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Abstract
Three-dimensional spheroids are more representative of tumors than cell-cultured monolayers. As in tumors, 
gradients of oxygen, nutrients and wastes are found in spheroid cultures but not in classical cultured monolayers. 
On the other hand, cell-based assays on the latter are hardly applicable to spheroid cultures. Such is the case for 
zymogram assays, which are classically used to measure MMP-2 and MMP-9 activities, and for immunoblots to 
measure the phosphorylation of proteins involved in ligand-induced intracellular signaling in normal and tumor 
cells. In this study we used two renal cancer cell lines as models, the first derived from a pediatric rhabdoid tumor 
and the second from an adult clear cell renal cell carcinoma. Using these two cell lines, we successfully developed 
a simple inexpensive assay to measure MMP-2 and MMP-9 activities in spheroids established in the presence 
of methylcellulose. After washing, 1 to 5 spheroids were pooled and stimulated with collagen I for 24 h before 
analysis. MMP-2 and MMP-9 activities were measured in supernatants using a standard but enhanced zymogram 
assay. Both pro-MMP-9 and MMP-2 activities were detected in spheroids established from both cell lines. In contrast 
with our previous data using classical cultures monolayers, collagen I stimulation decreased pro-MMP-9 activity 
without affecting MMP-2 activity. On the other hand, we could not accurately measure AKT intracellular signaling 
pathways from spheroids stimulated with collagen I. Finally, we adapted our 3D protocol to analyze the MAPK/ERK 
pathway in kidney tumor cells following induction by EGF. In conclusion, this zymogram assay for analyzing MMP-2 
and MMP-9 activities in spheroids paves the way for novel experimentations in tumor biology.
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Introduction
Most studies using tumor cell lines are performed with 
cell-cultured monolayers on plastic dishes. In 2D cul-
tures, all cells are grown in high, uniformly distributed 
O2 concentrations in contact with sufficient nutrients, 
growth factors and other soluble factors. Moreover, plas-
tic influences the gene program, cell state and differen-
tiation [1]. These conditions are far removed from those 
found in real tumors, in which cells grow, develop, and 
evolve in 3D. Cells grow in tumors in the presence of a 
gradient concentration of oxygen undergoing hypoxic 
activation of the HIF signaling pathway and secretion of 
hypoxia-inducible factors such as VEGF [2]. Moreover, 
metabolite and waste concentrations vary within tumors 
[3]. Tumor cells interact closely and communicate with 
the surrounding microenvironment which is comprised 
of stromal cells and the extracellular matrix (ECM) [3–5]. 
Spheroids are 3D tumor cell structures mimicking some 
of the bio-architectural characteristics found in tumor 
tissues. Spheroids with a diameter of 200  μm or more 
display a metabolic and waste gradient as in tumors, and 
those with a diameter of 500 μm or more have a hypoxic 
center [1, 6].

To metastasize, tumor cells acquire a mesenchymal 
phenotype, cleave basement membrane and intersti-
tial ECMs, migrate, intravasate and extravasate blood 
or lymphatic vessels [7]. Proteolysis of the ECM is cru-
cial for metastasis to occur. Its degradation is mediated 
by various enzymes, including matrix metalloprotein-
ases (MMP). The MMPs belong to a family of 26 zinc 
activated enzymes and are organized as transmembrane 
proteins, glycosylphosphatidylinositol (GPI) anchored 
proteins or secreted proteins [7, 8].

MMP-2 and small - (as MMP-2): -9 belong to the gela-
tinase subfamily of MMPs. They are first synthesized as 
inactive pro-MMPs by tumor and stromal cells, the pro-
peptide domain inactivating the catalytic domain. Once 
secreted, the pro-peptide domain is cleaved by various 
proteases and the activated enzymes can then degrade 
denatured collagen (gelatin) and a wide range of ECM 
proteins and proteoglycans [7, 8].

In vitro, MMP-2 and small - (as MMP-2): -9 activities 
are routinely measured with an assay called zymogram 
where non-boiled samples are loaded into a non-reduc-
ing SDS PAGE containing gelatin. Following gel migra-
tion, MMP-2 and small - (as MMP-2): -9 are renatured 
and activated, allowing the degradation of gelatin 
around their migratory position. The location of acti-
vated MMP-2 and small - (as MMP-2): -9 proteins in 
gel after migration is revealed by Coomassie-blue stain-
ing, and digested gelatin appears as clear bands on a blue 
gel background. This simple effective method allows the 
detection of both pro- and activated MMP-2 and small 
- (as MMP-2): -9 activities with molecular weights of 92 

and 82 kDa for pro- and MMP-9, and 72 and 62–64 kDa 
for pro- and MMP-2, respectively [9].

Kidney cancers account for 3–5% of all cancers occur-
ring in children and adults. There are several subtypes, 
the most common form being Wilms tumor in chil-
dren [10] and clear cell Renal Cell Carcinoma (ccRCC) 
in adults [11]. In children, the rare Rhabdoid Tumor 
of the Kidney (RTK) has the worst 5-year overall sur-
vival, which is only 15% for stage III-V. It is associated 
with loss of function of the SMARCB1 gene coding for 
a subunit of the chromatin remodeling complex SWI/
SNF [10]. In adults, ccRCC represents around 75% of all 
kidney tumors, of which 70–80% harbor an inactivation 
of the tumor suppressor gene VHL. Moreover, 35% of 
ccRCC patients at diagnosis and 20–40% of patients after 
nephrectomy develop metastases. However, 5-year over-
all survival is satisfactory and reaches 47 months [11, 12].

