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SUMMARY:  24 

A novel three-dimensional spheroid model based on the heterotypic interaction of tumor cells 25 

and stromal fibroblasts is established. Here, we present coculture of tumor cells and stromal 26 

fibroblasts, time-lapse imaging, and confocal microscopy to visualize the formation of spheroids. 27 

This three-dimensional model offers a pertinent platform to study tumor-stroma interactions and 28 

test cancer therapeutics.  29 

  30 

ABSTRACT:  31 

Tumor-stroma interactions play an important role in cancer progression. Three-dimensional (3D) 32 

tumor spheroid models are the most widely used in vitro model in the study of cancer 33 

stem/initiating cells, preclinical cancer research, and drug screening. The 3D spheroid models are 34 

superior to conventional tumor cell culture and reproduce some important characters of real 35 

solid tumors. However, conventional 3D tumor spheroids are made up exclusively of tumor cells. 36 

They lack the participation of tumor stromal cells and have insufficient extracellular matrix (ECM) 37 

deposition, thus only partially mimicking the in vivo conditions of tumor tissues. We established 38 

a new multicellular 3D spheroid model composed of tumor cells and stromal fibroblasts that 39 

better mimics the in vivo heterogeneous tumor microenvironment and its native desmoplasia. 40 

The formation of spheroids is strictly regulated by the tumor stromal fibroblasts and is 41 

determined by the activity of certain crucial intracellular signaling pathways (e.g., Notch signaling) 42 

in stromal fibroblasts. In this article, we present the techniques for coculture of tumor cells-43 

stromal fibroblasts, time-lapse imaging to visualize cell-cell interactions, and confocal microscopy 44 
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to display the 3D architectural features of the spheroids. We also show two examples of the 45 

practical application of this 3D spheroid model. This novel multicellular 3D spheroid model offers 46 

a useful platform for studying tumor-stroma interaction, elucidating how stromal fibroblasts 47 

regulate cancer stem/initiating cells, which determine tumor progression and aggressiveness, 48 

and exploring involvement of stromal reaction in cancer drug sensitivity and resistance. This 49 

platform can also be a pertinent in vitro model for drug discovery.  50 

 51 

INTRODUCTION:  52 

Solid tumors represent complex tissues composed of neoplastic cells and a large variety 53 

of stromal cells1–4. Stromal fibroblasts, or cancer-associated fibroblasts (CAF), are one of the 54 

prominent stromal cell populations in most types of solid tumors. They are critically involved in 55 

regulating tumor growth, stemness, metastasis, angiogenesis, and drug resistance through the 56 

production of growth factors, cytokines/chemokines, synthesis of ECM and remodeling enzymes 57 

(e.g., collagen, fibronectin, and matrix metalloproteases), release of exosomes, and direct 58 

heterotypic cell-cell interaction5–11. CAF also take part in determining cancer organ-specific 59 

metastasis by preselecting a subset of tumor clones from heterogeneous tumor cell populations 60 

in the primary lesion and fostering these selected clones to be primed for metastasis to a specific 61 

distant organ whose microenvironment is optimal for recolonization of selected clones12. 62 

Moreover, fibroblasts and their secreted soluble factors and ECM participate in the modulation 63 

of tumor angiogenesis13,14, anti-tumor immune response15, and are even involved in drug 64 

resistance and tumor recurrence16,17.  65 

 66 

In vitro 3D tumor spheroid models have been developed and used in cancer research as an 67 

intermediate model between in vitro cancer cell cultures and in vivo tumor models18–21. The 3D 68 

tumor spheroid models have gained popularity in cancer stem cell research, preclinical cancer 69 

research, and drug screening because these models reproduce some important features of real 70 

tumors that are absent in traditional 2D monolayers22. Many existing 3D tumor spheroid models 71 

are solely constituted of tumor cells and lack the participation of tumor stromal cells. This often 72 

results in tumor spheroids having insufficient ECM deposition and absence of heterotypic cell-73 

cell interactions. Conventional 3D spheroids formed exclusively by cancer cells and homotypic 74 

cell-cell adhesion may only partially mimic the in vivo conditions of tumor tissues. To overcome 75 

some of these limitations, investigators have proposed incorporating multiple types of stromal 76 

cells in 3D cocultures and developed several heterotype 3D tumor spheroid models23–27. In 77 

addition, investigators have employed exogenous 3D matrices, including 78 

natural hydrogels or synthetic polymers such as polyethylene glycol, poly(lactide-co-glycolide), 79 

and poly(N-isopropylacrylamide), to embed monocellular and multicellular spheroid models, 80 

creating a cell-supportive environment and reproducing cell-matrix interactions28,29, thereby 81 

making these systems more biologically relevant30. However, incorporation of certain types of 82 

stromal cells, such as endothelial cells, in 3D cocultures brings about additional complexity for an 83 

in vitro system and makes it difficult to study heterotypic cell-cell interactions between two 84 

specific types of cells, such as cancer cell-fibroblast interactions. Moreover, endothelial cells in 85 

real tissues do not always directly interact with cancer cells and other stromal cells because there 86 

is a layer of basement membrane wrapped outside of the capillaries that prevents endothelial 87 

cells from directly interacting with cancer cells and other stromal cells. In those 3D spheroid 88 



   

models, incorporated endothelial cells do not actually form blood vessels, yet interact directly 89 

with cancer cells and other stromal cells, something that rarely occurs in vivo. Similarly, 90 

exogenous matrices employed in some of the 3D spheroid models are not identical to the ECM 91 

in real tumor tissues in terms of structure and composition. All of these artificial conditions may 92 

result in misleading data. 93 

 94 

We have recently created a new multicellular 3D spheroid model composed of tumor cells and 95 

CAF. In our model, the formation of 3D tumor spheroids is entirely determined by CAF. CAF 96 

induce and regulate the phenotype of tumor stem/initiating cells. The ECM produced by CAF is 97 

natural and allows the desmoplastic structure to better mimic the in vivo tumor 98 

microenvironment. This novel 3D model can be a useful tool for cancer drug screening and offers 99 

a unique platform to study tumor-stroma interaction, elucidate how CAF regulate cancer 100 

stem/initiating cells, and explore the involvement of stromal interactions in cancer drug 101 

sensitivity and resistance.  102 

 103 

PROTOCOL:  104 

 105 

1. Culturing melanoma cells and skin fibroblasts 106 

 107 

1.1. Culturing human melanoma cells 108 

 109 

1.1.1. Culture human melanoma cells, C816131 under conventional adherent cell culture 110 

conditions in complete W489 medium (see step 1.2) in a 37 °C incubator supplied with 5% CO2 as 111 

described previously32. Split the cells at a 1:5 ratio when they reach ~90% confluency. 112 

