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Colorectal cancer cell-derived microRNA200 modulates the
resistance of adjacent blood endothelial barriers in vitro
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Abstract. Since cancer cells, when grown as spheroids, display
drug sensitivity and radiation resistance patterns such as seen
in vivo we recently established a three-dimensional (3D)
in vitro model recapitulating colorectal cancer (CRC)-triggered
lymphatic endothelial cell (LEC)-barrier breaching to study
mechanisms of intra-/extravasation. CRC metastasizes not only
through lymphatics but also through blood vessels and here we
extend the 3D model to the interaction of blood endothelial
cells (BECs) with naive and 5-fluorouracil (5-FU)-resistant
CRC CCL227 cells. The 3D model enabled quantifying
effects of tumour-derived microRNA200 (miR200) miR200a,
miR200b, miR200c, miR141 and miR429 regarding the
induction of so-called ‘circular chemorepellent-induced
defects’ (CCIDs) within the BEC-barrier, which resemble
gates for tumour transmigration. For this, miR200 precursors
were individually transfected and furthermore, the modulation
of ZEB family expression was analysed by western blotting.
miR200c, miR141 and miR429, which are contained in
exosomes from naive CCL227 cells,downregulated the expres-
sion of ZEB2, SNAI and TWIST in BECs. The exosomes of
5-FU-resistant CCL227-RH cells, which are devoid of miR200,
accelerated CCID formation in BEC monolayers as compared
to exosomes from naive CCL227 cells. This confirmed the
reported role of ZEB2 and SNAI in CRC metastasis and high-
lighted the active contribution of the stroma in the metastatic
process. CCL227 spheroids affected the integrity of BEC and
LEC barriers alike, which was in agreement with the observa-
tion that CRC metastasizes via blood stream (into the liver)
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as well as via lymphatics (into lymph nodes and lungs). This
further validated the CRC/LEC and CRC/BEC in vitro model
to study mechanisms of CRC spreading through vascular
systems. Treatment of CCL227-RH cells with the HDAC
inhibitors mocetinostat and sulforaphane reduced CCID
formation to the level triggered by naive CCL227 spheroids,
however, without significantly influencing miR200 expression
in CCL227-RH cells.

Introduction

The formation of metastases comprises multiple sequential
steps by which malignant cells disseminate from the primary
tumour, invade the surrounding stroma, breach the vascula-
ture, travel through the fluids, extravasate and colonise distant
organs (1). Colorectal cancer (CRC) and breast cancer colonise
distant organs through the lymphatic vasculature. Whereas
CRC frequents also blood vessels for metastatic spreading, it
is widely accepted that this route in not common for breast
cancer. A validated in vitro assay recapitulates the preference
of breast cancer cell spheroids to breach the lymphatic endothe-
lial cell (LEC) barrier but not the blood endothelial cell (BEC)
barrier (2). The quantitative assay was further developed to
study the malignant potential of CRC spheroids formed by
CCL227 cells, or by the 5-fluorouracil (5-FU)-resistant (5-FU is
a standard drug for CRC treatment) subclone CCL227-RH (3),
to study breaching of the BEC barrier and to define poten-
tial intervention strategies. Acquisition of drug resistance is
a complex process that profoundly alters gene expression at
the genetic and epigenetic level and impacts on cell behaviour
such as epithelial-to-mesenchymal transition (EMT) and cell
mobility. Reportedly, 5-FU-resistant CRC cells breach LEC
barriers significantly faster than naive CRC cells (4). This is due
to low levels of microRNA200 (miR200) in those exosomes
secreted by 5-FU-resistant CCL227-RH cells (5). The
exosome-encapsulated miR200 family includes five members
encoded by two genes on chromosome 1 (miR200b, miR200a,
miR429) and chromosome 12 (miR200c, miR141) (6) which
downregulate the expression of the ZEBs and are inducers
of EMT being a key process associated with the progression
of CRC (7,8). CRC-derived miR200 is taken up by adjacent
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LECs, which suppresses ZEB transcription factors thereby
reducing plasticity and migration of LEC and slowing down
the formation of gates within the LEC barrier through which
the tumour can traverse (4). Therefore, metastasis formation
is not only an active process of the malignant cell, but also an
orchestrated and transient takeover of the endothelial barrier.

