibiting specifically the MCT, these have showed promising
results in different neoplasms.

The AR-C117977 was first  identified as an
immunomodulatory compound with antiproliferative properties
on T lymphocytes, where the MCT1 was identified as its
target (192). The AZD3965 is a derivate compound from
AR-C117977 with potent inhibition of the MCT1 with
additional activity against MCT2. The main action of the
compound is the inhibition of lactate transport inducing
an acute increase in intracellular lactate levels followed by
glycolytic feedback and increased flux into the TCA cycle
(182). This compound inhibited the proliferation of several
lymphoma cell lines. Even, the combination of AZD3965
with other compounds like inhibitors of GLS1, doxorubicin
or rituximab resulted in enhanced inhibition of cell growth
and increased cell death in the tested cell lines (182).
Nevertheless, the status of MCTs could be contributing to
the observed inhibitory effect, thus the evaluation of MCTs
expression in the tested models could provide better insights for
inhibitory molecules.

The effect of AZD3965 was tested along with AR-C155858
in a murine breast cancer-derived cell line, 4T1 (183). The
authors found that both compounds exhibited a time-dependent
inhibition of lactate uptake and very importantly, this inhibition
was slowly reversible, indicating that such effect could offer
potential benefits in cancer treatment. Likewise, Amorim et al.
(184) tested the antiproliferative effects of three compounds in
colorectal cancer derived cells finding that colorectal cancer cells,
HCT15 and RKO decreased its glycolytic rate and enhanced
cell death in the presence of any of the probed molecules.
Interestingly, the cytotoxic effect exerted by 5 fluoro-uracil was
potentiated when using together with those drugs. Moreover,
targeting MCT1 and MCT4 with syrosingopine in cell models
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from different cancer types, Bejamin et al. (186) found an
increase in intracellular lactate in HeLa cells, and the liver mouse
model showed reduction in lactate concentration in nodules
after syrosingopine treatment. Importantly, an increase in lactate
levels in serum from syrosingopine-treated mice and a synergistic
effect to metformin anti-properties was shown.

A high throughput examination of over 3 million compounds
measuring lactate import-dependent intracellular acidification
identified BAY-8002 as a potential MCT1 inhibitor (185). Then,
authors showed the antiproliferative properties in different cells
lines, where Daudi and Raji cells were most affected by this
compound. The in vivo testing of BAY-8002 determined its
capacity to decrease tumor mass over time using different
concentrations ranging from 40 to 160 mg/kg, without affecting
body weight. Importantly, chronically exposed cells developed
resistance to MCT1 inhibition probably due to the increment
of MCT2 and MCT4 expression in resistant cells indicating
that different molecular mechanisms could be involved in
treatment resistance.

CONCLUDING REMARKS

Lactate is not only considered as a waste product derived
from fermentative cell metabolism, but instead is a powerful
molecule that contributes to both, the onset and progression
of cancer, favoring metastasis and tumor angiogenesis. In
tumor microenvironment, lactate establishes metabolic coupling
between cancer cells, immune cells and stromal cells, acting
as an interchangeable metabolite in the tumor mass. Oxygen
availability defines different metabolic phenotypes because their
location within the tumor, where hypoxic central areas display
a higher lactate concentration. Thus, the development of new
tools for quantifying intra-tumoral molecules to trace lactate
accumulation and consumption by tumors represents a huge
challenge in cancer research.
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Metabolism encompasses the biochemical processes that allow healthy cells to keep
energy, redox balance and building blocks required for cell development, survival, and
proliferation steady. Malignant cells are well-documented to reprogram their metabolism
and energy production networks to support rapid proliferation and survival in harsh
conditions via mutations in oncogenes and inactivation of tumor suppressor genes.
Despite the histologic and genetic heterogeneity of tumors, a common set of metabolic
pathways sustain the high proliferation rates observed in cancer cells. This review with a
focus on lung cancer covers several fundamental principles of the disturbed glucose
metabolism, such as the “Warburg” effect, the importance of the glycolysis and its
branching pathways, the unanticipated gluconeogenesis and mitochondrial metabolism.
Furthermore, we highlight our current understanding of the disturbed glucose metabolism
and how this might result in the development of new treatments.

Keywords: lung cancer, glucose, metabolism, genetic alterations, targeting metabolism

INTRODUCTION

The metabolic alterations of cancer cells, that distinguish them from healthy cells, are recognized
as one of the ten hallmarks of cancer. An altered metabolism helps cancer cells to sustain high
proliferative rates even in a hostile environment resulting from a poor vascularization, which limits
the supply of oxygen (O;) and essential nutrients (1).

In the 1920s, Otto Warburg postulated that tumor cells consume glucose and excrete lactate
at a significantly higher rate compared to healthy resting cells (2). Even in normoxic conditions,
proliferating cells, such as cancer cells, rely on fermentation, i.e., glycolysis resulting in the
generation of lactate via fermentation of pyruvate. The increased reduction of pyruvate to lactate
and the passage of glycolytic intermediates into diverse biosynthetic pathways reduces the available
concentration of pyruvate to form acetyl-CoA and to drive the tricarboxylic acid (TCA) cycle.
In contrast with the original hypothesis of Warburg, the mitochondrial metabolism remains vital
for both the production of ATP and the supply of biosynthetic intermediates (3). The TCA cycle
or Krebs cycle is a mitochondrial pathway where acetyl-CoA undergoes a condensation reaction
with oxaloacetate (OAA) to form carbon dioxide (CO,). In successive oxidation reactions, the
coenzymes NADT and FAD are reduced and subsequently used to drive the generation of the
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majority of ATP by oxidative phosphorylation (OXPHOS).
Although the Warburg effect is often found in malignant tumors,
OXPHOS still has a significant contribution to the energy
supply of at least some cancers (4, 5). Furthermore, metabolic
intermediates are deviated toward biosynthetic processes
operational in growing and proliferating malignant cells. To
compensate for the ongoing drainage of TCA cycle metabolites
into anabolic pathways, glutamine is often used in cancer cells as
a carbon source to replenish TCA cycle intermediates (6, 7).

In this review, we focus on the altered glucose metabolism in
lung cancer cells. As lung cancer is by far the leading cause of
cancer death with limited curative treatment options, detailed
understanding of the dysregulated glucose metabolism and its
associated signaling pathways may help us to design more
efficient treatment regimens (8, 9).

GLYCOLYSIS: ATP AND BUILDING
BLOCKS

During glycolysis, each molecule of glucose is broken down in
ten steps to two molecules of pyruvate resulting in a net gain
of two molecules of NADH and two ATP. In the presence of
O3, healthy cells further oxidize pyruvate to CO;, through the
mitochondrial located oxidative pathways, i.e., the TCA cycle and
OXPHOS. Starting from one molecule of glucose, the combined
action of the pathways mentioned above, generally known as
aerobic respiration, results in the production of water as well as
at least 32 ATP molecules. Under anaerobic conditions, pyruvate
is reduced to lactate by lactate dehydrogenase (LDH), and
lactate is secreted in the extracellular space by monocarboxylate
transporters (MCT). Unlike healthy cells, lung cancer cells
metabolize glucose via lactic acid fermentation even in the
presence of sufficient O,. This metabolic condition received
a plethora of names, such as aerobic fermentation, aerobic
glycolysis or Warburg effect (10). Otto Warburg observed that
cancer cells generate ATP through a non-oxidative pathway, i.e.,
glycolysis with the generation of lactic acid, even in normoxic
conditions, and attributed this to mitochondrial dysfunction.
To emphasize this process in the presence of O, the historical
concept of Warburg has led to the misleading term “aerobic
glycolysis.” In our opinion, the term “aerobic fermentation”
as coined by Warburg himself as “a property of all growing
cancer cells” seems more appropriate to denote the fermentation
in the presence of O, (2). Aerobic fermentation is nowadays
seen as a hallmark of rapid cell proliferation even in a non-
cancerous context (11). As compared to aerobic respiration,
(an)aerobic fermentation produces a 16-fold lower amount of
ATP per glucose consumed, making it an inefficient way of
generating ATP. However, under the non-limiting supply of
glucose, a ~15 times higher glycolytic flux can be reached as
compared to TCA cycle flux and consequently, a drastic increase
in ATP production rate in aerobic fermentation (12). After
the phosphorylation of glucose by hexokinase (HK), glucose-6-
phosphate can no longer leave the cell. This combined activity
of glucose uptake and its subsequent phosphorylation forms the
basis for Positron Emission Tomography (PET) imaging in which

an injected radioactive glucose analog (**F-FDG) is detected
in higher concentrations in lung cancer tissue than in healthy
tissues (13, 14). Currently, metabolic imaging with I8E_FDG-
PET is regarded as a standard of care in the management of
lung cancer (15, 16). The high intracellular concentrations of
glucose-6-phosphate (glucose-6-P) are indispensable to maintain
high glycolytic activity, and thus upregulation of HK and the
glucose transporter GLUT are essential. The upregulation of
the isoform GLUTI1 and the relation with the uptake of '8E-
FDG have been demonstrated in lung cancer tissue, as well
as overexpression of the HK2 isoform (17, 18). Glucose-6-
phosphate has to continue along the glycolytic pathway to
result in the final product pyruvate in aerobic, or lactate in
anaerobic conditions (Figure 1). The upregulation of almost
all glycolytic enzymes has been demonstrated, including HK2
and phosphofructokinase 1 (PFK1) that catalyzes the committed
step in glycolysis namely, the phosphorylation of fructose-
6-phosphate into fructose-1,6-bisphosphate (19). Fructose-1,6-
bisphosphate is subsequently converted into dihydroxyacetone
phosphate (DHAP) and glyceraldehyde-3-phosphate (GAP) by
aldolase (ALDO). In contrast with GAP, DHAP is not on the
direct pathway of glycolysis. To prevent loss of this three-
carbon fragment, and thus ATP, DHAP is isomerized to GAP by
triose-phosphate isomerase (TPI). The resulting GAP is oxidized
by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) into
1,3-bisphosphoglycerate (1,3-BPG). As this reaction is at the
expense of NAD™, the NADH formed by this reaction must be
continuously re-oxidized to NAD™ for glycolysis to continue.
Hence, the fate of lactate production from pyruvate finds
its rationale in this recycling process. The importance of
this reaction is demonstrated by a decreased survival and
proliferation of lung cancer cells during the inhibition of LDH
(20). Excretion of lactate through MCT4 transporters does
not only result in the acidification of the microenvironment,
but also modulates the immune cell function and promotes
invasion and metastasis (21). The microenvironment in which
lung cancer cells live is heterogeneous because of ineffective
tumor vascularization. As a consequence, cancer cells may
be subject to hypoxia and nutrient deprivation. Interestingly,
swapping of lactate between hypoxic and oxygenated cells has
been reported (22-24). Using MCT1 transporters, normoxic lung
cancer cells can remove lactate from the microenvironment
and convert it to pyruvate for further oxidation, conserving
glucose for use by the hypoxic cells. In contrast with the initial
hypothesis of Warburg, a majority of human cancers, including
lung cancer, produces ATP through OXPHOS (25). Besides
for ATP production, a high glycolytic rate is imperative to
support cancer cell proliferation by supplying building blocks
to duplicate the cell biomass and genome at each cell division
(26). In this context, the Warburg effect or aerobic fermentation
has been hypothesized to support the biosynthetic requirements
of uncontrolled proliferation rather than ATP generation. The
excess glycolytic carbon is deviated to multiple anabolic pathways
that branch off from the glycolytic pathway (Figure 1).

A remarkable enzyme that supports the metabolism in lung
cancer cells is pyruvate kinase (PK). PK catalyzes the transfer of
phosphate from phosphoenolpyruvate (PEP) to ADP to produce
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(green), Other pathways (black).

FIGURE 1 | dehydrogenase; PKM2, pyruvate kinase M2; PPP, pentose phosphate pathway; PSAT1, phosphoserine aminotransferase 1; PSPH, phosphoserine
phosphatase; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; SHMT, serine hydroxyl-methyltransferase; TALDO, transaldolase; THF, tetrahydrofolate;
TKL, transketolase; TPI, triose phosphate isomerase; TS, thymidylate synthetase. Glycolysis (purple), One-carbon metabolism (blue), PPP (red), Serine biosynthesis

ATP and pyruvate. PK comprises four isoenzymes (L, R, M1,
and M2) derived from two genes. Cancer cells prefer expressing
the PKM2 form by alternative splicing. The isoenzyme PKM2
occurs in a dimeric or tetrameric form. The tetrameric form
has a high affinity to PEP and is present in normal proliferating
cells. In contrast, the dimeric form is defined by a lower affinity
to PEP. Lung cancer cells are characterized by expression of
a dimeric form of PKM2 which implies that all glycolytic
intermediates preceding PKM2 activity accumulate and are
directed into biosynthetic processes, such as nucleotide-, lipid-
and serine/glycine synthesis which stimulates tumor proliferation
as demonstrated in Figure 1 (27-29).

METABOLIC PATHWAYS EMANATING
FROM GLYCOLYSIS

The Pentose Phosphate Pathway (PPP)

The PPP consists of two phases: a reversible non-oxidative
phase and an irreversible oxidative phase. Overexpression and
upregulation of two enzymes of the oxidative phase, i.e., glucose-
6-phosphate 1-dehydrogenase (G6PD) and 6-phosphogluconate
dehydrogenase (PGD), contributes to increased production of
NADPH and ribose-5-phosphate in lung cancer (30). NADPH
is a principal reducing agent that is employed in biosynthetic
pathways, such as the synthesis of fatty acids, cholesterol
and nucleotides. Furthermore, NADPH is oxidized during the
reduction of oxidized glutathione (GSSG) to glutathione (GSH),
which is essential for the detoxification of reactive oxygen
species (ROS). To keep hypoxia-induced ROS due to aberrant
vascularization in balance, reduced glutathione and thus NADPH
is required (31). Ribose-5-phosphate is an essential building
block of coenzymes as well as purine and pyrimidine nucleotides.
In contrast with healthy cells, the non-oxidative phase of the PPP
seems to be important in lung cancer cells (32-34). The glycolytic
intermediates fructose-6-phosphate (fructose-6-P) and GAP are
diverted toward ribose-5-phosphate production by transaldolase
and transketolase (35). Transketolase-like-protein 1 (TKTLI)
protein, a transketolase associated with the condition of aerobic
fermentation is overexpressed in lung cancer cells resulting in a
higher amount of ribose-5-phosphate (ribose-5-P) than needed
for de novo synthesis of purines and pyrimidines (33, 34).

The Hexosamine Biosynthetic Pathway
(HBP)

Fructose-6-phosphate can branch oft from the glycolytic pathway
as a substrate in the HBP. The upregulated import of both
glucose and glutamine results in an increased flux through the
HBP and an increased level of its end product UDP-GIcNAc
(36). UDP-GIcNAc is an essential metabolite for synthesis of
many glycoconjugates, such as glycosaminoglycans, glycolipids,

and glycoproteins. Lung cancer cells exhibits striking alterations
in glycosylation but their complete description is out of the
scope of this review, and Lemjabbar-Alaoui et al. described this
extensively (37). O-GlcNAcylation, i.e., the enzymatic addition of
the N-acetylglucosamine moiety of UDP-GIcNAc to the hydroxyl
groups of serine and threonine residues, is of particular interest
in lung cancer. As UDP-GIcNAc is the end product of the HBP,
a pathway that makes direct use of glucose and glutamine inputs,
the O-GlcNAcylation is modulated by nutrient availability and
thereby acts as a nutrient sensor and metabolic regulator (38).
The process of O-GlcNAcylation is regulated by O-GlcNAc-
transferase (OGT) and its opponent O-GlcNAcase (OGA). Mi
et al. demonstrated an elevated expression of OGT and an
increased O-GlcNAcylation in lung cancer tissue. However, there
was significant difference in OGA levels between cancer tissue
and adjacent healthy tissue (39).

O-GlcNAcylation, an epigenetic modification of cellular
proteins, oncogenes, and tumor suppressor genes, can
significantly impact tumor growth, proliferation, invasion,
and metastasis (40). For instance, the oncogene c-MYC is
frequently expressed at constitutive high levels. Once activated
by an extracellular tyrosine kinase, the degradation of c-MYC
is regulated by phosphorylation of specific sites. Increased
O-GlcNAcylation of the threonine site competes with its
phosphorylation, resulting in the stabilization of ¢-MYC and
sustained transcription of genes involved in the tumorigenesis.
On the enzymatic level, O-GlcNAcylation is a modulator of
several glycolytic enzymes (41). As an example, glycosylation of
PFK1 is triggered under hypoxic conditions, and its inactivation
redirects the flux of glucose from glycolysis to the PPP, thereby
providing reducing power to, among other things, prevent ROS
toxicity (42).

The Serine-Glycine Pathway and

One-Carbon Metabolism

An amount of glycolytic 3-phosphoglycerate (3-PG), is siphoned
into serine and glycine metabolism, which provides carbon
units for the one-carbon metabolism. Serine is incorporated
into the head-groups phosphatidylserine and sphingolipids
and is an abundant constituent of proteins (43). The serine
biosynthesis pathway uses three subsequent enzymes to
convert 3-PG into serine (Figurel) (44). The increased
expression of phosphoglycerate dehydrogenase (PHGDH) and
the upregulation of both phosphoserine aminotransferase 1
(PSAT1) and phosphoserine phosphatase (PSPH) highlight
the importance of the serine biosynthesis pathway in lung
cancer biology (45, 46). Serine is the primary substrate
for the so-called one-carbon cycle (47). The one-carbon
metabolism, that includes both the folate and methionine cycles,
is a complex metabolic network based on the biochemical

Frontiers in Oncology | www.frontiersin.org

84

November 2019 | Volume 9 | Article 1215


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Vanhove et al.

Glucose Metabolism in Lung Cancer

reactions of folate components. A pivotal reaction of the
folate cycle is the conversion of serine to glycine by serine
hydroxyl-methyltransferase enzymes (cytosolic SHMTI1 and
mitochondrial SHMT?2). This reaction generates glycine and
N>, N!0 methylenetetrahydrofolate (N°,N'°-CH,-THF) which is
the first one-carbon donor in the folate cycle. The knockdown of
SHMT results in cell cycle arrest and cell death, suggesting that
SHMT plays a crucial role in lung cancer (48). The cleavage of
glycine into CO; and NHI by a decarboxylase (GLDC) of the
glycine cleavage system (GCS) likewise results in the production
of N°N'0-CH,-THF. The GCS results in significant changes
in both the glycolysis and serine/glycine metabolism of lung
cancer patients, leading to changes in pyrimidine metabolism
and cancer cell proliferation (46, 49, 50). Lung cancer cells
can use N° N1°-CH,-THEF in several ways: (i) as a one-carbon
donor for the first step of thymidylate synthesis; (ii) as a
substrate for N> N'0-CH,-THF dehydrogenase 1 (MTHFDI)
or the mitochondrial tandem enzyme MTHFD2L/MTHFD2
to produce N'*-formyl-THE a one-carbon donor for purine
synthesis; or (iii) by N°N!0.CH,-THF reductase (MTHFR)
to generate N°-CH;-THF. This N°-CH3;-THF donates its
methyl group generating methionine and THF. This reaction
couples the folate cycle with the methionine cycle and can
be considered as the first reaction of the methionine cycle.
When the resulting THF is converted into N°,N'-CH,-THF by
SHMT, the folate cycle is closed. Methionine is the precursor of
S-adenosylmethionine (SAM), a methyl donor that plays a role
in both DNA and histone methylation. As reported by Mentch
et al., intermediary metabolites and cofactors in one-carbon
metabolism and SAM metabolism determine the DNA and
histone methylation status (51). Promoter hypermethylation
plays a significant role in cancer through transcriptional silencing
of growth inhibitors, such as tumor suppressor genes. Together
with the folate metabolites provided by SHMT-mediated
reactions, SAM is vital in maintaining a regular methylation
pattern and DNA stability in lung cancer (50-52). In contrast
with genetic mutations, epigenetic modifications are reversible.
For instance, DNA and histone methylation can be removed by
a-ketoglutarate (a-KG) demethylases. The high uptake of glucose
and glutamine in proliferative cells results in higher intracellular
concentrations of a-KG. However, the glucose and glutamine
addiction of malignant cells may end in regional depletion of
both nutrients, and thus in a decrease of the a-KG concentration,
resulting in the inhibition of demethylation (53). In contrast
with this observation, where cell metabolites and enzymes
modulate epigenetic phenomena, epigenetic modifications at
metabolic genes, such as acylation or O-GlcNAcylation may
affect cell metabolism. A detailed description of the link between
metabolism and epigenetic changes is out of the scope of this
review, and has been described extensively by Yu et al. (54).
Summarized, it seems that epigenetic modifications and cellular
metabolism interact with each other and that their relationship
is reciprocal. Indeed, the enhanced aerobic glycolysis has
a disruptive effect on tumor suppressor genes and oncogenes
resulting in genomic instability. Loss of genes that are involved in
the repair of DNA results in dysregulation of the mitochondrial
energy production resulting in metabolic instability. In the

theory of Davies et al. the interaction between genomic and
metabolic instability enables pre-cancerous cells to obtain a
malignant phenotype (55).

After donation of its methyl group, SAM becomes S-
adenosylhomocysteine (SAH), which is subsequently converted
to homocysteine. Finally homocysteine is either converted back
to methionine resulting in a full turn of the cycle or enters
the transsulfuration pathway to form cysteine. Cysteine can be
incorporated into proteins or can be used in the formation of
glutathione (52).

THE ROLE OF REACTIONS OF THE
GLUCONEOGENESIS

The discovery that the activation of the gluconeogenesis pathway,
until recently thought to be restricted to kidney and liver
cells, also occurs in lung cancer cells, unfolds an unanticipated
metabolic flexibility of cancerous cells (Figure 2) (56). Malignant
cells are adapted to upregulate the glycolytic pathway at high
rates. Consequently, glucose levels may drop in less perfused
tumor areas. The decreased availability of glucose significantly
reduces the metabolic flow via glycolysis. This reduction in
glycolytic flux may result in a drop of cellular intermediates
required for the biosynthesis of building blocks unless other
pathways generate these glycolytic intermediates. Whereas, both
the gluconeogenesis and glycolytic pathway generate identical
intermediates, enhancement of either pathway could increase
the supply of building blocks for cell growth. Recently, Vincent
et al. described an alternative pathway in lung carcinoma cells
involving phosphoenolpyruvate carboxykinase 2 (PEPCK2), a
mitochondrial gluconeogenesis enzyme (57). In healthy cells, the
gluconeogenesis pathway results in the production of glucose
from non-carbohydrate carbon substrates. Under the condition
of glucose starvation, the amino acid glutamine can maintain
the TCA cycle function. Indeed, glucose-deprived malignant
cells use glutamine as an anaplerotic substrate to generate a-
ketoglutarate (a-KG) and subsequent TCA cycle intermediates
(58). Glutamine-derived oxaloacetate is converted into PEP by
mitochondrial PEPCK2, and this glutamine-derived PEP may
be used for anabolic purposes (57). Indeed, conversion of
PEP into 3-PG by enolase (ENO) and phosphoglyceromutase
(PGM) might result in a deviation from the gluconeogenic
pathway into the biosynthesis of serine, glycine, glutathione and
purine nucleotides. Glutamine-derived PEP may also fuel other
biosynthetic pathways that are, in normal conditions, supported
by glucose, including the conversion of 1,3-BPG into glycerol for
the lipid biosynthesis and utilization of GAP by the non-oxidative
branch of the PPP to produce ribose-5-phosphate (59). Recently,
Louis et al. detected a higher concentration of glucose and a lower
level of alanine in the plasma of lung cancer patients through
nuclear magnetic resonance (NMR) metabolomics (25). These
findings suggest the role of a compensatory gluconeogenesis to
sustain high glucose levels in plasma to support the ongoing
glycolysis in cancer cells. Here, in contrast with the rescue
pathway proposed by Vincent et al., the source of glucose is the
gluconeogenesis of healthy cells.
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FIGURE 2 | dehydrogenase; MCT1, monocarboxylate transporter 1; PC, pyruvate carboxylase; PEPCK2, phosphoenolpyruvate carboxykinase 2; PGM,
phosphoglycerate mutase; PGI, phosphoglucoisomerase; PGK, phosphoglycerate kinase; PPP, pentose phosphate pathway; TPI, triose phosphate isomerase.
Gluconeogenesis pathway (purple), lactic carbon (green arrows), glutaminolytic carbon (blue arrows).

THE ROLE OF THE TCA CYCLE AND
OXIDATIVE PHOSPHORYLATION

In contrast with the original hypothesis of Warburg, cancer
cells have functional mitochondria that act as biosynthetic
hubs. Respiration, oxidative metabolism and other mitochondrial
pathways are required by malignant cells for tumor growth
(3, 60). An important metabolic pathway that occurs in the
mitochondrial matrix is the TCA cycle or Krebs cycle. The TCA
cycle is composed of biochemical reactions that oxidize fuel
sources to provide ATP, support the synthesis of macromolecules
and regulate the cellular redox balance. Moreover, the TCA
cycle provides precursors of various amino acids. When TCA
cycle intermediates, such as glucose- and glutamine-derived o-
KG, are diverted for synthesis of macromolecules and ATP
they need to be replaced to permit the sustained function of
the TCA cycle by anaplerosis. This process is accomplished
via two major pathways: glutaminolysis and carboxylation of
pyruvate to OAA via pyruvate carboxylase (PC). As this review
focuses on the disturbed glucose metabolism, we refer the
interested reader to our recently published review that describes
the role of glutamine in lung cancer (7). An important step
in the TCA cycle is the conversion of isocitrate to a-KG by
isocitrate dehydrogenases (IDH) and thereafter to succinate and
fumarate by succinate dehydrogenase (SDH) and fumarase (FH),
respectively. Mutations in genes encoding for IDH, FH, and the
SCD complex lead to an altered metabolism, i.e., accumulation
of TCA cycle metabolites, that enhances cell transformation by
epigenetic alterations (61). Mutations in IDH1 and IDH2 are
found in 1% of NSCLC and result in the conversion of a-KG
to 2-hydroxyglutarate (62). This oncometabolite is considered
as a competitive inhibitor of multiple dioxygenase enzymes
that use a-KG as a cofactor, such as histone demethylases
and TET (ten-eleven translocation) proteins resulting in DNA
and histone methylation alterations and epigenetic changes
altering gene expression (61). In addition, both TET2 and 2-
hydroxyglutarate block differentiation in hematopoietic cells.
Inactivating mutations of SDH and FH have been identified
in several cancers and result in accumulation of succinate
and fumarate, respectively. Succinate and fumarate are capable
of inhibiting multiple a-KG dependent dioxygenases. Due to
inhibition of prolyl-hydroxylases, HIF1 accumulates in SDH and
FH mutant tumors and promotes metabolic rewiring of the
glucose metabolism.

The voltage-dependent anion channel (VDACI) is considered
as the mitochondrial gatekeeper. The VDACI is the main
transport channel for metabolites and its overexpression in many
cancers indicates that this mitochondrial pore contributes to the
metabolic phenotype of cancer cells (63). Along the regulation
of the metabolic and energetic homeostasis, VDACI functions
as a regulator of the redox balance by its capacity to transport

ROS. In addition, the mitochondrial pore is involved in the
process of apoptosis by interaction with inhibitors of cell death
and the release of apoptotic proteins. For example, binding
between VDACI and HK2 leads not only to a metabolic benefit
but also results in the inhibition of apoptosis offering the cell
not only a proliferative advantage but also protection against
chemotherapy induced cell death. Downregulation of VDACI1
expression in cancer may impair the exchange of metabolites
between the cytosol and the mitochondria leading to inhibition
of growth and proliferation of cancer cells and their ability to
evade apoptosis. The OXPHOS pathway effectively generates
ATP by electron transport through several protein complexes
across the mitochondrial membrane. As previously described,
OXPHOS is often downregulated in hypoxic cancer tissue to
limit the production of ROS by the mitochondrial respiratory
chain. Warburg proposed that a decreased OXPHOS induced the
enhanced glycolysis due to mitochondrial defects. This concept
has been applied to all types of cancer cells without appropriate
experimental evaluation. However, recently, Moreno-Sanchez
described the contribution of OXPHOS in lung cancer and
several other cancers. In contrast with previous assumptions, the
majority of ATP in cancer cells is produced during OXPHOS
(64). Indeed, studies by Hensley et al. and Davidson et al. reveal
that both glycolysis and mitochondrial OXPHOS are elevated
in non-small cell lung tumors (65, 66). Many other authors
nowadays also support the idea that mitochondrial OXPHOS
might actually be suppressed as a result of the dominating
strong upregulation of the glycolysis, rather than being initially
impaired as stated by Warburg. This means that OXPHOS
might serve as an additional rescue energy alternative in cancer
cells, in case of glycolysis inhibition (67, 68). The other way
around, OXPHOS can also be preferred for energy production
in normoxic conditions in order to spare glucose which can be
used in an hypoxic environment.

Lactate, produced by glycolysis in both cancer cells and
carcinoma-associated fibroblasts (CAFs), is converted to
pyruvate and enters the mitochondria of aerobic lung cancer
cells to undergo OXPHOS to generate ATP (69). This lactate
shuttling, mainly via MCT1 and MCT4, is one important way
how cancer tissue keeps the interplay between glycolytic and
oxidative cells in balance (22). A plausible explanation might be
found in the heterogeneity of lung tumors. They show to exhibit
both the glycolytic and oxidative metabolic phenotype between
different regions inside the same tumor (65). It seems that cancer
cells of the same tumor can be divided into subgroups, often
depending on their microenvironment: highly glycolytic with
lower OXPHOS in hypoxic conditions and the other way around
where nutrients are rather low (68). Strikingly, some lung tumors
that have acquired resistance against targeted therapy also seem
to switch to elevated OXPHOS activity, leaving it vulnerable for
inhibition (70).
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Since different types of cancer rely on the OXPHOS pathway
for their development, OXPHOS inhibition is a target of several
cancer therapy studies (71). For example, NSCLC tumors with
LKB1 (liver kinase B) tumor suppressor mutation are shown to be
sensitive to phenformin, as it shuts down oxygen consumption in
these cells by inhibition of the protein complex I of the oxidative
respiratory chain. Instead of reprogramming to using glycolysis
for ATP generation, LKB1 mutated NSCLC cells are shown to
exhibit an OXPHOS-driven phenotype (72).

GENETIC REGULATION OF LUNG CANCER
METABOLISM

Lung cancer cells often harbor mutations in genes and pathways,
such as the PI3K (phosphoinositide-3-kinase)-AKT-mTOR
(mammalian target of rapamycin) pathway, the oncogenes RAS,
¢-MYC, and HIF-1 (hypoxia inducible factor), and the tumor
suppressor gene TP53 (tumor protein) (73-78). These cell
signaling pathways are implicated in the metabolism by securely
regulating the capacity of cells to obtain access to nutrients and
subsequently process these compounds.

PISBK-AKT-mTOR Pathway

The PI3K-AKT-mTOR pathway, one of the signaling
pathways most frequently altered in cancer, is an essential
regulator of metabolism, coordinating the uptake and fate of
glucose (74, 75, 79). The PI3K-AKT-mTOR pathway can be
aberrantly activated by multiple factors including oncogenic
genomic alterations in e.g., PI3K, PTEN (phosphatase and
tensin homolog), AKT, TSC (tuberous sclerosis complex),
LKB1, and mTOR (80). The binding of ligands, such as
epidermal growth factor, to receptor tyrosine kinases, results
in dimerization of the receptors which stimulates the receptor’s
intrinsic cytoplasmatic kinase activity, leading to auto- and
transphosphorylation on tyrosine residues, which serves as
docking sites of several proteins and enzymes. Recruitment of
PI3K to the membrane results in the phosphorylation of the
membrane compound phosphatidylinositol 4,5-bisphosphate
(PIP;) to phosphatidylinositol 3,4,5-trisphosphate (PIP3).
The serine/threonine kinase AKT is recruited to the plasma
membrane along with PI3K-dependent kinase 1 which has been
recruited and activated by PIP3;. Phosphorylation of specific
threonine and serine residues by PI3K-dependent kinase 1
and mTORC2 is essential for complete AKT activation. Once
activated, AKT potentially phosphorylates many proteins which
explains its broad range of downstream effects in angiogenesis,
apoptosis, differentiation, and proliferation. In contrast, PTEN
is a phosphatase that reduces the intracellular levels of PIP;3
and functions as a tumor suppressor by inhibition of the AKT
signaling cascade. AKT also fulfills a critical role in the uptake
and metabolism of glucose by promoting the transcription of
several glycolytic enzymes, such as HK, PFK1, and recruitment
of GLUTs to the cell membrane (81, 82). While overexpression of
nutrient transporters can help cells to harvest scarce blood-born
nutrients, it has become recognized that malignant cells acquire
the capacity to bypass the blood circulation and obtain nutrients

by scavenging macromolecules from the microenvironment
i.e., extrinsic scavenging. In contrast to autophagy or intrinsic
scavenging, extrinsic scavenging can maintain survival and
promote growth (83). Macropinocytosis begins with the
activation of RAC1, a small GTPase, and a cell division control
protein that produces ruffles that form circular cups. Closure
of these cups depends on both PIP; production and RACI1
inhibition. Inactivation or loss of PTEN, elevates the intracellular
PIP; levels which results in the stimulation of the uptake of
macropinosomes by murine fibroblasts (83, 84). Furthermore,
PTEN inhibition in these fibroblasts allowed them to grow even
in a nutrient-depleted medium in a manner that depends on
macropinocytosis. Whether other tumor types with reduced
PTEN activity, such as lung cancer, use macropinocytosis to
support growth, requires further research.

Downstream of PI3K and PTEN, activated AKT inhibits TSC2
via phosphorylation. Inactive TSC2 is uncapable to bind RHEB,
which enables its activation of mTORCI initiating its effect on
downstream proteins that play a role in protein translation.
Activation of mTOR can drive metabolic processes through the
regulation of metabolic gene expression. These processes include
glucose import and glycolysis via HIF-1, and the PPP (nucleotide
biosynthesis and reducing equivalents for fatty acid synthesis)
through sterol regulatory element-binding proteins (SREBPs).