 113 

1.2. Melanoma cell culture medium (W489) 114 

 115 

1.2.1. For complete W489 medium, use 80% MCDB153 medium, 20% L-15 medium (see Table 116 

of Materials), 2% fetal bovine serum (FBS), 5 μg/mL insulin, 1.68 mM CaCl2, and 0.11% sodium 117 

bicarbonate. For coculture, do not add FBS, insulin, and CaCl2. 118 

 119 

1.3. Mouse skin fibroblast isolation 120 

 121 

1.3.1. Cut a 1 cm x 1 cm skin fragment from a mouse in accordance with the relevant guidelines 122 

and regulations of the institution's Animal Care and Use Committee (IACUC).  123 

 124 

1.3.2. Digest the skin by dispase (see Table of Materials) at 4 °C overnight. Strip the dermis from 125 

the epidermis and further digest with collagenase (1 mg/mL in DMEM, see Table of Materials) at 126 

room temperature (RT) overnight.  127 

 128 

1.4. Mouse skin fibroblast culturing 129 

 130 



   

1.4.1. Wash the tissue pellets with PBS and culture them in DMEM with 10% FBS and 1% 131 

penicillin-streptomycin in 37 °C/5% CO2. Split the cells at a 1:2 ratio when they reach ~90% 132 

confluency.  133 

 134 

1.4.2. Transduce the skin fibroblasts with GFP/lentivirus using standard methods before 135 

coculture. 136 

 137 

1.5. Characterization of mouse skin fibroblasts by immunostaining 138 

 139 

1.5.1. Cell preparation for staining 140 

 141 

1.5.1.1. Seed the skin fibroblasts in 24 well plate at a density of 2 x 104 cells/well. On day 2, wash 142 

the cells with PBS 2x and fix them in 2% neutral buffered formalin for 10 min. Remove the 143 

formalin and wash the fixed cells with PBS twice.  144 

 145 

1.5.2. Immunostaining 146 

 147 

1.5.2.1. Add 200 μL of blocking solution to each well and incubate the plate for 30 min at RT, then 148 

add mouse anti-α-SMA diluted at 1:200 and incubate at 37 °C for 1 h. Wash with PBS 3x, 5 min 149 

each.  150 

 151 

1.5.2.2. Add Alex Fluor 488 goat anti-mouse IgG at 1:400 dilution and incubate at RT for 1 h. Wash 152 

out the antibodies 3x with PBS, 5 min each.  153 

 154 

1.5.2.3. Add 1 μg/mL DAPI and incubate at RT for 2 min. Remove DAPI solution and add 500 μL 155 

of PBS into each well.  156 

 157 

1.5.2.4. Observe the cells and take images using an inverted fluorescence microscope. 158 

 159 

1.6. Prelabelling fibroblasts and melanoma cells 160 

 161 

1.6.1. Seed fibroblasts into a 100 mm dish on day 1 so that the cell confluency reaches ~60% the 162 

next day. On day 2, remove the culture medium and add GFP/lentivirus (~1:3–1:5 diluted from 163 

stock) into regular culture medium with 4 μg/mL of polybrene. Incubate cells in a 37 °C incubator 164 

for 6 h, remove the medium and replace with fresh regular culture medium. After 2 days, observe 165 

the GFP signal from the cells using a fluorescence microscope. Transduce C8161 cells with 166 

DsRed/lentivirus under similar conditions. Protocols for the preparation of GFP/lentivirus and 167 

DsRed/lentivirus have been described previously14,34. 168 

 169 

2. Cell coculture 170 

 171 

2.1. Seed the C8161-fibroblast coculture. 172 

 173 



   

2.1.1. On day 0 of the spheroid formation assay, detach both the C8161 and the skin fibroblasts 174 

using 0.25% trypsin-EDTA. Spin down the cells at 250 g for 5 min at RT and wash once with PBS.  175 

 176 

2.1.2. Resuspend the cells in cell coculture medium (serum free, insulin free, and calcium free 177 

W489 medium mixed with serum free DMEM at a 1:1 ratio). Adjust the cell concentration to 2 x 178 

104 cells/mL.  179 

 180 

2.1.3. Mix the C8161 cells with the fibroblasts at a 1:1 ratio and add 2 mL of the cell mixtures to 181 

each well of a 24 well plate. Each well should contain 2 x 104 cells. Each condition should be done 182 

in triplicate. 183 

 184 

2.2. Incubate cells at 37 °C for 4 h until the cells attach to the plate, and then perform time-lapse 185 

imaging or confocal scanning at the indicated time points for each assay. 186 

 187 

3. Live cell time-lapse imaging 188 

 189 

3.1. Before coculture, turn on the time-lapse imaging system (see Table of Materials) following 190 

the manufacturer's instructions and let the incubator reach 37 °C and 5% CO2. It usually takes 1 191 

h for the system to reach equilibrium. Carefully place the culture plate on the stage of the 192 

microscope inside the incubator and securely lock the door. 193 

 194 

3.2. Open the software of time-lapse imaging system (see Table of Materials) and choose the 195 

plate type and manufacturer so the microscope can locate the scanning area accurately. Choose 196 

the wells of interest and a 10x objective lens. Choose the settings for the scanning area, the 197 

interval time between the scans, and a starting as well as an ending time. In this protocol, the 198 

maximum format number for the scanning area for 1 well is 36 and the interval time is 1 h.  199 

 200 

3.3. Record time-lapse imaging from 4–52 h. 201 

 202 

NOTE: The starting time, ending time, and duration should be optimized by cell type and the 203 

purpose of the experiment. 204 

 205 

3.4. When completing the image recording, use the time-lapse imaging system software to 206 

retrieve the data and export videos or image sets. 207 

 208 

4. Confocal microscopy and 3D movies 209 

 210 

4.1. Place the cell coculture plate on the stage of an inverted fluorescence microscope (see Table 211 

of Materials) and use red and green laser beams. Observe the cells under a 5x or 10x objective 212 

lens and choose a spheroid to start scanning.  213 

 214 

4.2. Use a 1 micron z-step to scan from the bottom to top of the spheroid. Process the data using 215 

image processing software (see Table of Materials) to reconstruct a 3D image that can be further 216 

rotated and saved as a 3D movie. 217 



   

