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Acid treatment of melanoma cells selects for invasive phenotypes
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Abstract Solid tumors become acidic due to hypoxia and

upregulated glycolysis. We have hypothesized that this

acidosis leads to more aggressive invasive behavior during

carcinogenesis (Nature Reviews Cancer 4:891–899, 2004).

Previous work on this subject has shown mixed results.

While some have observed an induction of metastasis and

invasion with acid treatments, others have not. To investi-

gate this, human melanoma cells were acclimated to low pH

growth conditions. Significant cell mortality occurred during

acclimation, suggesting that acidosis selected for resistant

phenotypes. Cells maintained under acidic conditions

exhibited a greater range of motility, a reduced capacity to

form flank tumors in SCID mice and did not invade more

rapidly in vitro, compared to non-selected control cells.

However, re-acclimation of these selected cells to physio-

logical pH gave rise to stable populations with significantly

higher in vitro invasion. These re-acclimated cells main-

tained higher invasion and higher motility for multiple

generations. Transcriptomic analyses of these three

phenotypes revealed significant differences, including

upregulation of relevant pathways important for tissue

remodeling, cell cycle control and proliferation. These

results reinforce the hypothesis that acidosis promotes

selection of stable, more invasive phenotypes, rather than

inductive changes, which would be reversible.
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Abbreviations

DMEM Dulbecco’s Modified Eagle’s Medium

MAPK Mitogen-activated protein kinase

MMP Matrix metalloproteinase

Introduction

Progression of carcinogenesis is influenced by microenvi-

ronmental and metabolic systems at work in pre-malignant

lesions [1]. Because in situ epithelial tumors develop in an

avascular environment, they are exposed to hypoxic

microenvironments that select for profoundly different

metabolic phenotypes that are able to survive and prolif-

erate under these harsh conditions [2–4]. Adaptation to

hypoxia leads to transcriptional activation of genes

involved in glycolysis and recent data suggest that hypoxia
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and the subsequent up-regulation of the glycolytic pheno-

type is an early event in carcinogenesis [5]. Consequently,

these glycolytic phenotypes lead to acidification of the

extracellular space due to increased metabolic flux com-

bined with poor perfusion [6]. In most cancers, increased

metabolic acid production is accompanied by up-regulation

of proton-exporting systems, such as H+/ATPase and

H+/Na+ exchangers and combined, these effects lead to

extracellular acidosis, with pH values commonly seen in

the range of pH 6.5–6.7 [7]. Survival of tumor cells in this

acidic environment depends on down-regulation of pro-

apoptotic machinery and/or up-regulating proton exporting

transporters [8–11].

The environment created by these resistant phenotypes

serves as an adaptive advantage because they create an

environment that is toxic to native populations yet harmless

to themselves [12]. In addition, acidosis promotes excre-

tion of numerous proteolytic enzymes that are involved in

tissue remodeling [13]. One class of membrane remodeling

enzymes believed to be crucial for invasion is matrix-

metalloproteinases (MMPs), a family currently including at

least 22 members [14]. Although MMPs exhibit alkaline

pH optima, low pH has been shown to increase their acti-

vation and release [13, 15]. Furthermore, enzymes such as

cathepsins and urokinase-like plasminogen activator (uPA)

often show increased secretion and activity in tumors

[16–18]. Hence, these key proteolytic systems in tumor

invasion are linked by expression, secretion and activation

to microenvironmental acidosis, although the precise

mechanisms for this activation have not been elucidated.

Activation of proteases may promote degradation of the

basement membrane allowing escape of tumor cells into

the vasculature, or metastasis, thus converting an in situ

cancer to one that is invasive [19].

To date, most studies investigating the microenviron-

mental effects on invasion and metastasis have assumed that

low pH induces the measured phenotypes or behaviors [15,

20, 21]. For example, pre-treatment of melanoma cells with

acid conditions for as little as 24 h increases their ability to

form metastases following tail vein injection [20, 22].

However, it is not known whether the effects on motility and

invasion are merely the sum of numerous inductive fluctu-

ations stemming from acidosis, or if the cells exhibiting the

metastatic phenotype are discretely selected populations.

Such a distinction would be important in the context of

understanding carcinogenesis and progression. The current

study investigates this by monitoring the effect of acidosis on

the invasive, motile, and tumorigenic behavior of human

melanoma cells and results indicate that acidosis selects for,

rather than induces, an invasive phenotype. Subsequently, it

was shown that these phenotypes were associated with

altered expression of genes relevant to tissue remodeling and

apoptosis. Thus, in this system, low pH selects for

phenotypes that are more invasive, and this occurs through a

surprisingly stable increase in the phenotypic diversity as

well as global changes in mRNA expression profiles.

Materials and methods

Cell culture

Human melanoma (C8161) cells were obtained from the

Arizona Cancer Center Shared Service and cultured in

Dulbecco’s Modified Eagle’s Medium (DMEM)/Ham’s

Nutrient Mixture F-12 (Sigma, St. Louis, MO), with 10%

Fetal Bovine Serum in a 5% CO2 atmosphere at 37�C.

Media was further supplemented with 20 mM each

HEPES, MES and MOPS buffers, and 14.2 mM sodium

bicarbonate. Media did not contain phenol red for com-

patibility with fluorescent invasion assays. Media pH was

adjusted to either 7.4 or 6.7. Cells were grown in T-25

flasks and passed approximately once a week at confluence.

Generation of low pH and C8161/LH-1 phenotypes

Acclimation of cells at pH 7.4 to 6.7 was a slow conditioning

process over the course of 1.5 months. This was accom-

plished by lowering the media pH systematically by

approximately 0.15 pH units every two weeks with cultures

being passed twice between rounds of further acidification.

