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22 SUMMARY:
23 Here, we present several simple methods for evaluating viability and death in 3D cancer cell
24 spheroids, which mimic the physico-chemical gradients of in vivo tumors much better than
25  the 2D culture. The spheroid model, therefore, allows evaluation of the cancer drug efficacy
26  with improved translation to in vivo conditions.
27
28  ABSTRACT:
29  Three-dimensional spheroids of cancer cells are important tools for both cancer drug
30 screens and for gaining mechanistic insight into cancer cell biology. The power of this
31  preparation lies in its ability to mimic many aspects of the in vivo conditions of tumors while
32  being fast, cheap, and versatile enough to allow relatively high-throughput screening. The
33  spheroid culture conditions can recapitulate the physico-chemical gradients in a tumor,
34  including the increasing extracellular acidity, increased lactate, and decreasing glucose and
35 oxygen availability, from the spheroid periphery to its core. Also, the mechanical properties
36 and cell-cell interactions of in vivo tumors are in part mimicked by this model. The specific
37  properties and consequently the optimal growth conditions, of 3D spheroids, differ widely
38 between different types of cancer cells. Furthermore, the assessment of cell viability and
39 death in 3D spheroids requires methods that differ in part from those employed for 2D
40  cultures. Here we describe several protocols for preparing 3D spheroids of cancer cells, and
41  for using such cultures to assess cell viability and death in the context of evaluating the
42  efficacy of anticancer drugs.
43
44  INTRODUCTION:
45  The use of multicellular spheroid models in cancer biology is several decades old*?, but has
46  gained substantial momentum in recent years. In large part, this reflects increased
47  awareness of how strongly the phenotype of cancer cells is dependent on their
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microenvironment and specific growth conditions. The microenvironment in solid tumors is
fundamentally different from that in corresponding normal tissues. This includes physico-
chemical conditions such as pH, oxygen tension, as well as interstitial pressure,
concentration gradients of soluble factors such as nutrients, waste products, and secreted
signaling compounds (growth factors, cytokines). Furthermore, it includes the organization
of the extracellular matrix (ECM), cell-cell interactions and intercellular signaling, and other
aspects of the particular three-dimensional (3D) architecture of the tumor3®. The specific
microenvironmental conditions in which cancer cells exist, profoundly affect their gene
expression profile and functional properties, and it is clear that, compared to that of cells
grown in 2D, the phenotype of 3D spheroids much more closely mimics that of in vivo
tumors’1t. 2D models, even if they employ hypoxia, acidic pH, and high lactate
concentrations to mimic known aspects of the tumor microenvironment, still fail to capture
the gradients of physico-chemical parameters arising within tumors, as well as their 3D
tumor architecture. On the other hand, animal models are costly, slow, and ethically
problematic, and generally, also have shortcomings in their ability to recapitulate human
tumor conditions. Consequently, 3D spheroids have been applied as an intermediate
complexity model in studies of a wide range of properties of most solid cancers®%7,

A widely employed use of 3D spheroids is in screening assays of anticancer therapy
efficacy®'820, Treatment responses are particularly sensitive to the tumor
microenvironment, reflecting both the impact of the tortuosity, restricted diffusion, high
interstitial pressure, and acidic environmental pH on drug delivery, and the impact of
hypoxia and other aspects of the microenvironment on the cell death response®?!’. Because
the environment within 3D spheroids inherently develops all of these properties’'?,
employing 3D cell cultures can substantially improve the translation of results to in vivo
conditions, yet allow efficient and affordable high-throughput screening of the net growth.
However, the great majority of studies on the drug response of cancer cells are still carried
out under 2D conditions. This likely reflects that, while some assays can relatively easily be
implemented for 3D cell cultures, many, such as viability assays, western blotting, and
immunofluorescence analysis, are much more conveniently done in 2D than in 3D.

The aim of the present work is to provide easily amenable assays and precise protocols for
analyses of the effect of treatment with anti-cancer drugs on cancer cell viability and
survival in a 3D tumor mimicking setting. Specifically, we provide and compare three
different methods for spheroid formation, followed by methods for qualitative and
guantitative analyses of growth, viability and drug response.

PROTOCOL

1. Generation of spheroids

1.1. Preparing cell suspensions for spheroid formation

NOTE: Different cell lines have very different adhesion properties and the most suitable
spheroid formation protocol must be established in each case. It was tested that MCF-7 and

BxPC-3 cells are suitable for spontaneous spheroid formation, while MDA-MB-231, SKBr-3,
Panc-1 and MiaPaCa require the addition of reconstituted basement membrane to



95  successfully form spheroids. Only MDA-MB-231 and BxPC-3 cells have been employed for

96 the hanging drop protocol, however other cell lines are certainly applicable.

97

98 1.1.1. Grow cells as monolayer until 70-80% confluency.

99
100  1.1.2. Wash cells with phosphate buffered saline (1x PBS, 5 mL for a 25 cm? or 10 mL for a
101 75 cm?flask), add the cell dissociation enzyme (0.5 mL for a 25 cm? or 1 mL for a 75 cm?
102  flask) and incubate the cells for 2-5 min at 37 °Cin 5% CO2 and 95% humidity.
103
104  1.1.3. Check the cell detachment under a microscope and neutralize the cell dissociation
105 enzyme by adding growth medium (6-10% serum depending on the cell line) to a total
106  volume of 5 mLin a 25 cm? or 10 mL for a 75 cm? flask.
107
108 1.1.4. Use a Biirker chamber to count cells (Figure 1A (i)) and count 8 squares in the
109 chamber per cell preparation to obtain a high reproducibility of the size of the spheroids.
110
111  NOTE: Three protocols each describing a different method for spheroid formation are
112  presented below. Protocol 1.2 and 1.3 can be used for all the subsequent analytic protocols
113  presented, whereas protocol 1.4 is best suited for embedding and lysate preparations.
114  Depending on the cell line, spheroid formation takes 2-4 days, irrespective of the method
115  used.

116

117  1.2. Spontaneous spheroid formation
118

119  1.2.1. Perform steps 1.1.1-1.1.4.

120

121 1.2.2. Dilute the cell suspension in a 15 mL tube to obtain 0.5-2 x 10* cells/mL (optimal cell
122  density needs to be determined for each cell line) (Figure 1A (ii)).

123

124  1.2.3. Transfer the cell suspension to a sterile reservoir and, using a multichannel pipette,
125  dispense 200 pL/well into ultra-low attachment 96-well round bottom plates (Figure 1A
126  (iii)). Fill the outer ring of wells with 1x PBS or growth medium to reduce evaporation from
127  the remaining wells.

128

129  1.2.4.Incubate the plate in an incubator at 37 °C with 5% CO,, 95% humidity.

130

131  1.2.5. Every 2-3 days acquire light microscopic images of the spheroids.

132

133  NOTE: The images in this paper are taken at 11.5x magnification, which is appropriate for
134  most spheroids prepared using these protocols.

135

136  1.2.6. Every 2-3 days (after acquiring images) replace 100 pL of medium (remove 100 pl of
137  the spent medium and replace with 100 pL of fresh medium.

138

139 NOTE: To avoid removing spheroids when replacing medium, it is advisable to tilt the plate a
140  bit while slowly removing the medium and inspect the aspirated medium in the tips for
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visible spheroids before discarding it.
1.3. Reconstituted basement membrane-mediated spheroid formation.

NOTE: Lactose dehydrogenase elevating virus (LDEV)-free reduced growth factor
reconstituted basement membrane (rBM) was used. rBM is temperature-sensitive and
should always be kept on the ice, as it will clot if it reaches 15 °C. Thaw the rBM on ice
either overnight at 4 °C or 2-4 h at room temperature (RT) before plating.

1.3.1. Thaw rBM on ice (see Table of Materials).
1.3.2. Keep plates and reservoirs (if individually wrapped) on the ice before use.
1.3.3. Perform steps 1.1.1-1.1.4.

1.3.4. Dilute the cell suspension in a 15 mL tube to obtain 0.5-2 x 10 cells/mL (optimal cell
density needs to be determined for each cell line) (Figure 1A (ii)).

1.3.5. Place the 15 mL tube containing the diluted cell suspension on the ice (e.g., in glass
beaker) (FigurelA (iia)).

1.3.6. Transfer the chilled plates and reservoirs to the hood. Rinse plastic containers, fill
them with ice and transfer them into the hood to allow the plates and reservoirs to be
placed on ice during the entire procedure.

1.3.7. Resuspend rBM gently to ensure a homogenous gel.

1.3.8. Add 1-2% rBM (optimal concentration needs to be determined for each cell line) to
the chilled cell suspensions (Figure 1A (iib)).

1.3.9. Invert the 15 mL tube to ensure the proper mixing of rBM and cell suspension before
dispensing the suspension into the plate.

1.3.10. Transfer the rBM-containing cell suspension to a sterile reservoir and dispense 200
uL/well into chilled ultra-low attachment 96-well plates using a multichannel pipette (Figure
1A (iii)).

NOTE: If working with several cell suspensions (e.g., more than one cell line), it is essential
to dispense each cell suspension immediately after rBM addition to prevent premature
gelling.

1.3.11. Centrifuge the plate for 15 min at 750 x g (if possible, at 4 °C to keep the rBM fluid

longer but not a requirement for successful spheroid formation), to ensure that the cells are
clustered together when the rBM hardens, facilitating the formation of one single spheroid.

1.3.12. Incubate the plate in an incubator (37 °C, 5% CO,, 95% humidity).



188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233

1.3.13. Every 2-3 days acquire light microscopic images for evaluation of spheroid growth.

1.3.14. Every 2-3 days replace 100 pL of medium (remove 100 pL and replace with 100 pL of
fresh medium).

1.4. Hanging drop spheroids.
1.4.1. Perform step 1.1.1-1.1.4.
1.4.2. Dilute cells to obtain a suitable dilution. A practical dilution is 50,000 cells/mL.

1.4.3. Remove the lid of a 10 cm? cell culture dish and place it so it faces upwards. Add 6 mL
of 1x PBS to the dish (Figure 1B (i)).

1.4.4. Pour the cell suspension into a sterile reservoir and carefully place up to 30 drops of
40 L of cell suspension onto the lid of the cell culture dish using a multichannel pipette
(Figure 1B (ii)), resulting in a concentration of 2,000 cells/drop. Avoid placing the drops too
close to the edge of the lid as these drops are more likely to lose surface tension when
inverting the lid in the following step.

1.4.5. Invert the lid in a quick but controlled movement and place it on top of the 1x PBS-
containing cell culture dish (Figure 1B (iii)).

1.4.6. Place the dish in an incubator at 37 °C with 5% CO; and 95% humidity without
disturbing the drops and leave them to grow for 4-6 days.

1.4.7. If to be used for protein lysates or embedding, pool spheroids by removing the lid and
tilt it, in order to wash down the drops with 1 mL of heated media. Transfer the resulting
media containing spheroids to a 1.5 mL tube and allow them to settle to the bottom of the
tube. Proceed as described in 5.4 and 6.2.2 for protein lysates and embedding, respectively.

2. Drug treatment of spheroids

NOTE: Long-term drug treatment can be applied to the spheroids in order to screen for
effects of a drug of interest. Before initiating the drug treatment, it is advisable to perform a
dose response experiment of the drug(s), in order to find an appropriate dose for the
experimental treatment. The doses should be based on the determined ICso/K; of the drug

and range from around 0.2x-10x of this value.

2.1. Set up 6-12 spheroids per the desired condition as described in 1.2 or 1.3 and place in
the incubator (37 °C, 5% CO,, 95% humidity) for 2 days.

2.2. On day 2, take light microscopic images of the spheroids.

2.3. Prepare the first treatment doses (after acquiring images).
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NOTE: The first treatment concentration must be twice the desired final concentration as
the solution will be diluted 1:2 upon addition to the well containing 100 pL medium.
Suggested drug treatment intervals (will depend on drug half-life): Day 2, 4 and 7.

2.4. Using a multichannel pipette, gently remove 100 pL of medium and replace it with 100
uL of drug containing medium.

2.5. Place the 96-well plate back in the incubator at 37 °C with 5% CO, and 95% humidity
and repeat 2.3 and 2.4 on the chosen days of treatment but now without doubling the dose

to obtain correct final dose.

2.6. On the final day of the protocol/treatment schedule, one or several of the following
assays can be performed.

3. Cell viability assay for spheroids

3.1. Set up 4-6 spheroids per the desired condition as described in 1.2 or 1.3 and place in
the incubator at 37 °C with 5% CO; and 95% humidity.

NOTE: In this case, the cell viability assay was performed on day 7 or 9, after having
monitored spheroid growth every 2-3 days by light microscopy as described above (point

1.2.5and 1.3.13).