 218 

5. Solo culture of melanoma cells and formation of 2D clusters/aggregates  219 

 220 

5.1. Seed 2 x 104 C8161 melanoma cells into each well of a 24 well plate as described in section 221 

2.1. Culture the cells for 7–10 days and photograph them using an inverted fluorescence 222 

microscope. 223 

 224 

6. Checking if 3D spheroids and 2D cell clusters/aggregates are suspended in the medium or 225 

attached to the plates 226 

 227 

6.1. For cell coculture, check the 3D spheroids formed on day 7. For single cell culture, check the 228 

2D clusters/aggregates formed on day 10.  229 

 230 

6.2. Set cell culture plates on the platform of an inverted fluorescence microscope. Put a bent 231 

needle with a syringe into a well and gently aspirate the culture medium in and out to disturb the 232 

culture medium in the wells. Record this process using the movie mode of the movie software 233 

(see Table of Materials). The 3D spheroids will be mobile, but the 2D cell clusters/aggregates will 234 

remain steadfast.  235 

 236 

7. Confocal image of 3D spheroids  237 

 238 

NOTE: Cocultured cells start to form spheroids from 48–72 h depending on the type of fibroblasts 239 

used. Generally, spheroids enlarge gradually with time. Small spheroids can fuse to form larger 240 

spheroids until day 7. After spheroids are stabilized in size, they can last more than 10 days. After 241 

that, the spheroids often detach from the bottom of the culture plate and congregate in the 242 

center of the wells. During the enlargement of the spheroids, the cells in the center usually die 243 

due to insufficient nutrition and/or a toxic microenvironment. Hence, the peak of 3D spheroid 244 

formation and timing to image the matured spheroids should be optimized using pilot 245 

experiments. For this protocol, confocal microscopy was performed around day 7 when the 246 

spheroids were mature and the cells in the center of spheroids were still alive according to the 247 

fluorescence and morphology of the cells in the center.  248 

 249 

7.1. To do confocal microscopy, use a green and red laser to scan the spheroids. Determine the 250 

scanning area under a 10x objective and move from the bottom to top of the spheroid with a 1-251 

micron z-step. 252 

 253 

7.2. Generate the 3D spheroid formation and rotation videos using the 3D-projection function of 254 

the image processing software (e.g., ImageJ).  255 

 256 

8. Intracellular Notch1 signaling pathway activity in determining stromal regulation of cancer 257 

stem/initiating cells 258 

 259 

8.1. Isolation and characterization of skin fibroblasts from gain- and loss-of-function Notch1 mice 260 

 261 



   

8.1.1. Isolate skin fibroblasts from two pairs of genetically modified mice: Gain-Of-Function 262 

Notch1 (GOFNotch1: Fsp1.Cre+/–;ROSALSL–N1IC+/+) mice versus their counterpart control (GOFctrl : 263 

FSP1.Cre–/–;ROSALSL–N1IC+/+) mice and Loss-Of-Function Notch1 (LOFNotch1: 264 

Fsp1.Cre+/–;Notch1LoxP/LoxP+/+) mice versus their counterpart control (LOFctrl : FSP1.Cre–/–; 265 

Notch1LoxP/LoxP+/+) mice31, respectively. Isolate and characterize skin fibroblasts using the protocol 266 

described in sections 1.3–1.5. 267 

 268 

8.2. Transduce the mouse skin fibroblasts with GFP/lentivirus. 269 

 270 

8.2.1. See section 1 for the method to transduce the cells with the lentiviral vector. 271 

 272 

8.3. Coculture of fibroblasts and melanoma cells 273 

 274 

8.3.1. Conduct the cell coculture experiment as described in section 2.  275 

 276 

8.4. Assessing the effect of intracellular Notch1 pathway activity in the fibroblasts on determining 277 

stromal regulation of cancer stem/initiating cells by measuring the sizes of the 3D spheroids  278 

 279 

8.4.1. Carry out the quantification of spheroid formation under each condition by photographing 280 

the spheroids at the time when spheroids are mature (indicated by the stop of growth around 281 

day 5–7 depending upon the types of fibroblasts). Measure the sizes of the 3D spheroids using 282 

the image processing software.  283 

   284 

9.  Testing the drug response of cancer stem/initiating cells using the 3D spheroid assay 285 

 286 

NOTE: CAF can regulate cancer heterogenicity and induce phenotype of cancer stem/initiating 287 

cells. CAF also support cancer stem/initiating cells to endure clinical treatments. Cancer stem 288 

cells have been shown to be responsible for drug resistance. Therefore, we used this 3D spheroid 289 

model to evaluate the drug response of cancer stem/initiating cells. The outcome can assess 290 

potential clinical efficacy of anti-cancer medication well.  291 

 292 

9.1. Drug administration 293 

 294 

9.1.1. Right after coculturing the cells in a 24 well plate, prepare the drugs in a serial dilution in 295 

culture medium to reach a desired range of concentrations based on pilot experiments (i.e., 1 296 

nM, 2.5 nM, 5 nM, 10 nM, and 25 nM).  297 

 298 

NOTE: It is important to use a non-tissue culture treated plate (see Table of Materials). Otherwise, 299 

the cells will strongly attach to the plate and be unable to form suspending spheroids. 300 

 301 

9.1.2. Add 1 mL of corresponding drug solutions to each well of the cocultured cells. Treat the 302 

control group with regular coculture media as mentioned above.  303 

 304 



   

NOTE: MEK inhibitor is soluble in cell culture media. Therefore, controls are 2 μL of cell culture 305 

medium. However, if the drug is not soluble in aqueous solution and requires solvents such as 306 

DMSO, then cell culture media with the same concentration of DMSO should be applied to the 307 

control group. 308 

 309 

9.2. Quantification of drug response by counting spheroids 310 

 311 

9.2.1. Observe the treated cells and untreated cells using a fluorescence microscope and 312 

photograph the cells every day. Quantify the spheroid formation in the different experimental 313 

groups and compare the spheroid-forming ability of the cell cultures under different drug 314 

concentrations. 315 

 316 

NOTE: The spheroids tend to appear ~5−7 days after the coculture. The drug effects will become 317 

noticeable at that time point. 318 

 319 

9.2.2. Use fluorescence microscope to image/photograph the spheroids and cells in the wells and 320 

then use the image software to calculate the average size of the spheroids and the numbers of 321 

spheroids formed per low power field (LPF x 4) in each treatment group over time.  322 

