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A B S T R A C T

Cancer-associated fibroblasts (CAFs) support cancer growth, invasion, and metastasis. Glucocorticoids (GCs),
drugs often administered together with chemotherapy, are steroidal ligands of the glucocorticoid receptor (GR),
a transcription factor which upon activation regulates expression of multiple genes involved in suppression of
inflammation. We have previously shown that in dexamethasone (Dex)-treated CAFs derived from colon cancer,
production and secretion of several factors related to cancer progression, such as tenascin C (TNC) and hepa-
tocyte growth factor (HGF), were strongly suppressed.

In this study we show that GCs can neutralize the cancer cell-promoting properties of CAFs. Conditioned
medium from solvent-treated CAFs (CMCTRL) stimulates proliferation, motility and stretched morphotype of GR-
deficient HCT8/E11 colon cancer cells. Yet, HCT8/E11 proliferation and stretched morphotype are impaired
upon treatment with conditioned medium from Dex-treated CAFs (CMDEX), but HCT8/E11 cell migration is
slightly increased under these conditions. Moreover, expression and potential activity of MMP-2 is also reduced
in CMDEX compared with CMCTRL. These combined in vitro results concur with the results from in vivo chick
chorioallantoic membrane assays, where the co-cultures of CAFs with colon cancer cells displayed impaired
tumor formation and cancer cell invasion due to Dex administration. Combined, GC treatment influences cancer
cell behavior indirectly through effects on CAFs.

1. Introduction

Colorectal cancer (CRC) is one of the most common malignant
neoplastic diseases in Europe and Northern America [1]. CRC's mor-
bidity is linked to western dietary lifestyle, age, obesity, smoking, al-
cohol consumption, lack of physical activity, and certain hereditary
diseases [2]. Despite an improvement in treatment, CRC accounted for
nearly 10% of cancer-related deaths in 2012 [1].

Cancer development is driven by sustained proliferative signaling,
resistance to apoptosis and to growth suppressors, angiogenesis, escape
from immune response, reprogramming of metabolism, invasion, and
metastasis [3]. Last decades’ progress in cancer research was enhanced
by an improved understanding of the importance of the tumor micro-
environment. Stromal components including inflammatory cells, cells
forming tumor vasculature and lymphatics, myofibroblasts, and the
extracellular matrix are not passive bystanders. On the contrary, they

play a crucial role in virtually every step of cancer progression. Re-
searching this complex net of interactions between certain components
of the tumor microenvironment creates opportunities for diagnosis and
therapy [3,4].

Myofibroblasts of the tumor stroma, which contribute to cancer
progression are also known as cancer-associated fibroblasts (CAFs) [5].
They mostly differentiate from resident fibroblasts and share attributes
of smooth muscle cells and fibroblasts and express markers, such as α-
smooth muscle actin, fibroblast activation protein-α and vimentin [6].
CAFs are recruited by cancer cells at the invasion front of the tumor and
influence cancer cells via cell-to-cell contact or via secreted products,
such as cytokines, chemokines, enzymes, and other factors [7,8]. CAFs
are abundantly present in CRC compared to normal mucosa, both at
primary and metastatic sites, which is related to poor overall and re-
lapse-free survival [9]. CAFs were shown to contribute to the following
tumor-promoting actions: cancer proliferation, induction of
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angiogenesis, protection from anti-tumor immune responses, activation
of invasion, and promotion of metastasis [10].

Depending on the type and stage of the cancer different types of
treatment are implemented. Most often patients receive a combination
of therapies, which include surgery, radiation therapy, chemotherapy,
immunotherapy, targeted therapy, hormone therapy, and stem cell
transplant [11]. Cancer treatment, however, faces problems of therapy
resistance, which can be also triggered by cancer stroma. Environment-
mediated drug resistance (EMDR), whereby CAFs protect cancer cells
by secreting a multitude of cytokines is linked with cancer aggressive-
ness and poor response to treatment [12].

Glucocorticoids (GCs) are drugs that are often used in combination
with chemotherapy, hormonal therapy, radiotherapy, and surgery of
solid tumors, in order to relieve symptoms of the disease and the as-
sociated side-effects of these treatments [13]. GCs are steroidal com-
pounds, essential in regulating metabolism, blood pressure, reaction to
stress, and immune response [14]. GCs are able to bind and activate the
glucocorticoid receptor (GR). Ligand-bound GR is translocated from the
cytoplasm to the nucleus, where it acts as a homodimerized transcrip-
tion factor to positively regulate expression of numerous specific target
genes by binding to glucocorticoid responsive elements (GREs). Fur-
thermore, GR in its monomeric form can tether other transcription
factors, such as NFκB or AP-1, resulting in inhibition of transcription of
many pro-inflammatory genes. These two major mechanisms are known
respectively as transactivation and transrepression [15,16]. GR actions
result in suppression of inflammation and therefore GCs are widely used
in the clinic against many inflammatory disorders, such as asthma, al-
lergies, and autoimmune diseases [15,16]. Besides their anti-in-
flammatory properties, GCs also serve as angiostatic agents in infantile
hemangiomas [14,17] and form a treatment of hematological malig-
nancies, such as multiple myeloma and lymphoma [18]. The role of GR
modulation in solid tumor biology, however, is still not fully under-
stood. This is also a topic of controversy, since the result of GC treat-
ment depends on the primary site of the tumor and extends from pos-
sible detrimental effects in lung cancer, over neutral in gastrointestinal
cancer to positive effects in prostate cancer [19]. Interestingly, GR
mRNA levels are elevated in the stroma of breast cancer, compared to
the healthy breast tissue. Moreover, in breast cancer, there is a positive
correlation between GR mRNA levels in the tumor stroma and the
tumor stage [13,20]. Lastly, approximately 50% of human colon tumors
are GR-positive and the increased GR expression in colorectal adeno-
carcinoma patients is actually linked with a poor prognosis [21].

