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ABSTRACT OF THE DISSERTATION

Monocarboxylate Transporter 1 modulates cancer cell pyruvate export and tumor growth

by

Candice Sun Hong
Doctor of Philosophy in Molecular and Medical Pharmacology
University of California, Los Angeles, 2016

Professor Heather R. Christofk, Chair

Many cancers rely on glycolytic metabolism to fuel rapid proliferation. This has spurred interest
in designing drugs that target tumor glycolysis such as AZD3965, a small molecule inhibitor of
Monocarboxylate Transporter 1 (MCT1) currently undergoing Phase | evaluation for cancer
treatment. Since MCT1 mediates proton-linked transport of monocarboxylates such as lactate
and pyruvate across the plasma membrane (Halestrap and Meredith, 2004), AZD3965 is thought
to block tumor growth through disruption of lactate transport and glycolysis. Here we show that
MCT1 inhibition impairs proliferation of glycolytic breast cancer cells that express MCT4 via
disruption of pyruvate rather than lactate export. We found that MCT1 expression is elevated in
glycolytic breast tumors and cell lines as well as in malignant breast and lung tissues. High
MCT1 expression predicts poor prognosis in breast and lung cancer patients. Stable knockdown
and AZD3965-mediated inhibition of MCT1 promote oxidative metabolism. Acute inhibition of
MCT1 reduces pyruvate export rate but does not consistently alter lactate transport or glycolytic
flux in breast cancer cells that also express MCT4. Despite the lack of glycolysis impairment,

MCT1 loss-of-function decreases breast cancer cell proliferation and blocks growth of mammary



fat pad xenograft tumors. Our data suggest that MCT1 expression is elevated in glycolytic
cancers to promote pyruvate export, which when inhibited enhances oxidative metabolism and
reduces proliferation. This study presents an alternative molecular consequence of MCT1

inhibitors that further supports their use as anti-cancer therapeutics.
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Introduction

Glucose metabolism and Cancer



Cellular metabolism

Despite what many people think these days, the main purpose of eating food isn’t for enjoyment,
but for energy. As we consume food, our digestive system breaks down these nutrients into
smaller and smaller molecules, which then get absorbed into our cells to be converted into
energy, otherwise known as adenosine triphosphate (ATP). From the beating of our hearts, to the
firing of neurons, our bodies require energy to function. On a cellular basis this can mean

transporting molecules, growing and dividing, and general housekeeping functions.

Eukaryotic cells have the ability to harvest energy via different metabolic pathways such
as glycolysis, or the citric acid cycle and oxidative phosphorylation (OXPHQOS). In the 1860s
Louis Pasteur observed that in the absence of oxygen, energy is produced by glycolysis (2
molecules ATP/molecule of glucose), whereas in the presence of oxygen, glucose is metabolized
more efficiently by OXPHOS to produce much more energy (32 molecules ATP/molecule of
glucose). Interestingly, in the 1920s Otto Warburg made the observation that cancer cells
predominantly metabolize glucose by glycolysis even in the presence of oxygen, and this
phenomenon is called the Warburg effect or aerobic glycolysis (Warburg, O, 1956). This
dysregulation of cellular energetics has been observed in the majority of cancers is considered a
hallmark of cancer (Hanahan and Weinberg, 2013). The fact that altered energy metabolism is
also intertwined with the other hallmarks (ex.angiogenesis, metastasis), makes it a unique and
effective target for cancer therapy (Kroemer and Pouyssegur, 2008). Currently it is thought that
cancer cells obtain this glycolytic phenotype in order to build biomass for a proliferative

advantage (VVander Heiden, 2009).



Targeting cancer metabolism

Since the 1980s, the Warburg effect has been taken advantage of in clinics to image
glycolytic tumors via FDG-PET (2-deoxy-2-[*®F]fluoro-p-glucose positron emission
tomography) for cancer diagnosis (Czernin, J., & Phelps, M. E. (2002). In the recent decade, further
work in cancer metabolism has identified several possible targets in different metabolic
circuitries for therapeutics. Furthermore, drugs designed for other metabolic diseases have now
returned to clinical trials to test their effects on cancer (Galluzi, 2013). For example, metformin
and phenformin are biguanides that target mitochondrial complex I currently used to treat type Il
diabetes. Retrospective epidemiology studies found evidence that diabetic patients on metformin
had a decreased risk of cancer incidence (Evans et al., 2005). Metformin is currently undergoing

several phase Il and phase Il clinical chemoprevention studies.

Despite much preclinical data suggesting possible metabolic targets, few are currently in
clinical development. A small molecule inhibitor targeting choline kinase is currently in clinical
development to treat patients with solid tumors, and completed its first phase I clinical trial in
2014 (Galluzi, 2013). Choline kinase is often upregulated in cancer as its product
phosphocholine is necessary to produce phosphotidylcholine which is essential to create
membranes (Clem, 2011). The inhibitor (TCD-717) is novel in that it targeted phospholipid
metabolism, and therefore rapidly proliferating cells. Another drug currently in phase I clinical
trials is an inhibitor that targets a monocarboxylate transporter I (MCT1) that has been found to
be upregulated in many cancers (Polanski et al., 2014). Further clinical studies of other targets,
alone or in conjunction with current therapies, will be needed to determine the efficacy of these

more selective cancer therapy agents that target the unique metabolic signatures of cancer cells .



Monocarboxylate Transporter |

Monocarboxylates are produced and utilized in key roles in metabolism and must be
transported across the plasma membrane and the inner mitochondrial membrane (Halestrap
2012). A family of monocarboxylate transporters (MCTSs) takes on these roles in different tissues
of the body. The MCT family has 14 different isoforms, but MCT1-4 in particular are known to
catalyze the bidirectional transport of monocarboxylates across the plasma membrane coupled
with a proton (Figure 1) (Halestrap 2012). All 14 membranes have conserved sequences and it
has been found that the transporters have 12 transmembrane domains with intracellular C and N
termini (Figure 2). Some MCTs, like MCT1 and MCT4 require the presence of an ancillary
protein called CD147 to be correctly expressed on the plasma membrane (Halestrap 2012).
MCTs can be regulated at transcriptional or post-transcriptional levels (Halestrap and Wilson,

2012).

MCT1 inhibitors were first designed when it was found that blocking MCT1 induction
during T cell activation blocked T cell division (Murray et al., 2005), and therefore could act as
an immunosuppressant drug. In recent years there has been much interest in using MCT1 as a
target for cancer therapy as MCT1 has been found to be upregulated in many cancers (Pinheiro et
al., 2008, Pinheiro et al., 2010, Curry et al.. 2013, Izumi et al., 2011). Currently an MCT1
inhibitor (AZD3965) is undergoing phase | evaluation in the United Kingdom for patients with
solid tumors, prostate cancer, gastric cancer, and diffuse large cell B lymphoma (Polanski et al.,

2014).



Conclusion

Our interest in MCT1 stemmed from our preliminary data that found that MCT1 was the
most strongly correlated gene with glycolytic phenotype breast cancer patient tumors, and
glycolytic breast cancer cell lines. We proposed to test the hypothesis that altering the metabolic
state of cancer cells can affect tumor development and progression. We hypothesized that one
such metabolic regulator was MCT1, and that it is important for the Warburg effect and breast

cancer cell proliferation.
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Chapter 1

MCT1 levels correlate with glycolytic metabolism and malignancy in breast cancer
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INTRODUCTION

The altered metabolism of cancer cells known as the Warburg effect has been well established
since its initial discovery in the 1920s (Warburg, O, 1956). Recent interest in cancer metabolism
has been due to the growing evidence that mutations in oncogenes affect metabolism (Bensinger,
S. J., & Christofk, H. R. (2012), and that glycolytic genes are one of the most upregulated gene sets
in cancer (Altenberg, B., & Greulich, K. O. 2004). Furthermore, patient tumors with this kind of
metabolic phenotype can be imaged by FDG-PET (2-deoxy-2-[*®F]fluoro-p-glucose positron
emission tomography) for diagnosis, staging, and therapy response (Czernin, J., & Phelps, M. E.
(2002). These advancements in the field suggest that not only can these altered metabolic
pathways be ideal targets for therapy, but also that FDG-PET can be used to facilitate drug
development (Kelloff, G. J., 2005). Currently the repertoire of “metabolic regulator” genes that
contribute to this glycolytic metabolism are still to be determined (Bensinger, S. J., & Christofk, H.