Since CRC colonises distant organs through both,
lymphatics and blood vessels, we attempted to further validate
the new CRC model and tested how BECs respond to naive
and resistant CRC spheroids and examined which of miR200
family members impose the strongest effect on the ZEB
expression in BECs.

Materials and methods

Reagents and antibodies. Sulforaphane was from Sigma-
Aldrich Chemie GmbH (Munich, Germany; R,S-sulforaphane,
aracemic mixture of R and S isomers; the R isomer is biologi-
cally active), mocetinostat was from Chemietek (Indianapolis,
IN, USA). Rabbit anti-zinc finger E-box-binding home-
obox 1 (ZEBI), and goat anti-SLUG were from Santa Cruz
Biotechnology, Inc. (Heidelberg, Germany). Rabbit anti-ZEB2
was from Merck Millipore (Darmstadt, Germany), mouse
anti-VE-cadherin was from Beckman Coulter (Fullerton,
CA, USA), rabbit anti-TWIST was from Abcam and rabbit
anti-SNAI was from Cell Signaling Technology, Inc. (Danvers,
MA, USA). Monoclonal mouse anti-B-actin (clone AC-15)
was from Sigma-Aldrich Chemie GmbH and peroxi-
dase-conjugated polyclonal swine anti-rabbit IgG (1:5,000),
peroxidase-conjugated polyclonal rabbit anti-mouse IgG
(1:10,000), peroxidase-conjugated polyclonal rabbit anti-goat
IgG (1:10,000) were from DakoCytomation (Glostrup,
Denmark).

Cell culture. The CRC cell line CCL227 (lymph node
metastasis) was purchased from the American Type Culture
Collection (Rockville, MD, USA). From this cell line the
highly 5-FU-resistant subclone CCL227-RH (resistant against
125 uM 5-FU) was selected by continuous addition of 5-FU
over a period of time. Only when used for experiments
5-FU was withdrawn from cell cultures several days before.
All cells were grown in RPMI-1640 medium supplemented
with 10% heat-inactivated fetal calf serum, 25 mg/ml genta-
mycin (G418) (all from Gibco, Karlsruhe, Germany) and
maintained in humidified atmosphere containing 5% CO, at
37°C. The subclone CCL227-RH was continuously grown in
the presence of 5-FU. Telomerase-immortalised human BECs
were grown in EGM-2 MV (EBM2-based medium CC-3156
and supplement CC-4147; Clonetics, Allendale, NJ, USA) and
G418. BECs were generated from human dermal microvas-
cular endothelial cells (C-12260) obtained from PromoCell
GmbH (Heidelberg, Germany) and telomerase-immortalized
as described earlier (9).

Spheroid formation. A total of 2x10* cells/ml (2,000
cells/spheroid) of the cell lines CCL227 or CCL227-RH was
transferred to RPMI medium containing 20% methylcellulose
solution (final concentration 0.3%). One hundred and fifty
microliters of this cell suspension was added to each well
of a 96-well plate (CELLSTAR 650185; Greiner Bio-One,
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Kremsmiinster, Austria) and centrifuged 15 min at 1,200 rpm
to allow spheroid formation within 6 days at 37°C and 5% CO,.
To generate more stable and compact spheroids 1.7% Matrigel
was added.

Circular chemorepellent-induced defect (CCID) assay. In
this assay the sizes of the cell-free areas forming directly
underneath the CRC cell spheroids in the endothelial mono-
layer (CCIDs) were measured. BECs were seeded into 24-well
plates and grown to ~90% confluence. Then, they were incu-
bated with a 1:5,000 dilution of cyto-tracker green (Molecular
Probes Life Technologies, Carlsbad, CA, USA) for 1 h in
EGM2V medium. Spheroids were washed and transferred to
the cyto-tracker-stained BEC monolayer. After 3 h of co-culti-
vation, the size of CCID areas underneath CRC cell spheroids
were photographed using a fluorescence microscope Axiovert
and calculated with the AxioVison Rel. 4.8 program (both
from Carl Zeiss AG, Jena, Germany). The CCID areas under-
neath 10 or more spheroids were measured.