RAS-RAF-MEK-MAPK Pathway

The RAS family encodes four membrane-bound proteins
that are involved in signal transduction underlying diverse
cellular activities, such as differentiation, growth, migration,
proliferation, and survival (85). Activation of RAS proteins at
the cell membrane by growth factors results in the binding
of effector molecules, formation of signaling complexes and
initiation of a cascade of intracellular signaling pathways
including the RAS-RAF-MEK-MAPK-and PI3K-AKT-mTOR
pathway. RAS proteins alternate between GTP- and GDP-
bound conformations, where the GTP-bound conformation
represents the active state. Oncogenic mutants function by
preventing hydrolysis of GTP, thereby generating highly active
RAS molecules resulting in uncontrolled growth and malignant
transformation. Activating (K)RAS mutations are prevalent in
~15-20% of NSCLC and 30-50% of the adenocarcinoma subtype
(73). KRAS mutations are mutually exclusive to EGFR mutations
and predict resistance to EGFR TKI and chemotherapy (86, 87).
Another RAS effector family is PI3K, which implicates that some
of the effects of RAS may be mediated through the PI3K-AKT-
mTOR pathway. Indirectly, activating RAS mutations results in
the upregulation of many glycolytic enzymes and transporters
(55). RAS-transformed cancer cells overcome limitations of
nutrients by scavenging extracellular fluid and macromolecules
(e.g., albumin, extracellular matrix proteins, necrotic cell debris,
...) by generating large vesicles i.e., macropinosomes. The
building blocks that make up these macromolecules can be
released after degradation and used for the generation of
ATP and biosynthetic purposes. In analogy with KRAS-driven
pancreatic cancer cells, KRAS-mutated lung cancer cells also
exhibit constitutive macropinocytosis. However, in vitro findings
show that KRAS-driven lung cancer cells degrade less albumin
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than isogenic lines derived from the pancreas. This observation
raises the possibility that changed characteristics of the tissue of
origin also control scavenging in cells with identical genomes
(88). Though this intriguing result, an important caveat of this
study is the ex vivo monitoring, which may not reflect how
these cells behave within tissues. Indeed, other pathways that
modulate the macropinocytic flux may be affected by both the
tumor micro-environment and the mutational load. Additional
studies are indispensable to ascertain whether the same KRAS-
mutation leads to different amounts of macropinocytic flux in
different tissue types.

c-MYC

The MYC proto-oncogene members are targets of RAS and
PI3K-AKT-mTOR signaling and critical regulators of numerous
downstream pathways, such as apoptosis, differentiation, and
proliferation (89). The MYC oncogene family is frequently
deregulated in both NSCLC and SCLC. Activation of MYC
members often occurs through amplification although excess
MYC expression can also result from retroviral promotor
insertion, chromosomal translocation, activation of enhancers
within the MYC gene or mutations of upstream signaling
pathways that enhance MYC stability (90). Concerning metabolic
reprogramming, the c¢-MYC transcription factor promotes
expression of glycolytic target genes (GLUT, HK, PFKI, and
ENO) and LDH contributing directly to the Warburg effect
(91, 92). MCT4, another c-MYC target extrudes lactic acid
produced from glucose. It is particularly notable that c-MYC
not only drives the expression of glycolytic enzymes but also
favor specific mRNA splice variants, such as PKM2 over PKM1.
As a consequence, c-MYC-driven accumulation of glycolytic
intermediates fuels pathways that share intermediates with
glycolysis, such as the PPP and the one-carbon metabolism
(92). Besides, c-MYC induces expression of enzymes involved in
the synthesis of nucleotide metabolism, including SHMT, which
allows glycolytic carbon units to be used in the synthesis of
purines and pyrimidines (92-94). Furthermore, c-MYC is also
involved in the induction of pyruvate dehydrogenase kinase-
1 (PDK1), an enzyme that participates in the regulation of
the pyruvate dehydrogenase complex (PDH). This enzyme
catalyzes the decarboxylation of pyruvate to acetyl-CoA, thereby
linking glycolysis to the TCA cycle. PDK1 inhibits PDH by
phosphorylation, resulting in increased conversion of pyruvate
to lactate, and limiting the entry of glycolytic carbon substrates
into the TCA cycle (95, 96).

HIF-1

The transcription factor HIF is a heterodimeric complex
composed of an unstable oxygen-dependent a-unit and a stable
oxygen-insensitive p-unit. Under normal O, conditions, the
a-subunit of HIF is hydroxylated by prolyl-dehydroxylases,
allowing recognition and ubiquitination by the Von Hippel
Lindau ubiquitin ligase, which labels them for rapid degradation
(97). In hypoxia, prolyl-dehydroxylases are inactive as they
require O, as an essential cofactor. In the nucleus, the
stabilized HIF a-subunit dimerizes with HIF-1 and induces
the transcription of many genes involved in proliferation,

apoptosis, and angiogenesis (98). HIF-1 expression is absent in
healthy lung tissue in contrast with cancerous lung tissue, where
increased levels of HIF-1 are documented (76, 77). The significant
metabolic effect of HIF-1 is to trigger the switch from OXPHOS
to anaerobic glycolysis. HIF1 induces the expression of GLUT
and upregulates many genes affecting glucose metabolism, such
as HK, PGI, ALDO, PGK1, PDK1, ENO, PKM2, and LDH (98-
100). Furthermore, HIF-1 participates in the synthesis of serine
and the one-carbon metabolism by transactivation of PHGDH
and SHMT, which both increase NADPH generation and defense
against ROS under hypoxic conditions (101, 102).

TP53

In lung cancer, TP53 is a commonly inactivated tumor
suppressor gene. TP53 encodes a protein, p53, that prevents the
accumulation of genetic damage during mitosis. In response to
cellular stress, p53 induces the expression of genes that regulate
cell cycle checkpoints, resulting in G1 arrest and DNA repair
or apoptosis (103). Wild type TP53 inhibits transcription of
glucose transporters, promotes the expression of Tumor Protein
53-Induced Glycolysis and Apoptosis Regulator (TIGAR), and
inhibits the transcription of glycolytic enzymes like PGM (104).
By decreasing the level of fructose-2,6-bisphosphate, TIGAR
decreases the activity of PFK1, the key enzyme of glycolysis
(105). Wild type TP53 supports the expression of PTEN,
which inhibits the PI3K pathway, thereby suppressing glycolysis.
Additionally, wild type TP53 promotes OXPHOS by activating
the transcription of cytochrome c oxidase assembly protein 2
(SCO2), which is required for the assembly of the cytochrome
oxidase complex of the electron transport chain. Mutations or
deletions in TP53 in cancers result in the stimulation of glucose
transport and glycolysis by expression of PGM and inhibition of
TIGAR. Wild type TP53 also suppresses the oxidative phase of
the PPP by directly binding to G6PD and repressing the enzyme
activity. Cancer-associated mutations in p53 have been shown to
result in loss of the ability to block G6PD activity, resulting in an
increased PPP flux and glycolysis (106).

THERAPEUTIC IMPLICATIONS OF
TARGETING THE METABOLIC HALLMARK
OF CANCER

Treatment of lung cancer is moving toward the design of
drugs that specifically target aberrant pathways involved
in carcinogenesis (107). The increased dependence of
lung cancer cells on fermentation provides a biochemical
basis for the development of antineoplastic treatments that
preferentially target cancer cells by pharmacological inhibition of
anaerobic glycolysis. One of the advantages of metabolism-based
therapeutics over gene-based therapies are the standard shifts
in metabolism observed in cancers derived from many tissues.
Indeed, the mechanisms underlying cancer development are
incredibly complex, and genetic alterations are heterogeneous
even in a specific cancer type. As a consequence, targeting a
single gene is difficult and an alternative strategy is to take
advantage of the fundamental difference between cancer cells
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and their regular counterparts. In the past decades, it has become
increasingly evident that many metabolic pathways are altered
in cancer cells (3, 50, 104, 108). According to Altenberg et al.,
glucose transporters and glycolytic enzymes are overexpressed
in 24 different types of cancer, including lung cancer (19). As
previously described, the disturbed glucose metabolism is driven
by signal pathways and transcription factors. Inhibition of
these pathways and more downstream targets, such as glucose
transporters, glycolytic (iso)enzymes, or the mitochondrial pore
(VDACI), provides a tempting avenue for the development of
new anti-cancer drugs. Several inhibitors (Table 1) of glycolytic
enzymes and transporters are in (pre)clinical development,
however only inhibitors of IDH have reached approved status.
Nevertheless, there are disadvantages to a metabolism-based
approach as well. Since the identical metabolic pathways
are necessary for the cell division and survival of all cells,
metabolism-based treatment face a major hurdle of non-specific
toxicity. Immune cells, such as cytotoxic T lymphocytes, are
often found in the tumor microenvironment and immune
stimulation leads toward an increased demand for glucose. The
glycolytic pathway does not only support the proliferation of
immune cells but is also crucial for their functional activity,
such as the production of cytokines and ATP (144). Therefore,
activated immune cells might be expected to be vulnerable to
glycolytic inhibition, resulting in immune suppression which
is concerning because reactivation of the suppressed immune
system has become a first line treatment in PD-L1 positive
NSCLC (145, 146). A pitfall in the trials planned to test drugs
targeting metabolism is the lack of knowledge of the metabolic
pathways because no metabolic profiling has been performed
before the initiation of therapy. Indeed, although the aerobic
fermentation is the most observed phenotype, it is not a universal
trait of all human tumors. In addition, due to the metabolic
plasticity exhibited by cancer cells, it is not unexpected that
tumor cells could develop resistance to inhibition of a specific
pathway through upregulation of alternative pathways. As
previously mentioned, continued functioning of the TCA cycle
requires the replenishment of intermediates that are diverted for
synthesis of ATP and macromolecules. The increased uptake of
the anaplerotic substrate glutamine and its metabolic conversion
products glutamate and a-KG contribute to the biosynthesis
of all cellular constituents. Therefore, concurrent inhibition
of the glutaminolysis pathway using small molecules, such as
BPTES, compound 968 or CB-839 may be a valuable treatment
strategy (7).

Glucose Restriction and Diabetes Control
Both hyperinsulinemia and hyperglycemia are predictors of
cancer incidence and worse survival in patients with various
cancers as demonstrated by retrospective studies (147-150). It
is unknown whether the reduction in insulin levels can affect
tumors that are already present. Carbohydrate restriction and
pharmacological approaches to reduce the levels of insulin may
result in the development of insulin-dependent diabetes in
euglycemic subjects and thus in increased glucose levels and
overfeeding of tumor cells.

Recently, Ohkuma et al. published a large systematic review
that confirmed the higher risk of cancer in diabetics (147). The
activation of the IGFR1-IR-PI3K-AKT-mTOR pathway through
hyperglycemia and hyperinsulinemia has been suggested as a
cause of carcinogenesis. Indeed, binding of insulin and IGF to
their receptor tyrosine kinase results in autophosphorylation of
the receptors and activation of the PI3K-AKT-mTOR pathway.
In addition, mTOR is negatively affected through activation
of AMPK, which can also be achieved by dietary restriction
(151). This previously described hyperactivation of the IGFR1-
IR pathway does not occur through genetic mutations, but
co-existence of cancer-associated mutations in these pathways
may result in an even more pronounced promotion of growth
and survival in malignant cells (152). Masur et al. showed that
diabetogenic glucose concentrations compared to physiological
levels resulted in different expression of genes that promote
adhesion, migration, and proliferation in several cancer cell lines
(153). The addition of insulin to the glucose-enriched culture
medium further increased the rate of proliferation and promoted
activation of the PI3K-AKT-mTOR pathway (153). It could
be hypothesized that high glucose and the resulting release of
insulin provides additional stimuli for neoplastic cells. However,
as demonstrated by Louis et al., cancer leads to increased
gluconeogenesis that is fueled by glycerol from lipolysis and
alanine from rhabdomyolysis. As a consequence, higher levels
of glucose are available for cancer cells, resulting in fat loss and
muscle wasting, both hallmarks of cancer cachexia. As sarcopenia
is related to a poor prognosis and a substantial loss in the quality
of life, carbohydrate restriction has no established role in the
treatment or prevention of cancer (154, 155). A switch from
carbohydrate metabolism to fatty acid metabolism by diets poor
in carbohydrates and rich in fats, i.e., ketogenic diets, may result
in anti-cachectic effects. Based on the ability of healthy cells to
use ketones as energy source, ketogenic diets have been proposed
to treat glioblastomas (156). In general, the current phase I and II
studies are hampered by poor accrual and compliance, and until
present, no randomized controlled trials have been terminated to
study the potential effects of a ketogenic diet on tumor growth
and survival.

Inhibition of Glucose Transport

Targeting GLUTs could be an efficient anticancer approach since
tumor cells depend on increased utilization of glucose. This
difference in glucose addiction between cancer and healthy cells
provides a therapeutic window by which glucose uptake in
cancer cells can be efficaciously suppressed with significantly
less toxic effects in healthy cells. Inhibition of glucose importers
is equivalent to the inhibition of the entire glycolytic pathway.
Cancer cells will have to use other transport mechanisms,
such as macropinocytosis or other metabolic fuels, such as
glutamine, to compensate for the shortage of glucose. Although
it is possible to acquire these compensation mechanisms, such
adaptations are more complicated then bypassing the inhibition
of a single enzyme in the glycolytic pathway (88). Based on
physiological requirements for glucose, different isoforms of
GLUTs are expressed in various cell types. In cancer, GLUT1
and GLUT3 are the most relevant transporters. GLUT1 is a
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TABLE 1 | Some inhibitors of glycolytic enzymes and transporters which are in (pre)clinical development.

Target Drug References Remark
GLUT Fasentin, phloretin, STF-31, (109-112) Preclinical models
WzB117
HK Lonidamine (113-119) Only one study with survival benefit
2-deoxyglucose (120, 121)? Activation of proapoptotic pathways, probably an only role in combination with
chemotherapeutic treatments
Bromopyruvate (122-126) Rapid inactivation, venous irritation, lack of crossing blood-brain barrier prevents its clinical
development.
Role in the restoration of chemo susceptibility
PFKFB 3PO (127) Preclinical models
PFK158 (128) NCT02044861
GAPDH Bromopyruvate (124, 126, 129) Rapid inactivation, venous irritation, lack of crossing blood-brain barrier prevents its clinical
development.
Role in the restoration of chemosusceptibility
PKM2 Shikonin (130) Inhibitor PKM2
Both activators and inhibitors of PKM2 could be beneficial dependent on oxygen levels in
cancer cells
LDH FX11 (131) Inhibition progression human lymphoma and pancreatic xenografts
Quinoline-3-sulfonamide (132) Unacceptable pharmacokinetic profile preventing further investigation in vivo models
Oxamate (133) Role in the restoration of chemosusceptibility
GNE-140 (134) High potency, modest permeability and a low plasma protein binding
PSTMB (135) Induction of apoptosis in lung cancer cell lines
PDK Dichloroacetate (136) Phase 2 trial in brain cancer NCT00540176
(137) Low potency, a requirement of high doses resulting in significant toxicities
Preclinical in lung cancer NCT01029925 Terminated due to higher than expected
risk/safety concerns.
AZD7545 (138)
MCT1 AZD3965 Currently tested in phase 1 clinical trial (NCTO1791595)
IDH Enasidenib (139) Approved in relapsed/refractory IDH2 mutant AML
Ivosedinib (140) Approved in relapsed/refractory IDH1 mutant AML
NCT02989857 (Phase 3 in IDH-mutant cholangiocarcinoma)
NCT03343197 (Phase 1 in IDH-mutated glioma)
GSK864 Preclinical, potent IDH1 inhibitor
GSK321 Preclinical, potent IDH1 inhibitor
VDAC1 Lonidamine (118) Preclinical, induction of apoptosis
SiRNA (141-143) Rewiring of tumor cell metabolism, reduction of cancer stem cell levels and induction of

differentiation in cell lines and xenografts of glioblastoma, lung cancer and breast cancer

fundamental transporter expressed in almost all cell types, and
its upregulation in cancer cells is well-documented (17, 19).
Unlike GLUT1, GLUTS3 is expressed primarily in tissues with
high energy demand to supplement GLUT1. Several inhibitors
of glucose transporters, such as fasentin, phloretin, STF-31, and
WZB117 have already been discovered, and experiments with
preclinical models demonstrated their anticancer effects (109-
112). For example, as demonstrated by Liu et al,, the treatment of
lung cancer cells with WZB117 did not only result in decreased
levels of GLUT1 protein but also in a decline in the concentration
of intracellular ATP and glycolytic enzymes (112). Furthermore,
these authors demonstrated that intraperitoneal injection of
WZB117 resulted in a significant reduction of tumor volume in
vivo in a nude mouse xenograft model.

Thttps://clinicaltrials.gov/ct2/show/NCT00633087

Research by Wood et al. documented that fasentin not only
partially inhibited glucose transport but also broke down the
resistance of caspase activation which usually is seen in cells
that are resistant to antineoplastic treatment (110). Despite these
exciting findings, inhibitors of GLUTs have not yet entered
clinical trials.

Inhibition of Hexokinase (HK)

In addition to the inhibition of glucose transport, the glycolytic
pathway can be inhibited at the enzymatic level. Lonidamine
is a selective inhibitor of the soluble and mitochondrial-bound
HK2 iso-enzyme, which is present in malignant cells but not
in healthy cells and is effective in the treatment of diverse
cancer cells (113-115). However, the combination of lonidamine
and chemotherapy did not improve the time to progression
in breast cancer patients, and its hepatoxicity resulted in early
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termination of clinical trials (116, 117). The inhibition of HK2
by lonidamine leads to decreased glucose phosphorylation,
which results in lower concentrations of glucose-6-phosphate
and as a consequence, results in a reduction of glycolytic
intermediates and the PPP. Furthermore, in cancer cells, HK2
associates with the voltage-dependent anion channel (VDACL1),
located on the outer mitochondrial membrane, to protect
malignant cells from mitochondrial membrane permeabilization.
Ravagnan et al. showed that supernatants of mitochondria
that were processed with lonidamine contain several factors,
including cytochrome C, capable of inducing apoptosis (118).
These findings indicate that lonidamine acts through the
opening of the mitochondrial permeability transition pore.
Indeed, targeting VDACI1 by small molecules or VDAC1-based
peptides that interfere with anti-apoptotic proteins results in the
induction of apoptosis, making VDACI an interesting target to
overcome resistance to chemotherapy. Furthermore, strategies
using specific small interfering RNA (siRNA) in glioblastoma
cells lines and xenografts resulted in a rewiring of tumor cell
metabolism, a reduction of cancer stem cell levels and induced
differentiation into neuron- and astrocyt-like like cells (141).
Similar results, regardless of cell origin and genetic mutational
burden, were obtained in lung cancer and breast cancer cell lines
and in mouse xenografts (142, 143). As demonstrated by Arif
et al, VDACI depletion resulted in depletion of transcription
factors coordinating cell metabolism, such as c-MYC and HIF-1,
finally leading to differentiation, independent of cell type and
genetic alterations (142). Therefore, VDACI is an interesting
target for treating various cancers.

Encouraging data of phase 1 and 2 trials have led
to testing lonidamine in several phase 3 trials in several
cancers including lung cancer Unfortunately, these results
were rather disappointing as only one study detected a
statistically significant higher response rate and better survival
in patients treated with lonidamine-containing regimens. The
glucose analog 2-deoxyglucose, another inhibitor of HK2,
demonstrated promising effects in preclinical models (157).
Despite the results, its success as a single glycolysis inhibitor
has become controversial as the drug activates multiple pro-
survival pathways in cancer cells and studies in prostate
cancer documented insignificant effects on tumor growth! (120).
Combination therapy of paclitaxel and 2-deoxyglucose in a
NSCLC xenograft model resulted in a remarkable reduction in
tumor growth than when compared with either agent alone (121).
This observation presents a rationale for the initiation of clinical
trials using chemotherapy in combination with 2-deoxyglucose,
in order to increase their clinical effectiveness.

Inhibition of Phosphofructokinase
Isoforms (PFK)

As previously described, the conversion of fructose-6-phosphate
to fructose-1,6-bisphosphate by PFK1 is the committed rate-
limiting step of glycolysis. Fructose-2,6-bisphosphate is a
potent activator of PFKI1. The concentration of fructose-2,6-
bisphosphate is determined by a family of bifunctional enzymes
PFK-2/FBP (PFKFB) which consists of four iso-enzymes. The
high kinase/phosphatase ratio of the iso-enzyme encoded by
the PFKFB3 gene, results in sustained high glycolytic rates.

As in colon cancer, loss of PTEN, stabilization of HIF-1, and
activation of RAS in lung cancer cells, converge to increase the
activity of PFKFB3. The small-molecule inhibitor 3PO inhibits
the PFKFB3 iso-enzyme through competition with fructose-6-
phosphate without inhibition of PFKI1 activity. In vitro, 3PO
attenuates the proliferation of several human cancer cells and
exhibits selective cytostatic activity to RAS-mutated epithelial
lung cancer cell lines relative to their healthy counterparts
(127). In vivo, the administration of 3PO reduces growth of
lung adenocarcinoma cells. The optimization of this class led
to a more potent inhibitor of PFKFB3, i.e., PFK158. In vitro,
PFK158 results in a decreased uptake of glucose and the release
of lactate as well as induction of apoptosis in gynecologic
cancer cell lines (128). Furthermore, PKF158 treatment sensitizes
chemoresistant cells and induces cell death. These findings
indicate that chemotherapy in combination with PFK158 may
have a role in the treatment of chemoresistant cancer. Safety
and toxicity studies in animals have demonstrated that PFK158
is well-tolerated with a good therapeutic index, lending further
support for a phase 1 clinical trial in patients with metastatic solid
malignancies (NCT02044861).

Inhibition of GAPDH

The glycolytic enzyme GAPDH plays a critical role in the
cellular redox balance by the generation of NADH, which is
involved in the regulation of ROS and in biosynthetic processes
of macromolecules. Apart from its glycolytic function, tumor-
specific roles of GAPDH include chemoresistance, metastatic
potential, protection of cancer cells from apoptosis, and cell
cycle regulation (158-160). Given the central role of GAPDH,
its inhibition triggers a cascade that may lead to cell death.
Under normal conditions, degradation of accumulated GAP
and DHAP results in the formation of the cytotoxic metabolite
methylglyoxal, which enters the glyoxalase system to undergo
detoxification. However, in the presence of oxidative stress and
glutathione depletion, the glyoxalase system fails to detoxify
the cytotoxic metabolite resulting in apoptosis (161). Several
GAPDH inhibitors have been tested in cell cultures and animal
models for their efficacy (162). However, the ubiquitous nature
of GAPDH and the resulting systemic toxicity needs to be
addressed in clinical trials. A promising GAPDH inhibitor is
the pyruvate analog 3-bromopyruvate. Bromopyruvate is a
powerful anti-cancer agent that not only interferes with the
process of glycolysis but also impacts the TCA- and folate cycle
(122, 163). Unfortunately, the molecule faces many biochemical
and practical problems, such as rapid inactivation by the thiol
groups of e.g., glutathione and venous irritation during infusion
(164). Lack of early tumor response, the resistance of cells rich
in glutathione, the lack of crossing the blood-brain barrier,
and the phenomenon of enhanced permeability and retention
prevents the approval of 3-bromopyruvate in clinical trials.
Notwithstanding the induction of apoptosis in breast cancer cell
lines, bromopyruvate was observed to trigger autophagy, which
increased resistance to bromopyruvate treatment (123, 129). In
colon cancer, bromopyruvate treatment rendered resistant cells
susceptible to 5-fluorouracil and oxaliplatin (124). Malignant
cells, treated with bromopyruvate, were observed to have
a larger uptake of chemotherapeutic drugs resulting in a
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restoration of susceptibility to these drugs. Overexpression
of drug-expelling ATP-binding cassette transporters (ABC)
prevents accumulation of chemotherapeutic drugs into
cancer cells, eventually leading to drug resistance. Since
these transporters are dependent on ATP production through
enhanced glycolysis, inhibition of the glycolytic pathway with
bromopyruvate may restore the susceptibility of malignant cells
to chemotherapy.

Pyruvate Kinase (PK): Inhibitors or

Activators?

The discovery that the expression of PKM2 results in a growth
advantage for malignant cells raised the hypothesis that the
enzyme could be an interesting target for cancer treatment. The
inhibition of PKM2 may result in the accumulation of glycolytic
intermediates that feed biosynthetic pathways resulting in tumor
proliferation. As demonstrated by Anastasiou et al., oxidative
stress results in the oxidation of PKM thereby suppressing its
activity and supporting the diversion of glycolytic intermediates
into the PPP resulting in the generation of NADPH and
restoration of the redox balance (165). Activators of PKM2
could be interesting cancer drugs, mainly when administered
in combination with treatments that disrupt the cellular
redox balance, such as radiotherapy and chemotherapeutics.
In contrast, other investigators demonstrated that inhibition of
PKM?2 increases cell death in mouse xenograft models (166).
This discrepancy may result from different cellular responses to
variable degrees of hypoxia (167). Mild hypoxia results in the
production of hydrogen peroxide, which ultimately promotes
signaling pathways that are critical for the response to hypoxia.
In this setting, oxidation of PKM2 leads to inactivation of the
glycolytic flux and increased flow through the PPP. As a result,
the production of NADPH prevents the accumulation of ROS
and oxidative damage. During severe hypoxia, the O, supply
to the electron transport chain becomes compromised, resulting
in a reduction of mitochondrial ATP production and hydrogen
peroxide. As a consequence, cancer cells depend on the PK
activity for the production of ATP. In conclusion, depending
on the degree of hypoxia, both PKM2 activators and inhibitors
could be beneficial. Indeed, in severely hypoxic cells PKM2
inhibitors may prevent ATP production, whereas PKM activators
may result in oxidative damage in cells with moderate O levels.
Shikonin is a potent and specific inhibitor of PKM2. Incubation
of lung cancer cells with shikonin resulted in a reduced glycolytic
rate as manifested by decreased glucose consumption and lactate
production (130).

Inhibition of Pyruvate Dehydrogenase
Kinase (PDK)

PDKs and PDH are mitochondrial enzymes that determine the
proportion between the Warburg effect and aerobic respiration
(168). As overexpression of PDKs has been detected in several
human cancer samples and has been associated with a dismal
prognosis in several other cancers, new drugs that inhibit PDKs
may be used to treat a variety of cancers and may provide
a new kind of antineoplastic class (96). In addition, the low

expression of PDK in normal tissue may spare healthy cells and
adverse effects may be minimal. Several PDK inhibitors have been
reported, although their clinical efficacy needs confirmation.
Dichloroacetate (DCA) has been identified as an activator of
PDH by inhibition of PDK activity and has successfully entered
into phase 2 trials in treating brain tumor patients (136). The
consequences of DCA on lung cancer cells and animal models
were explored in detail by Bonnet et al. who demonstrated that
administration of DCA resulted in a shift from glycolysis to
OXPHOS (137). Furthermore, this shift in metabolism led to
higher levels of ROS and a decreased mitochondrial membrane
potential in lung and several other malignancies without any
effect on standard cell lines. The activation of the mitochondrial
function resulted in apoptosis due to the efflux of pro-apoptotic
mediators from the mitochondria. Despite these encouraging
results, the application of DCA in the treatment of cancer is
plagued by its low potency and the need for high dosages
to exhibit therapeutic effects, resulting in toxicities, such as
peripheral neurological toxicity (169). Due to high risk/safety
concerns, the NCT01029925 trial investigating the response rate
of DCA in patients with recurrent and advanced NSCLC was
closed prematurely. Therefore, clinical trials with more potent
and selective PDKs inhibitors, such as AZD7545 are of significant
importance (138).

Inhibition of Lactate Dehydrogenase a
(LDH-A)

LDH-A has an essential role in perpetuating a high rate of
glycolysis by the regeneration of NADT making it a potential
therapeutic target. Inhibition of LDH-A by the small molecule
inhibitor FX11 increased non-productive mitochondrial
respiration, leading to reduced ATP levels, increased O,
consumption, ROS production, and cell death. In addition, the
molecule inhibited the progression of lymphoma and other
cancer xenografts (131). In combination with FK866, another
metabolic inhibitor that inhibits NAD™ synthesis, FX11 can
induce lymphoma regression. Quinoline 3-sulfonamide, another
LDH-A inhibitor, has been studied in multiple cancer cell
lines by Billiard et al. (132). LDH-A inhibition resulted in
increased intracellular concentrations of glycolytic and TCA
cycle intermediates, consistent with blockage of glycolysis
and enhanced TCA cycle activity, respectively. However,
the unacceptable pharmacokinetic profile, i.e., the low in
vivo clearance and the low oral bioavailability, prevents
further use in vivo. To improve the cellular potency of LDH
inhibitors, structure based designs, such as substitution of
the hydroxylactam core, were utilized to create a novel series
of LDH-A inhibitors. This strategy resulted in the discovery
of GNE-140, a molecule that inhibits proliferation in several
cancer cell lines and mice. The combination of high potency,
modest permeability and a low plasma protein binding makes
it a promising metabolic drug (134). More recently, Kim
et al. demonstrated that the inhibitory concentration of
PSTMB was significantly lower than that of other LDH-A
inhibitors which may result in less toxicity (135). These authors
demonstrated that PSTMB induces apoptosis in lung cancer
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cell lines, through induction of ROS production. In breast
cancer, it was demonstrated that LDH-A plays a vital role in
taxol resistance. Treatment of breast cancer cell lines with the
LDH-A inhibitor oxamate and taxol resulted in a synergistic
inhibitory effect on taxol resistant cancer cells by promoting
apoptosis in these cells (133). This result provides evidence
for the future development and use of metabolic therapies to
overcome chemoresistance.

Monocarboxylate Transport Inhibitors
Depending upon the isoform of MCT, lactate could be imported
(MCT1) or exported (MCT4). Intracellular trapping of lactate
will result in intracellular acidification, causing cell death. Recent
studies with AZD3965, a potent, selective inhibitor of the MCT1
have demonstrated that the drug inhibits the transport of lactate
and cell growth in cancer cells. The drug is currently tested
in a phase 1 clinical trial that enrolls patients with advanced
solid tumors or lymphoma that are refractory to conventional
treatment or for which no conventional therapy exists. In
addition, the disruption of lactate/H' symporters has also been
studied via genetic tools. Marchiq et al. studied the effect of
knocking out the BASIGIN (BSG) and MCT4 genes on the
metabolism of colon adenocarcinoma and glioblastoma cells
(170). In their study, the authors found a strong reduction of
the rate of glycolysis as expected. However, upon inhibition
of MCT1 by the MCT1 inhibitor AR-C155858, the cells O,
consumption increased, thus indicating a rapid shift from
glycolysis to OXPHOS. The authors went one step further
and showed that the disruption of MCT4 and BSG sensitized
the glycolytic tumor cells to phenformin, an inhibitor of
mitochondrial complex I. Due to the rapid decrease in cellular
ATP by disrupting both glycolysis as well as OXPHOS, cell
death by “metabolic catastrophe” was observed. This observation
confirmed their larger dependency on OXPHOS following the
disruption of glycolysis. Similar shifts toward OXPHOS were
later reported in cancer cells following disruption of glucose-6-
phosphate isomerase and LDHs as covered in a mini-review by
Zdralevi¢ et al. (171).

Inhibition of Mutant Isocitrate

Dehydrogenase

As mentioned before, mutations in IDH iso-enzymes result in
the production of the oncometabolite 2-hydroxyglutarate, which
has been linked to the interference with metabolic and epigenetic
alterations responsible for cellular differentiation. Recently, the
IDH1 inhibitor enasidenib, and IDH2 inhibitor ivosidenib, were
approved in the treatment of patients with acute myeloid
leukemia (AML) (172). GSK864 and GSK321 are promising
potent inhibitors of IDH1 but have not yet entered clinical trials.
Existing clinical and preclinical data in hematologic and solid
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tumors and the potential limitations of treatment were recently
discussed by Golub et al. (172).

CONCLUSIONS

Metabolic instability caused by environmental influences or
perturbations in certain enzymes and substrates may result in
mutations in oncogenes and tumor suppressor genes, leading to
activation or inhibition of signaling pathways and transcriptional
networks which account for the metabolic reprogramming
observed in cancer cells. These metabolic adaptations are
mandatory for the requirements of rapidly dividing cells: a
rapid ATP generation to maintain energy status, an increased
biosynthesis of biomolecules and the maintenance of the cellular
redox balance. The metabolic phenotype of lung cancer cells
is characterized by increased glucose uptake and glycolytic
activity. However, new insights reveal the importance of other
glucose-related pathways, such as gluconeogenesis, the TCA
cycle and OXPHOS. Specific variations in the metabolism
of cancer depend not only on the genetic alterations but
also on environmental factors, such as vascularization and
the supply of oxygen and nutrients. Targeting the metabolic
differences between cancer and healthy cells may turn into a
novel, promising anticancer strategy. Several recent studies have
focused on targeting the cellular metabolic pathways in cancer
cells. However, pharmacologic studies are primarily carried out
using cell lines or xenograft models. To avoid the same types of
toxicity that plague the current chemotherapeutic regimens, the
toxic effects of inhibiting glycolytic enzymes in healthy cells needs
further investigation. Besides, due to the metabolic plasticity
exhibited by cancer cells, cancer cells could develop resistance
to inhibition of a particular pathway through upregulation of
alternative pathways, such as glutaminolysis and OXPHOS or
through interaction with neighboring cells that may also provide
precursors for their metabolic needs.
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Endometrial cancer is the fourth most frequent neoplasia for women worldwide, and over
the past two decades it incidence has increased. The most common histological type of
endometrial cancer is endometrioid adenocarcinoma, also known as type 1 endometrial
cancer. Endometrioid endometrial cancer is associated with diverse epidemiological
risk factors including estrogen use, obesity, diabetes, cigarette smoking, null parity,
early menarche, and late menopause. Clinical effectiveness of chemotherapy is variable,
indicating that novel molecular therapies against specific cellular processes associated
to cell survival and resistance to therapy, such as autophagy, urged to ameliorate
the rates of success in endometrial cancer treatment. Autophagy (also known as
macroautophagy) is a specialized mechanism that maintains cell homeostasis which
is activated in response to cellular stressors including nutrients deprivation, amino
acids starvation, hypoxia, and metabolic stress to prolong cell survival via lysosomal
degradation of cytoplasmic macromolecules and organelles. However, in human cancer
cells, autophagy has a controversial function due to its dual role as self-protective or
apoptotic. Conventional antitumor therapies including hormones, chemotherapy and
ionizing radiation, may activate autophagy as a pro-survival tumor response contributing
to treatment resistance. Intriguingly, if autophagy continues above reversibility of cell
viability, autophagy can result in apoptosis of tumor cells. Here, we have reviewed
the mechanisms of autophagy described in endometrial cancers, including the role
of PIBK/AKT/mTOR, AMPK-mTOR, and p53 signaling pathways that trigger or inhibit
the process and thus representing potential molecular targets in therapeutic clinical
approaches. In addition, we discussed the recent findings indicating that autophagy
can be modulated using repurposing drugs which may leads to faster experimentation
and validation, as well as more easy access of the medications to patients. Finally, the
promising role of dietary compounds and microRNAs in autophagy modulation is also
discussed. In conclusion, although the research about autophagy is scarce but ongoing
in endometrial cancer, the actual findings highlight the promising usefulness of novel
molecules for directing targeted therapies.

Keywords: endometrial cancer, autophagy, AKT/mTOR pathway, microRNAs, therapy
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ENDOMETRIAL CANCER

Endometrial cancer is the fourth most frequent neoplasia for
women worldwide (1). The incidence of endometrial cancer has
increased around than 20%, and currently, ~1 in 37 women will
develop endometrial cancer during their lifetime (2, 3). The age
of onset of endometrial cancer is typically in postmenopausal
women, although in the last decade the incidence in young
women has dramatically increased as a result of earlier-onset
obesity and hyperinsulinemia (4). The mean age at cancer
diagnosis is 63 years. Endometrial cancer is originated in the
uterine epithelium and can be classified into diverse histological
subtypes: (i) endometrioid endometrial cancer (EEC, or Type
I), (ii) serous endometrial cancer (SEC, or Type II), (iii) clear
cell endometrial cancer (CCEC, or Type II), and (iv) mixed
endometrial cancer and uterine carcinoma (USC), which have
different clinical and molecular features, as well as prognosis
and therapeutic regimen (5). Type I tumors are the most
frequent subtype representing about 70% of diagnosed cases,
they are low grade and associated to estrogen stimulation,
whereas type II tumors are generally high grade, estrogen-
independent, less common, clinically aggressive, metastatic,
and exhibit a increased risk of relapse after chemotherapy.
Type II tumors accounts for 10% of endometrial cancers,
but it's related with poor prognosis and 40% deaths (2, 5).
However, a large study of the Epidemiology of Endometrial
Cancer Consortium USA suggested that the etiology of type
II tumors may not be completely estrogen independent (6).
Endometrioid endometrial cancer is associated with diverse
epidemiological risk factors including unopposed estrogen use,
obesity, diabetes, cigarette smoking, null parity, early menarche
and late menopause (6, 7). Increased risk for endometrial cancer
development is associated in less extend with: (i) Lynch syndrome
(2-6% of ECs) caused by monoallelic germline mutation in
MLH1, MSH2, MSH6, or PMS2 mismatch repair genes (8),
(ii) polymerase proofreading-associated polyposis attributed to
germline mutations of the DNA polymerase-delta 1 (POLDI)
or DNA polymerase-epsilon (POLE) (9), and Cowden syndrome
caused by tumor suppressor PTEN mutations (10). Combinatory
therapy with carboplatin and paclitaxel is the main front-line
chemotherapy in endometrial cancer (11). These agents are
characterized by its capacity to generate DNA damage and bock
the proper polymerization of actin microtubules in cytoskeleton,
respectively (12). However, its clinical effectiveness is variable,
indicating that novel molecular therapies against specific cellular
processes associated to cell survival and therapy resistance,
such as autophagy, urged to ameliorate the rates of success in
endometrial cancer therapies.