R. (2012).

In this study, we investigated the gene expression pattern of glycolytic breast cancer tumors and
glycolytic breast cancer cell lines to identify potential “metabolic regulators”. In finding the
transcript for the solute carrier 16A1 (SLC16A1) encoding the protein monocarboxylate
transporter 1 (MCT1) highly correlated with glycolytic tumors and breast cancer cells, we further
analyzed the other monocarboxylate transporters (MCT1-4) mRNA expression patterns. Next we
assessed MCT1 protein levels in different stage breast and lung cancer tumors, and its role in
patient prognosis. Finally, we measured serum pyruvate and lactate levels from stage | and stage
IV lung and breast cancer patients to determine to further validate MCT1’s role in vivo in tumor

development.
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RESULTS

Glycolytic tumors and cell lines exhibit a gene expression pattern consistent with the

Warburg effect

In order to identify specific transcriptional events that correlate with glycolytic phenotype in
breast cancer, we analyzed gene expression profiles from eleven patient breast tumors stratified
by FDG uptake and thirty-one breast cancer cell lines that we stratified based on glycolytic
versus oxidative phenotype (nmol lactate produced / nmol oxygen consumed) (Fig. 1-1) (Neve et
al., 2006; Palaskas et al., 2011). As shown in Figure 1-2, tumors with high FDG uptake exhibit a
distinct transcriptional signature from those with low FDG uptake. Gene Set Enrichment
Analysis confirmed that MY C-regulated gene sets are significantly enriched in the glycolytic
breast tumors and cell lines (Figure 1-3, Table 1) (Palaskas et al., 2011). Additionally, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways involved in nucleotide metabolism and
glycolysis are also enriched in the glycolytic tumors and cell lines (Fig. 1-2, Table 2) (Kanehisa
etal., 2014). Consistent with previous findings (Palaskas et al., 2011), the glycolytic tumor and
cell line gene expression signature significantly correlates with the basal gene expression
signature in breast cancer (Chang et al., 2005) (Figure 1-4). Mapping the glycolytic gene
expression signature to the KEGG glycolysis pathway demonstrates coordinated upregulation of
glycolytic genes including HK2, PFKP, BPGM, ENO3 and LDHB (Figure 1-5). Together, these
data demonstrate that glycolytic tumors and cell lines exhibit a gene expression signature

consistent with the Warburg effect.

12
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Figure 1-1. Lactate production and oxygen consumption rates vary across a panel of 31
breast cancer cell lines. a, Oxygen consumption rates (blue) and lactate production rates (red)
of 31 breast cancer cell lines. Error bars denote standard deviation (n = 3). b, Stratification of
the breast cancer cell lines based on glycolytic phenotype (nmol lactate produced / nmol oxygen
consumed). Cell lines with gene expression profiles that cluster with Basal A breast cancers are
indicated by orange bars, those that cluster with Basal B breast cancers are indicated by red bars,
and those that cluster with Luminal breast cancers are indicated by blue bars.
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FDG uptake

<— top ranked gene = MCT1
KEGG metabolic pathways enriched
in glycolytic tumors and cell lines
1. Pyrimidine metabolism
2. Glyc/ Gluc, PPP, Carbon Fixation
3. Purine metabolism
4. Glycolysis / gluconeogenesis

Figure 1-2. Breast tumors with high and low FDG uptake have distinct gene expression
signatures. Transcript levels from 11 human breast cancers were ranked by the average
correlation with tumor FDG maximum standardized uptake value (SUVmax) and cell line
glycolytic phenotype (nmol lactate produced / nmol oxygen consumed) and arranged from left to
right in order of increasing FDG uptake. Red and green denote high and low average correlation
coefficients, respectively. MCTL1 is the top-ranked of 13,374 genes. The inset table lists
metabolic pathways enriched in highly glycolytic tumors and cell lines (PPP, pentose phosphate
pathway; Glyc / Gluc, glycolysis / gluconeogenesis).

Differential expression rank
(n=13,374 genes)
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Figure 1-3 MYC-regulated gene sets are significantly enriched in the highly glycolytic
breast tumors and cell lines. RNA expression data sets from i) human breast cancers with
measured FDG uptake and ii) human breast cancer cell lines with measured glycolytic phenotype
were analyzed individually by GSEA. Pathways from the Molecular Signatures Database
(MSigDB) C2 collection were ranked by the average normalized enrichment score (NES) across
the two data sets. Within this ranked list, gene sets associated with upregulated Myc activity
(Myc “up”) were significantly enriched in the highly glycolytic breast tumors and cell lines (p <
0.001). Myc “down” gene sets were not significantly enriched in either direction.
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Figure 1-4. The glycolytic tumor and cell line gene expression signature correlates with
basal gene expression signature in breast cancer. a, b, A ranked list of transcripts correlating
with glycolytic phenotype in breast tumors and cell lines was compared to a ranked list of
transcripts correlating with basal phenotype in breast cancer using the rank-rank hypergeometric
overlap (RRHO) algorithm. The resulting overlap from the ranked lists, represented as a
hypergeometric heat map (a) and a scatter plot (b), indicates significant correlation between the
gene signatures for glycolytic and basal phenotypes in breast cancer (p-value = 10°°%; -log p-
value = 300).
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MCT1 mRNA expression is strongly correlated with the glycolytic phenotype

Notably, the top ranked transcript correlating with glycolytic phenotype in breast tumors and cell
lines is Solute Carrier 16A1 (SLC16A1), encoding MCT1 (Figure 1-1, Figure 1-5). Since
MCT1-4 mediate monocarboxylate transport in cells, we analyzed mRNA expression patterns of
the corresponding genes in breast tumors and cell lines (Figure 1-6). Only MCT1 mRNA
expression yields consistently strong correlation coefficients with glycolytic phenotype in both
breast tumors and cell lines (Figure 1-6). In contrast, MCT4 mRNA expression is less correlated
with glycolytic phenotype (Figure 1-6). However, MCT1-4 mRNA levels in cancer cells may
not reflect protein levels or transporter activity, especially since MCT4 mRNA levels have been

shown to correlate poorly with protein levels in muscle (Bonen et al., 2000).

MCT1 protein levels are elevated in malignant breast and lung cancer lesions

To determine whether MCT1 protein expression is elevated in primary cancers, we analyzed
normal and malignant breast and lung tissues by immunohistochemistry using high-density tissue
microarrays (TMAs). MCTL1 protein expression is significantly increased in malignant breast
and lung tissues compared to adjacent non-malignant tissues (Figure 1-7). Later stage lung
cancers (Stage 11-1V) have greater MCT1 expression than those in early stages (Stage I)
(integrated intensity = 0.44 + 0.08 in Stage 11-1V (n = 174) versus integrated intensity = 0.29 +
0.03 in Stage | (n=216), p < 0.01). Additionally, high MCT1 expression is associated with worse
prognosis in breast and lung cancer patients (Figure 1-8). These findings corroborate published
results showing MCT1 elevation in basal-like breast carcinoma (Pinheiro et al., 2010) and
colorectal carcinomas (Pinheiro et al., 2008) as well as studies showing association of MCT1

expression with poor prognosis in epithelial ovarian cancer (Chen et al., 2010) and gastric cancer

17



(Pinheiro et al., 2009). These results are inconsistent with a previous report that did not find
elevated MCT1 expression by immunohistochemistry in lung adenocarcinomas (McCleland et
al., 2013). One potential explanation for this discrepancy is the use of more lung
adenocarcinoma patient samples in our study (715 versus 226). Additionally, while we found
significantly elevated MCT1 expression in lung adenocarcinomas compared to adjacent non-
malignant tissue, we found an even greater increase in MCT1 expression in squamous cell and

large cell carcinoma tissues.

Serum lactate and pyruvate levels are elevated in late stage lung cancer patients

Furthermore, we found that serum lactate and pyruvate concentrations are significantly elevated
in Stage 1V versus Stage | lung cancer patients (Figure 1-9), consistent with MCT1 modulation
of tumor cell lactate and pyruvate export in vivo. However, no significant difference in lactate or
pyruvate levels was observed in serum from Stage IV versus Stage | breast cancer patients (data

not shown).
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Figure 1-6. Levels of MCT1, but not other MCT family members, are highly correlated
with glycolytic phenotype in breast tumors and cell lines. The Pearson correlation coefficient
with FDG uptake in human breast tumors (left) and glycolytic phenotype in human breast cancer
cell lines (right) is depicted for microarray probes recognizing MCT1-4 family members. d,
Scatter plots of MCT1 and MCT4 expression demonstrate that MCT1 but not MCT4 is highly
correlated with glycolytic phenotypes. Transcript levels are plotted versus FDG uptake for
human breast tumors (left) and glycolytic phenotype for human breast cancer cell lines (right).
P-values are the two-tailed significance of the Pearson correlation coefficient.
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Figure 1-7. Elevated MCT1 protein levels are indicative of tumor. a, IHC of human normal
breast and breast invasive ductal carcinoma (IDC) with an antibody towards MCT1. Images are
shown at X 100 magnification. b, The mean integrated MCT1 expression as determined by
immunohistochemistry on a breast tissue microarray is compared across breast histologies and
histopathologies. ¢, The mean integrated MCT1 expression as determined by
immunohistochemistry on a lung tissue microarrary is compared across lung histologies and
histopathologies. For b, c, error bars denote standard error of the mean, and n = number of tissue
array spots analyzed.
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DISCUSSION

In the present study, we investigated transcriptional changes that occur to support the Warburg
effect in breast tumor and breast cancer cell lines.

We showed that tumors with high FDG uptake exhibit a distinct transcriptional signature
compared to tumors with low FDG uptake. Consistent with previous reports we found that
glycolysis and glycolysis related pathways to show the greatest transcriptional enrichment
(Palaskas et al., 2011). Furthermore, we found that in both glycolytic breast tumors and breast
cancer cell lines the gene SLC16A1 encoding the protein MCT1 was the most enriched
transcript. These data showed that glycolytic breast cancer tumors and cell lines exhibit a gene
expression signature consistent with the Warburg effect, and that MCT1 may contribute to this
glycolytic metabolism.

MCT1-4 are known to mediate proton-linked bi-directional transport of
monocarboxylates such as lactate, pyruvate, and ketone bodies across the plasma membrane, and
are thought to be crucial for adaptation to upregulated glycolysis (Halestrap and Meredith, 2004,
Eilersten et al., 2014). MCT2 and MCT3 role in cancer are less studied, however MCT1 and
MCT4 have been found to be most commonly upregulated in cancers (Halestrap and Wilson,
2012). Surprisingly we found that when we analyzed the mRNA levels of MCT1-4 in the breast
tumors and cell lines, only MCT1 consistently strongly correlated with the glycolytic phenotype.

