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Abstract

The mechanisms which allow cancer cells to adapt to the typical tumor microenvironment of low

oxygen and glucose and high lactate are not well understood. GPR81 is a lactate receptor recently

identified in adipose and muscle cells that has not been investigated in cancer. In the current study,

we examined GPR81 expression and function in cancer cells. We found that GPR81 was present

in colon, breast, lung, hepatocellular, salivary gland, cervical and pancreatic carcinoma cell lines.

Examination of tumors resected from pancreatic cancer patients indicated that 94% (148/158)

expressed high levels of GPR81. Functionally, we observed that the reduction of GPR81 levels

using shRNA mediated silencing had little effect on pancreatic cancer cells cultured in high

glucose, but led to the rapid death of cancer cells cultured in conditions of low glucose

supplemented with lactate. We also observed that lactate addition to culture media induced the

expression of genes involved in lactate metabolism including monocarboxylase transporters in

control, but not in GPR81 silenced cells. In vivo, GPR81 expression levels correlated with the rate

of pancreatic cancer tumor growth and metastasis. Cells in which GPR81 was silenced showed a

dramatic decrease in growth and metastasis. Implantation of cancer cells in vivo was also observed

to lead to greatly elevate levels of GPR81. These data support that GPR81 is important for cancer

cell regulation of lactate transport mechanisms. Furthermore, lactate transport is important for the

survival of cancer cells in the tumor microenvironment.
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Introduction

The increased energy demands required for the chronic and uncontrolled proliferation of

malignant cells within the hypoxic and glucose-poor environment of a solid tumor requires

alterations in cellular metabolism (1, 2). In tumors, where oxygen availability is limited and

fluctuating, cells undergo metabolic adaptations including a switch to aerobic glycolysis,

termed the “Warburg effect” (3), which results in higher rates of glycolysis, reduced

pyruvate oxidation and increased lactate production (4-6). Elevated lactate concentrations in

the tumor microenvironment, ranging from 5-20mM (7-9), may under some circumstances

provide an alternate metabolic fuel (5, 6, 10, 11). Elevated levels of lactate within cancer

cells have also been shown to disable glycolysis and glutathione synthesis (12). Thus, lactate

levels are carefully maintained by way of specific transporters, termed monocarboxylase

transporters (MCTs) (6, 13, 14). MCT1 has a high-affinity for lactate and is primarily

responsible for lactate influx. Its expression is regulated, in part by peroxisome proliferator-

activated receptor (PPAR)-γ co-activator (PGC)-1α (15). PGC-1α has a broad range of

biologic activities including mitochondrial biogenesis and glucose/fatty acid metabolism

(16). Conversely, MCT4, a hypoxia-inducible MCT, has a low-affinity for lactate and is

adapted to release lactate from cells (13, 14). Proper targeting of MCT1 and MCT4 to the

plasma membrane requires association with the chaperone, CD147 (17). In tumors, PGC-1α,

MCT1, MCT4 and CD147 expression is common, and preclinical studies of MCT1 and

CD147 inhibition have validated their use as potential therapeutic targets (10, 18).

Previously, lactate has generally been regarded as a waste product of metabolism. However,

in skeletal muscle, lactate has been shown to act as a signaling molecule (19). Skeletal

muscle cells stimulated with increasing concentrations of lactate have increased mRNA

levels of MCT1 and PGC1α (19). However, the mechanism of lactate regulation of MCTs in

skeletal muscle is still unknown. To our knowledge, a similar regulation of the lactate

transporters by lactate has not been reported in cancer cells. However, lactate has been

shown to indirectly impact several biologically-significant activities in tumors (20), such as

hypoxia-independent regulation of HIF-1α (21-24), and lactate-uptake dependent NF-κB/

IL-8 activity in endothelial cells (25).