AUTOPHAGY: MECHANISMS AND
FUNCTIONS

Autophagy (also known as macroautophagy) is a highly
specialized and evolutionarily conserved process that maintains
cell homeostasis (13). Autophagy is activated through a
specific transcriptional program (see below) in response to

continuous cellular stressors including nutrients deprivation,
amino acids starvation, hypoxia, and metabolic stress (14).
This self-eating cellular mechanism prolongs survival under
diverse stressors via lysosomal degradation of cytoplasmic
macromolecules and organelles (15). The autophagic flux is
characterized by: (i) the enclose of intracellular cytoplasmic
components, macromolecular complexes, long-lived soluble and
aggregated proteins, and cellular organelles in vesicles dubbed as
autophagosomes, (ii) the degradation of cytoplasmic constituents
by fusion of autophagosomes in the lysosomes, and (iii) the
reuse of ATP and other molecules for cell biosynthesis. Two
main features distinguish the catabolic autophagy: (i) basal
autophagy which carried out a key function in homeostasis by
reducing the pool of lasting proteins and organelles. Normal
cells activate basal autophagy in response to diverse stressors
as a temporary cell survival mechanism (16), (ii) induced
autophagy in disease conditions, for instance in human cancer
cells autophagy has a controversial and complicated function due
to its dual role as self-protective or apoptotic. It has been reported
that antitumor therapies including hormones, chemotherapy
and ionizing radiation, may activate autophagy as a pro-
survival tumor response contributing to treatment resistance.
Intriguingly, if autophagy continues beyond reversibility of cell
viability, autophagy can result in apoptosis of tumor cells (17).
The dual role of autophagy during carcinogenesis difficult the
efforts to understand how to modulate it to achieve successful
treatments, suggesting that genetic mutational background and
tumor cell type specific knowledge should be required (18).

In mammalian cells, autophagy depends on the function of
the core autophagy proteins (ATG) which initiate the assembly
of the omegasome at reticullum endoplasmic, followed by the
phagophore formation and later the autophagosomes which
fused with lysosomes (19). Briefly, the molecular autophagic
pathway can be divided in three steps: (i) after a stimulus, such
as nutrients starvation, the ATG proteins are assembled into
functional ULK 1/2 and PtdIns3P protein complexes, which
are engaged to inner membranes to begin the formation of
the omegasome (20). The ULK complex is formed by diverse
proteins including ULK1, ULK2, ATG13, RBCC1/FIP200, and
ATG101; whereas the class III lipid kinase complex I is formed
by ATG14, BECN1/Beclin 1, PIK3R4/p150, and PIK3C3/VPS34.
Initiation of autophagy begins when the ULK complex is
activated by AMPK kinase (or repressed by mTORC1) at the
endoplasmic reticulum membranes that have been previously
marked by ATG9 resulting in the formation of the omegasome.
Remarkably, there are evidences suggesting that Golgi apparatus
is important for the production of ATG9-containing vesicles
(named the ATG compartment visualized as small vesicles
and tubules) that nucleate the membranous structures shaping
the omegasome in order to merge with the phagophore (21).
(ii) Then, the phosphatidylinositol 3-kinase (PtdIns3-kinase)
complex is recruited at the reticulum endoplasmic generating
curved structures that contain PtdIns3P favoring the recruitment
of PtdIns3K complex I, and also facilitating the assembly of
PtdIns3P and gathering of WIPI2B, and the E3-like complex
(ATG12-ATG5-ATG16L1). The Ptdlns3k complex I consist of
phosphatidylinositol 3-phosphate (PtdIns3P), the WIPI proteins;
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two ubiquitin-like conjugation complexes: (i) one conjugates
ATGI2 to ATGS5 together with ATGI16L1 (ATG7, ATG10),
and (ii) other that lipidated the Atg8 proteins (ATG7, ATG3,
LC3A, GABARAPLI, and GABARAPL2/GATE-16), and ATG9.
(iii) Finally, the phagophore is closed; the double-membrane
autophagosomes matures and then take place the SNAREs-
mediated fusion with lysosomes to degrade its contents (22).

Autophagy has been conceived as a process where intense
vesicular trafficking leading to recycling of cytosolic components
is the common characteristic, recent evidences showed that
transcriptional control of their main molecular players
represents also a major regulatory event. Transcription
factors TFEB, MiT, and fork-head box members (FOXO)
like FOXO1, FOXO3, FOXO4 regulate the expression of
diverse autophagy genes including ATG4, ATG12, BECNI,
LC3, BNIP3, LC3, ULK1, ULK2, and VPS34 (23, 24). For
instance, autophagy flux is controlled by TFEB transcription
factor which after phosphorylation is retained in cytosol
resulting in inhibition of target genes expression. Conversely,
after nutrient starvation the TFEB dephosphorylation
causes translocation to the nucleus where it binds to target
gene promoters involved in autophagy initiation (BECNI,
WIPII, ATGY9B, and NRBF2) autophagosome membrane
elongation (GABARAB, MAPILC3B, and ATGS5), substrate
capture (SQSTMI), and autophagosomes trafficking and
fusion with lysosomes (UVRAG, RAB7). This fine tuning of
autophagy genes expression is regulated by mTOR and AKT
kinases. In addition p53 transcription factor also controls
the expression of key genes for autophagy induction (LKBI,
ULK1/2), and autophagosome maturation (ATG4, ATG7, and
ATG10) (25).

MUTATIONS IN AUTOPHAGY GENES IN
ENDOMETRIAL CANCER

In an outstanding paper, Lebovitz and coworkers reported
a Pan-cancer study in patient samples and reveal frequent
mutations in autophagy genes in endometrial cancer (26).
Using data from The Cancer Genome Atlas 211 autophagy-
related genes were surveyed for alterations in DNA sequence
and mRNA expression. Authors found somatic mutations
in a number if autophagy genes including RB1CC1/FIP200,
WDR45/WIPI4, ULK4, and ATG7 in endometrial carcinoma
and clear cell renal carcinoma. Remarkably, endometrial
carcinomas showed a high number of mutations in ATG4C,
RB1CCI1/FIP200, and ULK4 genes. Also, common mTOR
sequence alterations including C1483F and S2215Y hotspot
mutations were detected. Moreover, mutations were also
observed in endometrioid endometrial tumors including patients
that carried out double mutations for PTEN and mTOR genes.
Moreover, a truncating mutation (R1321*) in RB1CC1 gene was
found suggesting autophagy induction may be compromised
in patients with type I tumors. In contrast, type II serous
tumors exhibited a significant increase of the autophagy
inductor CDKN2A.

TARGETING SIGNALING PATHWAYS
CONTROLLING AUTOPHAGY IN CANCER
ENDOMETRIAL

Diverse approaches to target genes or signaling pathways
controlling autophagy are focused in intervention of the
autophagic flux. The autophagic flux assays measure autophagic
system’s degradation activity (27). These methods track the
formation and accumulation of autophagosomes, as well as
their fusion with lysosomes and the degradation of their
content in them. Immunoblotting and immunofluorescence
analysis allows the indirect assessment of the number of
autophagosomes based on the abundance of MAPI1LC3/LC3-
II protein. LC3 is known for incorporating into the
autophagosome membrane; also a cytosolic form of LC3
(LC3-I) is conjugated to phosphatidylethanolamine to form
LC3-phosphatidylethanolamine conjugate (LC3-II), which
in turn is recruited to autophagosomal membranes. Other
proteins, including p62/SQSTM1 (sequestrosome 1), contain
domains that interact with LC3 and serve as adapters between
ubiquitinated protein structures and damaged organelles and
autophagic machinery. Another important marker of autophagic
flux is p62 protein which is located in the autophagosome
and is continuously degraded, observing reduced levels when
autophagy is activated and an accumulation of p62 when
autophagy is inhibited. Immunofluorescence also allows
following of autophagy and formation of autophagosomes using
antibodies or expression vectors fused to autophagic proteins. An
example is vector GFP-LC3; in basal circumstances the GFP-LC3
protein is uniformly distributed in the cytoplasm, however when
autophagy is activated, GFP-LC3 is recruited to the phagosomal
membrane, generating punctual signals fluorescents in the cell.
Finally, transmission electron microscopy (TEM), considered as
the gold standard in many autophagy research applications, has
the advantage of allowing a direct assessment of autophagosomes
in cells (28).

Autophagy Therapies Related to
AKT-mTOR Pathway Inhibition

The aberrant activation of phosphoinositide 3-kinase (PI3K) and
the mammalian target of rapamycin (mTOR) signaling occur
frequently during the progression of endometrial malignancies.
The PI3K/AKT/mTOR signaling is pivotal in regulation of gene
transcription, invasion, proliferation, cell survival, and central in
the metabolism through regulation of enzymes like Glyoxalase
2 (Glo2) and glyoxalase 1 (Glo1) promoting cancer progression
(29, 30). Master regulator mTOR is a serine/threonine kinase
with pivotal roles in autophagy that function downstream of
PI3K/AKT pathway (31). Under normal cell conditions mTOR
impairs autophagy by phosphorylation of mAtgl3 and ULKI;
whereas in the opposite way after rapamycin stimulation or
nutrients starvation, mTOR kinase is repressed (32). Next, we
will summarize diverse studies that describe the regulation
of autophagic activity through mTOR signaling pathway.
Lin et al. (33) reported that oncogene FAMS83B expression
was significantly higher in endometrial cancer cell lines and
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tissues relative to normal tissues, and it was associated with
myometrial invasion, poor survival, and FIGO II-IV stages (33).
Functional analysis showed that FAM83B knockdown leads to
the suppression of PI3K/AKT/mTOR pathway, while stimulates
autophagy. Furthermore, activation of the pathway turned back
the effects of FAMS83B silencing-induced autophagy and cancer
hallmarks in endometrial cancer cells (33).

In another study, Kanda and colleagues demonstrated that
glucagon-like peptide-1 receptor (GLP-1R) agonist liraglutide
stimulates autophagy via AMPK pathway in endometrial cancer
cells. Authors first showed that treatments with GLP-1R
agonist significantly inhibited Ishikawa endometrial cancer cells
growth and induced apoptosis. Interestingly, liraglutide also
induced autophagy characterized by accumulation of cytoplasmic
autophagosomes, higher LC3 expression, decreased p62 levels,
and an increased phosphorylated ratio of AMPK kinase (34).

On the other hand, functional links between resistance to
chemotherapy and autophagy have been dilucidated. Progestins
have been used as conservative endocrine treatment in young
early endometrial adenocarcinoma patients (35). However, up
to 30% of patients showed progestin treatment resistance. Using
in-home generated progestin-resistant cells, Liu and coworkers
showed that resistant cells acquired increased cell proliferation
and resistance to autophagy revealed by a decrease in beclin-1,
ATG3, ATG5, and LC3B protein expression relative to parental
no resistant cells (36). These changes were associated with
PI3K/AKT/mTOR signaling activation. Moreover, treatment of
cells with RADO001, a novel mTOR inhibitor, resulted in low
mTOR phosphorylation and suppressed the cell proliferation
of progestin-resistant endometrial cancer cells by activating
autophagy. These data suggested that mT'OR can be a therapeutic
agent associated to progestin-resistance and autophagy in
endometrial cancer (37). In a preclinical study it was reported
that RADO001 (known as everolimus), an mTOR inhibitor,
suppressed tumor growth and cell proliferation and promoted an
additive cytotoxic effect when use together other chemotherapy
agents. The underlying mechanisms of RADO01 treatment is
based on the inhibition of AKT and mTOR phosphorylation
(Figure 1), associated to up-regulation of LC3II protein in
Ishikawa (IK) and HEC-1A endometrial cancer cells lines. In
addition, an increase in cell death was found after RADO001
treatments in combination with paclitaxel, and interestingly these
effects were suppressed after autophagy inhibition (37).

Another effective compound used in endometrial cancer cells
is ABTL0812, a fatty acid-derived molecule which may targets the
PI3K/AKT/mTOR axis (38). ABTL0812 is an alternative for first
line therapy focused in autophagy. Evaluation of its efficacy into
IK, AN3CA, and HEC-1A endometrial cancer cell lines showed
that ABTLO0812 reduced cell viability, promoted the activation
of the pro-apoptotic pathway and autophagy induction by
TRIB3 overexpression (a negative regulator of AKT1) promoting
downregulation of mTOR resulting in autophagy activation
(Figure 1) and the transformation of soluble LC3 (LC3-I) to a
lipidated form (LC3-II) (38). This molecular mechanism places
ABTLO0812 as an excellent first-line treatment.

On the other hand, diverse antitumor therapies that have
abilities to stimulate autophagy are the combinational use of

mTOR inhibitors and proteins related with immune system like
interleukins. Natural killer (NK) cells functions are important for
sustained tumor growth and therapy response (39) and recently
it was shown that both effects exerted by NK cells were enhanced
by interleukin (IL)-27. The evidence indicates that IL-27 secreted
by endometrial cells may trigger the activation of NK cells in a co-
culture system. Related with immune regulation, the Rapamycin
is an immunosuppressant and specific inhibitor of mTOR and
it has been show that exposure to rapamycin synergistically
activates the cytotoxicity of NK cells associated to overexpression
of IL-27 (Figure 1). Importantly, this cytotoxicity was favored
by the stimulation of rapamycin-mediated autophagy, a signal
that was amplified by IL-27, further promoting a suppression
of endometrial cancer progression. However, IL-27 could not
directly impair cell death and the growth of endometrial cancer
cells, but in combination with rapamycin and cisplatin amplifies
these effects (40). This knowledge about autophagy activation by
mTOR inhibitors and immune system participation is a novel
promising direction for endometrial cancer therapies.

Cisplatin (CDDP) and related platinum salts-based molecules
are cytotoxic drugs that directly damage the double strand of
DNA, inhibiting DNA replication, impairing cellular mitosis and
inducing cancer cells death (41). The mechanisms underlying
the effects induced by CDDP include the production of reactive
oxygen species (ROS), the peroxidation of lipids, activation
of p53 signaling, cell cycle arrest, and activation of intrinsic
and extrinsic pathways of apoptosis (42). Lin et al. (33)
reported that cisplatin modulated the autophagy flux in the
endometrial cancer cell line Ishikawa through inhibition of the
PI3K/AKT/mTOR signaling. Total and phosphorylated PI3K,
AKT, and mTOR proteins were downregulated after treatment
with CDDP. Moreover, after cisplatin intervention the number
of autophagosomes was augmented relative to untreated controls.
Also, the treatment of Ishikawa cells with a PI3K activator, IGF1,
partially reversed the effect of CDDP on cell autophagy. These
data indicate that conventional cytotoxic therapies may activates
autophagy in endometrial cancer cells.

Autophagy Therapies Related to p53

Pathway

The mismatch repair (MMR) system play a pivotal role in
repairing the DNA polymerase errors including diverse types
of base mismatches. The MMR machinery activates also cell
cycle checkpoints and apoptotic responses following some types
of DNA damage including those caused by Snl-methylating
agents N-methyl-N-nitro-N-nitroso guanidine and N-methyl-N-
nitrosourea and cisplatin, 5-fluorouracil, temozolomide, and 6-
TG (43). The p53 gene is tumor suppressor which plays a key role
in safeguarding the genome integrity and it’s also an integrator
of diverse stressors, such as DNA damage, hypoxia, cell cycle
arrest, and programmed cell death (44). After incubation with
methylating agents N-methyl-N-nitro-N-nitroso guanidine and
N-methyl-N-nitroso urea, the MMR machinery binds to O6-
methyl guanine adducts triggering the induction of p53 and
apoptosis (45). Zeng et al. (46) analyzed the roles of MMR
and p53 signaling in activation of autophagy and apoptosis
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FIGURE 1 | Targeting of pro-autophagy factors in endometrial cancer. Pro-autophagic chemical (pills) or natural compounds (leaf) tested in endometrial cancer cells.
AKT inhibitors are used as the main strategy to activate autophagy, and include ABTL0O812, FVE, ITR, RAD0O1, and cordyceps. Other strategies exploit the
enhancement of mTOR inhibitors effectiveness through the modulation of AMPK, ERK, and ER-alpha using agents such as ecla-15, ISL, MYH2256, metformin, and
statins. Statins and SI113 may induce cytosolic expression of p21, which leads to endoplasmic reticulum stress and autophagy.

using MLH1-/MLHI1+ colorectal cancer cells (HCT116) as  repair pathway was required for 6-TG-indiced autophagy, and
well as MSH2-/MSH2+ endometrial cancer cells (HEC59) after ~ that p53 tumor suppressor was pivotal for transducing signals
exposure to 6-thioguanine (6-TG). Authors found that MMR  from MMR to the autophagic pathway. MSH2 protein was
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essential for induction of autophagy after 6-TG " treatments in
endometrial HEC59 (MSH2+, MMR+) cancer cells. Moreover,
Atg5 knockdown resulted in enhanced cell death in HCT116
(MLH1+, MMR+) cells following MMR repair of 6-TG damage.
In addition, the induction of autophagy resulted in inhibition of
apoptosis in response to 6-TG damage, maybe by degradation of
damaged mitochondria (46).

EPIGENETIC INHIBITORS AS
MODULATORS OF AUTOPHAGY IN
ENDOMETRIAL CANCER

A link between histone deacetylases inhibitors and mTOR
pathway came from a recent study in endometrial stromal
sarcomas which are rare tumors representing <1% of all
uterine malignancies (47). Histone deacetylases (HDACs) and
histone acetyl transferases (HATSs) are enzymes that catalyze the
modification of histone proteins inducing changes in chromatin
structure and function. An increase in histones acetylation in
a specific gene promoter results in activation of expression
of oncogenes. Therefore, HDACs play pivotal roles in the
development of diverse human tumors; thus HDAC targeting
with inhibitors represents a promising approach in cancer
therapies (48). Another HDAC inhibitor is the suberoylanilide
hydroxamic acid (SAHA) which blocks HDACs activity inducing
cell differentiation, cell cycle arrest, and cell death of cancer cells
(49). In ESS-1 cells, the suppression of mTOR by SAHA leads
to impairment in cell proliferation (50). Recent data showed
that increased phosphorylation of the S6 ribosomal protein
Sérp was involved in autophagy activation. Phosphorylation of
p70S6K kinase (Ser235/236) which in turns phosphorylates S6rp
regulating in this way the synthesis of proteins involved in cell
growth and cell cycle progression in ESS-1 cells but not in HESCs
(51). ESS-1 cells were more sensitive to SAHA inhibitor than
normal endometrial stromal cells, and significantly inhibited the
proliferation of ESS-1 cells by inducing cell cycle arrest and
activating autophagic process. The data suggested that activation
of autophagy by modulating HDAC:s activity could have clinical
potential in treatment of uterine and endometrial sarcomas (52).

On the other hand, recent evidence has implicated p53 as
an unexpected player in autophagy regulation via apoptosis
activation (53). Several studies have shown that HDACs
inhibitors have a potential clinical value in endometrial cancer
therapy. For instance, it was showed that MHY2256, an inhibitor
of sirtuin (SIRT) protein, has antitumor effects inducing the
acetylation of p53 protein in estrogen positive breast cancer
cells (54). Further, the same group reported that MHY2256
treatment in endometrial cancer cells enhanced late apoptosis
and significantly reduced tumor growth in a mouse xenograft
model (55). The anticancer activity autophagy-associated in
Ishikawa cells was observed at low concentrations of MHY2256
leading to increases of LC3-II and autophagy-related protein 5
(ATGS5), furthermore MYH2256 significantly increased the red
florescence acidic vesicular organelles (55). There is a possibility
that the mechanism of autophagy activation was related to cell
cycle regulators p21 and acetylated p53 (Figure 1). Some reports

highlight this possibility. For example, it was reviewed that
p53 mediated autophagy-regulation by increased of tuberous
sclerosis complex 2 (TSC2) and AMPK, resulting in suppressing
mTOR and the activating ULK1 complex (53). Also, p21 induced
autophagy and senescence in breast cancer (56), and quinacrine
showed antitumor effects by inducing p21-dependent autophagy
in HCT-116 colorectal cancer cells (57). These data suggested
that Sirtuin inhibitors may modulates autophagy and could be
an interesting therapeutic tool in cancer.

ENDOPLASMIC RETICULUM-RELATED
THERAPIES IN ENDOMETRIAL CANCER

Endoplasmic reticulum (ER)-stress is a powerful trigger of
autophagy. It has been reported that ER stress leads to
upregulation of genes related to autophagy activation, including
ATG8, ATGI14, and facilitate the formation of the phagophore
and autophagosomes through ER-membrane bound ATG9 (58).
Interestingly, some therapeutic molecules have been shown to
activate autophagy through this pathway in endometrial cancer
cells. For instance, the serine/threonine protein kinase SGK1
showed anticancer activity because its ability to controls oxidative
and ER stresses. SI113 compound has been recently identified
as a potent and selective inhibitor SGK1 and AKT kinases
activity with the ability to trigger the autophagic process. In
particular, treatment with SI113 in endometrial cancer cells
promoted the increase in LC3B-II and beclinl levels (59).
Activation of autophagy appears to be connected with induction
of apoptosis and the cleavage of both PARP and caspase-9
proteins. Furthermore, these effects were related to the activation
of ER stress GRP78 and CHOP proteins (Figure 1). These
promising effects place the inhibitor as a promising therapeutic
approach in endometrial cancer (59).

AUTOPHAGY MODULATION USING
REPURPOSING COMPOUNDS IN
ENDOMETRIAL CANCER THERAPY

Drug repurposing (also referred to as repositioning or
redirection) refers to the utilization of current therapeutic
medications originally developed for one specific health
condition to treat alternative indications such as cancer, which
leads to easy access of these agents for patients. In addition,
the utilization of these drugs reduces the cost associated to
development of novel oncologic agents (60). For instance,
epidemiologic  studies indicated that dimethylbiguanide
metformin, an orally administered medication commonly
used to maintain low blood glucose in individuals with non-
insulin-dependent diabetes mellitus, have also significant
chemopreventive effects by decreasing the risk to develop
diverse human cancers including colon, pancreatic, breast, and
prostate (61), and recent evidence shows that it is also able
to stimulate autophagy based on activation of AMP-activated
protein kinase (AMPK). On this topic, three reports described
the up-regulation of AMPK, p-AMPK, LC3II, and beclinl after
metformin treatment in endometrial cancer cells (62-64). AMPK
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is an important factor involved in the inhibition of tumor growth
and autophagy triggering. Two mechanisms have been proposed
for modulation of autophagy: (i) the mTOR inhibition by AMPK,
and (ii) the activation of ULK1 to induce autophagic processes
(65). Another investigations combined metformin with natural
agents such as ginseng saponin protopanaxadiol (PPD) resulting
in enhanced anti-tumor effects induced by metformin and
unexpectedly reducing the levels of estrogen receptor alpha. It
has been shown that estrogen stimulated the cell viability and
blocks the cell death and autophagy of Ishikawa and RL95-2
cells, and that combinations of protopanaxadiol and metformin
effectively revers the aforementioned cellular effects (64).
Chloroquine is a therapeutic molecule widely used to treat
malaria disease. Its now known that chloroquine inhibits
autophagy by a mechanisms associated to the increase of
lysosomal pH, and its antitumor effects have been documented
in brain, breast, lung, and colon cancers (66) as well as in
endometrial cancer cells. Interestingly, chloroquine also has
been reported to exert anticancer effects through autophagy-
independent mechanisms such as lysosomal accumulation,
mitochondrial disintegration, selective necrosis of tumoral cells,
normalizing tumor vasculature, and reducing tumor hypoxia,
causing the cancer cell growth inhibition, cell death, and
an increase in the therapy responses (67, 68). Direct effects
of chloroquine in autophagy have been reported by Fukuda
and coworkers which showed that chloroquine intervention
of resistant endometrial cancer cells inhibited autophagy and
partially restored its sensitivity to cisplatin (69). The suppression
of autophagy using chloroquine increased both cisplatin and
paclitaxel-induced cell death in HEC-1A and JEC endometrial
cancer cells; furthermore the sensitivity to cisplatin was increased
after chloroquine intervention. As previously observed, ROS
generation following the treatment with these drugs mediate
the autophagic process by activating of ERK, AMPK, and JNK
signaling, and impairs mTOR pathway (Figure 2) (69). These
data highlight the chemosensitization effects of chloroquine
associated to autophagy inhibition in endometrial cancer cells.
One of the most attractive approaches in oncologic treatments
is the combination of autophagy inhibitors such as sorafenib
with agents like chloroquine to synergize their antitumor effects.
Sorafenib is a FDA-approved broad-spectrum kinase inhibitor
which was initially used as an inhibitor of RAF1 but it
also has inhibitory effects on BRAF kinase (70). Sorafenib is
commonly used in patients with renal cell and hepatocellular
carcinoma, and recently it has been suggested as therapeutic in
endometrial carcinoma (3, 71). However, increased resistance to
sorafebib limited its clinical utilization in patients. Eritja and
coworkers demonstrated that sorafenib resistance was associated
to autophagy endometrial cancer cells. This compound activates
a MAPK/JNK-dependent protective autophagic mechanism in
endometrial cancer after therapeutic stress (3). The evidence
supported that sorafenib exposure in endometrial cancer cells
promoted the modification of LC3B- I to LC3B-II, which was
accompanied by apparition of autophagic structures. However,
in conditions of autophagy, the silencing of Beclin 1 using
siRNAs and chloroquine sensitized endometrial cancer cells
to sorafenib treatment (Figure 2). In vivo studies showed that

targeting autophagy resulted in enhanced sorafenib cytotoxicity
and suppressed tumor growth and pulmonary metastasis. These
results grant novel insights about the role of sorafenib in the
activation of a protective autophagic response as a new strategy
for therapeutic intervention in endometrial cancer (3).

Another valuable approach related to the inhibition of
autophagy as a therapy in endometrial cancer is the use of
bortezomib in combination with platinum-based chemotherapy.
Bortezomib is a novel inhibitor of the 26S proteasome,
which exhibit anticancer properties in diverse types of human
neoplasias including colon, breast, ovarian, and prostate cancer
(72-74). Tts molecular mechanism focuses on the inhibition
NF-kB pathway resulting in augmented sensitivity of cells to
chemotherapy via apoptosis activation (65). It has been shown
that sustained activation of ERK may inhibit the autophagy
process (Figures1, 2) (75, 76). In this context it could be
explained that bortezomib inhibits the fusion of lysosome and
autophagosome promoting p62 accumulation at the autophago-
lysomal stage in endometrial cancer Ishikawa cells. Interestingly
platinum-based chemotherapy activates autophagy in ovarian
cancer cells resistant to cisplatin and bortezomib block the
cisplatin induced autophagy stimulating the chemotherapy
efficacy in ovarian cancer (77).

Anti-autophagic approaches using repurposing compounds
are also related to arterial hypertension medications such
as nifedipine, an L-type calcium channel antagonist that
suppress the cell proliferation of diverse types of cancer
(78). The effect of nifedipine on HEC-1A endometrial
cancer cells was the suppression of cell proliferation and
triggering of apoptosis. Furthermore, Nifedipine also induced
autophagy and staining analysis revealed that the formation of
autophagic GFP-LC3-1II was stimulated by nifedipine treatment.
Interestingly, the autophagy inhibitor 3-MA combined with
nifedipine activated cell death indicating that autophagy may
promotes the cell survival associated to Beclinl and mTOR
functions (79).

The combination of chloroquine and paclitaxel (Taxol) has
become a promising strategy. Paclitaxel acts by binding to
B-tubulin thereby inhibiting microtubule depolymerization in
cytoskeleton, and consequently resulting in cell cycle arrest
at G2/M stage and cell death (80). Surprisingly, it has also
been shown to be an autophagy activator in diverse types
of cancers (81, 82). Paclitaxel exposure in endometrial cancer
HEC-1A and JEC cells induce autophagy-related events such
as augmented LC3-II/LC3-I ratio and low p62 abundance (83).
Perhaps the mechanism of paclitaxel-induced autophagy is
related with the generation of intracellular ROS. In previous
studies, it has been described that anticancer agents can promote
the generation of ROS and in turns activates autophagy after
turning on ERK, JNK, and AMPK transducers (Figure 2) (83, 84).
An interesting effect in sensitivity of endometrial carcinoma
cells to chemotherapy was observed when autophagy was
inactivated through knockdown of Beclin 1 and by treatment
with chloroquine. Also, combined intervention with chloroquine
and paclitaxel leads to autophagy abrogation and high proportion
of HEC-1A and JEC cell death (83). These findings suggested
that approaches based on the inhibition of autophagy can open
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FIGURE 2 | Anti-autophagic approaches in endometrial cancer. Anti-autophagic chemicals (bold letters), autophagy inducing chemicals (pills), or natural compounds
(leaf) tested in endometrial cancer cells. The production of reactive oxygen species (ROS) after cisplatin and paclitaxel therapies mediates the autophagy process.
ROS have been shown to induce autophagy by several processes including activation of ERK and JNK transducers, as well as inhibition of mTOR signaling by AMPK.
Novel strategies for therapeutic intervention in endometrial cancer are based on the suppression of autophagy through use of agents such as CQ or 3-MA to
promotes cell death and decreases in cell proliferation when combine with agents like sorafenib, cisplatin, paclitaxel, resveratrol, and nifedipin. Other agents such as
bortezomib block cisplatin-induced autophagy and stimulate the cytotoxic effects of chemotherapy on cancer cells.
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new paths to improve the paclitaxel efficiency in endometrial
cancer therapy.

AUTOPHAGY AND CHEMOTHERAPY
RESISTANCE

Novel clues about the relationships between the cellular
mechanisms underlying drug resistance, stemness, and
autophagy in endometrial cancer were provided in a study
by Ran et al. (85). Using CD133+4-/CD44+ cancer stem cells-like
isolated from the JEC endometrial cancer cell line they found
an increase in autophagy relative to parental endometrial
cells. Moreover, autophagy inhibition was associated with the
inhibition of stem cells-like phenotype, specifically diminished
spheroids formation and enhanced sensitivity to paclitaxel. These
data support the notion that stemness phenotype and activation
of pro-survival autophagy are both related to chemoresistance
of cancer stem-cells. In addition it was found that the estrogen
induced gene (EIG121) promoted both autophagy and cell
survival in the subpopulation of CD133+4/CD44+ cells and
normal endometrial cancer cells (85).

TARGETING AUTOPHAGY WITH NATURAL
DIETARY COMPOUNDS

Several natural compounds exhibit promising effectiveness
against endometrial cancer cells in in vitro studies, and therefore
have been proposed as attractive therapeutic agents in aggressive
endometrial cancers. These compounds have a direct impact on
several metabolic pathways, as the autophagy, but their role in
cancer is contradictory due it has a dual function in survival and
cell death. Nevertheless, autophagy targeting can be exploited
as a new therapeutic target to contribute with development of
alternative and more effective treatments in endometrial cancer.
Natural compounds provide opportunities for combinatorial
therapies which may affects at the same time multiple targets
to achieve a higher effectiveness in comparison to that of single
molecule-based drugs.

Hedgehog signaling pathway inhibitors have been shown
to successfully impair proliferation of endometrial cancer cells
(86), and mTOR inhibitors have also been investigated for their
therapeutic potential in endometrial cancers (87). Itraconazole
is a common antifungal agent that inhibited Hedgehog and
AKT/mTOR signaling transducers as well as WNT/B-catenin
signaling (88) and showed a dose- and time-dependent
suppression of cell proliferation in human endometrial cancer
celllines (89). Tsubamoto and coworkers reported that this fungal
agent also suppressed the proliferation of AN3-CA, HEC-1A, and
Ishikawa cells, but did not suppress GLI1 or GLI2 transcription,
downstream effectors of the Hedgehog pathway in HEC-50B
or SNG-II cells (90). Moreover, itraconazole also inhibited
the expression of signaling proteins in HEC-1A and AN3-
CA cells, and upregulated the microtubule-associated protein
1A/1B-light chain 3-II. In Ishikawa, HEC-50B and SNG-II
cells, the ATP-binding cassette transporter A1 (ABCAL1) protein
expression was suppressed following itraconazole treatment (90).

ABCAL1 regulates cholesterol efflux across the plasma membrane.
Itraconazole treatment also appears to inhibit the growth of
cancer cells by blocking the activation of AKT/mTOR signaling.
In addition, the consistent activation of AKT was associated with
higher rates of lipid raft formation, while its abrogation impeded
AKT activation, and the intracellular cholesterol trafficking to
the plasma membrane in human umbilical vein endothelial cells,
thereby suppressing mTOR (91).

The isoliquiritigenin (ISL) is a licorice flavonoid with anti-
oxidant, anti-inflammatory, and tumor suppression effects.
In telomerase-immortalized endometrial stromal (T-HESCs),
Ishikawa, HEC-1A, and RL95-2 cells the treatment with ISL
resulted in a reduction of cell growth and survival in a dose- and
time-dependent way (92). ISL also inhibited the proliferation and
induced the arrest of cell cycle (G1 and G2/M phase) through
activation of p53/p21 signaling. It also promoted apoptosis
associated with the activation of caspase-3, caspase-7, and PARP,
and promoted the autophagy by an accumulation of LC3II
protein and higher levels of phosphorylated p-ERK. The ERK-
dependent autophagic activity was associated with the LC3
induction and the conversion of LC3I to LC3II (93, 94). ISL
also suppressed the growth of HEC-1A-LUC xenograft tumors
and suppressed the expression of nuclear PCNA. These effects
were accompanied by increased caspase-7, p62, and LC3B protein
expression in tumor tissues suggesting that it could be a potential
anti-cancer drug candidate (95).

Resveratrol is a polyphenolic compound derived from red
wine and red fruits with well-documented anti-tumor effects.
Also it exhibits the ability to enhance autophagy by an increase
of LC3-II accumulation, and suppressed the proliferation of
Ishikawa cells in lower dose (20 wM) than other cancer cell (96).
Resveratrol treatment also increased the expression of p-AMPKa
that has been associated with its ability to induce apoptosis (97),
and repressed autophagy by the inhibition of mTOR signaling
pathway (98, 99). The activation of AMPK by resveratrol also
counteracts the inhibition of the mTOR-dependent autophagy
(thereby resulting in autophagy promotion). The combinatory
treatment of resveratrol with chloroquine markedly suppressed
the cell growth and suppressed apoptosis, compared with the
resveratrol treatment alone. The inhibition of autophagy process
after silencing of ATG5 or ATG7 genes using siRNAs effectively
activated the cell death in endometrial cancer cells (Figure 1).

