Spheroid assay to measure TGF-β-induced invasion
Authors: 

Hildegonda P.H. Naber, Eliza Wiercinska, Peter ten Dijke, Theo van Laar

Authors: institution(s)/affiliation(s) for each author:

Hildegonda P.H. Naber

Department of Molecular Cell Biology and Centre for Biomedial Genetics

Leiden University Medical Centre

h.naber@lumc.nl

Eliza Wiercinska

Department of Molecular Cell Biology and Centre for Biomedial Genetics

Leiden University Medical Centre

e.wiercinska@lumc.nl

Peter ten Dijke

Department of Molecular Cell Biology and Centre for Biomedial Genetics

Leiden University Medical Centre

p.ten_dijke@lumc.nl

Theo van Laar

Department of Molecular Cell Biology and Centre for Biomedial Genetics

Leiden University Medical Centre

t.van_laar@lumc.nl

Corresponding author:

Theo van Laar
t.van_laar@lumc.nl

Keywords: 
TGF-β, breast cancer, invasion, collagen, spheroids

Short Abstract: 
An assay to quantitavely measure Transforming Growth Factor (TGF)-β-induced invasion in 3-dimensional collagen gels is described. This assay takes advantage of the MCF10A series of cell lines, which represent different stages of breast cancer development. This method can be adopted to be used with other cell lines.

Long Abstract: 
TGF-β has opposing roles in breast cancer progression by acting as a tumor suppressor in the initial phase, but stimulating invasion and metastasis at later stage1,2. Moreover, TGF-β is frequently overexpressed in breast cancer and its expression correlates with poor prognosis and metastasis 3,4. The mechanisms by which TGF-β induces invasion are not well understood. 

TGF-β elicits its cellular responses via TGF-β type II (TβRII) and type I (TβRI) receptors. Upon TGF-β-induced heteromeric complex formation, TβRII phosphorylates the TβRI. The activated TβRI initiates its intracellular canonical signaling pathway by phosphorylating receptor Smads (R-Smads), i.e. Smad2 and Smad3. These activated R-Smads form heteromeric complexes with Smad4, which accumulate in the nucleus and regulate the transcription of target genes5. In addition to the previously described Smad pathway, receptor activation results in activation of several other non-Smad signaling pathways, for example Mitogen Activated Protein Kinase (MAPK) pathways6.

To study the role of TGF-β in different stages of breast cancer, we made use of the MCF10A cell system. This system consists of spontaneously immortalized MCF10A1 (M1) breast epithelial cells7, the H-RAS transformed M1-derivative MCF10AneoT (M2), which produces premalignant lesions in mice8, and the M2-derivative MCF10CA1a (M4), which was established from M2 xenografts and forms high grade carcinomas with the ability to metastasize to the lung9. This MCF10A series offers the possibility to study the responses of cells with different grades of malignancy that are not biased by a different genetic background. 

For the analysis of TGF-β-induced invasion, we generated homotypic MCF10A spheroid cell cultures embedded in a 3D collagen matrix in vitro (Fig 1). Such models closely resemble human tumors in vivo by establishing a gradient of oxygen and nutrients, resulting in active and invasive cells on the outside and quiescent or even necrotic cells in the inside of the spheroid10. Spheroid based assays have also been shown to better recapitulate drug resistance than monolayer cultures11. This MCF10 3D model system allowed us to investigate the impact of TGF-β signaling on the invasive properties of breast cells in different stages of malignancy. 

Protocol Text: 

1.) Preparation of the methocel solution (500 mL)

1.1) Autoclave 6 g of methylcellulose  in a 500 ml bottle containing a magnetic stirrer.

1.2) Dissolve the methylcellulose in 250 ml of preheated DMEM/F12 without serum (60oC) for 20 min.
1.3) Add 250 ml of DMEM/F12 (RT) containing 10% horse serum. Mix overnight  (4oC).

1.4) Clear the solution by centrifugation (5000g, 2h, 4oC).
1.5 ) Take the clear highly viscous solution to a new tube (about 90-95% of the stock solution).
1.6) Store at 4oC until use.
2.) Spheroid culture

2.1) Prepare a 20% methocel solution (10 ml methocel and 40 ml growth medium).
2.2.) Wash cell twice with PBS, add 0.1% trypsin and incubate cells at 37 oC

2.3) Resuspend cells in growth medium and count the cells.
2.3.) Prepare a suspension of 10 000  cells per ml in 20% methocel. 

2.4) Add the cell suspension to the 96 well suspension plates (100 μl per well).
2.5) Check whether the cells formed spheroids (2-3 days). 
3.) Preparation of collagen

3.1) Prepare on ice a solution of 8 ml collagen, 1 ml 10x PBS, 1 ml 0.1 N NaOH and 3 drops 0.1 N HCl. Check if pH is 7.4 by spotting some of the solution on pH indicator strips. Adjust pH if out of range.

3.2.) Add 50 μl of neutralized collagen solution in the wells of a 96 well plate

3.3) Incubate at 37oC until is solidified (90 min). 

3.4) Prepare methocel-collagen-ligand solutions on ice: for each ligand pipette 1 part of of collagen solution. Add TGF-β (4x) (e.g. if an end concentration of 5 ng/ml is desired, add 20 ng to 1 ml collagen). Mix by vortexing. Add 1 part of methocel- solution.  Mix by vortexing.

4.) Spheroid embedding

4.1) Put a 200 μl tip on a 200 μl pipette and put a 1000 μl tip on top of it. Collect one spheroid  and carefully dispense the medium until the first stop of the pipette’s plunger. Watch if the spheroid stays inside the tip. Do not release the plunger, suck up the collagen-methocel mixture and dispense the spheroid in the collagen mixture into the coated 96 well. Do this for 12 wells 

4.2) Let collagen solidify at least 30 minutes at 37oC 

4.3) Remove air bubbles with a 200 μl tip.