Further, we found that MCT1 protein expression was elevated in both lung and breast
primary tissue, which is consistent with previous findings that have identified MCT1
upregulation in an array of primary human tumors, such as colon (Pinheiro et al., 2008), breast
(Pinheiro et al., 2011), head and neck (Curry et al., 2013), and lung cancer (Izumi et al., 2011).

Additionally, this elevation in MCT1 expression was associated with worse prognosis in patients.
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Finally, we found that serum lactate and pyruvate levels were elevated in Stage IV lung
cancer patients versus Stage | lung cancer patients, which is consistent with our previous results
which shows enriched levels of MCT1 with increasing tumor malignancy. Despite the breast
cancer patient serum samples (data not shown) not showing any significant difference between
Stage IV and Stage | serum pyruvate or lactate levels, further study may be needed to determine

whether measuring serum metabolite levels may be a potential prognostic tool.

In summary, our findings in chapter 1determined that MCT1 levels correlated with

glycolytic metabolism and tumor malignancy in breast cancer patients.
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MATERIALS AND METHODS

Enrichment Analysis

Gene expression data was analyzed using Gene set enrichment analysis (GSEA) (Subramanian et
al., 2005) and Rank-rank hypergeometric overlap (RRHO) (Plaisier et al., 2010) algorithms as
described previously (Palaskas et al., 2011). Pathway annotations for GSEA were from i) KEGG
metabolic pathways (Kanehisa et al., 2010) or ii) the MSigDB curated gene sets (Subramanian et
al., 2005). To visualize gene expression data within the context of metabolic pathway structure,
we used Cytoscape (Smoot et al.) to color code the KEGG glycolysis pathway genes (hsa00010)

on a green-to-red scale according to the average Pearson correlation with glycolytic phenotype.

Immunohistochemistry

Paraffin-embedded breast and lung cancer tissue microarray blocks were cut into 4 pum sections
immediately prior to immunohistochemistry with polyclonal MCT1 antibody, and staining,
blinded scoring, and statistical analyses were carried out as described previously (Mah et al.,
2011; Mah et al., 2007; Yoon et al., 2010; Yoon et al., 2011). Comparisons of MCT1 expression
across lung and breast histopathological categories were performed using Kruskal-Wallis tests,

and the Cox proportional hazards model was used to determine prognostic values of survival.

Serum measurements

Blood samples were collected from patients in blood sample tubes and kept on ice until

processing. Samples were spun at 1,800 x g for 10min. Supernatant was collected into 15ml
centrifuge tubes and respun at 1,000 x g for 10min. Supernatant was collected as serum and
frozen at -80°C until processing. Serum pyruvate and lactate levels were measured using an

absorbance-based assay kit (BioVision).
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Chapter 2

MCT1 inhibition reduces pyruvate but not lactate export, and enhances oxidative
metabolism in glycolytic breast cancer cells
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INTRODUCTION

Since glycolytic metabolism contributes to tumor growth in many cancers, efforts have been
made to block tumor glycolysis. Presently, over 60% of tumors are recognized to be glycolytic
and thereby presents a broad target that could affect many different types of cancers (Dakubo,
2010). One potential target is the family of monocarboxylate transporters (MCTSs) that regulate
cancer cell lactate export. The MCT family includes 14 members, but only MCT1-4 have been
demonstrated to mediate proton-linked bi-directional transport of monocarboxylates such as
lactate, pyruvate, and ketone bodies across the plasma membrane (Halestrap and Meredith,
2004). MCT levels and regulation plays an integral role in intracellular processes that balance
the cell’s homeostasis and its metabolic phenotype. For example, export of lactic acid prevents
the decrease of cytosolic pH (pHi), and the inhibition of glycolysis. Tumor lactate export is
thought to be primarily mediated by MCT1 and MCT4, since these are the family members most
commonly upregulated in cancers (Halestrap and Meredith, 2004; Halestrap and Wilson, 2012).
SLC16AL1, the gene that encodes MCT1, was recently reported to be a MY C transcriptional
target essential for lactate transport and glycolytic flux of certain cancer cell lines (Doherty et al.,
2014). MCT1 levels also helps mediate pyruvate entry into the mitochondria for oxidative
phosphorylation for ATP production (Halestrap et al., 2004). Furthermore, it has been suggested
that MCT1 may play a role in communicating redox status between cells, as the lactate to
pyruvate ratio also reflects the NAD+/NADH ratio in the cytosol (Poole et al., 1994). It has been
shown that MCT1 inhibition induces cell death in Burkitt lymphoma cells and MCF7 breast
cancer cells through disruption of lactate export, glycolysis and glutathione synthesis (Doherty et
al., 2014). Consistent with this, small molecule inhibitors of MCT1 block activation of T cells

reliant on increased glycolysis for proliferation through abrogation of lactate export (Guile et al.,
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2006; Murray et al., 2005). These data together suggest that MCTL1 is a viable target for cancer
therapy. Currently an MCT1 inhibitor (AZD3965) is undergoing phase | evaluation in the United
Kingdom for patients with solid tumors, prostate cancer, gastric cancer, and diffuse large cell B

lymphoma (Polanski et al., 2014).

In this study we investigated the role of MCTL1 in glycolytic metabolism. We investigated the
change in glycolytic breast cancer cells metabolism upon loss of MCT1 function, and the role of

MCT1 in regulating monocarboxylate transport.

RESULTS

Loss of MCT1 abrogates the similarity of glycolytic cells to tumors with high FDG update

In order to determine the role of MCT1 in the Warburg effect we generated breast cancer
cell lines with short hairpin (sh)RNA-mediated stable knockdown of MCT1 (Figure 2-1). The
cell lines used — HS578T, SUM149PT, and SUM159PT — are among the most glycolytic in our
panel of 31 breast cancer cell lines (Figure 1-1). Using a threshold-free comparison of genome-
wide expression patterns (Plaisier et al., 2010), we found that MCT1 knockdown in SUM149PT
cells abrogated the similarity of these glycolytic cells to tumors with high FDG uptake (Figure 2-
1.) Additionally, MCT1 knockdown results in altered expression of several nodes associated
with highly glycolytic phenotypes, including HK1, PFKM. BPGM, and ENO1 (Figure 2-1).
Treatment of HS578T cells for 24 hours with an MCT1 inhibitor (AZD3965) induced a gene
expression signature that strongly resembles that of SUM149PT cells with stable MCT1
knockdown (Figure 2-2). Treatment of SUM149PT and SUM159PT cells with the MCT1

inhibitor abrogated the similarity to SUM149PT cells expressing scrambled shRNA.
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Additionally, MCT1 inhibition decreased the similarity of these glycolytic cells to tumors with
high FDG uptake (Figure 2-2). Together these data suggest that loss of MCT1 function changes

gene expression of breast cancer cells to a less glycolytic phenotype.

MCT1 inhibition enriches genes involved in oxidative phosphorylation and oxygen

consumption rates

Next, gene set enrichment analysis (GSEA) of MCT1 knockdown SUM149PT cells, as well as
MCT1 inhibitor (AZD3965)-treated SUM149PT cells, showed enrichment in genes involved in
oxidative phosphorylation, pyruvate metabolism, the TCA cycle, and, surprisingly, glycolysis
(Figure 2-3). Enriched expression of oxidative phosphorylation genes was also observed upon
MCT1 inhibition for 24 hours in additional breast cancer cell lines (Figure 2-4). Consistently,
MCT1 inhibition results in increased oxygen consumption rates in multiple breast cancer cell

lines after 24 hours treatment, but not after 0.5 or 4 hours AZD3965 treatment (Figure 2-4).
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Figure 2-1. Cells with stable MCT1 knockdown exhibit altered expression of glycolytic
genes. a, SUM159PT cells were infected with lentivirus containing the pLKO vector with
scrambled shRNA or shRNA that knocks down MCT1 expression. After selection in puromycin
for 5 days, mRNA was extracted and transcript levels were measured using an Affymetrix
microarray. b, Gene expression profiles from SUM149PT cells expressing scrambled shRNA
(control) and shRNA towards MCT1 (knockdown) were used to generate a ranked list of
transcripts that are differentially expressed upon MCT1 knockdown. This ranked list was
compared to a ranked list of transcripts that correlate with high FDG uptake in breast tumors
from patients using the rank-rank hypergeometric overlap (RRHO) algorithm. The resulting
overlap from the ranked lists, represented as a hypergeometric heat map, indicates that MCT1
knockdown renders glycolytic SUM149PT breast cancer cells less similar to tumors with high
FDG uptake. The direction-signed logio-transformed hypergeometric p-values are indicated in
the accompanying color scale. ¢, A comparison of glycolysis gene transcript levels in the MCT1
knockdown cells versus scrambled shRNA cells is depicted.
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Figure 2-2. MCT1 inhibitor treatment induces a gene expression signature that resembles
that of MCT1 knockdown and decreases similarity to breast tumors with high FDG
uptake. mMRNA was extracted from HS578T, SUM149PT, and SUM159PT cells treated for 24
hours with an MCT1 inhibitor (AZD3965) and transcript levels were measured using an
Affymetrix microarray. These gene expression profiles were compared to mRNA from (a)
SUM149PT cells expressing either scrambled (control) or MCT1 shRNA and (b) breast tumors
with high or low FDG uptake by rank-rank hypergeometric analysis (Plaisier et al., 2010). The
resulting hypergeometric heat maps indicate the degree of overlap between the two gene
expression signatures where the direction-signed log;o-transformed hypergeometric p-values are
represented by the accompanying color scale. a, MCT1 inhibition rendered the gene expression
profiles of HS578T cells more similar to SUM149PT cells with stable MCT1 knockdown. In
SUM149PT and SUM159PT cells, MCT1 inhibition abrogated the similarity to SUM149PT cells
expressing the scrambled shRNA. b, MCT1 inhibition rendered the gene expression profiles of
all three glycolytic cell lines less similar to tumors with high FDG uptake.