Recently, a receptor for lactate has been described, termed GPR81 (26, 27). This Gi-coupled

receptor is expressed mainly in adipocytes (28-30) but has also been found in skeletal

muscle (27, 31) and in brain (32). In adipocytes, high glucose levels result in increased

insulin-dependent glucose uptake and increased conversion of glucose to lactate. Lactate

was found to activate GPR81, which reduced the conversion of ATP to cAMP and reduced

lipolysis (27-30). However, the expression of GPR81 and its role in lactate regulation of

MCTs have not previously been reported in cancer.

In this study, we demonstrate that GPR81 is highly expressed in multiple cancer cell types

including pancreatic ductal adenocarcinoma. Silencing of GPR81 rendered cells insensitive
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to lactate levels that increased MCTs and PGC-1α in control cells. Reduction of GPR81

levels in xenografted cancer cells reduced tumor growth and metastasis in vivo. Silencing of

GPR81 also decreased tumor cell mitochondrial activity and decreased tumor cell

proliferation when lactate was the only available energy source. These data confirm the

importance of lactate metabolism in cancer and identify GPR81 as an important regulator.

Materials & Methods

Cell Culture

MiaPaca-2, HPAF II, HPAC, Capan-I, Capan-II, BxPc3, ASPC1, CFPAC-1, Panc-3, SU

86.86, SW48, HCT116, LoVo, SK-Hep-1, Hep G2, A549, H3118, A253, NCI-H292, and

MCF7 were from ATCC. The immortalized normal human pancreatic ductal epithelial

(HPDE) cell line was kindly provided by Dr. M. S. Tsao (University of Toronto, Ontario,

Canada). L36.pl cells were provided by Dr. Isaiah Fidler (MD Anderson Cancer Center,

Houston TX) and Panc-28 and Panc-48 cells were provided by Dr. Paul Chiao (MD

Anderson Cancer Center, Houston TX). MOH cells were provided by Dr. R. Mohammad

(Wayne State University, MI) and SiHa cervical cancer cell line provided by Dr. Anil Sood

(MD Anderson Cancer Center, Houston, TX). MD Anderson pancreatic adenocarcinoma

tumor cells 1 and 3 (MDA-PATC1 and MDA-PATC3) cells were derived from primary

tumorgrafts. Cell line authenticated using DNA fingerprinting upon receipt and passaged for

fewer than 6 months prior to experiments (data not shown). Cells were routinely cultured in

recommended media. All cells were maintained at 37° C in a humidified atmosphere of 5%

CO2

Tissue specimens

The primary tumors analyzed in this study were derived from the University of Texas MD

Anderson Cancer Center and conformed to the policies and practices of the MD Anderson

Cancer Center Internal Review Board. The tissue microarrays used in this study were

constructed using formalin-fixed, paraffin embedded archival tissue blocks from the

pancreatectomy specimens from 133 patients with stage II PDAC. The matched hematoxylin

& eosin (H & E) stained slides were reviewed to identify the representative areas for tumor

and benign pancreas. For each patient, two cores of tumor and one core of paired benign

pancreatic tissue were sampled from representative areas using a 1.0-mm punch. The tissue

microarrays were constructed using a tissue microarrayer (Beecher Instruments, Sun Prairie,

WI) as described previously (33).

Real-time PCR

RNA was prepared using TRIzol (Invitrogen, Grand Island, NY) according to the

manufacturer's instructions. The quality of RNA was evaluated using spectrophotometry.

The cDNA used for subsequent PCR was made using iScript (Bio-Rad Laborato- ries,

Hercules, CA) and SensiMix real-time PCR kit was used for real-time PCR (Bioline,

Taunton, MA). 18s rRNA was used as an internal reference gene to normalize input cDNA.

Primer sequences used are listed in Supplemental Table 1. We used the comparative cycle

threshold method to compute relative expression values (34).
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Immunocytochemistry

Cells were plated on chamber slides and maintained overnight at 37°C in a mixture of 5%

CO2 and 95% air in DMEM supplemented with 10% fetal bovine serum (FBS). Cells were

fixed in acetone and blocked with 4% fish gelatin for 20 min. Rabbit anti-GPR81 (Abnova,

Walnut, CA) was used at 1:120 dilution and incubated overnight at 4°C. Negative controls

were done using isotype control antibodies (Jackson ImmunoResearch, West Grove, PA).