We established spheroids deriving from two different 
kidney cancer cell lines and studied extracellular MMP-2 
and Small - (as MMP-9): -9 activities in cell supernatants. 
We designed a protocol including prolonged stimula-
tion of spheroids with collagen I and a zymogram assay 
to investigate pro- and activated MMP-2 and Small - (as 
MMP-9): -9 functioning. The same cultured protocol was 
used to analyze the AKT intracellular pathway following 
tumor cell activation by collagen I. Finally, we adapted 
our 3D protocol to study the MAPK/ERK pathway in kid-
ney tumor cells.

Materials & methods
Cell culture
The human cell lines WT-CLS1 and 786-O were used. 
WT-CLS1 cells, which were derived from a pediatric 
RTK, were obtained from the CLS company (Cell Lines 
Service (Cytion), Germany). The adult ccRCC 786-O cell 
line was a gift from Pr A. Bikfalvi (BRIC, U1312, Bor-
deaux, France). Both cell lines were cultured in complete 
medium composed of RPMI 1640 medium with Gluta-
MAX™ (Gibco, ref#61870-010) supplemented with 10% 
fetal bovine serum (FBS, PAN Biotech, ref#30-3306) and 
1% penicillin-streptomycin (Gibco, ref#15070-063) at 
37 °C and 5% CO2. Cell authenticity was certified by the 
Eurofins - Cell Line Authentication service and cells were 
tested weekly for the absence of mycoplasma.

Spheroid formation
For both cell lines, spheroids were formed in a U-bot-
tom 96-well plate not treated for cell culture (Starstedt 
ref#83.3925500) using 1% methylcellulose (Sigma-
Aldrich, ref#M7027) prepared in phosphate buffer saline 
(PBS). For one spheroid, 10,000 cells in 50 µl of complete 
medium were mixed with 50  µl of 1% methylcellulose 
and deposited in a well of the U-bottom 96-well plate. 
After incubation for 3 days at 37  °C and 5% CO2, cells 
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spontaneously formed spheroids. In some conditions, 
spheroids were formed in the presence of 100  µg/ml of 
collagen I (Corning ref#354236), as described above.

Spheroid stimulation with collagen I
ClearLine® microtubes (Dutscher, ref# 390903) were used 
to monitor spheroids with a microscope throughout the 
protocol. Spheroids were washed in PBS to remove the 
methylcellulose. One to 5 spheroids were gently collected 
from the U-bottom microplate using a pipette with wide-
orifice tips (Dutscher, ref#077157) and transferred to a 
microtube containing 1 ml of PBS. The correct spheroid 
number per tube and spheroid integrity were checked 
with a microscope. After removing PBS with a 1  ml 
pipette and verifying the spheroid number and integrity, 
50 µl of RPMI 1640 medium (with GlutaMAX™ but with-
out FBS or penicillin-streptomycin) containing collagen I 
or not at a final concentration of 100 µg/ml were added 
to each microtube. Spheroids were incubated for 24 h at 
37  °C and 5% CO2 on a shaker at 30  rpm (N-BIOTEK, 
ref#NB-T101SRC).

For microscopic analyses, one or five washed spher-
oids were incubated inside wells of an ultralow absorp-
tion 96 well plate (Corning®, ref#3474) and incubated as 
described above.

Sample preparation for zymogram and western blot
After incubation, the microtubes containing the spher-
oids were centrifuged at room temperature and at 
14,000 rpm for 5 min. For the zymogram assay, 20 µl of 
spheroid supernatant were collected and mixed with 5 µl 
of 5X Laemmli loading buffer (250 mM Tris-Cl pH 6.8, 
50% Glycerol, 10% SDS, 0.5% Bromophenol blue) without 
reducing agent. Samples were not boiled before loading 
on gel. For intracellular cell signaling analysis by west-
ern blot, the remainder of the spheroid supernatant was 
eliminated (approximately 30–35  µl, until the spheroids 
were mostly dry) and 25 µl of 1X Laemmli loading buf-
fer containing 2% β-mercaptoethanol (Sigma-Aldrich, 
ref#M3148) were added. Samples were vigorously vor-
texed, heated for 5 min at 95 °C and sonicated for 3 s to 
break the DNA.

Zymogram gel
A 10% polyacrylamide gel containing 0.1% porcine gelatin 
(Sigma-Aldrich, ref#G1890) was prepared. After polymer-
ization, the 5% polyacrylamide gel was added. After loading 
the samples and protein ladder, migration was performed 
for 90–120  min at 100 volts in a regular Tris-glycine-SDS 
buffer (Euromedex, ref#EU0510) until the blue dye ran out 
of the gel. After migration the gel was washed 4 times for 
15  min with a 2.5% Triton X100 (Euromedex, ref#2000) 
solution. Then, the gel was incubated at 37  °C in a water 
bath with the developing solution (50 mM Tris HCl pH 7.4, 

0.2 M NaCl and 10 mM CaCl2) for 48 h. Next, the develop-
ing solution was removed, and the gel was further incubated 
at 37 °C for 12–15 h in the same developing solution. The gel 
was stained with Coomassie blue solution (0.5% Coomassie 
blue in 50% ethanol and 10% acetic acid) for 15–30 min and 
washed in 30% acetic acid and 10% ethanol solution until 
the MMP bands became visible. The gel was stored in dis-
tilled water for 3 days at room temperature and the picture 
was taken using a Chemidoc imaging system (Bio-Rad). The 
intensity of each band was quantified with Fiji software. 
Similarities and differences between our 2D [12] and 3D 
protocols is shown in Supplementary Table 1.