 323 

NOTE: Cells that receive effective drug treatment should form fewer or no spheroids compared 324 

to the control group. This is an indication of the tested drug's effectiveness on suppressing cancer 325 

stem cells.  326 

 327 

REPRESENTATIVE RESULTS:  328 

We developed a novel method to generate 3D spheroids with an in vitro heterotypic cell 329 

coculture system that mimics the in vivo tumor microenvironment. Fibroblasts are derived from 330 

mouse skin fibroblasts. Skin fibroblasts were generated as described above and were 331 

characterized as α-SMA+/Vimentin+/FSP-1+ cells. Human metastatic melanoma cells (C8161) 332 

were cultured in W489 medium as described32. To visualize and distinguish fibroblasts from 333 

tumor cells, fibroblasts and melanoma cells were pretransduced with GFP/lentivirus and 334 

DsRed/lentivirus, respectively34,36, before cell coculture.  335 

 336 

Figure 1 shows an example of multicellular 3D spheroids formed by coculturing melanoma cells 337 

and fibroblasts. Melanoma cells cultured in the absence of fibroblasts did not form typical 3D 338 

spheroids, although some melanoma cells form 2D clusters/aggregates with the extended culture. 339 

The average size of the spheroids was approximately 170–360 μm in diameter (mean = 275, SD 340 

= 37) on day ~5−7. Using time-lapse imaging, we observed that fibroblasts and tumor cells 341 

interacted in coculture and started to form 3D spheroids at around 36 h of coculture as shown in 342 

Video 1. Time-lapse imaging recorded the dynamic process of cell-cell interaction and the initial 343 

phase of spheroid formation at ~4–52 h of coculture. The peak of 3D spheroid formation occurred 344 

around day ~5−7. The formed 3D spheroids were composed of fibroblasts and melanoma cells, 345 

where the majority (~80%) were tumor cells. Video 2 shows the dynamic process of single 346 

cultured melanoma cells (DsRed+/C8161) in the formation of cell cluster/aggregates starting from 347 

~4–52 h in single culture. The formation of 2D clusters/aggregates peaked around day ~7–10. 348 



   

Video 3 and Video 4 show the structures of a 3D spheroid and a 2D tumor cell cluster visualized 349 

by confocal microscopy, respectively. The 3D spheroid and the 2D tumor cell clusters were 350 

examined by confocal microscopy on day 7 of cell coculture. Video 5 shows that the 3D spheroids 351 

were suspended in the culture medium and mobile, while Video 6 shows that the 2D tumor cell 352 

cluster was attached to the culture plate and immobile. Suspension in the medium is a feature of 353 

3D spheroids that distinguishes them from 2D clusters. When the medium in the cell culture dish 354 

or well is disturbed by either dropping or gently pipetting the culture medium, the suspended 3D 355 

spheroids move, whereas 2D cell clusters are immobile. Only a few single dead cells are mobile.  356 

 357 

Figure 2A shows an example of this 3D model serving as a unique platform to study tumor-stroma 358 

interactions and to elucidate how intracellular Notch1 signaling pathway activity in CAF regulates 359 

cancer stem/initiating cells and spheroid formation. Two pairs of fibroblasts (Fb) isolated from 360 

the skin of Gain-Of-Function Notch1 (GOFNotch1: Fsp1.Cre+/–;ROSALSL–N1IC+/+) mice versus their 361 

counterpart control (GOFctrl : FSP1.Cre–/–;ROSALSL–N1IC+/+) mice and Loss-Of-Function Notch1 362 

(LOFNotch1: Fsp1.Cre+/–;Notch1LoxP/LoxP+/+) mice versus their counterpart control (LOFctrl : FSP1.Cre–363 
/–; Notch1LoxP/LoxP+/+) mice35, respectively. All fibroblasts were transduced by GFP/lentivirus and 364 

cocultured with C8161 melanoma cells pretransduced with DsRed/lentivirus. Time-lapse imaging 365 

shows that Fb-GOFNotch1 stopped C8161 melanoma cells from forming 3D spheroids compared to 366 

Fb-GOFctrl during the first ~4–52 h of cell coculture. In contrast, Fb-LOFNotch1 promoted formation 367 

of 3D spheroids by C8161 melanoma cells compared to Fb-LOFctrl. Figure 2B, top, shows 368 

representative images of 3D spheroids formed on day 7 of cell coculture with different fibroblasts 369 

carrying out varied Notch pathway activities. Figure 2B, bottom, shows the quantitative data on 370 

the average size of 3D spheroids formed on day 7 of cell coculture with different fibroblasts 371 

carrying varied Notch pathway activities. 372 

 373 

Figure 3 shows an example of this 3D model being used to test the drug response of cancer 374 

stem/initiating cells. Cancer stem/initiating cells have been shown to be responsible for drug 375 

resistance and cancer recurrence. Therefore, evaluating drug response using this 3D model can 376 

better reveal a potential drug's clinical efficacy for cancer treatment. The C8161 melanoma cells 377 

rely on active MAPK signaling for cell growth and invasion. They also express high levels of 378 

CDK4/Kit, but do not carry a BRAF mutation. To test the drug response of cancer stem/initiating 379 

cells towards the MAPK inhibitor using this 3D model, we cocultured C8161 melanoma cells and 380 

fibroblasts in 24 well plates. PD0325901 (see Table of Materials), a MAPK inhibitor, was prepared 381 

in a serial dilution at a range of concentrations from 1 nM, 2.5 nM, 5 nM, 10 nM, and 25 nM. The 382 

PD0325901 was added to the cell cocultures when cell mixtures were plated. Untreated 383 

cocultured cells were used as control. We evaluated the spheroid-forming ability of the cell 384 

cocultures under different drug concentrations and compared it with the untreated control. 385 

Figure 3A shows representative images of 3D spheroids formed on day 5 of cell coculture under 386 

different drug concentrations. Figure 3B is the quantitative data of the average size per spheroid 387 

and numbers of 3D spheroids formed per low power field (LPF x 4) on day 5 of cell coculture 388 

under different drug concentrations.  389 

 390 

FIGURE AND TABLE LEGENDS:  391 



   

