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SUMMARY: 

A novel 3D spheroid model based on heterotypic interaction of tumor cells and stromal fibroblasts is established. Here we present co-culture of tumor cellsstromal fibroblasts, time-lapse imaging and confocal microscopy to visualize formation of spheroids. This 3D model offers a pertinent platform to study tumor-stroma interaction and test cancer therapeutics.  
 

ABSTRACT: 

Tumor-stroma interactions play an important role in cancer progression. Three-dimensional (3D) tumor spheroid models are the most widely used in vitro model in study of cancer stem/initiating cells, preclinical cancer research and drug screening. 3D spheroid models are superior to conventional tumor cell culture and 2D tumor models as spheroids reproduce some important characters of real solid tumors. However, conventional 3D tumor spheroids are made up exclusively by tumor cells. They lack the participation of tumor stromal cells and have insufficient extracellular matrix (ECM) deposition, thus, only partially mimic the in vivo conditions of tumor tissues.  We established a new multicellular 3D spheroid model composed of tumor cells and stromal fibroblasts, which better mimic in vivo heterogeneous tumor microenvironment and its native desmoplasia. Formation of spheroids is strictly regulated by tumor stromal fibroblasts and determined by certain crucial intracellular signaling pathway activity, for example Notch signaling pathway activity, in stromal fibroblasts. In this article, we present co-culture of tumor cellsstromal fibroblasts, time-lapse imaging to visualize cellcell interaction, and confocal microscopy to display 3D architectural features of spheroids. We also show two examples of practical application of this 3D spheroid model. This novel multicellular 3D spheroid model offers a useful platform for studying tumorstroma interaction, elucidating how stromal fibroblasts regulate cancer stem/initiating cells by which determining tumor progression and aggressiveness, and exploring involvement of stromal reaction in cancer drug sensitivity and resistance. This platform can also be a pertinent in vitro model for drug discovery.  


INTRODUCTION: 

Solid tumors represent complex tissues composed of neoplastic cells and a large variety of stromal cells 1-4. Stromal fibroblasts, a.k.a. cancer-associated fibroblasts (CAF), are one of the prominent stromal cell populations in most types of solid tumors. They are critically involved in regulating tumor growth, stemness, metastasis, angiogenesis and drug resistance through secretion production of soluble factorsgrowth factor, cytokines/chemokines, synthesis of ECM and remodeling enzymes, such ase.g. fibronectin, collagen, fibronectin, and matrix metalloproteases (MMPs), release of exosomes and via direct heterotypic cell-cell interaction 5-11.  Stromal fibroblastsCAF also take part in determining cancer organ-specific metastasis by preselecting a subset of tumor clones from heterogeneous tumor cell populations in the primary lesion and fostering these selected clones to be primed for metastasis to a specific distant organ where its microenvironment is optimal for re-colonization of selected clones 12. Moreover, fibroblasts and their secreted products of soluble factors and ECM participate in the modulation of tumor angiogenesis 13, 14, anti-tumor immune response15, and are even Involved in drug resistance and tumor recurrence 16, 17.  

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 18-21. 3D tumor spheroid models have gained popularity in cancer stem cell research, preclinical cancer research and drug screening, because these models reproduce some important features of real tumors, which are absent in traditional 2D monolayers18monolayers22. Many of existing 3D tumor spheroid models are solely constituted by tumor cells and lack the participation of tumor stromal cells.  Such a circumstance often results in tumor spheroids having insufficient extracellular matrix deposition and absence of heterotypic cell–cell interactions. Conventional 3D spheroid formed exclusively by cancer cells and homotypic cell–cell adhesion may only partially mimic the in vivo conditions of tumor tissues. In an effort to overcome some of the limitationsTo overcome these limitations, investigators have proposed incorporation of multiple types of stromal cells in 3D co-cultures  have been proposed and developed several hetero-type 3D tumor spheroid models  have been established 19-2323-27.  In addition, investigators have employed exogenous 3D matrices, such as natural hydrogels or synthetic polymers (e.g., poly(ethylene glycol), poly(lactide-co-glycolide) and poly(N-isopropylacrylamide)) to the embedding of monocellular and multicellular spheroid models in exogenous 3D matrices, such as natural hydrogels (Matrigel® and collagen I, mainly) or synthetic polymers (e.g., poly(ethylene glycol), poly(lactide-co-glycolide) and poly(N-isopropylacrylamide)),  have been extensively used, creating a cell-supportive environment and reproducing the cell–matrix interactions 24, 2528, 29, endowing system with higher biological relevance 2630. However, incorporation of certain types of stromal cells, such as endothelial cells, in 3D co-cultures bring about additional complicity for an in vitro system and make it difficult to study heterotypic cell–cell interactions between two specific types of cells, for example, cancer cell–fibroblast interactions. Moreover, endothelial cells in real tissues don’t always directly interact with cancer cells and other stromal cells because there is a layer of basement membrane warped outside of capillaries, which prevent endothelial cells from direct interaction of cancer cells and other stromal cells.  In those 3D spheroid models, incorporated endothelial cells don’t actually form the blood vessels, yet interact directly with cancer cells and other stromal cells which barely occurs in vivo. Similarly, exogenous matrices employed in some of 3D spheroid models are not identical to ECM in real tumor tissues in terms of structure and composition. All these artificial conditions may result in misleading data.

