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Abstract

Using unique computer-assisted 3D reconstruction software, it was previously demon-

strated that tumorigenic cell lines derived from breast tumors, when seeded in a 3D Matrigel

model, grew as clonal aggregates which, after approximately 100 hours, underwent coales-

cence mediated by specialized cells, eventually forming a highly structured large spheroid.

Non-tumorigenic cells did not undergo coalescence. Because histological sections of mela-

nomas forming in patients suggest that melanoma cells migrate and coalesce to form

tumors, we tested whether they also underwent coalescence in a 3D Matrigel model. Mela-

noma cells exiting fragments of three independent melanomas or from secondary cultures

derived from them, and cells from the melanoma line HTB-66, all underwent coalescence

mediated by specialized cells in the 3D model. Normal melanocytes did not. However, coa-

lescence of melanoma cells differed from that of breast-derived tumorigenic cell lines in that

they 1) coalesced immediately, 2) underwent coalescence as individual cells as well as

aggregates, 3) underwent coalescence far faster and 4) ultimately formed long, flat, fenes-

trated aggregates that were extremely dynamic. A screen of 51 purified monoclonal antibod-

ies (mAbs) targeting cell surface-associated molecules revealed that two mAbs, anti-beta 1

integrin/(CD29) and anti-CD44, blocked melanoma cell coalescence. They also blocked

coalescence of tumorigenic cells derived from a breast tumor. These results add weight to

the commonality of coalescence as a characteristic of tumorigenic cells, as well as the use-

fulness of the 3D Matrigel model and software for both investigating the mechanisms regu-

lating tumorigenesis and screening for potential anti-tumorigenesis mAbs.
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Introduction

Cancer cells exhibit a number of characteristics not normally exhibited by non-cancer cells.

These can include resistance to signals that inhibit cell multiplication [1–4], growth factor

independence [5, 6], a decrease in programmed cell death [7–9], self-signaling to stimulate cell

multiplication [10–13], invasiveness and metastasis [14], tumorigenesis in animal models [15–

17], and a number of additional characteristics [1, 2]. Recently, we demonstrated that tumori-

genic cell lines derived from breast tumors, but not non-tumorigenic cell lines, also possess the

capacity to generate large cell aggregates in a 3D Matrigel model through coalescence of clonal

aggregates formed through the multiplication of single cells seeded in the gel [18, 19]. The pro-

cess of coalescence of aggregates occurs after an extended growth period and is mediated by

specialized cells that recruit other cells from the aggregates to form cables between aggregates

that contract, actively moving smaller into larger aggregates [18, 19]. Eventually, through con-

tinued coalescence the majority of cells in a 3D field coalesce into single large aggregate that

then differentiates into a highly structured hollow sphere of cells. The process of coalescence

has been interpreted to mimic or reflect some aspects of tumorigenesis in vivo [18, 19] most

notably coalescence in “field cancerization” [20]. Field cancerization was first articulated by

Slaughter et al. (1953) [20], and was subsequently noted in a variety of cancers [21–30]. It was

suggested that multiple tumorigenic foci within a cancerized field coalesce and that coales-

cence contributes to tumor growth as well as tumor heterogeneity [20].

J3D-DIAS 4.2 [31, 32], the 4D computer-assisted system developed in our laboratory and

used to reconstruct and analyze coalescence, relies on differential interference contrast (DIC)

microscopy. DIC microscopy allows optical sectioning of living preparations at very short time

intervals, produces negligible heat [33–35] and does not rely on staining or fluorescence, thus

circumventing phototoxicity problems [35–37]. In the 3D model, cold liquid Matrigel is seeded

with single cells and allowed to gel, resulting in independent cells dispersed throughout the gel.

A 3D region of the live preparation is then optically sectioned in a 45 second period, producing

a stack of 150 DIC optical sections through 1500 μm (Fig 1). This process is repeated every 10

minutes for as long as the experiment requires (up to one month, if desired). The J3D-DIAS 4.2

software then reconstructs the cells and aggregates from the optical sections every 10 minutes.

Because the reconstructed cells and aggregates are converted into mathematical models, the

software provides not only unique dynamic 3D videos of aggregate growth and coalescence, but

also calculations of a variety of 3D aggregation, motility and contour parameters over time [31,

32].

The 3D Matrigel model and evolving 4D reconstruction and motion analysis software [31,

32] were initially used to analyze tumorigenic cell lines derived from breast tumors [18, 19].

However, histological descriptions of melanoma development suggested that the model may

be more relevant to the formation of melanomas in vivo. Histological studies suggested that

individual melanoma cells first undergo pagetoid spreading through the skin [38, 39], espe-

cially in superficial spreading malignant melanomas [40]. Images of spreading cells have been

referred to as “buckshot” in pathological profiles [40–45]. Eventually, “nests” of malignant

cells form, which are architecturally round to irregular [40–45]. Most importantly, these nests

can coalesce [44]. Cellular bridges or cables, can be observed between nests in histological sec-

tions [44]. Eventually nests can spread horizontally along the skin, as well as vertically towards

the dermis [40, 41]. These observations suggest that aggregate coalescence and the mediation

of coalescence between aggregates by cables of specialized cells, which we demonstrated in 3D

Matrigel models of breast tumor-derived cell lines in vitro [18, 19], may indeed occur in the

progression of melanomas in vivo. Moreover, there are reasons to believe that melanoma cells

may be more aggressive in behavior than breast cancer cells in the process of metastasis. A
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Fig 1. 4D reconstructions are generated with a customized cabinet and J3D-DIAS4.2 software. A. The 3D

platform included an upright light microscope supporting the 3D Matrigel preparation seeded with cells, a computer-

synchronized mechanical stage, camera and light source for optical sectioning, and DIC optics. This system is housed in

a 5% CO2 incubator and maintained at 37˚C. B. One hundred and fifty optical sections were collected in a 30 second

period, as cartooned in this panel, and this sectioning process repeated every 10 minutes. Optical sections are drawn in

grey. Blue boxes denote different depths. C. DIC optical sections obtained at four depths during one series of sectioning.

D. Computer-assisted autotracing of the optical sections in C. E. 3D reconstruction by J3D-DIAS4.2 of an aggregate

formed by coalescence, viewed from four angles.

doi:10.1371/journal.pone.0173400.g001
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major comparison by the National Cancer Institute between 2006 and 2012 between breast

cancer and melanoma patients of five-year survival rates, revealed dramatically lower rates of

survival for melanoma patients, (http://seer.cancer.gov/statfacts/html/breast/html). In addi-

tion, Gupta et al. (2005) [46] showed that overexpression of the oncogene Ras in normal mela-

nocytes induced tumorigenesis and metastasis, whereas overexpression of Ras in normal

epithelial cells resulted in tumorigenesis, but not metastasis. These results suggest that melano-

cytes already possess a propensity greater than breast cells to become metastatic.

Here we have tested whether cells from three fresh melanomas and an established mela-

noma cell line undergo coalescence between aggregates formed by cell multiplication, whether

bridges of specialized cells mediate coalescence, and whether the developmental program for

melanoma coalescence is similar or different from that of breast tumor-derived cells in the 3D

Matrigel model. It is demonstrated that melanoma cells from fresh tumors or an established

melanoma cell line indeed undergo aggregate coalescence and that coalescence of aggregates is

mediated by the formation of cell bridges formed by behaviorally distinct cells, as is the case

for tumorigenic breast cancer-derived cell bridges [18, 19]. However, the results also demon-

strate behavioral characteristics specific to melanoma cells, both fresh cells from tumors sec-

ondary melanoma cell cultures and an established melanoma cell line. It has expanded our

definition of coalescence to include not only the active fusion of aggregates facilitated by spe-

cialized cells, to active cell-cell aggregation and cell-aggregate fusion, behaviors not observed

by tumorigenic cells derived from breast tumors [18, 19]. In addition, a screen of 51 monoclo-

nal antibodies against cell surface molecules identified two mAbs that blocked coalescence in

the 3D Matrigel model, one against beta-1-integrin (CD29) [47], and one against CD44, the

hyaluronate adhesion receptor implicated in melanoma metastasis [48–54]. We also show that

the A6 peptide, which recognizes the hyaluronic acid (HA) binding site of CD44, had little or

no effect on coalescence at concentrations as high as 1 mg per ml. Our results suggest that coa-

lescence may be a general characteristic of different cancers, with minor cancer type-specific

characteristics, and that the 3D model and software we have developed may not only provide

new insights into the mechanisms of tumorigenesis, but also may be useful in screening for

new anti-tumorigenesis drugs.

