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Lactate is a ubiquitous molecule in cancer. In this exploratory study, our aim was to

test the hypothesis that lactate could function as an oncometabolite by evaluating

whether lactate exposure modifies the expression of oncogenes, or genes encoding

transcription factors, cell division, and cell proliferation in MCF7 cells, a human breast

cancer cell line. Gene transcription was compared between MCF7 cells incubated in

(a) glucose/glutamine-free media (control), (b) glucose-containing media to stimulate

endogenous lactate production (replicating some of the original Warburg studies), and

(c) glucose-containing media supplemented with L-lactate (10 and 20mM). We found

that both endogenous, glucose-derived lactate and exogenous, lactate supplementation

significantly affected the transcription of key oncogenes (MYC, RAS, and PI3KCA),

transcription factors (HIF1A and E2F1), tumor suppressors (BRCA1, BRCA2) as well as

cell cycle and proliferation genes involved in breast cancer (AKT1, ATM, CCND1, CDK4,

CDKN1A, CDK2B) (0.001 < p < 0.05 for all genes). Our findings support the hypothesis

that lactate acts as an oncometabolite in MCF7 cells. Further research is necessary on

other cell lines and biopsy cultures to show generality of the findings and reveal the

mechanisms by which dysregulated lactate metabolism could act as an oncometabolite

in carcinogenesis.
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INTRODUCTION

A role of lactate in cancer metabolism was first described almost a century ago when OttoWarburg
and associates discovered that cancer cells were not only characterized by accelerated glucose
consumption, but also by a marked increase in lactate production (1). They exposed tumor cells to
amino acids, fatty acids, and glucose, expecting the highest rate of respiration in glucose-exposed
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cancer cells. Contrary to expectations, glucose brought
respiration to a standstill. “In trying to discover why this happened,
it was found that lactic acid appeared in the Ringer’s solution,
produced by glycolysis, and that this inhibited the respiration,”
asserted Warburg (2). Warburg also found that arterial glucose
uptake in tumor cells was about 47–70%, compared to 2–18%
in normal tissues, and that tumor cells converted 66% of
glucose uptake to lactate (3). Based on these observations,
Warburg concluded that increased glycolytic activity was integral
to carcinogenesis, a phenomenon subsequently termed the
“Warburg Effect” (4).

In the last decade there has been a “renaissance” of
cancer metabolism and the knowledge acquired has been
significant. It is now known that carcinogenesis involves complex
metabolic processes characterized by tumor heterogenicity,
involving different metabolic activities and regulations necessary
for tumor growth, survival and progression (5). Increasing
body of literature implicates the involvement of lactate for
carcinogenesis. Sonveaux et al. showed that lactate is a major fuel
for biomass and anabolic necessities of cancer cells (6, 7).

Given the unexplained causes and consequences of the
Warburg effect in cancer, recently, we articulated the
“lactagenesis hypothesis” (8). According to our hypothesis,
the predominant role of lactate in cancer is not only for fuel
or cancer biomass purposes but also for carcinogenic signaling
properties. Lactate is involved in the main biological processes
that are known to drive or sustain carcinogenesis, specifically:
angiogenesis, immune escape, cell migration, metastasis, and
self-sufficient metabolism (8).

While lactate has been the subject of intense investigation
since at least the nineteenth century, until recently it was believed
that lactate was solely a byproduct of oxygen-limited, anaerobic
metabolism. However, in the mid 1980’s George Brooks proposed
the “Lactate Shuttle Hypothesis” based on results of isotope tracer
studies in rodents and humans (9–13). His studies showed for
the first time that lactate production and exchange could also
occur under fully aerobic conditions debunking the belief that
lactate was a “waste” product of anaerobic glucose metabolism
(14). Specifically to cancer cells, it is estimated that in cancer cells,
lactate production accounts∼70% from aerobic glycolysis (15).

Furthermore, it is now recognized that lactate is a major
energy source (16–19), the major gluconeogenic precursor (19), a
signaling molecule and a “lactormone” (13) that also influences
gene expression (20–23). Exogenous L-lactate exposure, for
instance, has been reported to upregulate the transcriptional
activity of 673 genes in L6 cells (20). Hussien and Brooks later
showed that both lactate dehydrogenase A (LDHA) and LDHB
as well as monocarboxylate transporters (MCTs) were expressed
in breast cancer cells, including MCF7 (24).

Most recently, Zhang et al. (25) have shown that “lactylation”
of histone lysine residues serves as an epigenetic modification
that directly stimulates gene transcription from chromatin
in human and mouse cells. They also showed that lysine
lactylation (Kla) levels increased in a dose-dependent fashion
in response to exogenous L-lactate and that endogenous
production of lactate is a key determinant of histone Kla levels
(25). Furthermore, Verma’s group has recently and elegantly

demonstrated that tumor-mediated lactate can elicit epigenomic
reprograming of cancer-associated fibroblasts from pancreatic
ductal adenocarcinoma (26).

Moreover, there has been growing interest in blocking lactate
transport and exchange among and within cancer cells to
decrease tumor growth and carcinogenesis (6, 23, 27–29).

Renewed interest in understanding the causes and
consequences of the Warburg Effect has shown that lactate
can be produced from glutaminolysis. That observation is of
consequence because glutaminolysis is considered a hallmark of
cancer metabolism (30). It has been known since the 1970’s that
glutamine is a major energy source for mitochondria in HeLa
cells (31) as well as biomass precursor for the proliferation of
cancer cells (32). In pediatric glioblastoma cells (SF-188), MYC
overexpresses glutaminolysis to elicit a mitochondrial metabolic
reprograming favoring glutamine for energy purposes (33).
Beyond purposes of bioenergetics and biomass, glutaminolysis
can also be a major source of lactate in cancer (34). During
high rates of glutaminolysis (a typical characteristic in many
cancers) oxidative phosphorylation of glucose is decreased while
glutamine fermentation to lactate is increased (34). This concept
is important as it could explain why therapies targeting glycolysis
may not be very efficient if lactate is derived from glutamine.
Furthermore, recent research studies have focused on blocking
glutamine metabolism in cancer. In particular one recent study
in mouse cancer cells showed that a glutamine agonist JHU082
both shut down oxidative phosphorylation and glycolysis as well
as enhanced oxidative phosphorylation and immune response in
T-Cells (35).

In breast cancer, there is an average of about 33 somatic
mutations (36). Within the multiple somatic mutations in
different cancers, there are a few key driver genes that confer
a selective growth advantage to “drive” tumorigenesis (36, 37).
The driver genes involved in selective growth advantage are
referred to as “mut-driver” or “epi-driver” genes (36). Although
the epi-driver genes are not yet well-identified or understood,
125 mut-driver genes involved in multiple tumors have been
identified (36).

In the present study, we sought to determine whether
endogenously produced lactate or exogenously added
L-lactate (Sodium L-lactate) exposure could act as an
oncometabolite affecting the transcription of key driver
genes recognized to play a central role in breast cancer
(specifically in MCF7 cells).

MATERIALS AND METHODS

Overview
We tested our lactagenesis hypothesis by exposing MCF7
cells to glucose, which resulted in endogenously produced
lactate, or added, exogenous sodium L-lactate and observing
the transcription of key driver genes breast cancer, some of
which are involved in the majority of cancers (38–44). We took
this approach because of the orchestrated action of oncogenes,
tumor suppression genes, transcription factors and cell cycle
genes that activate an array of pathways leading to increased
cell proliferation and the metabolic reprograming of cancer cells
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from oxidative phosphorylation (OXPHOS) to glycolysis and
lactate production.