hi (n=6)

hi (n=6)

Larson_FDG_lo_hi

Larson_FDG_lo_hi

Larson_FDG_lo_hi

lo (n=5)

lo (n=5)
lo (n=5)

32



NDUFB11

A o
. ()]
] ATPEVOD1
8 COX17
< NDUFAG
2 ATP5G2
c ATPSD
L) NDUFS3
=
UQCR10
8
> COX7C
o
o NDUFB10
.g- ATPSI
n ATP5G3
_g COX6B1 2
o NDUFA2
g cyc1 | ]
= UacRa @
=) 00
m C
S SDHC © 0
=
= ATPEVID ©
x o
o ATPevic2 2
uacRs .-2
UQCRCL

ALL_METABOLIC_GENES *%

ARACHIDONIC_ACID_METABOLISM_HSA00590
OXIDATIVE PHOSPHORYLATIONENZYMES ONLY
GLYCOLYSIS GLUCONEOGENESIS B MCT1 shRNA

GGPP B MCT1 inhibitor
GGPPCF PHOTO

METABOLISM OF XENOBIOTICS BY CYTOCHROME P450
PYRUVATE METABOLISM

GLYCEROPHOSPHOLIPID METABOLISM

CITRATE CYCLE TCA CYCLE * p <0.05
- ' ' ' ¥¥5'<0,001
0 2 4 6 8

Normalized Enrichment Scores

Figure 2-3. MCT1 knockdown and inhibition enriches the oxidative phosphorylation gene
set in breast cancer cell lines. a, Heatmap indicating fold changes in expression levels of genes
in the oxidative phosphorylation gene set from SUM149PT cells treated with DMSO or
AZD3965 (MCT1i) for 24 hr. b, Gene set enrichment (GSEA) of MCT1 knockdown (red)
SUM149PT cells, as well as MCT1i (AZD3965) (blue) treated SUM149PT cells, shows
enrichment in oxidative phosphorylation enzymes, pyruvate metabolism and TCA cycle KEGG
pathways.
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Figure 2-4. Acute MCT1 inhibition enriches the oxidative phosphorylation gene set and
oxidative phosphorylation in breast cancer cell lines. a, HS578T, SUM149PT, SUM159PT
were treated with vehicle (DMSO) versus 250 nM MCT1 inhibitor (AZD3965) for 24hrs. mRNA
was extracted (Qiagen) and transcript levels were measured using Affymetrix (U133plus2.0).
Mountain plots showing the enrichment of the oxidative phosphorylation gene sets in each of the
cell lines is depicted. b, Cellular oxygen consumption rates post treatment with DMSO versus
250 nM AZD3965 (MCT1i).
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MCT1 inhibition does not alter glycolytic flux or net lactate transport in glycolytic breast

cancer cell lines

Notably however, lactate export rates and glucose uptake rates are not consistently altered upon
MCT1 inhibition or MCT1 knockdown (Figure 2-5). Additionally, glycolytic flux as determined
by conversion of 1,2-*C-glucose to 1,2-*C-lactate is also not consistently altered by MCT1
inhibition in breast cancer cell lines (Figure 2-6). These data suggest that MCT1 inhibition leads
to enhanced oxidative metabolism in breast cancer cells through an alternative mechanism than

reduced lactate export and disrupted glycolysis.

Next we measured the effect of MCT1 inhibition on lactate uptake in glycolytic breast
cancer cells. To assess lactate uptake, 11 mM 1-*C-lactate was added to the normal culture
medium of SUM149PT cells along with 250 nM AZD3965 or DMSO, and 24 hours later,
metabolites were extracted from the cells and media and analyzed by LC-MS/MS. AZD3965
treatment of SUM149PT cells had no effect on intracellular lactate levels, extracellular lactate
levels, or percentage of **C-labeled intracellular lactate (Figure 2-7). The same experiment was
conducted on SUM149PT cells cultured in media lacking glutamine, and while the percentage of
3C-labeled intracellular lactate increased in the glutamine-deprived cells, MCT1 inhibition again
had no effect on lactate levels or labeling (Figure 2-7). These results suggest that MCT1 does

not impact lactate uptake in glycolytic breast cancer cells.
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Figure 2-5. Lactate export rates, extracellular acidification and glucose uptake are not
consistently altered upon MCT1 inhibition. a, Lactate export rates 4 hours post treatment of
the indicated cell lines with DMSO or 250 nM AZD3965 (MCT1i). b, Extracellular acidification
rates 24hrs post treatment with DMSO or 250nm AZD3965 (MCT1i). For c-d cells were
infected with lentivirus containing the pLKO vector with scrambled shRNA or shRNA that
knocks down MCT1 expression. Metabolic measurements were taken 5-7 days post knockdown
(c), lactate export rates (d), glucose consumption rates (d). Error bars in c-d denote standard
deviation (n=3). * denotes p <0.01; ** denotes p < 0.05
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Figure 2-7. MCTL1 inhibtion does not alter lactate uptake in SUM149PT cells. a, Schematic
showing experimental setup. Briefly, 11mM 1-13C-lactate was added to normal culture media at
the same time as addition of DMSO or 250nm AZD3965 (MCTL1i). Metabolites were extracted
from the cells and media 24 hrs post labeling and treatment, and analyzed by LC-MS/MS. b,
Percentage of the **C-labeled M1 lactate isotopomer from cells 24 hr post labeling with 1-*3C-
lactate and treatment with DMSO or 250 nM AZD3965 (MCT1i) in the presence or absence of 4
mM glutamine as determined by LC-MS/MS. c, Relative intracellular lactate levels as measured
by LC-MS/MS. d, relative media lactate levels as measured by LC-MS/MS. Relative
intracellular (b) and media (c) lactate levels were unchanged by treatment with AZD3965. For ¢
and d, values shown are relative to lacate levels found in DMSO-treated cells grown in the
presence of glutamine. Error bars in b-d denote standard deviation (n=3).
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MCT1 inhibition reduces pyruvate export in glycolytic breast cancer cell lines

We next measured the effect of MCT1 inhibition on pyruvate export rates. As shown in Figure
2-8 all cell lines tested show decreased pyruvate export rates upon MCT1 inhibition with
AZD3965, as well as increased intracellular pyruvate levels consistently in all cell lines, but not
lactate levels (Figure 2-8).. Decreased pyruvate export rates were also observed upon stable
MCT1 knockdown (Figure 2-8). Reduced pyruvate export rates were also observed using an
alternative shRNA sequence that knocks down MCT1 expression (Figure 2-9), and expression of
shRNA-resistant MCT1 cDNA rescued the reduced pyruvate export rate caused by MCT1

knockdown (Figure 2-10).

To better understand the role of MCT1 in regulating lactate versus pyruvate transport in
breast cancer cells, we also measured lactate and pyruvate export rates over a time course post
AZD3965-mediated MCT1 inhibition by analyzing metabolites extracted from the media via gas
chromatography — mass spectrometry (GC-MS). We found that pyruvate media levels are
reduced by acute MCTL1 inhibition in SUM149PT cells, whereas lactate media levels are
unchanged (Figure 2-11). Other breast cancer cell lines showed similar results (data not shown).

Together these data confirm that MCT1 loss of function reduces cellular pyruvate export.
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Figure 2-8. MCTL is critical for pyruvate export in breast cancer cell lines. a, Pyruvate
export rates 4 hours post treatment of the indicated cell lines with DMSO or 250 nM AZD3965
(MCT1i). b, Pyruvate export rates from cells that were infected with lentivirus containing the
pLKO vector with scrambled shRNA or shRNA that knocks down MCT1 expression. Metabolic
measurements were taken 5-7 days post knockdown. c, Intracellular pyruvate levels 30 minutes
post treatement with DMSO or 250 nM AZD3965 (MCT1i). d, Intracellular lactate levels 30
minutes post treatement with DMSO or 250 nM AZD3965 (MCT1i).
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Figure 2-9. Alternate MCT1 shRNA also reduces pyruvate export and proliferation in
breast cancer cells . a, Immunoblotting of the breast cancer cell line HS578T, stably expressing
shRNA constructs. Cells were infected with lentivirus containing the pLKO vector with
scrambled shRNA (cl) or shRNA that knocks down MCT1 expression (shl) or an alternate
shRNA that knocks down MCT1 expression (sh2). Metabolic measurements were taken 5-7
days post knockdown; blue bars indicate measurements from cells expressing scrambled shRNA,
and red bars indicate measurements from cells expressing ShRNA that knocks down MCT1 (shl)
and green bars indicate measurements from cells expression an alternate ShRNA that knocks
down MCT1 (sh2). b-c, (b), pyruvate export rates (c), and lactate export rates. Error bars in b-c
denote standard deviation (n=3). * denotes p < 0.01; ** denotes p < 0.05
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Figure 2-10. Overexpression of sShRNA resistant MCT1 cDNA rescues MCT1 shRNA
phenotypes in breast cancer cells. HS578T cells were infected with lentivirus containing the
M4 vector or an M4 vector containing an MCT1 cDNA construct resistant to ShRNA (MCT1
rescue), and selected for 5 days with blasticidin. Both cell lines were then infected with a
lentivirus containing a pLKO vector with scrambled shRNA (Scramble shRNA) or shRNA that
knocks down MCT1 expression (MCT1 kd shRNA) and selected with a media containing
blasticidin and puromycin. a, Immunoblotting of the breast cancer cell line HS578T, stably
expressing M4 or M4-MCT1 rescue and shRNA constructs. (b) Pyruvate export rates. Dark gray
bars indicate measurements from cells expressing scrambled shRNA, and light gray bars indicate
measurements from cells expressing ShRNA that knocks down MCT1. Error bars denote
standard deviation (n = 3).
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DISCUSSION

In the present study, we investigated the role of MCT1 in the Warburg effect in breast cancer cell
lines.