Following washes, the appropriate fluorophore-conjugated secondary antibody was added

(Jackson Immunoresearch, West Grove, PA), nuclei stained with Hoescht (1μg/ml), and

slides covered using VECTASHIELD mounting medium (Vector laboratories, Burlingame,

CA). Sections were examined on a Zeiss Axioplan2 microscope and images captured with a

Hamamatsu ORCA-ER camera with Image-Pro Plus software (Media Cybernetics,

Rockville, MD) and analyzed using Simple PCI software (Hamamatsu Corporation,

Sewickley, PA).

Immunohistochemistry

Tissues were either fixed in 4% formalin then embedded in paraffin or snap frozen in liquid

nitrogen and embedded in ornithine carbamyl transferase medium and sectioned. Paraffin

embedded sections were deparaffinized with xylene and rehydrated with ethanol. Antigen

retrieval was performed with diva decloaker (Biocare Medical, Concord, CA) in a steamer

for 20 minutes. Endogenous peroxidase was blocked with 4% H2O2 and protein-blocked

with 4% fish gelatin. Frozen sections were fixed in acetone, briefly air dried, and blocked

with 4% fish gelatin for 30 minutes. Primary antibodies were incubated overnight at 4°C and

included: rabbit anti-GPR81 (Abnova, Walnut, CA), 1:50 dilution; rabbit anti-MCT1 (Santa

Cruz Biotechnology, Santa Cruz, CA), 1:50 dilution; rabbit anti-PGC1α (Novus Biologicals,

Littleton, CO), 1:50 dilution; anti-Ki67 (Thermo Fischer Scientific, Waltham, MA).

Negative controls were done using isotype control antibodies (Jackson ImmunoResearch,

West Grove, PA). Following washes, VECTASTAIN® ABC systems (Vector laboratories,

Burlingame, CA) was added to paraffin sections per manufacturer protocol, developed with

3,3-diaminobenzidine substrate, counterstained with hematoxylin and mounted with water

soluble mounting media. Frozen sections were developed with fluorophore-conjugated

secondary antibody, as described above.

Transient transfection of small interfering RNA

BxPC3 cells were plated on 100-mm dishes and transiently transfected with prevalidated

FlexiTube GeneSolution siRNAs (siControl and siGPR81) at a final concentration of 5

nmol/L (Qiagen, Inc., Valencia, CA) with Hiperfect transfection reagent (Qiagen, Inc.,

Valencia, CA), and lysates were prepared for RT-PCR after 24h as described above.

Stable knockdown of short hairpin RNA and overexpression plasmid

Capan-II cells were infected with recombinant non-replicative lentiviral plasmid from Sigma

(St. Louis, MO) containing human shGPR81 (transfected with 2 different shRNA constructs

for GPR81 (shGPR81) or with a control plasmid (pLKO.1-puro)) obtained from Sigma.

Each construct was co-transfected with packaging constructs PMD.2 and psPAX2 from

Addgene (Cambridge, MA). Lentivirus was produced in 293FT cells using LipofectAMINE
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2000 reagent (Invitrogen, Carlsbad, CA). Cells were infected with lentivirus (500 μl

supernatant/ml medium) mixed with polybrene (4 μg/ml). Stable expression of shControl,

shGPR81-1, and shGPR81-2 were established in Capan-II cells by selecting for puromycin

resistance (1 mg/mL). For GPR81 gain of function studies, control pcDNA and pcDNA

expressing GPR81 (Origene, Rockville, MD) were stably transfected into ASPC1 cells.

Silencing or overexpression of GPR81 were confirmed using QPCR and

immunocytochemistry as described above (Supp. Fig 1).