The low pH (6.7) acclimated cultures (C8161/6.7) were

maintained at pH 6.7 for one month before an aliquot of cells

were reintroduced to normal (7.4) pH, creating the C8161/

LH (also named C8161/LH-1) cell line. Later reintroduction

of low pH phenotype to pH 7.4 generated subsequent C8161/

LH-1 lines, denoted as C8161/LH-2, which were maintained

at low pH for two months prior to re-acclimation at normal

pH; and C8161/LH-3, which were maintained at low pH for

three months before re-acclimation. Native C8161 cells were

cultured continuously at pH 7.4, and were denoted as C8161/

7.4 cells.

Cell viability and colony formation

Cell growth curves were counted via a Coulter counter in

quadruplicate per well. Cell viability and colony formation

were determined by crystal violet staining. Cells were

plated at pH 7.4 overnight, wells were washed once with

pH 6.7 media and fresh 6.7 media was added to the wells.

At the appropriate time points, wells were washed once

with pH 7.4 media, then fresh 7.4 media was added for

recovery. For the kill curve data, cells were allowed to

recover in media at pH 7.4 for 16 h prior to crystal violet
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staining. For colony formation assays, cells were allowed

to recover at a pH of 7.4 for 1 week prior to crystal violet

staining. For staining, cells were fixed with 0.025% glut-

eraldehyde for 30 min, stained with 0.1% crystal violet for

60 min, destained with water for 60 min and allowed to

fully dry. For cell viability, 1% acetic acid was added to

solubilize crystal violet stained cells, and absorbance was

read at a wavelength of 590 nm. Colony formation assay

was achieved by staining, then visually counting the col-

onies that formed from viable cells.

Fluorescent cell labeling

The lipophilic fluorescent dye DiO-C18 was obtained from

Molecular Probes (Eugene, OR). A stock solution was

created by dissolving 7.5 mg solid DiO in 5 ml dimethyl

formamide, followed by sonication at 50�C for 10–15 min.

This solution was stored at 4�C away from light. Suspen-

sion labeling was carried out after trypsinization of

confluent cultures and resuspension of cells in 3 ml of

media containing 5% FBS. 15 ll DiO stock was added to

this suspension followed by mild shaking (50 rpm) and

incubation at 37�C for 40 min. Following incubation,

suspensions were centrifuged at 1000 rpm for three min-

utes and supernatant removed. Pellet was again suspended

in 3 ml media, centrifuged, supernatant was removed, and

finally suspended in DMEM of appropriate pH containing

0% FBS.

Real-time transwell invasion assay

24-well Tumor Invasion System Plates containing Matri-

gelTM inserts were obtained from BD-Biosciences

(Bedford, MA). Plates were stored at -20�C and warmed

to room temperature prior to use. DiO labeled cells were

seeded at 65,000 cells in 300 ll serum-free media in the

upper well. Each condition was seeded in quadruplicate

and 500 ll of media containing 5% FBS of the corre-

sponding pH was placed into lower wells of the plate. One

column of wells held a serial dilution ranging from 20,000

to 80,000 cells seeded in the bottom well for generation of

a standard curve.

Epi-fluorescence measurements were made using the

Victor-3 Multi-Label plate reader (Wallac/PerkinElmer,

Finland) with excitation at 485 nm and emission at

510 nm. Plates were incubated at 37�C in 5% CO2 and

measurements were taken every six to eight hours over a

period of 48 h. After the final time point, media from top

and bottom wells were aspirated, cells and Matrigel were

removed from the top of the well, and cells were washed

once with 400 ll of phosphate buffered saline (PBS)

followed by 400 ll trypsin. Trypsinization was carried out

at 37�C with shaking at 40 rpm for 10 min to remove

invasive cells from the underside of the Matrigel insert.

The trypsinized cell suspension was aspirated and added

to 1 ml of media containing 10% FBS. This process was

repeated once more to ensure thorough removal of all

invasive cells. A ratio of 0.1597 ± 0.003 was observed in

the fluorescence of cells adhering to filter, compared to

cells at the bottom of the well. Final cell suspensions

were counted twice using a hemacytometer and averaged

to represent the number of invading cells per well, as

needed for the calibration of the fluorescence data. Over

the range of interest, fluorescence was linear with cell

number and invasion was linear with time over the 48 h

investigation. A linear equation was generated and

applied to each time point translating fluorescence into

invasive cell number.

Motility assay

Motility was monitored with time-lapse cinematography

using cells cultured in a thermostatic sealed microscope

chamber, according to manufacturer’s specifications

(model FCS2�, Bioptechs, Butler, PA). Briefly, a silica

glass coverslip was placed in a non-cell culture Petri dish,

and 5 9 105 cells were added to the dish containing 10 ml

of the same stock solution of DMEM/F-12 described

above, equilibrated to the proper pH. The dish was incu-

bated for two days to assure cell adherence and viability on

the coverslip. After incubation, the coverslip was placed in

a closed cell chamber that allowed for perfusion of media

during experimentation. Temperature of the chamber was

equilibrated to 37�C with temperature objective heater and

controller. The chamber was placed on an Olympus IMT-2

inverted microscope (Olympus, Melville, NY) and imaged

using Differential Interference Contrast (DIC)/Nomarski

acquisition. The magnification of the microscope was set to

10 9 1.5. A field containing 10–25 viable cells was iden-

tified, and time-lapse videography was performed on the

cells using a digital camera (Hamamatsu, 640 by 512

pixels) attached to the microscope, linked to a computer

running SimplePCI software (C-Imaging Systems, Compix

Inc., Sewickley, PA). The image capture rate was one

frame/min. Warmed media was perfused through the

chamber at a rate of 100 ll/h. Images were captured over

six hours.