Material and methods

Acquisition of patient samples and cell lines

The three recurrent metastatic melanomas used in this study were isolated as follows. Mela-

noma 1 was isolated from an axillary lymph node of a patient originally diagnosed with mela-

noma in the liver. A BRAF mutation with an allele frequency of 66% was identified in genomic

DNA obtained from a tumor in the liver of the same patient. Melanoma 2 was isolated through

a re-excision of the left upper back of a patient with a stage IIC melanoma. Melanoma 3 was

isolated from an axillary lymph node of a patient originally diagnosed with melanoma on the

left lower back. Tumor specimens were initially assessed by a pathologist and the attending

physicians. The tumors were clearly delineated from adjacent tissue. Samples were harvested

from the flat, polyploid region of the excised specimens that were phenotypically melanoma.

Fresh normal skin for isolating melanocytes was obtained from three breast reduction proce-

dures. The adipose layer was removed by dissection. Fresh tumor biopsies and fresh normal

tissues were obtained under approved protocols as follows. The melanomas from Mercy Hos-

pital Systems, Des Moines, IA, was obtained under approval by the Western Institutional

Review Board (WIRB), Protocol #20091867, with written informed patient consent to partici-

pate in a study entitled "Multi-center Collection of Biospecimens and Associated Clinical

Data". Two melanomas were procured by protocols approved by the University of Iowa
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Institutional Review Board, IRB ID#200804792, with written informed patient consent to par-

ticipate in a study entitled "Ocular Skin and Connective Tissue Proliferative Disorders, Clinical

Data and Tissue Sample Collection Project", through the Melanoma and Sarcoma Tissue Bank

Registry (MAST; https://www.uihealthcare.org/melanoma/) at the University of Iowa Carver

College of Medicine, project number 028, Dr. Milhem. Fresh skin was obtained through the

Tissue Procurement Core (TPC), a facility that manages the University of Iowa Biobank, IRB#

201103271, that is jointly supported by the Carver College of Medicine and the Holden Com-

prehensive Cancer Center at the University of Iowa. The HTB-66 cell line, a human malignant

melanoma from a lymph node metastatic site [55, 56], and A375M, a human metastatic mela-

noma cell line isolated by in vivo selection in a mouse of metastatic cells from a population of

poorly metastatic parent cells [57] were purchased from ATCC (ATCC.org) and subcultured

according to ATCC-recommended methods. Adult normal human epidermal melanocytes

(NHEM) were obtained from Lonza (www.lonza.com) and cultured according to the specifica-

tions provided by the company.

Preparation of cell cultures

Melanoma samples, which were at least 1 cm in diameter were dissected into fragments

approximately 3 to 4 mm in diameter and were either used directly in the 3D Matrigel model

or placed in wells of a 24-well tissue culture plate for subculturing. Both preparations con-

tained DMEM/F12 medium (ThermoFisher, Grand Island, NY), supplemented with 20 ng/ml

EGF, 10 μg/ml insulin, 0.5 μg /ml hydrocortisone, 0.1 μg/ml cholera toxin (Sigma-Aldrich,

St. Louis, MO), 5% horse serum (Atlanta Biologicals, Atlanta, GA), penicillin/streptomycin,

fungizone (ThermoFisher) and Gentamycin (Sigma-Aldrich, St. Louis, MO). For generating

secondary cultures, the medium in the wells of the multiwell plate was replaced with fresh

medium after one week. Once cell growth outside the fragments was observed, the medium

was changed every 3 days. Cells were harvested at� 70% confluency. Cells were harvested by

treating them with Dispase (Stem Cell Technologies, Vancouver, BC, Canada) to gently disso-

ciate them from the surface of the wells and transferred into a T-75 tissue culture flask. Once

cells were harvested and maintained in a tissue culture flask, they were considered secondary

cultures. In the case of the melanocyte cultures we generated from skin, samples were dissected

into pieces approximately 3 to 4 mm in diameter. The adipose layer was removed by dissection

and the resulting samples further dissected into pieces 3 to 4 mm in diameter. These pieces,

containing both dermis and epidermis were incubated in six well tissue culture plates as

described for secondary cell cultures of melanoma tissue, with the same medium regime, and

the cells that exited the tissues harvested at> 80% confluency. A melanocyte preparation was

also purchased from the company Lonza (Walkersville, MD), and cultured in the same way as

the primary cultures we generated.

Immunofluorescent staining

The monoclonal antibody (mAb) CPTC-MAGEA4-3, against MAGEA4 and CPTC-S100A4-1,

against metastasin 100 calcium binding protein A4, were developed by the NCI Clinical Prote-

omics Technologies for Cancer (CPTC) initiative and banked in the Developmental Studies

Hybridoma Bank (DSHB) (dshb.biology.uiowa.edu), an NIH National Resource housed at the

University of Iowa. The anti-fibroblast mAb CP28, against CD90/Thy-1, was obtained from

Calbiochem/EMD Millipore (www.emdmillipore.com) and the mAb HMB45 against Pmel 17

from DAKO/Agilent Technologies (www.dako.com). The characteristics of these mAbs pro-

vided by the distributors of these mAbs are outlined in S1 Table. Cells from melanomas, mela-

noma cell lines and cultured skin melanocytes were grown overnight in Thermo Scientific
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Nunc Lab-Tek II chambered slides (Fisher Scientific, Pittsburgh, PA). Cultures were then

rinsed 3 times with PBS, fixed with 4% paraformaldehyde for 15 minutes, briefly permeabilized

in 0.2% Triton-X 100, washed in PBS, and blocked with 5% normal goat serum (NGS) in PBS.

The mAbs CPTC-MAGE4-3, CPTC-S100A4-1 and CP28 were diluted to a concentration of

3 μg/mL in 5% NGS/PBS while HMB45 was diluted 1:50. All mAbs were applied for 30 mins at

room temperature. Preparations were then washed, and stained for 45 mins at room tempera-

ture with goat anti-mouse Alexa 488 (www.jacksonimmuno.com) diluted 1:300. Slides were

mounted in Vectashield (Fisher Scientific, Pittsburgh, PA).

3D Matrigel model

The 3D Matrigel model (Fig 1A) was prepared according to methods previously described in

detail, using glass-windowed, modified Petri dishes for DIC microscopy [19, 31, 32]. In brief,

the glass window at the bottom of a modified 65 mm Petri dish was pre-coated with a 100 μl

film of Matrigel (Corning, Life Science, Corning, NJ). A 500 μl aliquot of chilled Matrigel was

mixed with 250 μl of a cell suspension containing 1.25 x 105 cells at 4˚C or with tissue or sus-

pension of tissue fragments. The gel was then pipetted onto the pre-coated bottom glass win-

dow. The preparation was incubated for 30 minutes at 37˚C to allow gelation. The final 3D

Matrigel model was approximately 1.5 mm thick. The dish was then filled with medium. Cells

or fragments were distributed independently and randomly in the 3D gel. To test the effects of

mAbs on coalescence in 3D, purified mAb were mixed with a 250 μl cell suspension prior to

addition of 500 μl of chilled Matrigel. The final concentration of mAb in the 3D preparation

was 500 μg per ml.

