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Abstract 

Effects of Phosphate Uptake/Metabolism on Behavior of Lung Cancer Cells 

By Liam Horne 

 

 Excess inorganic phosphate (Pi) availability has been suggested to have a role in cancer 

progression in preclinical mouse models. Cell-based studies have demonstrated that increased 

extracellular Pi alters proliferation, metabolism, and the migratory behavior of cells.  Taken 

together, the results suggest that precancerous cells acquire a need for increased Pi consumption.  

An obstacle to assessing the Pi intake requirements of precancerous and cancerous cells is an 

inability to track cellular Pi consumption.  In this study, a novel FRET-based fluorescent 

microscopy system was used with the A549 human lung adenocarcinoma cell line to track 

cytoplasmic Pi, as a measure of Pi consumption.  The cells were sorted based on their FRET 

signal from the cytoplasm into subpopulations based on their Pi-consumption phenotype (high, 

moderate, and low PI-consuming).  Assays to assess growth, migration, colony formation, and 

gene expression were performed to measure differences among the different Pi-consuming cell 

populations in normal and high Pi environments.  Results showed that high Pi-consuming A549 

cells demonstrated a phenotype with increased proliferation, and migration, along with 

upregulation of OPN, a secreted factor associated with cancer progression in various models.  

These findings show that high Pi-consumers have more of the characteristics associated with 

lung cancer progression, and thus Pi metabolism could offer a target for therapeutic intervention.  

The FRET sensor offers an intriguing look at how Pi consumption tracks with changes in cell 

behavior, particularly related to the early stages of cancer progression.  
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Introduction 
 

 Lung cancer is one of the leading causes of death worldwide.  Over 130,180 die every 

year from it in the United States.  Insufficient treatment options exacerbate the health 

consequences further.  The 2-year survival rate for individuals with non-small cell lung cancer 

(NSCLC) stands at less than 20%. [1]  Ultimately, the metastasis of cancer cells is what is often 

deadly to the patient, and treatment for metastasis is limited causing survival rates to drop even 

more. [2] Cell motility and migration are important underlying events of the early stages of 

cancer metastasis.  Understanding how tumor cells grow, proliferate, and migrate to other 

microenvironments in the body is extremely important to developing novel therapeutics thereby 

increasing patient survival. [3] 

Inorganic Phosphate/phosphorus (Pi) plays a vital role in homeostatic processes across 

the body and in the maintenance of healthy cells.  From ATP formation, and essential cell 

signaling pathways involving kinases, to the synthesis of biomolecules, Pi is an indispensable 

nutrient for cell growth. [4-8]  Accordingly, tumors also have shown the ability to increase their 

uptake of Pi. [9-11]  This makes sense, as tumors are rapidly growing, and need new Pi to 

synthesize DNA, RNA, and ribosomes, to make essential proteins. [9, 12]  An increase in Pi 

uptake is found during cell mitosis, or during the division of cells, however, the physiological 

significance and/or dependence on Pi for tumor growth remains unclear. [13]  Since tumor cells 

are defined by their increased rate of cellular division in comparison to normal tissues, targeting 

cellular Pi consumption to counteract cancer cell activity is a novel strategy for therapeutic 

intervention.   In cell culture models, Pi strongly affects tumor cell proliferation and metabolism, 

and dietary Pi has been shown to increase lung cancer progression in a pre-clinical mouse model. 

[12, 14, 15]  The idea that rapidly dividing cells require additional Pi is supported by one study 
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that found that tumor samples had 2x as much interstitial Pi as normal tissue samples in the 

tumor microenvironment. [9]   

Cells regulate Pi uptake (consumption) by two families of Pi sodium-dependent co-

transporters: Type-II (Slc34a1, Slc34a2, Slc34a3) and Type-III (Slc20a1, Slc20a2). [16, 17]  The 

type-II family is mainly found in the kidney and gut and is mostly responsible for systemic Pi 

homeostasis. [18] Interestingly, Slc34a2 has been identified as overexpressed in lung cancer 

models. [19] Type-III transporters are more ubiquitously expressed and are thought to be 

involved in Pi homeostasis at the cell level. [20]  Evidence exists of upregulation of these 

transporters in tumor cells, pointing towards Pi as an indicator of rapid cell tumorigenesis and 

subsequent tumor growth. [21]  Because Pi is so common in cells one of the main challenges 

associated with studying the role of Pi in tumor cell growth and migration is the ability to track 

cell consumption and use. 