Spheroid images
Confocal microscopy images were acquired using a 
LEICA TCS SP8 mounted on a DMI6000 inverted stand 
(Leica Microsystems, Mannheim, Germany) with a 10X 
NA 0.30 HC Plan Fluotar dry objective. Sample autofluo-
rescence was excited with a pulsed white laser at 520 nm 
and signals were collected between 570 and 790  nm on 
an internal photomultiplier tube. Z-stack were acquired 
with a z-step of 5 μm. In parallel, a bright-field photogra-
phy of each sample was also acquired.

RNA extraction
RNA extraction was performed using 5 spheroids cul-
tured with or without collagen I in the seeding and/or 
in the medium (see above for a more detailed protocol). 
NucleoSpin RNA extraction kit (MACHEREY NAGEL, 
ref#740955.250) was used according to manufacturer’s 
instructions, except for RNA elution performed with 
30  µl of 60  °C DNase/RNase-Free distilled water (Invit-
rogen, 11538646). Total RNAs were quantified using a 
spectrophotometer (Trinean).

RT-qPCR
Complementary DNAs (cDNAs) were synthesized with 
random hexamer primers from 250 ng of total RNA using 
Maxima Reverse Transcription kit (ThermoFisher Scien-
tific, ref#EP0743) according to manufacturer’s instruc-
tions. cDNAs were diluted (1/10) in DNase/RNase-Free 
Distilled Water. Quantitative PCRs were performed in 
duplicate on a CFX opus 96 (Bio-Rad) thermal cycler 
using SYBR Green qPCR Master Mix (No ROX) (Med-
ChemTronica, #HY-K0523). The cycling parameters 
included 39 cycles of denaturation at 95  °C for 5  s and 
annealing-elongation at 60 °C for 30 s. Primers (Eurofins) 
used to assess the mRNA expression of targeted genes 
are shown in Table 1. GAPDH and 18S ribosomal RNAs 
served as internal controls for normalization. At the end 
of the PCR, a melting curve was obtained by increasing 
the temperature from 65 to 95 °C.
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Western blotting
A 10% polyacrylamide gel was prepared. After polym-
erization, the 5% polyacrylamide gel was added. After 
loading the sample and protein ladder, migration was 
performed for 90–120  min at 100 volts in a regular 
Tris-glycine-SDS buffer until the blue dye ran out of 
the gel. Proteins were transferred onto a nitrocellulose 
membrane (Amersham™ Protran, ref#10600011) using 
a Tris-glycine buffer (Euromedex, EU0550) contain-
ing 10% ethanol for 70 min at 100 Volts. The membrane 
was washed in distilled water and incubated with Pon-
ceau S staining solution (Sigma Aldrich, ref#P7170) for 
2  min. After a quick wash in deionized water, a picture 
of the membrane was taken using a Fusion FX6 imag-
ing system (Vilber Lourmat, Marne-la-Vallée, France). 
Next, the membrane was blocked in 5% non-fat milk in 
TBS-T (TBS, Tris Buffer Saline (Euromedex, ref#ET2020) 
containing 0.1% Tween 20 (Euromedex, ref#2001-C)) for 
45  min. Then, the membrane was incubated overnight 
under agitation at 4  °C with a rabbit anti-phospho-AKT 
(Ser 473) (p-AKT) antibody (Cell Signaling, ref#9271S) 
diluted at 1:1000 in TBS-T 5% BSA (Bovine Serum Albu-
min, PAN Biotech, ref#P06-1391500). The membrane 
was washed under agitation 5 times for 5 min in TBS-T. 
A goat anti-rabbit antibody conjugated to a fluorophore 
(LICOR IRDye800CW, ref#926-32211) diluted at 1:5000 
in TBS-T 5% BSA was added. After 1-hour incubation, 
the membrane was washed under agitation 3 times for 
5  min in TBS-T and twice for 5  min in TBS. Fluores-
cence intensity was measured with a ChemiDoc imaging 
system. Then, the membrane was incubated overnight 
at 4 °C under agitation with a mouse anti-AKT antibody 
(1:1000; Cell Signaling, ref#2920S) in TBS-T 5% BSA. 
The membrane was washed 5 times for 5 min under agi-
tation in TBS-T and a goat anti-mouse antibody conju-
gated to horseradish peroxidase (Bio-Rad, ref#1706516) 
diluted at 1:3000 in TBS-T 5% BSA was added. After 
1-hour incubation, the membrane was washed 3 times 
for 5 min under agitation in TBS-T and twice for 5 min in 
TBS. AKT signals were revealed with a Clarity™ Western 
ECL Substrate kit (Bio-Rad, ref#170–5061). A photo of 
the membrane was taken using the Fusion FX6 imaging 

system. AKT and p-AKT signals were quantified using 
Fiji software, and p-AKT signal was normalized to the 
intensity of the corresponding AKT signal.

Cell viability
Cell viability was analyzed by the Promega CellTiter-Glo® 
3D Cell Viability Assay (Promega, ref#G9682). The spher-
oids were prepared and stimulated as in the zymogram 
assay. After 24  h incubation, spheroids and their media 
were transferred to an opaque walled 96-well micro-
plate. Twenty-five µl of the CellTiter-Glo 3D reagent were 
added and the microplate was shaken for 5 min at room 
temperature. It was then incubated at room temperature 
without shaking for another 45 min before reading with a 
Clariostar microplate reader (BMG Labtech).