We found that loss of MCT1 function in breast cancer cell lines altered the gene
expression profiles of these cells to no longer resemble tumors with high FDG uptake,
suggesting that the MCT1 inhibition caused the cells to take on a less glycolytic phenotype. To
such, we found that knockdown and inhibition of MCT1 caused enrichment in oxidative
phosphorylation genes, and an increase in oxidative phosphorylation at 24hrs MCT1 inhibition.
However, further experiments found that loss of MCT1 function did not consistently alter lactate
transport, nor glucose uptake, or glycolytic flux. Since the published K, values for MCT1
interaction with pyruvate are lower than those for other monocarboxylates including lactate and
acetate (Kn, pyruvate = 0.6 - 1.0 mM versus K, lactate = 2.2 - 4.5 mM, K, acetate =
3.7)(Halestrap and Wilson, 2012), we hypothesized that MCT1 inhibition may affect pyruvate
transport more than lactate transport in our cells. We determined that indeed, MCT1 inhibition
caused a decreased in pyruvate export and an increase in intracellular pyruvate levels.

Dobherty et al. recently found that MCT1 inhibition blocks lactate transport and decreases
glycolysis to ultimately trigger cancer cell death in lymphoma and breast cancer cells (Doherty et
al., 2014), however we did not observe reduced lactate export or decreased glycolysis upon
MCT1 inhibition in glycolytic breast cancer cell lines. One potential explanation for these
discrepancies is the varying levels of MCT4 in the different cell lines used. The Burkitt
lymphoma cell lines and MCF7 and T47D breast cancer cell lines used in the study by Doherty
et al. expressed very little, if any, MCT4. In contrast, the relatively more glycolytic breast

cancer cell lines used in our study - SUM149PT, SUM159PT, and HS578T (Figure 1-1) -
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expressed measurable amounts of MCT4 (Figure 3-10). MCT4 expression is likely responsible
for continued lactate transport which likely sustains the glycolytic flux and survival of glycolytic
breast cancer cell lines in the context of MCT1 inhibition.

The mechanism by which MCT1 inhibition leads to increased cellular respiration requires
further investigation. Pyruvate export inhibition may lead to increased entry of pyruvate carbons
into the mitochondria to provide more substrate for oxidative phosphorylation. However, our
preliminary studies tracing the fate of **C-glucose metabolites, and specifically pyruvate, in
MCT1-inhibited cells have yielded varying results across the breast cancer cell lines tested.

Also, elevated oxygen consumption rates are observed at 24 hours post AZD3965 treatment, but
not at 30 minutes or 4 hours post treatment (Figure 2-4), suggesting that the effect on respiration
is not direct but rather through programmed changes in transcription. Consistent with this
notion, genes involved in oxidative phosphorylation are enriched in breast cancer cells after 24
hours AZD3965 treatment (Figure 2-3). These changes in gene expression may occur through an
unknown mechanism downstream of MCT1 inhibition and reduction of pyruvate export, or may
simply be a cellular adaptation to survive MCT1 inhibition. It will be interesting to determine
whether similar changes in gene expression also happen in tumors of breast cancer patients
treated with AZD3965.

In summary our findings in chapter 2 determined that loss of MCT1 alters the glycolytic
metabolism of our cells by enhancing oxidative metabolism independently from lactate transport
or glycolysis. However, loss of MCT1 caused a reduction in pyruvate export suggesting that a

primary function of MCT1 in glycolytic breast cancer cells may be to mediate pyruvate export.
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MATERIALS AND METHODS
Cell culture

Human embryonic kidney 293T cells and HS578T breast cancer cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum and
100U/ml of penicillin. SUM149PT and SUM159PT breast cancer cells were maintained in F12
medium and supplemented with 10% fetal bovine serum and 100U/ml penicillin, 20ug/mi

insulin, 1ug/ml hydrocortisone, 10ng/ml EGF and 500ul of 50mg/ml gentamicin.

Cell lysis and immunoblotting

Breast cancer cells were lysed in buffer containing 50mM Tris, 150mM NaCl, 10mM beta-
glycerophosphate, 1% NP-40, 0.25mM NaDeoxycholate, 10mM NaPP, 30mM NaF, 1mM
EDTA, ImM DTT, 1mM sodium orthovanadate, 4ug/ml of protease inhibitors aprotinin,
leupeptin, and pepstatin. Western blot analysis was carried out according to standard protocols.
The following antibodies were used:

shRNA constructs and lentiviral production

Five shRNA constructs targeting MCT1 were purchased from Sigma and were tested for their
ability to knockdown expression of endogenous MCT1 (data not shown). The sShRNA with
highest MCT1 knockdown efficiency was used for infection of cell lines. A separate scramble
shRNA was purchased from Sigma to use as a control. Lentivirus was made using a three
plasmid packaging system as descrived previously (Root et al., 2006). Briefly, ShARNAs in the
pLKO.1-puro vector were cotransfected into 293T cells along with expression vectors containing
the gag/pol, rev, and vsvg genes. Lentivrus was harvested 48hrs post transfection, and 5ug/mL

polybrene was added.
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Stable Cell Line Construction

For stable cell line construction, subconfluent breast cancer cell lines were infected with
lentivirus containing scrambled or MCT1 shRNA, and cells were selected in 2 pg ml™

puromycin for 5 days before experimentation.

Rescue construct and lentiviral production

Flag-tagged human MCT1 was cloned into a modified pCCL lentiviral vector (Thai et al., 2014).
and were cotransfected into 293T cells along with expression vectors containing the gag/pol, rev,
and vsvg genes. Lentivirus was harvested 36hrs post transfection, and 5ug/ml polybrene was
added. Breast cancer cells were infected with harvested lentivirus, and selected in 10ug mL™

blastocidin for two weeks.

Oxygen consumption

Oxygen Consumption rates were measured using two methods. An XF24 Analyzer (Seahorse
Bioscience, North Billerica, MA, USA) was used to measure oxygen consumption on inhibitor
treated cells [28]. The measurements were normalized against protein concentration. Data was
obtained using the XF24 Analyzer software. Oxygen consumption rates of the stable cells were
measured using an anaerobic chamber fitted with a polarographic oxygen electrode, and

normalized against cell count®®

Measurement of Glucose Consumption Rates and Pyruvate/Lactate Export Rates

Glucose consumption and lactate export rates were measured using a NOVA Bioanalyzer.

Briefly, cells were seeded in triplicate in 10cm plates at 50% confluency. Twenty-four hours post
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seeding the media was refreshed for all cells, and media added to an empty 10cm plate as a blank
control. After 24hr incubation, 1ml of media was removed from each sample and the blank
control and analyzed in the Nova BioProfile analyzer. Cell number was determined using a

Coulter particle analyzer and used to normalize the calculated rates.

Pyruvate and lactate export rates and intracellular pyruvate and lactate levels were measured
using an absorbance-based assay kit (BioVision) and GC-MS. Briefly, for the pyruvuate and
lactate export rates cells were seeded in triplicate in 6 well plates at 50-70% confluency. Twenty-
four post seeding, the media was removed and cells washed 2X with PBS. Cells were incubated
for 4hrs in Krebs buffer. Aliquots from each well were assessed for amount of pyruvate and
lactate present. Cell number was determined using a Coulter particle analyzer and used to
normalize the calculated rates. To measure the intracellular pyruvate and lactate levels cells were
seeded in triplicate in 10cm plates at 50-70% confluency. Tweny-four hours post seeding cells
were treated with DMSO (ctl), MCT1i or methyl-lactate/pyruvate for 30min. Cells were lysed in
NP40 lysis buffer and the lysates were spun in 10K filter columns for 10min at 4°C. Aliquots of

the filtered lysate were assess for amount of pyruvate and lactate present.

Intracellular Metabolite Analysis Using LC-MS

Cells were carefully scraped off in 800 pL of 50% ice cold methanol. An internal standard of 10
nmol norvaline was added to the cell suspension, followed by 400 pL of cold chloroform. After
vortexing for 15 min, the aqueous layer was transferred to a glass vial and the metabolites dried
under vacuum. Metabolites were resuspended in 100 pL 70% acetonitrile (ACN) and 5 pL of

this solution used for the mass spectrometer-based analysis. The analysis was performed on a Q

Exactive (Thermo Scientific) in polarity-switching mode with positive voltage 3.0 kV and
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negative voltage 2.25 kV. The mass spectrometer was coupled to an UltiMate 3000RSLC
(Thermo Scientific) UHPLC system. Mobile phase A was 5 mM NH4AcO, pH 9.9, B) was
ACN, and the separation achieved on a Luna 3um NH2 100A (150 x 2.0 mm) (Phenomenex)
column. The flow was 300 pL / min, and the gradient ran from 15% A to 95% A in 18 min,
followed by an isocratic step for 9 min and re-equilibration for 7 min. Metabolites were detected
and quantified as area under the curve (AUC) based on retention time and accurate mass (< 3
ppm) using the TraceFinder 3.1 (Thermo Scientific) software. Relative amounts of metabolites
between various conditions, as well as percentage of labeling was calculated, corrected for

naturally occurring *3C abundance as described (Yuan et al., 2008), and depicted in bar graphs.