3.2. Thaw the viability assay reagent (see Table of Materials) and let it equilibrate to RT
prior to use.

3.3. Mix gently by inverting to obtain a homogeneous solution.

3.4. Before performing the assay, remove 50% of the culture medium from the spheroids
(100 pL).

3.5. Add cell viability reagent to each well at a 1:3 ratio to the amount of medium present in
the well (Figure 2A (i)) For a 96-well plate, add 50 pL of reagent to 100 pL of medium.

3.6. Mix the contents vigorously for 5 min to induce cell lysis (Figure 2A (ii)).

3.7. Incubate for 25 min at RT to stabilize the luminescent signal (Figure 2A (iii)).
3.8. Record the luminescent signal (Figure 2A (iv)).

4. Propidium iodide (Pl) staining of spheroids

4.1. Set up 3-6 spheroids per desired the condition as described in 1.2 or 1.3 and place in
the incubator at 37 °C with 5% CO; and 95% humidity.

4.2. In a sterile cell culture lab, heat 1x PBS to 37 °C.
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4.3. Make a PI solution of 4 uM by diluting stock solution in 1x PBS: Dilute a 1 mg/mL
aqueous stock of Pl 1:350 in 1x PBS.

NOTE: This concentration will be further halved upon addition of the solution to the wells
giving a final concentration of 2 uM. 100 pL of this solution is needed for each well
containing a spheroid.

CAUTION: Propidium iodide (PI) must be handled in a fume hood and wearing gloves. Pl is
light sensitive. Protect from light when handling.

4.4. Remove 100 pL of the medium from each well in the 96-well plate without removing
the spheroids.

4.5. Wash out the remaining medium by adding 100 uL of heated 1x PBS to all wells
followed by removing 100 uL of the liquid in the wells. Repeat this washing step 3 times.

4.6. Add 100 pL of the Pl solution to each well, cover the plate in aluminum foil and place it
in an incubator at 37 °C with 5% CO2 and 95% humidity for 10-15 min.

4.7. Repeat the 3 washing steps described in 4.5 to wash out Pl solution, in order to diminish
background signal when imaging.

4.8. Use an epifluorescence microscope to image the spheroids. To evaluate the viability of
cells in the spheroid core take z-stacks to get images with varying depths of the spheroid.

NOTE: A step size around 18-35 um between each slice depending on spheroid size is
advisable, giving approximately 11-18 stacks per spheroid. Z-stacks can be processed in
Imagel using the z-projection function, which can combine all z-stacks into one final picture,
giving an overview of the staining throughout the spheroid (for further guidelines on the use
of Imagel for this purpose, see (https://imagej.net/Z-functions).

5. Preparing protein lysates for western blotting from 3D spheroid cultures

NOTE: When collecting the spheroids, it is advisable to use a P200 pipette and cut the end of
the tip to allow a bigger opening and hence an easier capture of the spheroids without
disturbing their structure.

5.1. For each condition, pool a minimum of 12, ideally 18-24 spheroids (depending on
spheroid size) in a 1.5 mL tube (avoid 2 mL tubes, as the next steps will become more
difficult due to their less pointy bottom).

NOTE: If the amount of medium exceeds 1.5 mL before having collected all the spheroids,
allow the collected spheroids to settle at the bottom (happens very quickly, centrifugation
not necessary) and discard half the volume of the tube before continuing collecting the
remaining spheroids.
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5.2. Place tubes on ice and allow the spheroids to settle at the bottom of the 1.5 mL tube.
5.3. Move from the sterile cell laboratory to the regular laboratory.

5.4. Wash spheroids twice in 1 mL of ice-cold 1x PBS. Let spheroids settle before removing
1x PBS between each washing step.

5.5. Aspirate as much 1x PBS as possible without disturbing or removing the spheroids.

5.6. Add 5 pL of heated lysis buffer (LB) with phosphatase- and protease inhibitors, per
spheroid (e.g., 10 spheroids = 50 uL LB).

5.7. Repeat intervals of vortex followed by spin down until spheroids are dissolved. Perform
a cycle of vortexing for 30 s followed by centrifugation (a quick spin using a tabletop
centrifuge is sufficient) for 10 s for approx. 5-10 min depending on the size and the
compactness of the spheroids.

NOTE: The protocol can be paused here. Keep the lysates at -20 °C until proceeding with
sonication, homogenization and protein determination as in a standard 2D protein lysate
protocol, followed by western blotting using standard protocols.

6. Embedding of 3D spheroids

6.1. Prepare the agarose gel into which the spheroids are embedded (only necessary first
time performing the protocol).

6.1.1. Mix 1 g of bactoagar in 50 mL of ddH;0.

6.1.2. Heat slowly in microwave oven until the bactoagar has dissolved and a homogenous
gel has formed. Do not allow the gel to boil.

6.1.3. Keep it warm in a water bath at 60 °C.

6.1.4. Keep at 4 °C between experiments.

6.2. Embedding of spheroids.

6.2.1. On day 1, for each condition, pool a minimum of 12 spheroids in a 1.5 mL tube.
6.2.2. Wash once with 1 mL of ice-cold 1x PBS.

6.2.3. To fix the spheroids, add 1 mL of 4% paraformaldehyde.

6.2.4. Let them incubate for 24 h at RT.

6.2.5. On day 2, heat the agarose gel carefully by placing it in a water-filled beaker in a
microwave oven. Ensure that the gel does not boil! Keep warm in a benchtop heating plate,

8
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at 60 °C until use.
6.2.6. Wash spheroids twice with 1 mL of ice-cold 1x PBS.

6.2.7. Aspirate most of the 1x PBS (leaving approximately 100 pL at this point is practical for
handling the spheroids).

6.2.8. Prepare a 20 puL pipette by cutting the pipette tip at an incline to obtain a pointier tip
with a larger hole (see illustration).

NOTE: The next part has to be done quickly to ensure optimal spheroid transfer and to avoid
solidification of gel drop. If no heating block is available, it is recommended to first catch the
spheroids and then make the agarose drop (i.e., switching the order of points 6.2.9 and
6.2.10).

6.2.9. Make an agarose gel drop on a microscope slide. Place the slide on a warm heating
block to prevent the agarose from solidifying.

6.2.10. Using the modified pipette tip (see 6.2.8), catch as many spheroids as possible in a
volume of 15-20 pL.

6.2.11. Carefully inject the 15-20 uL spheroid-containing 1x PBS into the center of the
agarose gel drop without touching the microscope slide.

NOTE: This is a slightly difficult point. The spheroids will be lost if the pipette tip touches the
microscope slide when injecting the spheroids into the gel drop. It is advisable to practice
the whole process of making the agarose drop and injecting the spheroids by injecting a
colored liquid into the drop. This will allow visualization of a potential penetration through
the drop, as the colored liquid will be leaking out onto the slide.

6.2.12. Let the agarose gel drop harden by incubating for 5-10 min at RT or at 4 °C. Once the
gel drop has solidified somewhat (but still rather soft), carefully push the gel drop from the
microscope slide into a plastic tissue cassette with a scalpel.

6.2.13. Cover the plastic tissue cassettes in 70% ethanol.
NOTE: At this point the spheroids can be used directly or stored for months.

6.2.14. Embed the agarose-embedded spheroid in paraffin, section into 2-3 um thick layer
slides and stain with hematoxylin and eosin or subject to immuno-histological staining.

REPRESENTATIVE RESULTS

Spheroid growth assays based on the spheroid formation protocol schematically illustrated
in Figure 1A and Figure 1B, were used as a starting point for analysis of the effects of anti-
cancer drug treatments in a 3D tumor mimicking setting. The ease with which spheroids are
formed is cell line specific, and some cell lines require supplementation with rBM in order to
form coherent spheroids??. The concentration of rBM added can profoundly affect the

9
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morphology of the spheroids. As shown in Figure 1C and Figure 1D, varying the
concentration of rBM between 0 and 4% alters the compactness and morphology of the
spheroids in a cell type dependent manner. Figure 1C demonstrates how the addition of up
to 2.5% rBM allows spheroid formation in SKBr-3 breast cancer cells, with no further effect
at concentrations above 2.5% rBM. In contrast, BxPC3 pancreatic ductal adenocarcinoma
(PDAC) cells, which exhibit an epithelial morphology, spontaneously form small, compact
spheroids (Figure 1D, upper, left panel). In this cell type, increasing rBM concentration to
1.5% or above elicits a distinct morphological change from spheroid to more convoluted
structures with protrusions and invaginations, reminiscent of ductal tubular structure
formation. Conversely, the addition of rBM to two other PDAC cell lines, MiaPaCa and Panc-
1, which have a more mesenchymal phenotype, allows the loose cellular aggregates to
become tighter and form more compact spheroids (Figure 1D, middle and lower panels).
These results show that the precise amount of rBM resulting in optimal spheroid formation
must be titrated for each cell line and condition.

A quantitative assessment of cell viability within the spheroids upon drug treatment was
necessary to evaluate the effect of anti-cancer drug treatments. The assay described here is
a luciferin-luciferase-based assay, which measures ATP released from live cells within
spheroids. The principle of the assay is illustrated in Figure 2A. The luminescent signal
generated in this assay is easily recorded by a plate reader (Figure 2A) and correlates well
with viability measured by other methods?3. The linear relation between ATP concentration
and luminescence in the relevant concentration range is shown in Figure 2B, while Figure 2C
shows the ability of the assay to assess cell death in 3D spheroids treated with anti-cancer
therapy. In order to further evaluate the linearity of the assay in the relevant range,
experiments to establish standard curves of the luminescent signal as a function of the
number of cells were carried out (Figure 2D and Figure 2E). These results indicate that the
assay is suitable for estimating cell viability in 3D spheroid cultures and that it is applicable
for investigating drug-induced loss of cell viability.

A combination of light microscopic images acquired every two to three days, during the
treatment period and a final quantitative assessment of cell viability allows close
supervision of spheroid growth and morphology as well as the assessment of optimal
treatment dose. The latter is exemplified in Figure 3A and Figure 3B, where a dose-response
experiment was performed to determine the dose necessary for 50% reduced cell viability in
MDA-MB-231 breast cancer spheroids. Treatment effects on spheroid morphology are
visualized in Figure 3C and Figure 3D for MDA-MB-231 and MCF-7 spheroids, respectively.
During treatment with the chosen chemotherapeutic cocktail, the compactness of MDA-
MB-231 spheroids increases, while during treatment with tamoxifen, MCF-7 spheroids
become increasingly frayed and uneven. In both cases, a clear drop in cell viability is visible
after 7 (MDA-MB-231) or 9 (MCF-7) days of treatment (Figure 3E and Figure 3F). This
demonstrates the need for both a visual and a quantitative assessment of treatment-
mediated effects on spheroid cell viability and morphology as well as that these parameters
are highly cell- and treatment-type specific.

As a supplement to the cell viability assay, staining of dead cells with PI, which cannot cross

the membrane and therefore only stains necrotic or late apoptotic cells with compromised
membrane integrity, allows for a quick spatial evaluation of dead cells in response to

10
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treatment, without the time-consuming protocol of embedding, sectioning and IHC. As
illustrated in Figure 4A the spatial arrangement of dead cells upon an increasing
concentration of an inhibitor, in this case, the Na*/H* exchanger 1 (NHE1) inhibitor 5-(N-
ethyl-N-isopropyl)-amiloride (EIPA), can be visualized. As seen, control and vehicle spheroids
show a limited necrotic/late apoptotic core, whereas the dead cells are distributed
throughout the spheroid as the concentration of EIPA is increased.

In order to quantify the relative induction of apoptotic stress following different treatments,
spheroids were lysed and subjected to SDS-PAGE gel electrophoresis and western blotting
for full-length and cleaved poly (ADP-ribose) polymerase (PARP). Representative results are
shown in Figure 4B and Figure 4C. In this experiment, spheroids were prepared from MDA-
MB-231 cells in which the lactate-proton cotransporter MCT4 or the Na*, HCOs
cotransporter NBCn1l were knocked down using siRNA. The knockdown was evaluated by
western blotting for MCT4 and NBCn1 (unpublished data). As seen, the knockdown of
MCT4, but not of NBCn1, robustly increases PARP cleavage, consistent with our previous
demonstration that stable knockdown of MCT4 in MDA-MB-231 cells decreases tumor
growth in vivo?*.

To further analyze the effects of treatment and obtain information on the specific signaling-,
growth arrest, and death pathways activated, the spheroids can in addition to western blot
analysis be embedded and subjected to immunohistochemistry (IHC) analysis. IHC analysis
of the spheroid sections allows the use of specific antibodies or markers of cell proliferation,
cell cycle and programmed cell death, and facilitates a visualization of the spatial
arrangement of proliferative and apoptotic cells in the spheroid.