ERK activation analysis
ERK phosphorylation was analyzed in monolayer and 
spheroid cultures. In monolayer cultures, 80% confluent 
cell plates were starved in RPMI media for 12 h and stim-
ulated or not with 300 ng/mL of EGF (MedChemExpress, 
ref#HY-P7109) for 5, 15, 45 or 90  min at 37  °C. After a 
quick wash in PBS, cells were lysed 15 min at 4 °C using 
RIPA buffer (Sigma-Aldrich, ref#R0278) and centrifuged 
at 20,000 g for 15 min. Proteins contained in the super-
natant were quantified using Pierce™ BCA Protein Assay 
Kit (Thermo Scientific, ref#23227). 20  µg of proteins 
were denatured in Laemmli loading buffer containing 
β-mercaptoethanol and boiled 5 min at 95 °C. In 3D cul-
ture, 5 spheroids were collected, washed, combined and 
starved in 25 µl of RPMI medium for 12 h as previously 
described. Then, some spheroids were treated by EGF at 
a final concentration of 300 ng/mL and further incubated 
for 5, 15, 45 or 90 min at 37 °C. Control spheroids were 
left untreated. Finally, treated and control spheroids were 
pelleted, the supernatant was removed and 25  µl of 1X 
Laemmli loading buffer containing β-mercaptoethanol 
were added on each pellet. Samples were vigorously vor-
texed, heated for 5 min at 95 °C and sonicated for 3 s to 
break the DNA.

Western blotting was performed as described above, 
and analyzed with a mouse anti-phospo-ERK1/2 IgG 
(p-ERK, Phosphorylated p44/42 Thr202 and Tyr204) 
(1:1000 dilution, Cell Signaling, ref#9106S) and with a 
goat anti-mouse IgG conjugated to a fluorophore (1:5000; 
LICOR IRDye800CW, ref#926-32210). After fluorescence 
analysis with a ChemiDoc imaging system, the membrane 
was probed with a rabbit anti-ERK1/2 antibody (ERK, 
p44/42) (1:1000 dilution, Cell Signaling, ref#9102S), then 
with a goat anti-rabbit IgG conjugated with horseradish 
peroxidase (1:5000 dilution, Sigma-Aldrich, ref#A0545) 
and revealed with a Clarity™ Western ECL Substrate kit. 
A membrane was imaged using the Fusion FX6 imaging 
system. ERK and p-ERK signals were quantified using Fiji 

Table 1 Primers used in qPCR analysis –18S forward –18S 
reverse
Target Human sequence
MMP-2 forward 5’ GGAGACAAGTTCTGGAGATACAATG 3’
MMP-2 reverse 5’ TTTGGTTCTCCAGCTTCAGGTA 3’
MMP-9 forward 5’ GTTCCCGGAGTGAGTTGAAC 3’
MMP-9 reverse 5’ TTTACATGGCACTGCCAAAGC 3’
GAPDH forward 5’ CAAGGAGTAAGACCCCTGGA 3’
GAPDH reverse 5’ AGGGGAGATTCAGTGTGGTG 3’
18 S forward 5’ GTAACCCGTTGAACCCCATT 3’
18 S reverse 5’ CCATCCAATCGGTAGTAGCG 3’
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software. p-ERK signal was normalized to the intensity of 
the corresponding total ERK signal.

Statistics
Statistical analysis was performed with the GraphPad 
Prism 8.4.1 software. Two groups of values were com-
pared with the non-parametric Wilcoxon-Mann-Whit-
ney test. More than two groups of values were compared 
with the non-parametric Kruskal-Wallis test, followed by 
Dunn’s Multiple Comparison Test. Data were considered 
significant when p-value was < 0.05.

Results
To study MMP-2 and -9 activities secreted by adult and 
pediatric renal cancer cells in 3D conditions, we first 
formed spheroids using methylcellulose from the two 
renal cancer cell lines 786-O and WT-CLS1. Spheroids 
were washed and stimulated with collagen I. Superna-
tants were used to investigate MMP-2 and -9 activities 
24 h later.

Our goal was double: to determine whether the formed 
spheroids can secrete MMP-2 and -9 and to evaluate the 
sensitivity of our assay. We first tried to form large spher-
oids by plating 10,000 to 50,000 cells per well in 0.5% 
methylcellulose. However, it was challenging to manip-
ulate them without altering their 3D organization and 
the results were not reproducible (data not shown). We 
therefore developed another procedure by plating 10,000 
cells per well in 0.5% methylcellulose and grew cells for 
72 h. The spheroids were collected and gently washed to 
remove methylcellulose. Then, one to five spheroids were 
pooled in a microtube containing a small amount (50 µl) 
of serum-free medium in the absence or presence of col-
lagen I and were further incubated for 24  h under gen-
tly agitation at 37  °C and 5% CO2. During this period, 
spheroids incubated with collagen I fused to form a single 
large 3D structure. In absence of collagen I, the 786-O 
and WT-CLS1 spheroids started to fuse; however, the 
fusion was incomplete (Supplementary Fig. 1). Compared 
to incompletely-fused spheroids growing in absence of 
matrix, the thickness of the fused spheroids in presence 
of collagen I was 2 and 2.5 times higher for 786-O and 
WT-CLS1, respectively. Twenty-four hours later, super-
natants were collected and analyzed with a standard but 
optimized zymogram assay. As shown in Figs.  1, 786-O 
spheroids expressed both pro-MMP-9 (92  kDa) and 
active MMP-2 (62  kDa) (Fig.  1A-C), an effect that was 
independent of collagen I stimulation. As expected, MMP 
activity increased with the number of spheroids (Fig. 1B-
C). However, in the presence of collagen I, MMP-2 activ-
ity steadily increased with the number of spheroids, while 
pro-MMP-9 activity reached a plateau when three or 
more spheroids were pooled (Fig. 1A-C).