Figure 1: Formation of 3D spheroids and 2D clusters. (A) Representative image of 3D spheroids 392 

formed by coculture of human C8161 melanoma cells and mouse skin fibroblasts. The 3D 393 

spheroids were photographed on day 7 of the coculture of melanoma cells and fibroblasts. The 394 

average sizes of the spheroids was ~170–360 μm in diameter (mean = 275, SD = 37) on day ~5−7. 395 

The average number of spheroids was 18–26 (20.5 ± 3.6) per low power field (LPF x4). (B) 396 

Representative image of 2D tumor cell clusters formed by single culture of C8161 melanoma cells. 397 

The 2D melanoma cell clusters were photographed on day 7 of single culture of melanoma cells.  398 

 399 

Figure 2: Elucidation of role of intracellular Notch1 signaling pathway activity in CAF in 400 

regulating cancer stem/initiating cells using the 3D spheroid model. (A) Intracellular Notch1 401 

signaling pathway activity in CAF determined the formation of spheroids by melanoma cells in 402 

cell coculture. Time-lapse video shows that Fb-GOFNotch1 stopped the formation of 3D spheroids 403 

by the C8161 melanoma cells, while Fb-LOFNotch1 promoted the formation of more 3D spheroids 404 

by the C8161 melanoma cells during the first 4–52 h of cell coculture. (B) Top: Representative 405 

images of 3D spheroids formed on day 7 of cell coculture with different fibroblasts carrying varied 406 

Notch pathway functions. Bottom: The quantitative data of the average size (diameter 407 

[μm]/spheroid) of the 3D spheroids formed on day 7 of cell coculture with different fibroblasts 408 

carrying varied Notch pathway activities. The two-tail student’s t-test was used for statistical 409 

analysis. Data are expressed as mean ± standard deviation (SD). 410 

 411 

Figure 3: Assessment of drug response of cancer stem/initiating cells using the 3D spheroid 412 

model. (A) Representative images of 3D spheroids formed on day 5 of cell coculture under 413 

different drug concentrations. (B) The quantitative data of the average size (diameter 414 

[μm]/spheroid) and the number of 3D spheroids per low power field (LPF x 4) formed on day 5 of 415 

cell coculture under different drug concentrations. Quantitative data are expressed as mean ± 416 

standard deviation (SD). 417 

 418 

Video 1: Dynamic process of formation of 3D spheroids in the early phase of cell coculture. 419 

Time-lapse imaging shows dynamic cell-cell interactions between fibroblasts and tumor cells in 420 

the coculture and formation of 3D spheroids during the first ~4–52 h of cell coculture. The cells 421 

started to form 3D spheroids around 48 h after the start of coculture. The peak of 3D spheroid 422 

formation occurred on day ~5−7 (not displayed here). The 3D spheroids were composed of 423 

fibroblasts and melanoma cells, where the majority (~80%) were tumor cells.  424 

 425 

Video 2: Dynamic process of formation of 2D clusters in the early phase of cell coculture. Time-426 

lapse imaging shows the dynamic process of 2D clusters formed by C8161melanoma cells in single 427 

culture. Formation of 2D clusters occurred around day ~7–10. Time-lapse imaging records the 428 

period of ~4–52 h in single culture of DsRed+/C8161 melanoma cells.  429 

 430 

Video 3: Architecture and rotation of a 3D spheroid as visualized by confocal microscopy. 431 

Architecture and rotation of a 3D spheroid. Green and red lasers were used to scan the spheroids 432 

formed on day 7 in cell coculture. The scan area was determined under a 10x objective. The scan 433 

starts from the bottom to the top of the spheroid at a 1-micron z-step. The 3D spheroid rotation 434 

movie was created using Fiji software.  435 



   

 436 

Video 4: Architecture and rotation a 2D tumor cell cluster as visualized by confocal microscopy. 437 

Architecture and rotation of a 2D cluster. Confocal images of cell clusters were taken on day 7 of 438 

melanoma cell single culture. The scan area was determined under a 10x objective. The scan 439 

starts from the bottom to the top of the spheroid at a 1-micron z-step. The 2D cluster rotation 440 

movie was created using Fiji software.  441 

 442 

Video 5: Movement of 3D spheroids. The 3D spheroids were suspended in the culture medium 443 

and did not adhere to the culture dish/well. When still medium in the cell culture well was 444 

disturbed by gentle pipetting, the suspended 3D spheroids moved.  445 

 446 

Video 6: Steadfastness of 2D tumor cell clusters. The 2D tumor cell cluster was anchored to the 447 

culture plate and immobile in spite of disturbance of the culture medium. A few single dead cells 448 

were mobile.  449 

 450 

DISCUSSION:  451 

In vitro 3D cell culture techniques have been widely employed for decades in cancer research. 452 

Compared to conventional 2D cell culture systems, the 3D microenvironment recapitulates the 453 

cell-cell and/or cell-matrix interactions and enables mimicking the genuine conditions observed 454 

in tumor tissues. However, a 3D system formed only by cancer cells and homotypic cell-cell 455 

interactions does not take into account the importance of heterotypic cross talk and may provide 456 

inaccurate results in research. We have recently developed a novel 3D system combining cancer 457 

cells and CAF to better mimic in vivo heterogeneous tumor microenvironment and its native and 458 

stiff desmoplastic reaction. 459 

 460 

Fibroblasts are major components of tumor stroma. CAF are involved in regulating tumor 461 

progression by eliciting soluble factors, ECM/remodeling enzymes10,11, and exosomes. 462 

Additionally, CAF play a part in drug resistance and tumor recurrence16,17. Our multicellular 3D 463 

spheroid system can be utilized to explore molecular mechanisms of tumor-stromal interactions 464 

and to address drug resistance and tumor recurrence. CAF are primarily derived from activated 465 

local quiescent fibroblasts and recruited circulating bone marrow MSC, which undergo in situ 466 

differentiation into CAF in tumor tissue37–39. In the current study, we used skin fibroblasts to 467 

create a multicellular 3D spheroid model. However, other type of fibroblasts (e.g., MSC-DF), also 468 

work in a very similar way as skin fibroblasts to regulate tumor cell 3D spheroid formation34. MSC-469 

DF can be generated from murine bone marrow MSC, which is enriched by culturing bone 470 

marrow mononuclear cells in MSC cell culture medium for about 10 days with periodic medium 471 

changes every 3 days. These MSC are characterized as CD73+/CD105+/Lin–. To differentiate MSC 472 

into fibroblasts, MSC are subsequently cultured with complete DMEM for an additional 2 weeks. 473 