We have recently created a new multicellular 3D spheroid model composed of tumor cells and stromal fibroblasts. In our model, formation of 3D tumor spheroids is entirely determined by stromal fibroblasts. Stromal fibroblasts induce and regulate phenotype of tumor stem/initiating cells.  ECM produced by stromal fibroblasts are natural and endows desmoplastic structure to better mimic in vivo  tumor microenvironment.  This novel 3D model can be a useful tool for cancer drug screening and offers a unique platform to study tumorstroma interaction, elucidate how stromal fibroblasts regulate cancer stem/initiating cells, and explore involvement of stromal reaction in cancer drug sensitivity and resistance. 


PROTOCOL: 

1. Culturing melanoma cells and skin fibroblasts

1.1 Human melanoma cells.
Culture Hhuman melanoma cells, C8161 2731, were cultured under conventional adherent cell culture conditions in complete W489 medium (see 1.2) containing 2% fetal bovine serum (FBS) in a 37 °C incubator supplied with 5% CO2  as described previously28previously32. Cells were splitSplit the cells at 1:5 ratio when they reached ~90% confluency.
1.2 Melanoma cell culture medium (W489)
Complete W489 medium is composed of 80% MCDB153 medium (see Material No.1), 20% L-15 medium (see Material No.2), 2% FBS (fetal bovine serum, see Materials No.3), 5 ug/ml insulin (see Material No. 4), 1.68 mM CaCl2 (see Material No. 5) and 0.11% Sodium Bicarbonate (see Material No. 6). For co-culture, do not add FBS, insulin and CaCl2.
1.3 Mouse skin fibroblasts isolation. 
Mouse skin fibroblasts were isolated from mouse skin of C57BL6 as described previously 29.  In brief,Cut 1 cm x 1 cm skin was cut from mousemice in accordance with the relevant guidelines and regulations by the University of Miami Institutional Animal Care and Use Committee (IACUC). Digest the Sskin was digested by dispase (see Material No. 7) at 4 overnight. Strip .  Ddermis was then striped from epidermis and further digested by with collagenase (1mg/ml in DMEM, see Material No. 9) at room temperature overnight. 

1.4 Mouse skin fibroblasts culturing
After being washed with PBSwash the tissue pellets with PBS and, tissue pellets were culture themd in DMEM with 10% FBS and 1% penicillin-streptomycin in 37C / 5% CO2. Skin fibroblasts were characterized by immunostaining of α-smooth muscle actin (-SMA ) . Split the Cellscells  were split at 1:2 ratio when they reached ~90% confluency. Skin fibroblasts were transduced with GFP/lentivirus before co-culture.

1.5 Characterization of mouse skin fibroblasts by immunostaining. 

1.5.1 Cell preparation for staining
At day 1,Seed the skin fibroblasts were seeded in 24-well plate at a density of 2 x 104 cells/well and on day 2, cultured in DMEM supplemented with 10% FBS in 37 °C incubator supplied with 5% CO2. At day 2,  wash theattached cells  were washed with PBS twice and , then fix themed in 2% neutral buffered formalin for 10 minutes. Remove the formalin and wash After removing formalin,the fixed cells were washed with PBS twice. 

1.5.2 immunostaining
Add blocking solution (see Material No. 12) 200 l to each well and incubate plate for 30 minutes at room temperature, then add mouse anti--SMA (Abcam ab18640see Material No. 11) diluated at 1:200 and incubate at 37°C for 1 hour. Wash with PBS for 3 times (5 minutes/time). Add Alex Fluor 488 goat anti-mouse IgG at 1:400 dilution (Life Technology, Cat#A-21202see Material No. 13) and incubate at room temperature for 1 hour. Wash out antibodies using PBS for 3 times (5 minutes/time). Add 1g/ml DAPI (see Material No. 14) and incubate at room temperature for 2 minutes. Remove DAPI solution and add 500 l of PBS into each well. Observe the Ccells were observed and take imagesphotographed using inverted fluorescence microscope (see Material No. 15).