Lactate-Stimulation Assays

Capan-II shControl & shGPR81 cells or ASPC1-low &ASPC1-high cells were grown in

DMEM without glucose, glutamine and pyruvate (Gibco, Grand Island, NY) with 20mM

lactate and 2% FBS were added to a 6 well plate. Cells were maintained at 37°C in a

humidified, 5% CO2 atmosphere. At 1-hour and 6-hours after lactate-stimulation, culture

media was aspirated and RNA harvested using TRIzol as above.

Mitochondrial Metabolism and Cell Death Assay

shControl & shGPR81 cells or ASPC1-low &ASPC1-high cells in DMEM supplemented

with 5% FBS ± lactate or DMEM without glucose or glutamine with 20mM lactate and 2%

FBS were added to the wells of a 96 well plate. Metabolic activity of mitochondria was

assayed using a modified MTT assay kit, (Promega, Madison, WI). MTS solution was added

and the absorbance at 490 nm was recorded after incubation for 1h. Cell death was

determined using the Hoescht uptake method. shControl or shGPR81 cells were plated in

24-well plates. Media was changed twice daily × 48 hours to maintain low lactate levels.

Media was replaced with DMEM without glucose, glutamine or pyruvate with 20mM lactate

and 2% FBS and cell death was determined after 24 hours incubation. Stained nuclei (dead

cells) were visualized under a fluorescence microscope. The total dead cell area/total cell

area was calculated using Simple PCI software.

Quantitation of Lactate

Cell culture supernatants were harvested for lactate quantitation, according to the

experimental conditions described above. Lactate concentration was determined using the

YSI 2900 Biochemistry Analyzer (YSI Incorporated, Yellow Springs, OH). All assays were

performed in triplicate with results normalized to the L-lactate Calibrator Standard (YSI

Incorporated). % change lactate uptake was calculated as follows: [lactate-1 hour] /

[lactate-6 hour] and graphed.

In vivo studies

Capan-II stably-silenced GPR81 cells or ASPC1 cells stably-overexpressing GPR81 were

also transfected stably with luciferase gene by lentivirus transfection (35, 36). 1.8 × 105/50

μl cells were injected into the tail of the pancreas. Tumor growth was assessed every week

by bioluminescence imaging for 6 weeks using a cryogenically cooled imaging system

coupled to a data acquisition computer running LivingImage software (Xenogen Corp,

Alameda, CA). Before imaging, animals were injected subcutaneously with 40 mg/mL of

luciferin potassium salt in PBS at a dose of 150 mg/kg body weight. Signal intensity was
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quantified as the sum of all detected photons within the region of interest per second. Tumor

volume, peritoneal dissemination, and metastasis were assessed. Tissues were also fixed

with formaldehyde or snap frozen in liquid nitrogen and examined histologically. For the

survival study, assessment of animals was done by an experienced observer blinded to the

treatment group. Animals were sacrificed for humane purposes if weight loss was >15% of

body weight or if they had ascites and weight gain of >10%.

Statistics and Study Approval

Data were analyzed using GraphPad software (GraphPad Prism version 6.0 for Windows,

San Diego, CA). Results are expressed as mean ± SEM and analyzed by t-test or ANOVA

and results are considered significant at p<0.05. Human cell lines were utilized without

access to identifiers and approved by the MD Anderson Institutional Review Board. Animal

studies were conducted with the approval and following the recommendations of the MD

Anderson Institutional Animal Use Committee.

Results

GPR81 is expressed in cancer

To determine if GPR81 was present in cancer cells of solid tumors, we analyzed its mRNA

levels in various cancer cell lines. GPR81 was expressed in colon, breast, lung,

hepatocellular, cervical and salivary gland carcinoma cells growing in vitro (Fig. 1A).

Pancreatic tumors exist within a microenvironment known to be particularly high in lactic

acid and low in oxygen (37), so this tumor type was selected for further study. GPR81

mRNA was detected in 10 of 17 (59%) PDAC cell lines (Fig. 1B). These mRNA levels

corresponded with levels of GPR81 protein as indicated by immunofluorescence (Fig 1C).