A schematic figure of the embedding protocol for IHC analysis of spheroids is presented in
Figure 5A. A representative light microscopic image of an approx. 3 um thick microtome
section of an embedded spheroid is shown in Figure 5B, and an immunofluorescence image
of a spheroid stained for the tumor suppressor protein p53 (nuclei stained using DAPI), is
shown as Figure 5C. Examples of DMSO and chemotherapy-treated spheroids stained for
the cell proliferation marker Ki-67 or for p53 are shown in Figure 5D and Figure 5E,
respectively. Consistent with the antiproliferative effect of the chemotherapy treatment,
the number of Ki-67 positive cells are greater in the DMSO control than in the
chemotherapy-treated spheroid (Figure 5D). In contrast, p53 expression is increased during
conditions of cell stress, apoptosis and growth arrest, and consequently, the number of p53-
stained cells is substantially higher in the chemotherapy-treated spheroids compared to
DMSO controls (Figure 5E).

These results illustrate examples of how spatially resolved (Pl staining, IHC) or quantitative
(western blotting) information on drug treatment effects in 3D spheroids can be obtained.

FIGURE LEGENDS:

Figure 1. Spontaneous and rBM-mediated spheroid formation. (A) Schematic
representation of spheroid formation using ultra-low attachment 96-well round bottom
plates, with optional use of rBM. Individual steps marked by (i-iii). (B) Schematic
representation of spheroid formation using the hanging drop method. Individual steps are
marked by (i-iii) (C) Representative images of rBM-mediated spheroid formation of SKBr-3
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cells. Cells were seeded in ultra-low attachment 96-well round bottom plates with
increasing concentrations of rBM and grown for 9 days. Scale bar: 100 um. n=3. (D)
Representative images of BxPC-3, MiaPaCa and Panc-1 cells seeded for spheroid formation
in ultra-low attachment 96-well round bottom plates with concentrations of rBM from 0.5-
2.5 %. Spheroids were grown for 4 days. Scale bar: 250 um. n=3.

Figure 2. Principle and evaluation of the cell viability assay. (A) Schematic representation
of the 3D cell viability assay. Individual steps denoted by (i-iv). (B) Luminescent signal as a
function of ATP concentration. Dilutions of ATP were plated in a 96-well plate and cell
viability reagent added to each well. Luminescence was recorded after 30 min at 405 nm. 1
n. (C) Viability, measured as luminescence, of control and chemotherapy-treated MCF-7
spheroids. MCF-7 cells were seeded in ultra-low attachment round-bottom plates and were
grown for 7 days. Chemotherapy treatment (5 uM Cisplatin, 5 uM Doxorubicin and 30 nM 5-
FU) was applied on day 2 and 4. Bars represent mean values with SD. 1 n. (D) Luminescent
signal as function of the number of MCF-7 cells seeded. MCF-7 cells were seeded in 96-well
plates at the indicated cell number and allowed to grow for 48 h, after which cell viability
was measured. Error bars represent SD. 1 n. (E) As described in D for MDA-MB-231 cells.

Figure 3. Effects of treatment regimens on spheroid morphology and cell viability. (A)
Representative images of MDA-MB-231 spheroids on day 2, 4 and 7. MDA-MB-231 cells
were seeded in ultra-low attachment round bottom 96-well plates. Treatment with
increasing doses of chemotherapy was started on day 2, at which time all spheroids were of
similar size. Rows show spheroids at increasing doses of chemotherapy, and columns show
spheroids representative of size at day 2, 4, and 7 at the indicated dose. The lowest dose
was 18.75 nM Cisplatin, 18.75 nM Doxorubicin, 0.0625 nM 5-Fluorouracil (5-FU) and this
dose was doubled for each image shown, resulting in a maximal dose of 0.3 uM Cisplatin,
0.3 uM Doxorubicin and 2 nM 5-FU. Scale bar: 100 um. 2 n. (B) Viability of MDA-MB-231
spheroids, measured as luminescence, after 7 days of chemotherapeutic treatment. The
bars represent mean values with SEM. 2 n. (C,D) Representative images of MDA-MB-231 (C)
and MCF-7 spheroids (D) on day 2, 4, 7 and for MCF-7 spheroids 9. Cells seeded as in (A) and
treated with either chemotherapy (Chemo, 18.75 nM Cisplatin, 18.75 nM Doxorubicin,
0.0625 nM 5-FU) on day 2 and 4 (C) or with 2 uM Tamoxifen (Tam) on day 2, 4 and 7 (D).
Scale bar: 100 um. 4 n and 3 n, respectively. (E,F) Viability, measured as luminescence, on
day 7 and 9 for (C) and (D), respectively. To test for statistically significant difference
between conditions an unpaired Student’s t-test was performed. **** denotes p < 0.0001.

Figure 4. Propidium iodide staining and western blot analysis of spheroids. (A)
Representative images of Pl-stained MCF-7 spheroids after 9 days of treatment. MCF-7 cells
were seeded in ultra-low attachment 96-well plates grown for 9 days and treated with
increasing concentrations of EIPA on day 2, 4 and 7. On day 9, the spheroids were stained
with Pl and images were acquired on an epifluorescence microscope. Scale bar: 200 um. 1 n.
(B) Representative western blots of MDA-MB-231 cells after knockout/knockdown of acid-
base transporters. NHE1 was knocked out by CRISPR/Cas9 in MDA-MB-231 cells 1 and the
cells were subsequently transiently transfected with siRNA against MCT4 or NBCn1, and
grown as spheroids for 9 days before being lysed and subjected to western blotting using an
antibody recognizing total and cleaved (c)PARP. (C) Quantification of the ratio of cPARP to
PARP protein level, normalized to loading control (B-actin). 1 n.
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Figure 5. Fixing, embedding and immunohistochemistry analysis of spheroids. (A)
Schematic representation of the protocol for embedding of spheroids. Individual steps are
marked as (i-vii). (B) Image of embedded MDA-MB-231 spheroid. Scale bar: 50 um. (C)
Representative image of chemotherapy-treated MDA-MB-231 spheroid subjected to IHC
analysis with antibodies against p-53. Dashed lines show the circumference of the spheroid.
Scale bar: 20 um. (D,E) Representative images of DMSO- or chemotherapy-treated (upper
and lower panels, respectively) MDA-MB-231 spheroids. MDA-MB-231 cells were seeded in
ultra-low attachment 96-well plates, grown for 7 days and treated with chemotherapy on
day 2 and 4. On day 7, the spheroids were embedded followed by analysis by IHC with
primary antibodies against Ki-67 (D) and p53 (E). White boxes represent zoom images. Scale
bar: 20 um in both magnifications, n=3.

DISCUSSION

The use of 3D cancer cell spheroids has proven a valuable and versatile tool not only for
anticancer drug screening, but also for gaining mechanistic insight into the regulation of
cancer cell death and viability under conditions mimicking those in the tumor
microenvironment. This is particularly crucial as the accessibility, cellular uptake, and
intracellular effects of chemotherapeutic drugs are profoundly impacted by the physico-
chemical conditions in the tumor, including pH, oxygen tension, tortuosity, and physical and
chemical cell-cell interactions®'’. For example, the acidity of extracellular pH, which can
reach values as low as 6-6.5 in many solid tumors®>?°, causes weakly basic
chemotherapeutic compounds, such as doxorubicin, mitoxantrone and the zwitterion
paclitaxel, to be charged. This reduces their uptake into the tumor cells and can influence
the activity of multidrug resistance proteins such as p-glycoprotein3?32. Also the cell
proliferation, which is pivotal to the effect of most chemotherapeutic compounds, is
generally reduced in 3D compared to 2D conditions and hence is likely better mimicked in
tumor spheroids than in 2D cell culture®3334, Finally, the dense tumor microenvironment is
the origin of numerous physical and soluble signaling cues directing intracellular signaling
pathways regulating cell growth, survival and death. Thus, when analyzing drug efficacy, 3D
culture systems are a pivotal step before embarking on in vivo models. A major drawback of
3D culture is, however, the increased complexity of analysis compared to that of 2D culture.
We have described here simple and relatively inexpensive techniques for spheroid
formation using a variety of cancer cell types. We have shown examples of how spheroid
formation must be optimized for each cell type studied and have described how to obtain
guantitative data on cell viability, cell death, and associated signaling pathways, in such
spheroids. There is no obvious growth- or morphological differences between the three
models described here. In our hands, the variation in morphology may be slightly greater
using the hanging drop method, yet an advantage of this method is that rBM is not needed.
We have focused here on spheroids produced from a single cancer cell type. The spheroid
model is, however, also amenable to co-culture, for instance of cancer cells with fibroblasts,
monocytes/macrophages, endothelial cells, and/or adipocytes®3’. Other advanced
applications of this model include the combination with 3D printed fluidic devices allowing
dosing through a semipermeable membrane, followed by harvesting for quantitative
proteomic profiling32.
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While, as noted above, the phenotype of cells grown in 3D spheroids generally mimics that
of in vivo tumors much better than do cells grown in 2D, the extent to which such spheroids
are in fact relevant models of the corresponding in vivo tumors is dependent on numerous
factors and has to be carefully evaluated. Parameters which will impact how well such
spheroids mimic the in vivo condition include the cellular composition of the tumor and its
relative ECM composition. For instance, the rBM which we have employed as ECM in the
protocols provided here is a good choice for mimicking early stages of epithelial cancers,
around the time of breaching the basement membrane, other ECM compositions will be
more relevant for certain tumor types and -stages. Furthermore, the capacity for cell-cell
adhesion differs widely between cancer cell lines, depending on their expression of cell-cell
and cell-matrix adhesion proteins such as cadherins and integrins?2.

As described here, spheroid growth and morphology can easily and non-invasively be
monitored every 2-3 days using a light microscope with low magnification optics and a large
field of view. However, because the cytotoxic stress, such as chemotherapy treatment,
affects spheroid morphology very differently and, in a manner, depending on the cell type
and treatment scheme, it is not enough to rely on the morphology and circumference alone
for evaluating treatment effect. For instance, spheroids may become looser with treatment
and emerging cell death, or all death may occur in the necrotic core, while the surface is not
detectably affected. In both cases, the result may be an erroneous impression that the
number of live cells in the spheroid is not reduced by the treatment. Quantitative- and
whole-spheroid techniques are therefore essential for evaluating treatment effect. For
guantitative evaluation of cell death, the acid phosphatase assay, which as the name implies
measures the activity of cytosolic acid phosphatase has been employed?!. However, in our
hands, while this assay generally nicely reflects the number of cells seeded, it does not
adequately capture rapid treatment-induced cell death (data not shown), likely because the
acid phosphatase remains active for some time after cell death. Furthermore, this assay
requires complete removal of the medium, which increases error especially with fragile,
chemotherapy-treated spheroids. The cell viability assay described here, which is based on
cellular ATP content, was chosen based on its simple and time efficient protocol and high
reproducibility. Furthermore, this assay does not require complete removal of culture
medium which is an advantage when working with spheroids. As shown in representative
results, this assay captures well both cell number and expected chemotherapy treatment
effects. However, a pitfall of this technique is, obviously, that metabolic changes reducing
intracellular ATP content may erroneously be recorded as a lower cell number. Hence,
parallel assessment of spheroid volume and morphology, or Pl staining, is advisable to
validate results.

Spheroid lysis followed by western blotting can provide semi-quantitative insight into the
state of signaling processes, cell death-, growth- and viability pathways. The use of western
blotting is complicated when rBM is used to prepare the spheroids, since this will comprise a
substantial fraction of the lysate protein content, and more importantly, its fractional
contribution will increase with decreasing cellular content during chemotherapeutic cell
death. It is in principle possible to remove the rBM by centrifugation; however, this is a
critical step, as it is difficult to completely remove all rBM, and this will preclude
guantitative comparison between conditions. For such spheroids, and in general for spatially
resolved assessment of death pathways and relevant signaling parameters, embedding and
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IHC are strong tools. Other approaches may be considered: live confocal imaging of
(relatively small) intact spheroids3®. Another interesting property of spheroids is that given
their rather regular “ball” shape, they lend themselves well to iteration between
mathematical modeling and wet lab experiments, to increase the understanding of the
importance of the above-mentioned gradients of oxygen, pH, and nutrients within
spheroids, and, by extrapolation, tumors#%4, Thus, although important 3D tumor models of
much greater complexity are emerging, including a wide range of organotypic and organoid
cultures based on complex biological as well as inert scaffolds, and, not least, patient-
derived xenografts*?, spheroids remain an important tool because of their superior
biological relevance compared to 2D culture, combined with relative ease of handling.

