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ABSTRACT

There is increasing evidence that cancers are heterogeneous and contain a hierarchical organization
consisting of cancer stem cells and their differentiated cell progeny. These cancer stem cells are at the
core of the tumor as they represent the clonogenic cells within a tumor. Moreover, these cells are
considered to contain selective therapy resistance, which suggests a pivotal role in therapy resistance and
tumor relapse. Here we show that differentiated cells can re-acquire stemness through factors secreted
from fibroblasts. This induced CSC state also coincides with re-acquisition of resistance to chemotherapy.
Resistance induced in newly formed CSCs is mediated by the anti-apoptotic molecule BCLXL and
inhibition of BCLXL with the BH3 mimetic ABT-737 sensitizes these cancer cells toward chemotherapy.
These data point to an important interplay between tumor cells and their microenvironment in the

regulation of stemness and therapy resistance.

Introduction

Over the last decade it has become increasingly clear that a vari-
ety of cancers is hierarchically organized and cancer stem cells
(CSCs) can be found at the top of this hierarchy. CSCs are, in
contrast to their differentiated daughter cells, highly tumorigenic
and besides their self-renewal capacity CSCs can differentiate in
more differentiated cell types.' In colorectal cancer CSCs were
identified by 2 independent groups that made use of an antibody
that recognize the cell surface molecule CD133.>> More recent
data provided for evidence for other CSC markers in colon, such
as LGR5 expression and Wnt pathway activity.*> Especially the
latter was surprising as this occurred even in tumors where all
cells contained a mutated APC, indicating that not all cells have
the same level of Wnt pathway activation, despite this mutation.”
When primary colon cancer spheroid lines were dissociated and
transduced with a Wnt activity reporter that directs the expres-
sion of enhanced green fluorescent protein (TOP-GFP), cells
expressing high TOP-GFP levels (TOP-GFP™) are shown to be
the CSCs. In contrast, cells with low Wnt pathway activity
(TOP-GFP") are not tumorigenic upon xenotransplantation
and express markers of differentiated colon cells.” Using these
TOP-GFP spheroid cultures we have designed flow cytometer
based assays in which cell death in CSCs and their differentiated
progeny can be measured simultaneously and importantly under
the same conditions. This assay showed that differentiated cells
are killed by chemotherapy, while CSCs were resistant to all ther-
apies that we have tested.® Resistance was due to a disturbed apo-
ptotic balance in CSCs in favor of anti-apoptotic molecules.®
This suggests that targeting this balance could be an effective
therapy. However, we have recently also shown that signals
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emanating from the microenvironment are crucial in the regula-
tion of stemness and can direct the acquisition of stemness fea-
tures in more differentiated tumor cells.>”® This suggests that
the microenvironment is a pivotal player in the hierarchy within
a tumor and could therefore also regulate chemotherapy sensi-
tivity. Here we show that factors derived from myofibroblasts
can not only dedifferentiate non-CSCs into CSCs, but also direct
a resistance toward chemotherapy. Furthermore, this fibroblast
induced resistance can be reverted by inhibition of BCLXL with
the BH3 mimetic ABT-737.

Materials and methods
Cell culture and reagents

Colon spheroid cultures were derived from colorectal cancer
patients and maintained as previously described® in stem cell
medium (advanced DMEM/F12 (Gibco) supplemented with
N2 Supplement (Gibco), 6 mg/ml glucose, 5 mM HEPES,
2 mM L-glutamine, 4 ug/ml heparin, epidermal growth factor
(50 ng/ml) and basic fibroblast growth factor (10 ng/ml). After
lentiviral transduction with TCF/LEF reporter driving expres-
sion of GFP (TOP-GEFP) cells were single-cell plated in 96-well
ultra-low adhesion plates (Corning) with FACSaria (BD Bio-
sciences). This TOP-GFP vector was a gift from Dr. Laurie
Ailles and was described previously.”

Myofibroblast 18Co cells were purchased from the Ameri-
can Type Culture Collection and maintained in DMEM
medium supplemented with 10% FCS and 1% glutamine. To
obtain MFCM, 1.5 x 10° 18Co cells were seeded in 75-cm’
flasks. The next day, cells were washed 5 times with PBS and
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incubated for 24 h with 10 ml of CSC medium without EGF
and bFGF. MFCM was then collected, cleared by centrifugation
and supplemented with EGF (50 ng/ml) and bFGF (10 ng/ml)
prior to addition to the cells.