Goals and Hypothesis:  

The goal of this study is to define how Pi consumption affects lung cancer cell behavior, 

and how this affects lung cancer progression and metastasis.  Also, this study seeks to find a 

method of reliably tracking Pi consumption by a novel fluorescent microscopy approach. The 

hypothesis to be tested is that high Pi-consuming lung cancer cells will have higher growth 

potential and more readily migrate, suggesting a precancerous phenotype.  

To measure levels of Pi consumption, the sleeping beauty transposon system was used to 

introduce the FLIPPi Fluorescence Resonance Energy Transfer (FRET) system into the A549 

line of human non-small cell lung cancer (NSCLC) cells.  This FRET system produces a high 

FRET signal when free Pi levels in the cytoplasm are low.  As free cytoplasmic Pi increases, the 

FRET signal decreases.  Therefore, this system can track free cytoplasm Pi.  Using Fluorescent 
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sorting subpopulations of cells were isolated based on high FRET (low Pi consumption), 

moderate FRET (medium Pi consumption), or low FRET (high Pi consumption). Cell 

subpopulations with a high Pi consumption phenotype demonstrated increased proliferation and 

an increased migratory phenotype. Further, inhibition of Pi-transport reduced cell migration and 

colony formation, suggesting the requirement of Pi consumption in both processes. Overall, this 

FRET system offers a promising starting point for tracking Pi consumption by NSCLC cells and 

illuminating mechanisms by which cell Pi consumption affects cell motility and metastasis. 

Methods/Protocol: 

Generation of FRET expressing cell lines: 

 The transposon vector containing the FLIPPi cassette, and the transposase vector were 

transiently transfected using Lipofectamine (Invitrogen, Waltham, MA) into A549 cells in 

accordance with the manufacturer’s protocol in a 5:1 ratio. [22] After 48h the media was 

changed and cells expressing FLIPPi were selected for using puromycin at 2µg/ml (Sigma, St. 

Louis, MO). Cells were then FACS (Fluorescence-Activated Cell Sorting) sorted for YFP to 

eliminate any low or very high-expressing cells.  This creates a large subpopulation that has a 

more homogenous expression without impacting the heterogeneity of the phenotype.  All cells 

were grown in DMEM (Corning, Corning, NY) with 10% FBS (Atlanta, GA Biologics) and 1% 

Pen/Strep (HyClone, Logan, UT) at 37°C with 5%CO2. Cells were regularly subcultured (every 

2 to 3 days). 

FACS sorting:  

For the FACS sorting of the subpopulations, single cells were suspended in HBSS 

(HyClone) containing 1% FBS and 1mM EDTA (final Pi 0.7mM) for FACS-FRET sorting using 

a FACS Aria II (BD Bioscience, Franklin Lakes, NJ). To measure CFP, FRET cells were excited 
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with the 405 nm laser and fluorescence was measured with a standard 450/40 filter for CFP and a 

529/24 filter for the FRET signal. To measure YFP, cells were excited with the 488 nm laser, and 

emission was collected with a 529/24 filter. Cellular populations were sorted based on high, low, 

or moderate FRET signals. Subpopulations were reevaluated for FRET signal, as described 

above, out to 20 passages to ensure phenotypic stability. 

Growth Time Course Assay 

The cell subpopulations analyzed were low FRET cells, moderate FRET cells, and high 

FRET cells.  The three A549 FRET expressing cell lines were plated at 500 cells per well (96-

well plate) in 100µl of DMEM with 10%FBS. XTT reagent (Promega, Madison, WI) was added 

(20µl) per the manufacturer’s protocol. Plates were read on day 1, day 3, and day 5 at an 

absorbance of 490 nm (SpectraMax iD3 spectrophotometer, Molecular Devices)).  Day 1 acted 

as the baseline for the assessment of cell growth over time.  The average of the six wells from 

day 1 for each line was used to normalize.  The following formula was used to calculate growth 

for each day and cell line: ((ending value – average starting value) / average starting value) x 

100%.  A line graph was generated showing the average growth for each day plus stan. dev. for 

each cell line. 