Optical sectioning

Automatic and manual outlining were performed as previously described [18, 19, 31], with

minor modifications. In brief, the dish containing the 3D Matrigel model was positioned on

the stage of a Zeiss Axioplan 2 microscope equipped with DIC optics, a motor-driven stage

and a Zeiss AxioCam MRc5 IEEE 1394 color CCD camera, all computer-synchronized (Fig

1A). The microscope was housed in an incubator, set at 37˚C and 5% CO2. A collection of 150

DIC optical sections were obtained in a 45 second period through 1500 μm (Fig 1B), and

repeated every 10 minutes. A series of DIC optical sections is presented in Fig 1C at different

depths. In the previous version of DIAS, J3D-DIAS4.1[31, 32], images were converted to a

DIAS format to save memory. In the latest version of the software used here, J3D-DIAS4.2,

image stacks were saved in a JPEG format to generate movies with little to no compression.

Thus, high resolution images, equivalent to those acquired by the camera, were obtained.

Image processing

In the previous version of the reconstruction software, if the background had non-uniform

lighting, the entire image was smoothed and the smoothed image was then subtracted from

the original one. Uniform background was achieved, but contrast was sacrificed. As a result of

the improved speed and performance of new generation computer processors, we imple-

mented the “rolling ball” method [58] for background subtraction and object enhancement in

the J3D-DIAS 4.2 upgrade used here, which minimizes the loss of contrast.

Object detection (image segmentation)

Automated methods of image segmentation, including “complexity-based bitmap object

detection” (C-BBOD), have been described elsewhere in detail [19, 32]. In brief, the complexity
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algorithm for automatically tracing a cell or aggregate in a DIC optical section assigns a 0 to

255 gray scale value to each pixel within a kernel. A kernel is a pixel matrix in an optical section

image with a user-determined size (for example, 3x3, 5x5 or 7x7 pixels). The standard devia-

tion of the average gray scale values of the pixels within the kernel is calculated and assigned to

the reference pixel within the kernel. If that standard deviation is greater than or equal to the

user-determined threshold, the reference pixel is considered part of the object of interest and

is retained. The kernel automatically moves to the next pixel, calculations are performed and

the process is repeated until every pixel has been assigned a value in the optical section. The

background has more uniform gray scale values than a cell or aggregate and will therefore not

be included in an object. A series of autotraced, in focus images are presented at different

depths for a single reconstruction in Fig 1D. For more control of detail at the edge of the cell,

like filopodia, a “detailed manual trace” option has been introduced into 3D-JDIAS4.2 that

magnifies the image. As in the previous version 3D-JDIAS4.1, manual outlines, but not bitmap

traces, are replaced with beta-splines [59–62].

As described previously [32, 59–65], tracings that overlap in the z-dimension are then

grouped as a complexity stack in the case of bitmap tracings or as a series of outlines (beta-

spline representations) for manual tracings. In the former case, the bitmap pixels become the

voxels (3D pixels), while in the latter, the outlines are filled with voxels (3D pixels). In both

cases, the voxel dimensions are determined by the distance between slices and the total magni-

fication of the image. Based on these x, y, and z scale factors, a 3D voxel map (raw voxel block)

is generated.

Generating encapsulated or faceted 3D images

The stacked outlines obtained by segmentation of the DIC optical sections are faceted in 3D

[59–61, 66]. The earlier versions of 3D-DIAS [59, 60, 66] used a wrapping technique which

was subsequently replaced in J3D-DIAS4.1 [19] with “adaptive skeleton climbing isoform

extraction” [67]. The latter technique eliminated the column artifact that occurs in wrapping,

but introduces gaps between facet vertices, missing facets and backwards facets that required

rendering steps to correct. The “marching cubes” algorithm [68] was therefore implemented

in J3D-DIAS 4.2. In addition, to improved accuracy, we estimate that the fully implemented

marching cubes algorithm renders objects 10 times faster than adaptive skeleton climbing. The

faceted surface is then smoothed using a vertex smoothing algorithm [69] as previously

described [19, 32]. Three rounds of vertex smoothing are generally sufficient to attenuate

sharp edges in the faceted object. A rendering of a reconstructed 3D aggregate at a single time

point, formed by coalescence, is viewed from four angles in Fig 1E.

Generating 4D centroid tracks and data analysis

J3D-DIAS 4.2 was modified in order to permit the generation and visualization of 4D centroid

tracks. In essence, the 2D algorithm [59–62] was ported to JAVA and generalized to 3D, a pro-

cess that required storing data in a fashion that could be rapidly accessed. Once 4D tracks were

generated, the newly implemented quick display feature was used to select one object in a field,

and acquire data for that object in graphic as well as textual format.

Preparation of mAbs to test for anti-coalescence

To select mAbs to use in a screen for inhibition of coalescence of tumorigenic cells, a search

was first conducted using the search features on the Developmental Studies Hybridoma Bank

(DSHB) website (http://dshb.biology.uiowa.edu) and the key words “cell surface”, “receptor”,

“CD”, “transporter”, “exchanger, channel”, “plasmamembrane”, and “endocytosis”. In

Coalescence in melanoma inhibited by anti-CD44
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addition, antibody collections listed at the DSHB website, such as http://dshb.biology.uiowa.

edu/Antibody-Collections/Cancer-antibodies, and an antigen list also available at the DSHB

website, http://dshb.biology.uiowa.edu/Antigen-list, were examined for cell surface targets.

mAbs were purified using Hi Trap Kits (GE Healthcare, Upsalla, Sweden). To remove salt, fil-

ter-sterilized mAbs were passed through Amicon Ultra-Cel 50K columns (EMD-Millipore,

Massachusetts) and resuspended in PBS. Protein content was assessed at 280 nm using a

Nanodrop 1000 spectrophotometer (ThermoScientific). Characteristics and validation of the

mAbs tested in the 2D and 3D assays are presented in S2 Table.

Screen for anti-coalescence

In a rapid screen, individual wells of a 96 well plate were coated with 50μl of Matrigel and incu-

bated for 30 min at 37˚C. Log phase HTB-66 cells were resuspended in medium at a concentra-

tion of 3x105 cells per ml. The cell suspension was poured through a cell strainer with 70 μm

pores (Fisher Scientific). Eighty μl of this cell suspension was mixed with 60 μl of proclin-free

supernatant mAb or purified mAb at a concentration of 0.8–1.5μg/μl. Thirty μl of Matrigel were

added and the suspension gently mixed. Eighty μl of this mixture was added to each pre-coated

well and allowed to polymerize at 37˚C for 30 minutes before addition of 100 μl of medium. The

final concentrations of mAbs was 500 μg/per ml. The control was set up similarly, but beginning

with 60 μl of medium lacking mAb. This preparation provided a 3D milieu, but allowed high

through-put screening using 2D bright field microscopy. All mAbs were tested in duplicate wells.

Images from each well were taken at three depths through five different regions every 24 hours

over a period of 4 days with an Axiovert 100 inverted microscope (Zeiss), using a 10x phase

objective and a Sony XCD-V50 digital camera. Growth, the formation of bridges and aggregate

coalescence in mAb-treated preparations were qualitatively compared to untreated controls.

mAbs that did not affect growth but blocked bridge formation and coalescence were then reana-

lyzed in the 3D model [18, 19] using the J3D-DIAS 4.2 reconstruction software described in pre-

ceding sections.

A6 peptide

The peptide, obtained from Biomatik (Wilmington, DE), consisted of the eight amino acids

KPSSPPEE, acetylated at the N-terminus [70]. It was dissolved in PBS to a final concentration

of 100 mg per ml according to manufacturer’s instructions and diluted with media for analysis

in the microwell assay to assess concentration effects and in the 3D model containing 1 mg per

ml of A6 peptide.