Motility was quantified using a cell-tracking software

tool, described below. A region of interest (ROI), usually

the cell nucleus, was tracked over the first hour of the time-

lapse experiments. The tracking process was displayed on

screen to facilitate the user in monitoring the movement of

the original ROI from one frame to the next.
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Cell tracking software tool

A cell-tracking tool was developed using IDL 6.0 (Research

Systems, Inc., Boulder, CO). This tool allowed the user to

define the ROI (cell) boundary by selecting points using a

mouse. The user-defined ROI boundary (contour) was used

as the initialization for tracking process. The ROI boundaries

on the following frames were detected using a combination

of block matching and the gradient vector flow (GVF) snake

[23]. The tool quantified the inter-frame displacement of the

centroid of the ROI. It also allowed for automation of the

process by quantifying five frames at a time, while dis-

playing the location of the ROI in each frame. Manual

editing of the ROI at any time by the user was available if the

user determined that the program has failed to track the cell

boundary accurately. The user interface showed dynamic

values of interframe displacement and total displacement (in

microns and pixels) during quantification, and generated

values of average velocity (sum of inter-frame displace-

ments divided by total time, in microns/min and pixels/min),

total displacement, and net displacement (distance between

original and final ROIs) at the end of the tracking process.

Expression array processing and analysis

Agilent Whole Human Genome Expression arrays (Agilent

Technologies, Palo Alto, CA) were run as dye flips in trip-

licate, accommodating technical labeling variance only,

according to the manufacturer’s protocol. Cells were pro-

cessed for RNA using Ambion’s Quick-Extract system and

RNA Ladder (http://www.ambion.com). 50 ng of RNA from

each of the cell lines (C8161/6.7, C8161/7.4, and C8161/LH)

were labeled with CY3 and CY5. Each species of labeled

cRNA was applied to each of three replicate arrays, for a

total of eighteen arrays covering each species on each

channel three times. Data were analyzed in GeneSpring 7.2

(Agilent Technologies, Palo Alto, CA). Images and output

from Feature Extraction version 7 (Agilent Technologies,

Palo Alto, CA) were consistent with high-quality data [24].

Dye flips were mathematically inverted, but the labels

remained as originally hybridized for the figures. Data from

each two color array were expressed as a direct compared

ratio (i.e. C8161/7.4:/LH, /6.7:/LH, /6.7:/7.4) and these were

each replicated six times for a total of eighteen arrays. /7.4:/

LH refers to a two-channel slide where C8161/7.4 cells

labeled with CY5 were hybridized against CY3-labeled

C8161/LH-1 cells. Comparison between phenotypes used

ratios with a common denominator. Hence, comparing

C8161/6.7 cells to C8161/7.4 cells compared the /6.7:/LH

and /7.4:/LH ratios, etc. Single-color data were examined

and were consistent with ratio data where applicable. Only

ratio data are presented here. Expression data were analyzed

using a homoskedastic Fixed Effects (Model I) One-Way

ANOVA for three-way comparison and Student’s t-test with

a threshold of P \ 10–8 for individual tests, multivariate

analyses (hierarchical clustering, Principal Components

Analysis) and functional tests (Gene Ontology Binomial

Test). Tests against GenMapp, Biocarta and KeGG were

done through the Biorag (http://www.biorag.org) interface at

the Arizona Cancer Center, Tucson, AZ (http://www.azcc.

arizona.edu).

Quantitative RT-PCR

RNA samples from 1 9 106 cells of each phenotype were

prepared using an RNEasy Mini kit (Qiagen, Valencia,

CA). Total RNA was reverse transcribed to cDNA using

SuperScript II Reverse Transcriptase Kit according to the

manufacturer’s protocol (Invitrogen, Carlsbad, CA). The

resulting cDNA was used as the substrate to measure gene

expression levels by qPCR with TaqMan probes and

primers specific for HEY1 (Probe ID: Hs00232618_m1),

SNAI1 (Probe ID: Hs00195591_m1) and b-Actin (Probe

ID: 4352935E). Triplicate reactions were prepared in 384-

well optical PCR plates (Applied Biosystems, Foster City,

CA) with 10 ll 29 TaqMan DNA Polymerase mastermix

(Applied Biosystems, Foster City, CA), 1 ll TaqMan

probe/primer mastermix and 9 ll of cDNA diluted in

nuclease-free water. qPCR was performed using a ABI

Prism 7900 (Applied Biosystems, Foster City, CA)

instrument with the following run specifications: FAM

probe detection, AmpErase activation for 2 min at 50�C,

DNA polymerase activation for 10 min at 95�C followed

by 40 cycles of duplex melting for 15 s at 95�C and

annealing for 1 minute at 60�C. Threshold cycle (Ct) val-

ues were automatically calculated within the instrument

software for each replicate and used to determine the fold

change for each gene/phenotype set relative to C8161/7.4

cells by the following formulas:

DCt ¼ Ct(GOI) � Ct(BA)

where Ct(GOI) is the Ct value for the gene of interest and

Ct(BA) is the Ct value for b-Actin.

DDCt = DCt(phenotype C8161/6.7 or LH) - DCt

(phenotype C8161/7.4).

Fold Change = 2^(-DDCt) for each gene/phenotype

combination relative to the C8161/7.4 cells.

Results

Acidic selection of melanoma cells

Early efforts were focused on acclimating melanoma cells to

pH levels commonly found in the tumor microenvironment.
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As described in Materials and methods, this process required

approximately 1.5 months and was accompanied by sub-

stantial cell death with each decrease in pH. Empirically, cell

death during the acclimation process appeared to be the

natural response of the population to a toxic environment and

selection of resistant phenotypes. Figure 1a shows a kill

curve of parental (native) cells exposed to pH 6.7 over a time

course of 48 h. Colony formation (Fig. 1 insets) assays

demonstrated a 40–50% decrease in colony number after

48 h exposure to pH 6.7. After the full acclimation process,

the new low pH population (C8161/6.7) grew slower than the

parental at normal pH (C8161/7.4) cells when tested at the

respective growth pH values (Fig. 1b). Doubling times are

shown in Table 1, which also indicates the relative number

of cells expected at 45 h, using the equation; N = N0(245/a),

where a is the doubling time, in hr. Notably, when tested at

pH 7.4, the growth rates of C8161/7.4 and C8161/6.7 cells

were indistinguishable (Fig. 1c). Morphologically, C8161/

6.7 and C8161/7.4 cells were markedly different (Fig. 2a–c).