MSC-DF are characterized as α-SMA+/Vimentin+/FSP-1+ cells36. MSC-DF can be important tumor 474 

regulators. Because a fraction of CAF in many types of solid tumors are differentiated from 475 

recruited circulating MSC released from bone marrow36, MSC-DF can be promising treatment 476 

targets. They are also much more easily therapeutically manipulated or targeted before they are 477 

recruited to tumor tissues and differentiated into CAF. Thus, our 3D model offers an ideal system 478 

to study and test not only cancer cells, but also different fractions or subpopulations of CAF. The 479 



   

method for 3D spheroid formation is straightforward. The critical steps include using serum free 480 

medium for coculture, applying the right ratio of fibroblasts to tumor cells, and using the right 481 

culture plates for coculture. The potential limitation of our method is that the formation of 3D 482 

spheroids is largely cancer cell line-dependent. Our spheroid formation protocol may require 483 

optimization of the ratio between fibroblasts and cancer cells if different cancer cell lines are 484 

employed. It should be noted that we used a human melanoma cell and mouse fibroblast cell 485 

coculture model for the formation of 3D spheroids, because it is much easier to create GOF or 486 

LOF cells in mouse fibroblasts for the study of the role of a molecule or signaling pathway in 487 

regulating tumor spheroid formation. The capability of human melanoma cells and mouse 488 

fibroblasts to form spheroids indicates that molecules required for cell-cell communications work 489 

cross-species. We have recently tested coculture of human fibroblasts with human melanoma 490 

cells and found that human fibroblasts can also regulate human melanoma cells to form 3D 491 

spheroids.  492 

 493 

We employed human metastatic melanoma cells, C8161, in our multicellular 3D spheroid model. 494 

We also tested other human melanoma cells, for example, 1205Lu32, which carries the BRAFV600E 495 

mutation, and MeWo, which expresses high levels of CDK4/Kit (ATCC HTB-65), and found that 496 

they are also able to form 3D spheroids in coculture. This indicates that formation of 3D spheroids 497 

by tumor cells is independent of the types of oncogenic mutations. Although we have not tested 498 

whether other types of non-melanoma tumor cells are capable of forming 3D spheroids with 499 

fibroblasts, our findings indicate that formation of 3D spheroids is not limited to a melanoma cell 500 

line and may not depend upon a specific cancer cell line.  501 

 502 

We showed two examples of practical applications of our 3D spheroid model. One example was 503 

to elucidate the intracellular Notch signaling pathway activity in regulating the cancer 504 

stem/initiating cell phenotype and 3D spheroid formation. We demonstrated that the 505 

intracellular Notch signaling pathway in CAF is a molecular switch controlling the phenotype of 506 

cancer stem/initiating cells using this 3D spheroid model. Our findings not only uncover a 507 

molecular mechanism underlying stromal regulation of cancer stem/initiating cells and cancer 508 

heterogenicity, but also highlight that the Notch pathway in CAF is a critical target for melanoma 509 

therapeutics. This example indicates that our 3D spheroid model is very useful to study the 510 

mechanisms for cancer cell-stromal fibroblast interactions and identify potential therapeutic 511 

targets. Another example was to test the drug response of cancer stem/initiating cells in the 512 

presence of CAF. It is well known that the drug response of cancer cells, including cancer 513 

stem/initiating cells, varies in the presence and absence of CAF. Presence of CAF in this in vitro 514 

system makes this model more clinically relevant and generated test results more reliable. 515 

Furthermore, our 3D spheroid system is versatile. It can be used for various purposes. For 516 

example, if drug resistant cancer cells are employed in this 3D model, it can be changed to 517 

address drug resistance and maybe tumor recurrence. It can also be modified to test or screen 518 

drugs that primarily target CAF for cancer treatment. CAF have recently become promising 519 

therapeutic targets. There are advantages to targeting CAF. First, as compared with tumor cells 520 

that are abnormal (often with genetic alterations) and smart (easily gain resistance to chemo- 521 

and radiotherapies), CAF in tumor tissue are normal cells and genetically more stable, so they are 522 

less likely to develop resistance to the treatments. Second, targeting CAF does not depend on the 523 



   

type of oncogenic mutations in the tumor cells. Third, targeting CAF may achieve multiple hit 524 

effects through fibroblasts-dependent anti-tumor, anti-angiogenesis, and/or the modulating 525 

cancer immune response. Our 3D spheroid model is a powerful tool for discovery of diverse sets 526 

of cancer therapeutic strategies.  527 
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Fiji (ImageJ) NIH Free for downloading, no 
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IncuCyte Zoom 2016A Essen Bioscience
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L-15 Medium (Leibovitz) Sigma-Aldrich L1518

Leica SP5 Inverted Confocal 

Microscope

Leica

MCDB 153 Medium Sigma-Aldrich M7403-10X1L

Mouse anti α-SMA (smooth 

muscle actin), monoclone

Abcam ab18640

Olympus IX51 Inverted 

Fluorescence Microscope

Olympus IX51

Olymupus CellSens Olympus

PD0325901 Selleckchem 

Chemicals

S1036

Penicillin Streptomycin 

Solution

Corning 30-002- CI 100 X

Sodium Bicarbonate 7.5% Corning 25-035-CI
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                                                        Rebuttal Letter 
 

 

Reviewer #1:  
 

Response:  We sincerely thank the reviewer for valuable comments and suggestions, which 
were of great help in revising the manuscript.  
 