Cell Culture Medium Metabolite Analysis Using GC-MS

A total of 2.5 x 10° cells of each breast cancer cell line were seeded onto 6-well plates, medium
was replaced after 24 hours and inhibitor added at appropriate times. Twenty microliters of cell-
free medium samples were taken 24 hours thereafter. Metabolites were extracted by adding 300
ul 80% methanol to the medium samples, followed by vortexing 3X, then centrifugation for 10
minutes at 13k rpm at 4°C. The supernatant was transferred to a fresh tube, and the solvent was
evaporated using a SpeedVac. Metabolites were derivatized by adding 20 ul of 2%
methoxyamine hydrochloride in pyridine (Pierce) for 1.5h at 37 °C followed by 30 ul N-methyl-
N-(tert-butyldimethylsilyl)trifluoroacetamide (Pierce) for 1h at 55 °C. Samples were run on an
Agilent 5975C MSD coupled to an Agilent 7890A GC as described (Metallo et al.). Data
extraction was done with Agilent MSD ChemStation software and analysis performed with

Microsoft Excel. Metabolite isotopomers were not corrected for naturally occuring 13C.
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Chapter 3

MCT1 loss of function decreases breast cancer cell proliferation in vitro and tumor growth
in vivo
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INTRODUCTION

The Warburg Effect is characterized by increased metabolism of glucose to lactate even in the
presence of oxygen (Warburg, 1956). Cancer cells as well as other rapidly proliferating cells,
such as embryonic tissue (Xu et al., 2013) and activated T cells (Murray et al., 2005) are known
to primarily rely on the Warburg effect for glucose metabolism. It is believed that proliferating
cells adopt this altered metabolism in order to create biomass to fuel rapid proliferation
(VanderHeiden et al., 2009).

The metabolic rewiring undergone in cells as they become cancerous has provided many
novel targets for therapy (Galluzzi et al., 2013). Several inhibitors targeting glycolytic
metabolism and other metabolic circuits are currently in Phase 1 clinical trials. AZD3965
(AstraZeneca) is a small molecule inhibitor that is currently undergoing Phase I trials in the UK
for solid tumors. The inhibitor targets MCT1 which is known to be upregulated in many cancers
(Halestrap and Wilson, 2012). Our own data has also shown that MCT1 may be a viable target
by altering glycolytic metabolism by increasing oxidative phosphorylation, and therefore
potentially affecting proliferation.

Retrospective epidemiology studies have also shown that whole-body metabolism can
also affect risk of cancer development, cancer progression and response to therapy (Galluzzi et
al., 2013). Studies have shown that treatment with metformin, a biguanide that is generally used
to treat type Il diabetes, may reduce cancer related mortality (Evans et al., 2005). Metformin and
phenformin are known inhibitors of mitochondrial complex I and inhibit oxidative
phosphorylation. Based on our data showing an increase in oxidative phosphorylation upon
MCT1 inhibition, these biguanides could be used in conjunction with MCT1 to have an even

bigger effect on proliferation of cancer cells.
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In this study we investigated the effect of MCT1 in breast cancer cell proliferation in
vitro and in vivo. Furthermore, we tested the synergistic effect of biguanides in dual treatment

with MCT1 as a potential cancer therapy.

RESULTS

MCT1 loss of function decreases breast cancer cell proliferation in vitro

To examine whether MCT1 function affects breast cancer cell proliferation and survival, we
measured the proliferation rates and viability of breast cancer cell lines stably expressing MCT1
SshRNA or treated with AZD3965. MCT1 knockdown reduces glycolytic breast cancer cell
proliferation (Figure 3-1, Figure 3-2), and this proliferative defect is rescued by expression of
shRNA-resistant MCT1 cDNA (Figure 3-3). AZD3965 treatment also reduces proliferation rates
of glycolytic breast cancer cell lines (Figure 3-1), and dose-response curves for AZD3965
indicate that the reduction in proliferation in glycolytic breast cancer cells tracks with the
reduction in pyruvate export rate caused by MCT1 inhibition (Figure 3-4). Additionally, MCT1
knockdown increases the percentage of cells in the GO/G1 phase of the cell cycle (Figure 3-5).
However, apoptosis-mediated cell death as measured by Annexin A5 staining is not affected by
MCT1 knockdown in the breast cancer cell lines tested (Figure 3-6). These results suggest that
MCT1 loss-of-function reduces proliferation of glycolytic breast cancer cells without enhancing

apoptosis.
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Figure 3-1. MCT1 loss-of-function reduces breast cancer cell proliferation. Proliferation
rates of the indicated breast cancer cell lines stably expressing shRNA that knocks down MCT1
expression (MCT1 shRNA) versus control scrambled shRNA (scramble shRNA), and vehicle
(DMSO) treated cells versus 250 nM AZD3965 (MCT1i).
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Figure 3-2. Alternate MCT1 shRNA reduces proliferation in breast cancer cells . a,
Immunoblotting of the breast cancer cell line HS578T, stably expressing shRNA constructs.
Cells were infected with lentivirus containing the pLKO vector with scrambled shRNA (cl) or
shRNA that knocks down MCT1 expression (sh1) or an alternate sShRNA that knocks down
MCT1 expression (sh2). (a) Proliferation rates were measured by seeding cells on day 1, and
counting cells on day 4. Metabolic measurements were taken 5-7 days post knockdown; blue
bars indicate measurements from cells expressing scrambled shRNA, and red bars indicate
measurements from cells expressing shRNA that knocks down MCT1 (sh1) and green bars
indicate measurements from cells expression an alternate ShRNA that knocks down MCT1 (sh2).
Error bars in denote standard deviation (n=3). * denotes p < 0.01; ** denotes p < 0.05
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Figure 3-3. Overexpression of ShRNA resistant MCT1 cDNA rescues MCT1 shRNA
phenotypes in breast cancer cells. HS578T cells were infected with lentivirus containing the
M4 vector or an M4 vector containing an MCT1 cDNA construct resistant to ShRNA (MCT1
rescue), and selected for 5 days with blasticidin. Both cell lines were then infected with a
lentivirus containing a pLKO vector with scrambled shRNA (Scramble shRNA) or shRNA that
knocks down MCT1 expression (MCT1 kd shRNA) and selected with a media containing
blasticidin and puromycin. a, Immunoblotting of the breast cancer cell line HS578T, stably
expressing M4 or M4-MCT1 rescue and shRNA constructs. (b) Doubling time was determined
by seeding cells on day 1, and counting cells on day 4, and calculating population doubling time.
Dark gray bars indicate measurements from cells expressing scrambled shRNA, and light gray
bars indicate measurements from cells expressing sShRNA that knocks down MCT1. Error bars
denote standard deviation (n = 3).
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Figure 3-6. Cell viability is not affected by MCT1 knockdown. a,b, SUM149PT and
SUM159PT cells were infected with lentivirus containing the pLKO vector with scrambled
shRNA (Scramble shRNA) or shRNA that knocks down MCT1 expression (MCT1 kd shRNA).
After 5 days of puromycin selection, 10° resistant cells were incubated with Annexin V and
propidium iodide (PI) for 15 minutes and then analyzed by flow cytometry. a, Representative
FACS plots showing percentage of cells in early apoptosis indicated by Annexin V positive, Pl
negative staining (lower right quadrant) and percentage of cell in late apoptosis marked by
Annexin V/PI double positive staining (upper right quadrant). b, The number of early and late
apoptotic cells is not affected by MCT1 knockdown in SUM149PT and SUM159PT cells.
Percentage of early apoptotic cells are shown in blue, and percentage of late apoptotic cells are
shown in green. Error bars denote standard deviation (n = 3).
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Furthermore we investigated if increased intracellular pyruvate levels independent of MCT1
function would affect proliferation of the cells. We used plasma membrane permeable versions
of lactate and pyruvate, methyl-lactate and methyl-pyruvate to increase the intracellular lactate
and pyruvate levels in the cells. A concentration of 5mM methyl-pyruvate increased intracellular
pyruvate levels similar to that of MCT1i, whereas 5SmM of methyl-lactate did not increase
intracellular lactate levels consistently in all the cell lines (Figure 3-7). We observed that
treatment of the cells with 5mM methyl-pyruvate over a period of 5 days consistently caused a
significant decrease in proliferation. Treatment with 5SmM methyl-lactate did not show a

consistent decrease in proliferation in all the cell lines (Figure 3-8).