WT-CLS1 spheroids expressed fewer active MMP-2 
than 786-O spheroids (data not shown, but Fig. 1A and 
D were treated similarly) and more pro-MMP-9 activity 
than MMP-2 activity (Fig. 1D). Independently of collagen 
I stimulation, pro-MMP-9 activity steadily increased with 
WT-CLS1 spheroid number (Fig. 1D-F). This effect was 
less pronounced for MMP-2 activity, likely because of a 
lower MMP-2 activity in WT-CLS1 spheroids (compare 
Fig. 1A and D).

Intriguingly, active MMP-9 (82  kDa) and pro-MMP-2 
(72 kDa) were not detected in any renal cancer spheroids, 
unlike in renal cancer cells growing as monolayers where 
we observed pro- and active MMP-9 (92 and 82  kDa, 
respectively) and active MMP-2 (62–64 kDa) [12]. These 
paradoxical data suggest that the expression of the pro 
and active forms of MMPs depends on the growth condi-
tions. Therefore, the culture modality can cause an exper-
imental bias.

Next, we compared the effect of collagen I on pro-
MMP-9 and MMP-2 activities. For each cell line and 
spheroid number, we normalized the pro-MMP-9 expres-
sion or the MMP-2 activity obtained in the absence 
of collagen I stimulation. For the 786-O cell line, colla-
gen I decreased pro-MMP-9 activity and the effect was 
particularly visible and reproducible with four and five 
spheroids (Fig. 2A). In contrast, only a small decrease in 
MMP-2 activity was observed when five 786-O spher-
oids were cultured in the presence of collagen I (Fig. 2B). 
These 3D culture results contrasted with those obtained 
in 2D culture, where MMP-2 activity was increased after 
collagen I stimulation [12].

By pooling two to five WT-CLS1 spheroids in culture, 
a decrease in pro-MMP-9 expression was also observed 
after stimulation with collagen I (Fig.  2C). Surprisingly, 
pro-MMP-9 expression increased when only one spher-
oid was stimulated with collagen I. This may have been 
due to a low expression (Fig.  1F) and/or a limit in the 
sensitivity of our assay (Fig.  2C). No clear reproducible 
variation in MMP-2 activity was observed in WT-CLS1 
spheroids, very likely because of its low expression in 
these cells (Fig. 2D).

The lower pro-MMP-9 protein amount in the presence 
of collagen I could be due to a negative transcriptional, 
post-transcriptional, translational and post-translational 
regulation of the gene in 786-O or WT-CLS1 cells, but 
also to a decrease in cell viability as a result of collagen 
I-induced cell death. To test these two hypotheses, we 
conducted a cell viability assay using the CellTiter-Glo 3D 
assay (Promega) and one to five spheroids. As shown in 
Fig. 3A and B, no difference in cell viability was observed 
with 786-O and WT-CLS1 spheroids grown in the pres-
ence of collagen I compared to untreated spheroids.

To determine whether the decrease in pro-MMP-9 
and -2 activities in spheroid supernatants was due to a 
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reduction in MMPs secretion or in transcript abundance 
into the cells, we measured MMP2 and MMP9 mRNA 
levels in the different spheroid conditions by RT-qPCR. 
In WT-CLS1 spheroids, MMP2 and MMP9 mRNAs were 
not deregulated by collagen I stimulation (Fig.  4C and 
D). However, in this cell line, MMP2 and MMP9 mRNA 
levels were very low, at the limit of the qPCR sensitivity, 
therefore limiting the impact of our data. In 786-0 spher-
oids stimulated with collagen I (Fig. 4A), MMP9 mRNA 
increased, while no difference was observed for MMP2 
mRNA (Fig.  4B). Since collagen I increased MMP9 
mRNA abundance and decreased MMP-9 protein secre-
tion, we performed western-blot analysis to determine 
if collagen I inhibits MMP9 mRNA translation and/or 
secretion. Unfortunately, the anti-MMP9 antibody was 
not sensitive enough to detect pro-MMP-9 and MMP-9 
proteins into the cells and in cell supernatants (data not 
shown).

As a comparison, we treated cells with collagen I 
(100 µg/ml) or not for the 72 h required to form spher-
oids. Thereafter, it was impossible to wash and trans-
fer the WT-CLS1 spheroids to microtubes without 

significantly altering their 3D organization. In contrast, 
with 786-O cells, we were able to obtain and manipulate 
spheroids like those formed in the absence of collagen 
I. Interestingly, a zymogram showed an increase in pro-
MMP-9 and in MMP-2 activity when spheroids were 
formed in the presence of collagen I in comparison to 
spheroids formed without it (Supplementary Fig. 2A and 
B). Nevertheless, a strong increase in cell viability was 
observed, suggesting that the increase in MMP-9 and -2 
activities when spheroids were formed in the presence of 
collagen I might not be due to collagen I but rather an 
increase in cell number (Supplementary Fig.  2C). Thus, 
we analyzed the MMP2 and MMP9 mRNA abundance in 
786-O spheroids formed in presence or absence of col-
lagen I. Our data showed that MMP9 mRNA increases in 
spheroids formed in presence of collagen I compared to 
spheroids formed without collagen I. No further increase 
was observed when collagen I was added in the seeding 
and in the medium (Supplementary Fig. 2D). In the same 
experimental conditions, no differences were observed 
in MMP2 mRNA abundance (Supplementary Fig.  2E). 