RNA extraction, cDNA synthesis and RT-PCR

Extraction of RNA from cells was performed with Trizol
reagent (Invitrogen) in accordance with the manufacturer’s
protocol. After quantification of RNA using NanoDrop ND-
2000 (Thermo Scientific) 2 ug of RNA was used to synthesis
cDNA using SuperScript III in accordance with the manufac-
turer’s protocol (Invitrogen). RT-PCR was performed with
LC480 SYBR green (Roche) in accordance with the manufac-
turer’s instructions on a LC480. The following primers were
used: 18 S sense: 5'-AGACAACAAGCTCCGTGAAGA-3,18S
antisense: 5'-CAGAAGTGACGCAGC-CCTCTA-3', Mucin 2
sense: 5'-CGA-AACCACGGCCACAACGT-3, Mucin 2 anti-
sense: 5-GACCACGGCCCCGTTAAGCA -3/, Ck20 sense: 5'-
TGTCC-TGCAAATTGATAATGCT -3/, and Ck20 anti-sense:
5'- AGACGTATTCC-TCTCTCACTCTCATA -3'.

Immunoblotting and antibodies

Spheroid cultures were grown in MFCM or control medium and
24 h later cultures were lysed in 1 x RIPA lysis and extraction
buffer (Thermo Fisher Scientific) supplemented with complete
protease inhibitor (Roche). Subsequently, lysates were cleared by
centrifugation (14 000 rpm, 10 min, 4°C). After quantification of
protein concentration using BCA protein assay (Thermo Scien-
tific), 20 ug extracted protein was separated on 12% precast gels
(Bio-Rad) and transferred to Hybond-P membranes (Amer-
sham). Membranes were blocked with 5% milk in phosphate-
buffered saline solution containing 0.2% TWEEN (PBS-T) for
1 h. The membranes were incubated with anti-BCLXL (clone
§18, 1:500, Santa-Cruz) in 2.5% milk/PBS-T overnight at 4°C
and subsequently washed 3 times with PBS-T. Membranes were
then incubated with anti-mouse IgG horseradish peroxidase
conjugates for 1 h, washed 3 times and detection of bound anti-
body was performed with ECLplus reagents (Amersham). West-
ern blots were analyzed by LAS4000. For loading control, blots
were incubated with anti-ERK1/2 (1 : 10 000, Cell Signaling).

Limiting-dilution assay

Spheroid cultures were dissociated and CSCs (10% TOP-GFP™)
or differentiated (10%TOP-GFP™) cells were FACS deposited
using the FACSaria (BD Biosciences) in a limiting dilution
fashion at 1, 2, 4, 8, 16, 24, 32, 40, and 64 cells per well in ultra-
low 96-well plates (Corning). CSCs were sorted in control
medium, while differentiated cells were sorted in either control
medium or MFCM. Clonal frequency was evaluated after 2
weeks and calculated using the Extreme Limiting Dilution
Analysis ‘limdil’ function as described.'’

FACS staining

Colon spheroid cultures were grown in control medium or
MFCM. After 24 h cells were dissociated and stained with

AC133/CD133-APC antibody (1 : 25, Miltenyi Biotec) or anti-
LGR5-biotin antibody (4D11F8, 1:100, BD Biosciences) in PBS
containing 1% bovine serum albumin (PBS-B) for 30 min at
4°C. Subsequently, cells were washed with PBS-B and resus-
pended in PBS-B. For LGR5 staining, cells were incubated with
APC conjugated streptavidin (1:500, E biosciences) and washed
twice with PBS-B. Dead cells were excluded with 7-AAD (BD
Biosciences). Stainings were analyzed on a FASCanto (BD
Biosciences).