The consistent reduction in proliferation rate upon MCT1 knockdown and AZD3965
treatment is surprising given that these cells express other MCTs (Figure 3-9), and MCT4
expression has been associated with resistance to MCT1 inhibition (Doherty et al., 2014; Le
Floch et al., 2011; Polanski et al., 2014). MCT4 is expressed in the breast cancer cell lines tested
with relatively high expression in SUM149PT and SUM159PT cells (Figure 3-9). The MCT1
shRNA sequences used in this study are not cognate to MCT2-4 mRNAs, and in fact SUM149PT
cells with stable expression of MCT1 shRNA exhibit increased MCT2-4 transcript levels (Figure
2-1). However, MCT4 protein levels are not grossly altered in the context of MCT1 knockdown
or inhibition in the breast cancer cell lines tested (Figure 3-10). Additionally, protein levels of
the MCT chaperone protein CD147 are not altered in the context of MCT1 knockdown or
inhibition in the breast cancer cell lines tested (Figure 3-10). Since we found that MCT1 loss-of-
function reduces proliferation of glycolytic breast cancer cells that express other MCTs,
including MCT4, our results suggest an important and specific role for MCT1 function in breast

cancer cell proliferation.
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Figure 3-7. Methyl-pyruvate increases intracellular pyruvate levels in breast cancer cell
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then lysed. Lysates were measured for intracellular carboxylate levels using a fluorescence based
assay. a, Intracellular pyruvate levels. b, Intracellular lactate levels. Error bars denote standard
deviation (n = 3).
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Figure 3-9. Breast cancer cells express other MCTs. a, MCT1-4 transcript levels determined
by different microarray probes in HCC1937, HS578T, SUM149PT, and SUM159PT cells. b,
Immunoblotting of whole cell lysates from the indicated breast cancer cell lines using antibodies
towards MCT4 and tubulin. SUM149PT and SUM159PT cells express relatively higher

amounts of MCTA4.
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Figure 3-10. MCT4 and CD147 protein levels are not altered by MCT1 knockdown or
inhibition in breast cancer cells. a, Immunoblotting of whole cell lysates from the indicated
cell lines stably expressing scrambled shRNA (cl) or shRNA that knocks down MCT1
expression (kd). Whole cell lysates were probed with antibodies towards MCT4 and tubulin.
MCT4 protein levels are reduced upon MCT1 knockdown in multiple cell lines including
HCC1937 and HS578T cells. b, Immunaoblotting of whole cell lysates from indicated breast
cancer cell lines stably expressing scrambled shRNA (cl) or shRNA that knocks down MCT1
expression (kd). Whole cell lysates were probed with antibodies towards MCT1, CD147 and
GAPDH. CD147 protein levels remain unchanged in HS578T and SUM149PT cells. SUM159PT
cells express higher amounts of CD147 upon MCT1 knockdown. ¢, Immunoblotting of whole
cell lysates from indicated breast cancer cell lines treated with DMSO or 250 nm AZD3965
(MCT1i) for 24hrs. Whole cell lysates were probed with antibodies towards MCT1, MCT4,
CD147 and Tubulin. Levels of indicated proteins remain unchanged after MCT1i treatment.
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MCT1 loss of function prevents tumor initiation in vivo

To examine whether loss of MCT1 impacts tumor initiation in vivo, we generated mammary fat
pad xenograft tumors from SUM159PT cells with scramble shRNA knockdown and SUM159PT
cells with MCT1 shRNA knockdown. The scramble cells were injected into the mice’s right
mammary fat pad, and the MCT1 knockdown cells into the mice’s left mammary fat pad. The
mice were checked twice a week for tumor growth, and measured by caliper upon tumor
development. Tumor growth was observed on the right mammary fat pad of all the mice,
whereas no tumors developed on the left mammary fat pads (Figure 3-11). These findings

suggest that MCT1 may be necessary for tumor initiation for glycolytic breast cancer cells.

MCT1 inhibition decreases tumor growth in vivo

To examine whether MCT1 inhibition impacts tumor growth and glycolysis in vivo, we
generated mammary fat pad xenograft tumors from SUM149PT cells in NOD scid gamma
(NSG) mice, and began AZD3965 treatment after the tumors reached 5mm in diameter.
AZD3965 treatment robustly blocked growth of the mammary fat pad xenograft tumors, with
significant differences in tumor growth between the vehicle-treated and AZD3965-treated
cohorts after only one week of treatment (Figure 3-12). However, despite the reduced tumor
growth, tumor FDG uptake as measured by PET was not decreased in the AZD3965-treated
mice, and instead was slightly but significantly increased (Figure 3-12). These data are
consistent with our in vitro results showing that AZD3965 treatment reduces proliferation but not

glycolytic flux of breast cancer cells.
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Synergistic effects of MCT1 and biguanides further reduce glycolytic breast cancer cell

proliferation

Since we found that MCT1 inhibition enhances oxidative metabolism, we reasoned that co-
treatment of AZD3965 along with an oxidative phosphorylation inhibitor may synergistically
reduce proliferation rates of glycolytic breast cancer cells. We therefore tested the effects of the
biguanides, metformin and phenformin, known inhibitors of mitochondrial complex I, on
glycolytic breast cancer cell proliferation in combination with AZD3965 treatment. Consistent
with our hypothesis, dual treatment of AZD3965 with metformin or phenformin further lowered
proliferation rates, beyond those seen with AZD3965 treatment alone, in an additive to
synergistic fashion in multiple breast cancer cell lines (Figure 3-13). Similar synergistic effects
between MCT1 inhibition and metformin treatment were recently reported in mouse xenograft
models of cancer (Doherty et al., 2014). Collectively, these additive to synergistic effects of
metformin or phenformin dual treatment with AZD3965 in cancer cell lines and tumors suggest a

promising combination treatment strategy for patients with glycolytic tumors.
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Figure 3-12. MCT1 loss-of-function suppresses tumor growth. a and b, Relative tumor
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Figure 3-13. Combined treatment with MCT1 and biguanides further reduce proliferation
of breast cancer cell lines. Proliferation rates of indicated breast cancer cell lines after five days
of treatment with DMSO, MCT1i (IC50), metformin (1C50), metformin + MCT1i (IC50 for
both), or phenformin (IC50), phenformin + MCT1i (IC50 for both). MCT1i was replenished
every day. Errors bars denotes standard error of mean. * denotes p < 0.05, and ** denotes p <
0.01.
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DISCUSSION

In the present study we investigated the role of MCT1 in breast cancer proliferation.

Here we show that MCT1 is critical for proliferation of glycolytic breast cancer cells. Our
studies have found that MCT1 loss of function consistently reduces pyruvate export, increases
oxygen consumption, and reduces proliferation rates. Dual treatment of AZD3965 with
metformin or phenformin further reduces proliferation rates, presumably by blocking the
compensatory switch to oxidative metabolism caused by MCT1 inhibition to sustain proliferation
(Figure 3-14). Our results imply an important role for pyruvate export in promoting proliferation
and reducing oxidative metabolism in glycolytic breast cancer cell lines. However, the
mechanism by which blocking pyruvate export may impact proliferation remains unclear --
modulation of cellular redox status, intracellular pH, and/or ATP levels could be involved.
Additionally, the mechanism by which MCT1 inhibition leads to increased cellular respiration
requires further investigation. Pyruvate export inhibition may lead to increased entry of pyruvate
carbons into the mitochondria to provide more substrate for oxidative phosphorylation.

However, our preliminary studies tracing the fate of **C-glucose metabolites, and specifically
pyruvate, in MCT1-inhibited cells have yielded varying results across the breast cancer cell lines
tested. Also, elevated oxygen consumption rates are observed at 24 hours post AZD3965
treatment, but not at 30 minutes or 4 hours post treatment (Figure 2-4), suggesting that the effect
on respiration is not direct but rather through programmed changes in transcription. Consistent
with this notion, genes involved in oxidative phosphorylation are enriched in breast cancer cells
after 24 hours AZD3965 treatment (Figure 2-3). These changes in gene expression may occur
through an unknown mechanism downstream of MCT1 inhibition and reduction of pyruvate

export, or may simply be a cellular adaptation to survive MCTL1 inhibition. It will be interesting
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to determine whether similar changes in gene expression also happen in tumors of breast cancer

patients treated with AZD3965.

Doherty et al. recently found that MCT1 inhibition blocks lactate transport and decreases
glycolysis to ultimately trigger cancer cell death in lymphoma and breast cancer cells (Doherty et
al., 2014), however we did not observe reduced lactate export, decreased glycolysis, or increased
cell death upon MCTL1 inhibition in glycolytic breast cancer cell lines. One potential explanation
for these discrepancies is the varying levels of MCT4 in the different cell lines used. The Burkitt
lymphoma cell lines and MCF7 and T47D breast cancer cell lines used in the study by Doherty
et al. expressed very little, if any, MCT4. In contrast, the relatively more glycolytic breast
cancer cell lines used in our study - SUM149PT, SUM159PT, and HS578T (Figure 1-1) -
expressed measurable amounts of MCT4 (Figure 3-9). MCT4 expression is likely responsible
for continued lactate transport which likely sustains the glycolytic flux and survival of glycolytic

breast cancer cell lines in the context of MCT1 inhibition.

Previous reports have found that MCT1 and MCT4 are commonly coexpressed in tumors
(Choi et al., 2014; Kim et al., 2015). In support of this notion, we have found that MCT1 and
MCT4 are often coexpressed at the mRNA level in patient breast and lung tumors (Figure 3-14).
Examination of MCT1 and MCT4 mRNA levels across cancer cell lines shows a high number of
cancer cell lines with dual expression of MCT1 and MCT4, and another population with high
expression of MCT1 only (Figure 3-14). While several previous studies have found that MCT1
modulates cancer cell lactate transport in the absence of MCT4 expression, our results support a
lactate-transport independent role for MCTL1 in promoting proliferation of cancer cells with

naturally-derived dual MCT1/MCT4 expression. Future experiments on patient-derived primary
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breast cancers that exclusively express MCT1, MCT4, or both together, are needed to more

clearly delineate the roles of MCT1 versus MCT4 in tumor metabolism and growth.