Results

Demonstrating the melanoma phenotype

To verify that the cells exiting fragments of fresh melanoma tumors exhibited the melanoma

phenotype, we stained cells from both primary and secondary cultures for melanoma-specific

antigens employing antigen-specific mAbs. The melanoma markers included MAGEA4-3

[71–73], S100A [74, 75] and HMB45 [74, 76]. Approximately 95% of cells from secondary cul-

tures of melanoma cells derived from fresh melanoma stained for MAGEA4-3 (Fig 2E and 2F),

S100A4-1 (Fig 2G) and HMB45 (Fig 2H). Control melanocytes cultured from the skin of two

breast reduction patients did not stain for CPTC-MAGE4-3 (Fig 2A, 2B, 2C and 2D). Results

for CPTC-S100A4-1 and HMB45 in control melanocytes were identical to those observed with

MAGE4-3 (Fig 2B and 2D). Approximately 5% of cells from secondary melanoma cultures

and melanocyte cultures stained with the anti-fibroblast mAb CP28, against CD90/(Thy-1)
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[77]. Moreover, the majority of both primary and secondary cultures contained brown pig-

ment, indicative of melanin synthesis. These results indicated that the great majority of cells

cultured from fresh tumors expressed melanoma-specific markers.

Fig 2. A majority of cells cultured from fresh melanomas stain for the melanoma-enhanced antigens

MAGEA4-3, S100A and HMB-45. A, B and C, D. Phase contrast microscopy and fluorescence microscopy of

control melanocytes cultured from the skin of two breast reduction patients reveal that these cells do not stain

with the mAb CPTC-MAGE4-3 against MAGE4-3. E, F. The great majority of melanoma cells cultured from

melanoma fragments stain with the anti-MAGEA4-3 mAb CPTC-MAGE4-3. G, H. The great majority of

melanoma cells cultured from melanoma fragments stained with the anti-metastatin 100 calcium binding

protein A4, mAb CPTC-S100 A2 and the anti-PME117, mAb HMB45, respectively.

doi:10.1371/journal.pone.0173400.g002
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Normal melanocytes do not coalesce

Melanocyte enriched cultures from the skin of three breast reduction patients were seeded in

the 3D Matrigel model, using the same procedures used for melanoma cells. Since the cells of

all three melanocyte enriched preparations behaved similarly, a time series of reconstruc-

tions of only one preparation is presented over a 75 hour period of analysis in Fig 3A. All

outlining and reconstructions were performed automatically [19, 31]. The melanocytes

were initially round or amorphous in shape (Fig 3, 1 hr), but became highly elongate, spin-

dle-shaped and dendritic by 13 hours, and remained elongate through 70 hours (Fig 3A).

The elongate, dendritic phenotypes were consistent with those reported for melanocytes

analyzed on 2D substrates [78–80]. The melanocytes moved rapidly through the 3D Matri-

gel, at velocities sometimes exceeding 25 μm per hour. As the cells multiplied, they formed a

dendritic network and in many instances the networks included cables of elongate cells

aligned end to end (Fig 3A). The increase in cell number was apparent, when the density at

13 hours was qualitatively compared to that at 30 and 60 hours (Fig 3A). However, the mela-

nocytes did not coalesce into single, large aggregates in the areas of analysis, even after 70

hours (Fig 3A). Commercially obtained melanocytes seeded in the Matrigel model and

reconstructed in 4D exhibited the dendritic morphology and rapid motility observed in

melanocytes we cultured from breast reduction tissue, and, as was the case for our melano-

cyte preparations, did not undergo coalescence (S1 Fig, after 150 hours).

Cells directly exiting melanoma tumor fragments undergo coalescence

Cells exited fragments of melanomas embedded in Matrigel approximately five days after gela-

tion. The cells spread through the Matrigel by approximately seven days, forming a number of

small aggregates containing four or more cells (Fig 3B, 0 hr). The shape of the individual mela-

noma cells at seven days varied from round to elongate and dendritic (Fig 3B, 0 hr). Cells in

the preparation continued to multiply, elongate and coalesce (Fig 3B, 0 to 72 hours). Through

the 70 hours of analysis, coalescence occurred between cells, between cells and aggregates, and

between aggregates (Fig 3B). At the onset of analysis, the 3D field contained 24 cells and small

aggregates (Fig 3, 0 hr). By 72 hours, the field contained one large aggregate and four cells or

small aggregates (72 hr, Fig 3B), an 80% reduction in independent entities resulting from coa-

lescence of cells and aggregates (Fig 3B). It was clear that the mass of both cells and aggregates

increased through cell multiplication. Because of the high rate of cellular translocation, cells

continued to enter and exit the field during reconstruction. The large aggregate formed at 47

hours was highly dynamic, changing shape continually, as evidenced by visual comparisons of

the aggregate at 47, 50 and 72 hours (Fig 3B). A movie of coalescence, which included 72 hours

of analysis and consists of 433 reconstructions of the 3D area of analysis, is presented in S1

Movie.

Melanoma cells subcultured from tumors

Cells subcultured from fragments of all three fresh melanomas exhibited the initial round cell

phenotype of melanoma cells exiting melanoma fragments, but did not fully regain the very

elongate, dendritic cell phenotype of primary cultures (Fig 4A, 4B and 4C). Nonetheless, they

still underwent coalescence. As previously noted, these cells stained for melanoma-specific anti-

gens (Fig 2). The dynamics of coalescence of subcultured melanoma cells exhibited specific dif-

ferences from the dynamics of cell lines derived from breast tumors [18, 19]. When seeded into

the Matrigel model, breast tumor-derived tumorigenic cells underwent cell multiplication for

approximately 100 hours, exhibiting little translocation and, through cell multiplication, formed

clonal islands, or clonal aggregates [18, 19]. It was only at the end of this precoalescence period,
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Fig 3. Cells in melanoma cultures, but not in melanocyte cultures undergo coalescence in the 3D Matrigel

model. A. 3D reconstructions of a representative preparation containing melanocytes cultured form the skin of a

breast reduction patient reveal that these cells increase in number, elongate, and form multicellular cables. They are

highly motile, but do not undergo coalescence to form a single aggregate. B. 3D reconstructions of a representative

preparation of melanoma cells that had exited a tumor fragment suspended in Matrigel multiply, coalesce and form a

single long, flat fenestrated aggregate through coalescence. Reconstructions were started four days after gelation,

which was designated zero hours in the reconstruction.

doi:10.1371/journal.pone.0173400.g003
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Fig 4. Cells subcultured from melanoma and seeded in Matrigel undergo cell-aggregate and aggregate-aggregate

coalescence. The three examples in panels A, B and C were reconstructed at different times and different locations of a single

preparation. A. Example of a cell (blue) translocating to a small aggregate (red) and coalescing with it, in a four hour period. B.

Example of three individual cells (green, yellow, blue) coalescing with an aggregate (red), between 45.5 and 49 hours. C.