Cell death assay

TOP-GFP transduced spheroid culture Col00 was seeded as
single cells on an adherent cell culture 12-well plate (Greiner)
overnight. The next day, adherent cells were refreshed with
control medium or MFCM and 24 h later cells were left
untreated or treated with 100 nM ABT-737 (Selleck Chemicals)
and/or 50 uM oxaliplatin. After 24 h treatment cells were
resuspended to single cells using trypsin-EDTA. 50 000 cells
were washed with PBS and stained with Annexin V-APC (BD
biosciences) and 7-AAD (BD biosciences) for 15 min at RT, fol-
lowed by flow cytometry performed with FACSCanto (BD bio-
sciences). Cell death (AnnexinV+) was measured in CSCs by
gating on TOP-GFP" cells and in differentiated tumor cells by
gating on TOP-GFP" cells.

Results

Factors secreted from fibroblasts can induce
dedifferentiation of non-CSC

Myofibroblasts make up an important part of the microenviron-
ment in colon cancers and direct CSC features.>'"'* To study
the effect of myofibroblast-secreted factors on CSCs, myofibro-
blast-conditioned medium (MFCM) was derived from human
colon 18Co fibroblasts. These fibroblasts model cancer-associ-
ated fibroblasts (CAFs) and similar observations can be obtained
using CAFs (not shown). Spheroid cultures, containing CSCs
and more differentiated tumor cells, were grown in the absence
or presence of this MFCM and CSC markers CD133 and LGR5
were measured using flow cytometry. This revealed a clear
increase in cells expressing these CSC markers (Fig. 1A). In line
with the idea that CSC numbers increased in these cultures, a
concomitant decrease in the expression of differentiation
markers Cytokeratin 20 (Ck20) and Mucin2 was observed after
MFCM exposure (Fig. 1B). Increased stem cell marker expres-
sion in combination with decreased differentiation marker
expression suggest a MFCM-induced increase in the stem cell
fraction in our spheroid cultures. However, marker expression
by itself is not sufficient to determine stem cell capacity, which
in vitro can only be quantified using a limiting dilution assay.
Spheroid cultures were therefore sorted in a limiting dilution
fashion of either the CSCs (GEP"™) or the differentiated cells
(GFP") cells. Confirming previous data, only CSCs were clono-
genic while differentiated cells failed to grow. However, when
differentiated cells were sorted in plates containing MFCM, clo-
nogenicity was restored to levels of CSCs (Fig. 1C), confirming
the idea that fibroblast secrete factors that promote dedifferenti-
ation of differentiated cells into CSCs. Previously, we observed
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Figure 1. MFCM dedifferentiate differentiated cells to CSCs Spheroid cultures grown in control medium (red) or MFCM (brown) for 24 h and were (A) stained with stem
cell marker Lgr5, CD133 or (B) grt-pcr was performed on differentiation markers Ck20 and Mucin2 (Muc2). (C) Limiting dilutions experiments were performed and clono-
genic fraction was calculated in CSC (TOP-GFP"), Differentiated cell (TOP-GFP'), and differentiated cells deposited in MFCM (Diff + MFCM). Significance is shown as ***P

< 0.001.

that this reversal even resulted in the re-acquisition of tumor-
initiating potential confirming the idea that MFCM can re-
install cancer stemness in more differentiated cells.”

Conditioned medium increases BCLXL protein expression
and induces resistance to chemotherapy

Recently, we have described an assay that allows for the study
of chemotherapy sensitivity in differentiated cells and CSCs
simultaneously.® Using this assay we have shown that a differ-
ential sensitivity exists between CSCs, which are resistant and
differentiated cells, which are chemosensitive. To study if fac-
tors secreted by myofibroblasts were also capable of inducing
therapy resistance in differentiated cells, spheroid cultures were
grown in control or in MFCM and subsequently treated with
chemotherapy. In control medium, differentiated cells were
sensitive to oxaliplatin when compared with CSCs. However,
when pretreated for only 24 hours with MFCM oxaliplatin-

induced cell death was significantly blocked, suggesting that,
similar to the induction of clonogenicity, also therapy resis-
tance can be restored by the microenvironment (Fig. 2A). To
further investigate the mechanism of chemotherapy resistance
the anti-apoptotic molecule BCLXL was analyzed, as we have
previously shown that colorectal CSCs are dependent on
BCLXL for survival and therapy resistance.” Upon MFCM
exposure of spheroid cultures BCLXL protein expression was
increased (Fig. 2B and C), which is sufficient to block oxalipla-
tin-induced cell death in spheroid cultures.®