Cell Culture Experiments
For both study objectives MCF7 cells (ATCC) were maintained
in Dulbecco Modified Eagle Medium (DMEM) with 10% Fetal
Bovine Serum (FBS) and Penicillin 100 units/mL-Streptomycin
100 ug/mL (Invitrogen) [DMEM 10% FBS-Pen-Strep] and
cultured in a 5% CO2 atmosphere at 37◦C. Briefly, MCF7 cells
(1 × 106) were plated in cell culture dishes using DMEM 10%
FBS-PenStrep. Once the cells reached 80% confluence, the cells
were incubated in DMEM (high glucose; 4,500 mg/L) containing
0, 10, or 20mM sodium, L-lactate (Sigma) with 10% NuSerum
(BD Biosciences), and Pen-Strep. Controls were MCF7 cells
incubated in DMEM without glucose, glutamine, or lactate. Cells
were maintained for either 6 or 48 h before being harvested for
gene expression profiling. Cell pellets were stored in RLT buffer
(Qiagen) with beta mercaptoethanol added, and stored at−80◦C.
The concentration of lactate and glucose in the cell culture
media at the time of harvest was determined using the L-lactate
Assay Kit (AbCam) or Glucose Assay Kit (Cayman Chemical),
respectively, following manufacturer specifications.

Cell Line Authentication
MCF7 (ATCC R© HTB22TM) cells were authenticated by ATCC
using morphology, karyotyping, and PCR based approaches to
confirm identity of human cells and to rule out both intra- and
inter-species contamination. These included an assay to detect
species specific variants of the cytochrome C oxidase I gene
(COI), and short tandem repeat (STR) profiling. The cell line was

obtained inMarch of 2018 and the last test was done in September
of 2018.

RNA Isolation and Assessment of MCF7
Gene Expression
Total RNA was extracted using the AllPrep DNA/RNA Mini
Kit (Qiagen) and the quantity assessed using Nanodrop
spectrophotometry. RNA was reverse transcribed using a cDNA
conversion kit. The cDNA in combination with RT2 SYBR R©

Green qPCRMastermix was used on a Custom RT2 Profiler PCR
Array (Qiagen). RT2 Profiler PCR Arrays were used to compare
gene expression profiles between MCF7 cells cultured in glucose-
free media, glucose-supplemented media (leading to Warburg
Effect and lactate production) and glucose-supplemented media
with exogenous lactate added. Targeted genes typical of MCF-
7 cells included on the array were: oncogenes (MYC, NRAS,
and PIK3CA), transcription factors (HIF1A and E2F1), tumor
suppressor genes (BRCA1 and BRCA2) as well as cell cycle
genes, and proliferation genes (AKT1, ATM, CCND1, CDK4,
CDKN1A, CDK2b, and MIF) (Table 1). Genes were categorized
according to NIH Genetics Home Reference (www.ghr.nlm.nih.
gov). Each condition was run in triplicate, and from each of
the three biological replicates duplicate samples were run on the
expression array to ensure accuracy and reproducibility.

Statistical Analyses
Lactate and glucose concentrations were compared between
groups by analysis of variance (ANOVA) in GraphPad Prism (v.
5.01; GraphPad Software).

TABLE 1 | Fold changes in expression for cancer-related genes between glucose-starved MCF7 cells vs. MCF7 cells exposed to 0, 10, or 20mM lactate for 6 or 48 h.

Gene type+ Incubation duration 6 h Incubation duration 48 h

6h, 0 mM 6h, 10 mM 6h, 20 mM 48h, 0 mM 48h, 10 mM 48h, 20 mM

PROTO-ONCOGENES

NRAS – 3.56 – 2.31 2.58 1.92

PIK3CA – 4.31 – 2.04 2.20 2.03

MYC 1.88 7.75 6.28 3.33 2.80 2.81

CELL CYCLE/PROLIFERATION GENES

ATM – – – 8.14 4.04 4.22

CCND1 – 2.60 2.71 2.40 2.33 2.37

CDK4 2.51 6.36 5.64 3.97 3.59 3.02

CDK1A – 6.77 4.71 2.59 1.36 2.48

CDK2b 1.58 6.82 – 3.75 2.48 2.60

AKT1 1.98 3.35 1.46 2.15 2.72 1.75

MIF – 7.55 5.19 – – 2.09

TUMOR SUPPRESSOR GENES

BRCA1 1.70 3.42 3.71 3.42 4.27 2.43

BRCA2 – 6.14 5.55 4.88 4.94 3.31

TRANSCRIPTION FACTORS

HIF1A – 4.42 4.80 2.87 4.07 2.93

E2F1 1.58 3.37 3.28 2.30 2.56 1.68

Results are shown for genes showing a 1.5-fold or greater change in expression and a p-value ≤0.05.
+Genes classified according to NIH Genetics Home Reference (www.ghr.nlm.nih.gov).
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Cycle threshold (Ct) values, the number of PCR cycles
required for florescent signal to exceed background levels,
are inversely proportional to the amount of target nucleic
acid present in the sample. Ct values were exported and
then uploaded onto GeneGlobe, Qiagen’s data analysis web
portal (https://geneglobe.qiagen.com). Within the GeneGlobe
platform, 1Ct values were calculated by subtracting the Ct

value for the reference gene (GAPDH) from the Ct value for
target genes for each sample. For all experiments, controls
were MCF7 cells cultured in glucose/glutamine-free media
with 0mM lactate for 6 h to eliminate the impact of glucose-
derived endogenous lactate production (Warburg Effect) on
gene expression. Statistical tests were performed on raw 1Ct

values for each group. Fold change was then calculated
using 2−11CT formula. Gene expression differences between
experimental groups and controls are expressed as fold-
regulation. Criteria for reporting gene expression differences
include: fold-regulation of ≥2.0 with a p-value of ≤0.05.
Lactate and glucose concentrations were compared between
groups by analysis of variance (ANOVA) in GraphPad Prism
(v. 5.01; GraphPad Software).

RESULTS

Glucose-Derived Lactate Production
As expected, glucose incubation resulted in high
concentrations of lactate (28.8 ± 2.9 and 21 ± 6.8, mM
(p < 0.001) both 6 and 48 h, respectively post-incubation
in glucose (Figure 1). As no lactate was added in this
experiment in glutamine-free media, lactate accumulation
was considered to be glucose-derived as a result of the
Warburg Effect.

Glucose-Derived Endogenous Lactate
(Warburg Effect) Upregulates the
Transcriptional Activity of Oncogenes,
Transcription Factors, Tumor Suppressor
Factors as Well as Cell Cycle and
Proliferation Genes
Compared to controls, the expression of three key oncogenes,
MYC, RAS, and PIK3CA, was between 2- and 3.3-fold greater
in MCF7 cells cultured for 48 h in glucose-containing media
leading to lactate accumulation (p < 0.05) (Table 1, Figure 2).
Endogenous lactate production also affected the expression of
transcription factors known to be involved in MCF7 cancer
cells. Specifically, compared to controls, MCF7 cells cultured
in glucose-containing media for 48 h showed 2.9 and 2.3-fold
increases in mRNA expression of transcription factors HIF1A
and E2F1, respectively (p < 0.01) (Table 1, Figure 2). After 48 h
exposure, the transcriptional activity of tumor suppressor factors
BRCA1 and BCRA2 increased 3.4- to 4.9-fold, respectively (p
< 0.01) (Table 1, Figure 2). Finally, transcriptional activities of
cell cycle and proliferation genes (except for MIF) increased
2.1- to 8.1-fold (p < 0.05) (Table 1, Figure 2) after 48 h
exposure between.