Higher levels of GPR81 protein were noted in BxPC3 cells (higher levels of GPR81 mRNA)

and lower levels were found in MDA-PATC3 primary PDAC cells (lower levels of mRNA;

Fig. 1C). When tumors resected from PDAC patients were examined using

immunohistochemistry, nearly all (148/158, 94%) highly expressed GPR81, whereas normal

pancreas had only low levels of expression (Fig. 1D). These results demonstrate that GPR81

is expressed in many cancer cell types and in nearly all human PDAC tumors.

GPR81 regulates expression of genes involved in lactate uptake and metabolism

Lactate regulates expression of MCTs in skeletal muscle cells through as yet unknown

mechanisms (19). To determine the relationship between GPR81 and genes involved in

lactate metabolism, GPR81 levels were manipulated in both directions and the effects of

lactate on MCTs, mitochondrial activity and cell viability were analyzed. Capan-II and

BxPC3 PDAC cells, which have high basal levels of GPR81 in vitro, were stably silenced

using siRNA (BxPC3) or shRNA (Capan-II, Supp. Fig. 1A-D). ASPC1 cells, which express

low levels of GPR81 in vitro (Fig. 1A) were transfected with lentiviral control plasmid

(ASPC1-low) or a GPR81-expressing plasmid (ASPC1-high; Supp. Fig. 1E-F). Under

standard culture conditions, GPR81-silenced Capan-II and BxPC3 cells had reduced levels

of MCTs and PGC-1α compared to the control cells (Fig. 2A-B; Supp Fig. 2). In addition,

GPR81-silenced cells higher levels of lactate in the culture media, indicating reduced lactate

uptake or increased lactate production compared to shControl cells (Fig. 2C). In conditions
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simulating the tumor microenvironment (low glucose, glutamine and pyruvate), lactate

treatment of parental Capan-II cells expressing GPR81 led to increased levels of MCT1,

MCT4, CD147 and PGC1α mRNA after 6 hours (Fig. 2D). In contrast, after GPR81

silencing, lactate treatment had no effect on the mRNA levels of these molecules (Fig. 2D).

In addition, GPR81-silenced cells had reduced levels of lactate uptake at 6-hours compared

to control cells at 6-hours (Fig 2E). Increased levels of GPR81 expression in transfected

ASPC1 cells was associated with increased elevation of MCT1 and PGC1α mRNA

following lactate stimulation as well as increased lactate uptake (Fig. 2F & G). Taken

together, these data support a role for GPR81 in the regulation of genes involved in lactate

uptake and metabolism.

Loss of GPR81 alters mitochondrial activity when lactate is the primary fuel source

Lactate has been previously suggested as an alternative energy source for cancer cells. To

determine whether GPR81 was required for cancer cells to utilize lactate as an energy

source, we measured mitochondrial activity in cells with manipulated levels of GPR81

expression. When Capan-II cells were cultured in the presence of glucose, minimal

differences were observed in mitochondrial activity between cells with high or low levels of

GPR81 cells (Fig. 3A). However, when the cells were grown in media lacking glucose,

glutamine and pyruvate and with 20mM lactate as the main available energy source,

silencing of GPR81 led to an ∼50% reduction in mitochondrial activity within 24 hours

(Fig. 3B). In concert, there was no difference in mitochondrial activity of ASPC1 cells with

high or low levels of GPR81 when cultured in the presence of glucose (Fig. 3C). In addition,

elevated expression of GRP81 rescued ASPC1 cells from the decrease in mitochondrial

activity observed in media where lactate was the primary fuel source (Fig. 3D). Cell death

was also greatly elevated (500% increase) in Capan-II cells lacking GPR81 at 24 hours (Fig.

3E). These data indicated that GPR81 was required for tumor cell survival when lactate was

the major available fuel source.