1.6 Pre-labelling fibroblasts and melanoma cells. 

Seed Fibroblasts were seeded into 100 mm dish at day 1 andso that cell confluency reached about 60% next day. At day 2, remove culture medium and add GFP/lentivirus (1:3~1:5 diluted from stock) into regular culture medium with 4 g/ml of polybrene. Incubate cCells were incubated in 37 °C incubator for 6 hours, then remove medium and replace with fresh regular culture medium. After 2 days, observe the GFP signal from cells cells express GFP which can be observed under fluorescence microscope.  Transduce C8161 cells were transduced with DsRed/lentivirus under a similar condition. Preparation of GFP/Lentivirus and DsRed/Lentivirus was described previously 14, 3014, 34.

2. Cell co-culture

2.1 At day 0 of spheroid formation assay, detach both C8161 and skin fibroblasts were detached using 0.25% Trypsin-EDTA (see Material No. 16). Spin down the Ccells were spin down at 1100 250 g rpm for 5 minutes at room temperature ,and washed with PBS once. Re-suspended cells in cell co-culture medium (serum free, insulin free and calcium free W489 medium mixed with serum free DMEM at 1:1 ratio). Adjusted cell concentration to 2 x 104 cells/ml. Mix C8161 with fibroblasts at 1:1 ratio and add 2 ml cell mixtures to each well of 24-well plate (see Material No. 17Non-tissue culture treated plate, 24-well, flat bottom with low evaporation lid, Corning Inc. Cat#351147). Each well contains 2 x 104 cells. Each condition has 3-wells (triplicates).

2.2 Incubate cells at 37 °C for 4 hours until cells attach to the plate, and then perform time-lapse imaging or confocal scanning at indicated time points for each assay.

3.   Live cell time-lapse imaging

3.1 Before co-culture, turn on the time-lapse imaging system IncuCyte ZOOM system (see Material No. 18Essen BioScience, Inc. Ann Arbor, MI 48108) following the manufacturer's instructions and let the incubator reaches 37 °C and 5% CO2. This step usually takes 1 hour to reach system equilibrium. Carefully place the culture plate to the stage of the microscope inside the incubator and securely lock the door.

3.2 Open the IncuCyte ZOOM 2016A software of time-lapse imaging system (see Material No. 19), choose your plate type and manufacturer so the microscope can locate the scanning area accurately. Choose wells of interest, choose 10x objective lenses. Choose numbers of scanning area, interval time between two scans and starting as well as ending time. Usually, we choose the maximum numbers of scanning area for 1 well which is 36 in our case and 1 hour interval time. Record time-lapse imaging from 4–52 hours.

NOTE: The starting time, ending time and duration should be optimized by cell type and the purpose of the experiment.

3.3 When completing image recording, use IncuCyte ZOOM 2016A software of time-lapse imaging system to retrieve the data and export videos or image sets.

4. Confocal microscopy and 3D movie

Place the Ccell co-culture plate were put on stage of Leica SP5 inverted fluorescence microscope (see material No. 20). and use Rred and green laser beam were used. Observe cells under 5x or 10x objective lens and choose a spheroid to start scanning. Use 1 micron Z-step was used to scan from the bottom to top of the spheroid. Process the Data was processed using image processingFiji software (see Material No.21) to re-construct 3D image which can be further rotated and saved as 3D movie.

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

Seed 2 x 104 C8161 melanoma cells were seeded into each wells of 24-well plate as described in 2.1. Culture the cells were cultured for 7~10 days and photographed using inverted fluorescence microscope.