Compared to the C8161/7.4 cells, C8161/6.7 cells were

heavy vacuolated, larger, and had sinuous, ragged filipodia.

By morphology alone, these cells appeared to be under

environmental stress.

The kill curve (Fig. 1a) suggests that acclimation of

cells to low pH is a selection process, rather than a simple

change in gene expression patterns. To investigate this,

after 1–3 months at low pH, aliquots of the low pH cells

were re-acclimated to normal pH, generating the C8161/

LH phenotypes (defined in the Materials and methods).

This occurred without noticeable cell death, suggesting the

absence of reselection. Notably, although the C8161/LH-1

phenotype had the same pH environment as the C8161/7.4

cells, they retained the morphology of the C8161/6.7

phenotype. Although they were not as ragged as C8161/6.7

cells, the C8161/LH-1 cells were larger, more vacuolated

and had more filipodia than the parental C8161/7.4 phe-

notype (Fig. 2c).

Quantitative phenotyping of invasive potential

One of the key events in metastasis is invasion of the

neoplastic cells through the basement membrane. To

Fig. 1 Effects of pH on growth and survival. (a) Kill curve

determined by crystal violet staining of parental C8161/7.4 cells

exposed to pH of 6.7 for various lengths of time. Insets are

corresponding colony formation assays after 0 and 48 hours

exposure to pH 6.7. (b) Growth curve of cell phenotypes

maintained in media matched to the pH phenotype: i.e. pH 6.7

for C8161/6.7; pH 7.4 for C8161/7.4 and C8161/LH demonstrates

that the C8161/6.7 cells grew slower than the parental cell line,

C8161/7.4 and the reacclimated cell line C8161/LH. (c) Growth

curve of cell phenotypes, assayed in pH 7.4 media, showing that the

growth rate of the three phenotypes were similar when grown at

physiological pH

Table 1 Doubling times of pH phenotypes (hr ± SEM)

Test pH Phenotype

7.4 7.4 ? 6.7 7.4 ? 6.7

? 7.4 (LH)

6.7 n/a 36.2 ± 2.6 n/a

7.4 23.4 ± 2.0 24.3 ± 2.2 23.7 ± 1.6

Cell number @

45 hr (corr fact)

6.84 3.46 @ 6.7

6.24 @ 7.4

6.67
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investigate this process in vitro, cells were fluorescently

labeled and quantified as they invaded through a Matri-

gelTM matrix, allowing for direct measurement of invasive

potential. Labeling of cells with DiO-C18 resulted in dif-

fuse membrane staining with some punctuate fluorescence,

indicating some internalization (Fig. 3a). Fluorescent

images of the Matrigel membranes after a 24-h incubation

period revealed a robust fluorescent signal from the inva-

sive cells (Fig. 3b, c). These images qualitatively show the

difference between phenotypes with different invasive

potentials. Notably, the precision is high, due to low

background fluorescence (Fig. 3d). The time-dependent

behavior of this system is shown in Fig. 4a, which shows a

linear increase in fluorescence on the lower side of the

transwell membrane as a function of time. For comparison,

50,000 labeled cells were inoculated into the lower well

and the fluorescence remained constant throughout the

course of the assay. These data allow for the conversion of

a fluorescent signal to the number of invading cells over the

course of 2–3 days of incubation.

Results from this assay revealed robust quantitative

differences in the invasive potential of the C8161/6.7,

C8161/7.4, and C8161/LH-1 cells. These data are

presented in Table 2 and Fig. 4b and show that cells con-

ditioned to and tested at a pH of 6.7 appeared to have a

slightly decreased potential to invade the barrier relative to

C8161/7.4 cells cultured and tested at pH 7.4. Using

uncorrected raw fluorescence, invasion of these low pH

cells was 39 ± 9% that of the parental C8161/7.4 cells

(P \ 0.001). However, since the dye tracking will be

diluted with cell proliferation, the amount of dye per cell

may be lower at the end of the experiment, compared to the

beginning. To compensate for this, dye values were also

‘‘corrected’’ using the expected differences in cell numbers

from Table 1. After this correction, the difference in cell

invasion was still less, at 77 ± 18 % (P \ 0.01), compared

to that of the parental cells. With or without the correc-

tion factor, the C8161/6.7 cells re-cultured at pH 7.4

(the C8161/LH-1 phenotype) exhibited a significant (P \
0.005) increase in invasion compared to the C8161/7.4

cells. These results strongly suggest that acidic treatment of

C8161 cells resulted in an upregulation of invasive prop-

erties. These experiments were repeated with these same

cells over the course of four months in four separate assays,

which consistently showed increased invasion of the

C8161/LH-1 cells, indicating that the phenotypes were

Fig. 2 Morphological effects of acidic selection. These images were

captured during time-lapse analysis of motility, as described in

Materials and Methods. (a) Native phenotype of C8161/7.4 cells

grown and imaged at pH 7.4 shows mostly rounded cells with

relatively smooth filipodia. (b) C8161/6.7 cells grown at pH 6.7 for

two months and imaged at pH 6.7 were vacuolated with many jagged

filipodia. (c) C8161/LH-1 cells were imaged one month after

re-acclimation at pH 7.4 remain heavily vacuolated, similar to the

low pH phenotype.
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stable (Table 2). Furthermore, the time dependence of the

re-acclimation process was explored by assaying C8161/

LH lines generated one, two and three months after

creation of the low pH phenotype (C8161/LH-1, /LH-2

and /LH-3, respectively). All C8161/LH lines exhibited

increased invasion in each experiment. Although the /LH-2

and /LH-3 cell lines were significantly higher than paren-

tal C8161/7.4 cells (P \ 0.01), they were also slightly,

but significantly, less invasive than C8161/LH-1 cells

(P \ 0.05).