Fucus vesiculosus (brown seaweed) extracts (FVE) appears
to have display anti-cancer effects in estrogen receptor (ER)-
dependent and -independent way in HEC-1-B and RL95-2
endometrial cancer cell lines by a competitive inhibition of
estradiol (E2) binding to the estrogen receptor (100, 101).
FVE inhibited aromatase enzyme activity in vitro and a co-
treatment with E2 reduced the estrogen receptor activation
by 50%, inhibited endogenous E2 and significantly decreased
viability of cells. FVE also induced the expression of apoptotic
(CASP6; APAF1, FANCG, XIAP, MED1), autophagy (ATGI0,
GABARAP) proteins, and BRAF, PIK3R4, PRKAA1, PRKACB,
PRKARIA, PRKAR2A, and MAP3K14 kinases. In addition
altered morphological features in the cells suggested active
apoptosis and autophagy, evidencing the effects of FVE
as an autophagic-mediator of apoptosis, associated to low
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phosphorylation of proteins from PI3K/Akt/mTOR signaling
(Figure 1). It has been reported that FVE may also be effective
in the therapy of breast, ovarian, and endometrial cancers. These
findings suggested that FVE may achieve a protective effect
against estrogen-dependent cancers (102).

Triterpenoids echinocystic acid and its glycosides isolated
from Eclipta prostrata exhibits diverse protective activities in
malaria, HIV, and cancer diseases. They also showed anti-venom,
antioxidant and anti-inflammatory abilities (103-106). Isolate
compounds have cytotoxic effects in endometrial cancer cells, in
that way, eclalbasaponin II (one glucose moiety) > echinocystic
acid >> eclalbasaponin I (two glucose moiety) suggesting
that the cytotoxic activity of oleanane-type triterpenoids was
associated with the sugar moiety at the C-3 position and the
free carboxyl at C-28 (107). Eclalbasaponin II treatment induced
apoptosis in a caspase-independent manner (type II programmed
cell death) in ovarian cancer cells by an increase in the sub G1
population. Also, it was found an increase in acidic vesicular
organelle content and an in the levels of LC3-II. Moreover,
eclalbasaponin II also activated MAP kinase JNK and p38
proteins and repressed the mTOR pathway (Figure 1). Therefore,
these perennial herb-derivate compounds exhibit anti- tumor
activities in ovarian and endometrial cancer cells (108).

Three fungi Cordyceps Sinensis (Cordy), Ganoderma lucidum
(Reishi), and Agaricus Blazi Murill (ABM) extracts have
biological activities and numerous pharmacological effects and
are commonly utilized in traditional Chinese medicine as
adjuvant in cancer therapies (109-111). Cordy and Reishi
extracts has been also used in leukemia, ovarian, breast, prostate,
and gastric cancer (112-115). Crude extracts derived from
Cordy and ABM/Reishi had an inhibitory effect on cell viability,
proliferation, and suppression of cell growth of Ishikawa,
Hec-1A, and AN3-CA cells by suppression of p-AKT (116).
Remarkably, Beclin-1 phosphorylation by p-AKT was essential
for autophagy and anchorage-independent growth (117). The
low levels of p-AKT lead to higher autophagy and endometrial
cancer cells death. In tumors, the p-AKT level PI3K/AKT
pathway has been associated with cisplatin-resistance (118) and
unlike other fungi, Cordy and ABM/Reishi extracts did not affects
the interplay between endometrial cancer cells and NK-cells in
vitro (Figure 1).

NON-CODING RNAs REGULATING
AUTOPHAGY

Recent studies strongly suggested the participation of
microRNAs (miRNAs) in the progression of endometrial
cancer, at least in part, through autophagy modulation. MiRNAs
are small non-coding RNAs of 25 nucleotides length. These
tiny RNAs function as master regulators of gene expression at
posttranscriptional level by blocking translation and activating
the degradation of specific transcripts or mRNAs in cellular
cytoplasmic P-bodies (119). Alterations in the miRNAs
abundance have been found during early and late stages of
endometrial cancers. For example, Wang and Liu demonstrated
that miR-101-3p activates the autophagy in endometrial cancer

cells by binding and subsequent downregulation of EZH2 mRNA
(120). Some miRNAs, such as miR-218 and miR-205, have been
demonstrated to modulate chemoresistance in endometrial
cancer (121, 122). Particularly, miR-218 was downregulated
in paclitaxel-resistant endometrial cancer cells relative to
non-resistant parental cells, whereas upregulation of miR-218
leads to sensitization of paclitaxel-resistant endometrial cancer
cells to paclitaxel. In addition, miR-218 repressed autophagy
by targeting HMGBI in paclitaxel-resistant cells (121). On the
other hand, Zhuo and colleagues demonstrated that miR-205
was upregulated in a progesterone-resistant (PR) sub-cell line
and induced apoptosis through repressing autophagy process
by targeting tumor suppressor PTEN through AKT/mTOR
signaling in endometrial cancer (122). Finally, a recent study
showed the participation of the HOX Transcript Antisense
RNA (HOTAIR) in the regulation of the resistance to cisplatin
in endometrial cancer cells. HOTAIR controlled autophagy by
modulating the expression of Beclin-1, multidrug resistance
(MDR), and P-glycoprotein (PGP) proteins (123). Thus, these
initial reports showed that miRNAs and long non-coding RNAs
may participate in the process of endometrial tumorigenesis and
development by influencing autophagy.

CONCLUSIONS

Various roles of autophagy have emerged in the scientific
literature and the relationship between autophagy and cancer
is enormously controversial due to its dual roles depending on
the context and tumor environment. From the biological view
of cancer, even particularly in endometrial cancer, it remains
controversial whether autophagy is a tumor suppressor process
(by stopping the cell cycle, activating apoptosis, decreasing
proliferation) or oncogenic process (promoting cell survival
against insults caused by chemotherapy agents). Endometrial
cancer is the fourth most frequent neoplasia for women
worldwide. Combinatory therapy with carboplatin and paclitaxel
is the main front-line chemotherapy in endometrial cancer.
However, its clinical effectiveness is variable, indicating that novel
molecular therapies against specific cellular processes associated
to cell survival and therapy resistance urged to ameliorate the
rates of success in endometrial cancer therapies. Autophagy
represents in this context a potential cellular target for the
development of new therapeutic agents. Although the knowledge
of autophagy mechanisms in endometrial cancer are limited,
important recent findings in cell lines and patients greatly help us
to visualize the potential intervention of these human carcinomas
in order to ameliorate the rates of successful therapy for patients.
As we have reviewed in this work, various signaling pathways
such as PI3K-AKT-mTOR, AMPK-mTOR, and p53 trigger or
inhibit the autophagy process and can be used as potential
molecular targets in therapeutic approaches in two ways: (i)
inhibiting autophagy to promote sensitization of endometrial
tumor cells in response to chemotherapy agents such as cisplatin
and paclitaxel, and (ii) its activation in some endometrial cancer
cell lines is related with low cell proliferation, migration, invasion,
and activation of apoptosis. However, despite the discrepancies
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in these studies, we believe that variables such as tumor stage,
alteration in the balance of cell signaling, epigenetics, cell
cycle, and even mutations in autophagy genes could be playing
important roles that lead the results of the investigations at
both ends: oncogenic and tumor suppressor. Of interest are the
findings that autophagy can be modulated using repurposing
compounds which may leads to faster experimentation and
validation, and access of these drugs to patients. Hence, although
the research about autophagy is ongoing, the actual studies
highlight the potential usefulness of novel molecules and proteins
for directed targeted therapies in endometrial cancer.

REFERENCES

1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent ], Jemal A. Global cancer
statistics, 2012. CA Cancer J Clin. (2015) 65:87-108. doi: 10.3322/caac.21262

. Sorosky JI. Endometrial cancer. Obstet Gynecol. (2012) 120:383-97.
doi: 10.1097/A0G.0b013e3182605bf1

. Eritja N, Chen BJ], Rodriguez-Barrueco R, Santacana M, Gatius
S, Vidal A, et al. Autophagy orchestrates adaptive responses to
targeted therapy in endometrial cancer. Autophagy. (2017) 4:608-24.
doi: 10.1080/15548627.2016.1271512

. Moore K, Brewer MA. Endometrial cancer: is this a new disease? Am Soc Clin
Oncol. (2017) 37:435-42. doi: 10.14694/EDBK_175666

. Urick ME, Bell DW. Clinical actionability of molecular targets in endometrial
cancer. Nat Rev Cancer. (2019) 19:510-21. doi: 10.1038/s41568-019-
0177-x

. Setiawan VW, Yang HP, Pike MC, McCann SE, Yu H, Xiang YB, et al. Type
I and II endometrial cancers: have they different risk factors? J Clin Oncol.
(2013) 10:2607-18. doi: 10.1200/JC0.2012.48.2596

. National Cancer Institute. Cancer Stat Facts: Endometrial Cancer. Bethesda,
MD (2015).

. Lynch HT, Snyder CL, Shaw TG, Heinen CD, Hitchins MP. Milestones
of Lynch syndrome: 1895-2015. Nat Rev Cancer. (2015) 15:181-94.
doi: 10.1038/nrc3878

. Briggs S, Tomlinson I. Germline and somatic polymerase ¢ and 8 mutations

define a new class of hypermutated colorectal and endometrial cancers. |

Pathol. (2013) 230:148-53. doi: 10.1002/path.4185

Ngeow J, Stanuch K, Mester JL, Barnholtz-Sloan JS, Eng C. Second

malignant neoplasms in patients with Cowden syndrome with

underlying germline PTEN mutations. J Clin Oncol. (2014) 10:1818-24.

doi: 10.1200/JC0O.2013.53.6656

Bestvina CM, Fleming GF. Chemotherapy for endometrial cancer in

adjuvant and advanced disease settings. Oncologist. (2016) 21:1250-9.

doi: 10.1634/theoncologist.2016-0062

Graziele FdS, Samarina RW, Gisele M. Carboplatin: molecular mechanisms

of action associated with chemoresistance. Braz | Pharm Sci. (2014) 50:693—

701. doi: 10.1590/51984-82502014000400004

Bishop E, Bradshaw TD. Autophagy modulation: a prudent approach

in cancer treatment? Cancer Chemother Pharmacol. (2018) 82:913-22.

doi: 10.1007/s00280-018-3669-6

Levine B, Klionsky DJ. Development by self-digestion: molecular

mechanisms and biological functions of autophagy. Dev Cell. (2004)

6:463-77. doi: 10.1016/S1534-5807(04)00099-1

Hoyer-Hansen M, Jaitteldi M. Autophagy: an emerging target for cancer

therapy. Autophagy. (2008) 4:574-80. doi: 10.4161/auto.5921

Chen N, Karantza V. Autophagy as a therapeutic target in cancer. Cancer Biol

Ther. (2011) 11:157-68. doi: 10.4161/cbt.11.2.14622

Buytaert E, Callewaert G, Vandenheede JR, Agostinis P. Deficiency in

apoptotic effectors Bax and Bak reveals an autophagic cell death pathway

initiated by photodamage to the endoplasmic reticulum. Autophagy. (2006)

2:238-40. doi: 10.4161/auto.2730

Servante J, Estranero J, Meijer L, Layfield R, Grundy R. Chemical

modulation of autophagy as an adjunct to chemotherapy in childhood

10.

11.

12.

13.

14.

15.

16.

17.

18.

AUTHOR CONTRIBUTIONS

SN-O, DG-R, JP-R, YS-V, LM, RM-V, and CL-C wrote all the
manuscript sections. SN-O and JP-R draw the figures. DG-R, LM,
and CL-C conceived and designed the review.

ACKNOWLEDGMENTS

The authors acknowledge to Grupo Mexicano de Investigacion
en Cancer de Ovario, and Universidad Auténoma de la Ciudad
de Mexico for support.

and adolescent brain  tumors. (2018)16:35266-77.
doi: 10.18632/oncotarget.26186
Yu L, Chen Y, Tooze
and  molecular  mechanisms.
doi: 10.1080/15548627.2017.1378838

Axe EL, Walker SA, Manifava M, Chandra P, Roderick HL, Habermann
A, et al. Autophagosome formation from membrane compartments
enriched in phosphatidylinositol 3-phosphate and dynamically connected
to the endoplasmic reticulum. ] Cell Biol. (2008) 182:685-701.
doi: 10.1083/jcb.200803137

Yamamoto H, Kakuta S, Watanabe TM, Kitamura A, Sekito T, Kondo-
Kakuta C, et al. Atg9 vesicles are an important membrane source during
early steps of autophagosomes formation. J Cell Biol. (2012) 198:219-33.
doi: 10.1083/jcb.20120206 1

Jahreiss L, Menzies FM, Rubinsztein DC. The itinerary of autophagosomes:
from peripheral formation to kiss-and-run fusion with lysosomes. Traffic.
(2008) 9:574-87. doi: 10.1111/j.1600-0854.2008.00701.x

Palmieri M, Pal R, Nelvagal HR, Lotfi P, Stinnett GR, Seymour ML, et al.
MTORCI-independent TFEB activation via Akt inhibition promotes cellular
clearance in neurodegenerative storage diseases. Nat Comm. (2017) 8:14338.
doi: 10.1038/ncomms15793

Mammucari C, Milan G, Romanello V, Masiero E, Rudolf R, Del Piccolo P,
et al. FoxO3 controls autophagy in skeletal muscle in vivo. Cell Metab. (2007)
6:458-71. doi: 10.1016/j.cmet.2007.11.001

Di Malta C, Cinque L, Settembre C. Transcriptional regulation of
autophagy: mechanisms and diseases. Front Cell Dev Biol. (2019) 7:114.
doi: 10.3389/fcell.2019.00114

Lebovitz CB, Robertson AG, Goya R, Jones SJ, Morin RD, Marra
profiling of molecular the
human autophagy interaction network. Autophagy. (2015) 11:1668-87.
doi: 10.1080/15548627.2015.1067362

Klionsky DJ, Abdelmohsen K, Abe A, Abedin M]J, Abeliovich H, Acevedo
Arozena A, et al. Guidelines for the use and interpretation of assays
for monitoring autophagy (3rd edition). Autophagy. (2016) 12:1-222.
doi: 10.1080/15548627.2015.1100356

Du Toit A, Hofmeyr JS, Gniadek TJ, Loos B. Measuring autophagosome flux.
Autophagy. (2018) 14:1060-71. doi: 10.1080/15548627.2018.1469590
Slomovitz BM, Coleman RL. The PI3K/AKT/mTOR pathway as a
therapeutic target in endometrial cancer. Clin Cancer Res. (2012) 1:5856-64.
doi: 10.1158/1078-0432.CCR-12-0662

Talesa VN, Ferri I, Bellezza G, Love HD, Sidoni A, Antognelli C. Glyoxalase
2 is involved in human prostate cancer progression as part of a mechanism
driven by PTEN/PI3K/AKT/mTOR signaling with involvement of PKM2
and ERa. Prostate. (2017), 77:196-210. doi: 10.1002/pros.23261

Hassan B, Akcakanat A, Holder AM, Meric-Bernstam F. Targeting the
PI3-kinase/Akt/mTOR signaling pathway. Surg Oncol Clin N Am. (2013)
22:641-64. doi: 10.1016/j.50¢.2013.06.008

Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate autophagy
through direct phosphorylation of Ulkl. Nat Cell Biol. (2011) 13:132-41.
doi: 10.1038/ncb2152

Lin Q, Chen H, Zhang M, Xiong H, Jiang Q. Knocking down FAM83B
inhibits endometrial cancer cell proliferation and metastasis by silencing

Oncotarget.

SA. cellular

14:207-15.

Autophagy  pathway:
Autophagy.  (2018)

20.

21.

22.

23.

24,

25.

26.

MA. Cross-cancer alterations within

27.

28.

29.

30.

31.

32.

33.

Frontiers in Oncology | www.frontiersin.org

110

November 2019 | Volume 9 | Article 1326


https://doi.org/10.3322/caac.21262
https://doi.org/10.1097/AOG.0b013e3182605bf1
https://doi.org/10.1080/15548627.2016.1271512
https://doi.org/10.14694/EDBK_175666
https://doi.org/10.1038/s41568-019-0177-x
https://doi.org/10.1200/JCO.2012.48.2596
https://doi.org/10.1038/nrc3878
https://doi.org/10.1002/path.4185
https://doi.org/10.1200/JCO.2013.53.6656
https://doi.org/10.1634/theoncologist.2016-0062
https://doi.org/10.1590/S1984-82502014000400004
https://doi.org/10.1007/s00280-018-3669-6
https://doi.org/10.1016/S1534-5807(04)00099-1
https://doi.org/10.4161/auto.5921
https://doi.org/10.4161/cbt.11.2.14622
https://doi.org/10.4161/auto.2730
https://doi.org/10.18632/oncotarget.26186
https://doi.org/10.1080/15548627.2017.1378838
https://doi.org/10.1083/jcb.200803137
https://doi.org/10.1083/jcb.201202061
https://doi.org/10.1111/j.1600-0854.2008.00701.x
https://doi.org/10.1038/ncomms15793
https://doi.org/10.1016/j.cmet.2007.11.001
https://doi.org/10.3389/fcell.2019.00114
https://doi.org/10.1080/15548627.2015.1067362
https://doi.org/10.1080/15548627.2015.1100356
https://doi.org/10.1080/15548627.2018.1469590
https://doi.org/10.1158/1078-0432.CCR-12-0662
https://doi.org/10.1002/pros.23261
https://doi.org/10.1016/j.soc.2013.06.008
https://doi.org/10.1038/ncb2152
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Nufiez-Olvera et al.

Autophagy as Therapeutic Cancer Target

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

the PI3K/AKT/mTOR pathway. Biomed Pharmacother. (2019) 115:108939.
doi: 10.1016/j.biopha.2019.108939

Kanda R, Hiraike H, Wada-Hiraike O, Ichinose T, Nagasaka K, Sasajima
Y, et al. Expression of the glucagon-like peptide-1 receptor and its role in
regulating autophagy in endometrial cancer. BMC Cancer. (2018) 1:657.
doi: 10.1186/s12885-018-4570-8

Benshushan A. Endometrial adenocarcinoma in young patients: evaluation
and fertility-preserving treatment. Eur ] Obstet Gynecol Reprod Biol.
(2004)1:132-7. doi: 10.1016/j.ejogrb.2004.05.015

Liu H, Zhang L, Zhang X, Cui Z. PI3K/AKT/mTOR pathway promotes
progestin resistance in endometrial cancer cells by inhibition of autophagy.
Onco Targets Ther. (2017) 6:2865-71. doi: 10.2147/OTT.S95267

Wang H, Li D, Li X, Ou X, Liu S, Zhang Y, et al. Mammalian target
of rapamycin inhibitor RADOOL sensitizes endometrial cancer cells to
paclitaxel-induced apoptosis via the induction of autophagy. Oncol Lett.
(2016) 12:5029-35. doi: 10.3892/01.2016.5338

Felip I, Moiola CP, Megino-Luque C, Lopez-Gil C, Cabrera S, Solé-Sanchez
S, et al. Therapeutic potential of the new TRIB3-mediated cell autophagy
anticancer drug ABTL0812 in endometrial cancer. Gynecol Oncol. (2019)
153:425-35. doi: 10.1016/j.ygyno.2019.03.002

Soloski MJ. Recognition of tumor cells by the innate immune system. Curr
Opin Immunol. (2001). 13: 154-62. doi: 10.1016/S0952-7915(00)00198-9
Zhou WJ, Chang KK, Wu K, Yang HL, Mei J, Xie E et al. Rapamycin
synergizes with cisplatin in antiendometrial cancer activation by improving
IL-27-stimulated cytotoxicity of NK cells. Neoplasia. (2018) 20:69-79.
doi: 10.1016/j.ne0.2017.11.003

Dasari S, Tchounwou PB. Cisplatin in cancer therapy: molecular
mechanisms of action. Eur ] Pharmacol. (2014) 5:364-78.
doi: 10.1016/j.ejphar.2014.07.025

Zhu H, Luo H, Zhang W, Shen Z, Hu X, Zhu X. Molecular mechanisms of
cisplatin resistance in cervical cancer. Drug Des Devel Ther. (2016) 7:1885—
95. doi: 10.2147/DDDT.S106412

O’Brien V, Brown R. Signalling cell cycle arrest and cell death through the
MMR system. Carcinogenesis. (2006) 27:682-92. doi: 10.1093/carcin/bgi298
Vogelstein B, Lane D, Levine AJ. Surfing the p53 network. Nature. (2000)
16:307-10. doi: 10.1038/35042675

Zou L, Elledge SJ. Sensing DNA damage through ATRIP recognition of RPA-
ssDNA complexes. Science. (2003) 6:1542-8. doi: 10.1126/science.1083430
Zeng X, Yan T, Schupp JE, Seo Y, Kinsella TJ. DNA mismatch
repair  initiates  6-thioguanine-induced autophagy through p53
activation in human tumor cells. Clin Cancer Res. (2007) 15:1315-21.
doi: 10.1158/1078-0432.CCR-06-1517

Mansi JL, Ramachandra S, Wiltshaw E, Fisher C. Endometrial
stromal sarcomas. Gynecol Oncol. (1990) 36:113-8.
doi: 10.1016/0090-8258(90)90120-A

Minucci S, Pelicci PG. Histone deacetylase inhibitors and the promise of
epigenetic (and more) treatments for cancer. Nat Rev Cancer. (2006) 6:38-51.
doi: 10.1038/nrc1779

O’Connor OA, Heaney ML, Schwartz L, Richardson S, Willim R,
MacGregor-Cortelli B, et al. Clinical experience with intravenous and oral
formulations of the novel histone deacetylase inhibitor suberoylanilide
hydroxamic acid in patients with advanced hematologic malignancies. J Clin
Oncol. (2006) 1:166-73. doi: 10.1200/JCO.2005.01.9679

Kawamata N, Chen J, Koeffler HP. Suberoylanilide hydroxamic
acid  (SAHA;vorinostat)  suppresses translation of cyclin D1
in  mantle cell lymphoma cells. Blood. (2007) 1:2667-73.

doi: 10.1182/blood-2005-11-026344

Iwenofu OH, Lackman RD, Staddon AP, Goodwin DG, Haupt HM,
Brooks JS. Phospho-S6 ribosomal protein: a potential new predictive
sarcoma marker for targeted mTOR therapy. Mod Pathol. (2008) 21:231-7.
doi: 10.1038/modpathol.3800995

Hrzenjak A, Kremser ML, Strohmeier B, Moinfar E Zatloukal K, Denk H.
SAHA induces caspase-independent, autophagic cell death of endometrial
stromal sarcoma cells by influencing the mTOR pathway. ] Pathol. (2008)
216:495-504. doi: 10.1002/path.2434

Mrakovcic M, Frohlich LF. p53-mediated molecular control of autophagy in
tumor cells. Biomolecules. (2018) 21:E14. doi: 10.3390/biom8020014

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Park EY, Woo Y, Kim §J, Kim DH, Lee EK, De U, et al. Anticancer effects
of a new SIRT inhibitor, MHY2256, against human breast cancer MCF-7
cells via regulation of MDM2-p53 binding. Int ] Biol Sci. (2016) 6:1555-67.
doi: 10.7150/ijbs.13833

De U, Son JY, Sachan R, Park Y], Kang D, Yoon K, et al. A new synthetic
histone deacetylase inhibitor, MHY2256, induces apoptosis and autophagy
cell death in endometrial cancer cells via p53 acetylation. Int ] Mol Sci. (2018)
19:E2743. doi: 10.20944/preprints201808.0146.v1

Capparelli C, Chiavarina B, Whitaker-Menezes D, Pestell TG, Pestell
RG, Hulit J, et al. CDK inhibitors (p16/p19/p21) induce senescence and
autophagy in cancer-associated fibroblasts, “fueling” tumor growth via
paracrine interactions, without an increase in neo-angiogenesis. Cell Cycle.
(2012). 11:3599-610. doi: 10.4161/cc.21884

Mohapatra P, Preet R, Das D, Satapathy SR, Choudhuri T, Wyatt MD,
et al. Quinacrine-mediated autophagy and apoptosis in colon cancer cells is
through a p53- and p21-dependent mechanism. Oncol Res. (2012) 20:81-91.
doi: 10.3727/096504012X13473664562628

Travers KJ, Patil CK, Wodicka L, Lockhart DJ, Weissman ]S, Walter
P. Functional and genomic analyses reveal an essential coordination
between the unfolded protein response and ER-associated degradation. Cell.
(2000)101:249-58. doi: 10.1016/S0092-8674(00)80835-1

Conza D, Mirra P, Cali G, Tortora T, Insabato L, Fiory E et al. The SGK1
inhibitor SI113 induces autophagy, apoptosis, and endoplasmic reticulum
stress in endometrial cancer cells. J Cell Physiol. (2017) 232:3735-43.
doi: 10.1002/jcp.25850

Pantziarka P. Scientific advice-is drug repurposing missing a trick? Nat Rev
Clin Oncol. (2017) 14:455-6. doi: 10.1038/nrclinonc.2017.69

Wright JL, Stanford JL. Metformin use and prostate cancer in Caucasian
men: results from a population-based case-control study. Cancer Causes
Control. (2009) 20:1617-22. doi: 10.1007/510552-009-9407-y

Zhuo Z, Wang A, Yu H. Metformin targeting autophagy overcomes
progesterone resistance in endometrial carcinoma. Arch Gynecol Obstet.
(2016) 294:1055-61. doi: 10.1007/s00404-016-4148-0

Takahashi A, Kimura F, Yamanaka A, Takebayashi A, Kita N, Takahashi K,
et al. Metformin impairs growth of endometrial cancer cells via cell cycle
arrest and concomitant autophagy and apoptosis. Cancer Cell Int. (2014)
14:53. doi: 10.1186/1475-2867-14-53

Gu CJ, Cheng ], Zhang B, Yang SL, Xie F, Sun JS, et al. Protopanaxadiol
and metformin synergistically inhibit estrogen-mediated proliferation and
anti-autophagy effects in endometrial cancer cells. Am ] Transl Res.
(2017) 9:4071-82.

Hanna RK, Zhou C, Malloy KM, Sun L, Zhong Y, Gehrig PA, et al. Metformin
potentiates the effects of paclitaxel in endometrial cancer cells through
inhibition of cell proliferation and modulation of the mTOR pathway.
Gynecol Oncol. (2012) 125:458-69. doi: 10.1016/j.ygyno.2012.01.009
Solomon VR, Lee H. Chloroquine and its analogs: a new promise of an
old drug for effective and safe cancer therapies. Eur ] Pharmacol. (2009)
625:220-33. doi: 10.1016/j.ejphar.2009.06.063

Maes H, Kuchnio A, Carmeliet P, Agostinis P. How to teach an old dog
new tricks: autophagy-independent action of chloroquine on the tumor
vasculature. Autophagy. (2014) 10:2082-4. doi: 10.4161/auto.36259
Harhaji-Trajkovic L, Arsikin K, Kravic-Stevovic T, Petricevic S, Tovilovic
G, Pantovic A, et al. Chloroquine-mediated lysosomal dysfunction enhances
the anticancer effect of nutrient deprivation. Pharm Res. (2012) 29:2249-63.
doi: 10.1007/s11095-012-0753-1

Fukuda T, Oda K, Wada-Hiraike O, Sone K, Inaba K, Ikeda Y, et al. The
anti-malarial chloroquine suppresses proliferation and overcomes cisplatin
resistance of endometrial cancer cells via autophagy inhibition. Gynecol
Oncol. (2015) 137:538-45. doi: 10.1016/j.ygyno.2015.03.053

Wilhelm SM, Carter C, Tang L, Wilkie D, McNabola A, Rong H, et al.
BAY 43-9006 exhibits broad spectrum oral antitumor activity and targets
the RAF/MEK/ERK pathway and receptor tyrosine kinases involved in
tumor progression and angiogenesis. Cancer Res. (2004) 64:7099-109.
doi: 10.1158/0008-5472.CAN-04-1443

Escudier B, Eisen T, Stadler WM, Szczylik C, Oudard S, Siebels M, et al.
Sorafenib in advanced clear-cell renal-cell carcinoma. N Engl ] Med. (2007)
356:125-34. doi: 10.1056/NEJM0a060655

Frontiers in Oncology | www.frontiersin.org

m

November 2019 | Volume 9 | Article 1326


https://doi.org/10.1016/j.biopha.2019.108939
https://doi.org/10.1186/s12885-018-4570-8
https://doi.org/10.1016/j.ejogrb.2004.05.015
https://doi.org/10.2147/OTT.S95267
https://doi.org/10.3892/ol.2016.5338
https://doi.org/10.1016/j.ygyno.2019.03.002
https://doi.org/10.1016/S0952-7915(00)00198-9
https://doi.org/10.1016/j.neo.2017.11.003
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.2147/DDDT.S106412
https://doi.org/10.1093/carcin/bgi298
https://doi.org/10.1038/35042675
https://doi.org/10.1126/science.1083430
https://doi.org/10.1158/1078-0432.CCR-06-1517
https://doi.org/10.1016/0090-8258(90)90120-A
https://doi.org/10.1038/nrc1779
https://doi.org/10.1200/JCO.2005.01.9679
https://doi.org/10.1182/blood-2005-11-026344
https://doi.org/10.1038/modpathol.3800995
https://doi.org/10.1002/path.2434
https://doi.org/10.3390/biom8020014
https://doi.org/10.7150/ijbs.13833
https://doi.org/10.20944/preprints201808.0146.v1
https://doi.org/10.4161/cc.21884
https://doi.org/10.3727/096504012X13473664562628
https://doi.org/10.1016/S0092-8674(00)80835-1
https://doi.org/10.1002/jcp.25850
https://doi.org/10.1038/nrclinonc.2017.69
https://doi.org/10.1007/s10552-009-9407-y
https://doi.org/10.1007/s00404-016-4148-0
https://doi.org/10.1186/1475-2867-14-53
https://doi.org/10.1016/j.ygyno.2012.01.009
https://doi.org/10.1016/j.ejphar.2009.06.063
https://doi.org/10.4161/auto.36259
https://doi.org/10.1007/s11095-012-0753-1
https://doi.org/10.1016/j.ygyno.2015.03.053
https://doi.org/10.1158/0008-5472.CAN-04-1443
https://doi.org/10.1056/NEJMoa060655
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Nufiez-Olvera et al.

Autophagy as Therapeutic Cancer Target

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Richardson PG, Anderson KC. Bortezomib: a novel therapy approved for
multiple myeloma. Clin Adv Hematol Oncol. (2003) 1:596-600.
Periyasamy-Thandavan S, Jackson WH, Samaddar JS, Erickson B, Barrett
JR, Raney L, et al. Bortezomib blocks the catabolic process of autophagy
via a cathepsin-dependent mechanism, affects endoplasmic reticulum
stress and induces caspase-dependent cell death in antiestrogen-sensitive
and resistant ER+ breast cancer cells. Autophagy. (2010) 6:19-35.
doi: 10.4161/auto.6.1.10323

Befani CD, Vlachostergios PJ, Hatzidaki E, Patrikidou A, Bonanou §,
Simos G, et al. Bortezomib represses HIF-lalpha protein expression
and nuclear accumulation by inhibiting both PI3K/Akt/TOR and
MAPK pathways in prostate cancer cells. ] Mol Med. (2012)90:45-54.
doi: 10.1007/s00109-011-0805-8

Martinez-Lopez N, Athonvarangkul D, Mishall P, Sahu S, Singh R.
Autophagy proteins regulate ERK phosphorylation. Nat Commun. (2013)
4:2799. doi: 10.1038/ncomms3799

Corcelle E, Djerbi N, Mari M, Nebout M, Fiorini C, Fenichel P, et al.
Control of the autophagy maturation step by the MAPK ERK and
p38: lessons from environmental carcinogens. Autophagy. (2007) 3:57-9.
doi: 10.4161/auto.3424

Kao C, Chao A, Tsai CL, Chuang WC, Huang WP, Chen GC, et al.
Bortezomib enhances cancer cell death by blocking the autophagic flux
through stimulating ERK phosphorylation. Cell Death Dis. (2014) 5:e1510.
doi: 10.1038/cddis.2014.468

Zhang ], Ren C, Chen L, Navedo MF, Antos LK, Kinsey SP, et al. Knockout
of Na+/Ca2+exchanger in smooth muscle attenuates vasoconstriction and
L-type Ca2+ channel current and lowers blood pressure. Am J Physiol Cric
Physiol. (2010) 298:H472-83. doi: 10.1152/ajpheart.00964.2009

Bao XX, Xie BS, Li Q, Li XP, Wei LH, Wang JL. Nifedipine
induced autophagy through Beclinl and mTOR pathway in
endometrial carcinoma cells. Chin Med J. (2012) 125:3120-6.
doi: 10.3760/cma.j.issn.0366-6999.2012.17.028

Sparreboom A, Van Tellingen O, Nooijen W], Beijnen JH. Preclinical
pharmacokinetics of paclitaxel and docetaxel. Anticancer Drugs. (1988) 9:1-
17. doi: 10.1097/00001813-199801000-00001

Zhang Q, Si S, Schoen S, Chen J, Jin XB, Wu G. Suppression of autophagy
enhances preferential toxicity of paclitaxel to folliculin deficient renal cancer
cells. J Exp Clin Cancer Res. (2013) 32:99. doi: 10.1186/1756-9966-32-99
Kim HJ, Lee SG, Kim Y], Park JE, Lee KY, Yoo YH, et al. Cytoprotective
role of autophagy during paclitaxelinduced apoptosis in Saos-2 osteosarcoma
cells. Int ] Oncol. (2013) 42:1985-92. doi: 10.3892/ij0.2013.1884

Liu S, Li X. Autophagy inhibition enhances sensitivity of endometrial
carcinoma cells to paclitaxel. Int ] Oncol. (2015) 46:2399-408.
doi: 10.3892/ij0.2015.2937

Miki H, Uehara N, Kimura A, Sasaki T, Yuri T, Yoshizawa K, et al. Resveratrol
induces apoptosis via ROS-triggered autophagy in human colon cancer cells.
Int J Oncol. (2012) 40:1020-8. doi: 10.3892/1j0.2012.1325

Ran X, Zhou P, Zhang K. Autophagy plays an important role in stemness
mediation and the novel dual function of EIG121 in both autophagy and
stemness regulation of endometrial carcinoma JEC cells. Int J Oncol. (2017)
51:644-56. doi: 10.3892/1j0.2017.4047

Feng YZ, Shiozawa T, Miyamoto T, Kashima H, Kurai M, Suzuki A, et al.
Overexpression of hedgehog signaling molecules and its involvement in
the proliferation of endometrial carcinoma cells. Clin Cancer Res. (2007)
13:1389-98. doi: 10.1158/1078-0432.CCR-06-1407

Colombo N, Creutzberg C, Amant E Bosse T, Gonzilez-Martin A,
Ledermann J, et al. ESMO-ESGO-ESTRO Endometrial Consensus
Conference Working Group. ESMO-ESGO-ESTRO consensus conference
on endometrial cancer: diagnosis, treatment and follow-up. Radiother Oncol.
(2015) 117:559-81. doi: 10.1016/j.radonc.2015.11.013

Nishiya N. WNT/B-Catenin Signal Inhibitory Action of Azole Antifungal
Drugs. (2014) Available online at: https://www.iwate- med.ac.jp/wp-content/
uploads/biotech2014nishiya.pdf (accessed September 15, 2019).