Quantitative RealTime PCR (qRT-PCR) 

Cells were harvested in Trizol (Invitrogen), and RNA was isolated according to the 

manufacturer’s protocol. RNA concentration was quantitated on a Nanodrop Lite 

spectrophotometer (ThermoScientific). Synthesis of cDNA was done using high-capacity cDNA 

reverse transcription kit (Applied Biosystems). qRT-PCR was performed using PowerUp SYBR 

Green qPCR master mix (Applied Biosystems) on an Applied Biosystems-StepOnePlus.  Fold 

change was calculated using the 2(-ΔΔCt) method. [23] 
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Table 1: Primer sets used for qRT-PCR were as follows 

Gene Forward 5’ Reverse 5’ 

Slc20a1 TTCTTCCTGGTTCGTGCATT CCAACTGTGCAGGCATAGAA 

Slc20a2 GACTCGCAGCTCCACGC TTCCATATTTTTCCTCCCGA 

Slc34a2 CTGAGGCACCTGTAACCAAGA TGATCCCCGAGTCCTGAAGAG 

OPN AGGCTGATTCTGGAAGTTCTGAGG ACTCCTCGCTTTCCATGTGTGAGG 

CD44 GACAAGTTTTGGTGGCACG ACGTGGAATACACCTGCAA 

18S CAGCCACCCGAGATTGAGCA TAGTAGCGACGGGCGGTGTG 

 

Migration/Invasion:  

Cell migration assay was performed using Transwell (pore size, 8 μm; Greiner Bio-One, 

Monroe, NC, USA) in a 24-well plate. Each A549 subpopulation was serum- and Pi-fasted for 

24h before seeding 1×104 A549 cells in 200 μl of serum- and Pi-free medium in the upper 

chamber, and 500 μl of medium containing Pi (0.5, 1, or 5mM) and 2% FBS was placed in the 

lower chamber. The plate was incubated at 37°C in a humidified atmosphere containing 5% CO2 

for 24 h. At the end of the experiment, the cells that passed through the filters were stained with 

crystal violet (Fisher Scientific, Waltham, MA) solution and counted under a microscope (Nikon 

Eclipse TS100, Melville, NY). These experiments were performed in triplicate. 

Colony formation:  

A549 cells were seeded at 200 cells per well in 6-well plates and treated with various 

concentrations of Pi (0.5, 1, or 5mM) and in the presence or absence of Foscarnet (Pi inhibitor) 

(1mM) (Sigma). Cells were incubated at 37°C for 14 days without any disturbances. Following 

incubation, the medium was removed, and colonies were fixed with methanol and stained with 
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0.5% crystal violet (dissolved in 25% methanol). Colony counting was performed using 

Fiji/ImageJ software. [24] These experiments were performed three times in triplicates. 

Statistics:  

The data are expressed as the mean ±SD. Statistical significance was determined using 

GraphPad Prism. Simple comparisons were made with unpaired Student’s t-test and multiple 

comparisons were performed by repeated measures ANOVA.  

Results: 

FLIPPi FRET Free Phosphate Biosensor 

A major obstacle to previous attempts to understand cellular Pi consumption related to 

tumorigenesis and metastasis has been an inability to track it due to its use in many cellular 

processes.  Here we investigate the use a novel FRET-based sensor to try and overcome this 

hurdle.  Fluorescence resonance energy transfer (FRET) microscopy is a tool that can be used to 

monitor intracellular interactions., by a process where energy is transferred between a donor 

molecule and an acceptor molecule which results in the emission of a fluorescent signal from the 

acceptor.  In this case, the donor and acceptor molecules are two fluorophores that are 

fluorescent proteins. [25, 26]  [25, 26]  For this experiment, cyan fluorescent protein (CFP) 