Cellular motility

While invasion assays quantified population averages with

regard to invasive potential, in vitro motility assays were

used to quantify movement of individual cells over time.

Since no chemoattractant was used, and therefore no

directed motion was expected, random motion average

velocity of each cell was quantified by summing all the

interframe displacements, as described in Materials and

methods. The distribution of average velocities for all cells,

separated into each environmental condition is shown in

Fig. 5a. No statistically significant differences in average

field velocity were seen among any of the phenotypes.

However, other differences between cell population

motility became evident upon further analysis.

The cell distributions clearly show extreme high and low

velocity for both the C8161/6.7 and C8161/LH-1 pheno-

types. Figure 5b and c show higher standard deviations and

overall range of velocities for C8161/6.7 and C8161/LH-1

cells, compared to parental C8161/7.4 cells. Motility of the

C8161/LH-1 and C8161/6.7 cells also showed an increased

variance, which can be appreciated from the distribution

histograms (Fig. 5d–f). In these plots, individual cell

velocities are plotted and results from four to five inde-

pendent experiments are overlaid. It can be seen from these

graphs that both the C8161/LH-1 and C8161/6.7 pheno-

types had substantial populations of cells with very high

velocities ([0.8 lm min-1), whereas only one of the

C8161/7.4 cells showed this high velocity during the

course of four experiments. By rank-ordering, 4% and 10%

of the C8161/6.7 and C8161/LH-1 cells, respectively, were

faster than all of the C8161/7.4 cells.

Tumorigenecity of acid selected phenotypes

Coupled with the potential to invade the basement mem-

brane in metastasis, the ability to recruit nutrients, blood

supply, and ultimately form tumors is an important aspect

of cancer progression. To explore the tumorigenic potential

of these melanoma phenotypes, SCID mice were inocu-

lated with flank tumors and growth was monitored.

Fig. 3 Fluorescence imaging of invading cells. (a) C8161/7.4 cells

were imaged at 1009 following incubation with Di-O CellTrackerTM

dye, demonstrating even dye distribution throughout the membrane

with some internalization. The under side of transwells were imaged

after 24 h of invasion of (b) C8161/6.7 and (c) C8161/7.4 cells,

showing higher invasion in the /7.4 compared to the /6.7 cells, (d)

shows a transwell at initiation of assay using C8161/7.4 cells (i.e. 0 h

of invasion), showing that cell fluorescence was efficiently blocked by

the FluroBloc� membrane.
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Figure 6 shows that both the C8161/LH phenotype and

C8161/7.4 phenotypes exhibited similar growth. The

C8161/LH-1 phenotype produced significantly larger

tumors after two weeks (P = 0.015) and three weeks

(P = 0.048), which was probably due to a decreased lag-

time for tumor initiation and growth. Interestingly, the

C8161/6.7 cells did not appear to have any in vivo

tumorigenic capacity over this time-period. Instead these

cells were stagnant for approximately 42 days before any

noticeable growth was observed, clearly showing a sig-

nificantly increased lag-time compared to the C8161/7.4

and C8161/LH-1 tumors. These results were interpreted to

indicate that the C8161/6.7 cells were more fragile and

hence, had a lower surviving inocula, compared to the

other cells. This would suggest that cells in an acidic

environment must require a period of re-acclimation to

physiological pH before they can successfully colonize. In

addition, cells from the C8161/6.7 tumors of these SCID

mice were isolated and recultured under both pH 6.7 and

7.4 conditions and then re-injected into SCID mice. These

tumors developed from these cells continued to demon-

strate a similar lag time as the original C8161/6.7 cells

(Fig. 6). Eventually, the C8161/6.7 tumors grew at a rate

comparable to the C8161/7.4 and C8161/LH-1 cell lines.

Transcriptome results

The above data indicate that selection by low pH generates

a distinct and stable phenotype. In order to begin identi-

fying the gene expression patterns associated with this

phenotypic switch, RNA was extracted from each of the

cell lines under their respective pH conditions and analyzed

with Agilent genome arrays, as described in Materials and

methods. The top 500 genes per category and the respective

overlaps between data sets are shown in Fig. 7c. Notably, a

subset of 40 genes was identified as being significantly

altered (up- or down-regulated) among all cell lines using

the individual T-tests and the ANOVA across all condi-

tions. Each of these lists was analyzed further for

functional significance using the Gene Ontology database

(Table 3) and the biological databases Biocarta, GenMapp,

and KeGG (Table 4). The three T-test lists, the ANOVA

list, a supervised 423-gene cancer list, and a list of 500

random genes were included in each analysis. Each of the

gene lists is graphically shown in Fig. 7a–c, where green

represents underexpression and red represents overexpres-

sion. The identifier for each of these graphs describes in

shorthand the data that were used for the t-test or the

ANOVA significance test: e.g. LH vs. 6.7 describes the

Fig. 4 Quantitative fluorescent tracking of invasion. (a) Invasion

curve using DiO labeled C8161/7.4 cells with transwell invasion

assay. Cells were seeded in the lower well of the apparatus mimicking

cells post-invasion (triangles). Signal remained constant over a 42-h

incubation period showing that fluorescence was not affected by cell

proliferation or fluorophore quenching. The invasion curve (closed

squares) shows output signal from an equal number of cells seeded in

the top chamber of the invasion apparatus at t = 0. Fluorescence

increase was linear with time (r2 = 0.99). (b) Representative invasion

assay results for C8161 phenotype lines assayed in their respective

media. After 45-h incubation, the numbers of invading cells were

48% and 160% for the C8161/6.7 and C8161/LH cell lines,

respectively, relative to the parental C8161/7.4 cells

Table 2 Invasion (relative to parental 7.4 cells)