In summary, we present here a series of simple methods for analysis of anti-cancer
treatment-induced changes in cancer cell viability and death in 3D culture. The composition
of the spheroids can be modified depending on the properties and biology of the cells
employed, and the quantitative and qualitative analyses presented are useful both for
assessing dose-response relationships and for gaining insight into the signaling- and death
pathways involved.
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Name of material/equipment Company Catalog Number Comments/Description

2-(4-amidinophenyl)-1H -indole-6-carboxamidine (DAPI) Invitrogen # C10595 For staining nuclei

5-Fluorouracil (5-FU) Sigma-Aldrich #F6627 Component in chemotherapeutic treatment

5-(N-ethyl-isopropyl) amiloride (EIPA) Life Technologies #E3111 Inhibitor of NHE1

Antibody against PARP and cPARP Cell signaling #9542 Used in western blotting

Antibody against Ki-67 Cell signaling #9449 Used for IHC

Antibody against p53 Cell Signaling #2524 Used for IHC

Antibody against B-actin Sigma A5441 Used in western blotting

Bactoagar BD Bioscience #214010 Used for agarose gel preparation

Benchmark protein ladder Invitrogen #10747-012 Used for SDS-PAGE

Bio-Rad DC Protein Assay kit Bio-Rad Laboratories #500-0113, #500-0114, #500-0115 Used for protein determination from lysates

Biirker chamber Marienfeld 610311 For cell counting

BX63 epifluoresence microscope Olympus Used for fluorescent imaging

CellTiter-Glo 3D Cell Viability Assay Promega #G9681 Used for the cell viability assay

Cisplatin Sigma-Aldrich #P4394 Component in chemotherapeutic treatment

Corning Spheroid Microplate, 96 well, Black with clear round . Used for growing spheroids with luminescence
. . Corning #4520 )

bottom, Ultra-low attachment, With lid, Sterile measurements as end point

Corning 96 well, clear round bottom, Ultra-low attachment . Sufficient for spheroid growth without

. e R Corning #7007 X .

microplate, With lid, Sterile luminescence measurements as end point

Criterion TGX Precast Gels Bio-Rad 5671025 Used for SDS-PAGE

Doxorubicin Abcam #120629 Component in chemotherapeutic treatment

FLUOStar Optima Microplate reader BMG Labtech Used for recording luminescence

Formaldehyde VWR Chemicals #9713.1000 Used for cell fixation

Geltrex LDEV—Frele Reduced Growth Factor Basement Gibco 4A1413202 Keep atl4 °C to prevent solidification. Referred to

Membrane Matrix as rBM in the protocol.

Heat-inactivated FBS Sigma #F9665 Serum for growth media

Image) NIH Scientific Image analysis

Medim Uni-safe casette Medim Histotechnologie 10-0114 Used for storage of embedded spheroids

Mini protease inhibitor cocktail tablets Roche Diagnostics GmBH # 11836153001 Used for lysis buffer preparation

MZ16 microscope Leica Used for light microscopic images

NuPAGE LDS 4x Sample Buffer Invitrogen #NPOO0O7 Used for western blotting

Pierce ECL Western blotting substrate Thermo scientific #32106 Used for western blotting

Ponceau S Sigma-Aldrich #P7170-1L Used for protein band staining

Prism 6.0 Graphpad Scientific graphing and statistical software

Propidium iodide (1mg/ml solution in water) Invitrogen P3566 Light sensitive

Sterile reservoirs, multichannel SPL lifesciences 21002 Used for seeding cells for spheroid formation

Superfrost Ultra-Plus Adhesion slide Menzel-Glaser #)3800AMNZ Microscope glass slide used for embedding

Tamoxifen Sigma-Aldrich #T5648 Used as chemotherapeutic treatment

Trans-blot Turbo 0.2 pm nitrocellulose membranes Bio-Rad #170-4159 Used for western blotting

Tris/Glycine/SDS running buffer Bio-Rad #161 0732 Used for SDS-PAGE

Trypsin-EDTA solution Sigma #T4174 Cell dissociation enzyme
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.
5 Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.
6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JOVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.
7 Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

ARTICLE AND VIDEO LICENSE AGREEMENT

rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JOVE to take steps in the Author(s) name and on their behalf

if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance

in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.

10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JOVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private :
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

kil JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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agrees to indemnify and hold harmless JoVE f
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experiments, property damage, personal inj
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Manuscript Rolver et al JOVE59714
Point-by-point response to editor and reviewers

We thank the editor and reviewers for their constructive comments. A point-by-point response
detailing the actions taken for each query is found below. A red-tracked version of the manuscript
has been uploaded for review purposes, in addition to the clean, revised manuscript.

Editorial comments:

Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues. The JOVE editor will not copy-edit your manuscript and any errors in
the submitted revision may be present in the published version.

2. Please remove all commercial language from your manuscript and use generic terms instead. All
commercial products should be sufficiently referenced in the Table of Materials and Reagents.

For example: Falcon tubes, Geltrex, Matrigel, ULA 96-well plates, Eppendorf, CellTiter-Glo 3D,
etc.

Done

3. Please adjust the numbering of the Protocol to follow the JOVE Instructions for Authors. For
example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain from
using bullets or dashes.

Done

4. Please revise the text to avoid the use of any personal pronouns in the protocol (e.g., "we", "you",
"our" etc.).
Done

5. Please ensure that all text in the protocol section is written in the imperative tense as if telling
someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be
described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases
such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be
written in the imperative tense may be added as a “Note.” However, notes should be concise and
used sparingly.

Done

6. The Protocol should contain only action items that direct the reader to do something.
We have rephrased to ensure that all protocol steps are action points

7. We cannot have non-numbered steps in the protocol. These should be either converted to a note
or numbered action steps in imperative tense.
Done

8. Please provide volume and concentration of all the solutions used in the study.
Done
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9. Software steps must be more explicitly explained ('click’, 'select’, etc.). Please add more specific
details (e.g. button clicks for software actions, numerical values for settings, etc.).

For microscope settings we consider this meaningless as it would only be relevant for the precise
microscope used. For ImageJ, we have added a link to the relevant protocol.

10. Please add more details to your protocol steps. Please ensure you answer the “how” question,
I.e., how is the step performed?
Done

11. 1.1. What kind of cells or specific cell lines are used in the protocol?

Since the protocols are applicable for a wide range of cell lines, rather than specify directly in the
protocol we have now added a note (p. 3-4), specifying which cell lines are, in our hands, most
suited for each of the methods provided.

12. 1.2.5: How do you acquire the images? What magnification?
We have now added (p. 4) the Note: The images in this paper are taken at 11.5x magnification,
which is appropriate for most spheroids prepared using these protocols.

13. There is a 10-page limit for the Protocol, but there is a 2.75-page limit for filmable content.
Please highlight 2.75 pages or less of the Protocol (including headings and spacing) that identifies
the essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the
most cohesive story of the Protocol.

Done

14. Each Figure Legend should include a title and a short description of the data presented in the
Figure and relevant symbols. Please include a one liner title for all the panels combined in the
figure legend.

Done.

15. For figure panels containing images from microscope, please include a scale bar and define it in
the figure legend.
Done

16. Please obtain explicit copyright permission to reuse any figures from a previous publication.
Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial
policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial
Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has
been modified from [citation].”

Not relevant, all figures are new.

17. As we are a methods journal, please revise the Discussion to explicitly cover the following in
detail in 3-6 paragraphs with citations:

a) Critical steps within the protocol

b) Any modifications and troubleshooting of the technique

¢) Any limitations of the technique

d) The significance with respect to existing methods

e) Any future applications of the technique



18. Please do not abbreviate the journal title in the references section.
19. Please alphabetically sort the materials table.

All the specific issues in query 17 have been addressed.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

In the present article, the authors described Three-dimensional (3D) spheroids of cancer cells are
important tools for both cancer drug screens and for gaining mechanistic insight into cancer cell
biology

They present here a series of simple methods for analysis of anti-cancer treatment-induced changes
in cancer cell viability and death in 3D culture. The composition of the spheroids can be modified
depending on the properties and biology of the cells employed, and the quantitative and qualitative
analyses presented are useful both for assessing dose-response relationships and for gaining insight
into the signaling- and death pathways involved. The efficacy of the protocol has been
demonstrated, the authors show representative results analyzing pancreas mesenchymal phenotype
and cell viability upon drug treatment. Thus, | recommend this manuscript for JOVE publication.

Reviewer #2:

Manuscript Summary:

Overall, this is a good JOVE manuscript describing spheroid formation techniques. |1 would
recommend it for publication with minor clarification changes listed below.

Major Concerns:
None.

Minor Concerns:

-in the paragraph from line 85-96 I think that the authors should mention how spheroids or their
proposed analysis assays fix these problems.

This point has now been clarified in this part of the introduction.

-line 111 state at what temperature, etc?
Now added (p. 4)

-line 114 growth medium with what percent serum? Growth medium without serum would not
work to neutralize and growth medium with lower concentrations of serum might require more
medium to neutralize.

6-10% serum depending on the cell line — now added in the protocol (point 1.1.3, p. 4).

-line 136 does "replace” mean that old medium is removed and fresh medium is added (as
mentioned in several steps later in the protocol), or does it simply mean add fresh medium? This
should maybe be clarified, since adding fresh medium on top of old medium without removing any
could suffice as well.

The meaning has now been clarified at first mention (p. 4., 1.2.6), which now reads: “replace 100
uL medium (remove 100 ul and replace with 100 ul fresh medium) ”.

-line 141 define LDEV



Done.

-line 165 be sure to define ULA as ultra-low attachment upon first mention of ultra-low attachment
Now done

-line 184/218 clarify what is meant by "replace™ as mentioned for line 136
Has now been specified

-line 228 it is unclear which spheroid generation technique this analysis is based on. This is true for
all analysis methods described in this paper. The authors should state that analysis techniques are
described for "spheroid formation method 1" or "spheroids formed with ULA plates™ or something
like that because adding 100 uL of drug solution to a hanging droplet could be problematic.

Thank for pointing this out, this has now been specified throughout the protocols.

-For adding drug, why is it added at multiple time points? If one drug addition is not sufficient,
clarify why.
This will depend on drug half-life, now specified (p. 7)

-line 262 do you wait for spheroids to settle, or do you spin them down?
They settle very quickly, centrifugation is not necessary. This has now been added to the text as a
Note (page 8)

-line 268 what is meant by "if relevant"? When is it relevant and/or when is it not relevant?
Always relevant — now rephrased.

-line 270 how long does it take to settle? Why not centrifuge?
See above (line 262).

-line 279 does spin speed matter?
No, a quick spin using a tabletop centrifuge is sufficient. This has been added to the protocol (point
5.7,p.9).

-line 300 reword "half to the volume"
Has been reworded

-line 306 is it necessary to cover while you incubate at room temp since (can light exposure affect
luminescence readings?)
No, this is not necessary

-line 336 room temp should be defined as RT at first use
Done

-line 334 add "to fix" to this step in case a reader doesn't know the function of 4%
paraformaldehyde
Now done

-line 340 in microwave or in the water bath
Has been rephrased



-line 330 clarify - each condition in a separate tube if that is the case
Thank you — has been clarified

-Section 5.2.8 is hard to follow. My comments on the section are as follows:
The whole section has been revised for clarity — see below for specific points.

-The step that needs to be done quickly should not include the cutting of the pipet tip as that could
be done immediately before the time sensitive step, before time becomes an issue.
We agree, this point has been moved up (now 6.2.8, p. 10).

-Does PBS come into play in step I1.? If so, please state in step I1.
The spheroids are still in PBS at this step, but no additional PBS is used.

-"objective glass" is the glass on a microscope objective, in my understanding. Based on the
corresponding figure | recommend rewording as "microscope slide” or "microscope glass”
Corrected

-1f it is best to do step Ill. prior to step Il., then step 111 and step Il. should be swapped.
We agree — done.

-Wouldn't it be better to prop pipet vertically in a stand to minimize spheroids sticking to the side of
the pipet tip? Wouldn't horizontal pipet placement encourage spheroids to settle onto the side of the
tip due to gravity?

Because we, on your suggestion, have changed the order of steps Il and Il (albeit renumbered in
the revised ms), this note is no longer necessary and has been removed.

-for step IV. It sounds like the authors mean to not penetrate the drop at all, but the corresponding
figure suggests that they mean to not penetrate so far that the glass is hit. Please clarify.
This has been rephrased.

-line 371 couldn't this also happen if gelation is not complete?
Actually it would be impossible to push the drop off in this case.

-line 374 how long can/should they be stored in 70% EtOH?
Months, now added.