Inoue K, Tsubamoto H, Sakata K, Sakane R, Hao H, Hirota §,
et al. Expression of hedgehog signals and growth inhibition by
itraconazole in endometrial cancer. Anticancer Res. (2016) 36:149-53.
doi: 10.1158/1538-7445.AM2016-1703

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Tsubamoto H, Inoue K, Sakata K, Ueda T, Takeyama R, Shibahara H, et al.
Itraconazole inhibits Akt/mTOR signalling and proliferation in endometrial
cancer cells. Anticancer Res. (2017) 37:515-9. doi: 10.21873/anticanres.11343
Xu J, Dang Y, Ren YR, Liu JO. Cholesterol trafficking is required for mTOR
activation in endothelial cells. Proc Natl Acad Sci USA. (2010) 107:4764-9.
doi: 10.1073/pnas.0910872107

Kim YG, Ramachandran S, Kim DC, Hong YB, Kim EH, Kwon SH,
et al. Isoliquiritigenin inhibited cell proliferation and triggered apoptosis
in human endometrial cancer cell line. ] Women’s Med. (2010) 3:89-95.
doi: 10.5468/jwm.2010.3.3.89

Roberts PJ, Der CJ. Targeting the Raf-MEK-ERK mitogen activated protein
kinase cascade for the treatment of cancer. Oncogene. (2007) 26:3291-310.
doi: 10.1038/sj.onc.1210422

Sivaprasad U, Basu A. Inhibition of ERK attenuates autophagy and
potentiates tumour necrosis factor-a-induced cell death in MCF-7 cells. ] Cell
Mol Med. (2008) 12:1265-71. doi: 10.1111/j.1582-4934.2008.00282.x

Wu CH, Chen HY, Wang CW, Shieh TM, Huang TC, Lin LC,
et al. Isoliquiritigenin induces apoptosis and autophagy and inhibits
endometrial cancer growth in mice. Oncotarget. (2016) 7:73432-47.
doi: 10.18632/oncotarget.12369

Fukuda T, Oda K, Wada-Hiraike O, Sone K, Inaba K, Ikeda Y,
et al. Autophagy inhibition augments resveratrol-induced apoptosis
in ishikawa endometrial cancer cells. Oncol Lett. (2016)12:2560-6.
doi: 10.3892/01.2016.4978

Chen S, Zhou N, Zhang Z, Li W, Zhu W. Resveratrol induces cell apoptosis
in adipocytes via AMPK activation. Biochem Biophys Res Commun. (2015)
457:608-13. doi: 10.1016/j.bbrc.2015.01.034

Miyasaka A, Oda K, Ikeda Y, Wada Hiraike O, Kashiyama T, Enomoto
A, et al. Anti tumor activity of olaparib, a poly (ADP ribose) polymerase
(PARP) inhibitor, in cultured endometrial carcinoma cells. BMC Cancer.
(2014) 14:179. doi: 10.1186/1471-2407-14-179

Oda K, Ikeda Y, Kawana K, Osuga Y, Fujii T. mTOR signaling in endometrial
cancer: from a molecular and therapeutic point of view. Curr Obstet Gynecol
Rep. (2015) 4:1-10. doi: 10.1007/s13669-014-0103-x

Skibola CF. The effect of Fucus vesiculosus, an edible brown seaweed,
upon menstrual cycle length and hormonal status in three pre-menopausal
women: a case report. BMC Complement Altern Med. (2004) 4:10.
doi: 10.1186/1472-6882-4-10

Skibola CE Curry JD, VandeVoort C, Conley A, Smith MT. Brown
kelp modulates endocrine hormones in female Sprague-Dawley rats
and in human luteinized granulosa cells. J Nutr. (2005) 135:296-300.
doi: 10.1093/jn/135.2.296

Zhang ], Riby JE, Conde L, Grizzle WE, Cui X, Skibola CF. A Fucus
vesiculosus extract inhibits estrogen receptor activation and induces cell
death in female cancer cell lines. BMC Complement Altern Med. (2016)
16:151. doi: 10.1186/s12906-016-1129-6

Lirdprapamongkol K, Kramb JP, Chokchaichamnankit D, Srisomsap C,
Surarit R, Sila-Asna M, et al. Juice of Eclipta prostrata inhibits cell migration
in vitro and exhibits anti-angiogenic activity in vivo. In Vivo. (2008)
22:363-8.

Chaudhary H, Dhuna V, Singh J, Kamboj SS, Seshadri S. Evaluation of
hydroalcoholic extract of Eclipta alba for its anticancer potential: an in vitro
study. J Ethnopharmacol. (2011)136:363-7. doi: 10.1016/j.jep.2011.04.066
Tewtrakul S, Subhadhirasakul S, Cheenpracha S, Karalai C. HIV-1 protease
and HIV-1 integrase inhibitory substances from Eclipta prostrata. Phytother
Res. (2007) 21:1092-5. doi: 10.1002/ptr.2252

Pithayanukul P, Laovachirasuwan S, Bavovada R, Pakmanee N, Suttisri
R. Antivenom potential of butanolic extract of Eclipta prostrata
against Malayan pit viper venom. ] Ethnopharmacol. (2004) 90:347-52.
doi: 10.1016/j.jep.2003.10.014

Chwalek M, Lalun N, Bobichon H, Ple K, Voutquenne-Nazabadioko
L. Structure- activity relationships of some hederagenin diglycosides:
haemolysis, cytotoxicity and apoptosis induction. Biochim Biophys Acta.
(2006) 1760: 1418-27. doi: 10.1016/j.bbagen.2006.05.004

Cho YJ, Woo JH, Lee JS, Jang DS, Lee KT, Choi JH. Eclalbasaponin II
induces autophagic and apoptotic cell death in human ovarian cancer cells.
Pharmacol. (2016)132:6-14. doi: 10.1016/].jphs.2016.02.006

Frontiers in Oncology | www.frontiersin.org

112

November 2019 | Volume 9 | Article 1326


https://doi.org/10.4161/auto.6.1.10323
https://doi.org/10.1007/s00109-011-0805-8
https://doi.org/10.1038/ncomms3799
https://doi.org/10.4161/auto.3424
https://doi.org/10.1038/cddis.2014.468
https://doi.org/10.1152/ajpheart.00964.2009
https://doi.org/10.3760/cma.j.issn.0366-6999.2012.17.028
https://doi.org/10.1097/00001813-199801000-00001
https://doi.org/10.1186/1756-9966-32-99
https://doi.org/10.3892/ijo.2013.1884
https://doi.org/10.3892/ijo.2015.2937
https://doi.org/10.3892/ijo.2012.1325
https://doi.org/10.3892/ijo.2017.4047
https://doi.org/10.1158/1078-0432.CCR-06-1407
https://doi.org/10.1016/j.radonc.2015.11.013
https://www.iwate-med.ac.jp/wp-content/uploads/biotech2014nishiya.pdf
https://www.iwate-med.ac.jp/wp-content/uploads/biotech2014nishiya.pdf
https://doi.org/10.1158/1538-7445.AM2016-1703
https://doi.org/10.21873/anticanres.11343
https://doi.org/10.1073/pnas.0910872107
https://doi.org/10.5468/jwm.2010.3.3.89
https://doi.org/10.1038/sj.onc.1210422
https://doi.org/10.1111/j.1582-4934.2008.00282.x
https://doi.org/10.18632/oncotarget.12369
https://doi.org/10.3892/ol.2016.4978
https://doi.org/10.1016/j.bbrc.2015.01.034
https://doi.org/10.1186/1471-2407-14-179
https://doi.org/10.1007/s13669-014-0103-x
https://doi.org/10.1186/1472-6882-4-10
https://doi.org/10.1093/jn/135.2.296
https://doi.org/10.1186/s12906-016-1129-6
https://doi.org/10.1016/j.jep.2011.04.066
https://doi.org/10.1002/ptr.2252
https://doi.org/10.1016/j.jep.2003.10.014
https://doi.org/10.1016/j.bbagen.2006.05.004
https://doi.org/10.1016/j.jphs.2016.02.006
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Nufiez-Olvera et al.

Autophagy as Therapeutic Cancer Target

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

mushrooms as
(2012)  2:1-15.

Patel S, Goyal A. Recent
anti-cancer  therapeutics: a
doi: 10.1007/s13205-011-0036-2
Lindequist U, Niedermeyer TH, Jiillich WD. The pharmacological potential
of mushrooms. Evid Based Complement Alternat Med. (2005) 2:285-99.
doi: 10.1093/ecam/neh107

Lima CU, Cordova CO, Nobrega Ode T, Funghetto SE, Karnikowski MG.
Does the Agaricus blazei Murill mushroom have properties that affect
the immune system? An integrative review. ] Med Food. (2011) 14:2-8.
doi: 10.1089/jmf.2010.0017

Zhao S, Ye G, Fu G, Cheng JX, Yang BB, Peng C. Ganoderma lucidum exerts
anti-tumor effects on ovarian cancer cells and enhances their sensitivity to
cisplatin. Int ] Oncol. (2011) 38:1319-27. doi: 10.3892/ij0.2011.965

Jiang J, Slivova V, Harvey K, Valachovicova T, Sliva D. Ganoderma lucidum
suppresses growth of breast cancer cells through the inhibition Akt/NF-kB
signaling. Nutr Cancer. (2004) 49:209-16. doi: 10.1207/s15327914nc4902_13
Jiang J, Sliva D. Novel medicinal mushroom blend suppresses growth and
invasiveness of human breast cancer cells. Int ] Oncol. (2010) 37:1529-36.
doi: 10.3892/ijo_00000806

Calvino E, Manjon JL, Sancho P, Tejedor MC, Herrdez A, Diez
JC. Ganoderma lucidum induced apoptosis in NB4 human leukemia
cells: involvement of Akt and Erk. J Ethnopharmacol. (2010) 128:71-8.
doi: 10.1016/j.jep.2009.12.027

Hahne JC, Meyer SR, Dietl J. et al. The effect of Cordyceps extract and
a mixture of Ganoderma lucidum/Agaricus Blazi Murill extract on human
endometrial cancer cell lines in vitro. Int ] Oncol. (2014) 45:373-82.
doi: 10.3892/ijo.2014.2414

Wang RC, Wei Y, An Z, Zou Z, Xiao G, Bhagat G, et al. Akt-
mediated regulation of autophagy and tumorigenesis through Beclin 1
phosphorylation. Science. (2012) 338:956-9. doi: 10.1126/science.1225967
Hahne JC, Honig A, Meyer SR, Gambaryan S, Walter U, Wischhusen J,
etal. Downregulation of AKT reverses platinum resistance of human ovarian
cancers in vitro. Oncol Rep. (2012) 28:2023-8. doi: 10.3892/0r.2012.2041

developments  in
review. 3  Biotech.

119.

120.

121.

122.

123.

Esquela-Kerscher A, Slack FJ. Oncomirs - microRNAs with a role in cancer.
Nat Rev Cancer. (2006) 6:259-69. doi: 10.1038/nrc1840

Wang C, Liu B. miR-101-3p induces autophagy in endometrial carcinoma
cells by targeting EZH2. Arch Gynecol Obstet. (2018) 297:1539-48.
doi: 10.1007/s00404-018-4768-7

Ran X, Yang J, Liu C, Zhou P, Xiao L, Zhang K. MiR-218 inhibits HMGB1
mediated autophagy in endometrial carcinoma cells during chemotherapy.
Int ] Clin Exp Pathol. (2015) 8:6617-26.

Zhuo Z, Yu H. miR-205 inhibits cell growth by targeting AKT-mTOR

signaling in  progesterone-resistant endometrial cancer Ishikawa
cells.  Oncotarget. (2017)  8:28042-51. doi:  10.18632/oncotarget.
15886

Sun MY, Zhu JY, Zhang CY, Zhang M, Song YN, Rahman K,
et al. Autophagy regulated by IncRNA HOTAIR contributes
to the cisplatin-induced resistance in endometrial cancer cells.
Biotechnol ~ Lett.  (2017)  39:1477-84. doi:  10.1007/s10529-017-
2392-4

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The handling Editor declared a past co-authorship with one of the authors,
CL-C.

Copyright © 2019 Nurfiez-Olvera, Gallardo-Rincon, Puente-Rivera, Salinas-Vera,
Marchat, Morales-Villegas and Lépez-Camarillo. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Oncology | www.frontiersin.org

13

November 2019 | Volume 9 | Article 1326


https://doi.org/10.1007/s13205-011-0036-2
https://doi.org/10.1093/ecam/neh107
https://doi.org/10.1089/jmf.2010.0017
https://doi.org/10.3892/ijo.2011.965
https://doi.org/10.1207/s15327914nc4902_13
https://doi.org/10.3892/ijo_00000806
https://doi.org/10.1016/j.jep.2009.12.027
https://doi.org/10.3892/ijo.2014.2414
https://doi.org/10.1126/science.1225967
https://doi.org/10.3892/or.2012.2041
https://doi.org/10.1038/nrc1840
https://doi.org/10.1007/s00404-018-4768-7
https://doi.org/10.18632/oncotarget.15886
https://doi.org/10.1007/s10529-017-2392-4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

1' frontiers
in Oncology

ORIGINAL RESEARCH
published: 03 December 2019
doi: 10.3389/fonc.2019.01341

OPEN ACCESS

Edited by:
Antonio Giuseppe Naccarato,
University of Pisa, Italy

Reviewed by:

Hsueh-Wei Chang,

Kaohsiung Medical University, Taivan
Georg F. Weber,

University of Cincinnati, United States

*Correspondence:
Mariano Martinez-Vazquez
marvaz@unam.mx

Specialty section:

This article was submitted to
Cancer Metabolism,

a section of the journal
Frontiers in Oncology

Received: 16 September 2019
Accepted: 15 November 2019
Published: 03 December 2019

Citation:

Couder-Garcia BdC,
Jacobo-Herrera NJ,
Zentella-Dehesa A, Rocha-Zavaleta L,
Tavarez-Santamaria Z and
Martinez-Vazquez M (2019) The
Phytosterol Peniocerol Inhibits Cell
Proliferation and Tumor Growth in a
Colon Cancer Xenograft Model.
Front. Oncol. 9:1341.

doi: 10.3389/fonc.2019.01341

Check for
updates

The Phytosterol Peniocerol Inhibits
Cell Proliferation and Tumor Growth
in a Colon Cancer Xenograft Model

Beatriz del Carmen Couder-Garcia’, Nadia J. Jacobo-Herrera?,
Alejandro Zentella-Dehesa?3, Leticia Rocha-Zavaleta*, Zaira Tavarez-Santamaria’ and
Mariano Martinez-Vazquez ™

" Departamento de Productos Naturales, Instituto de Quimica, Universidad Nacional Auténoma de Mexico, Coyoacéan,
Mexico, 2 Unidad de Bioquimica, Instituto Nacional de Ciencias Médicas y Nutricion Salvador Zubiran, Mexico City, Mexico,
3 Departamento de Medicina Genémica y Toxicologia Ambiental & Programa Institucional de Cancer de Mama, Instituto de
Investigaciones Biomédicas, Universidad Nacional Auténoma de México, Coyoacan, Mexico, * Departamento de Biologia
Molecular y Biotecnologia, Instituto de Investigaciones Biomédicas, Universidad Nacional Auténoma de Mexico,
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Objective: This study aimed to evaluate the cytotoxic activity of peniocerol against
human colon cancer cell lines and its antitumor effect in vivo in a xenograft model using
nu/nu mice.

Materials and Methods: SW-620, HCT-15, and HCT-116 colon cancer cell lines
were treated with peniocerol for cytotoxicity by crystal violet technique. Cell apoptosis
induction was detected by flow cytometry, and the antitumor activity of peniocerol was
evaluated in a xenograft model of HCT-116 in nu/nu mice. After treatment, the effect
of peniocerol was analyzed in histological sections of tumors by immunohistochemistry
using DAPI, anti-PCNA, and PARP-1 antibodies.

Results: Peniocerol inhibited cell growth and induced apoptosis in vitro in a time and
dose-dependent manner. Besides, peniocerol administration (30 or 15 mg/kg) inhibited
tumor growth and induced apoptosis in the xenograft mice. The lack of peniocerol toxicity
was proved by a biochemical blood analysis of healthy nu/nu mice administrated with
this sterol.

Conclusions: Our results proved that peniocerol induces apoptosis in vitro and in
vivo assays.

Keywords: phytosterol, cytotoxicity, antiproliferative, antitumor, xenograft, apoptosis, colon cancer

INTRODUCTION

Colorectal cancer (CC) is second cancer with the highest mortality rate worldwide, responsible
for more than 880 thousand deaths, and is the third most common cancer, with almost 2 million
incidents in both sexes and all ages (1). Although several chemotherapeutic options are available,
5-fluorouracil (5-FU) is still the base drug for the treatment of colorectal cancer in combination
with other anticancer agents. For instance, the combination of oxaliplatin, 5-FU, and leucovorin
is used after tumor surgery for patients undergoing treatment with curative intent for stage III
(2). However, the drug with the desirable activity and adequate toxicity has not been developed yet.
Therefore, searching for better antitumor drugs is not concluded. In this sense, the so-called natural
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products are a rich source of bioactive compounds that could be
considered as prototypes against this cancer.

Phytosterols are plant sterols, structural components of the
cell membrane that participate in the regulation of fluidity
and permeability associated with the membrane (3). They
are byproducts of a complex isoprenoid biosynthesis pathway
through the squalene (4). Phytosterols belong to a family
of more than 200 different compounds. The most common
are P-sitosterol, campesterol, and stigmasterol (3). They have
demonstrated protection against various chronic diseases such as
cardiovascular, liver, diabetes, and different types of cancer (5-9).
Cancer prevention studies show that a diet rich in phytosterols
can reduce the risk of different types of cancer (10). For example,
the intake of B-sitosterol, an anti-inflammatory agent (11), can
prevent colon cancer (12, 13). In this context, we have previously
published the anti-inflammatory activity in vivo and the cytotoxic
activity in vitro against human breast and colon cancer cells of
the peniocerol, a sterol isolated from the cactus Myrtillocactus
geometrizans (Mart Ex Pfeiff) Console (14, 15). In this article, we
show the apoptotic activity of the peniocerol both in vitro against
the colon cancer cell line HCT-116, as well as its antitumor effect
in vivo.

MATERIALS AND METHODS

Extraction and Isolation

Peniocerol (38, 6a-diol-cholest-8-ene) was isolated from
Myrtillocactus geometrizans and purified as previously described
(15). Copies of the original spectra are obtainable from
the author.

Cell Lines and Cell Culture

Colon carcinoma cells SW-620, HCT-15, and HCT-116 were
obtained from the American Type Culture Collection (ATCC).
Cells were cultured in proper media (DMEM, DMPQ8-1L) as
previously reported.

Animals

Male nu/nu mice, 6-8 weeks old were used. The animals were
housed, fed, and maintained following the recommendations of
the ethics committee. The Animal Research Committee approved
the experimental procedures and were carried out in accordance
to the Guidelines for the Care and Use of Animals of the
Bioterium Laboratory of the Instituto Nacional de Ciencias
Médicas y Nutricién Salvador Zubiran (INCMNSZ), Mexico
City, Mexico.

Solutions

Working solutions of peniocerol (25 mg/mL) were prepared
in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO,
USA. Cat. D4540-100 mL) and stored at —20°C. The peniocerol
dilutions (80, 40, 20, and 10 wM) were prepared with DMEM
and the DMSO concentration was <0.2%. Cisplatin (Sigma-
Aldrich, St. Louis, MO, USA. Cat. 479306-1G), was included as
a positive control (1 mg/kg), dissolved in DMEM. For in vivo
experiments, 25 mg/mL concentrated peniocerol solutions were
prepared, dissolved in sesame oil and 5% DMSO and cisplatin 10

mg/kg in saline solution. All solutions were prepared on the day
of administration.

Cytotoxicity

The cells HCT-15, HCT-116, and SW-620 were seeded in 48-well-
plates at a density of 4 x 10* cells per cm? in DMEM plus 10%
FBS. The cells were incubated for 24 h in an atmosphere of 5%
CO; and 95% humidity at 37°C. After 24 h the cells were treated
with serial concentrations of peniocerol (80, 40, 20, and 10 uM).
Cell viability was evaluated at 24, 48, and 72 h. Cisplatin was used
as a positive control at concentrations <10 wM. Medium plus
DMSO was included as a negative control. After incubation, the
cells were fixed with DMEM, 2% FBS, and 1.1% glutaraldehyde
for 15min at room temperature. Subsequently, the fixation
medium was removed from the cells, allowed to dry, stained
with 200 pL of violet crystal for 15 min, the violet crystal was
removed and finally, the stained protein was solubilized with 500
ML of 10% acetic acid. Optical density values were determined
at a wavelength of 595nm. A dose-response curve was plotted
for each compound and the ICsp was estimated using the Excel
statistical program using linear regression. The tests were carried
out in quadruplicate in three independent experiments.

Flow Cytometric Detection of
Apoptotic Cells

Apoptotic cell death was determined using flow cytometry with
the identification of Annexin V and propidium iodide markers
(GTX85591, GeneTex). HCT-116 colon cancer cells were seeded
in 6-well-plates with a density of 1.5 x 10° cells per well. The
cells were incubated for 24h in an atmosphere of 5% CO;
and 95% humidity at 37°C. After 24h the cells were treated
with vehicle, peniocerol (20 uM) and camptothecin (2 wM) as
a positive control (each treatment was done in triplicate), at
different times (24, 48, and 72 h). After incubation times, the cells
were harvested with trypsin, washed with PBS and centrifuged
at 1,500 rpm for 5min. The cell aggregate was resuspended in
500 wL of binding buffer, then 5 pL of Annexin V-FITC, 5 nL
of propidium iodide were added and finally incubated for 5 min,
according to the manufacturers instructions. The cells were
analyzed using a FACS Can flow cytometer from the National
Flow Cytometry Laboratory, 10,000 cells were analyzed with the
BD Cell Quest Pro Software program.

Toxicity Assessment in nu/nu Mice

Lethal dose 50 (LDsp) determination was performed using two
groups of three female mice each. One group was treated with
125 mg/kg and the second with 62.5 mg/kg of peniocerol. Food
and water were administered up to 4 h after treatment. Mortality
was observed during the first 4h. The LDsy was determined by
the formula LDsg = (MO0 + M1)/2 where MO is the dose that does
not cause the death of any mouse in the group and M1 is the
dose that causes the death of at least one mouse in the group (16).
The determination of the doses that did not induce toxic effects
was carried out using female nu/nu mice distributed in groups of
three mice. Peniocerol was administered intraperitoneally (i.p.)
in two treatment schemes, once a week, and three times a week
both for 21 days (Figure 3A). The weight and behavior of the
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mice were monitored every third day during treatment. Mice
were sacrificed on day twenty-one. Blood tests were performed
in the Departamento de Patologia de la Facultad de Medicina
Veterinaria y Zootecnia, UNAM, Mexico City, México.

Antitumor Activity Evaluation in
Xenografted Mice

Male nu/nu mice were distributed in seven groups of 6 mice
each. The animals were xenografted with 1.5 x 10® HCT-116 cells
resuspended in 100 pL of PBS and inoculated via subcutaneous
in the right flank from the back of the animal. The treatments
were administered (i.p.) in two schemes, once a week or three
times a week, both for 21 days. The treatments started when the
tumors reached a volume of 50 mm?. The groups were organized
as follows:

1. Negative control: 5% DMSO dissolved in sesame oil, once
a week.

2. Negative control: 5% DMSO dissolved in sesame oil, three
times a week.

3. Positive control: cisplatin 4 mg/kg once a week.

4. Positive control: cisplatin 2 mg/kg, three times a week.

5. Peniocerol: 30 mg/kg once a week.

6. Peniocerol: 15 mg/kg once a week.

7. Peniocerol: 15 mg/kg three times per week.

The weight of the mice and the tumor growth were measured
three times a week. Tumor volume was calculated using the
formula V = m/6x(larger diameterx [smaller diameter]?) (17).
The experiment was carried out for 21 days, at the end of
the experiment, the animals were weighed, euthanized and
the tumors were extracted, fixed in formalin, and embedded
in paraffin.

Histologic Evaluation of Tumors
Paraffin-embedded tumors were cut in histologic sections of
5pm thick and used for subsequent analysis with hematoxylin-
eosin, DAPI, and immunohistochemistry. The samples were
analyzed in an Olympus IX71 microscope, with the QImaging
program at the Microscopy Unit of the Biomedical Research
Institute, UNAM, Mexico.

Hematoxylin-Eosin Staining (H-E)

Tissue slides were exposed at a temperature of 60°C for 15—
30 min and rehydrated with the following solution for 5 min:
Xylol (twice), ethanol/xylol 50:50, 100% ethanol, 96% ethanol,
80% ethanol, 70% ethanol, 50% ethanol, distilled water, and PBS.
The cell membrane was subsequently permeabilized with a 0.5%
Triton solution x-100 for 30 min, followed by two washes with
PBS of 5min each. One hundred fifty microliter of hematoxylin
was added to the sample for 2 min, washed with distilled water,
and covered with eosin for 20s, washed with distilled water
and assembled.

4’ ,6-Diamidino-2-Phenylindole

(DAPI) Immunofluorescence

The dewaxing and rehydrated of tissues were performed as
previously described for H-E staining. Then, the membrane was

permeabilized with a 0.5% Triton solution x-100 for 30 min,
followed by two washes with PBS of 5 min each. The kit used was
Vectashield mounting medium for fluorescence with DAPI from
Vector Laboratories.

Nuclear Antigen of Proliferation Cells

(PCNA) Determination

The dewaxing and rehydrated of tissues were performed as
previously described for H-E staining. The membrane was
permeabilized with a 0.5% Triton solution x-100 for 30 min,
followed by two washes with PBS of 5 min each. Antigen exposure
was carried out heating the samples in a 0.25 mM sodium citrate
solution at pH 6.2 for 20min in a microwave oven. Then,
samples were left at room temperature for 20 min and slides
were washed twice with PBS for 5 min. Endogenous peroxidase
was inhibited by exposing the tissues to 3% H,O, for 30 min,
followed by 2 washes with PBS for 5 min each. The cell membrane
permeabilization was performed with a 0.5% Triton solution x-
100 for 30 min, followed by two washes with PBS of 5 min each.
Subsequently, the non-specific signal was blocked by incubation
with 1% H;O, + 5% albumin, in PBS for 30 min, followed
by one wash with PBS of 5min. The slides were incubated
with the primary anti-PCNA antibody (sc-25280, Santa Cruz
Biotechnology, INC). Incubation was performed overnight at
4°C, followed by two washes with PBS for 5min. The slides
were incubated with the secondary antibody for 60 min at
37°C (anti-mouse IgG for PCNA, GTX77315, GeneTex). The
detection of immunohistochemical signals was performed with
diaminobenzidine (DAB) for 10 min, the excess was removed
with distilled water. Couterstain: Harris hematoxylin staining
was performed for 3-5min on each tissue, then the excess was
removed with distilled water. It was covered with Li,CO3 for
15s; then the excess was removed with distilled water. Once
the samples dried completely, the assembly was carried out with
EcoMount from Biocare Medical and covered with a coverslip.
Qualitative analysis of PCNA positive cells was carried out using
the Image]-win64 image processing package.

Poly(ADP-Ribose) Polymerase

(PARP-1) Determination

The dewaxing and rehydrated of tissues were performed as
previously described for H-E staining. The membrane was
permeabilized with a 0.5% Triton solution x-100 for 30 min,
followed by two washes with PBS of 5 min each. Antigen exposure
was carried out, heating the samples in a 0.25 mM sodium citrate
solution at pH 6.2 for 20 min in a microwave oven. Then, the
samples were left at room temperature for 20 min, and slides were
washed twice with PBS for 5min. Endogenous peroxidase was
inhibited by exposing the tissues to 3% H, O, for 30 min, followed
by two washes with PBS for 5 min each.

The cell membrane permeabilization was performed with a
0.5% Triton solution x-100 for 30 min, followed by two washes
with PBS of 5min each. Subsequently, the non-specific signal
was blocked by incubation with 1% H,O; + 5% albumin in PBS
for 30 min, followed by one wash with PBS of 5 min. The slides
were incubated with the primary anti-PARP-1 antibody (sc-8007,
Santa Cruz Biotechnology, INC). Incubation was performed
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overnight at 4°C, followed by two washes with PBS for 5min.  claved-PARP-1 cells was carried out using the ImageJ-win64
The slides were incubated with the secondary antibody for 60 min ~ image processing package.

at 37°C (anti-mouse IgG for PARP-1, GTX77315, GeneTex).

The detection of immunohistochemical signals was performed ~Data Analysis

with diaminobenzidine (DAB) for 10min. The excess was  Each experiment was performed in triplicate. Data are presented
removed with distilled water. Couterstain: Harris hematoxylin ~ as mean =+ standard deviation (SD) of three independent
staining was performed for 3-5min on each tissue, then the  experiments. Statistical differences were determined using the
excess was removed with distilled water. It was covered with  GraphPad Prism 6.0 software program (GraphPad Software Inc.,
LiCO3 for 15s; then, the excess was removed with distilled  La Jolla, CA). Comparisons between the treated and control
water. Once the samples dried completely, the assembly was  groups were made in the ¢-test of unpaired data and the two-
carried out with EcoMount from Biocare Medical and covered =~ way ANOVA. All comparisons are made concerning untreated
with a coverslip. Qualitative analysis of PARP-1 positive and  controls. A statistical difference in *P < 0.05 was considered.
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B
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o e A0 Treatment
§ i i Gl line Peniocerol Cisplatin
g %0 HCT-15 48.89+0.95 12.14+0.5
L HCT-116 39.14£0.1 2.87+0.3
S 20 SW-620 47.19+0.31 13.58+0.4

N 0 l'l] 2.0 4‘0 80
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S 8o "P',!‘-. ~ HCT.116 A Treatment
8 S, Cell line . . s
o0 ¢ HCT-15 Peniocerol Cisplatin
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- B HCT-116 18.68+0.35 0.87+0.1
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[
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T
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FIGURE 1 | Cytotoxic activity of peniocerol in the colon cancer cell lines SW-620, HCT-116, and HCT-15. (A) Chemical structure of peniocerol. (B) Cell viability graphs
represented in percentage with respect to the ascending results of peniocerol at different times, with their respective tables showing the average ICsq of each cell line,
peniocerol and cisplatin as a positive control. The bars in the graphs represent the standard deviation of three independent experiments per quadruplicate and in the
tables the averages + SD of three independent experiments per quadruplicate are represented.
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RESULTS

Cytotoxicity of Peniocerol

The chemical structure of peniocerol is shown in Figure 1A. The
cytotoxic activity of peniocerol was assessed using the crystal
violet cell staining technique. The HCT-116 cells were the most
susceptible to peniocerol (Figure 1B), in comparison to the
other two cell lines. Therefore, the HCT-116 line was used for
subsequent experiments.

Detection of Apoptosis

HCT116 cells treated with peniocerol experimented apoptosis in
a time-dependent manner. As shown in Figure 2A, cell death
was observed after 48 h of treatment and increased after 72 h,
67.21 £ 0.24, and 72.32 £ 0.04%, respectively. The level of
apoptosis induced by peniocerol was similar to that produced by
camptothecin (Figure 2B). These results are totally in agreement
with those previously obtained where it was proved, through

cleavage of PARP-1 and flow cytometry, that this sterol induced
apoptosis in several human cancer lines (14, 18).

Toxicity of Peniocerol of Peniocerol Was
Evaluated in Female nu/nu Mice, Using

Two Different Schemes of Treatment

We first evaluated the effect of peniocerol administrated once
a week during 21 days at 15 or 30 mg/kg doses. Our results
showed that no significant modification in body weight were
noticed compare with those of animal control. As shown in
Figure 3B, when mice received peniocerol three times a week
at different doses, also no significant differences in weight were
detected. In contrast, the administration of cisplatin one time a
week produced a significant decrease in body weight compared
with the negative control (p < 0.0001). The weight of mice treated
with cisplatin was reduced by 42%, which suggests a toxic effect
of the positive control. Administration of 15 mg/kg of peniocerol

A Oh 48 h 72 h
%y
Vehicl 3
ehicle 23 o
3 7
T100 : 10! 102 10° 104 10t
FL1-H anexina V FITC
Peniocerol 20 pM
e
02 10° 10t °’|o° 10! 102 10° 10t
FLI-H anexina V FITC FLIH anexina V FITC
Camptothecin 2 pM
C B s NG ek
FL1-H anexira V FITC
B
Apoptotic cells (%)
Treatment Oh 24h 48 h 72 h
Vehicle 8.57+0.1% 9.44+0.1% 12.72+0.02% 2.71+0.02%
Peniocerol 20uM 8.67+0.3% 26.2+0.37% 67.21+0.24% 72.32+0.04%
Camptothecin 2 pM 8.53+0.2% 32.74£0.1% 47.33+:0.2% 95.53+0.31%
FIGURE 2 | /n vitro evaluation of apoptosis induction by peniocerol in the HCT-116 cell line. (A) Representative dot plots of HCT-116 cells treated with vehicle,
peniocerol 20 WM and camptothecin 2 uM. (B) Table of percentages of early and late apoptosis induced by peniocerol. The numbers represent the average of three
independent experiments + SD.
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Sy i lysis of p ol in nu/nu mice
Cisplatin Peniocerol
Biochemical analysis Reference [13] Negative control 2 mg/kg 15 mg/kg
Ay 3 times/week I5mgkg | 30mekg | 3 timesiweek
Leukocytes (x10%/L) 32-70 4.57+0.5 2.06+ 0.12* 1.61 £0.23* 3.77+0.25 3.6+0.56 3.23+0.23
Lymphocytes (x10°/L) 3.16-7.8 3.17+0.65 0.52 + 0.04* 0.52 +0.08* 3.58+£039 3374025 3.57+0.21
Erythrocytes (x10'%/L) 7.1-102 7.17+ 1.04 7.37+0.46 7.14+0.26 7.43 +0.45 7.23+0.85 7.63+0.32
Hemoglobin (g/L) 149 -170 152.33+10.5 11533 £ 1.53 113.33£1.53 155+13 151 +14.73 153 + 8.54
Glucose (mmol/L) 6.6-8.5 7.6+ 1.39 8.56 £0.15 7.83+£0.45 7.93 +£0.40 8+0.8 8.17+0.49
Urea (mmol/L) 2.6-35 3.07+0.67 7.57+04 9.06 +0.45 2.53+0.25 2.83+0.61 3.33+0.15
Creatinine (mmol/L) 8.8-26.5 24.33+2.08 29.06 + 1.9 43.33 +£0.68*% 2333+£2.52  24.33+2.08 2543
Alanine transferase (U/L) 46 - 55 52.332.52 62.89£1.21%* 75.06 + 1.68* 49 +4.58 48.33+3.21 51.67 +£0.58
Aspartate transferase (U/L) 85-101 92.33+£2.52 151.25:£1.35 197.32 + 1.18* 96 +2 94.67 +2.51 93.67 + 1.53
FIGURE 3 | Toxicity evaluation of peniocerol in nu/nu mice. (A) Treatment scheme: Once a week for 3 weeks, the administrations were performed on days 0, 7, and
14; Three times a week for 3 weeks, administrations were performed, on days 0, 2, 4, 7, 9, 11, 14, 16, and 18. In both schemes, the animals were slaughtered on day
21. (B) Toxicity graphs: Once a week for 3 weeks, doses 30 mg/kg and 15 mg/kg of peniocerol, 4 mg/kg of cisplatin and as a negative control (sesame oil + DMSO
5%); three times a week for 3 weeks, doses 30 mg/kg and 15 mg/kg of peniocerol, 2 mg/kg of cisplatin and as a negative control the vehicle (sesame oil + 5%
DMSO). The weight of the mice was monitored three times a week for 21 days. The results shown are the mean + standard deviation of the monitoring of three mice.
The significant difference ****p < 0.0001 was compared to the negative control (t-test). (C) Table of the systemic analysis of peniocerol in mice administered once a
week and three times a week for 21 days. The data shown are the mean values + SD of three mice per group. Significant difference *p < 0.05 compared to the
vehicle (t-test).

three times a week for 21 days did not produce a change in the
weight of the animals as compared with the negative control. On
the contrary, cisplatin administered in the lower dose (2 mg/kg)
three times a week induced a significant decrease in body weight
compared with the negative control (p < 0.0001).