Phenotype % Invasion (uncorrected/corrected) at:

1 month 2 months 3 months 4 months average

6.7 Uncorr 35 52 38 31 39 ± 9

Corr 69 103 75 61 77 ± 18

LH-1 Uncorr 137 160 144 156 149 ± 11

Corr 140 164 148 160 153 ± 11

LH-2 Uncorr 120 113 117 ± 5

Corr 123 116 120 ± 5

LH-3 Uncorr 121 121

Corr 124 124
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ratio of the LH:7.4 to the 6.7:7.4 data sets. This figure

shows the top 500 genes that resulted from an unpaired

t-test comparing six slides each. Among the cancer

supervised list of 423 genes, the transcriptional repressor

SNAI1 showed the highest amount of variance between

phenotypes. Among all 44, 059 genes analyzed HEY1, a

Fig. 5 Heterogeneity of

motility among phenotypes. The

average velocity of individual

cells was explored using the

motility assay and cell-tracking

software described in Materials

and Methods. Figures (a–c) show

histograms of 4–5 separate

experiments per cell line wherein

motility was tracked and

velocities obtained from single

cells. Results from different

experiments are shown with

different bar fill patterns. (d–f)
show results of histogram

analyses. No significant

difference in the field average

velocity was observed between

the melanoma cell phenotypes

(a), but the low pH and LH

phenotypes exhibited a much

wider cellular motility

distributions (b). Moreover, the

LH population showed a shift

towards higher velocities (c).

The ranges of these populations

are significantly different (d–f).
Significant difference noted by *
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mediator of Notch signaling, showed the highest variance.

Further analysis by quantitative RT-PCR confirmed robust

changes in both HEY1 and SNAI1 transcript levels

between phenotypes (Fig. 7d). The acid resistant C8161/

6.7 phenotype showed only slight differences in RNA

levels compared to C8161/7.4 cells. The reacclimated

C8161/LH population however, revealed a 4.36 and 11.8

fold increase over the C8161/7.4 expression levels for

SNAI1 and HEY1, respectively. This remarkable tran-

scriptional increase in the C8161/LH cells but not the

C8161/6.7 phenotype appears mirror the increases

observed with in vitro invasion assays and global tran-

scriptional activity.

Figure 8 illustrates the unsupervised and supervised

clustering results using hierarchical clustering with

Euclidean distance as the similarity measure, where red is

overexpressed and green is underexpressed. Panel a is the

cluster results from 500 random genes; colors at the bottom

indicate the three classes of cell treatments. Panel b is the

dendrogram resulting from the 500 ANOVA genes, showing

graphically the dramatic difference in expression between

the C8161/6.7 vs. C8161/LH-1 and C8161/6.7 vs. C8161/

7.4 data sets, as compared to the C8161/7.4 vs. C8161/LH-1

set. Panel c shows 79 cancer genes selected from the 423

cancer genes by filtering for the largest expression change

across any of the expression arrays. Again the 7.4/LH

comparison showed the greatest difference, recapitulating

the dramatic environmental changes these cells have

endured through selection and re-acclimation. Panel d

shows the 40 genes that were common between the ANOVA

and the three T-tests. These genes showed an unusually high

proportion of ion channel genes, not unsurprising for cells

shifting their physiology to accommodate the lower pH

environment.

The Gene Ontology calculation yielded mostly kinase,

nucleic acid binding, signal transduction and receptor

activity for the cancer gene list [25]. The T-tests and

ANOVA results were typified by transferase, catalytic

activity, nucleic acid binding, and ion channel activities.

The random gene lists identified charperones, translation,

and peptidase activities. As mentioned, the 40-gene overlap

between ANOVA and T-tests was strongly affected by ion

channel functions, but larger lists allowed other functions

to be represented. The similarity between the ANOVA and

T-test lists and the known cancer list suggests at least some

overlap of functions most closely resembling functions

consistent with cancer. Pathway analysis yielded similar

results, while the cancer gene list identified in addition,

Mitogen-activated protein kinase (MAPK), cell cycle,

apoptosis, Wnt signaling, and G-protein signaling activi-

ties. The T-tests and ANOVA results identified similar

functional pathways: inflammation, cell cycle, apoptosis,

MAPK and G-protein signaling. Some differences were

obvious in these analyses, specifically the abundance of

cytokines and inflammation-responsive genes as well as ion

channel and receptor activity (data not shown) in greater

abundance than the cancer gene results. This highlights

some of the lingering adaptive transcriptional changes

brought about by the acidic environment. We see that

ubiquitous and well-known cancer gene functional groups

are recapitulated in the C8161/LH-1 cells, and that C8161/

LH-1 cells are different and more transcriptionally active

compared to the C8161/6.7 cells grown at pH 6.7.

Discussion

Understanding the relationship between the tumor micro-

environment and the events leading to metastasis continues

to evolve. This project specifically explored the direct

effects of acidosis on melanoma cells by in vitro assays of

metastatic potential. Methods were employed allowing

quantification of invasion, motility, tumor growth and

altered transcription for discrete phenotypes created in an

acidic environment. The process of creating these pheno-

types along with results from the assays above, support the

hypothesis that environmental acidosis selects (rather than

induces) a more aggressive phenotype in melanoma.

Data from the real-time invasion assays support the

hypothesis that populations acclimated to low pH exhibit

higher rates of invasion of a MatrigelTM membrane.