FIGURE 1 | Glucose-derived lactate (Warburg Effect) in MCF-7 cells after 6

and 48 h of incubation in glucose (p < 0.001).

Exogenous Lactate Exposure Upregulates
the Transcriptional Activity of Oncogenes,
Transcription Factors, Tumor Suppressor
Factors as Well as Cell Cycle and
Proliferation Genes
10mM Lactate Exposures

Exposing MCF7 cells to 10mM lactate for 6 h increased the
expression of oncogenes MYC, NRAS, and PIK3CA between
3.6- and 7.8-fold (p < 0.05). After 48 h transcriptional activity
was slightly weaker for these oncogenes (2.6 and 2.8, p < 0.05)
(Table 1, Figure 3A). After 6 h, transcription factors, HIF1A and
E2F1, were overexpressed by 4.4- and 3.4-fold, respectively (p <

0.01) (Table 1, Figure 3A). Expression was similar after the 48 h
exposure for HIF1A 4.1-fold, p < 0.001), and slightly reduced
for E2F1 (2.6-fold, p < 0.001) (Table 1, Figure 3A). After 6 h,
transcriptional activity of tumor suppressor factors BRCA1 and
BRCA2 was increased between 3.4- and 6.1-fold, respectively (p
< 0.05). After 48 h exposure, transcriptional activities of BCRA1
and BCRA2 increased 4.3- to 4.9-fold, respectively (p < 0.001)
(Table 1, Figure 3A). Compared to controls, the transcriptional
activity of proliferation and cell cycle genes (except for ATM)
was significantly greater after 6 h exposure to 10mM lactate
with values ranging from 2.6- to 7.5-fold (all, p ≤ 0.05), while
a slightly weaker response was observed after the 48 h 10mM
lactate exposure with values (except MIF) ranging from 1.4- to
4-fold (all, p ≤ 0.05) (Table 1, Figure 3A).

20mM Lactate Exposures

In contrast to a 10mM lactate exposure, neither NRAS nor
PIK3CA gene expressions were increased compared to controls
in MCF7 cells, while MYC was increased by 6.3-fold (p <

0.05) when exposed to 20mM for 6 h (Table 1, Figure 3B).
However, 48 h exposure to 20mM lactate induced modest
increases in NRAS and PIK3CA gene expression (1.9- and 2.0-
fold, respectively, p< 0.01), and a slight decrease in expression of
MYC (2.8-fold, p < 0.01) (Table 1, Figure 3B).

Exposure to 20mM lactate also upregulated the expression
of several transcription factors after exposure of 6 or 48 h. At
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FIGURE 2 | Fold-regulation of Glucose-derived lactate (Warburg Effect) transcriptional activity for MCF7 cells cultured for 6 and 48 h in glucose media relative to

controls (MCF7 cells cultured in glucose/glutamine-free media) (p’s ≤ 0.05–0.01).

6 h, gene expression values for HIF1A and E2F1 were 4.8- and
3.3-fold, respectively greater than control (p < 0.05) while at
48 h exposure transcriptional activity for HIF1A and E2F1 was
slightly lower 2.9- to 1.7-fold, respectively (p < 0.05) (Table 1,
Figure 3B). Transcriptional activity of tumor suppressor factors
after 6 h exposures for BCRA1 and BCRA2 was increased by 3.7-
and 5.6-fold, respectively (p < 0.001) and was slightly lower after
the 48 exposure (2.4- to 3.3-fold, respectively, p< 0.001) (Table 1,
Figure 3B).

After 6 h exposures, the transcriptional activity of all cell cycle
genes except for ATM and CDK2b was overexpressed ranging
from 1.5- to 5.6-fold (all, p ≤ 0.05) (Table 1, Figure 3B). After
48 h, we observed increased transcriptional activity in all cell
cycle and proliferation genes studied ranging from 1.7- to 4.2-fold
(p < 0.05). Forty-eight hours exposures shown weaker response
than at 6 h, but still significant upregulation of cell cycle genes
(Table 1, Figure 3B).

DISCUSSION

Our findings demonstrate that in the MCF7 human breast
cancer cell line, lactate alters the transcriptional activity of
several key oncogenes as well as other driver genes involved in
metabolic reprograming as well as the regulation of cell cycle
and proliferation. In the aggregate, these observations are in line
with our “lactagenesis hypothesis” (8) positing augmented lactate
production for signaling carcinogenesis as one essential purpose
of the Warburg Effect.

After both 6 and 48 h exposures there was a high presence of
glucose-derived lactate in the cells incubated in glucose without
added lactate (or glutamine), which replicated the Warburg
studies (Figure 1). Previously, we have shown that lactate is
oxidized in mitochondrial preparations from non-transformed
tissues (14, 45, 46), and recently it has been confirmed that
lactate is also oxidized by mitochondria of cancer cells (6, 24)
purportedly for energetics (7, 24). Beyond lactate bioenergetics
and biomass properties, our study suggests that glucose-derived
lactate is sufficient to alter the transcriptional activity of key
oncogenes, transcription factor genes, tumor suppressor genes as
well as cell cycle, and proliferation genes, all of which are known
to be involved in the development of MCF7 breast cancer cells
(Table 1, Figure 2). The experiments, adding 10 and 20mM of
Lactate to MCF7 cells, augmented the transcriptional properties
of lactate (Table 1, Figures 3A,B) which supports the hypothesis
that lactate could be an oncogenic regulator, an oncometabolite.

Although lactate is the obligatory product of glycolysis under
fully aerobic conditions (13), and our findings indicate that the
addition of L-lactate to glucose (glutamine-free) media increases
the transcriptional activity of the candidate genes studied herein,
it is certainly possible that lactate and other metabolites involved
in glycolysis, the pentose phosphate pathway or the TCA cycle
could also influence the transcriptional activities of various genes
in tumorigenesis. For example, Damiani et al. have observed that
TCA intermediates that are not used for biomass purposes can
be disposed via lactate production (34). Hence, while lactate is a
metabolic intermediate, it has numerous downstream effects as
known to occur via cell redox changes (14), allosteric binding
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FIGURE 3 | Treatment with exogenous lactate (10 or 20mM) upregulates the expression of several key genes in MCF7 cells. The fold upregulation of expression with

6 and 48 h exposure to 10mM (A) or 20mM lactate (B) relative to controls (MCF7 cells cultured for 6 h in glucose/glutamine-free media) (p’s ≤ 0.05–0.001).
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(47), metabolic reprograming (26), and lactylation (25). The
downstream effects of lactate in cancer remain to be determined.

PIK3CA is considered to be the most mutated oncogene in
breast cancer (48, 49). Furthermore, PIK3CA mutations are key
drivers of breast cancer and its upregulation is associated with
poor prognosis (50). Noteworthy, PIK3CA mutations are more
frequent in estrogen receptor cancer cells, such as like MCF7
(51). In this study we demonstrate that lactate exposure to MCF7
cells is able to increase the transcriptional activity of PIK3CA
between 2.2- and 4.3-fold (p < 0.05–0.001) (Table 1, Figures 2,
3A,B). Furthermore, the PIK3/AKT/mTOR pathway is key and
important intracellular pathway with major role regulating cell
cycle, tumor growth, and proliferation (52, 53), one of the most
activated signaling pathways in breast cancer (52) as well as
required for survival of MCF7 (54).