In our previous studies, we have shown that GR modulation has an
impact on the colon cancer-derived CAF biology and function.
Treatment with the GC dexamethasone (Dex) diminished inflammatory
gene expression, and moreover, generated substantial changes in the
CAF secretome, including suppression of expression of hepatocyte
growth factor/scatter factor (HGF/SF) and tenascin C (TNC) [22,23].
HGF/SF is a well-documented factor with mitogenic and motogenic
properties on epithelial and endothelial cells, that acts via the c-Met
receptor [24,25]. TNC is an extracellular matrix protein abundant
during the wound healing process and also involved in cancer invasion
via low-affinity binding to the epidermal growth factor receptor (EGFR)
[26]. CAF-derived HGF and TNC were proven to be both necessary - but
not sufficient on their own - to promote colon cancer cell invasion in
vitro, via RhoA and Rac pathways [27]. Interestingly, both HGF and
TNC were strongly downregulated in CAFs, at mRNA and protein levels,
following a GC treatment. Therefore, we wanted to establish the re-
levance of these GC-driven changes in CAF secretomes on cancer cell
proliferation, migration, and invasion, and as such, to provide a novel
insight into the role of GCs in the colon cancer microenvironment.

2. Materials and Methods

2.1. Cells and reagents

HCT8/E11 human colorectal adenocarcinoma (ATCC number: CCL-
244) [28], in-house engineered HCT8/E11-luc cells [29], HCT116
human colon carcinoma (ATCC number: CCL-247) [30] and
CT5.3hTERT human stromal colon cancer-derived CAFs [31] were
cultured in DMEM (Life Technologies, Merelbeke, Belgium) supple-
mented with 10% fetal calf serum (Greiner bio-one, Wemmel, Belgium),
100 U/ml penicillin and 0,1 mg/ml streptomycin (Life Technologies) at
37 °C with 10% CO2. DMEM used in experiments was serum-free or
supplemented with charcoal-stripped serum (Life Technologies). The
GCs dexamethasone (Dex), hydrocortisone (Hcrt), prednisolone (Pred)
and fluocinolone acetonide (FA) were purchased from Sigma-Aldrich
(Diegem, Belgium) and dissolved in ethanol. A selective GR modulator
(SEGRM) compound A (CpdA) was prepared according to De Bosscher,
et al. [28,32]. Recombinant murine tumor necrosis factor (TNF)α was
prepared as described by Vanden Berghe, et al. [33] and dissolved in
serum-free DMEM. Firefly D-luciferine was purchased from Perki-
nElmer (Zaventem, Belgium) and prepared according to the manufac-
turer's instructions. Human recombinant hepatocyte growth factor
(hrHGF) was purchased from PromoKine (Heidelberg, Germany, cat no:
c-64532), human recombinant tenascin C (hrTNC) was purchased from
R&D Systems (Abingdon, UK, cat no: 3358-TC-50) and both were re-
suspended in PBS.

2.2. Conditioned medium preparation

Conditioned medium (CM) was prepared according to previous
protocols [34]. Briefly, supernatants were collected from 10 × 106

CT5.3hTERT CAFs, which were cultured for 48 h in serum-free DMEM
and treated with solvent (ethanol), Dex or, optionally, with Hcrt, Pred,
FA or a SEGRM CpdA in concentrations listed in Table 1. Subsequently,
CM was 10-fold concentrated with centrifugal filter tubes with a 3 kDa
cut-off (Amicon Ultra, Merck Millipore, Darmstadt, Germany) and
filter-sterilized prior to storage at −20 °C.

2.3. Cell lysis and western blot analyses

Cells were collected from HCT8/E11, HCT116 and/or CT5.3hTERT
cultures and subsequently washed with PBS. Protein lysates were made
using TOTEX buffer (20 mM Hepes/KOH pH 7.9; 0.35 M NaCl; 20%
glycerol; 1% NP40; 1 mM MgCl2; 0.5 mM EDTA; 0.1 mM EGTA; 2 mM
pefabloc; 10 µg/ml aprotinin). Protein concentration was determined
via the Lowry method [28]. Alternatively, 10-fold concentrated con-
ditioned medium from CAFs treated with solvent or Dex (1 µM) for
48 h, was prepared for western blot analysis using SDS sample buffer
(50 mM Tris pH6.8; 2% SDS; 10% glycerol; bromophenol blue, 100 mM
DTT).

Samples were subjected to SDS-PAGE followed by a standard
Western Blot protocol, as described by Santa Cruz (Santa Cruz
Biotechnology, CA, USA). As primary antibodies, we used anti-GR (H-

Table 1
List of compounds used to incubate CT5.3hTERT CAFs and subsequent preparation of
conditioned media. The concomitant ethanol concentrations are identical in all condi-
tions.