Major Concerns:  
* Title, abstracts, introduction and elsewhere: I am not entirely convinced that generation of 3D 
melanoma spheroids by co-culturing melanoma cells and stromal fibroblasts is novel. It should 
be discussed in detail what is new/novel/different with this approach and the existing literature 
should be referenced appropriately. For instance, there are 44 papers in JoVE alone on 
spheroids, two of which are on melanoma spheroids (Beaumont et al. 2015, J Vis Exp 106: 
e53486; Müller & Kulms, J Vis Exp 135: e57500). In general, the role of 3D spheroid models in 
melanoma research has been discussed extensively recently (e.g. Smalley et al. 2008, Expert 
Opin Drug Discov 3: 1-10; Santiago-Walker et al. 2009, Skin Pharmacol Physiol 22: 114-121; 
Beaumont et al. 2014, Healthcare (Basel) 2: 27-46). 
Response: Although there are numerous 3D tumor spheroid models, each individual model has 
its unique condition and design, therefore, is useful for certain applications, yet not universally 
applicable to all different types of cancers and not for all intents and purposes.  Needless to say 
that each model has some limitations. This is the reason why there are 44 papers in JoVE alone 
on spheroids. Take the two 3D models that the reviewer mentioned for example: (1) a 3D 
spheroid model created by Beaumont et al (2015, J Vis Exp 106: e53486), which requires 
agarose gel and lacks stromal cells, represents an excellent system for imaging and flow study 
of melanoma spheroids, but not an ideal system for study interaction of stromal cells-
melanoma cells; (2) a 3D organotypic melanoma spheroid skin model established by Müller & 
Kulms et al (J Vis Exp 135: e57500), which relies on hanging drop method and requires 
microporous membrane inserts and gel, is a very complicated system and not convenient for 
high-throughput study.  The model is actually an organotypic skin melanoma model in which 
pre-formed melanoma spheroids are embedded. Formation of melanoma spheroids is not 
fibroblasts-dependent.  Whereas our model is different from above-mentioned two models. 
Our 3D spheroid model is fibroblast-dependent, it is very useful for study of cell-cell interaction 
between fibroblasts and melanoma cells, study of melanoma stem cells and for drug discovery. 
We have discussed unique feature of our model and its potential applications in the revised 
manuscript.   
 
* Lines 83/84: "In vitro 3D tumor spheroid models have been developed and used in cancer 
research as an intermediate model between in vitro cancer cell cultures and in vivo tumor 
models." No reference. As stated above, the role of 3D spheroid models and skin reconstructs in 
melanoma research has been discussed extensively recently (e.g. Smalley et al. 2008, Expert 
Opin Drug Discov 3: 1-10; Santiago-Walker et al. 2009, Skin Pharmacol Physiol 22: 114-121; 
Beaumont et al. 2014, Healthcare (Basel) 2: 27-46). 
Response: We have added a few references related to 3D tumor spheroids as review 

Rebuttal Letter-1 Click here to access/download;Rebuttal Letter;Rebuttal Letter-
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https://www.editorialmanager.com/jove/download.aspx?id=1126977&guid=44355c5f-0a9f-44c9-bc5b-4000ae40af96&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1126977&guid=44355c5f-0a9f-44c9-bc5b-4000ae40af96&scheme=1


suggested. However, we think that skin reconstruct models are different from 3D spheroid 
models, so that we did not add references related to skin reconstructs.  
 

* Lines 87-88 and lines 429 ff: "Many of existing 3D tumor spheroid models are solely 
constituted by tumor cells and lack the participation of tumor stromal cells." See "Fibroblasts 
Contribute to Melanoma Tumor Growth and Drug Resistance" (Flach et al. 2011, Mol. 
Pharmaceutics 8: 2039−2049). 
Response: The model developed by Flach et al is different from our 3D model. In Flach’s model, 
melanoma spheroids are pre-formed. In other words, formation of melanoma spheroids are not 
dependent on fibroblasts, whereas our 3D spheroid model is fibroblasts-dependent.  Flach’s 
model is to study how melanoma cells affect fibroblasts, while our model is to study how 
fibroblasts affect melanoma cells and melanoma stem cells.  
 
* Lines 130 ff and 451 ff: Why were mouse fibroblasts used, rather than human fibroblasts? "We 
expect that human fibroblasts can also regulate human melanoma cells to form 3D spheroids." 
Again, see Flach et al. 2011, Mol. Pharmaceutics 8: 2039−2049. 
Response: The reason why we use human melanoma cells and mouse fibroblasts cell co-culture 
model for the formation of 3D spheroids is that it is much easy to create GOF or LOF cells in 
mouse fibroblasts for study of role of a molecule or signaling pathway in regulating tumor 
spheroid formation. The capability for human melanoma cells and mouse fibroblasts to form 
spheroids indicates that molecules required for cell–cell communications work cross-species.  
We have recently  tested co-culture of human fibroblasts with human melanoma cells and 
found that human fibroblasts can also regulate human melanoma cells to form 3D spheroids.  
We have updated this information in revised manuscript (see line 466-468). 
 
* Lines 171-173: "Mix C8161 with fibroblasts at 1:1 ratio and add 2 ml cell mixtures to each well 
of 24-well plate (Non-tissue culture treated plate, 24-well, flat bottom with low evaporation lid, 
Corning Inc. Cat#351147)." There are 44 papers in JoVE alone on spheroids, two of which are on 
melanoma spheroids (Beaumont et al. 2015, J Vis Exp 106: e53486; Müller & Kulms, J Vis Exp 
135: e57500). A discussion of differences in the described models would be of interest. 
Response: The difference between our model and other models have been explained above. 
Our model is unique and has its standing for study how fibroblasts affect melanoma cells and 
melanoma stem cells as well as drug discovery.   
 
* Lines 223-224: "During the enlargement of the spheroids, cells in the center usually died due to 
insufficient nutrition supply and/or toxic microenvironment." More than two subpopulations in 
3D melanoma spheroids have been described: (1) invasion zone (of embedded spheroids), (2) 
outer proliferative zone, (3) inner G1-arrested zone, (4) necrotic core (Haass et al. 2014, Pigment 
Cell Melanoma Res 27: 764-776; Spoerri et al. 2017, Methods Mol Biol 1612: 401-416). 
Response: Again, our 3D spheroid model is different from other spheroid models mentioned by 
the reviewer. In our model, spheroids are suspending in the medium, rather than are embedded 
in gel, therefore, there is no “invasion zone”. In terms of cell proliferative ability, it is obvious that 
cells at outer layer of spheroids are more proliferative, while cells presented between outer layer 
and necrotic core are less proliferative.  



 
* Lines 280 ff: With what rationale is the drug response quantified by counting spheroids? Why 
aren't live/dead assays used, as performed in the literature (see list of publications below)? 
Response: As we mentioned, drug response tested by 3D spheroid model is more related to 
response of melanoma stem cells, rather than regular melanoma cells,  to drug treatment.  It is 
not necessary to employ 3D spheroid model to test drug response of regular melanoma cells, 
instead, 2D cell culture models are more popular, as spheroid is a feature of tumor stem cells.  
 