AZD3965 is thought to kill tumor cells reliant on glycolysis through inhibition of lactate
transport (Doherty et al., 2014; Polanski et al., 2014). However, our data suggests that AZD3965
does not reduce lactate export, glycolytic flux, or survival of glycolytic breast cancer cell lines
coexpressing MCT1 and MCT4 in vitro, but still impacts proliferation through an alternative
mechanism, potentially via reduction of pyruvate export and/or induction of oxidative
metabolism. In our mammary fat pad xenograft model, AZD3965 treatment blocked tumor
growth despite causing a slight increase in tumor FDG uptake as measured by PET. These data
support an alternative mode of action for AZD3965 than impaired glycolysis in blocking tumor
growth and suggest that loss of tumor FDG uptake by PET is not a good biomarker of response

to AZD3965 in breast cancer patients.

Pyruvate is a commonly secreted metabolite from cancer cell lines in vitro (Jain et al.,
2012), however whether pyruvate is secreted from tumors in vivo remains unknown. Our finding
that serum samples from Stage IV lung cancer patients have elevated pyruvate levels compared
to serum from Stage | lung cancer patients is consistent with MCT1 modulation of tumor
pyruvate export in vivo (Figure 2e). However, further studies are necessary to confirm MCT1-
mediated pyruvate export from cancer cells within tumor tissues, and to determine whether and
how pyruvate export impacts tumor growth. Our results expand upon a growing literature that
MCT1 is necessary for optimal cancer cell proliferation and provide further support for use of

MCT1 inhibitors as anti-cancer therapeutics.
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Figure 3-14. Schematic representation of the impact of MCTL1 inhibition on breast cancer
cell metabolism and proliferation. AZD3965 consistently reduces pyruvate export, increases
oxygen consumption, and reduces proliferation rates. Dual treatment of AZD3965 with
metformin or phenformin further reduces proliferation rates, presumably by blocking the
compensatory switch to oxidative metabolism caused by MCT1 inhibition to sustain
proliferation.
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MATERIALS AND METHODS

Cell Proliferation Measurements

For cell proliferation measurements, 1x10*- 2x10° cells were seeded in triplicate in 6-well plates
and accurate cell counts were obtained using a Coulter particle analyser after a 5-day period. For
the inhibitor treated cells, MCT1i was replenished daily. For the metformin and phenformin
treated cells, cells were treated once at the beginning of the experiment. Dual treated cells were
treated once with metformin or phenformin, while MCT1i was replenished daily. For the methyl-

pyruvate and methyl-lactate treated cells, cells were treated daily.

FACS Analysis

Cell cycle analysis was performed as described previously (Krishan, 1975) and by BrdU staining

(BD Pharmagin). Cell viability was assessed using an apoptosis detection kit (BD Pharmingen).

Xenograft Models

Two different breast cancer tumor xenograft models were generated. The first set of xenograft
models were generated by injecting 5 x 10° of scramble stable knockdown cells in the right
mammary fat pad of female NSG mice, and 5 x 10° of MCT1 stable knockdown cells in the left
mammary fat pad. Mice were monitored daily for tumor development. For the second set of
xenograft models 1 x 10® SUM149PT cells were inject into the right mammary fat pad of female
NSG mice. Half of the mice were treated with MCT1i (AZD3965) once tumors reached a size of
5mm in diameter, and were treated twice daily by oral gauvage. Half of the mice were treated as
control mice with an equal volume of vehicle. Tumor size was monitored every other day with

calipers.
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MicroPET/CT Imaging

For microPET imaging, animals were anesthetized with 1.5% isoflurane, USP (Phoenix
Pharmaceutical Inc.) and injected intravenously with 200 uCi *®F-FDG. PET imaging was
conducted on a Focus 220 microPET scanner (Siemens) and, subsequently, CT recorded using a
MicroCAT 11 CT instrument (Siemens). Data was analyzed by drawing 3-dimensional ROIs

using AMIDE software (Loening and Gambhir, 2003).
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In addition to finding that MCT1 is highly correlative with glycolytic metabolism and tumor
malignancy in breast cancer cells and patients, we found that MCT1 is critical for pyruvate
export and proliferation of glycolytic breast cancer cells (schematic representation in Figure 3-
14). MCT1 loss of function consistently reduces pyruvate export, increases oxygen
consumption, and reduces proliferation rates. Dual treatment of AZD3965 with metformin or
phenformin further reduces proliferation rates, presumably by blocking the compensatory switch
to oxidative metabolism caused by MCT1 inhibition to sustain proliferation. Our findings imply
an important role for pyruvate export in promoting proliferation and reducing oxidative
metabolism in glycolytic breast cancer cell lines. However, the mechanism by which blocking
pyruvate export may impact proliferation remains unclear. Here we will discuss potential further

work that could help elucidate MCT1’s role in cancer.

Investigating cellular redox status and oxidative stress upon MCT1 inhibition

The mechanism by which blocking pyruvate export impacts proliferation remains unclear. The
changes in ATP and the redox ratio may provide evidence for how the metabolic pathways are
being affected by MCT1 inhibition, as ATP levels and the NAD+/NADH ratio can regulate key
glycolytic enzymes. Oxidative stress by increased pyruvate entry into the mitochondria for
oxidative phosphorylation could also directly affect proliferation of cells. Accurate
measurements of ROS, NADP+/NADPH levels and glutathione levels would be needed to

determine their role on proliferation upon MCTL1 inhibtion.

Investigating the mechanism by which MCT1 inhibition leads to increased cellular

respiration
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The mechanism by which MCT1 inhibition leads to increased cellular respiration requires further
investigation. Pyruvate export inhibition may lead to increased entry of pyruvate carbons into
the mitochondria to provide more substrate for oxidative phosphorylation. However, our
preliminary studies tracing the fate of **C-glucose metabolites, and specifically pyruvate, in
MCT1-inhibited cells have yielded varying results across the breast cancer cell lines tested.
Also, elevated oxygen consumption rates are observed at 24 hours post AZD3965 treatment, but
not at 30 minutes or 4 hours post treatment (Fig. 3c), suggesting that the effect on respiration is
not direct but rather through programmed changes in transcription. Consistent with this notion,
genes involved in oxidative phosphorylation are enriched in breast cancer cells after 24 hours
AZD3965 treatment (Figure 3b and Supplemental Figure 7). These changes in gene expression
may occur through an unknown mechanism downstream of MCT1 inhibition and reduction of
pyruvate export, or may simply be a cellular adaptation to survive MCT1 inhibition. It will be
interesting to determine whether similar changes in gene expression also happen in tumors of

breast cancer patients treated with AZD3965.
Separating the role of MCT1 and MCT4

Previous reports have found that MCT1 and MCT4 are commonly coexpressed in tumors
(Choi et al., 2014; Kim et al., 2015). In support of this notion, we have found that MCT1 and
MCT4 are often coexpressed at the mRNA level in patient breast and lung tumors
(Supplementary Fig. 15). Examination of MCT1 and MCT4 mRNA levels across cancer cell
lines shows a high number of cancer cell lines with dual expression of MCT1 and MCT4, and
another population with high expression of MCT1 only (Supplementary Fig. 15). While several
previous studies have found that MCT1 modulates cancer cell lactate transport in the absence of

MCT4 expression, our results support a lactate-transport independent role for MCT1 in
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promoting proliferation of cancer cells with naturally-derived dual MCT1/MCT4 expression.
Future experiments on patient-derived primary breast cancers that exclusively express MCT1,
MCT4, or both together, are needed to more clearly delineate the roles of MCT1 versus MCT4 in

tumor metabolism and growth.

Effect of MCT1 inhibition on pyruvate in breast cancer tumors in vivo.

Pyruvate is a commonly secreted metabolite from cancer cell lines in vitro (Jain et al.,
2012), however whether pyruvate is secreted from tumors in vivo remains unknown. Our finding
that serum samples from Stage IV lung cancer patients have elevated pyruvate levels compared
to serum from Stage | lung cancer patients is consistent with MCT1 modulation of tumor
pyruvate export in vivo (Figure 2e). However, further studies are necessary to confirm MCT1-
mediated pyruvate export from cancer cells within tumor tissues, and to determine whether and
how pyruvate export impacts tumor growth. Our results expand upon a growing literature that
MCT1 is necessary for optimal cancer cell proliferation and provide further support for use of

MCT1 inhibitors as anti-cancer therapeutics.

81



References

Choi, J.W., Kim, Y., Lee, J.H., and Kim, Y.S. (2014). Prognostic significance of lactate/proton
symporters MCT1, MCT4, and their chaperone CD147 expressions in urothelial carcinoma of the bladder.
Urology 84, 245 ¢249-215.

Kim, Y., Choi, J.W., Lee, J.H., and Kim, Y.S. (2015). Expression of lactate/H(+) symporters MCT1 and
MCT4 and their chaperone CD147 predicts tumor progression in clear cell renal cell carcinoma:
immunohistochemical and The Cancer Genome Atlas data analyses. Hum Pathol 46, 104-112.

Jain, M., Nilsson, R., Sharma, S., Madhusudhan, N., Kitami, T., Souza, A.L., Kafri, R., Kirschner, M.W.,
Clish, C.B., and Mootha, V.K. (2012). Metabolite profiling identifies a key role for glycine in rapid
cancer cell proliferation. Science 336, 1040-1044.

82