GPR81 is required for rapid tumor growth and metastasis and silencing leads to reduced
survival

We next performed in vivo studies to evaluate the role of GPR81 in tumor growth. For these

studies, GPR81 levels were manipulated in both directions and the effects on tumor growth

were compared with control cells. Capan-II shControl and shGPR81 cells were implanted

orthotopically in nude mice and tumor growth was monitored using non-invasive

bioluminescence imaging. Tumors from Capan-II shGPR81 cells with reduced GPR81

levels grew at a significantly slower rate than those in shControl animals (Fig. 4A). Animals

possessing Capan-II shGPR81 tumors also had significantly longer median survival (70

days) than animals with tumors formed with shControl cells (42 days; Fig. 4B). Low levels

of GPR81 were also associated with decreased metastatic burden (Fig. 4C) and decreased

cancer cell proliferation, as evidenced by Ki67 localization (Fig. 4D). MCT1 levels were

found to be greatly reduced in tumors formed from cells lacking GPR81 (Fig. 4E-F). Of

interest, GPR81 protein levels were found to be variable and to correlate with tumor size in

the Capan-II shGPR81 xenografts. Small shGPR81 tumors had minimal levels of GPR81

expression while larger tumors expressed levels similar to shControl tumors (Fig. 4G). As
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the cell population utilized in this experiment was not clonal, this observation suggests that

cells with lower levels of GPR81 expression were selected against in vivo.

In contrast to the diminished tumor growth observed after reducing GPR81 levels in Capan

II cells, we found no difference in tumor growth (Fig. 5A) or metastatic disease (Fig. 5B)

between ASPC1-low GPR81 and ASPC1-high GPR81 cells. However, examination of

tumors taken from these animals at the end of the experiment surprisingly showed no

difference in GPR81 levels between ASPC1-low and ASPC1-high tumors in vivo, both of

which had elevated expression of GPR81 (Fig. 5C). These data support the hypothesis that

higher levels of GPR81 expression are favored in vivo.

Discussion

In this study, we sought to determine the presence and function of GPR81 in cancer. GPR81

is a Gi-coupled receptor, which is expressed mainly in adipocytes, but is also present at low

levels in a variety of normal cells (30). Altered cellular metabolism is a hallmark of cancer

and lactate metabolism has increasingly been recognized to have a critical role for tumor cell

survival (1, 2, 6, 10). In this study, we demonstrated that several cancer cell types, including

colon, breast, lung, cervical and pancreatic express GPR81. In contrast, normal pancreatic

duct cells express very low levels of GPR81. This aberrant expression pattern of GPR81

suggests a potential broad role of GPR81 in tumorigenesis. Functional studies indicated that

GPR81 is important for lactate regulation of genes involved in lactate uptake and

metabolism. GPR81 was not critical for cancer cell survival when glucose was abundant, as

is found in typical tissue culture conditions. However, in the absence of glucose and the

presence of lactate, GPR81 was critical for cancer cell survival. Moreover, GPR81 levels

correlated with rates of cancer cell proliferation and metastasis in vivo. GPR81 levels were

also elevated in xenografted cells. These data suggest that expression of GPR81 is

fundamental for cancer cells within in the microenvironment of tumors.

Tumors contain both oxygenated and hypoxic regions. Therefore, it is not surprising that

there is a heterogeneous population of tumor cells with different metabolic profiles,

depending on the availability of oxygen, glucose and lactate (10). The expression of MCTs

involved in lactate transport has previously been shown to be regulated by a variety of

factors, including oxygen levels via HIF-1, cytokines, p53 and peroxisome proliferator-

activated receptor (PPAR)-γ co-activator (PGC)-1α (6, 38). Hypoxic tumor cells depend on

anaerobic glycolysis to produce ATP, which leads to the production of lactate. This lactate is

exported primarily by MCT4. Oxidative tumor cells can import lactate through MCT1,

where it is oxidized to pyruvate by LDH-1, incorporated into the TCA cycle to yield up to

18 ATP per molecule of lactate (5, 6, 10, 11, 13, 14). Thus, a symbiotic relationship between

hypoxic and oxidative cancer cells has been proposed that relies on the activity of the MCTs