6. Test if 3D spheroids and 2D cell clusters/aggregates are suspending in the medium or attached on plates
For cell co-culture, test 3D spheroids formed at day 7 were tested. For solo-cell culture, test the 2D clusters/aggregates formed on day 10 were tested. Set cell culture plates on the platform of inverted fluorescence microscope. Put a bent needle with syringe into wells and gently aspirate culture medium in and out to disturb culture medium in the wells. Record Tthis process were recorded using movie mode of the movie CellSens software by Olympus Inc(see Material No. 22).  3D spheroids are movable but 2D cell clusters/aggregates remained steadfast. 
7.      Confocal image of 3D spheroid  
Co-cultured cells start to form spheroids from 48 to 72 hours depending on the type of fibroblasts. Generally, spheroids enlarge gradually with time. Small spheroids can fuse to form larger spheroids until day 7. After spheroids are stabilized in size,  they can last more than 10 days. After that spheroids often detached from the bottom of culture plate and congregated to the center of the wells. During the enlargement of the spheroids, cells in the center usually died due to insufficient nutrition supply and/or toxic microenvironment. Hence, the peak of 3D spheroid formation and timing to image the matured spheroids should be optimized by pilot experiments. We performed confocal microscopy around day 7 when the spheroids are matured and the cells in the center of spheroids are still alive according to the fluorescence and morphology of the cells in the center. To do confocal microscopy, use green and red laser were used to scan the spheroids. Scanning area was determined under 10x objective and started from the bottom to top of the spheroid at a 1-micron z-step.
3D spheroid formation video clip was generated by using 3D-projection function of Fiji image processing software, . Fiji is also known as ImageJ. It is a free, open source, Java-based image processing program developed at the National Institutes of Health (NIH) and the Laboratory for Optical and Computational Instrumentation (LOCI, University of Wisconsin).
3D spheroid rotation video was created using ImageJFiji software as well.
8. Intracellular Notch1 signaling pathway activity in determining stromal regulation of cancer stem/initiating cells
8.1.    Isolation and characterization of skin fibroblasts from Gain- and Loss-of-function Notch1 mice
Isolate Sskin fibroblasts were isolated from two pairs of genetically modified mice:  Gain-Of-Function Notch1 (GOFNotch1: Fsp1.Cre+/-;ROSALSL-N1IC+/+) mice versus their counterpart control (GOFctrl : FSP1.Cre-/-;ROSALSL-N1IC+/+) mice and  Loss-Of-Function Notch1 (LOFNotch1: Fsp1.Cre+/-;Notch1LoxP/LoxP+/+) mice versus their counterpart control (LOFctrl : FSP1.Cre-/-; Notch1LoxP/LoxP+/+) mice31, respectively. Skin fibroblasts were isolated and characterized using the protocol described in 1.23 -and 1.35.
8.2. 8.2.  Transduce mouse skin fibroblasts with GFP/Lentivirus 
See 1.6 above for the method to transduce cells with lentiviral vector.
Skin fibroblasts were pre-labeled with GFP as described in 1.4.
8.3.  Co-culture of fibroblasts and melanoma cells
Conduct the Cells co-culture experiment was conducted as described in 2.1.  
8.4.  Assessment of effect of intracellular Notch1 pathway activity in Fb  on determining stromal regulation of cancer stem/initiating cells by measurement the sizes of 3D spheroids 
Carry out the Qquantification of spheroid formation under each condition was carried out by photographing the spheroids at the time when spheroids are matured (indicated by stop of growth around day 5~7 depending upon the types of fibroblasts). Measure Tthe sizes of 3D spheroids were measured using image processing software, ImageJ Fiji software. 
9.     Test drug response of cancer stem/initiating cells using 3D spheroid assay
Stromal fibroblasts can regulate cancer heterogenicity and induce phenotype of cancer stem/initiating cells.  Stromal fibroblasts also support cancer stem/initiating cells to endure clinical treatments. Cancer stem cells has been shown to be responsible for drug resistance. Therefore, we used this 3D spheroid model to evaluate drug response of cancer stem/initiating cells. The outcome can better assess potential clinical efficacy of anti-cancer medication.  

9.1. Drug administration

(i). Right after co-culturing the cells in a 24-well plate, prepare the drugs are prepared in a serial dilution in culture medium to reach a desired range of concentrations based on pilot experiments (1 nM, 2.5 nM, 5 nM, 10 nM and 25 nM). 

Note: it is important to use a non-tissue-culture treated plate (see Material No.16), e.g. Corning Inc, #351147. Otherwise, the cells will strongly attach to the plate and unable to form suspending spheroids.

(ii). Add 1 ml of corresponding drug solutions to each well of co-cultured cells. Treathe control group is treated with regular co-culture media as mentioned above. 

Note: MEK inhibitor is soluble in cell culture media. Therefore, controls are 2 l of cell culture medium. However, if the drug is not soluble in aqueous solution and requires solvents such as DMSO, then cell culture media with the same concentration of DMSO should be applied to the control group.

9.2  Quantification of drug response by counting spheroids

(i). Observe the treated cells and non-treated cells using fluorescence microscope and photograph cells every day.  Quantification Quantify of the spheroid formation in different experimental groups and compare the spheroid-forming ability of the cell cultures under different drug concentrations.