In our study, we found that AKT1 transcriptional activity was
upregulated between 2- and 3.35-fold. The significant increase in
transcriptional activity elicited by lactate in both PIK3CA and
AKT1 implicates lactate as a signaling oncometabolite of the
key PIK3/AKT/mTOR pathway involved in the development of
many cancers.

Another major oncogene, MYC, is known to have multiple
roles in metabolic regulation including cellular adaptations
following endurance exercise training (55), but is frequently
overexpressed in breast cancer cells (56, 57), including MCF7
cells (58), and associated with poor prognosis (57). In our study,
we found thatMYC is highly expressed across all our experiments
between 2.8- and 7.7-fold (p < 0.01) (Table 1, Figures 2, 3A,B).

Hypoxia inducible factor 1 (HIF1α) as a major transcription
factor in cancer (39, 42). HIF1α increases the transcription of
genes regulating glucose transport and glycolytic enzymes (42),
eliciting a metabolic reprogramming, leading to the Warburg
Effect and lactate production. Furthermore, the overexpression
of HIF1A, the gene encoding HIF1α, plays an important role
in breast cancer tumor growth and metastasis as well as being
related to aggressiveness and poor prognosis (59–61). In all of our
lactate exposures experiments HIF1A transcriptional activity was
overexpressed (between 2.9- and 4.8-fold, p < 0.001) (Table 1,
Figures 2, 3A,B), a finding that is not novel, as others have
previously found similar results (22). Still, our present results
corroborate those of others showing an important effect of lactate
on transcriptional activities of this key transcription factor.

Our results showing an effect of lactate on expressions ofMYC
and HIF1A genes are consistent results of others showing an
upregulation of the glycolytic pathway in cancer (62, 63). Hence,
our results obtained on transcription of MYC and HIFA are
supportive our lactagenesis hypothesis.

BRCA1 and BRCA2 are tumor suppressor genes typically
mutated in breast cancer and highly connected with cancer
aggressiveness and survival (64–66). BRCA1 contributes to the
regulation of DNA repair, chromosomal remodeling, apoptosis,
cell-cycle control, and transcriptional activity (67). While the loss
or reduced expression of nuclear BRCA1 is prevalent in basal-
like breast cancers with negative estrogen, progesterone, and
epidermal growth factor receptors (triple negative), its cytosolic
expression is observed in estrogen-positive receptor breast
cancers (68). In estrogen-positive receptor breast cancer cells

(the characteristic of MCF7 cells), cytosolic BRCA1 expression
is inversely related to survival (68). Furthermore, transcriptional
activity of BRCA1 and BRCA2 genes has been observed in
multiple breast cancers (including MCF-7 cells) (69–71). In our
study, we found that lactate exposure is a potent regulator of
their transcriptional activity with increases in mRNA expression
between 3.3- and 6.1-fold (p < 0.001) (Table 1, Figures 2, 3A,B).

Increased cell cycle and proliferation is a characteristic of
cancer cells where all different phases in cell cycle are affected
in cancer mainly by cyclin-dependent kinases (CDKs) (72).
Among the significant results, we found that all CDKs were
overexpressed by lactate exposure in a range from 2- to 6.7-fold
(p < 0.01–0.05) (Table 1, Figures 2, 3A,B). While the trigger
of this genetic dysregulation hasn’t been elucidated, our data
show that most genes involved in the different phases of cell
cycle are overexpressed by glucose-derived lactate alone as well
as exogenous lactate; again, implicating lactate as a regulator of
CDKs, thus shedding new possible light in cancer cell division
and proliferation as well as therapeutics.

The traditional view of dysregulated downstream signaling
pathways in cancer is hierarchically mediated by somatic
mutations mainly due to dysregulation of oncogenes and tumor
suppressors (73, 74). Our results show that, at least inMCF7 cells,
lactate doesn’t obey a hierarchical order of signaling, and also
that in MCF7 cells, lactate signals multiple key steps essential in
carcinogenesis, including cell proliferation.

It has been estimated that each gene driver mutation confers
only a small selective growth advantage, about 0.4% increase
in the difference between cell birth and death (75). However,
this small difference over many years can result in significant
production and accumulation of tumor cells leading to cancer
(36). Likewise, we believe that a similar phenomenon can
hold true for the constant transcriptional activity elicited by
dysregulated lactate on the main key driver genes over the years.

Furthermore, Marticorena et al. (76) have recently shown
that genetic mutation alone could not be a necessary element
for cancer development as in their study, they found that both
non-cancerous and cancerous esophagus cells shared cancer-
associated genetic mutations.

Beyond the roles of oncogenes and tumor suppressor factors,
others have speculated that Epi-drivers, like epigenetic changes
affecting DNA and chromatin proteins could also be involved
in carcinogenesis (36). As mentioned above, a remarkable new
study by Zhang et al. has shown the regulation of gene expression
by histone “lactylation,” where both exogenous and endogenous
lactate levels stimulate gene transcription from chromatin in
human and mouse (25). From the extensive work of others, it
is known that many mechanisms are also involved in histone
acetylation in cancer. A classic example is the retinoblastoma
pathway. Once hypophosphorylated at the beginning of G1
phase, retinoblastoma protein (pRb) is hyperphosphorilated at
the end of G1 phase and the E2F1/pRB complex breaks off,
allowing transcriptional activity of E2F1 at the end of G1 phase.
E2F1 can then recruit histone acetylase for acetylation allowing
chromatin transcription of genes to facilitate cell cycle moving
passed the restriction (R) point into the G1/S transition and S-
phase of cell cycle. In our study we show that lactate increases
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E2F1 mRNA transcription between 1.6- and 4.1-fold (p < 0.05–
0.001). Again, results support our lactagenesis hypothesis.

In concert, here we show that at least in MCF7 cells, lactate
acts as an oncometabolite capable of regulating transcriptional
activities of key oncogenes, transcription factors, tumor
suppressors, and cell cycle genes involved in breast cancer.

An imperative question we pose now is what cell-specific
properties, and mechanisms allow lactate to induce candidate
cells toward a cancer phenotype. We have a plethora of
knowledge and expertise about muscle (77, 78) and whole-
body lactate metabolism during exercise (14) and as mentioned
vide supra, we have known for decades that lactate is a
major source of cellular energy, especially for mitochondria. In
normal physiology, there is a dynamic, order of magnitude,
range of muscle lactate production, and accumulation (14).
However, as a tissue, muscle is resistant to carcinogenesis.
In fact, rhabdomyosarcoma, historically thought to be a
rare form of muscle cancer, has been recently proven to
raise from endothelial progenitor cells following metabolic
reprogramming andmyogenic transdifferentiation, but not being
originated from myocytes in the tissue itself (79). As well,
from epidemiology, we know that regular exercise reduces the
incidences of some forms of cancers in addition to other chronic
diseases (80). Although lactate has been historically associated
to exercise, it is noteworthy to differentiate between effects
of transient increases in exercise-derived lactate and chronic
lactate elevation in cancer. During and after exercise, lactate
is ultimately cleared from muscle fibers with the clearance
rate depending on mitochondrial function and cardiometabolic
fitness level of the person. In contrast, in cancer, lactate is
not rapidly cleared, and is highly concentrated in the tumor
and its microenvironment; an effect of which could be to
promote carcinogenesis.