To further analyze the potential toxic effect of peniocerol
in healthy mice, we performed a biochemical blood analysis
including glucose, hemoglobin, urea, creatinine, alanine
transferase, and aspartate transferase, and a cell count including
leukocytes, lymphocytes and erythrocytes (Figure3C). The
analysis revealed that peniocerol did not produce any change
in blood biochemical and cellular components compared with
those observed in mice that received the vehicle. In sharp
contrast, administration of cisplatin resulted in a significant
decrease in leukocytes, lymphocytes, and hemoglobin (p < 0.05)
and an increase in the concentrations of liver enzymes alanine
transferase and aspartate transferase (p < 0.05). These results
suggest that peniocerol (15 mg/kg and 30 mg/kg) is less toxic
than cisplatin, and that healthy mice tolerate it well.

Anti-tumor Activity of Peniocerol

To test the potential effect of peniocerol on tumor growth in
vivo, we established a xenograft model in mice using the HCT-
116 cell line. When the tumors reached a mean of 50 mm? mice
were treated with peniocerol (15 or 30 mg/kg doses) one time

a week for 21 days, cisplatin (4 mg/kg) also one time a week
for 21 days. As seen in Figure 4A, both concentrations of the
peniocerol induced a significant reduction of tumor volume at
the end of the experiment (p < 0.01). As expected, treatment with
cisplatin-induced a highly significant reduction of tumor volume
(p <0.0001). At the finale of the experiment the remaining tumor
masses were dissected and weighed, the results presented in
Figures 4B,C demonstrated that peniocerol induced a reduction
of tumor weight of 75.2 and 76.4% when administered at 30 or 15
mg/kg, respectively.

Our results suggest that peniocerol has a significant anti-
tumor effect on mice, so we decided to investigate whether
an increase of frequency of administration of the lower
doses evaluated of peniocerol would produce a major effect.
Administration of peniocerol at 15 mg/kg doses three times
a week for 21 days induced a significant decrement of
tumor volume compared to that produced by the previously
administration (p < 0.05; Figure 5A). However, it did not reach
the level of inhibition produced by treatment with cisplatin
(Figures 5B,C).

Immunohistological Analysis of Tumors

Tissue slides were obtained from tumors dissected after
treatment. H-E showed a precise modification of cell morphology
that can be observed by their amorphous and condensed shape in
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FIGURE 4 | Antitumor activity evaluation of peniocerol once a week for 21 days administration in nu/nu mice. Treatment scheme: Once a week for 21 days, treatment
started when the tumors reached a volume of approximate 50 mm?, on days 0, 7, and 14. The animals were sacrificed on day 21. (A) Antitumor activity graphs.
Groups of six nu/nu mice inoculated with 1.5 x 108 HCT-116 cells were treated once a week for 21 days with 30 mg/kg and 15 mg/kg of peniocerol, 4 mg/kg of
cisplatin and the vehicle (sesame oil + 5% DMSO), on days 0, 7, and 14 (black arrows). The tumors were measured three times per week. The bars indicate the SD of
the mean **p < 0.01, **p < 0.001, and **p < 0.0001 compared to the vehicle (ANOVA and t-test). (B) Photographs of the tumors at the end of the experiment. (C)

Table of tumor weights + SD at the end of the experiment.

the tumor samples that were treated with peniocerol (30 and 15
mg/kg, once a week and 15 mg/kg three times a week), compared
to the positive control (Figure 6A).

Furthermore, the nuclei tissues were stained with
DAPI. As shown in Figure 6B, nuclei with condensation
or fragmentation, indicative of apoptosis, can be seen in
peniocerol treatments.

To determine if peniocerol was able to inhibit cell
proliferation, tumor slides were incubated with an anti-
PCNA. Results of specific immunostaining indicate that both
doses 30 and 15 mg/kg once a week and 15 mg/kg three times
a week of peniocerol, decreased the number of positive cells
compared to the negative control (Figure 6C). The results
show that peniocerol significantly inhibited (p < 0.0001) the
expression of PCNA at all three doses compared to the positive
control. In the doses of 30 mg/kg and 15 mg/kg administered

once a week, 150.07 & 17.14 and 143.1 = 34.7 labeled cells were
detected respectively; while the dose of 15 mg/kg administered
three times a week, 95.57 £ 18.85 cells were marked, compared
with the negative control that was 328.3 £ 64.07 labeled cells
(Figure 7A).

The induction of apoptosis in histological sections was
determined with the specific immune staining of anti-PARP-1
(Figure 6D). The results show that independently of the
peniocerol doses, there is a significant decrease (p < 0.0001) in
the expression of PARP-1 in the nucleus, compared to the vehicle
(78.34 £ 3.32%). On the contrary, in the expression of cleaved
PARP-1, the doses of 30 mg/kg (54.96 £ 2.28%) and 15 mg/kg
(59.96 £ 9.09%) once a week, and 15 mg/kg three times a week
(61.7 £ 1.56%), significantly increase the percentage compared
to the vehicle (5.64 £ 2.35%). Peniocerol treatments effected
similarly to that of cisplatin (Figure 7B).
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FIGURE 5 | Antitumor activity evaluation of peniocerol three times a week for 21 day administration in nu/nu mice. Treatment scheme: Three times a week for 21 days,
a total of nine administrations were performed, when the tumor reached an approximate volume of 50 mm®, on days 0, 2, 4, 7, 9, 11, 14, 16, and 18. The animals
were sacrificed on day 21. (A) Antitumor activity graph. Groups of six nu/nu mice inoculated with 1.5 x 108 HCT-116 cells were treated three times a week for 21
days, the doses tested were 30 mg/kg and 15 mg/kg of peniocerol, 2 mg/kg of cisplatin and as a negative control the vehicle was used (sesame oil + 5% DMSO). The
size of the tumors was measured three times per week. The bars indicate the standard deviation of the mean *p < 0.01, *p < 0.001, and ****p < 0.0001 compared
to the vehicle (ANOVA and t-test). (B) Photographs of the tumors at the end of the experiment. (C) Table of tumor weights + SD at the end of the experiment.

DISCUSSION

The National Cancer Institute (NCI, USA), has regulated
the natural products antineoplastic activity to select potential
compounds. Although it is not a formal rule, they are considered
active when EDsy < 4pg/ml (19, 20). Under this premise,
many compounds of natural origin, including phytosterols,
would be considered inactive. However, there seems to be a
probable relationship between the anti-inflammatory properties
of some secondary metabolites such as the phytosterols, and their
antitumor effects in vivo (21, 22). Our research group published
the exceptional anti-inflammatory activity of peniocerol and its
modest cytotoxic activity against the HCT-15 and the MCF-7
cancer cell lines in vitro (14). Consequently, we evaluated the
antitumor activity of peniocerol in xenografted mice.

Although peniocerol showed cytotoxic activity on the colon
cancer lines, HCT-15, HCT-116, and SW-620, the HCT-116
line was the most susceptible, so it was chosen for the next
experiments. The level of apoptosis induced by peniocerol was

similar to that produced by camptothecin in vitro (Figure 2B).
In earlier studies, we proved that peniocerol might trigger
both the caspase-dependent and caspase-independent apoptotic
pathways (18).

To determine the toxicity of peniocerol female nu/nu mice
were used. Our results showed that at 15 or 30 mg/kg doses
of peniocerol under three or once a week administration, there
was no significant modification in body weight compared with
the untreated mice. It is worth to note that the cis-platin group
showed until 42% of body weight loss (Figures 3A,B).

Biochemical blood analysis was performed to evaluate the
potential effect of peniocerol in healthy animals. The analysis
revealed that peniocerol did not produce any change in blood
biochemical and cellular components compared with those
observed in mice that received the vehicle. This analysis also
reaffirms the toxicity so substantial that cisplatin induces in
mice. For example, the administration of cisplatin resulted in a
significant increase of alanine- and aspartate transferase as well as
the decrease of hemoglobin, lymphocytes, and leukocytes. These
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FIGURE 6 | Tissues photomicrographs obtained from xenografted tumors with HCT-116 cells stained with; (A) hematoxylin-eosin (H-E) (Black arrows indicate
amorphous and condensed shape). (B) 4',6-diamidino-2-phenylindole (DAPI) (White arrows indicate condensation and fragmentation of the nuclei), (C) specific
immunostaining for proliferating cell nuclear antigen (PCNA). The brown marks show the PCNA positive cells. (D) Specific immunostaining for poly(ADP-ribose)
polymerase 1 (PARP-1) (brown nucleus) and Cleaved-PARP-1 (brown cytoplasm). The text at the top indicates the treatment for each experimental group. The

acquisition of the images was done at 20x on the microscopic scale in the Q capture pro 5 Qlmaging capture software.
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FIGURE 7 | (A) Antiproliferative effect of peniocerol on the PCNA cell
proliferation marker in the tissues of xenografted tumors of HCT-116 cells. (B)
Apoptotic cell death effect of peniocerol on the PARP-1 and Claved-PARP-1
marker in the tissues of xenografted tumors of HCT-116 cells. The bars
represent the average of positive cells + standard deviation of three tissues
analyzed by each experimental group. The data were analyzed and compared
against the negative control ***p < 0.0001 (t-test).

results showed that in spite that both compounds showed similar
antitumoral activity in the three times a week administration,
their toxicity is quite different (Figure 3C).

The results registered that a higher frequency of
administration of peniocerol improved its antitumor activity
(Figure 5) and could suggest that the frequency of administration
is more significant than the dose. Several studies have shown
that dietary intake of phytosterols reduces the risk of suffering
from diverse types of cancer. In experimental studies in vivo of
ovarian, breast, colon and others neoplasia, was observed that
the consumption of B-sitosterol or mixed phytosterols in diet,
reduced the number of animals with tumors, or reduced the
size of tumors (23-28). In epidemiological studies, the intake of
p-sitosterol and stigmasterol was associated with lower risks of
esophageal (29) and ovarian cancers (30), respectively. Moreover,
it was reported that in female populations with minimal risk of
breast cancer have a greater consume of phytosterols in the diet
than those at high risk (31, 32).

Our findings show that the peniocerol tumor growth
inhibition is related to an antiproliferative effect and induction
of apoptosis. The PCNA is used in clinics as a classic marker of
cell proliferation as a diagnostic and prognostic tool (33). PARP-
1 is an abundant and ubiquitous nuclear enzyme related to DNA
repair (34); its overexpression is linked to the development of
some types of cancer. Therefore, PARP-1 inhibition selectively
ends several types of tumorigenic cells (35). The significant
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decrease in the expression of PCNA in the tumor samples
shows a condensation and fragmentation of the nuclei, thus an
antiproliferative action (Figures 6C, 7A). Moreover, a significant
decrease of PARP-1 in the nucleus and a significant increase
of cleaved PARP-1 in the cytoplasm (Figures 6D, 7B) indicates
apoptosis cell death.

In summary, the administration of peniocerol with a higher
frequency, but with a lower dose provides a greater therapeutic
effect, suggesting the possibility to develop an anticancer drug
from this phytosterol.
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Hepatocellular carcinoma (HCC) is one of the most common solid tumors worldwide,
characterized by clinical aggressiveness, resistance to conventional chemotherapy, and
high lethality. Consequently, there is an urgent need to better delineate the molecular
pathogenesis of HCC to develop new preventive and therapeutic strategies against
this deadly disease. Noticeably, emerging evidence indicates that proteins involved in
lipid biosynthesis are important mediators along the development and progression of
HCC in humans and rodents. Here, we provide a comprehensive overview of: (a) The
pathogenetic relevance of lipogenic proteins involved in liver carcinogenesis, with a
special emphasis on the master fatty acid regulator, fatty acid synthase (FASN); (b) The
molecular mechanisms responsible for unrestrained activation of FASN and related fatty
acid biosynthesis in HCC; (c) The findings in experimental mouse models of liver cancer
and their possible clinical implications; (d) The existing potential therapies targeting FASN.
A consistent body of data indicates that elevated levels of lipogenic proteins, including
FASN, characterize human hepatocarcinogenesis and are predictive of poor prognosis of
HCC patients. Pharmacological or genetic blockade of FASN is highly detrimental for the
growth of HCC cells in both in vitro and in vivo models. In conclusion, FASN is involved
in the molecular pathogenesis of HCC, where it plays a pivotal role both in tumor onset
and progression. Thus, targeted inhibition of FASN and related lipogenesis could be a
potentially relevant treatment for human HCC.

Keywords: hepatocellular carcinoma, de novo lipogenesis, FASN, tumor metabolism, precision medicine

INTRODUCTION: HUMAN HEPATOCELLULAR CARCINOMA

Human hepatocellular carcinoma (HCC) is one of the most frequent and pernicious solid tumors,
ranking fifth in incidence and second in lethality worldwide (1-3). Albeit the prevalence of HCC
is highest in Eastern Asia and sub-Saharan Africa, where the HBV chronic infection is endemic
and the food is contaminated by the mycotoxin aflatoxin B1, its incidence is rapidly rising also in
Western Europe and North America (1-3). In the latter areas, however, this escalation in HCC
occurrence cannot be entirely explained by the established causal relationship linking chronic
hepatitis B or C infection, or ethanol consumption, to hepatocarcinogenesis. Indeed, at least one
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quarter of HCC cases remains idiopathic (1-3). In the last decade,
non-alcoholic fatty liver disease (NAFLD) has emerged for its
potential etiopathogenetic role in liver cancer development,
especially in industrialized countries. Numerous case-control
studies indicate in fact that HCC patients with cryptogenic
cirrhosis display clinical and demographic characteristics
suggestive of NAFLD, when compared with HCC patients of
viral or alcoholic etiology (3-6). In particular, it has been shown
that the increased incidence of HCC in the United States over
the past few decades has occurred in parallel with the epidemic
of NAFLD (3-6). The latter condition is characterized by the
excessive accumulation of lipids in the liver and is associated with
obesity, insulin resistance, and type 2 diabetes, often evolving
into HCC (3-6).

Regardless of the causative agent, most HCC patients
are diagnosed with an advanced disease, precluding the
employment of potentially curative therapies, including
liver transplantation or partial liver resection (1-3). In
addition, molecularly based treatments provided negligible
benefits in terms of survival in HCC patients, with the
multi-kinase inhibitors Sorafenib and Regorafenib being
the only drugs able to extend the life expectancy by ~2/3
months (7-9). Consequently, new therapeutic approaches
aimed at restraining the growth of advanced HCC are highly
needed. For this purpose, the molecular pathogenesis of
HCC should be better elucidated to identify critical targets
whose inhibition might hamper liver tumor development
and/or progression.

THE “LIPOGENIC PHENOTYPE”

Deregulated lipid biosynthesis (commonly referred to as “de
novo lipogenesis” or “de novo lipid synthesis”) plays an
important pathogenetic role in the development of various
metabolic diseases, such as diabetes mellitus, obesity, and the
metabolic syndrome. In addition, emerging evidences indicate
that metabolism reprogramming, including aberrant lipogenesis,
is a widespread phenomenon in most cancer types (10-12).
From the historical point of view, the scientific work of the
German biochemist and Nobel Prize laureate Otto Warburg,
who has been dealing with this issue for several decades since
the 1920s, can be considered a pioneer work in this field
(13, 14). The starting point was his observation that tumor
cells metabolize glucose into lactate under aerobic conditions,
while not using the energetically more plausible route of
oxidative decarboxylation by the citric acid cycle for energy
production. This observation is nowadays well-known as the
“Warburg effect” or “Warburg phenomenon” (13, 14). One
plausible explanation for this apparently paradoxical event is
that glycolysis, although significantly less efficient for energy
production than aerobic decarboxylation, can produce adenosine
triphosphate (ATP) about 100 times faster than mitochondrial
respiration would (14). Consequently, the tumor cell can provide
sufficient energy for the accelerated metabolic processes along
carcinogenesis. In addition, through the Warburg phenomenon,
a reservoir of important metabolic intermediates available for

amino acid synthesis and pentose phosphate production—
indispensable prerequisites for ensuring adequate protein and
DNA synthesis—is generated (14). Furthermore, elevated aerobic
glycolysis results in a growth advantage for the most proliferating
tumor cells within their microenvironment (14). The immediate
consequence of increased glycolysis is the accumulation of the
pyruvic acid (pyruvate) metabolite. While most of the pyruvate
is converted into lactate and eliminated via the cell membrane,
some of the pyruvate is instead converted to acetyl-CoA. In
contrast to the normal cell, acetyl-coA represents the primary
substrate of the de novo lipid synthesis in tumor cells (14).

As normal tissues can cover most of their lipid requirements
via dietary lipids coming from the blood circulation, de novo
lipogenesis does not play a significant role in the metabolism of
these cell types; as a result, the expression of lipogenic enzymes
is low (10-12). In striking contrast, a universal up-regulation
of lipid synthesis occurs in tumor cells (10-12). Importantly,
the latter phenomenon is only occasionally associated with a
change in cellular morphological properties that are detectable
by light microscopy (namely, lipid accumulation in tumor cells
that, consequently, appear enlarged, and with a clear cytoplasm)
(10-12). Most frequently, indeed, aberrant lipogenesis results in
marked alterations of various molecular and metabolic processes,
including intracellular signal transduction, and gene expression.
At the molecular level, increased lipogenesis is primarily
recognizable by the fact that numerous enzymes involved in lipid
metabolism (lipogenic enzymes) display strong activity and high
expression in tumor cells (10-12). In particular, this refers to
the coordinated upregulation of the key enzymes involved in the
conversion of glucose into fatty acids, such as ATP citrate lyase
(ACLY), acetyl-CoA carboxylase (ACAC), fatty acid synthase
(FASN), malate enzyme (ME), and stearoyl-CoA-desaturase 1
(SCD1). Each of these enzymes exhibits a pivotal function in the
series of events leading to aberrant lipid biosynthesis. Specifically:
(a) ACLY converts citrate from the citrate cycle to acetyl-CoA;
(b) ACAC synthesizes malonyl-CoA starting from acetyl-CoA;
(c) FASN, starting from malonyl-CoA and consuming acetyl-
CoA and NADPH, synthesizes the saturated fatty acid palmitate
(palmitic acid) and other saturated long-chain fatty acids; (d) ME
catalyzes the production of the reducing NADPH necessary for
the synthesis of long-chain fatty acids; and (e) SCD1 converts
saturated fatty acids into unsaturated fatty acids, which serve
as substrates for the synthesis of triglycerides, cholesterol esters,
and phospholipids (10-12, 14, 15). The major steps of de novo
lipogenesis are summarized in Figure 1.

The requirement of lipids for proliferating tumor cells is high
for several reasons. First, lipids represent the building blocks
necessary for cell membrane production and, consequently, cell
duplication (10-12, 14, 15). Second, the newly synthesized fatty
acids are used, if needed, to provide additional energy through
the B-oxidation. Third, lipids serve as anchors for selective
protein transport to the membrane and as precursors for the
synthesis of “lipid second messenger” molecules (10-12, 14, 15).

Based on these data, it is obviously not surprising that most
epithelial tumors exhibit an increased de novo lipid synthesis
and an associated upregulation of the lipogenic enzymes. These
include carcinomas of the breast, colorectal, prostate, urinary
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FIGURE 1 | Simplified representation of de novo lipogenesis in the tumor cell. ACC, acetyl-CoA carboxylase; ACLY, adenosine triphosphate citrate lyase; FASN, fatty
acid synthase; GLUTSs, glucose transporters; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SCD1, stearoyl-CoA desaturase 1. Detailed

system, ovary, upper gastrointestinal tract, lung, and oral
cavity (10-12). Furthermore, it is well-established that tumor
cells display increased ACLY expression and activity. Of note,
suppression of ACLY by either small interfering RNA molecules
(siRNAs) or the pharmacological inhibitor SB-204990 blunts
the proliferation and survival of carcinoma cells both in vitro
and in vivo (16). These intriguing findings are in line with the
observation that ACAC, FASN, and SCD1 are up-regulated in
numerous malignancies at both the transcriptional and protein
level, and their inactivation by treatment with specific siRNAs
or small molecular inhibitors significantly restrains tumor cell
proliferation and survival (10-12, 14, 15). Altogether, these data
suggest that de novo lipid synthesis as well as the activation of
lipogenic proteins and enzymes are critical for the growth of
tumor cells.

FATTY ACID SYNTHASE IN PHYSIOLOGY
AND CANCER

As reported above, fatty acid synthase (FASN) is the critical
enzyme responsible for de novo fatty acid synthesis (10-12).
Specifically, FASN catalyzes the reaction leading to the generation
of palmitate and 16-carbon long fatty acid from acetyl-CoA
and malonyl-CoA (10-12). Palmitate is a 16 carbon saturated
fatty acid that is a major component of cell membranes and
human breast milk, and is incorporated into triglycerides for

energy storage. In addition, palmitate is a substrate in the
palmitoylation of membrane proteins and acts as a precursor
in the synthesis of complex lipids, including cholesterol and
glycerophospholipids (10-12).

FASN consists of seven functional domains: acyl carrier
protein, malonyl/acetyltransferase, ketoacyl synthase, ketoacyl
reductase, dehydrase, enoyl reductase, and thioesterase (17,
18). In humans, FASN is encoded by the FASN gene and
composed of two identical 272 kDa multifunctional polypeptides,
in which the seven domains form a single bond (17).
The human FASN gene locus is located at chromosome 17
(17q25.3) (10).

FASN is mainly expressed in the cytosol of healthy liver,
adipose, brain, cycling endometrium, and lactating mammary
gland cells; in these tissues and organs, lipogenesis is a crucial
physiological process (10-12).

In cancer, multiple studies have shown that FASN is strongly
upregulated in tumors from breast, prostate, colorectal, bladder,
ovary, and lung, especially when characterized by clinical
aggressiveness, poor prognosis, and resistance to therapy. In
contrast, corresponding non-tumor tissues adjacent to the tumor
generally express low levels of FASN protein (10-12). However,
increased FASN expression has also been detected in some benign
and pre-neoplastic lesions of the prostate, breast, lung, stomach,
colon, and cutaneous nevi (10-12). Furthermore, investigations
conducted in breast, pancreatic, and colorectal tumors showed
that cancer patients exhibit elevated levels of FASN in the serum.
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Once again, FASN levels in patients’ serum directly correlate with
an adverse outcome (10-12).

Additional evidence linking FASN to cancer comes
from experimental models. For instance, in vitro ectopic
overexpression of FASN in breast cancer cells was found to
promote lipogenesis along with augmented cell growth and
proliferation (19). Also, transgenic overexpression of Fasn in
mice triggered the development of prostate epithelial neoplasia,
albeit it was not sufficient to induce invasive tumors per se
(20). Further studies with immortalized prostate epithelial cells
(iPrEC) suggested that, in addition to the Fasn expression,
co-expression of androgen receptor was required for invasive
adenocarcinoma development (20). Altogether, this body
of evidence indicates a unique association between FASN
expression and tumor development and/or progression.

FATTY ACID SYNTHASE IN
HEPATOCELLULAR CARCINOMA:
EVIDENCE FROM HUMAN DISEASE AND
EXPERIMENTAL MODELS

The contribution of unrestrained lipogenesis to the development
of hepatocellular carcinoma (HCC) and its progression as well
as the molecular mechanisms contributing to the aberrant
lipid biosynthesis are starting to be understood. Despite the
mounting evidence concerning the importance of aberrant
lipid biosynthesis in carcinogenesis, the first studies on this
phenomenon in human HCC are relative recent. In a small
study (21), overexpression of the mRNA of the main lipogenic
enzymes (FASN, ACAC, ACLY and SCDI1) was described in
HCC when compared with non-neoplastic liver counterparts.
In addition, the sterol regulatory element-binding protein 1
transcription factor (SREBP1), a major inducer of lipogenesis,
has been identified as a negative prognostic factor in liver cancer
(22). Also, an in vitro study demonstrated that inhibition of
FASN significantly affects the growth of human HCC cell lines
in a p53-independent manner (23). Based on these intriguing
observations, several studies into the pathogenetic relevance of de
novo lipid synthesis in human HCC have been initiated, especially
focusing on the molecular pathways that drive this event.

In a pioneering investigation, we analyzed the levels of the
critical lipogenic proteins in a large human HCC collection
(24). In particular, the HCC cohort used could be differentiated
into two distinct subgroups based on patient survival after
partial liver resection: a group of HCC with less aggressive
biological behavior or HCCB (defined as survival longer than
3 years) and one with higher aggressive behavior or HCCP
(defined as survival time shorter than 3 years) (24). Intriguingly,
a simultaneous upregulation of all relevant enzymes of the
lipogenic metabolism was observed in HCC when compared with
non-tumorous surrounding liver tissues (24). These included the
enzymes responsible for fatty acids production (FASN, ACAC,
ACLY, ME, and SCD1) as well as the enzymes for cholesterol
biosynthesis [SREBP2, 3-hydroxymethylglutaryl-CoA reductase
(HMGCR), mevalonate kinase (MVK), and squalene synthetase

(SQS)]. Concomitantly, their upstream inducers [carbohydrate-
responsive element-binding protein (chREBP), SREBPI, liver
X receptor B (LXR-B)] were upregulated. Of note, the highest
levels of lipogenic enzymes were detected in HCC with poorer
prognosis (HCCP) (24). It is noteworthy to underline that the
content of the chemical end products of the respective lipid
synthesis (fatty acids, triglycerides, and cholesterol) changed in
an analogous manner (24). Thus, these data indicate increased
lipogenesis during development and progression of HCC in
humans. Subsequent investigations showed that the induction of
unrestrained lipogenesis was the result of both transcriptional
and post-transcriptional mechanisms (24). Specifically, in
addition to the aforementioned transcription factors (chREBP,
SREBP1, and LXR-B), we detected a prominent induction of
the ubiquitin-specific peptidase 2a (USP2a) (24). This protein is
involved in the inhibition of proteasome-induced degradation
of FASN, thus inducing stabilization and increased half-life of
the latter (25). Similarly, v-akt murine thymoma viral oncogene
homologous (AKT) was found to inhibit the ubiquitination of
SREBP1 by phosphorylation-dependent mechanisms (24). These
findings indicate that presumably a complex program involving
several pathways converge to increase lipid biosynthesis in
human HCC.

Since it is established that the AKT/mTOR pathway is a
prominent inducer of de novo lipogenesis in various tissues
and organs (26, 27), our group investigated whether this also
applies to human HCC. As expected, an increased induction
of activated (phosphorylated) AKT, mTOR, and the mTOR
effector RPS6, was detected from surrounding liver tissues to
HCC, especially HCCP, when compared to normal liver (24).
The importance of the AKT/mTOR signaling in lipogenesis
was further substantiated in human HCC cell lines, where
overexpression of myristoylated/activated AKT led to a rapid
increase in cell growth and a reduction in apoptosis. This
change in proliferation kinetics was paralleled by a sharp increase
in lipid synthesis and up-regulation of lipogenic enzymes
in AKT-overexpressing cells (24). Conversely, there was a
robust inhibition of cell growth associated with a decrease
in lipogenesis and a reduction in the content of lipogenic
proteins when AKT was selectively suppressed in HCC cell
lines (24). At the molecular level, activation of lipogenesis
was dependent on an intact mTOR complexl (mTORC1)/RPS6
signaling pathway, as the addition of the mTORCI inhibitor
rapamycin or the targeted inactivation of RPS6 by specific
siRNA impaired cell growth in the same cell lines (24). The
functional importance of the AKT/mTOR pathway in HCC
aberrant lipogenesis and FASN induction was substantiated in
a recent investigation from Zhao et al. (28). These authors
confirmed the relationship between FASN and the AKT/mTOR
cascade in HCC cell lines; furthermore, they identified the loss
of the microRNA (miR) 1207-5p as a critical mechanism leading
to unconstrained AKT/mTOR signaling pathway and FASN
activity in human liver cancer (28). Alternatively, activation of
the AKT/mTOR/FASN axis might be triggered by upregulation
of the basigin/CD147 protooncogene, a molecular event often
detected in human hepatocarcinogenesis (29, 30). Taken together,
these data indicate that the AKT/mTOR pathway plays a
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leading role in the activation of lipogenesis in human HCC.
The identified molecular mechanisms triggering unrestrained
FASN activity and lipogenesis in HCC are summarized
in Figure 2.

In light of these important premises, we determined
the requirement of FASN and de novo lipogenesis in
hepatocarcinogenesis in vivo, using genetic approaches. To
achieve this goal, we employed conditional FASN knockout
(KO) mice (31) and various oncogene driven HCC models,
such as AKT and AKT/c-Met mice. Previous data from our
group showed that hydrodynamic transfection of an activated
form of AKT (myristoylated/myr-AKT) triggers upregulation of
FASN, aberrant de novo lipid synthesis, and HCC development
after long latency in mice (24). To determine whether FASN
expression is necessary for myr-AKT driven liver tumor
development, we hydrodynamically injected myr-AKT and Cre
recombinase (AKT/Cre mice) into conditional FASNfl/fl mice
(32). Of note, while AKT overexpression in control mice resulted
in HCC development within 22-28 weeks post-injection,
none of the AKT/Cre mice exhibited pre-neoplastic and
neoplastic lesions. Equivalent results were achieved following
overexpression of myr-AKT in liver-specific FASN KO mice
(AlbCre; FASN{l/fl mice) (32). The anti-neoplastic effect resulting
from FASN ablation in AKT/Cre mice was presumably due to
the downregulation of rapamycin-insensitive companion of
mTOR (Rictor), the critical member of the mammalian target
of rapamycin complex 2 (mTORC2) (27), which is responsible
for activation of the AKT protooncogene via phosphorylation.
The relevance of Rictor in this process was further demonstrated
by the finding that genetic depletion of Rictor in hepatocytes
prevented myr-AKT driven hepatocarcinogenesis in mice (32).
The crucial role of FASN in hepatocarcinogenesis has been
confirmed in a second mouse model, where myr-AKT was
co-transfected with the protooncogene c-Met (AKT/c-Met
mice). In this model, the co-expression of AKT and c-Met was
found to dramatically accelerate HCC development in mice
when compared to those transfected with AKT or c-Met alone,
with all AKT/c-Met mice being required to be euthanized
within 8 weeks post-injection due to high tumor burden
(33). Thus, AKT, c-Met, and Cre plasmids were transfected
into FASNfl/fl mice, allowing the simultaneous expression
of AKT and c-Met oncogenes, while deleting FASN in the
same subset of mouse hepatocytes (AKT/c-Met/Cre) (33).
Once again, genetic inactivation of FASN completely blunted
AKT/c-Met-driven hepatocarcinogenesis in AKT/c-Met/Cre
mice, implying that although extremely aggressive, AKT/c-Met
tumors fully depend on FASN activity to develop (33). Similar
results were obtained more recently by Guri et al. (34). These
authors generated a mouse model consisting of lack of Tscl
and Pten tumor suppressor genes, which inhibit the mTORC1
and mTORC2 pathways, specifically in the liver (termed L-dKO
mouse). In these mice, liver-specific activation of the mTOR
signaling cascade promoted fatty acid synthesis, liver steatosis,
and HCC development. Noticeably, either treatment with the
FASN inhibitor Orlistat or Fasn knockdown using adenovirus
associated virus suppressed hepatocarcinogenesis in L-dKO
mice (34).

Altogether, the present data indicate that FASN and
related fatty acid biosynthesis play a critical pathogenetic role
in hepatocarcinogenesis.

INHIBITION OF FATTY ACID SYNTHASE IN
HUMAN HEPATOCELLULAR CARCINOMA:
IS IT A FEASIBLE OPTION?

Based on the body of evidence presented before, it can be
envisaged that FASN inhibition might represent a potentially
effective therapeutic strategy against human HCC (35). Several
FASN inhibitors have been tested against cancer in preclinical
studies, including cerulenin, Orlistat, C75, Fasnall, TVB-
2640, and others (Figure3). However, only TVB-2640 is
currently under evaluation, alone or in combination with
other medications, in clinical trials against human cancers, not
comprising HCC (Table 1).

Pioneering examples of studies investigating the lipogenic
dependency of cancer in recent years include those performed
with small molecule FASN inhibitors like cerulenin, an antibiotic
isolated from fungal extracts. Cerulenin was found to be
active against numerous cancer cell lines and xenograft models;
however, the highly reactive nature of the cysteine-reactive
epoxide group and off-target activities hampered its clinical
application (36). In particular, activation of B-oxidation and
excessive energy expenditure, leading to weight-loss or anorexia,
represented the major factors limiting the application of
cerulenin in humans (35). Similar reasons prevented the
clinical use of C-75, a synthetic inhibitor of FASN, which was
also demonstrated to possess profound antineoplastic effects
in experimental models, and to enhance radiation-induced
apoptosis in prostate cancer cells, promoting cell cycle arrest in
the G2/M phase (37-39).

Orlistat is an anti-obesity drug, which acts by blocking the
absorption of free fatty acids from the gastrointestinal tract
through the inhibition of pancreatic and gastric lipase that
hydrolyze triglycerides (40, 41). Specifically, Orlistat possesses
a highly reactive beta-lactone that covalently captures reactive
serine residues in the FASN thioesterase domain (42). Despite its
potency in restraining the growth of in vitro and in vivo cancer
models (43, 44), the off-target activities together with the poor
water solubility and gastrointestinal absorption have hindered
the use of Orlistat as anti-tumor agent in patients (45).

C93 is one of the first inhibitors synthesized, which showed
antineoplastic activity initially in lung cancer cell lines, and
subsequently in trophoblastic neoplasias (46, 47), but no
significant further studies were recently performed. Fasnall, a
thiophenopyrimidine-based FASN inhibitor with potent and
broad antitumor activity against various breast cancer models,
might represent a promising alternative. Fasnall inhibits the
FASN capacity to facilitate the production of phospholipids
with saturated acyl chains, whereas it promotes the uptake of
exogenous unsaturated fatty acids, with consequent alterations
in signal transduction messages and promotion of apoptosis. Of
note, Fasnall have been shown to act synergistically to prolong the
survival of mouse models of breast cancer when associated with
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the chemotherapeutic agent carboplatin; in this study Fasnall was
well tolerated, with no changes in feeding behavior or weight
loss being detected in these mice, further suggesting its possible
application in the clinical practice (48).

Other high potential FASN inhibitors have been recently
developed. Among them, TVB-3166 is a imidazopyridine-
based, orally-available, FASN inhibitor, which suppresses
de novo palmitate synthesis in vitro and in vivo, and displays
antineoplastic activity in several experimental cancer models
(49, 50). The mechanism of action of TVB-3166 on aberrant
lipogenesis resides on its property to disrupt the architecture
of lipid rafts. Alterations in lipid rafts by TVB-3166 promote
the mis-localization of membrane-associated oncoproteins,
such as Ras, AKT, and members of the canonical Wnt/B-
catenin pathway. As a consequence, TVB-3166 administration
leads to the abrogation of several signaling cascades and
the induction of tumor cell apoptosis (49). Lu et al
have synthesized several FASN inhibitors recently using a
structure-based approach guided by X-ray crystallography
approach (51). Among them, compound 34 showed a high
FASN inhibitory potential and favorable pharmacological
features; in addition, it strongly inhibited cell proliferation
in several cancer cell lines including A2780 (ovarian), PC3M
(prostate), LNCaP (prostate), OCI LY1 (lymphoma), MV4-11
(leukemia/lymphoma/myeloma), H460 (lung), A549 (lung), and
MDA-MB-468 (breast), becoming an interesting candidate for
future studies (51).