(donor) and the yellow fluorescent protein (YFP) (acceptor) systems were used, a common 

fluorophore pair. [27] The fluorescence of these proteins can be measured at specific, expected 

wavelengths allowing FRET efficiency to be measured by monitoring changes in the fluorescent 

emissions of the donor and acceptor (Fig 1A).  The gene transfected was the FLIPPi sensor or 

fluorescent indicator protein for Pi (Fig 1A). This FRET system had been demonstrated to show 

accurate monitoring of intracellular Pi levels within cells.  As concentrations of Pi increase in the 

cytoplasm, Pi binds to the Pi-binding protein (PiBP) protein, eliminating the FRET signal (Fig 
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1A).  Therefore, this system can tell us a relative estimate of Pi concentration in the cytoplasm of 

cells via the intensity of the FRET signal. [22] 

A549 cells were used in this experiment, an NSCLC cell line, a common, effective model 

for lung cancer. [28] Stable transfection of the FRET sensor, FLIPPi, was accomplished using 

the Sleeping Beauty transposase system (Class II TE) to generate the stable parental line (Fig 

1B).  This method of transfection was used in this experiment to deliver the FRET system over 

more canonical methods, like the use of an adenovirus, retrovirus other related viruses because it 

is cleaner, more robust, and more efficient. [29-31]  Unlike other gene-altering methods, 

transposons deliver the FRET system directly and efficiently, allowing the A549 cells to not be 

clonally selected. [29-31] Clonal selection would not be desirable in this experiment because we 

wanted to maintain the Pi heterogeneity of the different cell lines generated.  Furthermore, the 

transposase system does not require homologous recombination, which is a DNA repair 

technique some systems utilize to properly transpose a target gene.  That does not work with this 

system, because CFP and YFP have high homology.  If homologous recombination was utilized, 

the construct could overexpress one protein.  Therefore, that is not an issue in this case. [29-31] 

The transposon vector containing the gene of interest, in this case, the FLIPPi cassette, 

and the transposase vector were transiently transfected using Lipofectamine (Invitrogen) in 

accordance with the manufacturer's protocol in a 5:1 ratio. After 48h the media was changed and 

cells expressing FLIPPi were selected for using puromycin (Fig 1C). Cells were then 

fluorescence-activated cell sorted (FACS) for YFP to eliminate any low or very high-expressing 

cells (Fig 1D, E).  This creates a large parental population that has a more homogenous 

expression without impacting the heterogeneity of the phenotype.  For the FACS sorting of the 

subpopulations, single cells were suspended in HBSS containing 1% FBS and 1mM EDTA (final 
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Pi 0.7mM) for FACS-FRET sorting using a FACS Aria II. To measure eCFP, FRET cells were 

excited with the 405 nm laser, and fluorescence was measured with a standard 450/40 filter for 

eCFP and a 529/24 filter for the FRET signal (Fig 1D). To measure YFP, cells were excited with 

the 488 nm laser, and emission was collected with a 529/24 filter. Cellular populations were 

sorted by high, low, or moderate FRET signal. Subpopulations were re-evaluated for FRET after 

20 passages to ensure phenotypic stability. 

 

Figure 1. FLIPPi FRET Biosensor. (A) Model demonstrating the function of FLIPPi FRET sensor. FRET 

does not occur when Pi binds to the Pi-binding protein (PiBP), creating a distance between CFP and YFP. 

(B) Model demonstrating the function of the Sleeping Beauty Transposase system.  SB transposase binds 

to DRs and cuts the chromosome at the TA dinucleotide.  Then, a cut is made at the DRs and the FLIPPi 

cassette is transposed into the genome. (C) A549 cells expressing FLIPPi at 1mM Pi show heterogeneity 

in intracellular Pi levels.  Representative image and distribution of Pi levels. n=25; magnification 40x. 

