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Introduction

Lactate is a high-energy metabolite that is produced in excess 
when cells lack functional mitochondria and undergo aerobic 
glycolysis. Lactate can then be transferred to other cells that 
are undergoing oxidative mitochondrial metabolism. Two nor-
mal physiological examples of this “energy transfer” mechanism 

Recently, we proposed a new mechanism for understanding the Warburg effect in cancer metabolism. In this new 
paradigm, cancer-associated fibroblasts undergo aerobic glycolysis, and extrude lactate to “feed” adjacent cancer cells, 
which then drives mitochondrial biogenesis and oxidative mitochondrial metabolism in cancer cells. Thus, there is 
vectorial transport of energy-rich substrates from the fibroblastic tumor stroma to anabolic cancer cells. A prediction 
of this hypothesis is that cancer-associated fibroblasts should express MCT4, a mono-carboxylate transporter that has 
been implicated in lactate efflux from glycolytic muscle fibers and astrocytes in the brain. To address this issue, we co-
cultured MCF7 breast cancer cells with normal fibroblasts. Interestingly, our results directly show that breast cancer cells 
specifically induce the expression of MCT4 in cancer-associated fibroblasts; MCF7 cells alone and fibroblasts alone, both 
failed to express MCT4. We also show that the expression of MCT4 in cancer-associated fibroblasts is due to oxidative stress, 
and can be prevented by pre-treatment with the anti-oxidant N-acetyl-cysteine. In contrast to our results with MCT4, we 
see that MCT1, a transporter involved in lactate uptake, is specifically upregulated in MCF7 breast cancer cells when 
co-cultured with fibroblasts. Virtually identical results were also obtained with primary human breast cancer samples. 
In human breast cancers, MCT4 selectively labels the tumor stroma, e.g., the cancer-associated fibroblast compartment. 
Conversely, MCT1 was selectively expressed in the epithelial cancer cells within the same tumors. Functionally, we show 
that overexpression of MCT4 in fibroblasts protects both MCF7 cancer cells and fibroblasts against cell death, under 
co-culture conditions. Thus, we provide the first evidence for the existence of a stromal-epithelial lactate shuttle in 
human tumors, analogous to the lactate shuttles that are essential for the normal physiological function of muscle tissue 
and brain. These data are consistent with the “reverse Warburg effect,” which states that cancer-associated fibroblasts 
undergo aerobic glycolysis, thereby producing lactate, which is utilized as a metabolic substrate by adjacent cancer cells. 
In this model, “energy transfer” or “metabolic-coupling” between the tumor stroma and epithelial cancer cells “fuels” 
tumor growth and metastasis, via oxidative mitochondrial metabolism in anabolic cancer cells. Most importantly, our 
current findings provide a new rationale and novel strategy for anti-cancer therapies, by employing MCT inhibitors.

Evidence for a stromal-epithelial “lactate shuttle” 
in human tumors
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occur in skeletal muscle and the brain. Cells possess specialized 
transporters, termed mono-carboxylate transporters (MCTs), to 
transfer lactate from one cell-type to another. This is known as 
the “lactate shuttle.”1,2 For example, in skeletal muscle, fast-twitch 
fibers are glycolytic and extrude lactate, which is then taken up 
by slow-twitch fibers. Similarly, in the brain, astrocytes are glyco-
lytic, and export lactate, which is then used as an energy source 
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it is well established that oxidative stress is sufficient to drive 
myo-fibroblast differentiation.22-24

Thus, we co-cultured MCF7 cells with fibroblasts and 
observed the distribution of MCT4 by fluorescence microscopy. 
Cultures of MCF7 cells alone or fibroblasts alone (monotypic 
cultures) were also processed in parallel.

Interestingly, Figure 1 directly shows that MCF7 cells alone 
do not express significant amounts of MCT4. Similarly, fibro-
blasts alone do not express MCT4. However, when these two 
cell types are co-cultured, MCT4 is selectively upregulated in 
the cancer-associated fibroblasts. In this co-culture system, can-
cer cells are visualized by keratin staining. Note that there is 
little or no overlap between MCT4 staining and keratin stain-
ing, identifying MCT4 as a new marker of cancer-associated 
fibroblasts.

MCT4 expression in cancer-associated fibroblasts is upreg-
ulated by oxidative stress. Next, we wanted to understand the 
possible mechanism(s) driving the upregulation of MCT4 in 
cancer-associated fibroblasts. As MCT4 expression is controlled 
by HIF1,11 and HIF1 is also activated by oxidative stress,25 we 
assessed the effects of anti-oxidants on this process. Figure 2 
shows that treatment with N-acetyl-cysteine (NAC), a power-
ful anti-oxidant, is indeed sufficient to block the upregula-
tion of MCT4 in cancer-associated fibroblasts. Thus, oxidative 
stress appears to induce MCT4 expression in cancer-associated 
fibroblasts.

MCT1 expression in MCF7 cancer cells is induced by co-
culture with fibroblasts. For comparison purposes, we assessed 
the distribution of MCT1 in this co-culture system. Unlike 
MCT4, which is designed to extrude L-Lactate, MCT1 has been 
implicated specifically in lactate uptake.10 Thus, according to our 
model, we would predict that MCT1 is localized within the can-
cer cells. Figure 3 shows that MCT1 is not well expressed in 
MCF7 cells or fibroblasts, when cultured individually. However, 
under conditions of co-culture, MCT1 is specifically induced in 
MCF7 cells. Thus, the compartmentalized distribution of MCT4 
and MCT1 in different cell types (fibroblasts versus epithelial 
cancer cells) is consistent with the establishment of a lactate shut-
tle between the stroma (MCT4) and tumor cells (MCT1).