(10). Further, MCT1 and MCT4 require expression of the plasma membrane glycoprotein

CD147 for proper cell membrane insertion (17). Support for the importance of these

processes has recently come from preclinical data demonstrating that inhibition or reduction

of MCTs holds promise for cancer therapeutics (10, 18, 25, 39, 40). For example, MCT1

inhibition with α-cyano-4-hydroxycinnamate delays tumor growth, induces tumor core

necrosis, and decreases tumor hypoxia in Lewis Lung carcinoma and WiDr human
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colorectal adenocarcinoma xenographs. Further, inhibition of CD147, the MCT chaperone,

by RNA interference inhibits PDAC cell growth and MCT1 and MCT4 expression (31).

These data support the idea that inhibition of lactate metabolism represents a potential

therapeutic approach to cancer.

Our data indicate that GPR81 acts as a lactate sensor and signaling molecule in cancer. The

addition of lactate resulted in increased levels of PGC1α, MCT1 & MCT4 and CD147 in

PDAC cells expressing GPR81, but not in those in which it was silenced. GPR81-silenced

cells had reduced levels of lactate uptake, while there was increased lactate uptake in cells

expressing higher levels of GPR81. These data demonstrate for the first time the presence of

lactate-sensitive regulation of MCT expression in cancer cells and indicate that it is

dependent on the presence of GPR81. GPR81-knockdown cells displayed a greatly

exaggerated reduction in mitochondrial activity when lactate was the only available energy

source. Thus, GPR81 mediated induction of MCTs is necessary for lactate uptake as an

alternative energy source. Whether GPR81 mediated regulation of MCTs is necessary for

the efflux of lactate under circumstances where cellular levels were above those of the

environment is unknown. We observed that the loss of GPR81 reduced MCT levels and

diminished the ability of the cancer cells to grow as tumors and to undergo metastasis in

vivo. Whether this was primarily due to increased uptake or efflux of lactate is not yet

understood. We also observed that levels of GPR81 were increased in cells when they were

placed within the environment of orthotopic xenograft tumors. The specific mechanisms

which regulate GPR81 expression in vivo have not yet been determined. However, the

induction of GPR81 expression by factors within the tumor microenvironment offers an

explanation for the observation that although >90% of human PDAC tumor samples

expressed high levels of GPR81, only ∼60% of PDAC cells lines expressed GPR81 in vitro.

In conclusion, we have shown that GPR81 is highly expressed in cancer and is critical for

sensing extracellular lactate. Activation of GPR81 by lactate leads to increased expression of

MCTs, CD147 and PGC1α, which are critical for lactate transport and metabolism. These

data demonstrate for the first time the presence of GPR81 and its role in the lactate-sensitive

regulation of cancer cell metabolism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GPR81 is highly expressed in cancer
(A) Relative mRNA expression of GPR81 in several different cancer cell lines. Data are

mean ± SEM. n ≥ 3.

(B) Relative mRNA expression of GPR81 in 16 PDAC cell lines and immortalized normal

human ductal epithelial cells (HPDE). Data are mean ± SEM. n ≥ 3.

(C) BxPC3 (top) or MDA-PATC3 cells (bottom) were co-immunostained for GPR81 (red)

and DAPI (blue). Scale bar, 200μm. n ≥ 3.

(D) Representative immunohistochemical staining GPR81 (arrow) in resected human

samples of normal pancreas and PDAC. Scale bar, 200μm.
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Figure 2. GPR81 regulates expression of genes involved in lactate metabolism and lactate uptake
and is required for cancer cell survival when lactate is the primary fuel source
(A-B) Relative mRNA expression of PGC1α, MCT1, MCT4 and CD147 mRNA in BxPC3

(A) or Capan-II (B) si- or shcontrol and si- or shGPR81, grown in DMEM + 10% FBS.

(C) Lactate concentration in the supernatant of Capan-II shControl and shGPR81 were

measured using YSI 2900 Biochemistry Analyzer after 24-h of culture in fresh medium; n =

3.