Scale bar = 25µm. (D) Representative images demonstrating intracellular in individual A549 cells in 

media containing 1mM Pi. Scale bar = 25µm. (E) FACS analysis of FRET in A549 parental and 

subpopulations. 
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Pi Consumption Levels Has Potential Influence on Growth and Proliferation.   

To test whether Pi consumption levels influence the growth and proliferation of lung 

carcinoma epithelial cells, a growth time course assay was conducted.  FRET-expressing cell 

lines, as well as parental cells, were plated at 500 cells/well in a normal growth medium. Cell 

viability was measured after 24 and 72hrs using an XTT assay. The experiment was performed 

twice. For both time courses, the low FRET subpopulation had a higher absolute cell viability 

value than both the moderate and high FRET subpopulations, on day 1 and day 3 (Fig 2A).  

Also, the low FRET subpopulation experienced a higher rate of change in cell viability from day 

1 to day 3, in comparison to the high FRET group (Fig 2B).  This tracks the predicted effect of Pi 

on the growth rate behavior of the cells. The overall results from this assay suggest that the high 

Pi consumer (low FRET) proliferates at a higher rate in standard growth medium and at basal 

levels of Pi (1 mM) than either moderate or low consumers.    

 

Figure 2. Growth and Proliferation rates are different between the Pi-consuming sub-populations. (A) 

High, Moderate, and Low FRET subpopulations were plated at 500 cells/per well, and XTT reagent was 

used to measure cell viability at 24 and 72 hrs (****P<0.005 & ***P<0.001 by One-way ANOVA); n=6. 
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(B) Each graph represents separate experiments.  The rate of change was calculated as the increase from 

24 to 72 hrs (*P<0.05 by One-way ANOVA); n=6. 

High Pi consumers are more responsive to elevated phosphate 

The ability of cells to grow as colonies under suboptimal growth conditions such as low 

density and minimal growth serum are considered representative of a “transformed” or pre-

cancerous phenotype. To further test the cancer-related phenotype of our different Pi-consuming 

subpopulations, a clonogenic assay was performed.  Cells were seeded at 200 cells/mL (low 

density) and allowed to grow for 14 days, in a low serum medium.  After 14 days, the cells were 

fixed, stained, and imaged.  Amongst all the subpopulations at baseline Pi levels (1mM), there 

was no significant difference in colony number (Fig. 3A, B).  However, there was a significant 

difference in colony number between Pi treatments for the low FRET subpopulation in response 

to addition of Pi (Fig. 3A).  This is suggestive that high Pi consumers have an increased capacity 

to respond to increases in extracellular Pi.  To determine the role of Pi-transport in the process an 

inhibitor Foscarnet (phosphonoformic acid) was used. The use of the foscarnet treatment reduced 

most proliferation and growth from all the subpopulations and proved to have the biggest effect 

on the colonies (Fig. 3A, B).  Taken together, the results suggest that basal Pi consumption does 

not influence the transformation of the A549 line of NSCLC cells, but that Pi transport is 

necessary for the process.   
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Figure 3. High Pi consumers do not form colonies at greater rates. The A549 subpopulations were seeded 

at 200 cells/mL and grown over 14 days at 37°C.  Then they were fixed, stained, and imaged; n= 3(A) 

High, Moderate, and Low FRET subpopulations were treated with 1- and 5-mM Pi as indicated 24 hrs 

after seeding.  Media was replaced as needed.  Colony counting was performed using Fiji/ImageJ 

software (**P<0.01 by student’s t-test). (B) Representative images of assay from (A) at 1 mM Pi and 1 

mM Foscarnet (Fos). 