Compound Concentration Abbreviation used for the CM

Ethanol 0.1% CMCTRL

Dexamethasone 1 µM CMDEX

Hydrocortisone 1 µM CMHCRT

Prednisolone 1 µM CMPRED

Fluocinolone acetonide 1 µM CMFA

Compound A 10 µM CMCPDA
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300) (1/1000, Santa Cruz Biotechnology, cat no: sc-8992), anti-tubulin
(1/4000, Sigma-Aldrich, cat no: T5168) and anti-human MMP-2 (1/
500, R&D Systems, cat no: AF902). We used species-specific HRP-linked
secondary antibodies anti-mouse, anti-rabbit (GE Healthcare, Diegem,
Belgium, cat no: NA931V, NA934V) and anti-goat (Santa Cruz
Biotechnology, cat no: sc-2020). For visualization of the results we used
ECL solution (Thermo Scientific, Gent, Belgium) and X-Ray films (GE
Healthcare) or alternatively WesternBright Quantum HRP substrate
(Advansta, CA, USA) and a ProXima imaging platform 2850 with
ProXima AQ-4 software (Isogen Life Science, De Meern, The
Netherlands). Quantification of western blot results was performed
using ImageJ software [35] according to previous protocols [36].

2.4. RNA isolation and RT-qPCR

HCT8/E11, HCT116 and CT5.3hTERT cells were collected and total
RNA was isolated. Alternatively, HCT8/E11 cells were first induced
with solvent, Dex (1 µM) or a SEGRM CpdA (10 µM) for 1 h and then co-
treated with TNFα or equivalent volume of DMEM for another 5 h,
before total RNA was isolated. We used TRIzol reagent (Life
Technologies) to isolate the total RNA from these cells, which was
subsequently followed by reverse transcription (RT), performed with an
iScript kit (Bio-Rad), and quantitative PCR (qPCR) using Lightcycler
480 SYBRGreen I Master reagents (Roche Diagnostics, Rotkreuz,
Switzerland), all according to the manufacturers’ instructions. We
performed qPCR reactions in triplicates using the Lightcycler® 480
system (Roche Diagnostics) and the following protocol: A) initial de-
naturation 95 °C, 5′; B) 40 cycles of denaturation 95 °C, 15″, annealing
and elongation 60 °C, 45″. Primer sequences are available in the
Supplementary data (Supplementary Table 1). Further, results were
normalized to the results obtained for the respective geometric mean of
3 housekeeping genes (GAPDH, PPIB, 36B4). Final results are displayed
as relative mRNA expression, in which the solvent control condition
was set as 1 and all other conditions were recalculated accordingly.

2.5. Gelatin zymography

Conditioned medium from CT5.3hTERT cells treated with solvent or
Dex (1 µM) for 48 h was 10-fold concentrated and applied to the zy-
mography protocol as described [24]. Briefly, conditioned medium
samples were subjected to SDS-PAGE using 10% polyacrylamid-0.1%
gelatin gels. Next, gels were incubated in renaturing solution (2.5%
Triton-X) for 30 min, then washed twice with dH2O and incubated at
37 °C in a developing buffer (50 mM Tris-HCl pH 7.8, 0.2 M NaCl, 5 mM
CaCl2) overnight. Subsequently, gels were stained with Coomassie
Brilliant Blue R-250 (Bio-Rad, Temse, Belgium) for 1 h and then de-
stained with destaining solution (10% methanol, 5% acetic acid).
Quantification of zymogram results was performed with ImageJ soft-
ware as explained earlier [37]. As this particular assay may not re-
present the actual state of MMPs released by cells, due to possible in-
activation via noncovalent binding with tissue inhibitors of MMPs
(TIMPs), these results are expressed as”potential enzyme activity”.

2.6. Cell proliferation assays

To assess proliferation of HCT8/E11-luc cells we performed a co-
culture assay and assays using CM from CAFs, based on previous pro-
tocols [36]. In a co-culture assay CT5.3hTERT cells were seeded in 24-
well plates together with HCT8/E11-luc cells at a 10:1 ratio and sub-
jected to solvent or Dex (1 µM) incubation. After a 72 h incubation, D-
luciferine (150 μg/ml) was added to the wells and luciferase activity
was measured with the In Vivo Imaging System Lumina II (IVIS®, Ca-
liper Life Science, Hopkinton, MA, USA). Similarly, HCT8/E11-luc cells
were seeded in 24-well plates (104/well) and after 24 h cells were
treated with DMEM, CMCTRL or CMDEX. D-luciferine (150 μg/ml) was
added to the wells 72 h post treatment and bioluminescence was

measured using the IVIS. Results were analyzed via Living Image®
software (Caliper Life Science).

Additionally, we performed a sulforhodamine-B (SRB) test, as de-
scribed previously [30] using the parental cell line HCT8/E11. Briefly,
cells were seeded in 96-well plates (5 × 103/well) and treated with
DMEM, CMCTRL or CMDEX for selected time points (24 h, 48 h and 72 h).
Following fixing, staining and washing steps, plates were scanned using
a Paradigm™ Detection Platform (Beckman Coulter®, Krefeld, Germany)
with SoftMax® Pro 6.1 software. Results are expressed in a scale, where
the untreated post treatment condition at 72 h was set at 1 and all other
conditions were recalculated accordingly.

2.7. Cell morphology assay

The cell morphology assays on collagen were performed as de-
scribed by De Wever et al. [38]. Briefly, single cell suspensions of 7 ×
104 HCT8/E11 were seeded in 6-well plates, or alternatively, 1.2 × 104

cells were seeded in 24-well plates, all on a layer of type I collagen
(derived from rat tail; 1 mg/ml; Santa Cruz Biotechnology). Cells were
treated with DMEM or with CM from CAFs, as indicated in the figure
legends. Cell morphology was observed 24 h post treatment under a
phase-contrast microscope (Leica DMI3000B with LAS4.1 software) and
digital images from 10 to 15 microscopic fields (20 x magnifications)
were taken for further evaluation. Cells with stretched and round
morphology were counted and the results per microscopic field are
expressed as a relative cell stretch index.