MDA-MB-231 cells also induce MCT4 in cancer-associated 
fibroblasts. To assess the generality of this phenomenon, we also 
co-cultured MDA-MB-231 breast cancer cells with fibroblasts. 
Figure 4 shows that although MDA-MB-321 cells constitutively 
overexpress MCT4,26 they are also capable of inducing MCT4 
expression in fibroblasts during co-culture.

In human breast cancers, MCT4 is localized to the tumor 
stroma, while MCT1 is present selectively within epithelial 
cancer cells. To assess the potential clinical relevance of our 
findings regarding the cell-type specific compartmentalization 
of MCT1 and MCT4, we next turned to the analysis of human 
breast cancer tumor samples. For this purpose, we selected cases 
in which there was a loss of stromal caveolin-1 (Cav-1), an estab-
lished biomarker for hypoxia, oxidative stress and autophagy 
in the tumor stroma.14,17-20 Importantly, loss of stromal Cav-1 
is associated with poor clinical outcome in the most common 

by adjacent neurons.3 In the brain, this is known as “neuron-glia 
metabolic coupling.” 4-8

The vectorial transport of lactate from glycolytic cells (fast-
twitch fibers and astrocytes) to oxidative cells (slow-twitch fibers 
and neurons) is achieved, in part, by the cell-type specific expres-
sion of MCT molecules.3,9 For example, MCT4 (which extrudes 
lactate10) is expressed by glycolytic cells. Expression of MCT4 is 
induced by hypoxia, and is a known HIF1-alpha target gene.3,11 
In contrast, MCT1/2 transporters facilitate the uptake of lac-
tate, consistent with their expression in slow-twitch muscle fibers 
(MCT1) and neurons (MCT2).3,12

In the present study, we set out to determine if a similar 
compartmentalization of lactate transporters occurs in a sub-
set of human breast cancers, in which cancer-associated fibro-
blasts undergo aerobic glycolysis. This subset of breast cancers 
is defined by a loss of stromal Cav-1,13 which appears to be an 
indicator of hypoxia, oxidative stress and autophagy in the tumor 
stroma and creates a “lethal” tumor microenvironment.14-18 We 
have also shown that a loss of stromal Cav-1 predicts poor clinical 
outcome in breast cancer patients and is associated with tumor 
recurrence, metastasis and drug-resistance.14-18

Interestingly, our current results directly show that MCT4 is 
upregulated in cancer-associated fibroblasts via oxidative stress 
(pseudo-hypoxia). Conversely, we show that epithelial cancer 
cells express MCT1. Thus, a “lactate shuttle” may also exist in 
human tumors for transferring energy from the tumor stroma to 
epithelial cancer cells.13,19-21

Results

MCT4 is expressed in cancer-associated fibroblasts and its 
expression is induced by co-culture with cancer cells. Previous 
studies have associated the expression of MCT4 with lactate “secre-
tion/extrusion,” in both fast-twitch muscle fibers and astrocytes 
in the brain. Both of these cell types are focused on aerobic gly-
colysis and produce L-Lactate, so that it can be effectively trans-
ferred to slow-twitch muscle fibers and neurons, respectively.3,9 
This energy transfer mechanism is known as the lactate-shuttle. 
In the brain, this mechanism is also known as “neuron-glia meta-
bolic coupling.” 6-8 In accordance with these observations, MCT4 
is upregulated during hypoxia, and is a known HIF1-alpha tar-
get gene, supporting its association with a glycolytic metabolic 
state.11 However, the distribution of MCT4 in cancer-associated 
fibroblasts has never been formally evaluated.

To address this issue, we chose to evaluate the distribution of 
MCT4 in a novel co-culture system that we developed.16 In this 
co-culture system, MCF7 cells are co-incubated with normal 
immortalized fibroblasts for a period of up to 5 days.16 During this 
co-incubation, the MCF7 cells promote the conversion of nor-
mal fibroblasts into bonafide cancer-associated fibroblasts, that 
show upregulation of smooth muscle actin, with activated TGFb 
signaling, behaving like tumor myo-fibroblasts.16 Interestingly, 
the cancer cells induce oxidative stress (pseudo-hypoxia) in adja-
cent fibroblasts to promote this conversion event, which can be 
blocked with anti-oxidants such as N-acetyl-cysteine.14,17,18 Also, 



1774	 Cell Cycle	 Volume 10 Issue 11

In addition, we checked the expression MCT4 in a previously 
published transcriptional data set generated by Morag Park and 
colleagues,32 which was derived via laser capture micro-dissection 
of the tumor stroma of human breast cancers. Table 1 shows that 
MCT4 (an astrocyte marker in the brain) is overexpressed in the 
tumor stroma of human breast cancers, and is preferentially asso-
ciated with tumor recurrence. The transcriptional expression of 
other “astrocyte markers” in breast cancer tumor stroma is shown 

epithelial subtypes of breast cancer [ER(+), PR(+), HER2(+) and 
triple negative/basal].27-30

Figure 5A and B shows that MCT4 staining is selectively 
localized to the fibroblastic tumor stromal compartment. Two 
representative images are shown. Both images clearly show that 
MCT4 staining is absent from the tumor epithelial cells, but is 
present in the surrounding fibroblastic stroma. Figure 5B illus-
trates that MCT4 staining outlines the cancer-associated fibro-
blasts that surround or encircle nests of epithelial cancer cells. See 
also Supplemental Figure 1.