High Pi Consumers Demonstrate Increased Migratory Phenotype 

Cell migration is one important step in the development of metastases. Cells in culture 

can be assessed for migratory potential using an assay in which cells migrate through a 

membrane and are then counted. The transwell migration/invasion assay was completed to 

analyze and understand the effect that Pi has on different Pi consumers and their migratory 

phenotype.  To do this, each subpopulation and treatment group were grown in media with 1 mM 

Pi.  Cells were allowed to migrate for 24 hours, and those that migrated in the assay were stained 

Fos 

1 mM Pi 
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and counted (Fig. 4A). It was found that low FRET cells (high Pi consumers) showed an 

increased migratory phenotype in comparison to the high FRET subpopulations, at all Pi 

treatment levels (Fig. 4B).  The low FRET sub population migration counts more than doubled 

between 1 mM and at 5 mM (Fig. 4B).  These findings follow the hypothesis that high Pi 

consumer cells would show an increased and more aggressive migratory behavior, at optimal and 

excess Pi conditions.  Foscarnet was also used in this assay to determine the requirement of Pi-

transport on cell migration.  Foscarnet decreased the migration of the high consumer 

subpopulation, most notably at the 5 mM Pi treatment (by more than two-fold) (Fig. 4C).  This 

indicates that the inhibition of Pi consumption in high consumers decreases their migratory 

behavior, in excess Pi conditions.  Overall, the transwell assay supports the hypothesis that high 

Pi consumer cell lines showed an increased migratory phenotype at the favorable and excess Pi 

conditions, and Pi transporter inhibition decreases cell migration.   

 

Figure 4. High Pi consumers demonstrate an increased migratory phenotype. (A) Model for Transwell 

Assay. 1x10e4 A549 cells were seeded in the upper chamber, and 500 uL of Pi at 0.5, 1-, and 5-mM Pi 

and 2% FBS were placed in the lower chamber.  Cells were allowed to migrate for 24 hours, and cells that 
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passed the membrane through were stained with crystal violet and counted under a microscope. (B) 

Samples were run at 0.5 mM Pi (**P<0.01), at 1 mM Pi (****P<0.0001), and at 5 mM Pi 

(****P<0.0001); all by One-way ANOVA; n=3,4 or 5. (C)  Foscarnet was used at 1 mM in the same 

procedure as (A) (**P<0.01 by student’s t-test); n=3, or 4.  

Phosphate and Gene expression 

Changes in gene expression represent a window on changes in cell behavior related to 

cancer progression. Quantitative Real-Time -PCR (qRT-PCR) analysis of genes related to Pi 

consumption, cancer metabolism, genesis, and metastasis was done to indicate how gene 

expression differs amongst the varying levels of Pi consumers.  Pi cotransporter genes were 

analyzed to determine if Pi uptake was a factor in determining levels of Pi consumption among 

the subpopulations.  The SLC34 and SLC20 family of transporters were analyzed.  The SLC34a2 

transporter demonstrated little to no expression in all the subpopulations at each Pi treatment, 

and the SLC20a2 showed no statistical difference in expression among between subpopulations 

for all treatments (Fig. 5A). However, the high FRET subpopulation demonstrated a significant 

difference in expression of SLC20a1 from the moderate and low FRET groups.  The moderate 

FRET demonstrated a significant increase in expression compared to the low FRET group as 

well (Fig. 5A).  Overall, the Pi transporters demonstrated some upregulation in low-Pi-

consuming cells.  

Osteopontin (OPN), is an important marker for gene metastasis and cancer progression 

and known to be Pi-responsive and therefore was a gene of interest.  For the high FRET cells, a 

significant difference was not seen between the Pi treatment.  For moderate FRET, a significant 

difference was seen between 1 mM and 3 mM Pi treatment, and for low FRET, 1 mM and 5 mM 

was (Fig. 5B).  CD44, a metastasis-linked gene was also examined.  For high FRET, the 1 mM 
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versus the 5 mM treatment demonstrated a significant difference in relative expression.  For low 

FRET, the 1 mM versus 3 mM and 1 mM versus 5 mM Pi treatments demonstrated a significant 

difference (Fig. 5C).  Overall, the high Pi-consuming cells demonstrated an upregulation of these 

metastasis-linked genes at excess Pi treatments.  