Examples of cell-aggregate and aggregate-aggregate coalescence between 140 and 279 hours of reconstruction. In these

panels, the original cells and small aggregates that undergo coalescence are multicolored and numbered so that they can be

Coalescence in melanoma inhibited by anti-CD44
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lasting approximately 100 hours, that specialized cells (facilitators, probes) appeared and began

to mediate coalescence between aggregates [18, 19]. In marked contrast, subcultured melanoma

cells underwent coalescence immediately after Matrigel gelation and in parallel with cell multi-

plication (Fig 4A, 4B and 4C). In other words, there was no initial precoalescence period for

melanoma cell cultures during which only clonal cell aggregates formed in the absence of coa-

lescence through cell multiplication. The presence of small aggregates immediately after Matri-

gel gelation also suggested that in melanoma cell preparations, coalescence had begun during

gelation. Moreover, in contrast to cultures of breast-derived tumorigenic cell lines, coalescence

of subcultured melanoma cells initially occurred between single cells as well as between single

cells and the small aggregates formed during gelation (Fig 4A). In the three examples of coales-

cence in Fig 4, the times of reconstructions represent the period after gelation. In the represen-

tative sequence of 3D reconstructions over an initial four hour period beginning at zero hours

in Fig 4A, a single cell, color-coded blue, migrated over a distance three times its diameter, in a

directed fashion (see arrow in Fig 4A, 4 hr) towards a small aggregate color-coded red, and coa-

lesced with it by four hours. Coalescence of a single cell to another cell or aggregate is evident in

3D reconstructions between 45.5 and 49 hours in a different preparation of the same subcul-

tured melanoma cells (Fig 4B). In panels A and B in Fig 4, cell regions were selected to demon-

strate cell-aggregate coalescence. In Fig 4C, all cells and aggregates in a region of analysis of

subcultured melanoma cells were reconstructed from 140 hours post gelation in order to dem-

onstrate the extent of coalescence. Those initial cells and aggregates that underwent coalescence

were numbered in order to track the process. The original aggregate 1, which served as a major

focal point for coalescence, was color-coded white. As single cells (color-coded other than

white) and small aggregates (color-coded other than white) coalesced with aggregate 1, they lost

their original color code (Fig 4C) and assumed the white color of aggregate 1. The generation of

aggregate 1/2/3/7/8/9/10/11/12 can thus be tracked through the period of analysis, between 140

and 270 hours (Fig 4C). The generation of the small aggregate 4/5/6 can also be tracked between

140 and 164 hours (Fig 4C). Examples of cell-cell (11 and 12), cell-aggregate (8 and 1/2/3) and

aggregate-aggregate (11/12 and 1/2/3/7/8/9/10) coalescence were verified by rotating the recon-

structed sequence.

High resolution analysis of single cell-aggregate coalescence

To obtain high resolution reconstructions of coalescence between a single melanoma cell and

an aggregate, a cell, color-coded yellow, was manually traced and two neighboring small aggre-

gates (blue and grey) autotraced (Fig 5A and 5B). At 228 hours from the time of gelation, the

individual yellow cell had extended three protrusions, two away from the two aggregates and

one towards the blue aggregate. No protrusions formed towards the grey aggregate. The pro-

trusion towards the blue aggregate ended in a thin filopodium that could not be accurately

reconstructed at its very end because of its small diameter, estimated to be less than 0.1 μm

(Fig 5). The cell then migrated along the path of the filopodium towards the blue aggregate,

bypassing the grey aggregate. By 241 hours, the cell had attached to and coalesced with the

blue aggregate, and its color-code changed to blue (Fig 5A).

Because the J3D-DIAS4.2 program converts cells and aggregates into mathematical models,

3D motility parameters are readily computed. In Fig 5B, tracks of the cell centroid (the center

of mass) [59, 60] and those of the two aggregates are plotted in 3D at 15 minute intervals

between 224 and 241 hours for the yellow cell (C1) and the blue and grey aggregates (A1, A2),

monitored through coalescence. Note that cells and aggregates 1, 2, 3, 7, 8, 9, 10, 11 and 12 form the aggregate labeled 1/2/3/

7/8/9/10/11/12 and cells 4, 5 and 6 form 4/5/6 aggregate.

doi:10.1371/journal.pone.0173400.g004
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and presented at three angles, which can be assessed by the position of the bottom grid. The

centroids of the two aggregates clustered (Fig 5B), suggesting random movement of the cen-

troids due presumably to shape changes effected by the motile behavior of cells within the

aggregates. In marked contrast, the centroid of the cell (C1) clustered between 224 and 227

hours, then between 227.5 and 240 hours translocated in a directed fashion towards aggregate

A1 (blue) (Fig 5B). The centroid then clustered between 240.5 and 241 hours at the edge of the

targeted aggregate, during coalescence (Fig 5B). This scenario of facilitation was observed for

many additional cells coalescing with aggregates in preparations from all three melanomas,

which were similarly analyzed in 3D.

Fig 5. Tracking of a single cell to an aggregate and subsequent coalescence. The preparation was that of a

secondary culture of melanoma cells derived from a fresh melanoma fragment. A. 3D reconstructions of a single cell

(yellow, C1) in the neighborhood of two aggregates (blue, A1; grey A2) that extends three processes, translocates in

the direction of the extension directed towards the blue aggregate, A1, and coalesces with it. B. Centroid (center of

mass) tracks of the cell C1 and the aggregates A1 and A2, all reconstructed in panel A, between 224 and 241 hours,

reveal directed translocating of the cell towards aggregate A1 prior t o coalescence.

doi:10.1371/journal.pone.0173400.g005
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Single cell facilitation of aggregate-aggregate coalescence

In 3D Matrigel models seeded with tumorigenic cell lines derived from breast tumors,

aggregate coalescence was demonstrated to be mediated by single specialized “facilitator

cells” and “probes” [19]. Attachment of facilitators to probes or between probes of different

aggregates initiates additional cells to extend along the attachment to form a multicellular

cable that then contracts, always pulling the smaller aggregate into the larger one [19]. A

similar mechanism was observed in the mediation of aggregate-aggregate coalescence in 3D

melanoma cell preparations. A representative example is presented in the reconstructions

in Fig 6. In this example, a single cell, color-coded magenta, mediated coalescence between

a large aggregate, color-coded yellow, and a small aggregate, color-coded blue. The aggre-

gates were autotraced and the cell manually traced. The facilitator cell then sent a single

tapering projection in the direction of the large yellow aggregate (Fig 6, 140 hr). Between

140 and 171 hours, the projection appeared to probe the surface of the large, yellow aggre-

gate. At 171 hours, a probe cell at the surface of the large aggregate, color-coded green, sent

out a projection that contacted the magenta-colored cell (Fig 6, 171 hours). Additional cells

from the large aggregate rapidly moved into the junction to form a cable, which then con-

tracted (173 hours), then drew the small blue aggregate into the larger yellow aggregate (Fig

6, 190 hr). It should be noted that in this example the aggregate and facilitator began moving

towards the large aggregate before cable formation, following the path of the projection,

which decreased in length, as if by contracting, it was drawing the smaller to the larger

aggregate.

Three additional examples of the mediation of aggregate-aggregate coalescence by facilita-

tor cells are presented in time sequences of DIC optical sections viewed at a single depth in Fig

7. In the first example in Fig 7A, a single elongate bipolar facilitator cell (f) attached to a large

aggregate (la) and a small aggregate (sa) then contracted, drawing the smaller into the larger.

In the second example in Fig 7B, a single elongate bipolar facilitator cell (f), positioned

between a small aggregate (sa) and a large aggregate (la), recruited cells from both the small

and large aggregate, forming a cell cable that contracted, drawing the small aggregate into the

larger one, which for the most part is to the right of the image, out of the field of view. In the

third example in Fig 7C, a linear cable of multiple facilitator cells aligned end to end, formed

between a small aggregate (sa) and a large aggregate (la). The latter is to the right of the image

and, for the most part, out of view. Cells from the small aggregate extended out and along the

cable (Fig 7C, 0 to 7.5 hr), then joined with the cable, generating a thicker cable between the

aggregate. The cable then contracted, pulling the small aggregate into the large one (Fig 7C, 7.5

to 8.3 hr).