Study Limitations
We acknowledge that the present exploratory study has been
conducted on a cancer cell line (MCF7). Hence, for further testing
of the lactagenesis hypothesis will be important to reproduce
this study with other cancer cell lines as well as with tumor
biopsy cultures to show generality of the findings and reveal the
mechanisms by which dysregulated lactate metabolism could act
as an oncometabolite in carcinogenesis.

As well, we acknowledge that effects of treatment on gene
transcription are not perfect predictors of protein synthesis
and circulating protein levels. However, mRNA levels do show
a positive correlation with protein expression (81) with a
significant amount of protein (40%) being correlated to mRNA
levels (82). Likewise, protein expression alone is a perfect
predictor of the ultimate biological action, as the completion of
a biological action is due to a compendium of multiple epigenetic
effectors including the tumor microenvironment in the case of
cancer. In this exploratory study, our objective was to determine
the impact of lactate exposure on the expression of key genes
known to be involved in the pathogenesis of cancer in MCF7
cells. Future work will be expanded to include the assessment of
protein levels for differentially expressed genes.

In summary, our study supports the hypothesis that lactate
has the potential to serve as an oncometabolite, regulating
transcriptional activities of different key cancer-related genes
involved in metabolic reprograming as well as cell cycle and
proliferation (p’s < 0.05–0.001). Beyond present results with
MCF-7 cells additional studies on different cancer cell lines and
cultured tumor biopsy cells will be needed to further support
the lactagenesis hypothesis and to better understand the role of
lactate in carcinogenesis.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this manuscript will
be made available by the authors, without undue reservation, to
any qualified researcher.

AUTHOR CONTRIBUTIONS

IS-M and GB contributed to the hypothesis and experiments
design as well as the preparation of the manuscript. CJ
contributed to the experiments and also to the manuscript. CM
contributed to the experiments. JM, IS-M, and GB contributed to
the preparation of the manuscript.

FUNDING

Funding for this study came from IS-M Laboratory funds and
supplementary support from NIH 1 R01 AG059715-01 to GB.

REFERENCES

1. Warburg O, Minami S. Versuche an Überlebendem Carcinom-gewebe. Klin
Wochenschr. (1923) 2:776–7. doi: 10.1007/BF01712130

2. WarburgO. Themetabolism of carcinoma cells. J Cancer Res. (1925) 9:148–63.
doi: 10.1158/jcr.1925.148

3. Warburg O,Wind F, Negelein E. The metabolism of tumors in the body. J Gen
Physiol. (1927) 8:519–30. doi: 10.1085/jgp.8.6.519

4. Racker E. Bioenergetics and the problem of tumor growth: an understanding
of the mechanism of the generation and control of biological energy may shed
light on the problem of tumor growth. Am Sci. (1972) 60:56–63.

5. Danhier P, Banski P, Payen VL, Grasso D, Ippolito L, Sonveaux P, et al. Cancer
metabolism in space and time: beyond the Warburg effect. Biochim Biophys

Acta Bioenerg. (2017) 1858:556–72. doi: 10.1016/j.bbabio.2017.02.001

6. Sonveaux P, Vegran F, Schroeder T, Wergin MC, Verrax J, Rabbani ZN, et al.
Targeting lactate-fueled respiration selectively kills hypoxic tumor cells in
mice. J Clin Invest. (2008) 118:3930–42. doi: 10.1172/JCI36843

7. Faubert B, Li KY, Cai L, Hensley CT, Kim J, Zacharias LG, et al.
Lactate metabolism in human lung tumors. Cell. (2017) 171:358–71 e59.
doi: 10.1016/j.cell.2017.09.019

8. San-Millan I, Brooks GA. Reexamining cancer metabolism: lactate production
for carcinogenesis could be the purpose and explanation of the Warburg
Effect. Carcinogenesis. (2017) 38:119–33. doi: 10.1093/carcin/bgw127

9. Brooks GA. Anaerobic threshold: review of the concept and
directions for future research. Med Sci Sports Exerc. (1985) 17:22–34.
doi: 10.1249/00005768-198502000-00005

10. Brooks GA. The lactate shuttle during exercise and recovery. Med Sci Sports

Exerc. (1986) 18:360–8. doi: 10.1249/00005768-198606000-00019

Frontiers in Oncology | www.frontiersin.org 8 January 2020 | Volume 9 | Article 1536

https://doi.org/10.1007/BF01712130
https://doi.org/10.1158/jcr.1925.148
https://doi.org/10.1085/jgp.8.6.519
https://doi.org/10.1016/j.bbabio.2017.02.001
https://doi.org/10.1172/JCI36843
https://doi.org/10.1016/j.cell.2017.09.019
https://doi.org/10.1093/carcin/bgw127
https://doi.org/10.1249/00005768-198502000-00005
https://doi.org/10.1249/00005768-198606000-00019
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


San-Millán et al. Lactate as a Signaling Oncometabolite

11. Brooks GA. Intra- and extra-cellular lactate shuttles. Med Sci Sports Exerc.

(2000) 32:790–9. doi: 10.1097/00005768-200004000-00011
12. Brooks GA. Lactate shuttles in nature. Biochem Soc Trans. (2002) 30:258–64.

doi: 10.1042/bst0300258
13. Brooks GA. Cell-cell and intracellular lactate shuttles. J Physiol. (2009)

587:5591–600. doi: 10.1113/jphysiol.2009.178350
14. Brooks GA. The science and translation of lactate shuttle theory. Cell Metab.

(2018) 27:757–85. doi: 10.1016/j.cmet.2018.03.008
15. Fernandez-de-Cossio-Diaz J, Vazquez A. Limits of aerobic metabolism in

cancer cells. Sci Rep. (2017) 7:13488. doi: 10.1038/s41598-017-14071-y
16. Mazzeo RS, Brooks GA, Schoeller DA, Budinger TF. Disposal of blood [1-

13C]lactate in humans during rest and exercise. J Appl Physiol (1985). (1986)
60:232–41. doi: 10.1152/jappl.1986.60.1.232

17. Stanley WC, Gertz EW, Wisneski JA, Neese RA, Morris DL, Brooks GA.
Lactate extraction during net lactate release in legs of humans during exercise.
J Appl Physiol (1985). (1986) 60:1116–20. doi: 10.1152/jappl.1986.60.4.1116

18. Brooks GA, Wolfel EE, Groves BM, Bender PR, Butterfield GE, Cymerman A,
et al. Muscle accounts for glucose disposal but not blood lactate appearance
during exercise after acclimatization to 4,300m. J Appl Physiol (1985). (1992)
72:2435–45. doi: 10.1152/jappl.1992.72.6.2435

19. Bergman BC, Butterfield GE, Wolfel EE, Casazza GA, Lopaschuk GD, Brooks
GA. Evaluation of exercise and training on muscle lipid metabolism. Am J

Physiol. (1999) 276:E106–17. doi: 10.1152/ajpendo.1999.276.1.E106
20. Hashimoto T, Hussien R, Oommen S, Gohil K, Brooks GA. Lactate

sensitive transcription factor network in L6 cells: activation of
MCT1 and mitochondrial biogenesis. FASEB J. (2007) 21:2602–12.
doi: 10.1096/fj.07-8174com