Spheroid treatment with inhibitors. CRC cell spheroids were
collected and washed twice with fresh medium to remove
methylcellulose. Then the spheroids were pre-treated with
different inhibitors for 30 min in 1 ml EGM2V medium. All
inhibitors were dissolved fresh in DMSO and diluted to the
indicated final concentrations. The DMSO concentration of
0.1% was kept constant. Afterwards, 1 ml medium and spher-
oids were transferred to confluent cyto-tracker-stained BEC
monolayers and incubated for 3 h.

Western blotting. BECs were seeded in T-25 flasks and grown
until 80% confluence. BECs were either transfected with the
miR200 family precursors (5 nM of miR200a, miR200b,
miR200c, miR141, and miR429) for 24 h or treated with drugs
for 0.5, 1, 2, 4 h. Then, cells were washed twice with cold
PBS, placed on ice and lysed with the 2X SDS lysis buffer and
sonication on ice. The protein concentration was determined
by Bio-Rad assay and measured with a photometer at 260 nm.
Equal protein amounts were mixed with 5X loading dye and
lysis buffer to a final volume of 20 ul, denatured at 95°C for 5 min
and electrophoretically separated by 10% polyacrylamide SDS
gels, electrotransferred to PVDF membranes (GE Healthcare
Life Sciences, Little Chalfont, UK) as described earlier (10) and
immunoblots were visualized using ECL detection kit (Thermo
Scientific, Portsmouth, IL, USA) and Amersham Hyperfilm
(GE Healthcare, Buckinghamshire, UK).

MicroRNA transfection. BECs were transfected using siPORT
NeoFX (Ambion Life Technologies, Carlsbad, CA, USA) at a
confluence of ~80%. CRC cell spheroids were cultivated for
6 days when they were transfected. All microRNA precur-
sors (miR200a, miR200b, miR200c, miR141, miR429) and
non-targeting control RNA were diluted (in 100 pl) to a final
concentration of 5 nM in RPMI or EGM2V without serum
and antibiotics. A total of 10 ul siPORT reagent was mixed
with 90 pl of RPMI and mixed 1:1 with the diluted microRNA
solution. Thereafter, the solution was incubated for 10 min at
room temperature. The mixture was gently added to either the
cells or the spheroids in 2.3 ml RPMI medium and after 24 h
the medium was changed to complete RPMI medium.
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Figure 1. Distinct malignant properties of naive CCL227 and 5-FU-high resistant CCL227-RH colon cancer phenotypes. Comparison of spheroid-induced
CCID formation in (A) LEC and (B) BEC monolayers after 0.5, 1, 1.5 and 2 h; (n=3). (C) CCL227 and (D) CCL227-RH spheroids were each pre-incubated
with 100 ug exosomal protein derived from naive (Ex) and resistant (Ex®") CCL227 cells for 30 min and co-cultivated with BECs for 4 h and then CCID
formation was measured; (n=3). Error bars indicate means + SEM and asterisks indicate significance compared to control or to the experimental points
connected by brackets (p<0.05; Student's t-test). 5-FU, 5-fluorouracil; CCID, circular chemorepellent-induced defect; LEC, lymphatic endothelial cell; BEC,

blood endothelial cells.

Isolation of exosomes. CRC cells were grown in a T-75 flask
until ~80% of confluence. Afterwards, cells were washed
with PBS and kept in RPMI without FCS and antibiotics
for 24 h when the medium was changed to RPMI with 10%
exosome-free FCS for further 24 h to allow exosome produc-
tion. Thereafter, the supernatant was collected, centrifuged at
3,000 x g for 15 min and transferred to a new 15-ml tube.
The exosomes in the supernatant were isolated using 2 ml
ExoQuick-TC (System Biosciences, Mountain View, CA, USA)
per 5 ml supernatant and pelleted at 1,500 g, 4°C for 30 min
and washed twice. Afterwards the pellet was resuspended in
10-100 p1 DEPC water. The exosomal protein concentration
was measured with a photometric protein assay (Bio-Rad,
Hercules, CA, USA).

Statistical analysis. Dose-response curves were analysed
using Excel 2013 software and GraphPad Prism 6 software
package (GraphPad, Software, Inc., San Diego, CA, USA). The
values were expressed as means + SEM and significance was
calculated by Student's t-test and ANOVA (statistical signifi-
cance p<0.05).