Coalescence of melanoma cell lines

Since the original studies of coalescence employed tumorigenic cell lines derived from breast

tumors and since any screens developed for anti-coalescence drugs, required an established

immortalized melanoma cell line, we tested coalescence in two melanoma cell lines, HTB-66

[55, 56] and A375M [81, 82], for use in a screen for mAbs that blocked coalescence. The cell

line HTB-66 underwent rapid coalescence (Fig 8). HTB-66 cells were round to elongate in the

3D Matrigel model (Fig 8). Coalescence began immediately after Matrigel gelation, just as it did

for secondary cultures derived from fresh melanoma preparations (Fig 3). In the 3D preparation

in Fig 8, the number of individual cell cables decreased from 31 to 13 through coalescence in a

43 hour period, a decrease of 60%. We also found that the cell line A375M underwent coales-

cence, but the rate was less than half that of HTB-66 cells, with far fewer identifiable facilitator

cells. We therefore chose HTB-66 cells for the screen.
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Final aggregate shape in the 3D Matrigel model

The tumorigenic cell lines derived from breast tumors eventually formed large sessile spher-

oids with highly ordered architecture [19]. In marked contrast, the final aggregates formed

through coalescence of melanoma cells exiting fragments of melanomas, secondary cultures of

cells exiting tumors and HTB-66 cells remained fenestrated, amorphous, and highly active.

Fig 6. Single cell facilitation of coalescence between two aggregates. The preparation was that of a secondary culture of

melanoma cells derived from a melanoma biopsy. The single facilitator cell (magenta), attached to the small aggregate (blue),

extended a tapering projection ending at the large aggregate (yellow). The large aggregate extended a green projection at 171

hours which in the direction of the cell, then attached to it. The projection of the magenta facilitator cell attached to another cell on

the surface of the large yellow aggregate and contracted as a multicellular bridge formed (not shown), resulting in coalescence of

the two aggregates. The small blue aggregate was incorporated into the large yellow aggregate by 173 hours, and was then color-

coded yellow.

doi:10.1371/journal.pone.0173400.g006
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Fig 7. Differential interference (DIC) microscopy images over time of representative bridges formed

by facilitator cells to move small aggregates into large aggregates in the process of coalescence. The

time series of optical sections in each of the three examples was taken at one depth over time for comparison.

A. In each example, a single or multiple faciltator (f) cells connect a small (sa) to a large aggregate (la), and

through contraction of multicellular cable moves the small into the large aggregate, mediating coalescence. B.

A single facilitator (f) cell connects a small (sa) and large (la) aggregate. Additional cells extend out of the

small aggregate, join the facilitator cell, forming a cable that contracts, moving the small to large aggregate. C.

Multiple facilitator cells form and cable end to end. Additional cells join the cable, then contract, bringing the

small into the large aggregate. The large aggregates are not in view in panels B and C.

doi:10.1371/journal.pone.0173400.g007
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They changed shape continuously, translocated, and distorted the Matrigel. They usually

exited the field of analysis as a result of their highly mobile behavior and gel distortion. In addi-

tion, they assumed an elongate, relatively flat morphology, as is evident in the preparations in

Fig 3B at 72 hours and Fig 6 at 190 hours.

Inhibition of coalescence by anti-ß-integrin and anti-CD44 mAbs

We previously demonstrated, using tumorigenic cell lines derived from breast cancers, that the

mAb AIIB2, against ß-1integrin (CD29), did not inhibit cell multiplication and the formation

of clonal aggregates resulting from cell multiplication in the 3D Matrigel model using the

tumorigenic mammary tumor-derived line MDA-MB-435-Br1 [19]. However, AIIB2 did

selectively block the appearance of facilitator and probe cells, and inhibited coalescence of the

clonal aggregates that formed.

Using a newly developed rapid protocol, not involving 4D reconstruction with J3D-DIAS

4.2 software, to assess coalescence, we screened 51 well characterized mAbs (S2 Table) for

their capacity to inhibit coalescence of the melanoma cell line HTB-66. In the protocol, cells

were suspended in 3D Matrigel in the wells of a 96 well plate, and each well preparation treated

with a different mAb in replicate. The mAb concentrations in the well were 0.5 mg per ml.

Controls were untreated. Micrographs were collected at three depths through the Matrigel at five

locations in each of the two preparations for each mAb beginning at zero hours and repeated

every 24 hours for four days. In control cultures, the concentration of cells and small aggregates

at day one was 100 ± 25 (N = 5) per field. After four days, the concentration of individual entities

(cells, aggregates) decreased to 5 ± 1 (N = 5) per field. Concentrate with more than a 90% decrease

in the concentration of cells and small aggregates, the size of the aggregate per field increased dra-

matically, the result at least in part of the coalescence process. The average number of bridges

between aggregates at four days in control preparations was 5 ± 1 (N = 5) per field. Cells in the

amorphous aggregates did not exit the coalesced aggregates, once they entered, a characteristic of

the aggregates formed by the coalescence of tumorigenic breast tumor-derived cells. Forty nine of

the 51 mAbs did not affect coalescence in 3D Matrigel preparations. Qualitatively, four day cul-

tures were undistinguishable from those of untreated control cultures. All exhibited an increase

in culture density, a decrease in the concentration of entities (cells and aggregates), formation of

bridges between aggregates and formation of a few large aggregates that dominated the field by

four days. A quantitative analysis of the preparations of 10 random mAb-treated preparations

having no apparent effect revealed an average decrease in entities of 94% and frequency of

Fig 8. Coalescence of cells of the established melanoma cell line HTB-66 begins immediately after

Matrigel coalescence and is rapid. Only the cells that coalesced into large aggregates in the 43 hour period

of reconstruction are numbered.

doi:10.1371/journal.pone.0173400.g008
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6.2 ± 1.09 bridges at four days, measures very close to that of untreated controls. Two of the 51

mAbs, however, did inhibit coalescence in the screen, and did so completely, H4C4 against

CD44, the hyaluronic acid receptor, and AIIB2, against beta-1-integrin (CD29), the mAb previ-

ously demonstrated to block coalescence of tumorigenic breast tumor-derived cells [18, 19]. Nei-

ther mAb appeared to have an effect on cell multiplication, as demonstrated in S2 Fig. Cell

density increased in both AIIB2- and CD44-treated preparations in the absence of coalescence as

demonstrated in DIC and phase contrast images (S2 and S3 Figs). In the absence of 0.5 mg per

ml of the mAb AIIB2 in the 3D Matrigel model using HT66 cells, facilitator cells did not form,

cables between aggregates did not develop and coalescence did not occur (S3 Fig).

In addition to testing the effect of H4C4 on coalescence in the HTB-66 cell line, we also

tested the effect of this mAb on the coalescence of melanoma cells subcultured from tumors in

the 3D Matrigel model with J3D-DIAS 4.2 reconstruction software. In the presence of 0.5 mg

per ml of H4C4 in the 3D model, single melanoma cells, and the small aggregates that had

formed during Matrigel gelation (Fig 9A, 8 hours) remained independent through at least 52

hours of incubation. At 48 hours, some melanoma cells had made contact and appeared to coa-

lesce (white arrow, blue color-coding) but this aggregate disintegrated by 52 hours as cells

exited it (white arrow, 52 hours), indicating that, in fact coalescence had not occurred. Com-

parison of the eight and 52 hour reconstructions revealed major increases in the volume of the

noncoalescing growth islands. In contrast, the majority of small melanoma aggregates and

cells in untreated 3D models had coalesced by 28 hours into one large, stable aggregate that is

color-coded blue in the field in Fig 9B. H4C4 at 0.5 mg per ml had no effect on normal mela-

nocytes from breast reduction patients. In the 3D model in the presence of H4C4, normal

Fig 9. Treatment with H4C4 also blocked coalescence of melanoma cells exiting fresh melanoma tissue in the 3D Matrigel model. A. Only one

potential coalescence event was observed in the treated preparation (white arrow, 48 hr), but the bridge that formed did not fully did not pull the smaller into

the larger aggregate and the cells separated at 52 hr (white arrow, 52 hr). B. Coalescence in the absence of mAb. Coalesced cells are color-coded blue in

panel B.

doi:10.1371/journal.pone.0173400.g009
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melanocytes elongated, formed end-to-end contacts and established a dendritic network,

exhibiting a behavior indistinguishable from normal, untreated melanocytes (Fig 3A).