-line 385 1x or 10x PBS or does it not matter?
1xPBS — now added

-line 392 you should pre-warm it so you don't have to wait at this step
Agree, and this is actually what we do - corrected

-line 404 do you mean step 6.4?
Corrected (but numbering differs in the revised ms)

-step 6.7.11 How is live/dead quantified from the z-projection? Is this done in ImageJ/Fiji? If so,
what steps are taken in the software to accomplish this analysis? is the image exported to MATLAB



or something for analysis/quantification? Provide more details for this step so that readers can
replicate.

We do not quantify the PI staining, as it is used for qualitative assessment of the localization of cell
death. For quantitative analyses we use the described viability assay. To facilitate analysis for the
reader, we have added a link to the relevant ImageJ instructions (p 8).

-line 435 this sentence should be the last sentence of the previous paragraph.
Corrected

-line 487 this sentence should be the last sentence of the previous paragraph.
Corrected

-Figure 4C/D Do you have lower magnification images for these showing the whole spheroid? it
seems like the cells are very disperse and makes it look like these are stains of 2D culture instead of
spheroids. Even if you just have the lower magnification images as an inset, might help make it
clearer that you stained the embedded spheroids. Are scale bars correct (50 um in B and 20 um in
C)? are both scale bars in C the same? Please clarify the scale bars in the phase and IF images.

Yes the scale bars are correct. The description in the figure legend has now been clarified.

-line 603-605 couldn't the matrigel contamination be fixed with a no spheroid matrigel control from
the same batch of matrigel? Doesn't IHC also capture matrigel in the analysis?

In principle yes, but in our hands this is extremely difficult to control precisely enough to obtain
sufficiently evenly loaded Western blots. In IHC this is not a problem unless of course specifically
staining for matrix components.

Reviewer #3:

Manuscript Summary:

Three-dimensional (3D) culture of cancer cells better mimic the tumor microenvironment compared
to two-dimensional (2D) culture and is an attractive tool to look at drug screening, cell proliferation,
and protein expression in a 3D context, as opposed to traditional 2D plate culture. This manuscript
describes three methods to grow cancer cells as 3D spheroids: 1. Hanging drop spheroids, 2.
Spontaneous spheroid, and 3. Reconstituted basement membrane-mediated spheroids. In proof-of-
concept examples, the authors demonstrate the applicability of 3D spheroids to look at drug
penetration, cell proliferation/death (e.g. PI staining) and the ability to embed cultures in agar,

There is strong motivation and need for this protocol for the scientific community—can be an
extremely helpful tool for those new to 3D culture. In general, the explanations and graphics are
very easy to understand and well communicated. | appreciated the discussion where limitations are
discussed (i.e. acid phosphatase assay) and alternative experiments are mentioned. My
recommendation is to accept with minor recommendations.

Minor Concerns:

Comments/questions are provided in a point-by-point fashion:

1. In the introduction, the authors should be clearer at the last paragraph that there will be three
types of culture methods discussed. Please edit accordingly.



Thank you — we have now introduced the sentence (p 3): Specifically, we provide and compare
three different methods for spheroid formation, followed by methods for qualitative and quantitative
analyses of growth, viability and drug response.

2. Can the authors comment on the differences between the three methods and how they
could/should impact the applications described (e.g. will there be differences in cell proliferation or
protein expression from lysates between the different culture methods?).

Now added to the Discussion, on p. 14.

3. The authors describe using 3D culture for proteins from cell lysates but to the best of my
knowledge, did not provide any representative results. Why not—please comment.
Our fault, thank you for pointing this out. Has now been added as new Figure 4B-C.

4. Can the authors comment how drug screening, PI, or any of their applications differ between 3D
culture and traditional 2D culture? Please comment

The overall principle of drug screening, P1 staining, IHC and Western blotting are of course
similar between 2D and 3D, as also indicated in the manuscript (e.g. protocol 5 — protein lysates
and western blotting). The difference lies in the specific handling and procedures in 3D, and, of
course, in the results!

5. In section 5, from 5.2.1. to 5.2.2, please clarify how many spheroids are to be pooled.
Done

6. In general, what is the minimum to maximum number of spheroids for each assay?
This has now been specified for each protocol (point 2.1, 3.1, 4.1, 5.1, 6.2.1)

Reviewer #4:

Manuscript Summary:

This paper discussed methodologies on assessing cell viability/death in a 3D spheroid cancer
model. It listed 3 general approaches to forming 3D spheroids with cancer cells. Also it listed 3
different post culture analyses for cell viability. Overall, this is a well-written paper with detailed
protocols enlisted. Please see additional comments below:

1. On page4, line 113-116, there is no centrifuge step after cell dissociation with enzyme. Do the
authors centrifuge after dissociation? What is the speed and time?
No centrifugation step was used.

2. The authors introduced 3 ways of generating spheroids, 1) spontaneous spheroid formation; 2)
reconstituted basement membrane mediated spheroid formation;3)Hanging drop spheroid
formation. Is there any difference in morphology or other genetic difference between the 3
approaches?

This has now been briefly discussed on p. 14 of the Discussion. As also noted in the Discussion (p.
14-15), the specific ability to generate spheroids is cell-type dependent, at least in part reflecting
differential expression of cell-cell adhesion molecules.

3. In the 2nd approach of generating spheroids, it would help to have a brief explanation as to why
one needs to centrifuging the plate after transferring cell suspensions/geltrex into 96 well plate. Will
the centrifugation cause any unevenly distribution of cells in the geltrex?



This step will ensure that the cells are clustered together when the rBM hardens, facilitating
formation of one single spheroid. This has now been added under point 1.3.11 (p 5).

4. In line 191 on page 5: does this contain a typo- 50,000 (50k) cells instead of 50.000 (50) cells per
mL?
Thank you for pointing this out — this has been corrected!

5. For the hanging drop spheroids, it seems that the 2000 cells within each drop (40uL) are to
survive and expand in 40uL medium. Is this enough nutrients for the cells considering they are
expanding into spheroids?

Yes for the 4 days they are growing under these conditions, this appears to be sufficient. It may be
noted that cells grown in 3D do not proliferate as much as cells in 2D, due to the inherent growth
limitations in the spheroid core. Notably, this is part of the reason that this preparation resembles a
tumor better than does a 2D preparation.

6. For the hanging drop spheroids, could the author provide more specific protocols on how to
remove and transfer the spheroids into 96 well plate or other wells for drug screening or protein
extraction assay after the spheroids are formed on the lid of the petri dish?

This has now been done — added on p. 6 as point 1.4.7.

To further clarify this point, we have also added the following sentence (p. 4.):

Note: Three protocols each describing a different method for spheroid formation are presented
below. Protocol 1.2 and 1.3 can be used for all the subsequent analytic protocols presented,
whereas protocol 1.4 is best suited for embedding and lysate preparations. Depending on the cell
line, spheroid formation takes 2-4 days, irrespective of the method used.

7. 0On page 7, line 275, why is lysis buffer heated? Will the heat denature the protein sample?
This is standard procedure for this composition of lysis buffers, and will not harm the proteins.

8. It is understandable that estimating the cell number in spheroids may be challenging. However, is
there any general rule of thumb that allows the size of spheroids to provide a general estimate of the
cell number? Otherwise, how would one determine the cell number? The cell number would be
useful when deciding how much lysis buffer, stain, etc are needed during post analysis.

Because cell size and spheroid tightness differ greatly between cell types, the size of the spheroid
cannot be an indication of cell number. However, the cell viability assay in combination with
imaging of spheroid size is useful for — within a given cell line and a given experiment — relating
cell number to spheroid size (see Figure 2-3). A precise assessment of cell number can be made by
dissociating the spheroids by trypsination, followed by FACS analysis.

9. On page8, line 336, does the gentle shaking during incubation help paraformaldehyde diffuse
through the spheroids?
We actually find that shaking is not necessary to fix the spheroids fully under the conditions used.

10. On figure 1C-D, with increased rBM%, spheroids from certain cell types behaved differently. Is
this due to the stiffness of the geltrax gel, or an indication that some cells are more sensitive to gel
stiffness than others?



This is a very interesting question which cannot be answered from our experiments. However, it is
well known that different cell types respond differently to matrix stiffness (e.g. ref (1-3)), so this is
indeed a possibility.

11.In figure 3B, does the RLU of the different concentrations of chemotherapy differ significantly
from one another? Could the concentration levels be included in the figure legend? Why is the 2nd
lowest dose showing lower cell viability than the 3rd lowest dose?

The example shown is representative of 2 experiments only, thus statistical analysis is not relevant.
The difference in RLU between the two doses mentioned presumably just reflects biological
variation.

13. Based on the spherical size presented in Figure 3A, it would seem that the spheroid size does
not substantially affect chemo-response in the higher chemo range? Would this be a reasonable
interpretation and if so, is there an explanation?

The spheroid size at the onset of treatment is identical in the experiment shown (upper row, day 2).
Thus, whether there is a difference in chemotherapy response with spheroid size cannot be inferred
from this experiment.

14. Is it possible to use live/dead stain to differentiate the live/dead cells through microscopy in the
spheroids?

Yes this is possible. As this protocol is slightly more expensive and time consuming we have chosen
to only include the PI staining, which we find is generally sufficient.

15. Is it possible to dissociate the cells after the spheroid formed. After dissociating the cells, flow
cytometry can be run to identify live/dead as well as other markers.

Yes, this is possible and is indeed done in some labs. For our purposes we find that the quantitative
viability assay in conjunction with the other methods described is more practical and fully
sufficient.

16. The authors include a protein extraction protocol in the paper. It would help to have a
RNA/DNA extraction protocol from spheroids included as well.

We agree, however, given the length limitations on the JoVE protocols and the focus in this paper
specifically on viability assessments, we have chosen not to include this.
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Abstract

Three-dimensional {3B}-spheroids of cancer cells are important tools for both cancer drug
screens and for gaining mechanistic insight into cancer cell biology. The power of this
preparation lies in its ability to mimic many aspects of the in vivo conditions of tumors, while
being fast, cheap, and versatile enough to allow relatively high-throughput screening. The
spheroid culture conditions can recapitulate the physico-chemical gradients in a tumor,
including the increasing extracellular acidity, increased lactate, and decreasing glucose and
oxygen availability, from the spheroid periphery to its core. Also the mechanical properties
and cell-cell interactions of in vivo tumors are in part mimicked by this model. The specific
properties and consequently the optimal growth conditions, of 3D spheroids differ widely
between different types of cancer cells. Furthermore, the assessment of cell viability and
death in 3D spheroids requires methods that differ in part from those employed for 2D
cultures. Here we describe several protocols for preparing 3D spheroids of cancer cells, and
for using such cultures to assess cell viability and death in the context of evaluating the
efficacy of anticancer drugs.



Introduction

The use of multicellular spheroid models in cancer biology is several decades old %2, but has
gained substantial momentum in recent years. In large part, this reflects increased awareness
of how strongly the phenotype of cancer cells is dependent on their microenvironment and
specific growth conditions. The microenvironment in solid tumors is fundamentally different
from that in corresponding normal tissues. This includes physico-chemical conditions such as
pH, oxygen tension, as well as interstitial pressure, concentration gradients of soluble factors
such as nutrients, waste products, and secreted signaling compounds (growth factors,
cytokines). Furthermore, it includes the organization of the extracellular matrix (ECM), cell-
cell interactions and intercellular signaling, and other aspects of the particular three-
dimensional (3D) architecture of the tumor 3. The specific microenvironmental conditions;
in which cancer cells exist, profoundly affects their gene expression profile and functional
properties, and it is clear that, compared to that of cells grown in 2D, the phenotype of 3D
spheroids much more closely mimics that of in vivo tumors 7. 2D models, even if they
employ hypoxia, acidic pH, and high lactate concentrations to mimic known aspects of the
tumor microenvironment, still fail to capture the gradients of physico-chemical parameters
arising within tumors, as well as their 3D tumor architecture. On the other hand, animal
models are costly, slow, and ethically problematic, and generally also have shortcomings in
their ability to recapitulate human tumor conditions. Consequently, 3D spheroids have been
applied as an “intermediate complexity” model in studies of a wide range of properties of
most solid cancers %117,

A widely employed use of 3D spheroids is in screening assays of anticancer therapy
efficacy 21820, Treatment responses are particularly sensitive to the tumor
microenvironment, reflecting both the impact of the tortuosity, restricted diffusion, high
interstitial pressure, and acidic environmental pH on drug delivery, and the impact of hypoxia
and other aspects of the microenvironment on the cell death response 7. Because the
environment within 3D spheroids inherently develops all of these properties -this-setting”
11 employing 3D cell cultures can substantially improve the translation of results to in vivo
conditions, -by-partiaty-recapitulating-these-conditions;-yet allowing efficient and affordable
high-throughput screening of net growth. However, the great majority of studies on the drug
response of cancer cells are still carried out under 2D conditions. This likely reflects that, while
some assays can relatively easily be implemented for 3D cell cultures, many, such as viability
assays, wWestern blotting, and immunofluorescence analysis, are much more conveniently
done in 2D thanin 3D.