In contrast, as we observed with MCF7 cancer cells, we see 
that MCT1 expression is localized to tumor epithelial cells in 
human breast cancers (Fig. 6). However, MCT1 is not expressed 
in the tumor stroma, but instead is confined to epithelial cancer 
cells. Thus, the MCT1/4 compartmentalization we observed in 
MCF7-fibroblast co-cultures also occurs in human tumors lack-
ing stromal Cav-1 (see also Sup. Fig. 2, for additional images). 
Similarly, the distribution of CD147, a known MCT1 interact-
ing protein,31 was largely confined to the epithelial cancer cells  
(Fig. 7).

We next used informatics analysis to assess whether the 
mRNA transcripts for MCT1 and MCT4 are commonly upregu-
lated in human breast cancer. Interestingly, Figure 8 shows that 
MCT4 (a.k.a., SLC16A3) is overexpressed in breast cancers (rela-
tive to normal breast tissue), including both ER(+) and ER(-) 
breast cancer sub-types. In the HER2(+) sub-type, we also 
observed an association with clinical outcome; increased MCT4 
transcript levels were associated with decreased overall survival 
(n = 14 patients). However, a parallel analysis did not show any 
association between MCT1 (a.k.a., SLC16A1) transcript levels 
and breast cancer (not shown).

Figure 1. MCF7 cancer cells induce the expression of MCT4 in cancer-associated fibroblasts. MCF7 cells were co-cultured with fibroblasts and then 
we observed the distribution of MCT4 (red) by fluorescence microscopy. Cultures of MCF7 cells alone or fibrobasts alone (monotypic cultures) were 
also processed in parallel. Note that MCF7 cells alone do not express significant amounts of MCT4. Similarly, fibroblasts alone do not express MCT4. 
However, when these two cell types are co-cultured, MCT4 is selectively upregulated in the cancer-associated fibroblasts. Epithelial cancer cells were 
visualized by keratin staining (green).

Figure 2. The induction of MCT4 in cancer-associated fibroblasts is due 
to oxidative stress and is prevented by antioxidants. MCF7 cells were 
co-cultured with fibroblasts and then we observed the distribution of 
MCT4 (red) by fluorescence microscopy. Since MCT4 expression is con-
trolled by HIF1 and HIF1 is also activated by pseudo-hypoxia (oxidative 
stress), we assessed the effects of anti-oxidants on this process. Note 
that treatment with N-acetyl-cysteine (NAC; 10 mM), a powerful anti-
oxidant, is sufficient to block that upregulation of MCT4 in cancer- 
associated fibroblasts, as predicted. Epithelial cancer cells were visual-
ized by keratin staining (green).
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transcriptional hypoxia signature, containing SLC16A3, was asso-
ciated with distant metastasis and poor clinical outcome in breast, 
lung and brain cancers (glioblastoma);33 however, they did not dis-
tinguish between stromal or tumor cell expression of this signature.

Overexpression of MCT4 in fibroblasts functionally pro-
tects both cancer cells and fibroblasts against cell death, under 
co-culture conditions. Next, to assess the possible functional 
consequences of MCT4 expression in fibroblasts, we generated 
an hTERT-fibroblast cell line stably overexpressing MCT4. As 
critical controls, we also generated hTERT-fibroblast cell lines 
overexpressing MCT1, and the vector alone. Then, these three 
matched fibroblast cell lines were individually co-cultured with 
GFP-tagged MCF7 cells and cell death in both fibroblasts and 
cancer cells was monitored by FACS analysis, using Annexin-V 
and PI staining.

Figure 9A shows that co-culture with MCT4-expressing 
fibroblasts protects MCF7 cells against cell death by nearly 2-fold 
(p = 0.035). In contrast, the effects of MCT1-expressing fibro-
blasts on MCF7 cell death were not significant. Interestingly, 
co-cultured fibroblasts expressing MCT1 (p = 0.01) or MCT4 
(p = 0.002) both showed a >2-fold protection against cell death 
(Fig. 9B). Thus, expression of MCT4 in fibroblasts functionally 
prolongs the life of both cancer cells and fibroblasts, under co-
culture conditions.

In contrast, when MCT4 fibroblasts were cultured alone, in 
the absence of cancer cells, they showed a >2-fold increase in cell 
death (p = 0.005) (Fig. 9C). This may explain why fibroblasts do 
not constitutively overexpress MCT4 when they are alone, but 
that MCT4 is induced in fibroblasts during their co-culture with 
cancer cells.

Taken together, these experimental observations are consis-
tent with the known function of MCT4 as a means for lactate 
extrusion/secretion. Increased MCT4-mediated efflux of lactate 
under co-culture conditions would be predicted to benefit both 
fibroblasts and cancer cells alike, in the context of the “reverse 
Warburg effect.” However, increased MCT4-mediated extrusion 
of lactate in fibroblasts cultured alone, would be predicted to 
result in increased acidification of the culture media and subse-
quent cell death.