Fig. 1 Zymogram analysis of MMP-2 and -9 activities in the supernatants of kidney cancer spheroid cultures. Representative zymogram assay using 
786-O (A) or WT-CLS1 (D) cell growth supernatants. One to five spheroids were pooled before supernatant collection. Pro-MMP-9 is shown as a 92 kDa 
protein and active MMP-2 as a 62 kDa protein. Activity of pro-MMP-9 in 786-O (B) or WT-CLS1 (E) spheroids cultured in absence (left graph) or presence 
(right graph) of 100 µg/ml collagen I. Remark: in absence of collagen I for two spheroids one data out of range increases the mean value. Activity of MMP-2 
in 786-O (C) or WT-CLS1 (F) spheroids cultured in absence (left graph) or presence (right graph) of collagen I. Remark: in absence of collagen I for two 
spheroids one data out of range increases the mean value. For each independent experiment, band intensities were quantified using Fiji software and 
were normalized to the intensity of a single spheroid band. Data are presented as the mean +/- SEM of 4 to 5 independent experiments (n = 5 for 786-O 
and n = 4 for WT-CLS1 spheroid cultures). *p < 0.05 and **p < 0.01, Kruskal-Wallis test, followed by Dunn’s Multiple Comparison Test
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Together, these results are in agreements with those 
obtained above.

Collagen I can interact with various receptors such as 
integrins and discoidin domain receptors, and it medi-
ates intracellular signaling through AKT or ERK [4]. All 
the signaling assays performed so far were done with cells 
cultured as monolayers. To study the activation of intra-
cellular signaling by collagen I in 3D, we stimulated the 

formed spheroids as previously shown with zymogram 
assays. After 24-hours induction, spheroids were col-
lected and directly lysed in Laemmli loading buffer. We 
analyzed the presence of active AKT (phosphorylated at 
Ser 473, p-AKT) depending on the spheroid number. By 
using either 786-O or WT-CLS1 cells, p-AKT increased 
rapidly, with two or three spheroids being sufficient to 
obtain a maximum effect on p-AKT (Fig. 5A-D).

Fig. 3 Cell viability in kidney cancer spheroids treated or not with collagen I. 786-O (A) or WT-CLS1 (B) were cultured as spheroids in absence or presence 
of collagen I. A CellTiter-Glo 3D assay was performed on one to five cultured spheroids to measure cell viability. For each independent experiment, data 
are normalized to one spheroid cultured without collagen I. The figure presented is the mean +/- SEM of 3 to 4 independent experiments (n = 3 for 786-O 
and n = 4 for WT-CLS1 cells), Wilcoxon-Mann-Whitney test

 

Fig. 2 Effect of collagen I on MMP-2 and -9 activities in supernatant of kidney cancer spheroid cultures. Activities of pro-MMP-9 in 786-O (A) or WT-CLS1 
(C) spheroids cultured in absence or presence of collagen I measured in a zymogram assay. Zymogram analysis of MMP-2 activity in 786-O (B) or WT-CLS1 
(D) spheroids cultured in absence or presence of collagen I. One to five spheroids were pooled and cultured for 24 h. For each independent experiment, 
pro-MMP-9 (92 kDa) and active MMP-2 (62 kDa) band intensities were quantified using Fiji software and normalized to the corresponding condition 
without collagen I. Data are presented as the mean +/- SEM of 4 to 5 independent experiments (n = 5 for 786-O and n = 4 for WT-CLS1 spheroid cultures). 
*p < 0.05 and **p < 0.01, Wilcoxon-Mann-Whitney test
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In 786-O cells, when normalized with AKT expres-
sion, collagen I induced an inconstant phosphorylation 
of AKT at Ser 473 when using one to 5 spheroids in the 
assay. Nevertheless, with 3 spheroids, when the p-AKT 

signal was at the beginning of the plateau a significant 
increase of p-AKT was observed under collagen I stimu-
lation. This effect was lost with 5 spheroids (Fig. 6A). In 
WT-CLS1 cells, when normalized to AKT expression, 

Fig. 5 Effect of kidney cancer spheroid number on AKT signaling. p-AKT (Ser 473) analysis in 786-O (A-B) or WT-CLS1 (C-D) spheroids stimulated or not 
with collagen I. Representative p-AKT immunoblots obtained with total protein extracts from 786-O (upper A) or WT-CLS1 (upper C) spheroids. p-AKT 
is shown as a 60 kDa protein. Lower A and C, representative Ponceau S staining of the membrane. For each independent experiment, band intensities 
were quantified using Fiji software (B and D) and normalized to the corresponding Ponceau S staining bands seen on the membrane. Values for a single 
spheroid were arbitrarily set to 1. Data are presented as the mean +/- SEM of 5 to 6 independent experiments, (n = 6 for 786-O and n = 5 for WT-CLS1 
spheroid cultures), *p < 0.05, Kruskal-Wallis test, followed by Dunn’s Multiple Comparison Test

 

Fig. 4 Effect of collagen I on MMP2 and MMP9 mRNA expression in kidney cancer spheroids. Five spheroids were pooled and cultured for 24 h with 
or without collagen I and MMP2 and MMP9 mRNA levels were measured by RT-qPCR. Levels of MMP9 transcript in 786-O (A) or WT-CLS1 (C) spheroids 
stimulated or not by collagen I. Levels of MMP2 transcript in 786-O (B) or WT-CLS1 (D) spheroids stimulated or not by collagen I. For each independent 
experiment, the mean value of the triplicate without collagen I was used for normalization. Data are presented as the mean +/-SEM of 4 to 5 independent 
experiments (n = 5 for 786-O cells and n = 4 for WT-CLS1 cells). **p < 0.01, Wilcoxon-Mann-Whitney test
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collagen I induced an increase in p-AKT when using one 
spheroid in the assay. However, when two or more spher-
oids were used, the effect of collagen I on p-AKT was lost 
(Fig. 6B).