The aim of the present work is to provide easily amenable assays and precise
protocols for analyses of the effect of treatment with anti-cancer drugs on cancer cell viability
and survival in a 3D tumor mimicking setting. Specifically, we provide and compare three
different _methods for spheroid formation, followed by methods for qualitative and
quantitative analyses of growth, viability and drug response.

Protocols
1. Generation of spheroids

1.1. Preparing cell suspensions for spheroid formation



Note: Different cell lines have very different adhesion properties and the most suitable
spheroid formation protocol has to be established in each case. In our hands, MICF-7, and
BxPC-3 soooaandeccells are suitable for spontaneous spheroid formation, while MDA-
MB-231, SKBr-3, Panc-1 and MiaPaCa require addition of reconstituted basement
membrane to successfully form spheroids. We have so far only employed MDA-MB-231 and
BxPC-3 cells for the hanging drop protocol, however other cell lines are surelycertainly
applicable.ycanrdocoandoforoc

1.1.1. Grow cells as monolayer until 70-80% confluency.

1.1.2. Wash cells with phosphate buffered saline (RBS1 X PBS, 5 mL for a 25 cm? or 10 mL for
a 75 cm? flask), add cell dissociation enzyme (0.5 mL for a 25 cm? or 1 mL for a 75 cm? flask)
and incubate the cells for 2-5 min- (37 °C, 5% CO;, 95% humidity).

1.1.3. Check cell detachment under a microscope and neutralize cell dissociation enzyme by
adding growth medium (6-10% serum depending on the cell line) to a total volume of 5 mL
in a 25 cm? or 10 mL for a 75 cm? flask.

1.1.4. Count cells (Figure 1A, (i)). We-uUse a Blrker chamber and count 8 squares in the
chamber per cell preparation to obtain a high reproducibility of the size of the spheroids.

Note: Three protocols each describing a different method for spheroid formation are

presented below. MethedProtocol 1.2 and 1.32 can be used for all the subsequent analytic
protocols presented, whereas Methed-protocol 1.43 is best suited for embedding and lysate
preparations. Depending on the cell line, spheroid formation takes 2-54 days, irrespective of
the method used.

1.2. Spontaneous spheroid formation
1.2.1. Perform steps 1-4-as-deseribed-n.-1.1.-1.1.4.

1.2.2. Dilute the cell suspension in a Faleon-15 mL tube to obtain 0.5-2 x 10* cells/mL
(optimal cell density needs to be determined for each cell line) (Figure 1A, (ii)).

1.2.3. Transfer cell suspension to a sterile reservoir and, using a multichannel pipette,
dispense 200 pL/well into ultra-low attachment {JLA}-96-well round bottom plates (Figure
1A, (iii)). Hisaevisable-Fte-fill the outer ring of wells with PBS1 X PBS or growth medium to
reduce evaporation from the remaining wells.

1.2.4. Incubate the plate in an incubator (37 °C, 5% CO,, 95% humidity).

1.2.5. Every 2-3 days, acquire light microscopic images of the spheroids.




Note: The images in this paper are taken at 11.5x magnification, which is appropriate for
most spheroids prepared using these protocols.

1.2.6. Every 2-3 days_(after acquiring images) replace 100 uL medium (remove 100 pl and

replace with 100 ul fresh medium). anrd-acqguire-magesforevaluation-of spheroid-growth-

Note: To avoid removing spheroids when replacing medium, it is advisable to tilt the plate a
bit while slowly removing the medium and inspect the aspirated medium in the tips for

visible spheroids before discarding it.

1.3. Reconstituted basement membrane-mediated spheroid formation.

Notice: irourtab-w\We use lactose dehydrogenase elevating virus (LDEV)-free; reduced
growth factor Geltrexas-reconstituted basement membrane (rBM)—IaerJc—e|a».,Lret:lsrI-y—l&.llaferrgeml

£aetees—may—lae—used rBMGethre* is temperature -sensitive and should always be kept onice,
as it will clot if it reaches 15 °C. H-employing-GeltrextThaw the rBMit on ice either
overnight at 4 °C or 2-4 h at room temperature (RT) before plating.

1.3.1. Thaw rBMGeltrex on ice (see Table of Material and reagents).

1.3.2. Keep plates and reservoirs (if individually wrapped) on ice before use.
1.3.3. Perform steps 1-4-as-deseribed-in.-1.1.-1.1.4.

1.3.4. Dilute the cell suspension in a Faleon-15 mL tube to obtain 0.5-2 x 10* cells/mL
(optimal cell density needs to be determined for each cell line) (Figure 1A, (ii)).

1.3.5. Place the 15 mLFaleen tube containing the diluted cell suspension on ice (e.g. in glass
beaker) (FigurelA (iia)).

1.3.6. Transfer the chilled plates and reservoirs to the hood. Ri-isadvisableterinse plastic
containers and fill them with ice and transfer them into the hood to allow the plates and
reservoirs to be placed on ice during the entire procedure.

1.3.7. Resuspend rBM gently to ensure a homogenous gel.

1.3.8. Add 1-2% rBM (optimal concentration needs to be determined for each cell line) to
the chilled cell suspensions (Figure 1A (iib)).




1.3.9. Invert the 15 ml tube tube-to ensure proper mixing of rBM and cell suspension before
dispensing the suspension into the plate.

1.3.10. Transfer the rBM-containing cell suspension to a sterile reservoir and dispense 200
ulL/well into chilled ultra-low attachment 96-well plates using a multichannel pipette (Figure

1A (iii)).

Note: If working with several cell suspensions (e.g. more than one cell line), it is essential to
dispense each cell suspension immediately after rBM addition to prevent premature gelling.

1.3.11. Centrifuge the plate for 15 min at 750 RCF (if possible at 4 °C to keep the rRBM fluid
longer, but not a requirement for successful spheroid formation), to —Fhis-will-ensure that
the cells are clustered together when the rBM hardens, facilitating formation of one single

spheroid.

1.3.912. Incubate the plate in an incubator (37 °C, 5% CO2, 95% humidity).

1.3.103. Every 2-3 days, acquire light microscopic images for evaluation of spheroid growth

eplace100-plb-medivmand-acguire-imagesforevaluation-of spheroid-growth—. Depending

1.3.14. Every 2-3 days replace 100 pL medium (remove 100 pl and replace with 100 ul fresh
medium).

1.4. Hanging drop spheroids.

1.4.1. Perform step 1-4-as-deseribed-in.-1.1.-1.1.4,



1.4.2. Dilute cells to obtain a suitable dilution. WegenerathuseA practical dilution is 50-,000
cells/mL.

1.4.3. Remove the lid of a 10 cm? RPetricell culture dish and place it so it faces upwards. Add
6 mL of PBS1 X PBS to the Retri-dish (Figure 1B, (i)).

1.4.4. Pour the cell suspension into a sterile reservoir and carefully place up to 30 drops of
40 pL of cell suspension onto the lid of the cell culture Petri-dish using a multichannel
pipette (Figure 1B, (ii)), resulting in a concentration of 2000 cells/drop—Fhere-isroomforat
least 5rows-of 6-dropsgiving 30-spheroidsperPetridish. Avoid placing the drops too close
to the edge of the lid as these drops are more likely to lose surface tension when inverting
the lid in the following step.

1.4.5. Invert the lid in a quick but controlled movement and place it on top of the PBS1 X
PBS-containing-Retri cell culture dish (Figure 1B, (iii)).

1.4.6. Place the Retri-dish in an incubator (37 °C, 5 % CO2, 95 % humidity) without disturbing
the drops, and leave them to grow for 4-6 days.

1.4.7. If to be used for protein lysates or embedding, pool spheroids by removing the lid and
tiltit, in order to wash down the drops with 1 mL heated media. Transfer the resulting
media containing spheroids to a 1.5 mL tube and allow them to settle to the bottom of the
tube. Proceed as described in 5.4 and 6.2.2 for protein lysates and embedding, respectively.

2. Drug treatment of spheroids

Note: Long-term drug treatment can be applied to the spheroids in order to screen for
effects of a drug of interest. Before initiating drug treatment, it is advisable to perform a
dose response experiment of the drug(s), in order to find an appropriate dose for the
experimental treatment. The doses should be based on the determined ICso/K; of the drug
and range from around 0.2x-10x of this value.

2.1. Set up 6-12 spheroids per desired condition as described in 1.2 or 1.3 and place in
incubator (37 °C, 5% CO2, 95% humidity) for 2 days.

2.2. 0n day 2, take light microscopic images of the spheroids.

2.3. Pprepare first treatment doses (after acquiring images).

Note: Tthe first treatment concentration must be twice the desired final concentration as
the solution will be diluted 1:2 upon addition to the well containing 100 p4l medium.
Suggested drug treatment intervals (will depend on drug half-life): Day 2, 4 and 7.

2.4. Using a multichannel pipette, gently remove 100 pygl medium and replace it with 100

el drug containing medium. tonrg-term-drug-treatment-can-beapphed-to-the-spheroidsin
orderto-screenforeffectsof a-drugofinterest:




2.5. Place the 96-well plate back in the incubator (37 °C, 5% CO,, 95% humidity) and repeat
2.3 and 2.4 on the chosen days of treatment (but now without doubling the dose to obtain
correct final dosc)repeatthisprocedureevery 2 3days. Suggested drugtroatmentinterals

2.6. On the final day of the protocol/treatment schedule, one or several of the following




34.1. Set up 4-6 spheroids per desired condition as described in 1.2 or 1.3 and place in

incubator (37 °C, 5% C0O3, 95% humidity).

Note: We perform the cell viability assay on day 7 or 9, after having monitored spheroid
growth every 2-3 days by light microscopy as described above (point 1.2.5 and 1.3.13).

34.12. Thaw the CelFiter-Gle-3Bviability assay reagent_(see Table of materials and reagents)
and let it equilibrate to RT prior to use. Fhe-thawedreagentcanbeplacedina22-Cwater

9



bathf 30.mi i RT.
34.32. Mix gently by inverting to obtain a homogeneous solution.

34.43. Before performing the assay, remove 50% of the culture medium from the spheroids
(100 pL).

34.54. Add a-velume-of-CelFiter-Gle-3Bcell viability reagent halfto-the-volume-ofto celt

eulture-medivm-presentin-each well at a {1:3} ratio to the amount of medium pres_ent in the
well (Figure 2A, (i)). E.g. for a 96-well plate, add 50 uL of CellFiterGle-3D-reagent to 100 pL

medium.

34.65. Mix the contents vigorously for 5 min to induce cell lysis (Figure 2A, (ii)).
34.76. Incubate for 25 min at RT to stabilize luminescent signal (Figure 2A, (iii)).
34.87. Record luminescent signal (Figure 2A, (iv)).

4. Propidium lodide (PI) staining of spheroids

46.1. Set up 3-6 spheroids per desired condition as described in 1.2 or 1.3 and place in
incubator (37 °C, 5% CO3, 95% humidity).

46.2. In a sterile cell culture lab, heat-3x PBS1 X PBS to 37 °C.

46.3. Make a Pl solution of 4 uM by diluting stock solution in 3xPBS1 X PBS: Dilute a 1
mg/mL aqueous stock of Pl 1:350 in PBS1 X PBS.

Note: This concentration will be further halved upon addition of the solution to the wells
giving a final concentration of 2 uM. 100 pL of this solution is needed for each well
containing a spheroid.

CAUTION: Propidium iodide (Pl) must be handled in a fume hood and wearing gloves. Pl is
light sensitive. Protect from light when handling.

46.4. Remove 100 pL of the medium from each well in the 96-well plate without removing
the spheroids.

46.5. Wash out the remaining medium by adding 100 L of heated PBS1 X PBS to all wells
followed by removing 100 pL of the liquid in the wells. Repeat this washing step 3 times.

46.6. Add 100 pL of the Pl solution to each well, cover the plate in aluminum foil and place it
in an incubator (37 °C, 5% CO3, 95% humidity) for 10-15 min.

46.7. Repeat the 3 washing steps described in 46.5 to wash out Pl solution, in order to
diminish background signal when imaging.

10



46.8. Use an epifluorescence microscope to image the spheroids. To evaluate the viability of
cells in the spheroid core take z-stacks to get images with varying depths of the spheroid.

Note: A step size around 18-35 um between each slice depending on spheroid size is
advisable, giving approximately 11-18 stacks per spheroid.

6-9-7-stacks can be processed in Imagel using the z-projection function, which can combine
all z-stacks into one final picture, giving an overview of the staining throughout the spheroid
(for further guidelines on the use of Image) for this purpose, see (https://imagej.net/Z-
functions).