Discussion

Here, we assessed the distribution of MCT1 and MCT4 in human 
breast cancers, using two complementary approaches. First, we 
used an MCF7-fibroblast co-culture system,16 and observed that 
MCT4 was localized to the cancer-associated fibroblast com-
partment, while MCT1 stained the epithelial cancer cells. Both 
MCT1 and MCT4 were induced by the co-culture of fibroblasts 
with cancer cells, suggesting that both cell-types derived some 
sort of synergy from their compartmentalization. We also showed 
that the induction of MCT4 in cancer-associated fibroblasts was 
due to the onset of oxidative stress (pseudo-hypoxia), as treat-
ment with N-acetyl-cysteine (NAC), an anti-oxidant, was indeed 
sufficient to prevent the upregulation of MCT4. Thus, accumula-
tion of MCT4 in cancer-associated fibroblasts may be a marker of 
oxidative stress. Next, we assessed the distribution of MCT1 and 

for comparison. Interestingly, GFAP is a known marker of astro-
cytes, mesenchymal stem cells and myo-fibroblasts, consistent 
with the idea that these three cell types may be closely function-
ally related.

Thus, additional studies assessing the potential use of MCT4 
as a biomarker for cancer-associated fibroblasts are warranted. In 
accordance with this assertion, Perou and colleagues have previ-
ously defined a “compact” hypoxia gene signature consisting of 
13 genes, one of which was SLC16A3 (MCT4). This compact 

Figure 3. Fibroblasts induce the expression of MCT1 in MCF7 can-
cer cells. MCF7 cells were co-cultured with fibroblasts and then we 
observed the distribution of MCT1 (red) by fluorescence microscopy. 
Cultures of MCF7 cells alone or fibrobasts alone (monotypic cultures) 
were also processed in parallel. Note that MCT1 is not well expressed in 
MCF7 cells or fibroblasts, when cultured individually. However, under 
conditions of co-culture, MCT1 is specifically induced in MCF7 cells. 
Epithelial cancer cells were visualized by keratin staining (green).

Figure 4. MDA-MB-231 cells also induce the expression of MCT4 in 
cancer-associated fibroblasts. MDA-MB-231 cells (expressing GFP) were 
co-cultured with fibroblasts and then we observed the distribution of 
MCT4 (red) by fluorescence microscopy. Cultures of MDA-MB-231 cells 
alone or fibrobasts alone (monotypic cultures) were also processed in 
parallel. Note that although MDA-MB-321 cells constitutively overex-
press MCT4, they are also capable of inducing MCT4 expression in fibro-
blasts during co-culture (see also higher magnification insets). Epithelial 
cancer cells were visualized via GFP (green).



1776	 Cell Cycle	 Volume 10 Issue 11

adjacent fibroblasts and activated HIF1-alpha and NFκB, as seen 
by the use of luciferase-reporters in co-cultured fibroblasts.14,17 
These phenotypic changes appeared to be driven by the induc-
tion of oxidative stress and autohagy/mitophagy in cancer-
associated fibroblasts.15,16 Thus, we concluded that cancer cells 
use oxidative stress as a “weapon” to extract recycled nutrients 
from neighboring normal cells, such as stromal fibroblasts. We 
have coined the term the “Autophagic Tumor Stroma Model of 
Cancer Metabolism,” 18,19 to expand this concept from the “reverse 
Warburg effect” to autophagy/mitophagy in the tumor stroma.

Thus, we believe that one of the major functions of the tumor 
stroma is to produce lactate and other high-energy nutrients 

MCT4 in human breast cancer tumor samples lacking stromal 
Cav-1. Our results indicate that MCT4 was selectively localized 
to the tumor stroma, specifically within cancer-associated fibro-
blasts that surround or encircle nests of cancer cells. In contrast, 
MCT1 was preferentially confined to the epithelial cancer cells. 
Taken together, these findings suggest that the localization of 
MCT1 and MCT4 in different cellular compartments may have 
a functional advantage for the survival of human tumors.

A survey of the literature indicates that MCT4 functions pri-
marily as a transporter that extrudes lactate from cells that uti-
lize aerobic glycolysis for energy metabolism and lack functional 
mitochondria.3,9 Two normal physiological examples of this are 
fast-twitch (glycolytic) fibers in skeletal muscle and astrocytes 
within the brain.3,9 In accordance with this idea, MCT4 expres-
sion is upregulated during hypoxia, and is a known HIF1 target 
gene.11 After lactate is extruded by MCT4, lactate is then taken 
up by other MCT transporters in adjacent cells, such as slow-
twitch (mitochondrial-rich) fibers in muscle or neurons in the 
brain. To scavenge lactate from their micro-environment, slow-
twitch muscle fibers use MCT1, while neurons use primarily 
MCT2. MCT1 and MCT2 are similar both structurally and 
functionally. This phenomenon has been referred to as “neuron-
glia metabolic coupling” in the brain and as the “lactate shuttle” 
in skeletal muscle.4-8 Thus, we believe that our current findings 
support the hypothesis that similar metabolic-coupling occurs 
between cancer-associated fibroblasts and adjacent tumor cells. 
In fact, we have previously coined the term, “the reverse Warburg 
effect,” to describe this symbiotic or parasitic relationship within 
tumors.13,15,19-21 These results are summarized schematically in 
Figure 10.