2.8. Migration assay

HCT8/E11 cell migration was assessed using a Transwell system.
Cells were seeded in serum-free DMEM on Transwell inserts (5 × 104

cells/insert) with 8.0 µm pores (Corning Inc., Lasne, Belgium, cat no:
3422) and left to migrate through the membrane for 24 h towards
serum-free DMEM, CMCTRL or CMDEX, which was applied in the lower
compartments of the Transwell system. After 24 h inserts were removed
and the inside parts of these inserts were gently wiped with cotton
swabs to remove cells which did not migrate. Next, the membranes
were fixed with ice-cold methanol and washed 3 times for 5 min in PBS.
Membranes were then stained with DAPI (0.4 µg/ml), washed with PBS
and subsequently mounted on microscope glasses. Membranes were
observed under a fluorescence microscope (Zeiss Axiovert 200 M, Carl
Zeiss, Micro-Imaging, Heidelberg, Germany), which enabled counting
the cells that migrated through the porous membrane. Cells were
counted per microscopic field (10× magnification), and 10 fields per
condition were assessed.

2.9. Adhesion assays

Cell-to-cell adhesion assays between CAFs and HCT8/E11 cells were
performed as described [39]. CT5.3hTERT cells were cultured in 24-
well plates until confluency. Subsequently, cells were incubated with
solvent or Dex (1 µM) for 24 h prior to an additional seeding of 104

HCT8/E11-luc cells/well. After 24 h of co-culturing, cells were washed
twice with DMEM in order to remove the non-adherent cells. Subse-
quently D-luciferine (150 μg/ml) was added to the wells and luciferase
activity was measured using the IVIS system.

HCT8/E11 cancer cells’ adhesion to collagen coating was measured
as described [30]. Briefly, HCT8/E11 cells (104/well) were seeded in
quadruplicates in type I collagen-coated (50 µg/ml) E-16 plates (ACEA
Biosciences, Sand Diego, CA, USA). Cells were seeded in serum-free
DMEM, CMCTRL and CMDEX. Cell-electrode impedance indicating cell
adhesion was assessed every 5 min for 24 h using xCELLigence RTCA SP
(ACEA Biosciences). Cell adhesion is reported as a relative cell index
and areas under the curve (AUC) were calculated for the first 60 min of
each treatment.
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2.10. Chorioallantoic membrane (CAM) assay

The chick embryo CAM assay was performed according to [40] and
slightly adjusted. Briefly, fertilized eggs from a local hatchery were
incubated at 37.8 °C and 50% humidity in a poultry egg incubator (R-
COM 50 Digital Egg Incubator, Gyeonggi-do, South Korea). At day 3 of
embryonic development, 2–3 ml of albumen was removed with a sterile
needle in order to lower the level of the CAM. Additionally, an opening
of approximately 1 cm2 was made in the eggshell in order to evaluate
the embryos’ state and eliminate dead or non-fertilized eggs. The
window was then covered with a semipermeable polyurethane film
(Suprasorb F, Lohmann & Rauscher, Neuwied, Germany). At day 9,
single cell suspensions of 106 HCT8/E11 cancer cells together with 2.5
× 106 CT5.3hTERT CAFs were seeded onto the CAM in Matrigel™ drops
(100 µl/CAM). Cells were treated while seeding with solvent or Dex
(1 µM) and re-treated 48 h later in 20 µl Matrigel drops. Five days after
seeding, tumors were observed under the stereomicroscope (Leica Mi-
crosystems, Diegem, Belgium) and digital images were taken. Tumors
where examined in at least 7 viable embryos per treatment condition in
each of 4 repetitions of the experiment. CAM fragments containing
tumors were harvested and fixed in buffered formaldehyde (4% for-
maldehyde, 4 g/L Na2PO4·H2O, 6.5 g/L Na2HPO4). Subsequently, these
samples were embedded in paraffin, sectioned and subjected to hema-
toxylin-eosin staining, as described by Sigma-Aldrich. These prepared
slides were evaluated for tumor shape (sphericity) and cancer cell in-
filtration into the CAM's mesenchymal layer, on a scale from 1 to 5
(Supplementary Table 2).

2.11. Statistical analyses

We performed statistical analyses using GraphPad Prism 5.03 with
the unpaired student t-test, Mann-Whitney test or one-way analysis of
variance (ANOVA) with Tukey's multiple comparisons post-test, where
applicable as indicated in the figure legends. A p-value of p< 0.05 was
considered statistically significant.