* Lines 311-312: "Melanoma cells cultured in the absence of fibroblasts don't form typical 3D 
spheroids, although some melanoma cells form 2D clusters/aggregates with the extended 
culture." This is surprising as there is a large body of literature demonstrating that C8161 cells 
form solid spheroids without fibroblasts (Smalley et al. 2006, Mol Cancer Ther 5: 1136-1144; 
Smalley et al. 2008, Expert Opin Drug Discov 3: 1-10; Haass et al. 2008, Clin Cancer Res 14: 230-
239; Tsai et al. 2008, Proc Natl Acad Sci U S A. 105: 3041-3046; Lee et al 2010, Pigment Cell 
Melanoma Res 23: 820-827; Lucas et al. 2012, Clin Cancer Res 18: 783-795; Stehn et al. 2013, 
Cancer Res 73: 5169-5182; Haass et al. 2014, Pigment Cell Melanoma Res 27: 764-776; Wang et 
al. 2014, Int J Cancer 135: 1060-1071; Beaumont et al. 2015, J Vis Exp 106: e53486; Beaumont 
et al. 2016, J Invest Dermatol 136: 1479-1489 ; Spoerri et al. Methods Mol Biol 1612: 401-416; 
Kienzle et al. 2017, Adv Healthc Mater 6: 1700012; Guo et al. 2019, Int J Cancer 144: 3070-
3085). 
Response: It is not surprising, because formation of 3D spheroids in vitro is condition-
dependent.  Under serum-free culture condition we used and detailed in the protocol, 
melanoma cells we tested in this study are unable to form 3D spheroids by solo-culture. 3D 
spheroids can only be formed in cell co-culture as we described in the manuscript.   
 
* Lines 462-463: "our findings indicated that formation of 3D spheroids is not limited to a 
melanoma cell line and may neither depends upon a specific cancer cell line" Spheroids have 
been successfully used in a multitude of cancer cell lines. There are 44 papers in JoVE alone on 
spheroids (see above). 
Response: This description is specific to our 3D model, cannot be extended to other models.  As 
we explained above, our 3D spheroid model is unique and different from other models.  
 
 
 
Minor Concerns:  
* Line 126: C8161 has been characterized and is an unusual melanoma line: NRAS-WT, BRAF-WT 
at codon 600, but BRAF-G464E (Davies et al. 2009, Clin Cancer Res 15:7538-46; see 
supplemental material) and therefore does not respond to PLX4032 (Lee et al. 2010, Pigment 
Cell Melanoma Res 23:820-7). 
Response: As we described in the manuscript, we have tested three human metastatic 
melanoma cell lines: C8161, MeWo and 1205Lu. These three melanoma cells carry different 
oncogenic mutations. Although C8161 does not have BRAFV600E  mutation,  1205Lu carries 
BRAFV600E  mutation.  All three melanoma cells are able to form 3D spheroids in cell co-culture 



with fibroblasts. We used C8161 as a representative for testing and developing our 3D spheroid 
model.  
 
* Figure 2: No time-lapse imaging in my files. 
* Figure 3: No 3D-rendering in my files. 
* Figure 4: No time-lapse imaging in my files. 
* Figure 5: No time-lapse imaging in my files. 
Response: We apologize for the inconvenience. Because JoVE has the maximum upload limit in 
its online submission website, and the size of our original submission package is too big to be 
uploaded, after consulting with editor of JoVE, we uploaded pdf version of our figures. It causes 
no time-lapse imaging and no 3D-rendering visible by the review. We have talked with the 
editorial office about this problem. It should be resolved in the re-submission. We suggest the 
review to contact with the editorial office if the problems remain. 
 
* The entire manuscript needs to be edited for correct English language and grammar. 
Response: The revised manuscript has been edited by a native English speaker.   
 
 

 

  



                                                        Rebuttal Letter 
 

 

Reviewer #2:  
 

Manuscript Summary: 
The authors provide a protocol to establish a 3D spheroidal model of melanoma to better 
represent the tumor-stromal interactions that may occur in vivo. The authors propose that the 
culturing of melanoma cells with fibroblasts allows for the creation of the same types of 
interactions and production of extracellular matrix that would occur in vivo. They also 
demonstrate that the 3D culture system can be used to evaluate important signaling events that 
may occur during tumor progression (using the Notch pathway as an example) and how it can 
be used for drug screening. 
 
Major Concerns: 
No major concerns noted. The authors could provide a little more detailed explanation on the 
requirements for the establishment of the spheroids and less on how the microscopy was 
performed (this is standard). 
 
Minor Concerns: 
Some editing required, especially in the protocol so it reads better (multiple verb tenses are used 
making it cumbersome to read). It would have been good to show some data with other 
melanoma cells lines and spheroids formed employing human fibroblasts. 
 

 

Response:  We sincerely thank the reviewer for valuable comments and suggestions, which are 
of great help in revising the manuscript.  
 
Major Concerns: We have revised our manuscript and detailed the protocol for the generation of 
3D spheroids.  
 
Minor Concerns: We have revised our manuscript and used imperative tense in the protocol. 
Although we only showed 3D spheroid formation by C8161 melanoma cells, we mentioned that 
other melanoma cells we tested, including MeWo, 1205Lu, are able to form 3D spheroids as well. 
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Editorial comments: 
 
1. For purposes of filming time and video length, we have a limit of 2.75 pages for the length of 
the protocol to be filmed. Please highlight 2.75 pages or less (including headers and spacing) of 
the Protocol that should be filmed (i.e., what you consider the most essential portion to be 
seen). Ideally, please highlight full steps; in particular, do not highlight fragments of sentences. 
Note that the Protocol has been edited in the attached document to better fit JoVE format. 
 
Response:  We have highlighted the steps to be filmed in protocol with yellow color. It is less 
than 2.5 pages.  
 
 
2. Many of the figure legends do not make sense with still images (e.g., Figure 2 refers to ‘time 
lapse imaging’. It is acceptable to use videos as figures; however videos should stand on their 
own and not, e.g., be embedded in PowerPoint slides. Please upload each separate video 
individually, and renumber figures and rewrite legends accordingly. If you are having issues 
with Editorial Manager’s file size limits, please use the following 
link: https://www.dropbox.com/request/PQwabKyvuUA1H3XvXUN6 
 

Response:  We apologize for the inconvenience.  Figure 2, Figure 3 and Figure 4 are videos. We 
now re-upload video version of these three figures, and remove previous submitted power 
point version of these three figures. Figure legends for these three video figures remain 
unchanged.  
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