The identification of the “reverse Warburg effect” was driven 
by a need to understand the powerful prognostic value of a stro-
mal biomarker, namely caveolin-1 (Cav-1). More specifically, a 
loss of stromal Cav-1 in human breast cancers is associated with 
early tumor recurrence, metastasis and tamoxifen-resistance, 
driving poor clinical outcome.27-30,34 The prognostic value of stro-
mal Cav-1 was also independent of epithelial marker status, as it 
was effective in ER(+), PR(+), HER2(+) and triple negative/basal 
patients.27-30 Similar results were also obtained via the analysis 
of cohorts of DCIS patients (a benign precursor lesion), as well 
as human prostate cancer patients.28,35 In both cases, a loss of 
stromal Cav-1 was associated with either tumor progression (in 
DCIS) or metastasis (in prostate cancer).28,35

To mechanistically understand how a loss of stromal Cav-1 
confers a “lethal” tumor microenvironment, we used stromal cells 
derived from Cav-1 (-/-) null mice.13 Via a proteomics analysis, 
we observed that eight myofibroblast markers, eight glycolytic 
enzymes and two markers of oxidative stress were upregulated in 
Cav-1 (-/-) stromal cells.13 These results were later validated by 
genome-wide transcriptional profiling, which showed that a loss 
of Cav-1 drives the induction of gene expression profiles consis-
tent with oxidative stress (pseudo-hypoxia) in fibroblasts, via the 
activation of two well-known transcription factors, namely HIF1-
alpha and NFκB.19-21 Virtually identical results were obtained by 
co-culturing MCF7 cells with fibroblasts. Under these co-culture 
conditions, MCF7 cells specifically downregulated Cav-1 in 

Figure 5. MCT4 is expressed in the fibroblastic stromal compartment 
of human breast cancers. Note that MCT4 staining is selectively local-
ized to the fibroblastic tumor stromal compartment of human breast 
cancers. Two representative images are shown. Both clearly show that 
MCT4 staining is absent from the tumor epithelial cells, but is present 
in the surrounding stroma. Panel (A) shows DCIS-like lesions and the 
surrounding MCT4(+) tumor stroma. Panel (B) shows that MCT4 staining 
outlines the cancer-associated fibroblasts that surround nests of epithe-
lial cancer cells. Original magnification, 40x.
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be substrates for oxidative phosphorylation.37 Interestingly, these 
gene signatures indicate that lactate and ketones increase the 
“stemness” of cancer cells, based on an analysis of their transcrip-
tional profiles.37 Most importantly, however, these lactate- and 
ketone-induced gene signatures can also be used to predict clini-
cal outcome in human breast cancer patients, and are associated 
with recurrence, metastasis and significant decreases in overall 
survival.37 Thus, we have suggested that lactate and ketones both 
function as tumor promoters, via their ability to drive increased 
oxidative mitochondrial metabolism in cancer cells.37 Similarly, 
ketones are thought to be transported by the same MCT trans-
porters that handle lactate transport.38,39

In summary, our current results directly support the “reverse 
Warburg effect,” which is driven by oxidative stress in cancer-
associated fibroblasts. In accordance with this paradigm, the 
major lactate exporter, namely MCT4, was expressed in cancer-
associated fibroblasts, and its expression was induced by oxida-
tive stress. Conversely, MCT1, a major transporter involved in 
lactate uptake, was localized to epithelial cancer cells. Thus, a 
lactate/ketone shuttle may also exist in human tumors to facili-
tate energy transfer from the catabolic tumor stroma to anabolic 
“hungry” cancer cells. In further support of these assertions,  
(1) elevated tumor and serum lactate levels are a known predictor 
of poor clinical outcome for a variety of epithelial cancers;40-43 
and (2) lactic acidosis is a key metabolic feature of patients with 
breast cancer metastasis.44-49

Materials and Methods

Materials. Antibodies were obtained as follows: anti-cytokeratin 
8/18 (cat #20R-CP004, Fitzgerald Industries International), 
anti-MCT4 (cat #sc50329, Santa Cruz Biotechnologies) and 
anti-CD147 (cat #10R-CD147AHU, Fitzgerald Industries 
International). Also, anti-MCT4 and anti-MCT1 isoform-
specific antibodies were previously generated and characterized 
by Dr. Philp.26 Other reagents were as follows: 4,6-diamidino-
2-phenylindole (DAPI) and Prolong Gold Antifade mounting 
reagent from Invitrogen, N-acetyl-cysteine (NAC) was from 
Sigma.

Cell culture. Cell culture experiments were carried out as 
previously described, with minor modifications.16 Human skin 
fibroblasts immortalized with human telomerase reverse tran-
scriptase (hTERT-BJ1) were purchased originally from Clontech, 
Inc. The breast cancer cell line, MCF7, was from ATCC. All 
cells were maintained in DMEM, with 10% Fetal Bovine Serum 
(FBS) and Penicillin 100 units/mL-Streptomycin 100 μg/mL 
(Invitrogen). Fibroblasts and MCF7 cells were co-plated or 
plated as a homotypic cell culture in 12-well plates in 1-ml of 
complete media on glass coverslips. In co-culture experiments, 
fibroblasts were plated first and MCF7 cells were plated within 
2 hours of fibroblast plating. The total number of cells per well 
in co-culture was 1 x 105 cells. Co-culture experiments were car-
ried out at a 5:1 fibroblast-to-epithelial cell ratio. As controls, 
homotypic cultures of fibroblasts and MCF7 cells were plated 
in parallel, using the same number of a given cell population as 
the corresponding co-cultures. The day after plating, the media 