5. Preparing protein lysates for western blotting from 3D spheroid cultures

Note: When collectingEerhandling the spheroids, it is advisable to use a P200 pipette and
cut the end of the tip to allow a bigger opening and hence an easier capture of the
spheroids without disturbing their structure.

53.1. For each condition, pool a minimum of 12, ideally 18-24 spheroids (depending on
spheroid size) in a 1.5 mL tube (avoid 2 mL tubes, as the next steps will become more
difficult due to their less pointy bottom).

Note: If the amount of medium exceeds 1.5 mL before having collected all the spheroids,
allow the collected spheroids to settle at the bottom (happens very quickly, centrifugation
not necessary) and discard e.g. half the volume of the tube before continuing collecting the
remaining spheroids.

53.2. Place tubes on ice and allow the spheroids to settle at the bottom of the 1.5 ml tube.

53.3. Move from sterile cell laboratory to regular laboratory.

53.4. Wash twice in 1 mL ice-cold PBS1 X PBS. Let spheroids settle before removing PBS1 X
PBS between each washing step.

53.5. Aspirate as much PBS1 X PBS as possible without disturbing or removing the spheroids.

53.6. Add 5 plL heated lysis buffer (LB) with phosphatase- and protease inhibitors, per
spheroid (e.g. 10 spheroids = 50 pL LB).

53.7. Repeat intervals of vortex followed by spin down until spheroids are dissolved.
Perform a cycle of vortexing for 30 s followed by centrifugation (a quick spin using a
tabletop centrifuge is sufficient) for 10 s for approx. 5-10 min depending on the size and the
compactness of the spheroids.

Note: The protocol can be paused here. Keep the lysates at -20 °C until proceeding with
sonication, homogenization and protein determination as in a standard 2D protein lysate
protocol, followed by western blotting using standard protocols.
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5-6. Embedding of 3D spheroids

6.1. Prepare the agarose gel into which the spheroids are embedded (only necessary first
time performing the protocol).

6.1.1. Mix 1 g bactoagar in 50 mL ddH-0.

6.1.2. Heat slowly in microwave oven until the bactoagar has dissolved and a homogenous
gel has formed. The gel must not be allowed to boil.

6.1.3. Keep warm in a water bath at 60 °C.

6.1.4. Keep at 4 °C between experiments.

Koo d " hotwoor-oxsorimoRts
65.2. Embedding of spheroids.
Day 1:

65.2.1. For each condition, Ppool a minimum of 12 spheroids efeach-cenditien-ina 1.5 mL
Eppendorf-tube (Figure 54A, (i)).

65.2.2. Wash once with 1 mL ice-cold PBS1 X PBS (Figure 5A, (ii)).

65.2.3. To fix the spheroids, aAdd 1 mL of 4% paraformaldehyde.

65.2.4. Incubate for 24 h at reem-temperature{RT} (Figure 5A, (iii)).
Day 2:
65.2.5. Heat the agarose gel carefully by placing it in a water-filled beaker in a microwave ir

a-waterbathoven. The gel should not boil! Keep warm, e.g in a benchtop heating plate, i
waterbath-at 60 °C until use.
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65.2.6. Wash spheroids twice with 1 mL ice-cold PBS1 X PBS (Figure 54A, (iv)).

65.2.7. Aspirate apprex—twe-thirdsmost of the PBS1 X PBS (leaving approximately 100 ul at
this point is practical for handling the spheroids) (Figure 54A, (v)).

65.2.8. Prepare a 20 pL pipette by cutting the pipette tip at an incline to obtain a more
pointy tip with a larger hole (see illustration).

Note: The next part has to be done quickly to ensure optimal spheroid transfer and to avoid
solidification of gel drop. If no heating block is availableavailable, it is recommended to first
catch the spheroids and then make the agarose drop (i.e. switching the order of points
65.2.9 and 65.2.10).

65.2.9. Make an agarose gel drop on a microscope slide (Figure 54A, (vi)). Place the slide on
a warm heating block to prevent the agarose from solidifying.

Using the modified pipette tip (see 65.2.8), Cateh-catch as many spheroids as possible in a
volume of 15-20 plL.

65.2.11. Carefully inject the 15-20 pL spheroid-containing 2251 X PBS into the center of the
agarose gel drop without peretrating-through-the-drop-to-the-ebjective-glasstouching the

microscope slide (Figure 54A, (vii)).

Note: This is a slightly difficult point. The spheroids will be lost if the pipette tip touches the
m|croscope slide when |n|ect|ng the spher0|ds |nto the gel drop J-f—t-he—gel-el-lcep—s

19Hshed—m¥e—the—9lasﬂet+ssue—easse¥te—lt is adwsable to practlce the whoIe process of

making the agarose drop and injectingitinjecting the spheroids, e.g. by injecting a colored
liguid into the drop. This will allow visualization of a potential penetration through the drop,
as the colored liquid will be leaking out efthegel-dreponto the slide.

65.2.912. Let the agarose gel drop harden (5-10 min at RT or at 4 °C). Once the gel drop has
solidified somewhat (ishoeuld-still-beprettybut still rather soft), carefully push the gel drop
from the ebjectiveglassmicroscope slide into a plastic tissue cassette with a scalpel.
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StereCover the plastic tissue cassettes in 70% ethanol.

Note: At this point the spheroids can be used directly or stored for months.

65.2.14. 31-Embed the agarose-embedded spheroid in paraffin, section into 2-3 um thick
layer slides and stain with hematoxylin and eosin or subject to immunohistological staining.

Representative results
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Spheroid growth assays based on the spheroid formation protocol schematically illustrated in
Figure 1A and B, were used as a starting point for analysis of effects of anti-cancer drug
treatments in a 3D tumor mimicking setting. The ease with which spheroids are formed is cell
line specific, and some cell lines require supplementation with rBM in order to form coherent
spheroids 2. The concentration of rBM added can profoundly affect the morphology of the
spheroids. As shown in Figure 1Cand D, varying the concentration of rBM {in-thiscase-Geltrex}
between 0 and 4% alters the compactness and morphology of the spheroids in a cell type
dependent manner. Figure 1C demonstrates how the addition of up to 2.5% rBM allows
spheroid formation in SKBr-3 breast cancer cells, with no further effect at concentrations
above 2.5% rBM. In contrast, BxPC3 pancreatic ductal adenocarcinoma (PDAC) cells, which
exhibit an epithelial morphology, spontaneously form small, compact spheroids (Fig. 1D,
upper, left panel). In this cell type, increasing rBM concentration to 1.5% or above elicits a
distinct morphological change from spheroid to more convoluted structures with protrusions
and invaginations, reminiscent of ductal tubular structure formation. Conversely, addition of
rBM to two other PDAC cell lines, MiaPaCa and Panc-1, which have a more mesenchymal
phenotype, allows the loose cellular aggregates to become tighter and form more compact
spheroids (Figure 1D, middle and lower panels).
These results show that the precise amount of rBM resulting in optimal spheroid formation
must be titrated for each cell line and condition.

A guantitative assessment of cell viability within the spheroids upon drug treatment
was necessary to evaluate the effect of anti-cancer drug treatments. The assay described here
is a luciferin-luciferase-based assay, which measures ATP released from live cells within

spheroids. faeasthrapphcablenssoytorthisporsose s the coll viabilibrassoy CellTiter-Cle
3B-tThe principle of the assay mechanism-efwhich-is illustrated in Figure 2A. CellFiter-Glo3B

a a a ed a alillaa¥a o A\ b, alo a¥a om a a a¥la

spheroids,givingrise-teaThe luminescent signal generated in this assay is easily recorded by
a plate reader (Figure 2A) and which-correlates well with viability measured by other methods
3 _and-which-can-berecorded by-aplatereader{Figure 2A). The linear relation between ATP
concentration and luminescence in the relevant concentration range is shown in Figure 2B,
while Figure 2C shows the ability of the assay to assess cell death in 3D spheroids treated with
anti-cancer therapy. In order to further evaluate the linearity of the assay in the relevant
range, experiments to establish standard curves of the luminescent signal as a function of the
number of cells were carried out (Figure 2D and E). These results indicate that the assay is
suitable for estimating cell viability in 3D spheroid cultures and that it is applicable for
investigating drug-induced loss of cell viability.

A combination of light microscopic images acquired every two to three days during
the treatment period and a final quantitative assessment of cell viability, allows close
supervision of spheroid growth and morphology as well as assessment of optimal treatment
dose. The latter is exemplified in Figure 3A and B, where a dose-response experiment was
performed to determine the dose necessary for 50% reduced cell viability in MDA-MB-231
breast cancer spheroids. Treatment effects on spheroid morphology are visualized in Figure
3C and D for MDA-MB-231 and MCF-7 spheroids, respectively. During treatment with the
chosen chemotherapeutic cocktail, the compactness of MDA-MB-231 spheroids increases,
while during treatment with tamoxifen, MCF-7 spheroids become increasingly frayed and
uneven. In both cases a clear drop in cell viability is visible after 7 (MDA-MB-231) or 9 (MCF-
7) days of treatment (Figure 3E and F). This demonstrates the need for both a visual and a
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guantitative assessment of treatment-mediated effects on spheroid cell viability and
morphology as well as that these parameters are highly cell- and treatment-type specific.

As a supplement to the cell viability assay, staining of dead cells with PI, which cannot
cross the _membrane and therefore only stains necrotic or late apoptotic cells with
compromised membrane integrity, allows for a quick spatial evaluation of dead cells in
response to treatment, without the time-consuming protocol of embedding, sectioning and
IHC. As illustrated in Figure 4A the spatial arrangement of dead cells upon an increasing
concentration of an inhibitor, in this case the Na*/H* exchanger 1 (NHE1) inhibitor 5-(N-ethyl-
N-isopropyl)-amiloride (EIPA), can be visualized. As seen, control and vehicle spheroids show
a limited necrotic/late apoptotic core, whereas the dead cells are distributed throughout the
spheroid as the concentration of EIPA is increased.

In order to quantify the relative induction of apoptotic stress following different
treatments, spheroids were lysed and subjected to SDS-PAGE gel electrophoresis and western
blotting for full-length and cleaved poly (ADP-ribose) polymerase (PARP). Representative
results are shown in Figure 4B and -C. In this experiment, spheroids were prepared from MDA-
MB-231 cells in which the lactate-proton cotransporter MCT4 or -the Na*,HCOs cotransporter
NBCn1 erbeoth-proteinsin-combination—were knocked down using siRNA. The knockdown
was evaluated by western blotting for MCT4 and NBCn1 (not shown). As seen, the knockdown
of MCT4, but not of NBCn1, robustly increases PARP cleavage, consistent with our previous
demonstration that stable knockdown of MCT4 in MDA-MB-231 cells decreases tumor growth
in vivo %4,

To further analyze the effects of treatment and obtain information on, e.g., the
specific signaling-, growth arrest, and death pathways activated, the spheroids can in addition
to be-eitherlysed-and-subjected-te-western blot analysis be ~erembedded and subjected to
immunohistochemistry (IHC) analysis. IHC analysis of the spheroid sections allows the use of
specific antibodies or markers of, e.g. cell proliferation, cell cycle and programmed cell death,
and facilitates a visualization of the spatial arrangement of e.g. proliferative and apoptotic
cells in the spheroid.

AA schematic figure of the embedding protocol for IHC analysis of spheroids a-nd—a

presented in Flgure 4A-5A A representative light microscopic image of an approx. =3 um th|ck
microtome section of an embedded spheroid and—is shown in Figure 5B, and an
immunofluorescence image of a spheroid stained for the tumor suppressor protein p53
(nucIe| stained using DAPI), res—peet—wel-yls shown as Figure 5C.

Examples of DMSO and chemotherapy-

treated spher0|ds stalned for the cell prollferatlon marker the-cel-proliferation-markerKi-67

and-or for the-tumersuppresserpretein-p53 are shown in Figure 465D and BE, respectively.
As-expectedConsistent with the antiproliferative effect oif the chemotherapy treatment, the

number of Ki-67 positive cells is greater in the DMSO -treatedcontrol sphereid,<comparedte
than in the chemotherapy-expesed-treated spheroid_(Figure 5D). In contrast, when-stairing
agaist-p53 expression is increased —which-is-indicative—ef-during conditions of cell stress,
apoptosis and growth arrest, and consequently, the number of p53-stained cells is
substantially higher in the chemotherapy-treated spheroids compared to DMSO_controls

(Figure 5E).
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I : £ EIPA o i .
These results demenstrate-illustrate examples of twe-methodshow —fer-ebtainring

spatially resolved (Pl staining, IHC) or quantitative (western blotting) information on drug
treatment effects in 3D spheroids_can be obtained.