Note: The spheroid tends to appear from 5~7 days after the co-culture. Drug effect will become notable at that time point.

(ii). Use fluorescence microscope to image/photograph the spheroids and cells in the wells and then use ImageJ to calculate the average size per spheroid and numbers of spheroids formed per low power field (LPF, x 4) in each treatment group over time. 

Note: Cells that receive effective drug treatment should form less or no spheroids compared with the control group. This would be a good indication of the effectiveness of drugs tested on suppressing cancer stem cells. 



REPRESENTATIVE RESULTS: 

We develop a novel method to generate 3D spheroids by an in vitro heterotypic cell co-culture system that mimics the in vivo tumor microenvironment.  Fibroblasts are derived from mouse skin fibroblasts. Skin fibroblasts were generated as described above and are characterized as αa-SMA+/Vimentin+/FSP-1+ cells.  Human metastatic melanoma cells (C8161) were cultured in W489 medium as described 2832. To visualize and distinguish fibroblasts from tumor cells, fibroblasts and melanoma cells were pre-transduced with GFP/lentivirus and DsRed/lentivirus, respectively 30, 3234, 36, before cell co-culture. 

Figure 1 shows an example of multicellular 3D spheroids formed by co-culturing melanoma cells and fibroblasts. 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. Average sizes of spheroids are approximately 170 - 360 μm in diameter (mean = 275, SD = 37) at day 5~7. Using time-lapse imaging, we observed that fibroblasts and tumor cells interact in co-culture and start to form 3D spheroids at around 36 hours as shown in Figure 2A. Time-lapse imaging recorded the dynamic process of cell–cell interaction and initial phase of spheroid formation at 4~52 hours of co-culture. Peak of 3D spheroid formation occurs in around day 5~7. Formed 3D spheroids are composed of fibroblasts and melanoma cells although a majority of cells (~80%) are tumor cells. Figure 2B shows the dynamic process of solo-cultured melanoma cells (DsRed+/C8161) in the formation of cell cluster/aggregates starting from 4~52 hours in solo-culture. 2D clusters/aggregates peaked in around day 7~10. Figure 3A and 3B show architectures structures of a 3D spheroid and a 2D tumor cell cluster visualized by confocal microscopy, respectively. The 3D spheroid was subjected to confocal microscopy at day 7 of cell co-culture, whereas the 2D tumor cell cluster was examined at day 7.  Figure 4A shows that 3D spheroids are suspended in the culture medium and movable, while Figure 4B shows that the 2D tumor cell cluster is attached to the culture plate and immovable. Suspending in the medium is a feature of 3D spheroid that distinguishes 3D spheroids from 2D clusters.  When still medium in the cell culture dish/well is disturbed by either dropping a drop of culture medium into dish/well or gently pipetting the culture medium in the dish/well, suspending 3D spheroids can be impacted to move, whereas 2D cell clusters are steadfast. A few single dying cells are movable.  Figure 5A shows an example that this 3D model can serve as a unique platform to study tumorstroma interaction and elucidate how intracellular Notch1 signaling pathway activity in stromal fibroblasts regulates cancer stem/initiating cells and spheroid formation. Two pairs of fibroblasts (Fb) isolated from  the skin of Gain-Of-Function Notch1 (GOFNotch1: Fsp1.Cre+/-;ROSALSL-N1IC+/+) mice versus their counterpart control (GOFctrl : FSP1.Cre-/-;ROSALSL-N1IC+/+) mice and  Loss-Of-Function Notch1 (LOFNotch1: Fsp1.Cre+/-;Notch1LoxP/LoxP+/+) mice versus their counterpart control (LOFctrl : FSP1.Cre-/-; Notch1LoxP/LoxP+/+) mice31mice35, respectively.  All fibroblasts were transduced by GFP/Lentivirus and co-cultured with C8161 melanoma cells, which are pre-transduced with Ds-Red/Lentivirus. Time-lapse imagings show that Fb-GOFNotch1 inhibit C8161 melanoma cells to form 3D spheroids compared to Fb-GOFctrl  during the first 4~52 hours of cell co-culture. In contrast, Fb-LOFNotch1 promote C8161 melanoma cells to form 3D spheroids compared to Fb-LOFctrl.  Figure 5B top: representative images of 3D spheroids formed at day 7 of cell co-culture with different fibroblasts carrying varied Notch pathway activities.   bottom: the quantitative data to count average size of 3D spheroids formed at day 7 of cell co-culture with different fibroblasts carrying varied Notch pathway activities.  Figure 6 gives another example to show that this 3D model can be used to test drug response of cancer stem/initiating cells. Cancer stem/initiating cells have been shown to be responsible for drug resistance and cancer recurrence. Therefore, evaluating drug response using this 3D model will better reveal their clinical efficacy for cancer treatment. C8161 melanoma cells rely on active MAPK signaling for cell growth and invasion. They also express high levels of CDK4/Kit, but don’t carry BRAF mutation. To test drug response of cancer stem/initiating cells towards MAPK inhibitor using this 3D model, we co-cultured C8161 melanoma cells and fibroblasts into 24-well plates. PD0325901 (Cat# S1036, Selleckchem Chemicals, Houston, TX 77014see Material No. 23), a MAPK inhibitor, was prepared in a serial dilution at a range of concentrations from 1 nM, 2.5 nM, 5 nM, 10 nM and 25 nM. Varied concentration of PD0325901 was added into cell co-cultures when cell mixtures were plated into culture plates.  Non-treated co-cultured cells were used as control. We evaluated spheroid-forming ability of the cell co-cultures under different drug concentrations and compared it with control. Figure 6A shows representative images of 3D spheroids formed at day 5 of cell co-culture under different drug concentrations. Figure 6B is the quantitative data of the average size per spheroid and numbers of 3D spheroids formed per low power field (LPF, x 4) at day 5 of cell co-culture under different drug concentrations. 