(D & F) Relative mRNA expression of PGC1α, MCT1, MCT4 and CD147 mRNA in (D)

Capan-II shControl or shGPR81 cells or (F) ASPC1-low and ASPC1-high cells after lactate

stimulation (+) in DMEM without glucose, glutamine or pyruvate + 20mM lactate and 2%
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FBS for 6 hours normalized to shControl /lactate 0mM. vs. shControl / 20mM lactate. Data

are mean ± SEM. n ≥ 3. # vs. lactate 0mM;

(E & G) Lactate concentration in the supernatant of (E) Capan-II shControl or shGPR81

cells or (G) Lactate uptake was measured in ASPC1-low and ASPC1-high cells after 1-h &

6-h of culture DMEM without glucose, glutamine or pyruvate + 20mM lactate and 2% FBS;

n = 3.% change lactate uptake was calculated as follows: [lactate-1 hour] / [lactate-6 hour].

**p <0.01 *p<0.05, **p<0.01,***p<0.001 by t-test.
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Figure 3. GPR81 is required for cancer cell survival when lactate is the primary fuel source
(A-D) Mitochondrial activity of Capan-II shControl and shGPR81 cells (A & B) or ASPC1-

low and ASPC1-high cells (C & D) measured by MTS assay in DMEM + 5% FBS (A & C)

or DMEM without glucose, glutamine or pyruvate + 20mM lactate and 2%FBS (B & D).

Data are mean ± SEM, normalized to day 0. n ≥ 3, . *p<0.05, ***p<0.001; ****p<0.0001 by

ANOVA.

(E) Relative cellular death, as measured by Hoescht uptake at 24 hours of shControl and

shGPR81 Capan-II cells. Total dead cell area (DAPI stained nuclei)/total cell area

(brightfield) was calculated using Simple PCI software and normalized to shControl cells.

Data are mean ± SEM, normalized to day 0. n ≥ 3; ****p<0.0001 by t-test.
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Figure 4. GPR81 is required for rapid tumor growth and metastasis and leads to reduced
survival
(A) Tumor growth estimated using bioluminescent imaging for Capan-II shControl or

shGPR81 cells stably transfected with luciferase and injected into the tail of the pancreas of

athymic nude mice (n=8/group).

(B) Kaplan-Meier survival graph demonstrating overall survival of animal injected with

Capan-II shControl or shGPR81 cells. Median survival: shControl 42 days; shGPR81 70

days.

(C) Liver metastatic disease (estimated with bioluminescent imaging) at 6 weeks in Capan-

II shControl or shGPR81 tumors. Data are mean photons/sec/cm2 ± SEM. n=8/group.

(D) Representative images of immunohistochemistry of Ki67 in Capan-II shControl and

shGPR81. Scale bar, 200μm. n ≥ 5/group.

(E) Representative images of immunofluorescence for MCT1 (red) and DAPI in Capan-II

shControl (top) and shGPR81 (bottom) tumors (Scale bar, 200μm).
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(F) Quantification of MCT1 mRNA levels, relative to shControl. Data are mean ± SEM. n ≥

4. *p<0.05 by t-test.

(G) Representative images of immunohistochemistry for GPR81 in Capan-II shControl or

shGPR81 large and small tumors. Scale bar, 200μm. n ≥ 3/group.
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Figure 5. GPR81 is up-regulated in the tumor microenvironment
(A) Tumor growth estimated using bioluminescent imaging of ASPC1-low or ASPC1-high

cells stably transfected with luciferase, injected into the tail of the pancreas of athymic nude

mice (n=8/group).

(B) Metastatic disease to the peritoneum estimated using bioluminescent imaging at 4 weeks

at the time of sacrifice. Data are mean photons/sec/cm2/sr ± SEM.

(C) Representative images of immunohistochemistry of GPR81 expression in ASPC1-low

or ASPC1-high tumor sections. Scale bar, 200μm. n ≥ 5/group.
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