The A6 peptide did not inhibit coalescence

The peptide A6 consists of 8 amino acids with homology to a sequence in the hyaluronic bind-

ing site of CD44 [83–85]. It has been shown to inhibit the migration of CD44-expressing cells

of ovarian cancer cell lines as well as metastasis by B16-F10 cells, a murine melanoma cell line

[84]. The A6 peptide was first tested in two independent experiments in the 2D Matrigel

screening assay, employing cells of the HTB-66 melanoma cell line. Concentrations of A6 pep-

tide ranging from 20 ng to 1 mg per ml, added to the cells prior to mixing with the Matrigel,

had no apparent effect on culture growth or coalescence (Fig 10A). In the 3D Matrigel prepara-

tion of HTB-66 cells treated with 1 mg per ml of peptide added prior to addition of Matrigel,

and reconstructed over a 62 hour period, there was no observable effect on coalescence (Fig

10B).

Discussion

We previously demonstrated that cells of tumorigenic cell lines derived from breast tumors,

when seeded in a 3D Matrigel model, initially undergo cell multiplication without translo-

cating through the gel, forming relatively static clonal aggregates by approximately 100

hours [18, 19]. After this growth phase, these aggregates undergo coalescence, mediated by

specialized cells, which leads to the formation of large, highly structured spheroids [18, 19].

Because the capacity to undergo coalescence occurs exclusively in tumorigenic lines and not

in non-tumorigenic lines, because adding 10% of cells from a tumorigenic line to 90% of

cells from a non-tumorigenic line causes the latter to undergo coalescence [18], and because

specialized cells appear in the clonal aggregates after 100 hours, which mediate coalescence,

we considered the possibility that these behaviors were related to tumorigenesis in vivo [18,

19]. Here, because of clinically observed histological data on melanomas, we have tested

whether tumor-derived melanoma cells exhibit coalescence in the 3D Matrigel model. We

analyzed cells derived directly from three fresh melanomas, melanoma cells subcultured

from the three melanomas, as well as an established tumorigenic cell line derived from a

melanoma. It is demonstrated that all of these melanoma cell preparations, but not control

melanocytes derived from normal skin or commercially available melanocytes, undergo

coalescence and contain specialized cells that facilitate the process in the 3D Matrigel

model. However, there are also fundamental differences between melanoma-derived and

breast-derived cells, some of which may relate to the different cell type origins of the alter-

native neoplastic cells.

Cell preparations

The melanocyte cell preparations we generated consisted predominately of melanocytes,

based on their cell morphology in Matrigel and the formation of dendritic networks, which

were highly similar to the cell morphologies and dendritic networks of melanocytes cul-

tured on a 2D substratum [78, 79]. By cytostaining, however, roughly five percent of the

preparations were fibroblasts. Contamination by keratinocytes was not ruled out, but would

have been minimal, given that cultured keratinocytes exhibit a uniformly spread, wide cell

body, a broad, ruffling lamellipod [86] and relatively slow rates of translocation [87, 88].

Moreover, the melanocytes we isolated behaved similarly to those in melanocyte cultures

purchased from Lonza, a company expert in culturing highly enriched primary human cell
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Fig 10. The peptide A6 had no effect on the coalescence of HTB-66 cells in the 3D Matrigel model. A. DIC images of

the absence of an effect on coalescence in the 3D Matrigel model in the wells of multiwell tissue culture dishes, by peptide

concentrations ranging from 0 to 1 mg per ml after four days. B. 3D reconstructions of coalescence in the presence of 1 mg

per ml between 42 and 106 hours of incubation in the 3D Matrigel model reveals continued coalescence. Curved white

arrows in 42 hour panel point to aggregates that are partially obscured by another aggregate. Straight white arrows at 74

hours indicate the direction of travel of cells or aggregates that moved out of the field of view.

doi:10.1371/journal.pone.0173400.g010
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types (http://www.lonza.com), behaved identically to the melanocyte preparations we gen-

erated and as was the case, for our melanocyte cultures, did not undergo coalescence.

The melanoma cell preparation we generated were from the flat polypoid region of the

three excised tumors of different patients and did not include normal, adjacent tissue. The

great majority of melanoma cells (~95%), both in primary and secondary cultures, stained for

three melanoma markers but not for a fibroblast-specific marker. Approximately five percent

of cells in both primary and secondary culture did stain for the fibroblast-specific marker, indi-

cating a low level of contaminate. The great majority of cultured cells were pigmented brown,

indicating they contained melanoma. In the 3D Matrigel preparations, the cells assumed spin-

dle and dendritic shapes and coalesced. The fresh melanoma cell preparations assumed the

same shapes and formed the same large aggregates as the melanoma cell line [78, 79]. These

combined results indicate that the melanocytes used as controls and the great majority of cells

cultured from skin were melanocytes and from melanomas, melanoma cells.

Absence of a sessile growth phase preceding coalescence

During embryogenesis, melanocytes differentiate from neural crest cells [89] and, consistent

with the migratory phenotype of these precursor cells [90, 91], retain the capacity to crawl in

the adult [92]. Likewise, melanoma cells have been shown to be highly motile, especially in

wound healing assays [93–95], although this assay measures collective cell migration, a com-

plex process that includes, but does not exclusively depend on, the motility of leader cells [96–

99]. We found that melanoma cells exiting fresh melanoma tumor fragments, cells from sec-

ondary cultures of melanomas and cells of the melanoma line HTB-66, all moved in the 3D

Matrigel model without a 100 hour sessile cell multiplication period, which was characteristic

of breast tumor-derived cell lines [18, 19]. The sessile, clonal aggregates formed by breast

tumor-derived cell lines moved after a 100 hour multiplication period, but the movement was

mediated by specialized facilitator and probe cells. In marked contrast, melanoma cells were

motile immediately when entering Matrigel from tumor fragments, and immediately after the

one hour period of Matrigel gelation, in the case of secondary cultures of melanoma cells and

HTB-66 cells.

Immediate coalescence

In Matrigel preparations of breast tumor-derived cells, coalescence begins after 100 and 170

hours for the cell lines MDA-MB-435-Br1 [19] and MoVi-10ˈ [18]. Facilitator cells and probes

appear at the surface of the aggregates at this time. Facilitator cells represent only a minority of

breast tumor-derived cell line preparations. Probes, on the other hand, are numerous and

appear around the aggregate surfaces of breast tumor-derived cell line preparations, only exit-

ing the aggregate to form inter-aggregate cables. In marked contrast, coalescence began imme-

diately in 3D Matrigel models of cultured melanoma cells from all three tumors and the cell

line HTB-66. Coalescence between aggregates was mediated by individual cells that behaved in

a manner very similar to facilitator cells and probes in breast tumor-derived cell lines in the

3D Matrigel model. These cells mediated the formation of inter-aggregate cables that con-

tracted, drawing small aggregates into larger ones, as was the case for breast tumor-derived cell

lines [18, 19].

Single cell-single cell and single cell-aggregate coalescence

Coalescence of breast tumor-derived cell lines in the 3D Matrigel model occurred only

between aggregates, [18, 19]. Coalescence between single cells and between single cells and

aggregates was not observed, possibly because the majority of single cells had multiplied into
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clonal aggregates during the latency period preceding the appearance of facilitator cells and

probes, and the onset of coalescence. In marked contrast, coalescence between single cells, and

between single cells and aggregates, occurred from the time of Matrigel gelation and in all mel-

anoma cell preparations.