21. Martinez-Outschoorn UE, Prisco M, Ertel A, Tsirigos A, Lin Z, Pavlides
S, et al. Ketones and lactate increase cancer cell stemness, driving
recurrence, metastasis and poor clinical outcome in breast cancer: achieving
personalized medicine via metabolo-genomics. Cell Cycle. (2011) 10:1271–86.
doi: 10.4161/cc.10.8.15330

22. De Saedeleer CJ, Copetti T, Porporato PE, Verrax J, Feron O, Sonveaux
P. Lactate activates HIF-1 in oxidative but not in Warburg-phenotype
human tumor cells. PLoS ONE. (2012) 7:e46571. doi: 10.1371/journal.pone.00
46571

23. Sonveaux P, Copetti T, De Saedeleer CJ, Vegran F, Verrax J, Kennedy KM,
et al. Targeting the lactate transporter MCT1 in endothelial cells inhibits
lactate-induced HIF-1 activation and tumor angiogenesis. PLoS ONE. (2012)
7:e33418. doi: 10.1371/journal.pone.0033418

24. Hussien R, Brooks GA. Mitochondrial and plasma membrane
lactate transporter and lactate dehydrogenase isoform expression
in breast cancer cell lines. Physiol Genomics. (2011) 43:255–64.
doi: 10.1152/physiolgenomics.00177.2010

25. Zhang D, Tang Z, Huang H, Zhou G, Cui C, Weng Y, et al. Metabolic
regulation of gene expression by histone lactylation. Nature. (2019) 574:575–
80. doi: 10.1038/s41586-019-1678-1

26. Bhagat TD, Von Ahrens D, Dawlaty M, Zou Y, Baddour J, Achreja
A, et al. Lactate-mediated epigenetic reprogramming regulates formation
of human pancreatic cancer-associated fibroblasts. Elife. (2019) 8:e50663.
doi: 10.7554/eLife.50663

27. Draoui N, Schicke O, Fernandes A, Drozak X, Nahra F, Dumont A, et al.
Synthesis and pharmacological evaluation of carboxycoumarins as a new
antitumor treatment targeting lactate transport in cancer cells. Bioorg Med

Chem. (2013) 21:7107–17. doi: 10.1016/j.bmc.2013.09.010
28. Doherty JR, Yang C, Scott KE, Cameron MD, Fallahi M, Li W,

et al. Blocking lactate export by inhibiting the Myc target MCT1
Disables glycolysis and glutathione synthesis. Cancer Res. (2014) 74:908–20.
doi: 10.1158/0008-5472.CAN-13-2034

29. Draoui N, Schicke O, Seront E, Bouzin C, Sonveaux P, Riant O, et al.
Antitumor activity of 7-aminocarboxycoumarin derivatives, a new class of
potent inhibitors of lactate influx but not efflux. Mol Cancer Ther. (2014)
13:1410–8. doi: 10.1158/1535-7163.MCT-13-0653

30. Yang L, Venneti S, Nagrath D. Glutaminolysis: a hallmark of
cancer metabolism. Annu Rev Biomed Eng. (2017) 19:163–94.
doi: 10.1146/annurev-bioeng-071516-044546

31. Reitzer LJ, Wice BM, Kennell D. Evidence that glutamine, not sugar, is the
major energy source for cultured HeLa cells. J Biol Chem. (1979) 254:2669–76.

32. Windmueller HG, Spaeth AE. Uptake and metabolism of plasma glutamine
by the small intestine. J Biol Chem. (1974) 249:5070–9.

33. Wise DR, DeBerardinis RJ, Mancuso A, Sayed N, Zhang XY, Pfeiffer HK,
et al. Myc regulates a transcriptional program that stimulates mitochondrial
glutaminolysis and leads to glutamine addiction. Proc Natl Acad Sci USA.

(2008) 105:18782–7. doi: 10.1073/pnas.0810199105
34. Damiani C, Colombo R, Gaglio D, Mastroianni F, Pescini D, Westerhoff HV,

et al. A metabolic core model elucidates how enhanced utilization of glucose
and glutamine, with enhanced glutamine-dependent lactate production,
promotes cancer cell growth: the WarburQ effect. PLoS Comput Biol. (2017)
13:e1005758. doi: 10.1371/journal.pcbi.1005758

35. Leone RD, Zhao L, Englert JM, Sun IM, Oh MH, Sun IH, et al. Glutamine
blockade induces divergent metabolic programs to overcome tumor immune
evasion. Science. (2019) 366:1013–21. doi: 10.1126/science.aav2588

36. Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz LAJr,
Kinzler KW. Cancer genome landscapes. Science. (2013) 339:1546–58.
doi: 10.1126/science.1235122

37. Thiagalingam S, Lengauer C, Leach FS, Schutte M, Hahn SA, Overhauser J,
et al. Evaluation of candidate tumour suppressor genes on chromosome 18 in
colorectal cancers. Nat Genet. (1996) 13:343–6. doi: 10.1038/ng0796-343

38. Shim H, Dolde C, Lewis BC, Wu CS, Dang G, Jungmann RA, et al. c-Myc
transactivation of LDH-A: implications for tumor metabolism and growth.
Proc Natl Acad Sci USA. (1997) 94:6658–63. doi: 10.1073/pnas.94.13.6658

39. Semenza GL. HIF-1 mediates theWarburg effect in clear cell renal carcinoma.
J Bioenerg Biomembr. (2007) 39:231–4. doi: 10.1007/s10863-007-9081-2

40. Yeung SJ, Pan J, Lee MH. Roles of p53, MYC and HIF-1 in regulating
glycolysis–the seventh hallmark of cancer. Cell Mol Life Sci. (2008) 65:3981–
99. doi: 10.1007/s00018-008-8224-x

41. Dang CV, Le A, Gao P. MYC-induced cancer cell energy metabolism
and therapeutic opportunities. Clin Cancer Res. (2009) 15:6479–83.
doi: 10.1158/1078-0432.CCR-09-0889

42. Semenza GL. HIF-1: upstream and downstream of cancer metabolism. Curr
Opin Genet Dev. (2010) 20:51–6. doi: 10.1016/j.gde.2009.10.009

43. Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metabolism. Nat Rev
Cancer. (2011) 11:85–95. doi: 10.1038/nrc2981

44. Rivlin N, Brosh R, Oren M, Rotter V. Mutations in the p53 tumor suppressor
gene: important milestones at the various steps of tumorigenesis. Genes
Cancer. (2011) 2:466–74. doi: 10.1177/1947601911408889

45. Brooks GA, Dubouchaud H, Brown M, Sicurello JP, Butz CE. Role
of mitochondrial lactate dehydrogenase and lactate oxidation in the
intracellular lactate shuttle. Proc Natl Acad Sci USA. (1999) 96:1129–34.
doi: 10.1073/pnas.96.3.1129

46. Dubouchaud H, Butterfield GE, Wolfel EE, Bergman BC, Brooks GA.
Endurance training, expression, and physiology of LDH, MCT1, and MCT4
in human skeletal muscle. Am J Physiol Endocrinol Metab. (2000) 278:E571–9.
doi: 10.1152/ajpendo.2000.278.4.E571

47. Ahmed K, Tunaru S, Tang C, Muller M, Gille A, Sassmann A, et al. An
autocrine lactate loop mediates insulin-dependent inhibition of lipolysis
through GPR81. Cell Metab. (2010) 11:311–9. doi: 10.1016/j.cmet.2010.02.012