In contrast of monolayer cell cultures, no difference 
in ERK activation was observed in 786-O or WT-CLS1 
cells when we stimulated spheroids for short periods of 
time (5–90  min) with EGF (100 ng/mL), a growth fac-
tor known to activate ERK phosphorylation in ccRCC 
cells cultured as monolayers [13]. However, ERK activa-
tion was observed when spheroids were stimulated with a 
higher dose of EGF (300 ng/mL) but with different kinet-
ics depending on the cell type and culture condition (2D 
versus 3D). In 786-O cells cultured as monolayer, EGF 
quickly increases ERK phosphorylation with a maximum 
obtained at 45 min (Fig. 7A and B). In 3D cultures, ERK 
phosphorylation increased rapidly, with a maximum at 
15 min, and returned to basal level after 45 min of treat-
ment (Fig.  7C and D). In WT-CLS1 cells cultured as 
monolayer, ERK phosphorylation increased rapidly fol-
lowing EGF treatment and the maximum was obtained 
at 15 min. At longer stimulation times ERK phosphoryla-
tion decreased but was still higher than in untreated cells 
(Fig.  8A and B). In 3D cultures, ERK phosphorylation 
increased at later time points (45 and 90  min) (Fig.  8C 
and D) compared to cells cultured as monolayer (15 min) 
suggesting a differential response of WT-CLS1 cells to 
EGF induction when growing in 2D versus 3D conditions.

Discussion
Until now, most of the zymogram assays used to mea-
sure MMP-2 and -9 activities were performed with cells 
growing as monolayers, but these culture conditions 
introduce several potential biases. In a recent work, the 
authors used 3D spheroid supernatants and zymogram 
analysis to quantify MMP-2 and -9 activities [14]. Con-
dition media were collected and concentrated using a 
10  kDa centrifugal concentrator before the zymogram 
assay, which increased the cost and the time to perform 
the experiment. To overcome these issues, we developed 
a rapid, cost-effective zymogram assay using cells grown 
as spheroids. Because one spheroid contains a limited 
number of cells, we pooled two to five formed spheroids 
in a small volume of cell medium and let them grow for 
an additional day in the presence or absence of collagen I. 
Spheroid supernatants were analyzed with a classical but 
optimized zymogram assay. Our data first showed that 
the sensitivity of the assay depends on the basal secretion 
of MMPs in the supernatant. If the cells secrete a large 
amount of MMPs, such as 786-O cells, MMP activities 
steadily increase with spheroid number. On the other 
hand, if they secrete a low amount of MMPs, as observed 
with WT-CLS1 cells, the MMP-2 or -9 activities increase 
but with lower reproducibility, likely due to the limited 
sensitivity of the zymogram assay and uncertainty in 
quantifying the different band intensities with the soft-
ware (Figs. 1 and 2).

Fig. 6 Effect of collagen I on AKT pathway in kidney cancer spheroid cultures. p-AKT (Ser 473) and AKT were analyzed in 786-O (A) or WT-CLS1 (B) 
spheroids stimulated or not with collagen I. One to five spheroids were pooled and cultured for 24 h. p-AKT and AKT are shown as a 60 kDa protein. For 
each independent experiment, band intensities were quantified using Fiji software and normalized to the corresponding total AKT signal. Values without 
collagen I were arbitrarily set to 1. Data are presented as the mean +/- SEM of 4 independent experiments, *p < 0.05, Wilcoxon-Mann-Whitney test. Panel 
B: for one spheroid and in presence of collagen I, one outlier data point altered the mean value upwards
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In a recent study in supernatants of 786-O cells grow-
ing as monolayers and stimulated with collagen I, both 
MMP-9 and MMP-2 activities increased [12]. In contrast, 
we detected pro-MMP-9 activity but not MMP-9 activity 
in 786-O spheroid supernatants. Importantly, pro-MMP9 

and MMP-2 activities decreased after collagen I stimu-
lation in 786-O spheroid supernatants. This difference 
between 2D/3D stimulated culture has been reported in 
corneal fibroblasts stimulated with TGFβ [15]. Compared 
to 2D, TGFβ decreased MMP-2 activity in 3D culture, 

Fig. 8 Effect of EGF on ERK pathway in WT-CLS1 cells cultured as monolayer or spheroids. p-ERK and ERK were analyzed in WT-CLS1 cells cultured as 
monolayer (A and B) or spheroids (C and D) and stimulated or not with EGF. Five spheroids were pooled and cultured for 24 h. p-ERK and ERK are shown 
as 42–44 kDa proteins (A and C). For each independent experiment, band intensities were quantified using Fiji software and normalized to the corre-
sponding total ERK signal (B and D). Values in absence of collagen I were arbitrarily set to 1. Data are presented as the mean +/- SEM of 4 independent 
experiments, *p < 0.05, Wilcoxon-Mann-Whitney test. P-p44/42 ERK: p-ERK, p44/42 ERK: ERK. Panel (B) and ( D): for five spheroids and in presence of EGF 
for 15 (B) or 5 (D) min stimulation, one outlier data point altered the mean value upwards

 