Specialized facilitator cells and aggregate coalescence

For cell lines derived from breast tumors, facilitator cells individually exited aggregates and

aggressively initiated cable formation, but the number of facilitator cells was minimal [19]. In

melanoma cell preparations, it appeared as if a greater proportion of cells, if not all, could act

as facilitators and initiate coalescence. However, there is a caveat. Coalescence in breast

tumor-derived cell line preparations can also be mediated by probe cells at the aggregate sur-

faces in the absence of a facilitator cell. A majority of cells at the aggregate surface extend pro-

trusions that mediate cable formation, but the probe cells do not exit the aggregate until a

cable is initiated. The abundance of probe cells at the surface of an aggregate suggests that after

the latency periods of breast tumor-derived cell lines, probe cells may be as abundant as facili-

tator cells are in early melanoma preparations. It is just the timing that is different. Moreover,

addition of 10% of tumorigenic cells derived from breast tumors to a non-tumorigenic 3D

Matrigel model results in maximum coalescence of the latter [18], again supporting the idea

that all tumorigenic cells derived from breast cancer may function as facilitators. Regardless of

these considerations, it is clear from the results presented here that while specialized cells

mediating coalescence appear in breast tumor-derived preparations only after a long latency

period, they are present at time zero in melanoma cell preparations.

Effects of anti-beta-1integrin and anti-CD44 mAbs

Weaver et al. [100] first showed that the anti-beta-1 integrin (CD29) mAb AIIB2 disrupted

aggregate architecture of human breast cells in a 3D EHS (Engelbrete-Holm-Swarm) matrix,

similar to Matrigel. We then demonstrated that the same mAb inhibited the coalescence of the

tumorigenic breast tumor-derived cell line MDA-MB-435-Br1 [101, 102] in our 3D Matrigel

model. It did not inhibit growth of clonal aggregates, but blocked appearance of facilitator and

probe cells, so cables, which mediate coalescence, did not form [19]. We show here that the

mAb AIIB2 also inhibits coalescence between cells of the HTB-66 melanoma line and aggre-

gates in the 3D Matrigel model without affecting cell multiplication, indicating that beta-1

integrin may play a general role in the coalescence process of tumorigenic cells from different

cancers. Beta-1 integrin forms heterodimers with other integrins and has been implicated in a

variety of functions [103, 104], most notably as receptors for extracellular matrix molecules,

including collagen, a component of Matrigel [105–108] (www.corning.com).

We also found in a 2D screen of 51 mAbs, including AIIB2, against cell surface-associated

molecules using the melanoma cell line HTB-66 as well as fresh melanoma, that the anti-CD44

mAb H4C4 blocks coalescence, and this observation was repeated in 4D reconstructions in the

3D Matrigel model. In the screen, the mAbs were used at a concentration of approximately 0.5

mg per ml, which is in the range of mAb concentrations based on blood volume used in some

studies of the effects of mAbs on tumorigenesis in the mouse model [109]. Guo et al. (1994)

[110] previously showed that the anti-CD44 mAb, GKW.A2, inhibited melanoma metastasis

in SCID mice. However, Matrigel, which is made up primarily of laminin, collagen and entac-

tin, has only trace amounts of hyaluronic acid [106] (www.corning.com). Therefore, blocking

coalescence with the anti-CD44 mAb H4C4 may not be due to an interaction with hyaluronic

acid, unless the interaction is autocrine in nature–i.e., the melanoma cells secrete the hyal-

uronic acid [111, 112] with which they then interact. More likely, the blocking effect may be
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due to another CD44 function not involving hyaluronic acid. Indeed, CD44 has been shown to

play a role in a diverse variety of processes related to human disease [113]. The complexity of

function is manifested by the large number of isoforms of CD44, which contains 20 exons

[114, 115]. We are presently determining which isoform(s) expressed on fresh melanoma cells

are recognized by H4C4. H4C4 has been shown to bind to an epitope containing the hyal-

uronic acid binding site [116].

The absence of an A6 effect

A6 (acetyl-KPSSPPEE) is a synthetic peptide that has been shown to affect CD44-dependent

adhesion, migration and metastasis [84]. It has been shown to bind to the hyaluronic acid

binding site of CD44. However, it was found to have little effect in the progression of carcino-

mas of the ovary, fallopian tube or primary peritoneum [117]. We found that A6 had no effect

on the growth, motility or coalescence of HTB-66, although coalescence was inhibited by the

anti-CD44 mAb H4C4 in these cells.

Coalescence as a general trait of tumorigenic cells

We initially described coalescence in the 3D Matrigel model based upon our detailed analysis

of breast tumor-derived tumorigenic cell lines [18, 19]. In this model, non-tumorigenic cell

lines and fresh breast tissue cell culture did not undergo coalescence [18, 19]. In the process of

coalescence in these preparations, single cells in Matrigel grew into clonal islands during a pre-

coalescence period. At the end of this period, specialized cells formed multicellular cellular

cables between aggregates that then contracted in each case moving the small to large aggre-

gate, which then fused to form a bigger aggregate. This process continued until most of the

clonal aggregates in a field had entered one large aggregate that then differentiated into a

highly structured, hollow spheroid [18]. In melanoma coalescence, there was no precoales-

cence period, and cells aggregated with cells as well as aggregates, and specialized cells formed

bridges between aggregates that contracted, pulling small aggregates into larger ones, culmi-

nating in a large flat, fenestrated aggregate that dominated the 3D field. Therefore, although

both breast-derived cells undergo coalescence in the Matrigel model, and normal cells do not

in both cases, there are obviously cancer-specific differences in the processes. However, there

is commonality not only in the general process of coalescence, but also in the specificity of the

mAbs that inhibit the process.

Supporting information

S1 Fig. J3D-DIAS 4.2 reconstructions of pure cultures of adult normal human epidermal

melanocytes (NHEM) seeded in 3D Matrigel over a 150 hour time period. These cells

exhibit the same dendritic morphology and rapid motility as melanocytes from normal skin

tissue and, like melanocytes from normal skin, do not coalesce.

(TIF)

S2 Fig. The H4C4 and AIIB2 antibodies inhibit coalescence in the HTB-66 melanoma cell

line, but cell division proceeds. A. A representative time sequence of DIC images of a single

cell taken at one depth in a 3D Matrigel culture in the presence of the H4C4 mAb reveals

cell growth, division and cytokinesis by 20 hours. Cell division occurred in a majority of

cells in these preparations. B. Cell division is visible in a clonal island of HTB-66 cells taken

at one depth in a 3D Matrigel culture in the presence of the H4C4 mAb. Dotted black lines

in the second row highlight the cleavage furrows at the time points given in the upper row.

C. J3D-DIAS4.2 calculations of the volume increase over time of the clonal island in B
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support the conclusion that cell division is continuing in the presence of the H4C4 mAb. D.

DIC images of a single cell taken at one depth in a 3D Matrigel culture of HTB-66 cells in

the presence of the AIIB2 mAb reveal cell division. Scale bars are in the lower left of the first

panel in each DIC series.

(TIF)

S3 Fig. The mAb AIIB2 inhibits coalescence in the HTB-66 melanoma cell line. A. Bright-

field images of untreated and AIIB2 treated HTB-66 cells in the 2D screen show that coales-

cence is inhibited through Day 3. B. J3D-DIAS4.2 reconstructions of HTB-66 cells in the 3D

Matrigel culture over a 48 hour period in the presence of the mAb AIIB2 reveal that coales-

cence is inhibited.

(TIF)

S1 Movie. J3D-DIAS 4.2 4D reconstruction of cells exiting a melanoma tumor fragment

embedded in a 3D Matrigel matrix reveals rapid coalescence into a single large aggregate.

(MOV)

S1 Table. mAbs used to stain cells for melanoma phenotype.

(PDF)

S2 Table. mAbs from DSHB used to screen for inhibition of coalescence.

(PDF)
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