(such as ketones and glutamine) to “fuel” oxidative mitochon-
drial metabolism in epithelial cancer cells. In accordance with 
this hypothesis, the intra-peritoneal (i.p.) injection of mouse 
xenografts with ketones or lactate is sufficient to significantly 
increase tumor growth (~2.5-fold) and metastasis (~10-fold), 
respectively.36 Furthermore, treatment of MCF7 cells with high-
energy metabolites (such as lactate) is sufficient to promote 
mitochondrial biogenesis and phenocopies the positive effects 
of fibroblasts on cancer cells during co-culture.14,17 Finally, we 
have derived transcriptional gene signatures from MCF7 cells 
treated with either lactate or ketones, both of which are con-
verted to Acetyl-CoA, so they can then enter the TCA cycle and 

Figure 6. MCT1 is expressed in the epithelial compartment of human 
breast cancers. Note that only epithelial cancer cells express MCT1 in 
human breast tumor samples. Two representative images are shown. 
Both clearly show that MCT1 staining is present in the tumor epithe-
lial cells, but is absent in the surrounding stroma. Panel (A) shows 
DCIS-like lesions and the surrounding MCT1(+) epithelial cancer cells. 
Panel (B) shows that MCT1 staining identifies the epithelial cancer 
cells within the “cancer cell nests.” The original magnifications for 
(A and B) are 40x and 60x, respectively.
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for comparison purposes. Samples were first analyzed in subsets 
based on their ER IHC status. Additional subsets were defined by 
classifying samples among five canonical breast cancer subtypes, 
including luminal A, luminal B, normal-like, basal and Her-2-
overexpressing disease. Samples were classified by computing 
their correlation against five expression profile centroids repre-
senting these breast cancer subtypes and assigning them to the 
subtype with the highest corresponding correlation coefficient.59 
Samples with a maximum correlation coefficient below 0.3 were 
considered unclassified. Differential expression of the averaged 
gene signature magnitude among these sample subsets was eval-
uated using a two-tailed t-test. Kaplan-meier analysis was used 

was changed to DMEM with 10% NuSerum I (a low protein 
alternative to FBS; BD Biosciences; cat #355100) and Pen-Strep. 
Cells were maintained in this media for one to five days, until 
fixation. To study the effects of co-culture on MCT expression, 
fibroblasts and MCF7 cells were cultured in 10% Nu-Serum 
for five days prior to fixation. To study the effect of N-acetyl-
cysteine on MCT4 expression, cells were cultured for 24 hours 
in Nu-Serum I prior to fixation. Both mono-cultures and co-
cultures were maintained at 37°C in a humidified atmosphere 
containing 5% CO

2
.

Immunocytochemistry (ICC). Cells were fixed after one to 
five days of culture. Then, the ICC protocol was performed as 
previously described, with minor modifications.54 Briefly, cells 
were fixed for 30 minutes at room temperature in 2% parafor-
maldehyde diluted in PBS, after which they were permeabilized 
with cold methanol at -20°C for 5 minutes. The cells were rinsed 
with PBS with 0.1 mM Calcium chloride and 1 mM Magnesium 
chloride (PBS/CM). Then, cells were incubated with NH

4
Cl 

in PBS to quench free aldehyde groups. Rinsing with PBS/CM 
was followed by blocking with immunofluorescence (IF) buffer 
(PBS, 1% BSA, 0.1% Tween 20) for 1 hour at room tempera-
ture. Primary antibodies were incubated in IF buffer for 1 hour at 
room temperature. After washing with IF buffer (3x, 10 minutes 
each), cells were incubated for 30 minutes at room temperature 
with fluorochrome-conjugated secondary antibodies diluted in 
IF buffer. Finally, slides were washed at room temperature with 
IF buffer (3x, 10 minutes each), rinsed with PBS/CM and coun-
ter-stained with DAPI (10 μg/ml) in PBS and mounted with 
Prolong Gold anti-fade Reagent.

Confocal microscopy. Images were collected with a Zeiss 
LSM510 meta confocal system, using a 405-nm Diode excita-
tion laser with a band pass filter of 420–480-nm, a 488-nm 
Argon excitation laser with a band pass filter of 505–530-nm, 
and a 543-nm He/Ne excitation laser with a 561–625-nm filter. 
Images were acquired with a 40x objective.

Immunohistochemistry (IHC). Paraffin-embedded sec-
tions of human breast cancer samples were immuno-stained as 
previously described in reference 30. Briefly, sections were de- 
paraffinized, rehydrated and washed in PBS. Antigen retrieval 
was performed in 10 mM sodium citrate, pH 6.0 for 10 min 
using a pressure cooker. After blocking with 3% hydrogen perox-
ide for 10 minutes, sections were incubated with 10% goat serum 
for 1 hour. Then, sections were incubated with primary antibod-
ies overnight at 4°C. Antibody binding was detected using a bio-
tinylated secondary (Vector Labs, Burlingame, CA) followed by 
streptavidin-HRP (Dako, Carpinteria, CA). Immunoreactivity 
was revealed using 3, 3' diaminobenzidine.