FIGURE AND TABLE LEGENDS: 

Figure 1. Formation of 3D spheroids and 2D clusters. (A) Representative image of 3D spheroids formed by co-culture of human C8161 melanoma cells and mouse skin fibroblasts. 3D spheroids were photographed at day 7 of co-culture of melanoma cells and fibroblasts.  Average sizes of spheroids are approximately 170 - 360 μm in diameter (mean = 275, SD = 37) at day 5~7. Average numbers of spheroids are 18-26 (20.5 ± 3.6) per low power field (LPF, x4).  (B) Representative image of 2D tumor cell clusters formed by solo-culture of C8161 melanoma cells.  2D melanoma cell clusters were photographed at day 7 of solo-culture of melanoma cells. 

Figure 2. Dynamic process of formation of 3D spheroids in the early phase of cell co-culture. (A) Time-lapse imaging shows dynamic cell–cell interactions between fibroblasts and tumor cells in the co-culture and formation of 3D spheroids during the first 4~52 hours of cell co-culture. Cells started to form 3D spheroids in around 48 hours in co-culture. Peak of 3D spheroid formation occurs in day 5~7, which are not displayed here.  3D spheroids are composed of fibroblasts and melanoma cells, yet a majority of cells (~80%) are tumor cells. (B) Time-lapse imaging show dynamic process of 2D clusters formed by melanoma cells (C8161) in solo-culture.  Formation of 2D clusters occurs around day 7~10. Time-lapse imaging records the period of 4~52 hours in solo-culture of DsRed+/C8161 melanoma cells. 

Figure 3. Architectures and rotation of a 3D spheroid and a 2D tumor cell cluster visualized by confocal microscopy. (A) Architectures and rotation of a 3D spheroid. Green and red lasers are used to scan the spheroids formed at day 7 in cell co-culture. Scan area is determined under 10x objective. Scan starts from the bottom to top of the spheroid at a 1-micron z-step. 3D spheroid rotation movie is created using Fiji software. (B) Architectures and rotation of a 2D cluster.  Confocal images of  cell clusters were taken at day 7 of melanoma cell solo-culture. Scan area is determined under 10 x objective. Scan starts from the bottom to top of the spheroid at a 1-micron z-step. 2D cluster rotation movie is created using Fiji software. 

Figure 4. Movement of 3D spheroids versus steadfast of 2D tumor cell clusters. (A) Movie shows that 3D spheroids are suspended in the culture medium, and not adherent on the culture dish/well. When still medium in the cell culture well is disturbed by gently pipetting the medium, suspending 3D spheroids can be impacted to move. (B) Movie shows that a 2D tumor cell cluster is anchored on the culture plate and immovable in spite of disturbance of culture medium. A few single dying cells are movable.  