3. Results

3.1. HCT8/E11 cells do not express a functional GR

In order to investigate the role of glucocorticoid receptor (GR)
modulation in CAFs and its subsequent effects on colon cancer cells, we
chose a colon cancer cell line that does not express a functional GR,
enabling us to research the direct influence of glucocorticoid (GC)
treatment limited solely to CAFs. Western blot and qPCR analyses re-
vealed that HCT8/E11 colon cancer cells display lack of GR at both
mRNA and protein levels (Fig. 1A-B). Another colon cancer cell line,
HCT116, showed a moderate expression of the receptor, both at mRNA
and protein levels, as compared to colon cancer-derived CT5.3hTERT
CAFs, which express relatively high levels of both GR mRNA and GR
protein (Fig. 1A, B). Corresponding with its GR-deficient status, the
administration of the glucocorticoid Dex (1 µM, 6 h) to HCT8/E11 cells
did not lead to a statistically significant upregulation of glucocorticoid-
inducible leucine zipper (GILZ), a gene known to be highly expressed
following GC treatment [41] (Fig. 1C). In HCT116 cells, GILZ was 5.5-
fold upregulated due to Dex treatment while in CT5.3hTERT cells we
observed an average 70-fold GILZ mRNA upregulation. Additional to
the lack of GR transactivation in HCT8/E11 cells, these cells also did
not display GR-mediated transrepression properties (Supplementary
Fig. 1A-B). The treatment with TNFα led to an upregulation of NFκB-
driven pro-inflammatory molecules, namely ICAM and MCP-1 in HCT8/
E11 cells. However, a co-treatment with Dex did not lead to a sup-
pression of expression of these molecules, in contrast to CT5.3hTERT
cells, where this suppression was well pronounced [42]. The selective
GR modulator (SEGRM) compound A (CpdA), a non-steroidal plant-
derived molecule, yet able to modulate GR favoring its transrepressive

actions [24], displayed a similar pattern as Dex. These combined results
point to a lack of both GR transactivation and GR transrepression ac-
tivities in the GR-deficient HCT8/E11 cells.

3.2. Secretion of MMP-2 by CAFs is affected by Dex-treatment

MMP-2 belongs to the family of matrix metalloproteinases and has
been studied as one of the biomarkers of colorectal cancer [24,33]. In
order to investigate MMP-2's presence in CAF secretomes, we per-
formed western blot analyses, which showed that MMP-2 levels are
decreased in the conditioned medium of these cells following 48 h Dex
exposure (Fig. 2A-B). An MMP-2 activity assay, gelatin zymography,
revealed that the majority of MMP-2 was secreted in an inactive form
(pro-enzyme), as pro-MMP-2 (Fig. 2C). The potential activity of the
MMP-2 pro-enzyme and of the MMP-2 active form decreased in samples
obtained from Dex-treated cells, CMDEX, compared to CMCTRL (Fig. 2C-
D), which is in line with the protein expression status. However, only
the difference in pro-enzyme potential activity obtained statistical sig-
nificance. Although MMP-9 could not be visualized via Western blot
analyses (data not shown), pro-MMP-9 could be visualized via zymo-
graphy at very low signal compared to MMP-2. Pro-MMP-9's potential
activity was also decreased in CMDEX (Fig. 2E).

3.3. Indirect impact of Dex treatment on HCT8/E11 through co-culture with
CAFs affects proliferation but not adhesion of HCT8/E11 cells

To investigate whether Dex treatment could have a CAF-mediated
effect on HCT8/E11 we performed a cell proliferation and cell-to-cell
adhesion assay in a co-culture system. In the proliferation assay
(Fig. 3A), HCT8/E11-luc cells cultured together with CT5.3hTERT CAFs
in a 1:10 ratio, displayed growth inhibition in the presence of Dex
(1 µM, 72 h) compared with solvent control-treated cells. An adhesion
assay using a CAF confluent culture showed that pre-treatment of these
cells with Dex (1 µM, 24 h) did not affect HCT8/E11-luc adhesion to
CAFs and their secreted matrix (Fig. 3B) in comparison to solvent
control-treated cells.

3.4. HCT8/E11 cell proliferation, morphology, and motility are changed
due to exposure to CMDEX compared to CMCTRL

To assess whether the growth-inhibitory effects of Dex-treated CAFs
originate from changes in the CAF secretome, we performed experi-
ments using CAF-derived conditioned medium (CMCTRL) and CM from
Dex-treated CAFs (CMDEX). Via cell viability and metabolic activity
assays (MTT), we observed that neither CMCTRL nor CMDEX impaired
cell survival tested in a confluent culture of HCT8/E11 after 72 h of
treatment (Supplementary Fig. 2). In a cell proliferation experiment
with HCT8/E11-luc cells (Fig. 4A), we observed that both CMCTRL and
CMDEX promoted colon cancer cell growth, compared to the control
treatment with DMEM. However, CMDEX had a significantly weaker
impact than CMCTRL on HCT8/E11-luc growth after 72 h of incubation.
These results are consistent with data obtained from an SRB assay in
which proliferation of the parental HCT8/E11 cell line was assessed in
the presence of CM from CAFs (Fig. 4B). Also in this situation, 72 h
incubation with CM promoted cell growth compared to DMEM, and
effects of CMDEX were less pronounced than those of CMCTRL.

Changes in cell morphology into a stretched, elongated shape are
associated with epithelial-to-mesenchymal transition (EMT) and a
subsequent cell invasion [43]. In an in vitro cell morphology assay on
collagen, HCT8/E11 cells treated with CMCTRL adopted a stretched
morphotype, characteristic for invasive cells (Fig. 4C, Supplementary
Fig. 3). Treatment with CMDEX resulted in a significantly diminished
number of cells with such stretched morphotype. Moreover, cell mor-
phology effects obtained with CMDEX were also observed with CM from
CAFs treated with other GCs, namely FA, Pred and Hcrt (Supplementary
Fig. 4A). Furthermore, although unlikely due to the GR-defective status
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of HCT8/E11 cells, we could rule out direct effects of residual GC in the
CAF-derived CM. The direct addition of Dex to CMCTRL, in order to
mimic the direct potential impact of residual Dex in CMDEX, as expected
did not affect the pro-invasive influence of CMCTRL (Supplementary
Fig. 4B), showing that the effects of CMDEX occur indeed due to changes
in the CAF secretome and not due to residual GC.