Analysis of clinical outcome in human breast cancer 
patients. A microarray dataset that was previously compiled from 
the public repositories Gene Expression Omnibus (www.ncbi.
nlm.nih.gov/geo),55 and ArrayExpress (www.ebi.ac.uk/arrayex-
press),56 was used to evaluate MCT4 expression in the context 
of clinical samples.57,58 In the BoxPlots (See Fig. 8), only sam-
ples with ER IHC data were selected for analysis, including 959 
ER-positive and 323 ER-negative, for a total of 1,282 samples; 
in addition, 102 normal healthy breast tissue controls were used 

Figure 7. CD147 is expressed in the epithelial compartment of human 
breast cancers. Note that epithelial cancer cells express CD147 in 
human breast tumor samples. Two representative images are shown. 
Both clearly show that CD147 staining is present in the tumor epithelial 
cells, but is largely absent in the surrounding stroma. Panel (A) shows 
DCIS-like lesions and the surrounding CD147(+) epithelial cancer cells. 
Panel (B) shows that CD147 staining identifies the epithelial cancer 
cells within the “cancer cell nests.” The original magnifications for both 
(A and B) are 60x.
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ER-neg.) and 329 with overall survival time (219 ER-pos., 110 
ER-neg.). The Log-rank test was used to evaluate differences in 
survival curves for high vs. low signature-expressing populations.

to evaluate survival trends within sample subsets, including 627 
samples with metastasis-free survival time (507 ER-pos., 120 
ER-neg.), 637 with relapse free survival time (517 ER-pos., 120 

Figure 8. Informatics analysis of the transcriptional levels of MCT4 in human breast cancers. We used informatics analysis to determine whether the 
mRNA transcript for MCT4 is commonly upregulated in human breast cancer. (Left) Note that MCT4 (SLC16A3) is overexpressed in all types of breast 
cancer (relative to normal breast tissue), including both ER(+) and ER(-) cancer sub-types. (Right) In the HER2(+) sub-type, we observed an association 
with clinical outcome; increased MCT4 transcript levels were associated with decreased overall survival (N = 14 patients).

Table 1. Overexpression of MCT4 and other “Astrocyte Markers” in the tumor stroma of human breast cancers

Gene Description
Tumor 
stroma

Recurrence-
Stroma

Metastasis-
Stroma

MCT4, an Astrocyte Marker and MCT Family Member

Slc16a3 solute carrier family 16 (monocarboxylic acid transporters), member 3 1.09E-03

Other Glial Cell (Astrocyte) Associated Transcripts

Gfap glial fibrillary acidic protein 1.64E-18 1.36E-03 2.28E-02

Gfra2 glial cell line derived neurotrophic factor receptor alpha2 2.28E-17 3.58E-02

Slc1a3 solute carrier family 1 (glial high affinity glutamate transporter), member 3 4.22E-17 5.70E-03

Gfra3 glial cell line derived neurotrophic factor receptor alpha3 2.97E-16

Gdnf glial cell line derived neurotrophic factor 6.48E-14

Gfra4 glial cell line derived neurotrophic factor receptor alpha4 1.02E-02

p-values are as indicated. Gfap is a known marker for astrocytes, mesenchymal stem cells (MSCs), and myo-fibroblasts.
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fibroblasts stably overexpressing either MCT1 or MCT4, were 
selected with puromycin for 5 days.

Quantitation of cell death by FACS, with propidium iodide 
and annexin-V staining. Cell death was quantified by flow 
cytometry using propidium iodide and Annexin-V-APC, as 

Analysis of the expression of MCT4 and other astrocyte 
markers in the transcriptional profiles of human breast tumor 
stroma. We obtained the transcriptional profiles of a large data 
set of human breast cancer patients32 whose tumors were sub-
jected to laser-capture micro-dissection, to selectively isolate the 
tumor stroma. Based on this data set,32 we then generated three 
human breast cancer stromal genes lists:21

Tumor stroma vs. normal stroma list. Compares the transcrip-
tional profiles of tumor stroma obtained from 53 patients to 
normal stroma obtained from 38 patients. Gene transcripts that 
were consistently upregulated in tumor stroma were selected and 
assigned a p-value, with a cut-off of p < 0.05 (contains 6,777 
genes).21

Recurrence stroma list. Compares the transcriptional profiles of 
tumor stroma obtained from 11 patients with tumor recurrence 
to the tumor stroma of 42 patients without tumor recurrence. 
Gene transcripts that were consistently upregulated in the tumor 
stroma of patients with recurrence were selected and assigned a 
p-value, with a cut-off of p < 0.05 (contains 3,354 genes).21

Lymph-node (LN) metastasis stroma list. Compares the tran-
scriptional profiles of tumor stroma obtained from 25 patients 
with LN metastasis to the tumor stroma of 25 patients without 
LN metastasis. Gene transcripts that were consistently upregu-
lated in the tumor stroma of patients with LN metastasis were 
selected and assigned a p-value, with a cut-off of p < 0.05 (con-
tains 1,182 genes).21

Stable overexpression of MCT1 or MCT4 in fibroblasts. 
Vectors encoding the monocarboxylic acid transporters, MCT4 
(EX-M0699-Lv105) and MCT1 (EX-C0751-Lv105), as well as 
the empty vector control (EX-Lv105), were all purchased from 
GeneCopoeia and lenti-viruses were prepared according to the 
manufacturer’s protocols. Virus-containing media were centri-
fuged, filtered (0.45 μM PES low protein filter) and stored in 
1 mL aliquots at -80°C. hTERT-fibroblasts (120,000 cells/well) 
were plated in 12 well dishes in growth media. After 24 hours, 
the media was removed and replaced with 250 μl DMEM + 5% 
FBS, 150 μl of virus-containing media and 5 μg/ml polybrene. 
24 hours post-transduction, media containing virus was removed 
and replaced with DMEM with 10% FCS. After infection, 