Figure 5. Elucidation of role of intracellular Notch1 signaling pathway activity in stromal fibroblasts in regulating cancer stem/initiating cells using 3D spheroid model. (A) Intracellular Notch1 signaling pathway activity in stromal fibroblasts determines formation of spheroids by melanoma cells in cell co-culture. Time-lapse video shows that Fb-GOFNotch1 inhibit C8161 melanoma cells to form 3D spheroids, while Fb-LOFNotch1 promote C8161 melanoma cells to form more 3D spheroids during the first 4~52 hours of cell co-culture.  (B) top: representative images of 3D spheroids formed at day 7 of cell co-culture with different fibroblasts carrying varied Notch pathway activities.   bottom: the quantitative data to count the average size (diameter (m)/spheroid) of 3D spheroids formed at day 7 of cell co-culture with different fibroblasts carrying varied Notch pathway activities.  Two-tail student’s t-test was used for statistical analysis. Data are expressed as mean ± standard deviation (SD).

Figure 6. Assessment of drug response of cancer stem/initiating cells using 3D spheroid model. (A) Representative images of 3D spheroids formed at day 5 of cell co-culture under different drug concentrations. (B) The quantitative data of the average size (diameter (m)/spheroid) of 3D spheroids and numbers of 3D spheroids per low power field (LPF, x 4) formed at day 5 of cell co-culture under different drug concentrations. Quantitative 
data are expressed as mean ± standard deviation (SD).


DISCUSSION: 

In vitro 3D cell culture techniques have been widely employed for decades in cancer research. Compared to conventional 2D cell culture systems, the 3D microenvironment recapitulates the cell–cell and/or cell–matrix interactions and enables mimicking the genuine conditions observed in tumor tissues. However, 3D system formed only by cancer cells and homotypic cell–cell interaction does not emphasize the importance of heterotypic cross talk and may display different phenotypes. We have recently developed a novel 3D system combining cancer cells and stromal fibroblasts to better mimic in vivo heterogeneous tumor microenvironment and its native and stiff desmoplastic reaction.

Fibroblasts are major components of tumor stroma. Stromal fibroblasts are involved in regulating tumor progression by eliciting soluble factors, ECM/remodeling enzymes 10, 11 and exosomes. Additionally, Stromal fibroblasts play a part in drug resistance and tumor recurrence 16, 17. Our multicellular 3D spheroid system can be utilized to explore molecular mechanisms of tumor-stromal interactions and to address drug resistance and tumor recurrence.  Stromal fibroblasts, or CAF, are primarily derived from activated local quiescent fibroblasts and recruited circulating bone marrow mesenchymal stem cells (MSC), which undergo in situ differentiation into CAF in tumor tissue 33-3537-39. 
.  In the current study, we used skin fibroblasts to create multicellular 3D spheroid model. However, other type of fibroblasts, for example, mesenchymal stem cells (MSC)-derived fibroblasts (MSC-DF), also work in a very similar way as skin fibroblasts to regulate tumor cell 3D spheroid formation 3034. MSC-DF can be generated from murine bone marrow MSC, which are enriched by culturing bone marrow mononuclear cells in MSC MesenCult® medium supplemented with MSC Stimulatory Supplementscell culture medium  (#05502; StemCell Technologies, Vancouver, Canada) for about 10-day with periodic medium changes every 3 days. These MSC are characterized as CD73+/CD105+/Lin-. To differentiate MSC into fibroblasts, MSC are subsequently cultured with complete DMEM (Invitrogen, Carlsbad, CA) for an additional 2 weeks . to differentiate into fibroblasts, whichMSC-DF are characterized as -SMA+/Vimentin+/FSP-1+ cells 3236. MSC-DF can be important tumor regulators. Because a fraction of CAF in many types of solid tumors are differentiated from recruited circulating MSC released from bone marrow 3236, MSC-DF can be promising targets.  They are also much easy to be therapeutically manipulated or targeted before they are recruited to tumor tissues and differentiated into CAF.  Thus, our 3D model offers an ideal system to study and test not only cancer cells, but also different fractions/subpopulations of CAF. The method for 3D spheroids formation is straightforward as detailed in the Protocol. The critical steps include using serum-free medium for co-culture; applying right ratio of fibroblasts: tumor cells; and utilizing right culture plate for co-culture. The potential limitations of our method is that the formation of 3D spheroids is largely cancer cell line-dependent.   Our spheroid formation protocol may require optimization of ratio between fibroblasts and cancer cells if different cancer cell lines are employed.  It should be noted that we used human melanoma cells and mouse fibroblasts cell co-culture model for the formation of 3D spheroids, because 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. .  ItThe 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 expect  tested co-culture of human fibroblasts with human melanoma cells and found that that human fibroblasts can also regulate human melanoma cells to form 3D spheroids. 	Comment by Author: Dr. Shao put some question mark here. I am not sure what he meant by the question marks.	Comment by Author: 	Comment by Author: 	Comment by Author: 

We employed human metastatic melanoma cells, C8161, in our multicellular 3D spheroid model.  We also tested other human melanoma cells, for example, 1205Lu 28  32  that carry BRAFV600E mutation, and MeWo that express high levels of CDK4/Kit (ATCC® HTB-65™), and found that they are also able to form 3D spheroids in co-culture. Hence, it indicates that formation of 3D spheroids by tumor cells is independent on types of oncogenic mutations.  Although we have not tested whether other types of non-melanoma tumor cells are capable of forming 3D spheroids with fibroblasts, 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. 