48. Samuels Y, Velculescu VE. Oncogenic mutations of PIK3CA in human
cancers. Cell Cycle. (2004) 3:1221–4. doi: 10.4161/cc.3.10.1164

49. Levine DA, Bogomolniy F, Yee CJ, Lash A, Barakat RR, Borgen PI, et al.
Frequent mutation of the PIK3CA gene in ovarian and breast cancers. Clin
Cancer Res. (2005) 11:2875–8. doi: 10.1158/1078-0432.CCR-04-2142

50. Zhou L, Baba Y, Kitano Y, Miyake K, Zhang X, Yamamura K, et al. KRAS,
BRAF, and PIK3CA mutations, and patient prognosis in 126 pancreatic
cancers: pyrosequencing technology and literature review.Med Oncol. (2016)
33:32. doi: 10.1007/s12032-016-0745-9

51. Al-Sukhun S, Lataifeh IA, Al-Sukhun R. Defining the prognostic and
predictive role of PIK3CA mutations: sifting through the conflicting data.
Curr Breast Cancer Rep. (2016) 8:73–9. doi: 10.1007/s12609-016-0215-6

52. McAuliffe PF, Meric-Bernstam F, Mills GB, Gonzalez-Angulo AM.
Deciphering the role of PI3K/Akt/mTOR pathway in breast cancer
biology and pathogenesis. Clin Breast Cancer. (2010) 10:S59–65.
doi: 10.3816/CBC.2010.s.013

53. Paplomata E, O’Regan R. The PI3K/AKT/mTOR pathway in breast cancer:
targets, trials and biomarkers. Ther Adv Med Oncol. (2014) 6:154–66.
doi: 10.1177/1758834014530023

Frontiers in Oncology | www.frontiersin.org 9 January 2020 | Volume 9 | Article 1536

https://doi.org/10.1097/00005768-200004000-00011
https://doi.org/10.1042/bst0300258
https://doi.org/10.1113/jphysiol.2009.178350
https://doi.org/10.1016/j.cmet.2018.03.008
https://doi.org/10.1038/s41598-017-14071-y
https://doi.org/10.1152/jappl.1986.60.1.232
https://doi.org/10.1152/jappl.1986.60.4.1116
https://doi.org/10.1152/jappl.1992.72.6.2435
https://doi.org/10.1152/ajpendo.1999.276.1.E106
https://doi.org/10.1096/fj.07-8174com
https://doi.org/10.4161/cc.10.8.15330
https://doi.org/10.1371/journal.pone.0046571
https://doi.org/10.1371/journal.pone.0033418
https://doi.org/10.1152/physiolgenomics.00177.2010
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.7554/eLife.50663
https://doi.org/10.1016/j.bmc.2013.09.010
https://doi.org/10.1158/0008-5472.CAN-13-2034
https://doi.org/10.1158/1535-7163.MCT-13-0653
https://doi.org/10.1146/annurev-bioeng-071516-044546
https://doi.org/10.1073/pnas.0810199105
https://doi.org/10.1371/journal.pcbi.1005758
https://doi.org/10.1126/science.aav2588
https://doi.org/10.1126/science.1235122
https://doi.org/10.1038/ng0796-343
https://doi.org/10.1073/pnas.94.13.6658
https://doi.org/10.1007/s10863-007-9081-2
https://doi.org/10.1007/s00018-008-8224-x
https://doi.org/10.1158/1078-0432.CCR-09-0889
https://doi.org/10.1016/j.gde.2009.10.009
https://doi.org/10.1038/nrc2981
https://doi.org/10.1177/1947601911408889
https://doi.org/10.1073/pnas.96.3.1129
https://doi.org/10.1152/ajpendo.2000.278.4.E571
https://doi.org/10.1016/j.cmet.2010.02.012
https://doi.org/10.4161/cc.3.10.1164
https://doi.org/10.1158/1078-0432.CCR-04-2142
https://doi.org/10.1007/s12032-016-0745-9
https://doi.org/10.1007/s12609-016-0215-6
https://doi.org/10.3816/CBC.2010.s.013
https://doi.org/10.1177/1758834014530023
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


San-Millán et al. Lactate as a Signaling Oncometabolite

54. Marina M, Wang L, Conrad SE. The scaffold protein MEK Partner 1 is
required for the survival of estrogen receptor positive breast cancer cells. Cell
Commun Signal. (2012) 10:18. doi: 10.1186/1478-811X-10-18

55. Gohil K, Brooks GA. Exercise tames the wild side of the Myc network:
a hypothesis. Am J Physiol Endocrinol Metab. (2012) 303:E18–30.
doi: 10.1152/ajpendo.00027.2012

56. Liao DJ, Dickson RB. c-Myc in breast cancer. Endocr Relat Cancer. (2000)
7:143–64. doi: 10.1677/erc.0.0070143

57. Xu J, Chen Y, Olopade OI. MYC and breast cancer. Genes Cancer. (2010)
1:629–40. doi: 10.1177/1947601910378691

58. Wang YH, Liu S, Zhang G, Zhou CQ, Zhu HX, Zhou XB, et al. Knockdown
of c-Myc expression by RNAi inhibits MCF-7 breast tumor cells growth
in vitro and in vivo. Breast Cancer Res. (2005) 7:R220–8. doi: 10.1186/b
cr975

59. Bos R, van der Groep P, Greijer AE, Shvarts A, Meijer S, Pinedo HM, et al.
Levels of hypoxia-inducible factor-1alpha independently predict prognosis in
patients with lymph node negative breast carcinoma. Cancer. (2003) 97:1573–
81. doi: 10.1002/cncr.11246

60. Schwab LP, Peacock DL, Majumdar D, Ingels JF, Jensen LC, Smith KD,
et al. Hypoxia-inducible factor 1alpha promotes primary tumor growth and
tumor-initiating cell activity in breast cancer. Breast Cancer Res. (2012) 14:R6.
doi: 10.1186/bcr3087

61. Gilkes DM, Semenza GL. Role of hypoxia-inducible factors in breast cancer
metastasis. Future Oncol. (2013) 9:1623–36. doi: 10.2217/fon.13.92

62. Kim JW, Gao P, Liu YC, Semenza GL, Dang CV. Hypoxia-inducible factor
1 and dysregulated c-Myc cooperatively induce vascular endothelial growth
factor and metabolic switches hexokinase 2 and pyruvate dehydrogenase
kinase 1. Mol Cell Biol. (2007) 27:7381–93. doi: 10.1128/MCB.00
440-07

63. Dang CV, Kim JW, Gao P, Yustein J. The interplay between MYC and HIF in
cancer. Nat Rev Cancer. (2008) 8:51–6. doi: 10.1038/nrc2274

64. Wooster R, Bignell G, Lancaster J, Swift S, Seal S, Mangion J, et al.
Identification of the breast cancer susceptibility gene BRCA2. Nature. (1995)
378:789–92. doi: 10.1038/378789a0

65. Zhong Q, Peng H-L, Zhao X, Zhang L, Hwang W-T. Effects of
BRCA1- and BRCA2-related mutations on ovarian and breast
cancer survival: a meta-analysis. Clin Cancer Res. (2015) 21:211–20.
doi: 10.1158/1078-0432.CCR-14-1816