As the selective GR modulator compound A (CpdA), is not able to
trigger GR transactivation, we used this GR modulator in the morpho-
type assays to assess whether GR transactivation or GR transrepression
events could lie at the basis of the effect of CAF-derived CM on HCT8/
E11 morphotype changes. When applying CM derived from CpdA-
treated CAFs, (CMCPDA), no difference compared to CMCTRL could be
observed, suggesting indeed GR-mediated transactivation mechanisms
as the basis of changes in CAF-derived CM (Supplementary Fig. 4C).
Nevertheless, GR-mediated non-genomic events cannot be excluded at
this time.

A GC-driven inhibition of HGF and TNC expression in CAFs occur-
ring most likely via GR transactivation events was reported earlier [3].
We assessed whether these changes could be the main cause of the
affected HCT8/E11 cell morphotype changes. However, HCT8/E11
cells seeded on collagen and incubated with CMDEX supplemented with
either HGF (50 ng/ml) or TNC (2 µg/ml) did not display an increased
stretched morphotype above the levels obtained by the treatment with
CMDEX alone (Supplementary Fig. 5A). Combination of both HGF and
TNC added to CMDEX also did not result in a significant restoration of
the stretched morphotype of CM above the CMDEX level. However, a
combined treatment with HGF and TNC did stimulate cell invasion
when cells were incubated in DMEM, confirming their functionality
(Supplementary Fig. 5B).

Increased cell motility facilitates cancer invasion [24,44] and it has
been well-documented that CAFs promote cancer cell migration via
secreted factors [3]. In a migration assay using porous membrane

Fig. 1. HCT8/E11 colon adenocarcinoma cells do not express a functional glucocorticoid receptor (A) mRNA isolated from HCT8/E11, HCT116, and CT5.3hTERT cells was
subjected to RT-qPCR assaying GR mRNA levels. Results were normalized to the respective geometric mean of GAPDH, PPIB, and 36B4 reference genes’mRNA levels. Results are shown as
the mean± SD of three independent experiments and statistical analysis was performed using a one-way ANOVA and Tukey's multiple comparisons post-test. ns: not significant,
***:p<0.001. (B) Total cell lysates obtained from HCT8/E11, HCT116, and CT5.3hTERT cells were subjected to Western Blot analysis for the detection of GR and the loading control
tubulin. Results are representative of at least three independent experiments. (C) HCT8/E11, HCT116, and CT5.3hTERT cells were treated with solvent or Dex (1 µM) for 6 h. Isolated
total mRNA was subjected to RT-qPCR assaying GILZ mRNA levels. Results were normalized to the respective geometric mean of GAPDH, PPIB, and 36B4 reference genes’ mRNA levels.
Results are shown as the mean± SD of three independent experiments and statistical analysis was performed for pairwise comparisons using an unpaired t-test. ns: not significant,
***:p<0.001.
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inserts (Transwell), we observed that the presence of CMCTRL below the
insert favored HCT8/E11 cell migration through the membrane, com-
pared with a DMEM control (Fig. 4D). CMDEX, however, induced colon
cancer cell migration slightly stronger compared to CMCTRL.

Similarly to the co-culture experiments results, CAF-derived CM did
not affect HCT8/E11 cell adhesion to a type I collagen coating (Fig. 4E),
which was measured via cell impedance (xCELLigence). Analysis of the
area under the curve (AUC; Fig. 4F) indicated that HCT8/E11 cells
adhered to the collagen coating evenly, disregarding the treatment with
CAF-derived CMCTRL or CMDEX.

In conclusion, CM from Dex-treated CAFs displayed diminished pro-
invasive and pro-growth potential, but had stronger pro-migratory
properties on HCT8/E11 colon cancer cells, as compared to CM from
the control CAFs.

3.5. Dex treatment inhibits tumor formation in vivo

The in vivo chorioallantoic membrane (CAM) assay is widely used
as a model for tumor development, invasion, and angiogenesis [8].
HCT8/E11 cells seeded together with CT5.3hTERT CAFs in a drop of
Matrigel were able to form tumors (Fig. 5A). Application of Dex (1 µM)

for 5 days affected tumor shape, resulting in less spherical tumors
(Fig. 5B). Moreover, in Dex-treated tumors a significant inhibition of
cancer cell infiltration into CAM's mesenchymal layer was observed
(Fig. 5C).

4. Discussion

Recruited by cancer cells at the invasion front, stromal myofibro-
blasts, also known as cancer-associated fibroblasts (CAFs), are proven to
promote cancer progression [45]. Recent findings show that radio-
therapy and chemotherapy affect cancer microenvironments, leading to
the release of certain stromal-derived cancer-promoting factors and
subsequent therapy resistance [10]. In the current study, we have
shown that glucocorticoid (GC)-treated CAFs, besides previously de-
scribed diminished pro-angiogenic properties [12,46], have ad-
ditionally an impaired ability to promote cancer cell growth and in-
vasion and an increased ability to promote cell migrattion, as compared
to the non-treated CAFs. These results suggest that GCs could be helpful
in neutralizing the negative effects of activated stroma and possibly also
counteract therapy resistance, including the environment-mediated
drug resistance (EMDR).