The synthetic drug IPI-9119, which has been recently
developed, strongly inhibits FASN by promoting acylation of

the catalytic serine, with high selectivity and negligible off-target
activity (52). IPI-9119 was shown able to effectively block
cell growth and proliferation in several cell lines, including
prostatic cancer cells, reducing the proportion of S-phase cells
and increased that of GO/G1 cells, and decreasing expression
of cyclin A2 (52). GSK837149A was identified as a reversible
low inhibitor of the FASN p-ketoacyl reductase domain, but its
poor cell permeability prevented the study of its mechanism
in cells (53), while other synthetic inhibitors like GSK2194069
and JNJ- 54302833 remain to be tested in pre-clinical models.
In addition, several natural plant-derived polyphenols have
been shown to inhibit FASN, including epigallocatechin-3-
gallate (EGCG) and the flavonoids luteolin, taxifolin, kaempferol,
quercetin, and apigenin (54); EGCG in a recent study reduced
the growth of adenocarcinoma human lung cancer xenografts
without inducing body weight loss (37). Other natural FASN
inhibitors may have similar properties, and merit evaluation in
future studies.

Currently, the most promising anti-FASN drug is TVB-
2640, an oral, small-molecule possessing in vitro and in vivo
antitumor activity associated with an acceptable non-clinical
safety profile. Of note, preclinical and early efficacy data from a
dose-escalation trial demonstrated a wide activity of TVB-2640
as a single agent in multiple solid tumors, including cases of
stable disease (clinicaltrials.gov/ct2/show/NCT02223247). These
encouraging results were achieved with relatively low side effects,
which could be eliminated with therapy discontinuation (55).
Currently four further clinical trials are testing TVB-2640 alone
or in combination with other drugs in NSCLC (NCT03808558),
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TABLE 1 | Current evidence on the antineoplastic properties of main FASN inhibitors in cancer.

Name Molecular Antineoplastic activity and targeted tumor type Current clinical trials References
formula

Cerulenin C12H17NO3 Breast cancer, promyelocytic leukemia and other cells, mouse liver - (35, 36)
metastases

C75 C14H2004 Lung cancer cells, radio-sensitization in prostate cancer cells - (87-39)

Orlistat CogHs305 Prostate, melanoma, breast and other cells, and xenograft tumor - (40-45)
models

C93 C13H15NOs Lung, ovarian and trophoblastic neoplasia cells - (46, 47)

Fasnall C1gH2oN4S-CgHgO3S Breast cancer (combination therapy) - (48)

TVB-3166 CoqHo4N4,O Lung, ovarian, prostate, and pancreatic xenograft tumor models, - (49, 50)
combination with taxanes

Compound Cs1H24F3N3O3 Ovarian, prostate, prostate, lymphoma, leukemia, myeloma, lung, (51)

34 breast cells

IPI-9119 Co4H1gF2N505 Prostate cancer cells - (52)

GSK837149A CogH2oNgO5S, - - (53)

GSK2194069 CosH24N4 O3 - - (35)

JNJ- Cs0H31N502 - - (35)

54302833

TVB-2640 Co7H2gNsO Numerous solid tumors, several combinations with NCT03808558 (55)

chemotherapeutic agents under evaluation

NCT02223247
NCT02980029
NCT03179904
NCT03032484

The code of the clinical trials refers to the ClinicalTrials.gov repository.

colorectal (NCT02980029), breast cancer (NCT03179904), and
astrocytomas (NCT03032484).

TVB-2640 combination treatments are based on evidences
that FASN inhibitors synergize with multiple chemotherapeutic
agents, such as taxanes, vinca alkaloids, 5-fluorouracil, platinum
compounds, and anthracyclines. Furthermore, FASN inhibitors
have been found to restore the sensitivity to chemotherapeutic
drugs, including doxorubicin, and to targeted therapies, such
as those including trastuzumab or lapatinib. In addition, FASN
suppression might also cooperate in radio-sensitization and
with antiangiogenic agents, by triggering strong tumor hypoxia
because cancer cells escape antiangiogenic-driven hypoxia
by upregulation of FASN-related lipogenesis (38, 56). These
evidences strongly suggest that FASN inhibitors will play an
important role in future therapeutic attempts against cancer,
hopefully also against HCC.

CONCLUSION

HCC is a highly aggressive and frequent tumor worldwide, with
its incidence rising also in low-frequency areas. Thus, these
data, together with the lack of effective therapies against this
tumor type, indicate that HCC represents a major health concern
globally. Understanding the intricated molecular pathogenesis
of this cancer entity is therefore necessary for the identification
of specific targets suitable of therapeutic intervention. Recently,
among the potential, novel therapeutic targets identified in
HCC is FASN and the related de novo lipogenesis pathway.
Mounting and solid evidence underscores the fact that aberrant

fatty biosynthesis contributes to hepatocellular carcinogenesis in
experimental models as well as in humans. Albeit several features
of FASN and related lipogenesis remain to be explored, it appears
clear from the data summarized in the present review article that
anti-FASN-based therapies might be helpful for the treatment of
HCC treatment. The use of existing drugs against FASN for the
treatment of HCC (and other tumors) has been impeded by the
low potency and consistent off-target effects of these molecules.
However, the most recent FASN inhibitors (e.g. Fasnall, TVB-
3166, and TVB-2640) seem to have overcome most of these
limitations (56).

Among the critical questions that still need to be addressed
for the clinical practice, is how the HCC patients can be
selected for anti-FASN treatments. It is clear from HCC
TCGA analysis (https://tcga-data.nci.nih.gov/tcga/tcgaHome?2.
jsp) as well as other genomic studies (57) that human HCC is
a highly heterogeneous disease. Not all HCCs express FASN and
its related lipogenesis genes at high levels. Consequently, some
HCCs might not depend on FASN and de novo lipogenesis for
growth. This possibility was revealed by in vivo mouse studies.
Indeed, there was no increase in Fasn expression in mouse HCCs
induced by c-Met and gain of function mutant of B-Catenin
(c-Met/B-Catenin) via hydrodynamic injection. Consistently,
ablation of Fasn did not affect HCC growth in mice (35). For this
purpose, reliable biomarkers able to uncover the patients who
would presumably benefit from this therapeutic strategy should
be identified.

Furthermore, as de novo lipogenesis is an integrated part of a
metabolic network, it is conceivable that disruption of fatty acid
synthesis may lead to other biochemical events. These feedback
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FIGURE 3 | Chemical structures of the main FASN inhibitors tested in preclinical and clinical studies.

biochemical and metabolic events may contribute to HCC
development. For instance, in the diethylnitrosamine (DEN)
induced mouse HCC model, inhibition of lipogenesis via deletion
of Acacl and Acac2 genes in the liver led to an increased HCC
development (58). Mechanistically, this unexpected finding was
due to the marked increased in antioxidants, including increased
NADPH and reduced glutathione, which protected hepatocytes
from oxidant-mediated cell death. In another example, in
murine HCCs induced by overexpression of c-Met and loss
of Pten (c-Met/sgPten), loss of Fasn significantly repressed
HCC formation. However, over long time, HCC lesions could
emerge from Fasn null genetic background. Further molecular
and metabolomic analysis revealed that there was an increased
cholesterol biosynthesis due to increased Srebp2 activity in the
mouse liver tissues. This augmented cholesterogenesis eventually
compensated for the loss of de novo lipogenesis, ultimately
leading to HCC formation (59).

It is also important to acknowledge that two major
mechanisms whereby cells acquire fatty acids required for cell
growth exist: one involves FASN and its mediated de novo
lipogenesis, while the other consists of the transport of circulating
fatty acids via the “lipolytic” pathway (60). This process
requires lipoprotein lipase (LPL), which releases fatty acids from

lipoproteins, as well as fatty acid transporter proteins for fatty
acids uptake (61). The role of exogenous fatty acids during
tumor initiation and progression has been studied marginally
to date. However, recent reports suggested the key role of this
pathway in tumorigenesis. For instance, it was recently found
that fatty acids derived from adipocytes could be transferred
to melanoma cells through the fatty acid transporter protein
SLC27AL1. Blocking fatty acid uptake via the fatty acid transport
proteins inhibitor Lipofermata significantly reduced melanoma
growth and invasion (62). In HCC cells, it has been shown that
LPL mediated fatty acid uptake could at least partly compensate
the blockade of de novo lipogenesis (63). These studies indicate
that presumably both de novo fatty acid synthesis and exogenous
fatty acid uptake should be inhibited to achieve significant anti-
cancer effects.

In addition, future studies are required to determine
whether anti-FASN drugs can be used in combination with
FDA-approved anti-HCC multi-kinase inhibitors (Sorafenib,
Regorafenib, Cabozantinib), immune modulators (checkpoint
inhibitors), and/or conventional chemotherapeutic drugs for the
treatment of HCC. Studies to address this important point should
be conducted. An alternative approach to suppress FASN in
HCC (and other tumor types) could be the inhibition of FASN
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upstream inducers, such as USP2a and CD147. As concerns
USP2a, ML364, a small molecule inhibitor of this deubiquitinase
has been recently developed. Of note, ML364 administration
caused cell cycle arrest in colorectal cancer and lymphoma
cell lines, although the specific effect of the drug on FASN
levels was not investigated (64). Preliminary results obtained
in our laboratory indicate a strong growth restraint as well
as downregulation of FASN in HCC cell lines treated with
ML364 (Cigliano et al.,, unpublished observation), suggesting
that inhibition of USP2a might be a promising therapy for
this deadly disease. Furthermore, targeting CD147 has revealed
promising results in the treatment of human HCC patients.
Indeed, HCC recurrence rate was found to be significantly
decreased, and the survival length of HCC patients subjected to
liver transplantation prolonged, following the administration of a
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Dysregulated metabolism is a common feature of cancer cells and is considered
a hallmark of cancer. Altered tumor-metabolism confers an adaptive advantage to
cancer cells to fulfill the high energetic requirements for the maintenance of high
proliferation rates, similarly, reprogramming metabolism confers the ability to grow at
low oxygen concentrations and to use alternative carbon sources. These phenomena
result from the dysregulated expression of diverse genes, including those encoding
microRNAs (miRNAs) which are involved in several metabolic and tumorigenic pathways
through its post-transcriptional-regulatory activity. Further, the identification of key
actionable altered miRNA has allowed to propose novel targeted therapies to modulated
tumor-metabolism. In this review, we discussed the different roles of miRNAs in cancer
cell metabolism and novel miRNA-based strategies designed to target the metabolic
machinery in human cancer.

Keywords: microRNAs, reprogramming metabolism, regulation, therapeutic targets, tumor cell metabolism

INTRODUCTION

Ever since their discovery in 1993 (1), microRNAs emerged as a new class of small RNAs with a
critical role in the regulation of gene expression. MicroRNAs (miRNAs or miRs) are endogenous
small non-coding RNAs from 18-25 nucleotides in length that regulate gene expression via base
complementarity between the seed region of the microRNA and the 3’-untranslated region (UTR)
of the target mRNA (1, 2). Depending on the degree of complementarity, miRNAs binding can
induce mRNA degradation, translational repression, or both (3-5). For the considerable relevance
of miRNAs in gene expression, these tiny RNA molecules have recently been called “master
regulators of gene expression” (6).

The biogenesis of miRNAs has been extensively studied (7-9). For instance, genes encoding
miRNAs show distinct genomic locations, such as intergenic, intronic, exonic, or mirtronic (a type
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of miRNA that is located in the introns of the mRNAs). Genes
encoding miRNAs are transcribed in the nucleus in the form
of long primary transcripts (pri-miRNAs) typically, although
not exclusively, by RNA Pol II (10). Afterward, pri-miRNAs are
processed into a small stem-loop transcript of approximately 55-
70 nucleotides by the RNA-binding protein DiGeorge Syndrome
Critical Region 8 (DGCRS8) and Drosha (a ribonuclease III
enzyme) (11, 12). This new structure, termed pre-miRNA, is
recognized by Exportin 5 (Exp 5) and is exported from the
nucleus to the cytoplasm (13). Once in the cytoplasm, pre-
miRNA hairpins are cleaved by the Dicer RNase III enzyme and
TRBP (TAR RNA-binding protein), resulting in a ~22 nucleotide
mature miRNA-miRNA* duplex (14-16).

Finally, the mature miRNA is loaded onto Argonaute 2
protein (AGO2) and the RNA-induced silencing complex (RISC)
to catalyze site-specific cleavage or translational repression of
their mRNA targets (17, 18). The post-transcriptional regulation
of gene expression by miRNAs is of paramount importance,
thus, it is estimated that miRNAs could regulate nearly
60% of all human protein-coding genes (19). miRNAs are
involved in several cellular processes, such as proliferation,
development, differentiation, apoptosis, carcinogenesis, and
energy metabolism (20-26).

During tumorigenesis, dysregulated metabolism represents an
adaptive advantage of cancer cell that promote uncontrolled cell
division, cell growth, and survival (27, 28). One of the best
characterized metabolic disorders during cancer development
is the Warburg effect, that increase glucose uptake and
lactate production. During the Warburg effect, miRNAs activity
contributes to keeping high levels of glycolysis. miRNAs
also control other crucial steps of the energy metabolism,
including glucose transport, glycolysis, tricarboxylic acid cycle,
glutaminolysis, altered lipid metabolism, insulin production,
cholesterol, and lipid homeostasis, as well as amino acid and
nucleotide biogenesis (29-33).

In this review, we focus on the different roles of miRNAs in
cancer metabolism and discuss novel miRNA-based strategies
designed to target different processes in human cancer.
We also explore the links between microbiota and miRNA
networks and cancer, with a particular focus on genotoxicity
and tumor-metabolism.

METABOLIC REPROGRAMMING IN
CANCER CELLS

Upon cancer onset and progression, cells exhibit various
growth, proliferation, and survival phenotypes. These cancer
hallmarks are supported by a catabolic and anabolic metabolism
reprogramming. Increasing evidence has shown that metabolic
changes are the result of complex processes, and several cellular
pathways are implicated (34-36). Recent findings have led to a
significant shift in our understanding of altered metabolic states,
which now are seen as a central transformative force in cancer
development (37-39).

The Warburg effect is thought to be an early event in cancer
that promotes rapid adaptation to higher bioenergetic demands,

such as, excessive proliferation and hypoxic microenvironments.
Warburg effect is characterized by: (a) supports the demand
for ATP synthesis and promotes its flux into biosynthetic
pathways to achieve an uncontrolled proliferation; (b) maintains
an acidic microenvironment via the accumulation of lactate; and
(c) allows for ROS signaling homeostasis (40-43). Moreover,
reprogramming energy metabolism promotes tumor cells to use
alternative carbon sources such as glutamine, considered to be
the second source of nutrients after glucose. Glutamine is the
most abundant amino acid in cells, and its catabolism results
in several amounts of cellular precursors, including glutamate,
aspartate, pyruvate, lactate, alanine, and citrate (44-46).

For many years, the Warburg effect was considered as a
synonym for metabolic reprogramming. However, it is clear
that this phenotype alone cannot explain all the metabolic
alterations that enhance the formation of primary tumors
and their development throughout invasion and metastasis.
Recent publications have also reported the metabolic interactions
between tumors and the microenvironment involving cancer-
associated fibroblasts, immune cells, and microbiota, which
allows us to expand our understanding of the metabolic
reprogramming and reveals the complex interaction networks
required to establish the tumor phenotype (47-49). Most of
the aforementioned metabolic features are a consequence of the
deregulation of several cell pathways and often involve altered
oncogenes, tumor suppressors, and miRNA.

miRNAs REGULATION OF METABOLIC
PATHWAYS IN CANCER

In the last decade, a growing volume of evidence has revealed the
role of miRNAs in the regulation of energy metabolism, directly,
through the regulation of glucose transporters (GLUT family),
enzymes (hexokinase 1/2, Aldolase A), and protein kinases
(AMPK, PI3K), or indirectly, through inhibition of several
transcriptional factors (p53, c-Myc) (50-52). In any case, the role
of miRNAs in the regulation of energy metabolism has gained
much interest by their nature to modulate cellular metabolism
and the possibility to use miRNAs-targets genes circuits as cancer
therapies. Therefore, we review the main pathways of energy
metabolism, the genes involved in each metabolic signaling and
their transcriptional landscapes articulated by the miRNAs in
cancer programs.

miRNAs AND GLUCOSE TRANSPORTERS

Glucose represents the main source of cellular energy. In cancer,
tumor cells increase their glucose consumption to maintain
the high energy requirements. However, due to the hydrophilic
composition of glucose, it is not able to cross the plasma
membrane by its own. To overcome this situation, tumor
cells induce the expression of several members of the glucose
transporters family (GLUTs, also named SLC2A proteins).
Glucose transporters are membrane-associated carrier proteins
responsible for facilitating the transport of glucose across the
plasma membrane. In the human genome, 14 GLUT proteins
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have been found. Among different members of the GLUTs family,
the expression of GLUT1, GLUT2, and GLUT3 has been reported
to be upregulated in different types of tumors, whereas GLUT4
and GLUTS5 are downregulated (53, 54). miRNAs control glucose
uptake by regulating the GLUTs expression; for example, miR-
144 and miR-132 are two miRNAs that have been associated with
the regulation of GLUT1, one of the most broadly expressed
isoforms in various cell types. Lui et al. reported that the
downregulation of miR-144 induces an increase in glucose uptake
in lung cancer (55). Moreover, Qu et al. demonstrated that the
decrease in miR-132 expression altered glucose metabolism in
prostate cancer (56). Additionally, miR-150 has been reported
as a GLUT1 regulator in CD4+ cells (57). In renal cell
carcinoma, miR-138, miR-150, miR-199a-3p, and miR-532-5p
overexpression are associated with a decreased expression of
GLUT 1, whereas miR-19a, miR-19b, miR-130b, and miR-301a
decrease are directly associated with an over-expression of
GLUT 1 (58).

GLUT3, another member of the glucose transport proteins
family, is also regulated by miRNAs. Fei et al. demonstrated
that miR-195-5p directly regulates the expression of GLUT3, and
consequently decreases glucose uptake and inhibits cell growth in
T24 bladder cancer cells (59). Similar results were reported by Dai
DW in U251 and LN229 glioblastoma cells through the activity
of miR-106a over GLUT3. Additionally, the authors indicated
that miR-106a down-regulation is associated with glioblastoma
patients survival (60).

Other examples of miRNAs that regulate glucose uptake are
miR-233 and miR-133, which directly regulate the expression of
GLUT4 (26, 61). Interestingly, miR-21 and miR-23a indirectly
regulate the expression of GLUT4, as a result of their regulation
over two GLUT4 translocators: PTEN and SMAD4 (62, 63). An
exhaustive work published by Esteves et al., highlight the role of
miR-21a-5p, miR-29a-3p, miR-29¢-3p, miR-93-5p, miR-106b-5p,
miR-133a-3p, miR-133b-3p, miR-222-3p, and miR-223-3p that
directly or indirectly regulate the expression of GLUT4 (64). To
our knowledge, there are no reports describing other members of
the GLUT family regulated by miRNAs, although miRNA target
prediction analysis identifies a set of miRNAs capable to silence
them; however, further studies are needed to determine their
contribution to aberrant tumor cell metabolism.

miRNAs IN GLYCOLYSIS

Unlike tumor cells, normal cells obtain energy in the form of
ATP through the glucose-derived pyruvate by the mitochondrial
oxidative phosphorylation. Conversely, regardless of oxygen
conditions, tumor cells prefer anaerobic glycolysis, a less efficient
process for obtaining ATP that produces large amounts of lactate.
To compensate for this apparent decrease in energy flow, tumor
cells increase glucose uptake and trigger alternative pathways to
metabolize alternative carbon sources, such as glutamine, and
some amino acids, such as arginine and glycine. This change in
the energy metabolism confers several advantages to tumor cells,
in addition it also provides necessary biomolecules for the high
rates of cell division (65, 66).

During the first step of glycolysis, glucose is transformed
into glucose-6 phosphate through the phosphorylation of the
6-hydroxyl group of glucose by the enzyme hexokinase (HK).
The hexokinase family of enzymes comprises four isoforms
(HK1-HK4) (67-69). Isoform 2 (HK2) has been reported to be
upregulated in a wide variety of tumors (70-72).

One of the first works that demonstrated the regulation of
miRNAs on the HK2 enzyme was published by Fang et al.
Interestingly, they demonstrated that miR-125a and miR-143
regulate HK2, which modifies glucose metabolism and cell
proliferation in lung cancer cells (73). This finding was confirmed
by Peschiaroli et al. in head and neck squamous cell carcinoma
(HNSCC)-derived cell lines (74), and by Gregersen et al. in colon
cancer cells (75). Another miRNA, miR-199a-5p, regulates HK2
expression and has been reported to be under-expressed in liver
cancer cells. Remarkably, overexpression of HIFla decreased
miR-199a-5p expression, which promotes glycolysis and lactate
production (30). In stomach cancer cells, miR-181b directly
inhibits the expression of HK2 and causes a decrease in glucose
uptake and lactate production (76). In addition, miR-155 has also
been reported as a regulator of the expression of HK2. Jiang
et al. demonstrated that miR-155 regulates the expression of
HK2 by two different mechanisms. First, miR-155 promotes the
indirect transcription of HK2 through the activation of STAT3,
a transcriptional activator of HK2. Second, miR-155 regulates
the expression of C/EBP, a transcriptional activator of miR-143,
whose overexpression is related to the inhibition of HK2 (77).

A couple of works showed that the enzyme responsible
for catalyzing the second reaction of glycolysis, glucose-6-
phosphate isomerase (GPI), is regulated by miR-200 in breast
cancer cells (78) and by miR-302b and miR-17-5p in chicken
primordial germ cells (79). Another glycolytic enzyme regulated
by miRNAs is phosphofructokinase 1 (PFK1). PFK1 is the main
regulatory enzyme for glycolysis; it catalyzes the phosphorylation
reaction of fructose-6-phosphate to convert it into fructose-1,6-
bisphosphate. In this sense, Yang et al. demonstrated that miR-
135 targets PFK1, inhibits aerobic glycolysis, and suppresses
tumor growth (31).

Similarly, Aldolase A, a glycolytic enzyme that catalyzes the
conversion of fructose-1,6-bisphosphate to glyceraldehyde 3-
phosphate (G3P) and dihydroxyacetone phosphate (DHAP), is
targeted by several miRNAs. Among the miRNAs that have been
reported to regulate Aldolase A expression are the following:
miR-122 in liver cells (80), miR-15a and miR-16-1 in leukemia
(81), and miR-31 and miR-200a in Y79 retinoblastoma cells (82).

The expression level of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) has been widely used for normalizing
quantitative gene expression experiments. GAPDH catalyzes
the sixth reaction of glycolysis, where a molecule of NADH is
released. Like other enzymes in glycolysis, GAPDH is targeted by
some miRNAs such as miR-644a (83) and miR-155 (84).

The last reaction of the glycolysis pathway is catalyzed by
pyruvate kinase 2 (PKM2) enzyme. PKM2 dephosphorylates
phosphoenolpyruvate to produce pyruvate regardless of oxygen
concentration. PKM2 has been reported to be over-expressed
in many tumors due to the dysregulation of various miRNAs
that down-modulate it. Some of the miRNAs reported to directly
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regulate the expression of PKM2 are miR-133a, miR-133b, miR-
326, and miR-122 (85-87) whereas those that indirectly regulate
it are miR-99a, miR-124, miR-137, and miR-340 (88, 89).

miRNAs INVOLVED IN LACTATE
METABOLISM

In tumors, after the glycolysis phase, pyruvate is converted into
lactate by the lactate dehydrogenase enzyme (LDH). Some works
have reported increased levels of LDH and its correlation with
tumor aggressiveness (90-92). Interestingly, LDH expression is
also regulated by miRNAs. For instance, miR-375 regulates the
subunit B of LDH (LDHB) in maxillary sinus and esophageal
anaplasias (93). In addition, subunit A of LHA (LDHA) has
been reported to be regulated by miR-34a, miR-34c, miR-369-
3p, miR-374, miR4524a/b, miR-323a-3p, miR-200c, miR-30d-5p,
and miR-30a-5p in breast cancer cells and osteosarcoma tissues,
which induces a decrease in glycolysis, lactate production, ATP
generation, and cell proliferation (94-99).

Lactate fluxes are mainly maintained by monocarboxylate
transporter (MCTs). MCTs are membrane proteins acting as
carriers for lactate, pyruvate, and ketone bodies. Up to now,
four MCT isoforms (MCT1, MCT2, MCT2, and MCT4) have
been described in humans, and each of them exhibits a distinct
cellular distribution (100). In the same way as LDH enzymes,
lactate carriers (MCT proteins) are regulated by diverse miRNAs.
For example, MCTT1 is targeted by miR-29a, miR-29b, miR-124,
and miR-495 in pancreatic p cells (101, 102). Another MCT1-
regulatory miRNA is miR-342-3p, which promotes alterations
in lactate and glucose flows. In addition, miR-342-3p over-
expression significantly decreased cell proliferation, viability,
and migration in breast cancer cell lines (103). MCT4, another
member of the family of lactate transporters, is regulated by miR-
145, which causes the accumulation of lactate within tumor cells
in hepatocellular carcinoma cells (HCC) (104).

miRNAs INVOLVED IN GLUTAMINE
METABOLISM

Glutamine metabolism (glutaminolysis) represents the second
source of nutrients in cancer cells. Actually, high rates of
glutaminolysis are necessary for metabolic reprogramming as it
provides substrates for increased lipogenesis and nucleic acid
biosynthesis that are critical to preserve the high proliferation
rates of tumor cells (105, 106). Glutaminolysis converts
glutamine into TCA cycle metabolites through the activity
of multiple enzymes. First, glutamine is transported into
the cells by solute transporters SLC1A5 and SLC7A5. Once
inside the cell, glutamine is converted into glutamate and
later into alpha-ketoglutarate (a-KG) by glutaminase (GLS),
glutamate dehydrogenase (GDH, and other enzymes, such as
glutamate pyruvate transaminase (GPT) for alanine production
and glutamate oxaloacetate transaminase (GOT) for aspartate
production. In addition, glutaminolysis produces considerable
amounts of succinate, fumarate, malate, NADH, and ATP
molecules. The transport of glutamine into the cell is strictly

regulated by the membrane protein SLC1A5 (also called ASCT2
protein). SLCIA5 and other members of the ASC solute
transporters family have been reported to be overexpressed in a
wide variety of tumors. Dong J et al. showed that the exogenous
expression of miR-137 and miR-122 markedly inhibited the
SLC1A5 expression in a dose-dependent manner therefore
altering tumor glutamine metabolism (107).

In a well-conducted work, Gao et al. demonstrated that
the repression of miR-23a and miR-24b by the oncogenic
transcription factor c-Myc resulted in a greater expression
of GLS proteins and led to the upregulation of glutamine
catabolism (108). Another miRNA reported to regulate GLS
protein expression is miR-203, which additionally sensitizes
malignant melanoma cells to temozolomide chemotherapy (109).
Expression of glutamate cysteine ligase, the rate limiting enzyme
of glutathione (GSH) synthesis, is attenuated by miR-18a in
liver cancer (110) and by miRNA-153 in glioblastoma (111).
Additionally, miR-450a limits the metastatic potential of ovarian
cancer cells by targeting a set of mitochondrial mRNAs to reduce
glycolysis and glutaminolysis (112).

miRNAs REGULATION OF OXPHOS

Oxidative phosphorylation (OXPHOS) is a metabolic pathway
combining two cellular processes to generate energy in the
form of ATP. First, in an oxidative stage, the electron donors
such as NADH and FADH2 are oxidized by the electron
transport chain that turns the released energy into a proton
gradient across the mitochondrial inner membrane. In the
second stage, phosphorylation, ATP synthase uses the proton
gradient to phosphorylate ADP to ATP. OXPHOS involves
a system of protein complexes with oxidoreductase functions
(complex I-1V) and ATP synthase (complex V). Even though
OXPHOS is the most efficient way to produce cellular energy,
tumor cells prefer to metabolize glucose via aerobic glycolysis.
Several studies have recently indicated that, contrary to what is
generally accepted, tumor cells could alternate between these two
processes, OXPHOS and aerobic glycolysis, depending on the
tumor microenvironment (113-115).

Interestingly, it has been proposed that several miRNAs
regulate OXPHOS by inducing the inhibition of many
components of the electron transport chain. For instance,
miR-210 regulates the activity of the mitochondrial complex I
(NADH: ubiquinone oxidoreductase) via the iron-sulfur cluster
assembly enzyme (ISCU) by reducing the availability of iron and
sulfur ions (116). Another study published by Muralimanoharan
et al. revealed that miR-210 overexpression significantly reduces
the complex III expression of the electron transport chain
(ubiquinone:cytochrome c oxidoreductase) (117). Cytochrome ¢
oxidase (complex IV), another enzyme of the electron transport
chain, is also regulated by miRNAs. The following miRNAs have
been reported to regulate cytochrome c oxidase: miR-181c (118),
miR-338 (119), and miR-210 (117).

Finally, ATP synthase (complex V), a transmembrane enzyme
that catalyzes ATP synthesis from an ADP molecule, is also
regulated by miRNAs. Willers et al. reported that miR-127-5p
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reduces the expression of the catalytic subunit of ATP synthase
(B-F1 subunit) in BT-549 cells in breast cancer (120). Another
miRNA, miR-141, reduces the activity of ATP synthase by
reducing SLC25A3 proteins (121).

miRNAs REGULATION OF
TRANSCRIPTION FACTORS AND
SIGNALING PATHWAYS

miRNAs are also capable of modulating metabolic
reprogramming through regulating various transcription
factors relevant in metabolic pathways (122). The metabolic
shift of tumor cells may be a potential strategy to evade
programmed cell death and triggers cell survival and growth by
activating oncogenes, such as RAS, MYC, and p53 (51, 123-126).
Tumor metabolic reprogramming seems to be influenced
by oncogenes and tumor suppressor networks. For example,
phosphatidylinositol 3-kinase (PI3K), a lipid kinase that regulates
the levels of phosphorylated phosphatidylinositol at the plasma
membrane and enhances glucose uptake and glycolysis in cancer
cell metabolism, is targeted by miR-320, miR-123a, miR-422,
miR-506, and miR-136 (127). Catanzaro et al. showed evidence
that downregulation of miR-139-5p in pediatric low-grade
gliomas drives cell proliferation by regulating PI3K/AKT
signaling (128). Furthermore, miR-33a/b, targets metabolic
enzymes involved in fatty acid metabolism and the AMPK
pathway, whereas miR-29b targets amino acid catabolism,
which regulates cancer cell metabolism and biogenesis to
support tumor growth and proliferation (61, 129-131). Like
PI3K, AKT, and mTORC1, the MYC transcription factor has
important metabolic roles beyond enhancing glycolysis. MYC
promotes mitochondrial gene expression and mitochondrial
biogenesis. MYC mainly depends on glutamine as a carbon
source for mitochondrial metabolism (132). The oncogene MYC
can bind to the promoter region of other oncogenes such as
some miRNAs; for example, miR-9 is frequently upregulated in
glioma specimens and cells, and it could significantly enhance
proliferation, migration, and invasion of glioma cells (133).

On the other hand, miRNAs regulate important signaling
pathways in mitochondria by triggering adaptive mechanisms to
optimize the oxidative phosphorylation concerning the substrate
supply and energy demands. For example, exogenous exosomes
carrying miRNAs can induce metabolic reprogramming by
restoring respiration in cancer cells and thus suppressing tumor
growth. The exosomal-miRNAs involved in the modulation
of cancer metabolism may be used for better diagnoses and
therapies (134, 135).

Hypoxia-inducible factor 1 (HIF-1), another pathway related
to tumor metabolism, is also regulated by miRNAs. HIF-1
activation can stablished oncogenic signaling by promoting
glycolysis of cancer cells; but also, an alternative mechanisms
over the glucose carbon mitochondrial metabolism confers
HIF-1a tumor suppressor role in some types of cancer (136,
137). In this way, miR-125-5p, miR-33-5p, and miR-190-5p are
known to target the master regulator of oxygen deprivation
response, HIF-1 (138). On the other hand, HIF-1 is a key

molecule in adapting cancer cells to the reduced oxygen
availability in the microenvironment (139-141). HIF-1 induces
metabolic reprogramming as it upregulates genes such as HK1,
HK2, LDHA, PDK1, GLUTI, and GLUT3, which enhance
lactate production through the glycolytic pathway (142, 143).
HIF1 also influences the activity of the pentose phosphate
pathway, nucleotide biogenesis, angiogenesis, and suppresses the
mitochondrial function (144, 145).

Finally, the oncogene c-MYC regulates HIF1 expression
regardless of oxygen levels, and both act in concert to “fine-tune”
adaptive responses during tumor growth (146-149). Moreover, it
has been reported that more than 50% of tumors have mutations
in the tumor suppressor p53, which leads to metabolic changes
and contributes to the Warburg effect through the upregulation
of ¢-MYC, HIF-1, and a broad range of genes involved in other
aspects of cancer biology, including tumor cell survival and
proliferation, migration, drug resistance, and immune evasion
(51, 150, 151). The advance in molecular biology techniques has
allowed us to detect how a diversity of miRNAs regulate tumors
metabolism, as we show in Table 1 and Figure 1.

DRUGGABLE miRNA-METABOLIC
NETWORKS WITH POTENTIAL VALUE FOR
CANCER THERAPY

The unveiled connection between cancer profiles and metabolic
reprogramming shed light on the reassessment of metabolism-
targeting pharmacologic therapies as potential opportunities in
cancer. Alterations in key miRNA regulatory networks contribute
to the oncogenic transformation of cancer cells through genes
involved in the metabolic switch (163). New insights into
the altered tumor metabolism have provided novel therapeutic
strategies that are being evaluated in preclinical models or
clinical trials as effective therapies for many human cancers
(164). Pharmacological targeting of altered miRNAs may have
therapeutic effects by suppressing relevant cancer signaling
pathways without affecting normal cells (165). Furthermore,
pleuritic effects of metabolic drugs include miRNAs modulation
that impairs signaling pathways and regulates cell energy
production, which reveal miRNAs as potential drug targets.