ABT-737 reverts MFCM induced chemotherapy resistance

Inhibition of apoptosis is one of the hallmarks of cancer. There-
fore there are small molecule inhibitors in clinical trials that
inhibit anti-apoptotic BCL2 molecules. ABT-737 inhibits
BCLXL, BCL2 and BCLW and displays anti-tumorigenic activ-
ity."»'* To investigate if inhibition of these anti-apoptotic
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Figure 2. BCLXL is required for MFCM induced resistance toward oxaliplatin (A) Primary spheroid culture transduced with TOP-GFP construct (Co100) was
exposed to MFCM or control medium for 24 h. Subsequently, cells were treated for 24 h with oxaliplatin and Annexin V/ 7AAD staining was performed. CSCs
and differentiated cells were defined by gating on TOP-GFP"' and TOP-GFP'® expressing cells, respectively. MFCM treatment decreases oxaliplatin induced cell
death. (B) Western blot analysis of BCLXL protein in spheroid cultures grown in control or MFCM for 24 h. Increased BCLXL expression in spheroid culture
treated with MFCM compared to control medium. Control western blots for ERK1/2 is shown in lower panel. (C) Quantification of BCLXL protein intensity rela-
tive to ERK1/2 protein expression. Average of 3 independent experiment is shown. (D) Co100 spheroid culture was exposed to MFCM for 24 h. Cells were
treated with 100 nM ABT-737 in combination with or without oxaliplatin. Cell death was measured with AnnexinV/7-AAD staining in TOP-GFP'" cells. Signifi-

cance is indicated (P < 0.05, **P < 0.01, **P < 0.001).




molecules is sufficient to sensitize cells that were exposed to
MFCM cells were treated with ABT-737. Interestingly, differen-
tiated cells that were exposed to MFCM were resistant to oxali-
platin. However, this road block in chemotherapy-induced
apoptosis was lifted by ABT-737 (Fig. 2D). This suggested that
anti-apoptotic BCL2 proteins are crucial in MFCM induced-
resistance and inhibition of these proteins using small molecule
inhibitors is sufficient to sensitize to chemotherapy. Moreover,
our data provide compelling evidence that factors secreted by
fibroblast are able to induce CSC features in differentiated
tumor cells, which include therapy resistance. These factors
therefore are interesting candidates for therapeutic targeting in
colorectal cancers.

Discussion

Despite the fact that only CSCs and not the more differentiated
cancer cells are highly tumorigenic in xenotransplantation
assays, differentiated cells can indirectly become tumorigenic
by dedifferentiation.>”*'>'® Here we show that human colonic
fibroblast secrete factors that increases the stem cell fraction in
spheroid cultures. In addition, increased anti-apoptotic BCLXL
protein expression and resistance toward chemotherapy were
observed. This MFCM induces resistance could be overcome
by the BH3 mimetic ABT-737. Inhibition of BCLXL by ABT-
737 is therefore likely to be sufficient to revert the effects of
myofibroblasts .

There is evidence that depletion of colorectal CSCs does not
block tumor growth.'” This is analogous to normal intestinal
stem cells. In the healthy intestine stem cells have been identi-
fied using LGR5 as marker.'® Depletion of LGR5-positive stem
cells in the intestinal epithelium using a diphtheria toxin recep-
tor driven by the LGR5-promoter, does not disturb homeostasis
as would be expected after killing a stem cell population. Dis-
tinct stem cells, namely Bmil-expressing stem cells were able to
compensate for the loss of LGR5-expressing cells.'” Besides
highly proliferative LGR5-positive stem cells, there are also qui-
escent LGR5 expressing cells, also called label-retaining cells,
that express Paneth and enteroendocrine cell markers. These
cells are able to repopulate intestinal epithelial cells when there
is intestinal damage, suggesting that these label-retaining cells
are reserve stem cell population in the intestine.”® In addition,
high Notch ligand expressing cells are described in the mouse
intestine, which represent progenitor cells derived from the
LGR5-stem cells. These cells are already specified to a secretory
lineage, but can dedifferentiate and replenish the pool of
LGR5-positive stem cells.”' The same phenomenon of a bidi-
rectional relationship between stem cells and differentiated
progeny is observed during intestinal tumorigenesis. APC
mutations in stem cells was suggested to effectively lead to
intestinal tumors, while more differentiated cells would not
fully transform.”> However, differentiated cells can be the
tumor initiating cells when the NFkB pathway is co-activated,
leading to enhanced nuclear B-catenin activity. In other words
dedifferentiation can occur under the right conditions and
result in tumor-initiating capacities.”