Fig. 2. MMP-2 expression and potential activity is decreased in the conditioned medium from Dex-treated CAFs (A, B) CT5.3hTERT cells were treated with solvent or Dex (1 µM)
in serum-free DMEM. After 48 h cell supernatants were collected and 10-fold concentrated. Such prepared conditioned medium samples (CMCTRL and CMDEX) were subjected to (A, B)
western blot analysis for the detection of MMP-2 and (C, D, E) gelatin zymography for detection of MMP-2 and MMP-9 potential activity. Signal quantification was performed using
ImageJ software. Images (A, C) are representative of 4 independent experiments. Results (B, D, E) are shown as the mean± SD of four independent experiments and statistical analysis
was performed using an unpaired t-test. ns: not significant, **:p< 0.01, *:p< 0.05.
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As previously reported, following a GC treatment, CAFs display a
decreased expression and subsequent secretion of tenascin C (TNC),
hepatocyte growth factor/scatter factor (HGF/SF), and several other
factors associated with cancer proliferation, invasion and/or angio-
genesis [25]. Furthermore, the reduced amounts of secreted TNC and
HGF in the condition medium from Dexamethasone (Dex)-treated CAFs
(CMDEX) correspond with decreased pro-invasive potential of CMDEX,
reflected by a diminished number of HCT8/E11 colon cancer cells with
acquired stretched morphotype on type I collagen [24,25]. Although
our data and literature support give a strong argument that GC-medi-
ated decrease of TNC and HGF in CAF-derived CM could be responsible
for diminished pro-invasive effects of the CMDEX, the addition of re-
combinant TNC and HGF proteins to CMDEX did not restore the stret-
ched morphotype of HCT8/E11 cells up to the levels obtained with CM
from solvent-treated CAFs (CMCTRL). These data suggest that HGF and
TNC are not sole players in the observed phenomena and point to the
co-involvement of other factor(s) sensitive to GC treatment. In our
current study, we extended these findings by showing that other mo-
lecules important for cancer progression, namely the extracellular ma-
trix (ECM) proteinases MMP-2 and MMP-9 are affected in CAF CM after
treatment with Dex, resulting in reduced expression level or potential
activity. MMP-2 is known to affect cell morphology and motility via
cleavage of adhesion molecules [24,28] and via proteolytic degradation
of matrix proteins, limiting cell-surface interactions [47]. In line, MMP-
2, but not MMP-9, was previously reported to cleave type I collagen
[48]. Table 2 lists reported to date GC-sensitive factors secreted by
colon cancer-derived CAFs and the corresponding GC-mediated effects.

Importantly, cell migration and invasion mechanisms, inherent
processes during cancer progression, depend greatly on the cell type
and surrounding tissue environment [49]. Cells with a round (amoe-
boid) morphology, migrate by adapting their shape, which enables
them to squeeze through gaps or narrow spaces [50]. We observed that
this amoeboid-like phenotype is preferred when HCT8/E11 colon
cancer cells are treated with CMDEX. On the other hand, a spindle-
shaped, elongated morphotype, which relies on actin cytoskeleton po-
larization, formation of extensions, and intensified protease-dependent

ECM degradation, forms the well-described reaction of HCT8/E11 cells
to treatment with the CMCTRL [50]. Although both types of cell mi-
gration are common and essential during cancer progression, the single
amoeboid cells form the fastest migratory phenotype, thus, considering
the role of cell motility in metastasis formation, the accelerated cancer
cell migration induced by CMDEX could promote cancer cell dis-
semination [28,39,50]. Although previous studies showed that direct
effects of GCs on GR-responsive colon cancer cells caused inhibition of
cell migration and invasion [50,51], the indirect effects via CAFs could
counteract this motility inhibition, or even enhance it in cancer cells
lacking a functional GR. Nevertheless, in the more complex, in vivo
chick chorioallantoic membrane (CAM) model, overall effects of GC
treatment seemed to inhibit cancer cell progression. HCT8/E11 colon
cancer cells applied together with CT5.3hTERT CAFs formed spherical,
invasive tumors, but the treatment with Dex led to a decreased cancer
cell infiltration into the CAM's mesenchymal layer, as well as to strongly
reduced tumor sphericity. Lack of a functional GR in cancer cells sug-
gests that Dex-induced growth inhibition and impaired invasion origi-
nate from the added CAFs, which upon Dex treatment secrete a mod-
ified cocktail of factors, resulting in inadequate growth- and invasion-
stimulatory signals compared to the solvent-treated CAFs. Although
these results seem promising, testing metastasis formation in the CAM
model is impossible, therefore, xenograft mouse models would be more
suitable to evaluate the long-term effects of GC treatment on colon
cancer cells invasion and migration.

Our model of GR-deficient HCT8/E11 cancer cells allowed us to
limit GC-mediated effects to CAFs (in vitro) and other stromal cells (in
vivo). However, the indirect effects of GCs via CAFs on GR-responsive
cancers must certainly also be taken into account. Importantly, the
recent studies in various cancer cell lines, surgical resections and xe-
nografts revealed GC-mediated protection of cancer cells against the
cytotoxic therapies. The mechanism behind this therapy resistance was
linked to GC-driven, most probably GR-mediated protection from
apoptosis [52,53]. Nevertheless, the beneficial aspects of GC-treatment
in various cancer cell types were also reported. In the glioblastoma
cells, Dex decreased MMP-2 secretion and invasiveness of these cells via