Results

Comparison of the in vitro responses of LECs and BECs to
CRC clones. MCF-7 and MDA-MB231 breast cancer spher-
oids trigger the retraction of adjacent LEC monolayers which
causes the formation of CCIDs (10,11). A similar centrifugal
migration of LECs and BECs was seen in the CRC model and
time-course experiments were performed to investigate the
activity of CCL227 spheroid-triggered breaching of the beneath
growing LEC and BEC barriers. 5-FU treatment of CRC causes
the development of drug resistance and also the aggressiveness
of tumours increases. Therefore, it was investigated whether
spheroids of the highly 5-FU-resistant CCL227-RH subclone
exhibited an elevated potential in breaching endothelial barriers
as compared to naive CCL227 spheroids. In fact, CCL227-RH
spheroids triggered CCID formation of underneath growing
LEC and BEC monolayers significantly faster than naive
CCL227 spheroids (Fig. 1A and B). In detail, CCL227-RH
spheroids time-dependently induced larger CCIDs than CCL227
spheroids in LECs (~15% after 0.5 h, ~35% after 1 h and ~20%
after 1.5 h) and in BECs (~15% after 0.5 h and ~25% after 1 h).
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Figure 2. Effect of miR200 family members on the expression of EMT markers and CCID formation. (A) Expression of the EMT-related transcription
factors ZEB1, ZEB2, SNAI, TWIST and of VE-cadherin in BECs, which were transfected with 5 nM miR200 family precursors or non-targeting control,
was analysed by western blotting. (B) 5-FU-resistant CCL227-RH spheroids were separately transfected with 5 nM miR200a, miR200b, miR200c, miR141
and miR429 precursors or non-targeting control RNA (Co) and placed on the BEC monolayer and CCID formation was measured; (n=3). Error bars indicate
means + SEM and asterisks indicate significance (p<0.05; Student's t-test). miR200, microRNA200; EMT, epithelial-to-mesenchymal transition; CCID,
circular chemorepellent-induced defect; ZEBI, zinc finger E-box-binding homeobox 1; BECs, blood endothelial cells; 5-FU, 5-fluorouracil.

During the acquisition of 5-FU drug resistance CCL227-RH
cells have lost the expression of miR200 family members,
which are otherwise packed into exosomes and released
from naive CCL227 cells (4). Hence, exosomes derived from
CCL227 cells are rich in miR200, whereas CCL227-RH
exosomes are depleted (5). miR200 family members down-
regulate ZEBs, induce E-cadherin, reduce migration and limit
EMT (12,13). The downregulation of ZEB1 and upregulation
of VE-cadherin in LECs was shown to correlate with reduced
CCID formation triggered by MCF-7 spheroids (14). Therefore,
we assumed that miR200-enriched exosomes, which are shed
by CRC cells, act as potential modulators of BEC mobility and
focussed on their effects on CCID formation in BEC mono-
layers. When naive CCL227 spheroids were pre-incubated
with exosomes derived from resistant CCL227-RH cells
an increase of CCID formation (~20%) was observed after
4 h (Fig. 1C). We think that this effect was due to a dilution
of miR200-containing exosomes of naive CCL227 cells by
miR200-depleted exosomes from 5-FU-resistant CCL227-RH
cells. Reciprocally, the pre-incubation of CCL227-RH spher-
oids with exosomes collected from CCL227 cells, which are
rich in miR200 (4,5), reduced the CCID-forming potential of
the CCL227-RH clone by 20% (Fig. 1D) and this was most
likely due to a concentration effect of miR200-enriched
exosomes sticking to the spheroid surface.

The miR200 family inhibits ZEB transcription factor expres-
sion and CCID formation in BECs. Members of the miR200
family comprising miR200a, miR200b, miR200c, miR141
and miR429 regulate EMT (6). To examine which of these
members impose the strongest effect on the ZEB family of
transcription factors in BECs, 5 nM miR precursors were
separately transfected and the expression of ZEB1, ZEB2,
SNAI, TWIST (SLUG was not expressed) and VE-cadherin
was analysed by western blotting (Fig. 2A). The immunoblots
indicated a repression of ZEB1, ZEB2, SNAI and TWIST
upon transfection of all five miR200 family members.
ZEBI1 was repressed by miR200a and miR200b, TWIST