Figure legends:

Figure 1. Spontaneous and rBM-mediated spheroid formation. -pretecelsand-examples—(A)
Schematic representation of spheroid formation using ultra-low attachment-{JLA} 96-well
round bottom plates, with optional use of rBM. Individual steps marked by (i-iii). (B)
Schematic representation of spheroid formation using the hanging drop method. Individual
steps are marked by (i-iii) (C) Representative images of rBM-mediated spheroid formation of
SKBr-3 cells. Cells were seeded in ultra-low attachment YLA-96-well round bottom plates with
increasing concentrations of rBM_,—in—theform—of LDEV-free,—reduced—growth—factor
GelrexrRBM-and grown for 9 days. Scale bar: 100 um. 3 n. (D) Representative images of
BxPC-3, MiaPaCa and Panc-1 cells seeded for spheroid formation in ultra-low attachment-BLA
96-well round bottom plates with concentrations of rBM from 0.5-2.5 %. Spheroids were
grown for 4 days. Scale bar: 250 um. 3 n.

Figure 2. Principle and evaluation of the cell viability assay. (A) Schematic representation of
the 3D cell viability assay,-CeHlFiterGle-3B. Individual steps denoted by (i-iv). (B) Luminescent
signal as a function of ATP concentration. Dilutions of ATP were plated in a 96-well plate and
CelFiter—cell viability reagent added to each well. Luminescence was recorded after 30 min at
405 nm. 1 n. (C) Viability, measured as luminescence, of control and chemotherapy-treated
MCEF-7 spheroids. MCF-7 cells were seeded in ultra-low attachment-B+A round-bottom plates,
and were grown for 7 days. Chemotherapy treatment (5 uM Cisplatin, 5 uM Doxorubicin and
30 nM 5-FU) was applied on day 2 and 4. Bars represent mean values with SD. 1 n. (D)
Luminescent signal as function of the number of MCF-7 cells seeded. MCF-7 cells were seeded
in 96-well plates at the indicated cell number and allowed to grow for 48 hours, after which
cell viability was measured. Error bars represent SD. 1 n. (E) As described in D for MDA-MB-
231 cells.

Figure 3. Effects of treatment regimens on spheroid morphology and cell viability. (A)
Representative images of MDA-MB-231 spheroids on day 2, 4 and 7. MDA-MB-231 cells were
seeded in YLA-ultra-low attachment -round bottom 96-well plates. Treatment with ;grewn-7
days-and-treated-with-increasing doses of chemotherapy was started on day 2-and-4, at which
time all spheroids were of similar size. Rows show spheroids at increasing doses of
chemotherapy, and columns show spheroids representative of size at day 2, 4, and 7 at the
indicated dose. The lowest dose was 18.75 nM Cisplatin, 18.75 nM Doxorubicin, 0.0625 nM
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5-Fluorouracil (5-FU) —and this dose was doubled for each image shown, resulting in a
maximal dose of 0.3 uM Cisplatin, 0.3 uM Doxorubicin and 2 nM 5-FU. Scale bar: 100 um. 2
n. (B) Viability of MDA-MB-231 spheroids, measured as luminescence, after 7 days of
chemotherapeutic treatment. The bars represent mean values with SEM. 2 n. (C+D)
Representative images of MDA-MB-231 (C) and MCF-7 spheroids (D) on day 2, 4, 7 and for
MCF-7 spheroids 9. Cells seeded as in (A) and treated with either chemotherapy (Chemo
18.75 nM Cisplatin, 18.75 nM Doxorubicin, 0.0625 nM 5-FU) on day 2 and 4 (C) or with 2 uM
Tamoxifen (Tam) on day 2, 4 and 7 (D). Scale bar: 100 um. 4 n and 3 n, respectively. (E+,F)
Viability, measured as luminescence, on day 7 and 9 for (C) and (D), respectively. To test for
statistically significant difference between conditions an unpaired Student’s t-test was
performed. **** denotes p < 0.0001.

Figure 4. Propidium iodide staining and western blot analysis of spheroids. (EA)
Representative |mages of PI stamed MCEF-7 spheroids after 9 days of treatment. MCF-7 cells
were seeded in ultra-low attachment 96-well plates grown for 9
days and treated with increasing concentrations of EIPA on day 2, 4 and 7. On day 9, the
spheroids were stained with Pl and images were acquired on an epifluorescence microscope.
Scale bar: 200 um. 1 n.

(B) Representative western blots of MDA-MB-231 cells after knockout/knockdown of acid-
base transportersNHE1 KO spheroids. Na*/H*—exchanger 1 {NHE1} was knocked out by
CRISPR/Cas9 in MDA-MB-231-NHEX KO cells 12 and the cells were subsequently transiently
transfected with siRNA against MCT4; or NBCn1, exbeth-and grown as spheroids for 9 days
before being lysed and subjected to western blotting withusing an antibody recognizing total
and cleaved (c)PARP—antibedies. (C) Quantification of the relativeatio of cPARPZ to PARP
protein level, normalized to loading control (B-actin). 1 n.

B-YoocWaestern blots

Figure 45. Fixing, embedding and immunohistochemistry analysis of spheroids. (A)
Schematic representation of the protocol for embedding of spheroids. Individual steps are
marked as (i-vii). (B) Image of embedded MDA-MB-231 spheroid. Scale bar: 50 um. (C)
Representative image of chemotherapy-treated MDA-MB-231 spheroid subjected to IHC
analysis with antibodies against p-53. Dashed lines show the circumference of the spheroid.
Scale bar: 20 um. (D,+E){€+B} Representative images of DMSO- or chemotherapy-treated
(upper and lower panels, respectively) MDA-MB-231 spheroids. MDA-MB-231 cells were
seeded in ultra-low attachment 96-well platesas-deseribed--Figure-3A, grown for 7 days and

treated with chemotherapy on day 2 and 4. On day 7, the spheroids were embedded followed
by analysis by IHC with primary antibodies against Ki-67 (D€) and p53 (EB). White boxes
represent zoom |mages Scale bar 20 um in _both magnlflcatlons 3n. %&ep%&t#e

Discussion
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The use of 3D cancer cell spheroids has proven a valuable and versatile tool not only for
anticancer drug screening, but also for gaining mechanistic insight into the regulation of
cancer cell death and viability under conditions mimicking those in the tumor
microenvironment. This is particularly crucial as the accessibility, cellular uptake, and
intracellular effects of chemotherapeutic drugs are profoundly impacted by the physico-
chemical conditions in the tumor, including pH, oxygen tension, tortuosity, and physical and
chemical cell-cell interactions 7. For example, the acidity of extracellular pH, which can
reach values as low as 6-6.5 in many solid tumors 2°2°, causes weakly basic chemotherapeutic
compounds, such as doxorubicin, mitoxantrone and the zwitterion paclitaxel, to be charged.
This reduces their uptake into the tumor cells, and can influence the activity of multidrug
resistance proteins such as p-glycoprotein 3932, Also cell proliferation, which is pivotal to the
effect of most chemotherapeutic compounds, is generally reduced in 3D compared to 2D
conditions and hence is likely better mimicked in tumor spheroids than in 2D cell culture 83334,
Finally, the dense tumor microenvironment is the origin of numerous physical and soluble
signaling cues directing intracellular signaling pathways regulating cell growth, survival and
death. Thus, when analyzing drug efficacy, 3D culture systems are a pivotal step before
embarking on in vivo models. A major drawback of 3D culture is, however, the increased
complexity of analysis compared to that of 2D culture. We have described here simple and
relatively inexpensive techniques for spheroid formation using a variety of cancer cell types.
We have shown examples of how spheroid formation must be optimized for each cell type
studied, and have described how to obtain quantitative data on cell viability, cell death, and
associated signaling pathways, in such spheroids. There are no obvious growth- or
morphological differences between the three models described here. In our hands, the
variation in_morphology may be slightly greater using the hanging drop method, yet an
advantage of this method is that rBM is not needed. We have focused here on spheroids
produced from a single cancer cell type. The spheroid model is, however, also amenable to
co-culture, for instance of cancer cells with fibroblasts, monocytes/macrophages, endothelial
cells, and/or adipocytes 337, Other advanced applications of this model include the
combination with 3D printed fluidic devices allowing dosing through a semipermeable
membrane, followed by harvesting for quantitative proteomic profiling 3.

While, as noted above, the phenotype of cells grown in 3D spheroids generally
mimics that of in vivo tumors much better than do cells grown in 2D, the extent to which such
spheroids are in fact relevant models of the corresponding in vivo tumors is dependent on
numerous factors, and has to be carefully evaluated. Parameters which will impact how well
such spheroids mimic the in vivo condition include the cellular composition of the tumor and
its relative ECM composition. For instance, the rBMmatrigel which we have employed as ECM
in the protocols provided here is a good choice for mimicking early stages of epithelial
cancers, around the time of breaching the basement membrane, other ECM compositions will
be more relevant for certain tumor types and -stages. Furthermore, the capacity for cell-cell
adhesion differs widely between cancer cell lines, depending on their expression of cell-cell
and cell-matrix adhesion proteins such as cadherins and integrins 2

As described here, spheroid growth and morphology can easily and non-invasively
be monitored every 2-3 days using a light microscope with low magnification optics and a
large field of view. However, because cytotoxic stress such as chemotherapy treatment
affects spheroid morphology very differently; and in a manner depending on the cell type and

treatment scheme, merphology—and—circumference—are—not-it is not sufficient to rely on

morphology and circumference alone for evaluating treatment effect. For instance, spher0|ds
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may become more loose with treatment and emerging cell death, or all death may occur in
the necrotic core, while the surface is not detectably affected. In both cases, the result may
be an erroneous impression that the number of live cells in the spheroid is not reduced by
the treatment. Quantitative- and whole-spheroid techniques are therefore essential for
evaluating treatment effect. For quantitative evaluation of cell death, the acid phosphatase
assay, which as the name implies measures the activity of cytosolic acid phosphatase has been
employed %1. However, in our hands, while this assay generally nicely reflects the number of
cells seeded, it does not adequately capture rapid treatment-induced cell death (data not
shown), likely because the acid phosphatase remains active for some time after cell death.
Furthermore, this assay requires complete removal of the medium, which increases error
especially with fragile, chemotherapy-treated spheroids. The cell viability assay described
here, which is based on cellular ATP content, was chosen based on its simple and time
efficient protocol and high reproducibility. Furthermore, this assay does not require complete
removal of culture medium which is an advantage when working with spheroids. Stherecell
bl o I 21 I I | oc | I
areadaptableto-3D-celleultures{see Diseussion)-As shown in Representative results, we-find
that-an-assay-based-on-the-cellularATPlevelthis assay captures well both cell number and

expected chemotherapy treatment effects. However, a pitfall of this technique is, obviously,
that metabolic changes reducing intracellular ATP content may erroneously be recorded as a
lower cell number. Hence, parallel assessment of, e.g. spheroid volume and morphology, or
Pl staining, is advisable to validate results.

Spheroid lysis followed by wMestern blotting can provide semi-quantitative insight
into the state of signaling processes, cell death-, growth- and viability pathways. The use of
wW/estern blotting is complicated when rBMsaatrigel is used to prepare the spheroids, since
this will comprise a substantial fraction of the lysate protein content, and more importantly,
its fractional contribution will increase with decreasing cellular content during
chemotherapeutic cell death. It is in principle possible to remove the rBMmatrigel by
centrifugation, however, in—eurhandsthis is a critical step, as it is difficult to completely
remove all rBM, and this will preclude quantitative comparison between conditionsremeval
is—rarely—complete—and—results—are—compromised. For such spheroids, and in general for
gualitative—but—spatially resolved assessment of death pathways and relevant signaling
parameters, embedding and |IHC,—as—shewn-in-theResults—section; are strong tools. Other
approaches may be considered, e.g. live confocal imaging of (relatively small) intact spheroids
39 Another interesting property of spheroids is that given their rather regular “ball” shape,
they lend themselves well to iteration between mathematical modeling and wet lab
experiments, to increase the understanding of the importance of, e.g., the above-mentioned
gradients of oxygen, pH, and nutrients within spheroids, and, by extrapolation, tumors %41,
Thus, although important 3D tumor models of much greater complexity are emerging,
including a wide range of organotypic and organoid cultures based on complex biological as
well as inert scaffolds, and, not least, patient-derived xenografts #2, spheroids remain an
important tool because of their superior biological relevance compared to 2D culture,
combined with relative ease of handling.

In summary, we present here a series of simple methods for analysis of anti-cancer
treatment-induced changes in cancer cell viability and death in 3D culture. The composition
of the spheroids can be modified depending on the properties and biology of the cells
employed, and the quantitative and qualitative analyses presented are useful both for
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assessing dose-response relationships and for gaining insight into the signaling- and death
pathways involved.
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