Notably, the low pH phenotype cells (C8161/6.7), which

was both selected for and maintained at pH 6.7, was not

more invasive than the native melanoma cell phenotype

(C8161/7.4). This was also observed in the transcriptome

Fig. 6 In vivo tumorigenic assays where cell lines inoculated into

flanks of SCID mice show similar growth rates for the C8161/7.4 and

/LH phenotypes. The C8161/6.7 phenotype had a significant lag time

before tumor growth initiation. Re-culturing of the cells from the

C8161/6.7 tumors and re-injection into SCID mice demonstrated that

the lag period for growth was maintained in the tumors developed

from the recultured cells as well
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results, where changes were most apparent when compar-

ing the C8161/7.4 and C8161/LH-1 phenotypes, despite the

fact that these were cultured at the same pH. The elevated

invasiveness of the cells selected at low pH only became

evident once they were cultured at physiological pH (LH

phenotype), which could be interpreted to suggest that

although the selection had occurred at low pH, the acidic

milieu itself was an inhibitor to invasion. These results

were repeated over many months showing the stability of

the generated phenotypes, suggesting that the process of

acclimation to low pH is a selection event, rather than one

of induction. Cells that had merely undergone a transient

shift in gene expression to survive the environment would

have reverted back to the phenotypic characteristics of

native cells once reintroduced to normal pH. This was not

the case, as evidenced by the invasion, motility, morpho-

logic and transcriptomic assays, which all showed that the

greatest differences were between the C8161/LH-1 cells

and the parental C8161/7.4 cells. The transition from low

pH back to normal conditions to form the C8161/LH-1

cells was not accompanied by cell death, as was the ori-

ginal transition from normal to low pH. Instead, the C8161/

6.7 cells were capable of surviving both conditions and

quickly adapted to the transition. This was also shown in

Fig. 7 Expression analysis results. Expression data from 18 separate

Agilent Whole Human Genome arrays was analyzed for significance

(ANOVA, T-Test) and covariance (Principal Components). (a) from

top to bottom, show 1, the results from a Principal Components test of

all 40,059 genes; 2, the results using only the 500 genes from the

ANOVA test; 3, the supervised principal component analysis of ten

cancer-specific genes that points to SNAI1 as that gene contributing

most to the variance across the three comparisons; and 4, a principal

component analysis showing those genes that most significantly

differentially expressed overall, pointing to HEY1 as that gene

responsible for the most variance across the three comparisons. (b)

shows all genes that were over- (red) or under- (green) expressed,

where the y-axis is the ratio and the x-axis represents each of the six

phenotype comparisons, from left to right (Cy5/Cy3): 6.7/7.4, 7.4/6.7,

6.7/LH, LH/6.7, 7.4/LH, LH/7.4. Comparators used common denom-

inators, e.g., ‘LH vs. 6.7’ compared the LH:7.4 datasets against the

6.7:7.4 datasets, etc. (c) Venn diagram showing numbers of signif-

icant up- or down-regulated genes in each comparison using a

supervised gene list (left panel) and all genes (right panel). (d) RT-

PCR of HEY1 and SNAI1 expression in C8161/LH and C8161/L cells

relative to the parental C8161/7.4 phenotype. Fold-change for each

gene was calculated relative to b-Actin transcript levels
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the growth curve at pH 7.4, which was acquired immedi-

ately upon transferring the C8161/6.7 cells back to normal

pH (Fig. 1c). The implication is a stable and transcrip-

tionally-linked accommodation, or new physiological

flexibility to new and ionically different environments not

seen in the C8161/7.4 cells. However, the increased lag

time for tumor growth of the C8161/6.7 cells is inconsistent

with this, and may relate to a fragility of these cells,

leading to reduced viability upon inoculation.

Since metastasis occurs when a small amount of cells

from a primary tumor move to a secondary site, increases

in metastatic potential of a few individual cells can be the

most important changes in the entire population during

cancer progression. For this reason, the motility experi-

ments allowed analyses of individual cells, with surprising

results. Although the C8161/6.7 and C8161/LH-1 cells

were not different from the C8161/7.4 cells in their average

velocity, there was clearly an increase in the heterogeneity

of phenotypes in these two treated populations. Both the

C8161/6.7 and C8161/LH-1 cells showed significantly

greater ranges and standard deviation values with respect to

velocity distributions in a given field. In other words, both

faster and slower cells were present in the treated cells

compared to untreated populations. The observation of

stressful environments increasing phenotypic and genomic

heterogeneity is well known among prokaryotes, thus, the

increased heterogeneity among the C8161/6.7 cells was

expected. It was surprising that this phenotypic heteroge-

neity was maintained after switching cells back to the

normal pH, but was further evidence that some C8161/LH-

1 cells are permanently more motile and invasive after low

pH selection compared to untreated cells. The continued

heterogeneity reinforces the notion that the acidic media

selected for an array of adaptable phenotypes that remain

competitive within the LH-1 population even after the

environmental stress is alleviated. The discrete transcrip-

tional changes found in the C8161/LH-1 cells correlate

well to increased invasive and adaptive potential. For

example, the BioCarta, GenMapp and KeGG database

analyses all identified significant changes in the expression

of metalloproteinase and cell adhesion genes, which are

positively linked with metastatic transition via degradation

Table 3 Gene families with significant differences between populations (Gene Ontology)

LH vs 6.7 ANOVA

Transferase (GO:0016740) 1.23E-08 Transferase (GO:0016740) 2.05E-05

Catalytic activity 2.42E-06 Catalytic activity 0.000297

Nucleic acid binding 0.00551 RNA binding (GO:0003723) 0.00182

Translation factor activity (GO:0008135) 0.00843 Translation factor activity (GO:0008135) 0.00465

Transporter activity 0.00985 Transporter activity 0.0501

Binding 0.0103

RNA binding (GO:0003723) 0.0132 Cancer genes

Ion channel activity (GO:0005216) 0.0404 Kinase 1.27E-16

Protein kinase activity (GO:0004672) 1.27E-16

7.4 vs. 6.7 Catalytic activity 2.29E-15

RNA binding (GO:0003723) 0.000401 Nucleic acid binding 2.55E-09

Transferase (GO:0016740) 0.0017 Binding 4.04E-09

Translation factor activity (GO:0008135) 0.00248 RNA binding (GO:0003723) 2.13E-07