Fig. 7 Effect of EGF on ERK pathway in 786-O cells cultured as monolayer or spheroids. p-ERK or ERK were analyzed in 786-O cells cultured as monolayer 
(A and B) or spheroids (C and D) and stimulated or not with EGF. Five spheroids were pooled and cultured for 24 h. p-ERK and ERK are shown as 42–44 kDa 
proteins (A  and C). For each independent experiment, band intensities were quantified using Fiji software and normalized to the corresponding total 
ERK signal (B and D). Values in absence of collagen I were arbitrarily set to 1. Data are presented as the mean +/- SEM of 4 to 5 independent experiments 
(monolayer, n = 5; spheroids, n = 4), *p < 0.05 and **p < 0.01, Wilcoxon-Mann-Whitney test. P-p44/42 ERK: p-ERK, p44/42 ERK: ERK
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as did collagen I in our experiments. Moreover, MMP-2 
activity and expression were lower in 3D breast carci-
noma or fibroblast cultures than in 2D cultures in the 
absence of any stimulation [14–16].

In this work, we also found that collagen I stimulation 
increased the abundance of MMP9 mRNA but decreased 
pro-MMP-9 protein amount in supernatants. These 
results suggest that collagen I could induce an inhibi-
tion of MMP9 mRNA translation and/or an inhibition in 
pro-MMP-9 secretion. This mechanism of translation/
secretion inhibition is likely not restricted to MMP-9 
since a decreased secretion of MMP-2 was found in 
786-O spheroids, as for MMP-2 and MMP-9 in WT-
CLS1 spheroids. However, contrarily to 786-O spheroids, 
collagen I did not increase MMP9 mRNA in WT-CLS1 
spheroids. This difference is likely due to the variation in 
the types of collagen I receptors expressed at the surface 
of these two cell lines. Indeed, collagen I binds different 
types of receptors, among which integrins and the tyro-
sine kinase discoidin domain receptors (DDRs) [4]. As a 
consequence, collagen I likely induces different intracel-
lular signaling pathways in 786-O and WT-CLS1 cells 
depending on its bound receptor(s) [4].

In our study, spheroids formed in the presence of colla-
gen I secreted three-fold more pro-MMP-9 and MMP-2 
than those formed in the absence of collagen I. This effect 
is likely due to an increase in the number of cells forming 
the spheroids (Supplementary Fig. 2).

After stimulating WT-CLS1 cells by collagen I, p-AKT 
reproducibly increased when using one spheroid, while 
the effect was lost with two or more spheroids. In 786-O 
cells the effect of collagen I on AKT phosphorylation 
was inconstant and related to the number of spher-
oids used in our experiment. As a reminder, during the 
24-hours incubation period, spheroids fused to form a 
larger spheroid. Consequently, this fusion process might 
inhibit AKT activation by disturbing the formation of the 
hypoxic/necrotic core. Indeed, the HIF pathway activates 
AKT signaling in prostate cancer [17]. Alternatively, the 
fusion increased the expression of growth factors, such as 
VEGF or IGF2, which in turn could activate AKT [18]. In 
our 3D experiments, it is likely that the activation of AKT 
signaling by the HIF pathway counteracted its induction 
by collagen I.

The kinetics of EGF-mediated ERK activation were 
different in monolayer and spheroid cultures. In 2D 
ERK activation was quick (maximum at 45 and 15  min 
for 786-O and WT-CLS1 cells, respectively). In 3D the 
kinetic of ERK activation was biphasic with a first acti-
vation picking at 5–15  min, followed by a decrease at 
45  min and a second increase at 90  min. This biphasic 
kinetic may be explained by a gradient of diffusion of 
EGF inside the spheroid. The first pick of activation of 
ERK may be explained by the quick binding of EGF to its 

receptor present at the surface of the cells located at the 
spheroid periphery. In the latter phase of induction EGF 
had to diffuse inside the spheroid to bind to its receptors 
on cells located at its center.

Compared to cells growing as monolayer which are all 
in contact with collagen I and the soluble growth factors 
(such as EGF), there is no clear information about the 
penetrance rate of these factors within a dense spheroid, 
nor the precise time to reach its center. It is also possi-
ble that only the proliferating cells which constitute the 
spheroid crown can respond to collagen I or EGF induc-
tion. Moreover, the same cells are likely stimulated by 
soluble factors produced and secreted by the cells located 
in the hypoxic area. Finally, the two forms of activation 
could function in the same direction or in totally oppo-
site ways. Thus, additional experiments are needed to 
more precisely analyze the penetrance capacity of colla-
gen I and the other soluble growth factors into the spher-
oids, such parameters being likely directly correlated to 
their size and the number of cells involved.

Conclusion and perspective
We adapted and optimized the zymogram assay to ana-
lyze MMP-2 and -9 activities in kidney cancer cells cul-
tured as spheroids. We used collagen I, a major protein of 
the tumor microenvironment, to modulate MMP activi-
ties. First, we tested an increasing number of spheroids 
to optimize the technique and evaluate its sensitivity 
and reproducibility. Then, we analyzed the intracellular 
signals mediated by collagen I and detected inconstant 
activation of AKT pathway depending on the use and 
fusion of one to five spheroids. We successfully moni-
tored MAPK/ERK pathway activation using 5 spher-
oids following cell induction with EGF. Interestingly, 
our data showed that the kinetic of ERK activation in 
spheroids is different from that observed in cells grow-
ing as a monolayer. This simple, rapid and cost-effective 
zymogram protocol can be adapted to any tumor cell line 
grown as spheroids and stimulated by collagen I or any 
other soluble inducer. It is also suitable for kinetic studies 
and time-course experiments with tumor cells grown in 
3D following treatment with different growth factors or 
drugs.
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