4.4) Add 50 μl of medium with 1.6 % serum and eventually inhibitors dissolved in DMSO. (4x, e.g. if an end concentration of 1 nM is desired, add 4 nmol to 1 ml medium)

4.5) Take pictures of the spheroids under the microscope and also after 2 days using 40X magnification. Measure the size of the invading spheroids after 2 days and subtract the starting size (In  Adobe PhotoShop Extended: select the  spheroid using the Quick Selection tool (W) and  measure the area via Analysis-Measure (Ctrl Shift M).

Representative results
An example of the spheroid assay with MCF10A1 (M1) normal breast epithelial cells, H-RAS transformed MCF10AneoT (M2) cells and M2-derived MCF10CA1a (M4) is given in Figure 2. M1 cells showed only weak invasion without stimulation, but invaded significantly better upon stimulation by TGF-β. In contrast, the RAS-transformed M1-derivative M2 invaded already efficiently without addition of  stimuli, and this was further increased 4-5 fold upon TGF-β treatment. M4 cells showed the strongest invasion, both with and without TGF-β addition. 

Next, we examined whether we could interfere with TGF-β-induced invasion in this spheroid model using chemical inhibitors. For this purpose we used SB-431542, an ATP analogue and selective inhibitor of the kinase activity of TβRI, as well as activin type IB receptor (ActRIB) and activin receptor-like kinase (ALK)712. As expected, SB-431542 potently inhibited TGF-β-induced invasion of M1, M2 and M4 cells (Fig 3), indicating that TGF-β-induced invasion is TβRI-kinase dependent. In addition, the basal invasion of the spheroids was also strongly inhibited, suggesting that basal invasion is also dependent on TGF-β.
Tables and figures

Figure 1 Flow chart of the 3D spheroid assay. First, cells are plated under non-adherent conditions in u-shaped suspensions plates. Cells aggregrate into multcellular spheroids and can be embedded into a collagen matrix. Into this collagen matrix, they are able to invade.
Figure 2 TGF-β-induced invasion of spheroids of  spontaneously immortalised MCF10A1 (M1) (A),  RAS-transformed MCF10AneoT (M2 (B) and its metastatic derivative MCF10CA1a (M4) (C). M1, M2 and M4 spheroids embedded into collagen were treated with 5ng/ml of TGF-β for 48h as indicated. A-C Representative pictures taken at the day of embedding and two days later. D Relative invasion was quantified as area difference on day 2 minus day 0. The results are expressed as mean ± s.d. Adapted from13. 
Figure 3 Basal and TGF-β-induced spheroid invasion is inhibited by SB-431542. M1, M2 and M4 spheroids were embedded into collagen and treated with 5ng/ml TGF-β and/or 10µM SB-431542 as indicated. Representative pictures taken after 2 days (A). Relative invasion was quantified as area difference on day 2 minus day 0 (B). The results are expressed as mean ± s.d. Adapted from13.
Discussion

We established a spheroid model in which MCF10A1 cells and its malignant derivatives invade into a collagen matrix in a TGF-β-dependent manner. When comparing the invasive properties of the different MCF10A1 cell lines we found that basal invasion as well as TGF-β-induced invasion increased from the relatively benign M1 cells, to higher levels in the RAS-transformed M2 derivative, to even higher levels in the metastatic M4 variant. Thus, the invasive properties correlated with the relative state of aggressiveness of these three cell lines7,8,14.  The protocol can be adopted to investigate invasion of other cell lines as well as the invasive responses to other growth factors.

In our assays the basal and TGF-β-induced invasion was strongly inhibited by treatment with SB-431542, an inhibitor of type I receptor for TGF-β. This is a proof of principle that chemical inhibitors can be used in this assay. It is advisable to add chemical inhibitors dissolved in DMSO not directly into the collagen, since the DMSO precipitates in the icecold mixture. Therefore, we add these compounds in the medium on top of the collagen. 
One of the limitations of this assay is that we analyze a 3 dimensional assay in a 2 dimensional plane. However, most cells usually invade in the same plane. Another disadvantage is that the imaging is a time consuming step, since the spheroids are located at different heights, which hampers automated imaging.

Our spheroid invasion assay resembles the in vivo process more closely than 2D invasion models, because cells in spheroids are in different metabolic states and interact in more natural fashion with their surroundings10. We used type collagen I, since high levels of this collagen promoted breast cancer formation and invasion15. In addition, collagen I was associated with a greater incidence of metastasis16. Several 3D models have been developed over the past decades. Cells can be either completely embedded within in a matrix or placed on top of a matrix or a polymeric scaffold17,18. In a 3D model developed by Bissell and co-workers, cells were grown in a reconstituted basement membrane (rBM) matrix. This model provides a rapid assay to distinguish between normal and malignant mammary epithelium, but focuses on cell morphology19,20. Morphogenesis and organization of the distinct MCF10A cell lines inversely correlated with malignancy21,22. In other 3D models multicellular spheroids showed the same resistance to cytotoxic drugs as their parental cell line in vivo, whereas cells in monolayers failed to do so11. Also 3D cultures of MCF10A cell lines have been used to assess sensitivity to kinase inhibitors23. Our spheroid model complements these assays by specifically focusing on invasion. 
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Table of specific reagents and equipment:

	Name of the reagent
	Company
	Catalogue number
	Comments (optional)

	Methyl cellulose
	Sigma-Aldrich
	M0512

	

	PureCol
	Advanced Biomatrix
	5005-B
	

	pH indicator strips
	Merck
	9533
	

	96-well suspension plates
	Greiner Bio-one
	650 185
	

	96-well adhesion TC plates
	Greiner Bio-one
	655 180
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