Figure 9. Overexpression of MCT4 in fibroblasts functionally protects 
both cancer cells and fibroblasts against cell death under co-culture 
conditions. To assess the possible functional consequences of MCT4 ex-
pression in fibroblasts, we generated an hTERT-fibroblast cell line stably 
overexpressing MCT4. Similarly, we also generated hTERT-fibroblast cell 
lines overexpressing MCT1, and the vector alone (Lv-105). Then, these 
three matched fibroblast cell lines were individually co-cultured with 
GFP-tagged MCF7 cells, and cell death in both fibroblasts and cancer 
cells was monitored by FACS analysis (See the Materials and Methods 
section). (A) Note that co-culture with MCT4-expressing fibroblasts 
protects MCF7 cells against cell death, by nearly 2-fold (p = 0.035). In 
contrast, the effects of MCT1-expressing fibroblasts on MCF7 cell death 
were not significant. (B) Note that co-cultured fibroblasts expressing 
MCT1 (p = 0.01) or MCT4 (p = 0.002) both showed >2-fold protection 
against cell death. (C) However, when MCT4 fibroblasts were cultured 
alone, in the absence of cancer cells, they showed a >2-fold increase in 
cell death (p = 0.005). Thus, expression of MCT4 in fibroblasts func-
tionally prolongs the life of both cancer cells and fibroblasts, under 
co-culture conditions.
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photoreceptor cells, and in skeletal muscle by the fast-twitch and 
slow-twitch fibers.1-7,12,50,51

In normal tissue, such as skeletal muscle and brain, it has been 
found that glycolytic and oxidative cells are metabolically-cou-
pled, via monocarboxylate transporters (MCTs). Under aerobic 
conditions, fast-twich muscle fibers and astrocytes metabolize 
glucose through aerobic glycolysis, producing lactate that is 
extruded via MCT4. Lactate is taken-up by MCTs in slow-twitch 
fibers (MCT1) or neurons (MCT2), where it is oxidized to CO

2
 

and H
2
O.

Recently, we have proposed that a “lactate shuttle” exists 
between stromal fibroblasts and adjacent epithelial cancer cells 
and have referred to this as the “reverse Warburg effect.”13 
This model proposes that oxidative stress in stromal fibroblasts 
increases glycolytic metabolism, resulting in the extrusion of lac-
tate and other metabolites.14 The increase in lactate in the tumor 
microenvironment stimulates an increase in lactate uptake and 
oxidative mitochondrial metabolism in cancer cells.17

Here, we show that antibodies directed against MCT4 selec-
tively label the tumor stroma, e.g., the cancer-associated fibroblast 
compartment. Conversely, MCT1 was selectively expressed in 
the epithelial cancer cells, within the same tumors. Thus, we pro-
vide the first evidence for the existence of a “stromal-epithelial”  
lactate shuttle in human tumors.

Our current findings undoubtedly provide a new rationale 
and novel strategy for anti-cancer therapies, using MCT inhibi-
tors. Fortunately, two clinically relevant MCT1 inhibitors (AR-
C117977 and AR-C155858) have been recently developed.52,53
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we previously described with minor modifications.14,17 Briefly, 
MCF7-GFP cells were plated in 12 well plates with hTERT fibro-
blasts, expressing MCT1, MCT4 or transfected with the vector 
alone control (Lv105). The day after, the media was changed to 
DMEM with 10% NuSerum. After 5 days, the cells were collected 
by trypsinization, and centrifugation and were re-suspended in 
500 μL of Annexin-V Binding Buffer. Then, the annexin V-APC 
conjugate (BD Biosciences; cat # 550474) (4 μL) and propidium 
iodide (1 μL) was added and incubated in the dark at room tem-
perature for 5 minutes. Cells were then analyzed by flow cytom-
etry, using a GFP signal detector with an excitation wavelength 
of 488 nm and an emission of 530 nm (to detect MCF7-GFP 
cells), a PE Texas Red signal detector with excitation wavelength 
of 496 nm and emission of 615 and an APC signal detector with 
excitation wavelength of 650 nm and emission of 660 nm. We 
defined “cell death” as the population of cells that were annexin-
V(-) and PI(+), corresponding to advanced apoptotic cell death.

Conclusions

It is now clear that both tumor cells and the surrounding stroma 
create the cancer microenvironment; however, previous studies 
have not examined whether these two cellular compartments are 
metabolically-coupled through a “lactate shuttle.”

The “lactate shuttle” is a proposed mechanism for metaboli-
cally coupling cells within normal tissue; lactate produced via 
aerobic glycolysis in one cell is utilized by another cell to fuel 
oxidative mitochondrial metabolism. Examples of metaboli-
cally-coupled cells via the lactate shuttle are found in the brain 
between astrocytes and neurons, in the retinal Muller cells and 

Figure 10. The lactate shuttle: an energy transfer mechanism in normal 
tissue and human cancers. MCT4 functions primarily as a transporter 
that extrudes lactate from cells that are undergoing aerobic glycolysis 
and lack functional mitochondria. Two normal physiological examples 
of this are fast-twitch fibers in skeletal muscle and astrocytes within the 
brain. After lactate is extruded by MCT4, the lactate is then taken up by 
other MCT transporters in adjacent cells, such as slow-twitch (mito-
chondrial-rich) fibers in muscle or neurons in the brain. To accomplish 
the scavenging of lactate, slow-twitch muscle fibers use MCT1, while 
neurons use MCT2. In the brain, this phenomenon has been referred to 
as “neuron-glia metabolic coupling,” while in skeletal muscle it is known 
as the “lactate shuttle.” Our current studies support the hypothesis that 
similar metabolic-coupling occurs between cancer-associated fibro-
blasts and adjacent tumor cells.
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