We showed two examples of practical applications of our 3D spheroid model.  One example is to elucidate the intracellular Notch signaling pathway activity in regulating cancer stem/initiating cell phenotype and 3D spheroid formation.  We demonstrated that intracellular Notch signaling pathway in stromal fibroblasts is a “molecular switch” in controlling phenotype of cancer stem/initiating cells using this 3D spheroid model. Our findings not only uncover a molecular mechanism underlying stromal regulation of cancer stem/initiating cells and cancer heterogenicity, but also highlight that the Notch pathway in stromal fibroblasts is a critical target for melanoma therapeutics.  This example indicates that our 3D spheroid model is very useful to study the mechanisms for cancer cell–stromal fibroblast interactions and identify potential therapeutic targets. Another example is to test drug response of cancer stem/initiating cells in the presence of stromal fibroblasts. It is well known that drug response of cancer cells, including cancer stem/initiating cells, varies in the presence and absence of stromal fibroblasts. Presence of stromal fibroblasts in this in vitro system makes this model more clinically relevant and generated testing results more reliable. Furthermore, our 3D spheroid system is versatile. It can be used for various purposes. For example, if drug-resistant cancer cells are employed in this 3D model, it can be twisted to address drug-resistance and maybe tumor recurrence. It can also be modified to test or screen drugs, which primarily target stromal fibroblasts for cancer treatment.  Stromal fibroblasts have recently become promising therapeutic targets. There are  advantages of to targetintingg tumor stromal fibroblastsCAF.  includes (i)Firstly,  as compared with unlike tumor cells which that are “abnormal” (often with genetic alterations) and “smart” (easy to gain resistance to chemo- and radiotherapies), stromal fibroblasts in tumor tissue are “normal” cells and genetically more stable, so that less likely to evolve into resistance to the treatments;. Secondly, (ii) it targeting CAF is not affected byindependent of the types of oncogenic mutations in tumor cells. ; (iii)Thirdly, it maytargeting CAF may achieve “multiple hits” effects through fibroblasts-dependent anti-tumor, anti-angiogenesis and/or modulating cancer immune response. Our 3D spheroid model is a powerful tool for discovery of diverse sets of cancer therapeutic strategies. 


Materials
	Name
	Company
	Catalog Number 
	Comments

	MCDB 153 Medium
	Sigma-Aldrich
	M7403-10X1L
	

	L-15 Medium (Leibovitz)
	Sigma-Aldrich
	L1518
	

	CaCl2 1.5M
	Sigma-Aldrich
	C5670-500G
	

	Sodium Bicarbonate 7.5%
	Corning
	25-035-CI
	

	0.25% Trypsin
	Corning
	25-253-CI
	

	Dulbecco's Modified Eagle Medium (DMEM)
	Corning 
	10-013-CV
	

	24 well plate
	Corning
	351147
	Non-tissue culture treated

	Olympus IX51 Inverted Fluorescence Microscope
	Olympus
	IX51
	

	Conical-Bottom Tubes
	VWR
	89039-662
	

	Olymupus CellSens
	Olympus
	
	

	IncuCyte Zoom 2016A
	Essen Bioscience
	
	

	IncuCyte Zoom System
	Essen Bioscience
	
	

	Fiji (ImageJ)
	NIH
	
	Free for downloading, no license needed.

	Leica SP5 Inverted Confocal Microscope
	Leica
	
	

	Fetal Bovine Serum
	VMR
	97068-085
	Premium Grade

	Hank’s Balanced Salt Solution (HBSS)
	Sigma-Aldrich
	H9394
	

	Collagenase, Type 1A
	Sigma-Aldrich
	C-2674
	500mg, 1mg/ml concentration in DMEM.

	Penicillin Streptomycin Solution
	Corning
	30-002- CI
	100X

	Dispase Grade II
	Roche Diagnostics
	165859
	

	T25 Tissue Culture Flask
	Cell Star
	690170
	

	100mm Cell Culture Plate
	Corning
	430167
	Tissue Culture Treated



See Table of Materials.
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