Tumors are surrounded by stromal cells, including myofi-
broblasts, which we have previously shown to install a CSC-
phenotype in differentiated tumor cells, restoring their
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clonogenic potential.”> The dominant factor in MFCM was
shown to be hepatocyte growth factor (HGF). Next to HGF,
osteopontin and stromal-derived factor 1a can revert differenti-
ated colorectal cancer cells into metastatic CSCs.* In addition,
it was shown that the microenvironment can even enhance the
metastatic potential of non-metastatic progenitors and as such
also form metastatic CSCs.>> Similar observations of plasticity
have been made in other tissues. For instance, in mammary epi-
thelium, stochastic conversion of differentiated cells occurs at
low levels during homeostatic conditions.® Moreover, onco-
genic mutations increase the conversion of differentiated cells
into stem cells, which then can act as tumor-initiating cells.”
Similarly, activation of the RAS signaling pathway, by NF1
deletion, and inhibition of p53 tumor suppressor in terminally
differentiated neurons and astrocytes can also induce stem cell
markers and tumorigenicity.'® Finally, in breast cancer induc-
tion of epithelial-mesenchymal transition (EMT) by overex-
pression of TWIST or SNAIL or exposing cells to TGFB
strongly enhances the CSCs phenotype** while, mesenchymal
stem cells and cancer stem cells regulate stemness by a network
of CXCL6 and IL6.**

Importantly, transitions between more differentiated cancer
cells and CSCs may also represent a more stochastic process as
suggested by the group of Lander. When differentiated breast
cancer cells were sorted, these cells were able to form stem cells.
Interestingly, these differentiated are not tumorigenic in vivo,
but become tumorigenic when injected with irradiated carrier
cells, which gives them the time to revert to CSCs in vivo."” In
line with these observations, we have shown that differentiated
glioblastoma cells can re-acquire stem cell traits under the
influence of endothelial like cells (unpublished observations).

Therefore, these lines of evidence suggest that plasticity in
the form of a bidirectional relationship between stem cells and
their differentiated progeny is present and is increased in the
presence of oncogenic mutations, as is the case within a tumor.

Besides the fact that CSCs are tumorigenic it is now well
accepted that CSCs are also resistant to tumor therapy.>***° By
measuring mitochondrial priming in CSCs and differentiated
cells we have shown that mitochondria of CSCs are less primed
to death, which is due to an elevated anti-apoptotic machinery.
Targeting the anti-apoptotic molecule BCLXL directly, resulted
in cell death of CSCs, while sublethal doses of the BH3 mim-
etics allowed for mitochondrial priming of CSCs, which then
sensitizes CSCs toward various chemotherapies.® Likewise to
our previous study, here we used sublethal doses of ABT-737
that did not induce cell death but sensitized chemotherapy
resistant cells toward oxaliplatin. This combination treatment
resulted in more than just an additional effect of ABT-737 on
oxaliplatin. It is worth to mention that there is increasing evi-
dence that also CSCs from other cancers may depend on
BCLXL. In a recent study it is shown that chemotherapy resis-
tant lung CSCs require BCLXL for resistance and treatment
with ABT-737 eliminated these CSCs in vitro and in vivo.”
This indicates that our findings are not only restricted to colo-
rectal cancer, but can also be important for other cancers.

Therapy resistance of CSCs and plasticity has important
implications when treating cancer. Therapy aimed at CSCs
might not be effective, since CSC-pools will readily be restored
by reversion of the differentiated progeny. Therefore, to kill all
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tumor cells and overcome relapses caused by remaining or
reverted CSCs, more study needs to be done on regulation of
plasticity of CSCs and their tumor therapy resistance mecha-
nisms. Nevertheless, targeting microenvironmental factors or
the anti-apoptotic features induced by the microenvironment
could prove useful new avenues for therapy.
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