 

Figure 5. Changes in gene expression. qRT-PCR was performed to analyze genes.  Fold change was 

calculated using the 2(-ΔΔCt) method.  These experiments were performed in triplicate. (A) RNA was 

harvested from proliferating FRET subpopulations and quantified using qRT-PCR; results expressed a 

relative expression to the Moderate FRET group samples run in triplicate (P<0.05 by student’s t-test) (B) 

High, Moderate, and Low FRET subpopulations were treated with increasing Pi concentrations as 

indicated for 72 hrs and cells harvested for RNA analysis by qRT-PCR; results relative to 1mM.  Samples 

run in triplicate (*P<0.05 by student’s t-test) (C) Same procedures to (B) (*P<0.05 by student’s t-test). 

Discussion: 

 Both proliferation and migration/motility are important markers for measuring cancer 

progression and aggression.  For proliferation, a myriad of cell signaling pathways promotes an 

increase in metabolism and cell division, leading to an increase in cell growth. [32, 33] Pathways 
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that mediate this proliferation are negatively regulated, which over time will lead to 

carcinogenesis and the eventual formation of malignant tumors that migrate and invade distal 

tissue. [33, 34]  This makes this process an important marker for the early stages of metastasis.  

Increased motility has been studied in relation to increased and decreased expression of many 

genes, metastasis-linked genes, like OPN. [35-37]  Identifying targets related to this migratory 

phenotype, genetic or environmental factors, is important for identifying therapeutic 

interventions.  Previous studies have already suggested the link between elevated Pi as an 

environmental factor that promotes this deadly phenotype. [21]  This study demonstrates that 

subpopulations of heterozygous NSCLC cell lines exhibiting a phenotype for increased Pi 

consumption could be driving this behavior. 

 Results from the cell viability assay revealed that the Low FRET (high Pi consumer) 

subpopulation demonstrated an increase in both the absolute and percent change (proliferation) 

from day 1 to day 3.  This demonstrates that high levels of Pi available in the cytoplasm have a 

positive effect on NSCLC cell proliferation potential.  Previous studies in our lab and others have 

illustrated the role of Pi in cancer proliferation via increased mediation in non-cancerous cell 

types. [9, 14, 38] One explanation is suggested by the growth rate hypothesis, which states that 

cancer cells will have an increased demand for Pi due to its association with a myriad of energy 

metabolism factors (ex. ATP). [10]  Furthermore, studies have shown that an excess of Pi has 

increased cell growth potential. [12, 39, 40] Possibly, high-Pi-consuming cells are a driving 

factor in this phenotype, even in tissues that are already experiencing a high rate of growth, like 

tumors. Whether the increased Pi consumption of this subpopulation is driving this increase or is 

a result of the cell demands of cell division is still to be determined. Understanding this cause-or-

effect relationship will be important to further attempts to manipulate Pi availability for either 
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cancer prevention (excess Pi drives proliferation) or cancer treatment (cancer cells require excess 

Pi).  These high Pi-consuming cells could not be driving just proliferation, but also cancer 

progression to a metastatic state. 

 OPN is a secreted phosphoprotein factor that has been shown in previous studies to 

respond strongly to elevated Pi availability [41-43] and is found to be positively associated in 

with progression to metastasis from varied cancers. [44, 45] OPN acts in a cytokine-like fashion, 

binding to transmembrane glycoproteins like CD44, which has been demonstrated to be 

overexpressed in many cancer models [46] However, the exact mechanistic role for modulation 

of OPN via Pi has yet to be elucidated.  This study demonstrates that increased Pi availability 

leads to increased expression of OPN in high Pi-consuming cells.  The transwell assay 

demonstrated that the high Pi consumer subpopulations were more migratory and motile at both 

optimal and excess Pi conditions.  This finding could mean that high Pi-consuming cells are the 

driver of tumor progression and metastasis, with a link to OPN overexpression being a possible 

reason for this.  

These findings suggested that cells with a high-Pi-consuming phenotype are showing 

more characteristics associated with cancer progression, which begged the question, “how are 

these high Pi-consuming cells acquiring more Pi?”  One explanation is an increase in Pi 

transporters.  Previous studies have found increased expression of Pi transporters (Slc43a2, 

Slc20a1,2) in cancer cells, including the lung, and this increase has been linked to tumor 

progression. [14, 19, 21, 47-49] Although gene expression studies did not detect the expression 

of the SLC34a2 transporter in any of our subpopulations, Slc20a1 and SLC20a2 were strongly 

identified.  Upregulation of the Slc20a1 transporter was demonstrated in the low Pi consumers 

and downregulated in the high Pi consumers, opposite of what was expected if a change in 
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transporter abundance was to explain the increased consumption of the low FRET cells.  