Nucleic acid binding 0.00358 Transcription factor activity (GO:0003700) 1.22E-06

Binding 0.00691 DNA binding 1.34E-06

Catalytic activity 0.0178 Signal transducer activity 2.38E-06

Receptor activity (GO:0004872) 2.38E-06

LH vs. 7.4 Translation factor activity, (GO:0008135) 2.84E-06

Transferase (GO:0016740) 0.0001 Peptidase activity (GO:0008233) 0.00196

Catalytic activity 0.000297 Hydrolase 0.00376

Transferase (GO:0016740) 0.00973

Nucleotide binding (GO:0000166) 0.0109

Defense immunity protein activity (GO:0003793) 0.0171

Random genes

Chaperone activity (GO:0003754) 0.00016

Translation factor activity (GO:0008135) 0.00128

Peptidase activity (GO:0008233) 0.047
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Fig. 8 Hierarchical clustering of four sets of genes using Euclidean

distance as the similarity measure. The X-axis indicates the ratio

comparisons clustered in three sets: 6.7–7.4; LH to 6.7 and LH to 7.4.

As in Fig. 6, numerators were Cy5 and denominators were Cy 3

labeled. (a) is a quality control clustering of a random set of 500

genes showing a lack of grouping. (b) shows the results from the 500

ANOVA genes with the strongest differences seen between the pH

7.4/LH group and all others. (c) shows effects on 79 cancer-specific

genes including hypoxia, signal transduction, and vascularization

genes, again recapitulating the general pattern of distinction. (d) is a

dendrogram showing the 40 genes that are common between the

ANOVA and the three T-test gene lists

Table 4 Genes with significantly altered expression

LH vs. 6.7 ANOVA

BioCarta GenMapp KeGG BioCarta GenMapp KeGG

Peroxisome Translation fact. MapK PPARa Inflammation MAPK

TNFR1 Signal Inflammation Complement Inflammation Apoptosis Complement

B cell survival Apoptosis Apoptosis TNFR1 Metalloproteinase Cell Cycle

Inflammation Metalloproteinase Wnt Signaling Cytokines Wnt Apoptosis

7.4 vs 6.7 Cancer genes

BioCarta GenMapp KeGG BioCarta GenMapp KeGG

Cell Cycle Inflammation Cell Cycle MAPKinase Wnt Signalling MaPK

Inflammation Wnt Signaling MAPK Cell Cycle Apoptosis Cell Cycle

TNFR1 Signal MAPK Wnt Signaling G1 to S MapK Cascade Wnt Signaling

FAS Signal Apoptosis Apoptosis IL-2 Receptor G-Protein Signaling Cell Adhesion

LH vs 7.4 Random genes

BioCarta GenMapp KeGG BioCarta GenMapp KeGG

PPARa Metalloproteinase MAPK Cortisteroids Translation Ribosome

Inflammation Inflammation Cell cycle Hypoxia in heart Wnt signaling Ubiquitin

Cytokine Apoptosis Ribosome Oocyte maturat. G-protein signaling Cholera infection

Adhesion G-protein Apoptosis mCalpain Inflammation Prion disease

Peroxisome Infertility Huntington’s
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of the basement membrane and increased motility

(Table 4). Notably, these functions were not found to be

overexpressed when comparing C8161/6.7 cells with the

parental C8161/7.4 cells. This result parallels our pheno-

typic results where the C8161/LH-1 population showed

increased invasiveness and the C8161/6.7 cells did not.

The observed changes in expression also reveal func-

tional similarity to those seen in cells under hypoxic stress.

Although microenvironmental acidosis is often regarded as

a consequence of hypoxia brought about by signaling

through HIF-1a and increased glycolosis, the C8161/LH-1

cells appear to harbor some of these changes directly. The

two genes found to be most overexpressed in the C8161/

LH-1 line were HEY1 and SNAI1, both of which are

transcriptional repressors directly activated by HIF-1a
signaling. The link between hypoxia and Notch signaling

has become increasingly indicated to promote proliferation,

adaptability and survival among tumor populations [26].

Moreover, SNAI1, is a direct target of HIF-1a and is

correlated to metastasis through promotion of MMP

expression and the epithelial-to-mesenchymal transition

[27–29]. Taken together with the functional group changes

found in the database analysis, these results support the

notion that many of the changes linked with hypoxic stress

are also triggered during acidosis. Furthermore, it appears

that activation of these pathways is in part responsible for

the stable phenotypic heterogeneity and adaptability seen

in the C8161/6.7 and C8161/LH-1 populations.

In summary, significant cell mortality during acclima-

tion to low pH, and morphological differences support the

hypothesis that acidic selection of melanoma cells gener-

ates discrete new phenotypes, one of which exhibits a

robust increase in invasive potential when re-acclimated to

normal pH. This study specifically focused on the effects of

acidic selection in an invasive melanoma cell line, however

the generality of this phenomenon is being explored in a

panel of human cancers with similar results. For example,

MDA-MB-231 breast cancer cells exhibit the same selec-

tion kinetics and produce low pH (MDA-MB-231/6.7) and

re-acclimated (MDA-MB-231/LH-1) populations with

comparable invasive properties to those seen in melanoma

(Supplemental Figure 1). In the context of in vivo cancer

progression, we can assume that the most acidic microen-

vironments are those furthest from blood vessels [6, 30]

and that these occur in the lumens of ducts [31]. Selection

under these conditions leads to cells that survive and

exhibit phenotypic heterogeneity, evidenced by a large

range of motilities. Eventually, some of the more motile

cells will find themselves near the basement membranes,

which are close to the underlying blood vessels and are

expected to be at or near neutral pH. Once in this envi-

ronment, the selected cells are more invasive and are thus

more capable of metastasis. The mechanisms underlying

this transition are not yet understood.
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