66. Venkitaraman AR. How do mutations affecting the breast cancer genes
BRCA1 and BRCA2 cause cancer susceptibility? DNA Repair (Amst). (2019)
81:102668. doi: 10.1016/j.dnarep.2019.102668

67. Cornelis RS, Neuhausen SL, Johansson O, Arason A, Kelsell D, Ponder
BA, et al. High allele loss rates at 17q12-q21 in breast and ovarian
tumors from BRCAl-linked families. The Breast Cancer Linkage Consortium.
Genes Chromosomes Cancer. (1995) 13:203–10. doi: 10.1002/gcc.28701
30310

68. Rakha EA, El-Sheikh SE, Kandil MA, El-Sayed ME, Green AR, Ellis IO.
Expression of BRCA1 protein in breast cancer and its prognostic significance.
Hum Pathol. (2008) 39:857–65. doi: 10.1016/j.humpath.2007.10.011

69. Rauh-Adelmann C, Lau KM, Sabeti N, Long JP, Mok SC, Ho
SM. Altered expression of BRCA1, BRCA2, and a newly identified
BRCA2 exon 12 deletion variant in malignant human ovarian,
prostate, and breast cancer cell lines. Mol Carcinog. (2000) 28:236–46.
doi: 10.1002/1098-2744(200008)28:4<236::aid-mc6>3.0.co;2-h

70. Vissac C, Peffault De Latour M, Communal Y, Bignon YJ, Bernard-
Gallon DJ. Expression of BRCA1 and BRCA2 in different tumor cell
lines with various growth status. Clin Chim Acta. (2002) 320:101–10.
doi: 10.1016/S0009-8981(02)00055-4

71. Wang Z, Zhang J, Zhang Y, Deng Q, Liang H. Expression and mutations of
BRCA in breast cancer and ovarian cancer: Evidence from bioinformatics
analyses. Int J Mol Med. (2018) 42:3542–50. doi: 10.3892/ijmm.2018.3870

72. Malumbres M, Barbacid M. Cell cycle kinases in cancer. Curr Opin Genet Dev.
(2007) 17:60–5. doi: 10.1016/j.gde.2006.12.008

73. Cairns J. Mutation selection and the natural history of cancer. Nature. (1975)
255:197–200. doi: 10.1038/255197a0

74. Nowell PC. The clonal evolution of tumor cell populations. Science. (1976)
194:23–8. doi: 10.1126/science.959840

75. Bozic I, Antal T, Ohtsuki H, Carter H, Kim D, Chen S, et al. Accumulation of
driver and passenger mutations during tumor progression. Proc Natl Acad Sci
USA. (2010) 107:18545–50. doi: 10.1073/pnas.1010978107

76. Martincorena I, Fowler JC, Wabik A, Lawson ARJ, Abascal F, Hall MWJ,
et al. Somatic mutant clones colonize the human esophagus with age. Science.
(2018) 362:911–7. doi: 10.1126/science.aau3879

77. Bergman BC, Wolfel EE, Butterfield GE, Lopaschuk GD, Casazza GA,
Horning MA, et al. Active muscle and whole body lactate kinetics
after endurance training in men. J Appl Physiol. (1999) 87:1684–96.
doi: 10.1152/jappl.1999.87.5.1684

78. Messonnier LA, Emhoff CA, Fattor JA, Horning MA, Carlson TJ, Brooks GA.
Lactate kinetics at the lactate threshold in trained and untrained men. J Appl
Physiol (1985). (2013) 114:1593–602. doi: 10.1152/japplphysiol.00043.2013

79. Drummond CJ, Hatley ME. A case of mistaken identity: rhabdomyosarcoma
development from endothelial progenitor cells. Mol Cell Oncol. (2018)
5:e1448246. doi: 10.1080/23723556.2018.1448246

80. Ekelund U, Brown WJ, Steene-Johannessen J, Fagerland MW, Owen
N, Powell KE, et al. Do the associations of sedentary behaviour with
cardiovascular disease mortality and cancer mortality differ by physical
activity level? A systematic review and harmonised meta-analysis of
data from 850,060 participants. Br J Sports Med. (2018) 53:886–94.
doi: 10.1136/bjsports-2017-098963

81. Guo Y, Xiao P, Lei S, Deng F, Xiao GG, Liu Y, et al. How is mRNA
expression predictive for protein expression? A correlation study on human
circulating monocytes. Acta Biochim Biophys Sin (Shanghai). (2008) 40:426–
36. doi: 10.1111/j.1745-7270.2008.00418.x

82. Schwanhausser B, Busse D, Li N, Dittmar G, Schuchhardt J, Wolf J, et al.
Global quantification of mammalian gene expression control. Nature. (2011)
473:337–42. doi: 10.1038/nature10098

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.

Copyright © 2020 San-Millán, Julian, Matarazzo, Martinez and Brooks. 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 10 January 2020 | Volume 9 | Article 1536

https://doi.org/10.1186/1478-811X-10-18
https://doi.org/10.1152/ajpendo.00027.2012
https://doi.org/10.1677/erc.0.0070143
https://doi.org/10.1177/1947601910378691
https://doi.org/10.1186/bcr975
https://doi.org/10.1002/cncr.11246
https://doi.org/10.1186/bcr3087
https://doi.org/10.2217/fon.13.92
https://doi.org/10.1128/MCB.00440-07
https://doi.org/10.1038/nrc2274
https://doi.org/10.1038/378789a0
https://doi.org/10.1158/1078-0432.CCR-14-1816
https://doi.org/10.1016/j.dnarep.2019.102668
https://doi.org/10.1002/gcc.2870130310
https://doi.org/10.1016/j.humpath.2007.10.011
https://doi.org/10.1002/1098-2744(200008)28:4<236::aid-mc6>3.0.co;2-h
https://doi.org/10.1016/S0009-8981(02)00055-4
https://doi.org/10.3892/ijmm.2018.3870
https://doi.org/10.1016/j.gde.2006.12.008
https://doi.org/10.1038/255197a0
https://doi.org/10.1126/science.959840
https://doi.org/10.1073/pnas.1010978107
https://doi.org/10.1126/science.aau3879
https://doi.org/10.1152/jappl.1999.87.5.1684
https://doi.org/10.1152/japplphysiol.00043.2013
https://doi.org/10.1080/23723556.2018.1448246
https://doi.org/10.1136/bjsports-2017-098963
https://doi.org/10.1111/j.1745-7270.2008.00418.x
https://doi.org/10.1038/nature10098
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

	Is Lactate an Oncometabolite? Evidence Supporting a Role for Lactate in the Regulation of Transcriptional Activity of Cancer-Related Genes in MCF7 Breast Cancer Cells
	Introduction
	Materials and Methods
	Overview
	Cell Culture Experiments
	Cell Line Authentication
	RNA Isolation and Assessment of MCF7 Gene Expression
	Statistical Analyses

	Results
	Glucose-Derived Lactate Production
	Glucose-Derived Endogenous Lactate (Warburg Effect) Upregulates the Transcriptional Activity of Oncogenes, Transcription Factors, Tumor Suppressor Factors as Well as Cell Cycle and Proliferation Genes
	Exogenous Lactate Exposure Upregulates the Transcriptional Activity of Oncogenes, Transcription Factors, Tumor Suppressor Factors as Well as Cell Cycle and Proliferation Genes
	10mM Lactate Exposures
	20mM Lactate Exposures


	Discussion
	Study Limitations

	Data Availability Statement
	Author Contributions
	Funding
	References