Although a western blot was not performed to confirm the gene expression data of Slc20a1 in the 

low Pi-consuming cells, the abundance of these transporters is generally thought to follow gene 

expression patterns. It is possible that a change in transporter import kinetics in response to 

changes in extracellular Pi levels could explain the difference in consumption.  However, assays 

to measure these kinetics have not been currently developed.  Overall, a change in Pi transporter 

expression did not explain why these high Pi-consuming cells are able to take advantage of Pi, 

however, the clonogenic assay still demonstrated how essential Pi transport was for the cells.  

Therefore, these Pi transporters still represent a novel target to manipulate cell behavior, and 

research on the topic is gaining interest.  

The above results suggest that the high-Pi-consuming cells (Low FRET) have an 

increased proliferative profile and a more aggressive migratory profile.   One explanation is that 

these cells have acquired a Pi “addiction”. If cancerous cells have acquired an “addiction” to Pi 

how might cells obtain additional Pi in vivo? One way is through diet. Serum Pi levels are 

proportional to Pi consumption. The American diet (2-4x recommended amount) is particularly 

high in Pi, found in colas, commercially prepared and processed foods, fast foods, and more. [5]  

High Pi environment throughout the tissues of the body could create conditions for cancer cells 

to operate optimally.  The idea is supported by studies in mice.  Mice models where mice were 

fed a diet high in Pi correlated to an increase in serum Pi, increasing tumor number, size, and 

proliferation. [14] Studies on humans are lacking, but one study showed a correlation between 

increased Pi intake and oncogene-driven tumorigenesis. [50] Changes to the diet could have 

positive impacts on health. [21]  
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An important consideration regarding the interpretation of the FRET data is that the 

changes in FRET could be attributed to an increase in metabolic activity, not necessarily an 

increase in actual Pi consumption. However, although indirect, the proliferation assay, in which 

the rate of change was calculated suggests that metabolism may not fully explain the result as the 

difference would be normalized between the time points. However, a future study that might 

directly answer this question is a Seahorse assay which is used to illustrate the rate of ATP 

production in each subpopulation, as a measure of metabolic activity.  Furthermore, along with 

the seahorse assay mentioned earlier, an oxidative stress assay can be performed as another 

marker for cell metabolism.  These assays, in conjunction with this FRET analysis, would help 

validate and provide clarity to the novel FRET sensor in this experiment. 

Conclusions/Future directions 

This experiment demonstrated that the novel FRET biosensor used can help detect 

intracellular Pi as a possible marker of Pi consumption.  In the future, metabolic assays in 

conjunction with this sensor would help illustrate definitive Pi consumption differences between 

subpopulations.  This experiment also demonstrated that high Pi consumers might be a driving 

factor in NSCLC progression regarding proliferation and metastasis.   

NSCLC metastasis is interesting in the context of bone, as bone metastasis is close to 

40% for lung cancer patients. [51] Approximately 85% of the Pi found in the body is stored in 

the bone, and as bone remodels, Pi is released. [52]   Therefore, high Pi-consuming cancer cells 

could be seeking out this high Pi environment and taking advantage of this remodeling 

environment, relating back to this addiction cancer cells could be acquiring for Pi. [41, 43]   

Understanding this dynamic further is a compelling future direction. 
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Another interesting future direction is identifying a valuable therapeutic window in the 

control and treatment of NSCLC.  The clonogenic assay demonstrated that the high Pi consumers 

were more heavily affected by Pi transporter inhibition than the other subpopulations.  Foscarent 

was still too effective on the other subpopulations, but this is an interesting window of 

intervention.  The role of Pi-induced OPN overexpression is still not fully known but targeting 

this overexpression in high-Pi consumers could help determine if OPN is a potential target.  
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