Fig. 3. In the co-culture system, Dex treatment indirectly affects HCT8/E11 growth, but not cell adhesion to a monolayer of CAFs (A) HCT8/E11-luc cells were seeded together
with CT5.3hTERT CAFs in a 1:10 ratio and treated with solvent or Dex (1 µM) for 72 h. Signal quantification was performed via bioluminescent imaging (IVIS). (B) CT5.3hTERT cells were
treated with solvent or Dex (1 µM). After 24 h HCT8/E11-luc cells were seeded on top of the CAF monolayer and 24 h later signal quantification of HCT8/E11-luc cells was performed via
bioluminescent imaging (IVIS). (A, B) Images are visualizations of representative wells of each condition displayed as a bioluminescence activity heat-map. Solvent conditions were set at
1 and the Dex condition was recalculated accordingly. Results are shown as the mean± SD of three independent experiments and statistical analysis was performed using an unpaired t-
test. ns: not significant, ***:p< 0.001.
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an MKP-1-mediated mechanism [54]. Similar anti-invasive properties
of GC treatment were observed in bladder cancer cells and were ac-
companied by reduced expression of MMP-2, MMP-9, IL-6 and VEGF.
Although the anti-apoptotic properties of GCs were also noted in case of
these cells, in the in vivo model GC-treated tumors were in general less
aggressive [55]. Moreover, in two recent studies GCs were shown to
counteract TGFβ- and hypoxia-induced EMT in colon cancer cells [56].
Therefore, it seems that depending on the target cells, GCs can have
different effects ranging from detrimental to positive, which points to
the importance of an individual approach in planning cancer treatment.

In conclusion, our findings show that GCs, besides their present role
during cancer therapy, might have an additional beneficial effect in
colon cancer treatment indirectly via their impact on the activated
stroma. GCs could neutralize the negative, pro-aggressive effects of
CAFs on cancer cells, by modulating factors secreted by these cells.

Fig. 4. CMDEX has a diminished potential to stimulate HCT8/E11 cell growth and stretched morphotype but can increase cell motility, as compared to CMCTRL (A) HCT8/E11-
luc cells were cultured with serum-free DMEM, CMCTRL or CMDEX for 72 h and signal quantification was performed by bioluminescent imaging (IVIS). Images are visualizations of
representative wells of each condition displayed as a bioluminescence activity heat-map. The DMEM control condition was set at 1 and the other conditions were recalculated accordingly.
(B) HCT8/E11 cells were treated with serum-free DMEM, CMCTRL or CMDEX for 24 h, 48 h, and 72 h and subjected to an SRB assay. The serum-free DMEM control condition at 72 h was set
at 1 and the other conditions were recalculated accordingly. (A, B) Results are shown as the mean± SD of three independent experiments and statistical analysis was performed using a
one-way ANOVA and Tukey's multiple comparisons post-test. *:p<0.05, ***:p< 0.001. (C) HCT8/E11 cells were treated with serum-free DMEM, CMCTRL or CMDEX and under those
conditions, subjected to a cell morphology assay on collagen for 24 h. Results are shown as scatter plots with means of at least three independent experiments and statistical analysis was
performed using a Mann-Whitney test. **:p< 0.01, ***:p<0.001. (D) HCT8/E11 cells were seeded in serum-free DMEM in Transwell inserts and the inserts were placed in wells
containing DMEM, CMCTRL or CMDEX. After 24 h migrated cells were stained with DAPI and the number of cells per microscopic field (10× magnifications) was counted. Results are
shown as box plots with the mean of three independent experiments, with whiskers indicating min and max values. Statistical analysis was performed using a Mann-Whitney test.
**:p< 0.01. (E, F) HCT8/E11 cells were seeded on type I collagen-coated E-16 plates and treated with serum-free DMEM, CMCTRL or CMDEX. Cell adhesion was measured via cell
impedance on an xCELLigence system for 60 min. The area under the curve (AUC) was calculated for each replicate of each condition. Results are shown as the mean± SD of three
independent experiments and statistical analysis was performed on AUC using a one-way ANOVA and Tukey's multiple comparisons post-test. *:p< 0.05, ***:p< 0.001.

Fig. 5. Dex treatment inhibits tumor formation in vivo (A, B, C) HCT8/E11 cells and CT5.3hTERT CAFs were seeded in Matrigel drops on the CAM of 9 day-old chick embryos and
treated with solvent or Dex (1 µM) for 48 h and then re-treated for another 72 h. Five days post seeding, tumors were examined under the stereomicroscope, fixed, embedded in paraffin
and subjected to hematoxylin-eosin staining. (A) Black arrows indicate CAM's mesenchyme; white arrows indicate clusters of cancer cells. Tumors were scored for (B) sphericity and (C)
cancer cell infiltration in a scale from 1 to 5. Results (B, C) are shown as the mean± SD of four independent experiments and statistical analysis was performed using an unpaired t-test.
***:p<0.001.

Table 2
List of GC-sensitive factors detected in colon cancer-derived CAFs’ secretome in current
and previous studies (c.s. – current study).

Factor GC-mediated effects

Angiogenin Increased mRNA and protein levels [52,53]
ANGPTL-2 Decreased mRNA and protein levels [44]
HGF/SF Decreased mRNA and protein levels [44]
MMP-2 Decreased protein levels and potential

activity [c.s.]
MMP-9 Decreased potential activity [c.s.]
Prostaglandins (PGF2α, PGI2, PGE2) Decreased concentration [24]
Tenascin C Decreased mRNA and protein levels [44]
TGFβ Decreased mRNA and protein levels [24]
uPa Decreased mRNA and protein levels [24]
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These combined factors contribute, directly or indirectly but collec-
tively, to observed effects on cancer cell growth and invasiveness.
Therefore, further studies on the endogenous and treatment-affected
CAF secretomes are needed to decipher this complex mechanism.
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