was inhibited upon transfection with miR200c and miR141,
whereas ZEB2 and SNAI were most effectively inhibited by
miR200c, miR141 and miR429. VE-cadherin expression was
almost unaffected in BECs and similar to that in LECs (4).
Since CRC-derived miR200c, miR141 and miR429 were
the strongest suppressors of ZEB2 and SNAI in BECs, we
focussed on the stromal effects of these transcription factors
and how this influenced CCID formation in the CRC/BEC
model. For this, resistant CCL227-RH spheroids were
transfected with the individual precursor microRNAs and
placed on BEC monolayers. miR200c, miR141 and miR429
inhibited CCID formation significantly (30, 20 and 20%,
respectively), whereas miR200a and miR200b induced CCID
formation (Fig. 2B). This suggested that inhibition of ZEBI
by miR200a and miR200b did not play a role in stabilising
the BEC barriers, whereas miR200c, miR141 and miR429,
which inhibited ZEB2 and SNAI in BECs, attenuated their
disintegration.

Drug-dependent inhibition of CRC spheroid-triggered disin-
tegration of BEC barriers. It was reported that loss of histone
acetylation during CRC development correlates with advanced
tumour stage and tumour invasion, because a reduction in
global acetylation of histone H4 was observed in 80% of colon
carcinomas and 39% of adenomas (15). Hence, HDAC inhibi-
tors are receiving increasing interest as chemopreventive and
chemotherapeutic agents. With the goal to re-express miR200
family members and to reduce malignancy the CRC/BEC
model was tested with the class | HDAC inhibitor mocetinostat
and with the HDAC inhibitor sulforaphane, which is a natural
secondary metabolite present mostly in cruciferous vegetables
and in particularly high quantity in broccoli sprouts (15,16).
Thus, CCL227 and CCL227-RH spheroids were pre-treated
with mocetinostat and sulforaphane for 20 min and then
placed on BEC monolayers to analyse CCID formation. The
migration of BECs, induced by CCL227 and CCL227-RH
spheroids, was reduced by mocetinostat and sulforaphane in
a dose-dependent manner. Both compounds were non-toxic
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Figure 3. Inhibition of CCID formation by the HDAC inhibitors mocetinostat and sulforaphane. (A and C) Naive CCL227 or (B and D) 5-FU-resistant
CCL227-RH spheroids were placed on BEC monolayers and co-cultivated for 3 h either with medium alone and solvent (DMSO; Co) or with increasing
concentrations of (A and B) mocetinostat and (C and D) sulforaphane when CCID areas underneath the spheroids were measured (n=2; 10 technical replicates).
Error bars indicate means + SEM and asterisks indicate significance (one-way ANOVA; p<0.05). CCID, circular chemorepellent-induced defect; 5-FU,

5-fluorouracil; BEC, blood endothelial cell.

during the treatment time at the used concentrations (data
not shown). Mocetinostat inhibited CCL227-RH-induced
CCIDs more efficiently (30, 35 and 40%) than CCIDs induced
by CCL227 spheroids (20, 25 and 30%) (Fig. 3A and B). In
contrast, sulforaphane, which was less active than mocetino-
stat, inhibited CCL227-RH-induced CCID formation by only
20% and CCL227-induced CCIDs by 20-25% (Fig. 3C and D).

Discussion

The present study investigated the response of BECs upon
contact with naive CRC spheroids or with spheroids consisting
of high 5-FU-resistant CRC cells and confirmed earlier data
showing that the mobility of LECs was increased in the
neighbourhood of aggressive 5-FU-resistant CRC-RH cells as
compared to less aggressive naive CRC cells (4). Furthermore,
the CRC/LEC and CRC/BEC in vitro models recapitulated the
pathologic situation in which CRC spreads through lymphatics
as well as through blood vessels. In contrast, it was demon-
strated that LEC barriers were about five times more sensitive
to breast cancer spheroid-induced CCID formation than BEC
barriers resembling the metastatic route of breast cancer cells
through lymphatics rather that blood vessels (2). Altogether,
these findings underscore the validity of the three-dimen-
sional (3D) CCID assay as a tool to study tumour breaching
through the endothelial vasculature in vitro.