Numerous studies now suggest that drug repurposing,
which is the discovery of new therapeutic indications for
known drugs, represents an attractive route in drug harnessing
in cancer. Unlike the development of new molecules, drug
repurposing identifies new uses for existing drugs that already
have clinical and safety descriptions (166). Repurposing drugs
with an oncological and non-oncological primary purpose,
such as metabolic-based drugs, might be an attractive strategy
to offer more effective treatment options to cancer patients
and faster translate the research knowledge into the clinics
(167). Interestingly, a growing body of evidence has shown
that many of the antineoplastic effects and improved responses
to these metabolic-based drugs may be mediated through
induction of tumor suppressor miRNAs and suppression of
oncogenic miRNAs.
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TABLE 1 | Main miRNAs that regulate cellular metabolism in different types of cancer.

miRNA Location Cancer type Target gene/pathway References

miR-125a 19913.41 Hepatocellular HK2 (152, 153)
carcinoma

miR-192/215-5p 11g13.1, 1g41 Colorectal cancer ZEB1 and ZEB2, Type | collagens (104)

miR-140-3p 16022.1 Chronic myeloid SIX (154)
leukemia

miR-140-3p 16g22.1 Spindle cell TCA, carbohydrate, lipid (155)
oncocytomas metabolism

miR-940 16p13.3 Glioma MTHFD2 (156)

miR-139-5p 11913.4 Pediatric low-grade PIBK/AKT signaling (128)
gliomas

miR-151a-5p 8024.3 Malignant pleural FASN, OXSM, ACACB (157)
mesothelioma

miR-361-5p Xg21.2 Prostate cancer Sp1/PKM2 axis (158)

miR-7, 9g21.32, 9g22.32, Glioblastoma Critical regulators of aerobic (159)

let-7a, 1p36.22; 1p36.22, 593 glycolysis

miR-34a

and miR-143

miR-125 19g13.41 Hepatocellular HK2 (160)
carcinoma

miR-122 18921.31 Hepatocellular PKM2 and represses glycolytic (161)
carcinoma metabolism

miR-126 9034.3 Mesothelioma, Insulin receptor substrate-1 (134)
hepatocellular, (IRS1)
pancreatic and breast
cancer

miR-195-5p 17p13.1 Bladder cancer GLUT-3 (59)

miR-155 21021.3 Breast cancer miR-143 (77)

miR-378 5032 Breast cancer ERRy and GABPA (162)

In this section, we describe existing evidence of molecules with
biochemical mechanisms impairing tumor metabolism. These
molecules appear as the most promising repurposing and de-
novo pharmacological interventions as shown by preclinical
and clinical studies. Particular emphasis was put on chemo-
resistance, which is recognized as a critical cause of treatment
failure. It is reported that dysregulations of miRNAs contribute
to therapy resistance via drug efflux mechanisms, alterations
in drug targets, energy metabolism, DNA repair pathways,
evasion of apoptosis, cell cycle control, among others (6, 168,
169). We briefly described below some pharmacologic therapies
employed in different metabolic-related diseases and how they
could selectively target metabolic pathways in cancer cells and
modulate miRNAs networks, we will also comment some of the
most relevant evidence of each of the metabolic therapeutically
intervention and its anti-carcinogenic properties via miRNA
activity. A more extensive over-view of miRNA expression
portraits modulated by pharmacological treatment, as well as
cooperative or resistance phenotypes toward drug activity is
listed in Table 2 and Figure 2.

TARGETING GLUCOSE METABOLISM:
METFORMIN

Metformin, a commonly prescribed drug for treating type 2
diabetes, inhibits the mitochondrial complex I that impairs

respiration, which results in a systemic impede of glucose
uptake and neoglucogenesis (217-220) that reduces blood
glycemia and insulinemia in hyperglycemic/diabetic patients.
The tumor-suppressing effect of metformin has been reported
in epidemiological studies describing a statistical association
between metformin use and improved clinical outcomes
in cancer (221-224). One striking example of this onco-
suppressive feature is the cooperative effect of metformin and
neoadjuvant chemotherapy to achieve complete tumor regression
in some breast cancer patients (225). Although the precise
anti-tumorigenic mechanism of action is not well-described,
recent studies have shown that metformin can partially direct
mitochondrial complex I inhibition, reduce NADH oxidation,
and increase AMP/ATP ratio in tumors, with the consequent
inhibition of mTOR signaling and decrease of fatty acid and
cholesterol synthesis (218, 220, 226). Thus, metformin favors a
catabolic process over an anabolic one in tumor cells. Overall,
this metabolic pressure causes proliferation decline and triggers
apoptosis in cancer cell lines [(227); Table 2 and Figure 2].

A variety of evidence, both in-vitro and in-vivo along
with epidemiological studies, supported the protective effect of
metformin against cancer development (228-231). Even more,
the role of metformin on cancer not only fall in limiting its
incidence, but also as a novel therapeutically intervention as
shown by the 335 registered clinical trials that have evaluated
patients benefit of incorporate Metformin in their treatment. The
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FIGURE 1 | Drugs with clinical potential in cancer that modulate miRNAs implicated in cell metabolism. In boxes are shown drugs that potentially modulate the main
miRNAs involved in the metabolic reprogramming of tumor cells. Increased glycolysis flow, alteration of the PI3BK/AKT/mTOR pathway, and epithelial-mesenchymal
transition (EMT) are key processes that allow tumor cells to reprogram their metabolism in order to survive, proliferate, migrate, and evade new niches. Different
miRNAs participate in these processes inhibiting the expression of enzymes (e.g., HK2, PKM2, IRS1, PI3K, AKT, mTOR), transcription factors (e.g., SP1, SIX1, ZEB1,

underlying mechanism of the anticancer activity of Metformin
can be partially explained through its ability to modulate miRNA
expression, activity and biogenesis in a variety of tumor types
(Table2 and Figure 2). For instance, overexpression of the
tumor suppressors let-7, miR-26, and miR-200 family members
has been reported in the literature as a pleuritic effect of
Metformin molecular activity in breast, colorectal, pancreatic,
oral and renal cancer. Briefly, Metformin up-modulates let-7a,
that epigenetically inhibits the oncomiR miRNA-181a, which
actively participated in the epithelial-to-mesenchymal transition,
thus, abrogating this aggressive phenotype in BRCA (170). In
CRGC, the metabolic drug overexpress let-7, miR-200b/c, and miR-
26a that limit the stem-like phenotype, which has been linked to
poor clinical outcomes (171). Consistently, in pancreatic tumors
Metformin induces the expression of miR-26a and let-7c miRNAs
reducing cell proliferation, invasion, and migration. Particularly,

miR-26a down-regulates the oncogene HMGAI contributing
to the observed phenotype (172). Studies in oral cancer cell
models reveal that Metformin significantly increases miR-26a
levels which directly decreases Mcl-1 expression that enhances
apoptotic rates and reduces tumor-cell viability (173). Finally,
in renal carcinoma Metformin treatment limits cell proliferation
by miR-26a up-modulation that in turn down-regulates Bcl-2,
cyclin D1 and upregulates the tumor suppressor PTEN, which
all together influence cell cycle and cell death (174).

TARGETING AEROBIC GLYCOLYSIS: PDK
INHIBITORS

Dichloroacetate (DCA, PDK inhibitor) is a small molecule
that inhibits the pyruvate dehydrogenase kinase (PDK) and
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TABLE 2 | miRNAs target by metabolic-drugs or miRNAs related to therapy resistance.

Drug Druggable miRNA/Therapy-resistance miRNA* Cancer References
Targeting glucose metabolism
Metformin tlet-7a, let-7b, miR-26a, 101, 192, 200b and 200c. Over-expression of miR-26a PC BRCA Oral Renal (170-174)
decrease cancer stem-cells markers, an enhanced apoptosis rate. Let-7b re-expression
blocks stem cells features
+miR-34a in obese mice reducing its putative targets (Notch, Slug, Snail) PC (175)
AmiR-34a which in turn restrict Sirt1/Pgc1a/Nrf2 signaling pathway and decrease (176, 177)
proliferation rates
JmiR-27a which AMPKa and +miR-193 family that increased AMPKa and decrease FASN BRCA (178, 179)
levels, resulting in limiting mammospheres phenotype
Combined treatment of metformin + FuOx | miR-21 and tmiR-145, that suppress CRC (180)
B-catenin and c-Myc signaling expression colon cancer cells
AmiR-141, 200a, 205 and 429 inhibiting EMT, thus, modulating metastatic traits GC (181)
tmir-124, 182, 27b, let7b and |miR-221 and 181a; inhibiting cell proliferation CLC (182)
+miR-192-5p, 584-3p, and 1246; suppressing cell motility and cell cycle M (183)
+DROSHA, modulate the miRNA biogenesis, to affect these miRNAs expression CLC (182)
JmMIR-222 resulting in enhance abundance of p27, p57, and PTEN | miR-222 resulting in Lung (184)
enhance abundance of p27, p57, and PTEN
+DICER expression and miR-33a that targets c-MYC BRCA (185)
JmiR-146a, 100, 425, 193a-3p and 106b involved in cell migration, invasion and PCA (186)
proliferation
AmIiR-192-5p, miR-584-3p, and miR-1246 enhance EFEMP1 and SCAMP3 M (183)
downmodulation favoring the suppression of cancer cell motility and growth through G2/M
cell cycle arrest and cell apoptosis
RS:tmiR-21 CRC (187)
JmiR-21 and tmiR-145 over combined treatment with 5-fluorouracil and oxaliplatin, that BRCA (180)
suppress p-catenin and c-Myc expression, and consequently reduce cell growth and (188)
sphere formation
JmiR-21-5p in cell lines model, xenograft murine model and in tissue from human
patients. Since also the pre-miRNA sequence is down-modulated the modulation seems
to be at the transcriptional level. Functional reduction of miR-21-5p allow the expression of
upstream activators of the AMPK, CAB39L and SESN1
Dichloroacetate (DCA) Promising therapeutic agents to |miR-210 Cancer (189)
+miR-375 resulting in anti-proliferating effects PCA (190)
CPI-613 May improve miR-497-5p,—449a,—25-3p,—6838-5p,—520d-3p that down-modulates the Cancer (189)
expression of Cyclin D3, E1, E2, F, A2, B1 and CDK2 genes of BxPC-3
Targeting FA metabolism
Statins Lovastatin upregulated miR-33b expression, reduced cell proliferation and impaired c-Myc MB (191)
expression
Simvastatin: inhibits the growth of human CRPC cells by suppressing NF-«B and LIN28B PCA (192)
and tlet-7 miRNA family
Simvastatin: | miR-34a, which regulates the NAD+-dependent histone deacetylase BRCA, PCA, OsC (193)
SIRT1. +miR-612, which is known to reduce stemness
Simvastatin is an activator of miR-192 which subsequently led to suppressed proliferation, CRC (194)
migration and invasion
Atorvastatin: 1miR-182 that targets the anti-apoptotic Bcl-2 and p21 PCA (195)
+miR-140-5p activating the transcription factor NRF1 that reduced cell proliferation and BRCA (196)
induced apoptosis
Fluvastatin: | miR-140-3p-1 and its downstream pathway such as cell growth BRCA (197)
Statin: 1miR-33a promoting a proliferation inhibitory effect PCA (198)
lovastatin: | miR-133a promoting GCH1 important for endothelial nitric oxide synthase Cancer (199)
Rapamycin Rapamycin-dependent miRNA: +miR-29b, 21, 24, 221, 106a, and 199a Renal (200)
tMet-7, miR-125a,—125b,—21, and—26a. Rapamycin is mediated by let-7 family with Renal (201)
anti-proliferative effects
*RS: miR-21 supports mitochondrial function and adaptation to rapamycin Renal (200)
Long-term rapamycin treatment RS: 1MYC that results in tmiR-17-92 Brain (201)
(Continued)
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TABLE 2 | Continued

Drug Druggable miRNA/Therapy-resistance miRNA* Cancer References
Aspirin and non-steroidal +miR-98 that targets WNT1, suppressing cell proliferation Lung (202)
anti-inflammatory agents
Sulindac drug: | miR-9,—10b,—17, and—21 by suppressing NF-kB-mediated transcription BRCA CRC (203)
of miRNAs
JmiR-21 decreasing cell proliferation and invasion upon inactivation of -catenin/TCF4 CRC (204)
signaling
tlet-7 by decreasing the miRNA-sponge H19, resulting in the down-modulation BRCA (195)
Hypoxia-inducible factor 1a reducing | PDK1, attenuating glycolysis
Celecoxib: 1miR-29c¢ supress the oncogen MCL-1 reducing apoptosis GC (205)
TVB-2640 miR-15 and miR-16-6: Inhibition of FASN: Agonist effect BRCA (206)
Targeting lactate metabolism: LDHA inhibitors
AZD3965 miR-342-3p: Inhibition of the monocarboxylate transporter MCT1: Agonist effect BRCA (103)
Antimetabolite chemotherapeutic agents
Methotrexate (MTX) *RS: tmiR-24 SNPresults (207)
*RS: tmiR-140 OsC, CRC (208)
*RS: 1miR-215 modulated DTL, a cell cycle-regulated gene OsC, CRC (209)
Capecitabine +miR-125b-5p tmiR-137 Cancer (189)
5-Fluorouracil JRelevant oncogenes such as miR-210 HCC (208, 210,
CRC 211)
OsC
Relevant tumor suppressor miRs: let-7 family, miR-15b,—16,—23a,—23b, and—200c BRCA (189)
*ES: PmiR122 through the inhibition of M2 splice isoform of pyruvate kinase (PKM2) in CRC (212)
vitro and in vivo
*RS: tmiR-21 and—221 BRCA (213)
*RS: tmiR-21,—-34,—140 HCC (212)
CRC
OsC
Gemcitabine May impact the expression of 56 relevant miRNAs such as miR-200,—205,—27a,—27b, Cancer (214, 215)
and let 7 family
*ES: tmicroRNA-218 by inhibiting the secretion of HMGB1 by PANC-1 cells and the PC (212)
PI3K/Akt pathway
*RS: tmiR-21,—34,—140 PC (214, 215)
Targeting glutamine metabolism
Pegylated arginine Bioengineered pre-miR-1291 processed to high levels of mature miR-1291. “ER: PC (216)

deiminase (ADI-PEG)

+miR-1291 increases sensitivity to ADI-PEG (trough modulation of ASS1 and GLUT1)

“Therapy-resistance miRNA. 1, over-expression; |, down-regulation. Therapy-resistance miRNA: RS, reduce sensitivity; ES, enhanced sensitivity. Cancer: BRCA, breast cancer;
CRC, colorectal cancer; PCA, prostate cancer; PC, pancreatic cancer; HCC hepatacarcinoma; CLC, cholangiocarcinoma; MB, medulloblastoma; OsC, osteosarcoma; GC, Gastric;

M, Melanoma.

regulates mitochondrial pyruvate dehydrogenase complex that
catalyzes the irreversible decarboxylation of pyruvate into
acetyl-CoA (232). PDK is overexpressed in several tumors and
favors pyruvate conversion into lactate (233). Inhibition of PDK
by DCA in cancer cells prompts glucose oxidation, reverses
mitochondrial apoptosis, and suppresses tumor growth (234).
CPI-613 is a novel anticancer agent (lipoic acid analog) that
inhibits PDK through targeting lipoyl-binding pockets and
selectively target the altered mitochondrial energy metabolism in
tumor cells and produces changes in mitochondrial and redox
status, which leads to tumor cells death (232, 235, 236). One of the
main clinical challenges in colorectal cancer management is the
development of chemoresistance. Interestingly, DCA treatment
improve chemosensitivity to 5-fluorouracil. The evidence
pointed out that the DCA over-express miR-149-3p which
consequently enhanced 5-FU-induced apoptosis. Importantly,

miR-149-3p is a post-transcriptional regulator of PDK2
transcript. Thus, DCA treatment overcome chemoresistant
phenotype by modulating miR-149-3p/PDK?2 axis (237).

TARGETING FA METABOLISM

Several pieces of evidence propose that targeting de novo fatty
acid synthesis might be effective in the treatment of some cancers.
For example, statins, cholesterol-lowering drugs, have been
recently related to antitumor, cytostatic, and cytotoxic activity in
diverse clinical trials of advanced malignancies (238); however,
the studies are still inconclusive. Epidemiological studies have
shown that statins lower the risk of presenting lung, breast, bowel,
and prostate cancer (239, 240). Furthermore, different preclinical
in-vitro studies show that statins may produce a variety of
antineoplastic responses in cancer cells, including a cytostatic
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FIGURE 2 | Pharmacological-targeting of tumor metabolism and miRNA-modulating networks of drugs tested in clinical trials or already approved FDA drugs for
cancer treatments. It is reported that dysregulations of miRNAs contribute to therapy resistance via drug efflux mechanisms, alterations in drug targets, energy
metabolism, Glutamine metabolism, lactate metabolism, cholesterol metabolism, among others.

effect (cell cycle G1/S phase arrest), pro-apoptotic activity by =~ 244) and anti-angiogenic properties. Different studies have
downmodulating BCL-2 (241, 242), anti-metastatic properties  provided novel evidence of the pleiotropic effects of statins
through NF-kB and matrix metalloproteinase inactivation (243,  independent to its cholesterol signaling modulation in cancer.
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For instance, in-vitro assays have shown that more than
400 miRNAs are altered by statins interventions. Including,
some well-known tumor suppressor miRNAs such as miR-
612, which is up-modulated after statins treatment promoting
cancer cell differentiation and enhancing cancer cells response
to chemotherapy (193). In another study, miR33a (198), and
miR-33b (191) resulted up-modulated and participates in the
anti-oncogenic properties of statins by promoting proliferation
inhibitory effects and down-regulating the oncogene c-Myc.
Another statin-regulated miRNA is miR-182, which down-
regulates the antiapoptotic Bcl-2 transcript and consequently
favors cell apoptosis (195). In a more complex regulatory
circuit, simvastatin reduces NF-kB and LIN28B expression and
subsequently increased let-7 levels, that in summary significantly
inhibited cell viability and clonal proliferation [(192); Table 2 and
Figure 2].

In a different fashion, rapalogs that inhibit mTOR (e.g.,
rapamycin and its derivatives, everolimus, and temsirolimus)
exhibit anti-tumor effects by targeting PI3K/Akt/mTOR axis
and cell proliferation. A wide spectrum of tumors is being
evaluated in monotherapy or in combination. Temsirolimus and
everolimus have been recently approved for the treatment of
patients with advanced renal cell carcinoma (245, 246). Since
mTOR is also involved in glucose metabolism by stimulating
GLUT]1, it is reasonable to propose a combinatory therapy with
metformin to synergistically kill tumor cells [(247); Table 2].
Once again, let-7 family is one of the most reported miRNAs
related with Rapamycin mechanism, playing a dual role. In
one hand, in short-term treatments the inhibitory effect of
rapamycin over cancer cells is mediated by increased expression
of let-7 members that regulates c-MYC post-transcriptionally
regulates ¢-MYC. On the other hand, re-expression of let-7
restore rapamycin sensitivity in resistant tumor cells (201). Long-
term rapamycin treatment up-modulates miR-17-92 cluster that
is related to rapamycin resistance, probably by its positive
regulation over c-Myc (201). From a combinatory point of view
rapamycin and metformin are able to synergize their activities
against cancer cells, since this last one inhibits miR-21-5p which
induces signaling of mTOR, a rapamycin-target (188).

Finally, TVB- 2640 compound is one of the first bioavailable
fatty acid synthase (FASN) inhibitor to enter clinical trials
for breast, colon, and astrocytic tumors, in combination with
chemotherapy with the aim of enhancing clinical responses
and prolonging stable disease times (NIH). Its antineoplastic
activity leads to reduced cell signaling, induces tumor cell
apoptosis, and inhibits cell proliferation in tumor cells by
restricting lipid signaling, mainly fatty acid production, which is
necessary to satisfy tumors metabolic needs [(248-250); Table 2
and Figure 2].

ASPIRIN: ANTI-INFLAMMATORY AND
METABOLIC DRUG IN CANCER CELLS

Aspirin, a non-steroidal anti-inflammatory drug (NSAIDs), has
shown metabolic and antitumor properties (251). Aspirin may
impair tumor cell migration and metastasis through preventing

platelet clot formation (252). Aspirin also activates AMPK and
inhibits mTOR and FA synthesis in cancer cell lines (253).
Recently, aspirin has been demonstrated to have effective anti-
tumor effects against RAS/RAF-mutant cells in colorectal cancer
by simultaneously affecting BRAF/CRAF dimerization and
hyper-activating the AMPK and ERK pathway [(254); Table 2
and Figure 2]. Besides the well-described cardioprotective effects
of NSAIDs, there are substantial preclinical, clinical, and
observational data that supports its activity in preventing cancer,
with strong evidence in colorectal (255), lung (256), and ovarian
cancer (257, 258). In preclinical studies NSAIDs administration
confer a chemopreventive effect in different cancer cell models
and in-vivo assays, probably via miRNA modulation. Recently,
a novel mechanism of action of aspirin has been reported, in
which the drug induces the expression of well-known tumor
suppressors miRNAs, such as miR-98 that in turn suppress
WNT1 and consequently limits cell proliferation in lung cancer
(202). Moreover, NSAIDs favor let-7 expression by decreasing the
abundance of one of its ncRNA-sponge, attenuating in this way
glycolysis in breast cancer [(195); Table 2]. Anti-inflammatory
drugs are also able to abrogate the oncogene miR-21, that results
in low cell proliferation and invasion rates in BRCA and CRC
(203, 204).

TARGETING LACTATE METABOLISM:
LDHA INHIBITORS

Several clinical trials evaluating LDHA inhibitors in different
solid cancers are currently underway. One mechanism of action
of LDHA inhibitors is to limit lactate export from cancer cells
into the extracellular space. Accumulating intracellular lactate
moves LDHA catalyzed-reaction to produce pyruvate, which
prevents NAD+ regeneration and affects the energy source that
established a fine competition between cancer cells that resulted
in cell death. AZD3965, a drug affecting lactate metabolism,
inhibits lactate transporter MCT1, which is overexpressed in
several tumors and is associated with poor outcomes (259-
262). MCT1 inhibitors probably synergize with the exogenous
restauration of miR-342-3p that should provide a more effective
inhibition of lactate transportation, which result in loss of cancer
cell metabolism homeostasis [(103); Table 2 and Figure 2].

ANTI-TUMORAL THERAPY WITH
ANTIMETABOLITE CHEMOTHERAPEUTIC
AGENTS

Antimetabolites as chemotherapeutic agents (e.g., methotrexate,
capecitabine, 5-fluorouracil, and gemcitabine) are small
molecules that resemble nucleotide metabolites; they inhibit
the activity of enzymes involved in nucleotide synthesis by
preventing cell division and triggering cell death. They are
widely used in clinics to treat cancer since neoplastic cells
have an increased metabolic demand that requires a huge
nucleotide biosynthesis and DNA replication (263). More in
detail, methotrexate is a folate analog that inhibits carbon
transfer reactions required for de novo nucleotide synthesis.
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Fluorouracil (5-FU) is a synthetic analog of uracil that inhibits
thymidylate synthase by limiting the availability of thymidine
nucleotides for DNA synthesis (264) and has been reported
that enhances the expression of relevant tumor suppressors
such as let-7 family, miR-15b,—16,—23a,—23b, and—200c, some
of them well-describe metabolic modulators (189). Moreover,
5-FU represses miR-210 (208, 210, 211), that down-modulates
GPD1L, a negative regulator of HIF, restricting HIF-1a stability
[(265, 266); Table 2]. Similarly, capecitabine is widely used in
chemotherapies for gastrointestinal cancers. It halts tumor cells
by inhibiting DNA and RNA synthesis and limiting the precursor
of thymidine triphosphate (267, 268). Gemcitabine, another
nucleoside analog, is intercalated into the DNA molecule and
blocks DNA polymerases (269). Notably, the literature reports its
effect over several miRNAs such as miR-200,—205,—27a,—27b,
and let 7 family [(215, 269); Table 2]. All these agents can achieve
important clinical responses and lead to complete remission in
many cases.

In recent years, there has been substantial attention to the role
of miRNAs in regulating metabolic reprogramming. Researchers
have tried to reveal the mechanisms that regulate metabolic
alterations in tumor cells and identify the interactions (miRNA-
mRNA, miRNA-transcription factor, and miRNA-metabolic
pathway) that are susceptible of being therapeutically actionable.
Although studies are still incipient, robust data have been
generated, describing how miRNAs directly or indirectly regulate
the dysregulated metabolism of tumor cells. Based on the
evidence described in this work, it is appropriate to hypothesize
that there are miRNA interactions susceptible of being modulated
by therapeutic interventions to reverse the metabolic alterations
that allow tumor cells to uncontrollably proliferate. In addition,
it is necessary to emphasize the usefulness of miRNAs-based gene
therapies to enhance the regulatory activity of those identified
miRNAs. However, more studies need to be conducted in a
broader spectrum of components of the energetic metabolism
of tumor cells, such as enzymes, transcription factors, positive
regulators, and enhancers to provide more evidence on the
impact of regulation mediated by miRNAs and their signaling
networks on oncogenic processes.

NEW DRUGGABLE TARGETS WITH HUGE
IMPACT IN CANCER METABOLISM: THE
EMERGENCE OF miRNA-BASED
THERAPIES

In the last section we discussed how metabolic-target drugs
and chemotherapy can modulate miRNA signaling programs
as a beneficial pleiotropic effect. But it is also necessary to
emphasize the usefulness of miRNAs-based therapies to improve
or moderate their regulatory activity. Recent advances have
permitted to study the effects of directly manipulating cellular
miRNA levels by suppressing the expression of oncomiRs, that
somehow enhance cancer metabolism, and which are frequently
overexpressed in human cancers. Or on the contrary, by
reestablishing the expression of tumor suppressor miRNAs that
in many cases collaborate to restrict cancer energetics programs
(270). Evidences obtained from these studies have prompted

the designing and refinement of dedicated technology aimed
at, either, inhibiting miRNAs (i.e., antisense oligonucleotides,
locked nucleic acid, antagomiRs, miRNA sponges, and small
molecule inhibitors that inactivate mature miRNA sequence
in the RISC complex) (271-273) or restoring their levels by
mimic sequences that can be recognized by Dicer and Ago2
proteins to be functional. Notable, miRNA delivery systems have
been improved during the last years, resulting in robust and
more specific devices such as liposomes, adenovirus, adeno-
associated virus, EDV nanocell, and nano-particles accompanied
with conjugate antibodies (274-276).

Below we briefly describe some examples of clinical trials that
have been evaluated the therapeutic impact of targeting miRNAs
involved in the regulation of emerging hallmarks of cancer like
tumor metabolism, already described in previous sections. For
instance, MRX34 was the first miRNA-based therapy undergoing
in a clinical trial for cancer treatment, its aim was to re-
express miR-34, that regulates LDHA, by introducing a mimic
sequence through the lipid carrier NOV40 to treat patients with
lymphoma, melanoma, multiple myeloma, liver, small cell lung,
and renal carcinoma. Unfortunately, although promising results
were observed, the trial was terminated due to severe immune-
related reactions developed by some patients (277).

The first completed phase 1 trial evaluated the TargomiR
technology, intended for delivering miRNA mimic sequences in
vehicles containing bacterially derived minicells and a targeting
moiety antibody against EGFR to treat non-small cell lung
cancer. A similar example is the MesomiR-1 drug, which
reintroduces miR-16, a miRNA that regulates Aldolase A in
glycolysis process (278, 279). Another, drug delivery system being
evaluated in stage 1 clinical trial is the locked oligonucleotide
acid-modified inhibitor for miR-155 (MRG-106), as part of the
clinical intervention for cutaneous T-cell lymphoma patients
(280, 281). This therapeutic intervention re-expresses miR-155
targets such as miR-143, that negatively regulates HK2 and
consequently limits the active glycolytic phenotype (77). Other
examples include the new miRNA delivery system from Regulus
company named RGLS5579, an anti-miRNA against miR-10b,
for patients diagnosed with glioblastoma multiforme (282).
Interestingly, under hypoxic conditions, HIF1 upregulates the
transcription factor TWIST that results in the induction of the
oncomiR miR-10b (283).

A further candidate of miRNA-based therapeutic currently
under evaluation by Regulus and Sanofi companies, although not
for cancer patients treatment, is RG-012 which silences miR-
21 in patients with Alport syndrome (284). Along the text we
widely discussed miR-21 activity as a promoter of the tumoral-
metabolism and its role in resistance against metabolic-based
drugs. Miragen, another company, maintains also an active
phase 1 study for miR-29 mimic (MRG-201) to treat keloid,
fibrosis and scar tissue formation (Clinical Trials: NCT03601052).
Importantly, miR-29 is frequently lost in cancer and has been
reported to negatively regulates MCT1, a lactate transporter
(101, 102).

Lastly, combinatorial therapy strategies have provided
successful results to treat cancer since this approach can target
several tumor cell survival pathways and establish molecular
landscapes to overcome resistance, offering a holistic way

Frontiers in Oncology | www.frontiersin.org

December 2019 | Volume 9 | Article 1404


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Pedroza-Torres et al.

mMiRNAs Metabolism and Therapeutic Opportunities

to reduce tumor development and evolution (285). Taking
advantage of the technological advances, chemotherapeutic
agents can be coordinately administrated with miRNA-based
therapeutics to provide synergistic effects and enhance patient
response. Since, these examples represent the first generation
of miRNA-based therapeutics, there are some challenges and
limitations. As an illustration, preclinical experiments in in-vivo
models have shown low RNA stability, numerous mRNAs targets
can be regulated by a single miRNA and different biological
effects can be achieved by a miRNA in different tissues (286).
Thus, it is important to guarantee tumor-specific delivery and
local retention of miRNAs, for example by nanoparticle which
facilitates target-specific shipment of miRNAs (286, 287).

PERSPECTIVES: HOW TO TAKE
ADVANTAGE OF THE LOCAL AND
SYSTEMIC METABOLIC CONTEXT AND
ITS CONNECTION TO microRNA
REGULATORY CIRCUITS IN CANCER?

In addition to tumoral-intracellular metabolic reprogramming,
tumor cells encounter a variety of systemic factors that can
influence tumorigenesis and cell metabolism (27, 34, 38, 41,
164, 288). For instance, obesity is a metabolic disorder that
promote tumor growth and a connection between obesity
and certain cancers, including colorectal, renal, breast cancer,
esophageal, adenocarcinoma, thyroid, endometrial, prostate, and
leukemia, have been reported in numerous cohort studies (289-
292). In recent years, there has been substantial attention to
miRNA roles in obesity-linked cancer (293). miRNA regulation
programs can modulate adipogenic differentiation by controlling
signaling pathways related to its biogenesis, additionally, several
miRNAs associated with obesity also have well-described roles in
carcinogenesis, thus, their deregulated expression portrait may
act as a functional link between obesity and cancer (294-296).
Furthermore, over the last decade, a huge advent of
next-generation sequencing occurred, allowing to deeply
characterize the diversity of microorganisms that colonize
human epitheliums, known as microbiota. Human microbiome

produces small molecules and metabolites through a complex
community network with relevant biological effects both at local
and systemic levels and its dysregulation contributes to cancer
establishment, progression and therapy response (297-300).
Carcinogenesis is a complex process on which exogenous, as
well as, endogenous factors could impact in different ways
on malignant transformation. Among endogenous factors,
metabolites generated as byproducts of metabolic activity
can either act as carcinogen compounds (i.e., nitrosamines,
conversion of alcohol to acetaldehyde, and tumor-promoting
secondary bile acids) or as anticarcinogens (i.e., activation
of dietary phytochemicals and inactivation of hormones that
stimulate tumor cells growth). Even more, metabolism of
different substances within the body can be affected by different
health conditions like diabetes or obesity, which is characterized
by chronic inflammation. In this context, bacterial metagenome
has revealed to be an important player in fine-tuning tumor
metabolic function, as is enriched in genes that participates
in nutrients, bile acid and xenobiotic metabolism, as well
as biosynthesis of vitamins and isoprenoids, therefore has
become an emergent factor that affects tumor development
(301-303). Based on these novel data, the gut microbiome is
increasingly being recognized as a dynamic ecosystem influenced
by environmental conditions such as diet and drug therapy with
relevant effects on tumoral biology and metabolism (304, 305).
As an open system, gut microbes elicit their effects on cancer
cells via their capacity to induce pro-inflammatory responses
(306-308) or more indirectly by the production of secondary
metabolites (309-311). Recent evidence showed that short chain
fatty acids (SCFAs), hydrogen sulfide (H2S), bile acids, and some
other metabolites are produced by gut microbiota and impact
the genome and epigenome of cancer cells, including miRNAs.
Thus, the gut microbiome is an important regulator of host
transcriptional dynamics in part through the establishment of
inter-communications via miRNA signaling (312).

Host microbiome has pointed out as a potential modulator
of cancer metabolism and could be a future target for precision
medicine. While there is less evidence of how microbiota affects
most of the miRNA landscapes in human tumors, there are
growing data that explain how the microbiota confers some

TABLE 3 | miRNA portrait and gut microbiota in cancer.

miRNA Activity Cancer References
miR-182, Differentially expression of these oncogenic miRNAs was correlated CCR (319)
miR-5083, and with the relative abundances of: Firmicutes, Bacteroidetes, and
mir-17~92 Proteobacteria. Possible role of these miRNAs in driven glycan
cluster production in tumor location through the recruitment of pathogenic

microbial taxa and thus impact tumor development
Upregulation Fusobacterium nucleatum induces CRC cell proliferation by CRC (320)
of miR-21 up-modulating the oncogenic miR-21 via TLR4 signaling
Upregulation The colibactin genotoxin produced by Escherichia coli promotes CRC (821-323)
of cellular senescence by the upregulation of miR-20a-5p, which in turn
miR-20a-5p downregulates SENP1, resulting in the proliferation of uninfected cells

and, subsequently, tumor growth. The over-expression of miR-20a-5p
also alters p53 SUMOylation, which has been shown to promote tumor

growth and metastasis
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effect on cancer pathways in colorectal cancer (CRC). Under
physiological conditions, the microbiota promotes a metabolic
niche that produces a huge amount of the energy required

by the intestinal epithelial cells (313) through the production
of butyrate, a SCFAs, as a result of complex carbohydrates
fermentation. CRC cells preferentially use glucose over butyrate
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as the major source of energy, resulting in a gut microbiome
related dysbiosis (314). In the tumoral context, low butyrate
concentrations enhance MYC expression, which in turn up-
modulates the levels of the oncogenic miR-17-92 cluster (315).
The overexpression of miR-17-92a cluster has been shown to
enhance cell proliferation, metastasis, and angiogenesis (316-
318). This data demonstrates an antitumor mechanism of
butyrate over the MYC /miR-17-92a axis in CRC cells. As
exemplified, miRNAs activity is a relevant feature in mediating
metabolic changes and modulating the interaction of host
transcriptional portrait and microbiota. Some other evidences
are described in Table 3. Results from numerous studies now
suggest an additionally level in the complex interplay between
miRNAs and gut microbiome, including data describing the
influence of miRNAs in controlling gut composition and growth
rates by improving selectively pressure on the surrounding
microenvironment (Table 3).

Furthermore, results from numerous studies suggest that
intestinal miRNAs come from two main sources: host and food
(55, 324). The intestinal epithelial cells are the main contributors
of host-derived miRNAs, but miRNAs contained in food can
as well be absorbed by the host and regulate gene expression
in a cross-species regulation manner (325, 326). Recently it
has been showed that Ginger derived exosome-like vesicles,
containing RNA, are taken up by the gut microbiota and can
alter microbiome composition and host physiology. Briefly, the
exosomal particles are preferentially engulfed by Lactobacillus
rhamnosus and the exosomal microRNAs-cargo target various
genes in the bacteria, such as Ginger miR7267-3p that mediate
the production of IL-22, favoring an improvement in the colitis
via IL-22-dependent mechanisms (324). These findings reveal
how plant products and their effects on the microbiome may
be exploited to specially target host processes to modify tumor
growth through specific diet interventions (Figure 3).

Although studies are still incipient, robust data have been
generated, describing how microRNAs serve as important
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communication factors between the gut microbiome and the
host. On the basis of these evidences, it’s appropriate to
hypothesize there is an open bi-directional communication
between host cells and microbes, potentially mediated through
miRNA activity. However, more studies are required to be
conducted in a broader spectra of cancers, to provide more
evidence on the impact of gut microbiota and their miRNAs
signaling networks on oncogenic and metabolic processes (300),
which finally will allow us take advantage of these changes and
devise new strategies to translate the modulation of metabolic
alterations into patient management.
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