Recently, it was reported that CCL227 cells secrete
exosomes containing miR200 family members whereas the
exosomes of 5-FU-resistant CCL227-RH cells are virtually
free of miR200, and that miR200c inhibits CCID formation in
the CRC/LEC model (4). Here we demonstrate that miR200c,
miR141 and miR429 (but not miR200a and miR200b) inhibit
CCID formation also in the CRC/BEC model. In BECs
miR200c, miR141 and miR429 inhibited ZEB2 and SNAI
most effectively. SNAI plays a key role in invasion and metas-
tases of CRC, which is driven by the TGF-1/SMAD signalling
pathway (17). Furthermore, SNAI specifically represses
vitamin D receptor, which itself mediates antitumour action
and is lost in progressive CRC (18). Upon SNAI-induced
EMT the synthesis of ZEB2 is upregulated (19) and miR132
(which does not belong to the miR200 family) inhibits CRC
invasion and EMT by targeting ZEB2 (20). Hence, SNAI
and ZEB2 significantly contribute to EMT, endothelial
breaching and metastasis of CRC. Cells in the invasive front
of colorectal tumours that have lost expression of the miR200
family members are more likely to intravasate into the blood
or lymphatic system (6). Hence, malignant progression was
attenuated through horizontal transfer of miR200c, miR141
and miR429 to an alien cell type. The downregulation of ZEBs
upon transfection of miR200 family members into BECs
was almost similar compared to LECs (4). As an exception,
miR200a and miR200b did not influence ZEB2 expression
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and miR200c inhibited SNAI expression only weakly in
LECs, whereas ZEB2 and SNAI were inhibited by these
microRNAs in BECs. We cannot explain the inducing effect
of miR200a and miR200b on CCID formation but it seems
that gene regulation by these microRNAs is more complex
than expected. Unlike the negative regulation of E-cadherin
by ZEBs in epithelial cells, VE-cadherin was not suppressed
by ZEBs in endothelial cells, which was supported by the fact
that knockdown of ZEBI did not influence the expression of
VE-cadherin in LECs (14). Therefore, other mechanisms must
have been involved in the regulation of VE-cadherin in BECs.

The class I HDAC inhibitor mocetinostat was shown to
lead to a re-expression of miR200 family members which
re-establishes sensitivity to gemcitabine-induced apoptosis
of otherwise treatment-resistant pancreatic cancer cells (21).
Acetylation/deacetylation events go hand in hand also with
DNA methylations/demethylations, which was recently
observed for the miR141 and miR200c loci in vitro and
in vivo (22). Currently mocetinostat is studied in 17 clinical
trials (https://clinicaltrials.gov/ct2/results?term=mocetinostat
&Search=Search).

Sulforaphane is also reported to cause a global increase
in histone H3 and H4 acetylation in HT-29 CRC cells similar
to mocetinostat in pancreatic cancer cells (23). This led to
the assumption that mocetinostat and sulforaphane might
upregulate miR200 in BECs and influence CCID formation.
The short treatment time with mocetinostat (~3.5 h) seemed
to exclude an epigenetic rearrangement of the chromatin
as being causal for miR200 re-expression and for reduced
aggressiveness. Nevertheless, it was shown that a single oral
dose of sulforaphane was sufficient to inhibit HDAC activity
and rearrange chromatin in mouse colon causing an increase
in acetylated histones after 6 h (16) and the activation of the
promoter regions of p2/ and Bax genes implicates epigenetic
alterations within such a short treatment period (15). Hence,
also short treatment time allows the re-expression of silenced
genes. However, neither mocetinostat nor sulforaphane
caused a significant change in the expression of miR200a,
miR200b, miR200c, miR141 and miR429. Therefore, the
inhibition of CCIDs upon treatment with mocetinostat and
sulforaphane was independent of their anticipated effect on
miR200 expression. Sulforaphane was shown in Caco-2 cells
to exert also another pharmacologic activity, i.e., the induc-
tion of UGT1A1 and GSTAI transcription (detoxification
enzymes) (24). As the disintegration of BEC barriers in vitro
was attenuated by sulforaphane, which can be consumed by
eating broccoli sprouts in quantities that change the expression
in human PBMCs in vivo (16) and suppresses tumorigen-
esis in rodents (15), and by mocetinostat currently tested in
clinical trials, both compounds may provide a tool to support
endothelial integrity. Whether miR200 expression has diag-
nostic/therapeutic impact regarding the development of drug
resistance of CRC remains to be established.
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