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Protein- and growth-modulatory effects of carcinoma-associated
fibroblasts on breast cancer cells: Role of interleukin-6
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Abstract. Carcinoma-associated fibroblasts (CAFs) secrete
factors that increase the expression and/or activities of proteins
in breast cancer cells and induce resistance to anti-estrogens,
such as fulvestrant. A major factor is interleukin-6 (IL-6).
This study demonstrated that, across estrogen receptor (ER)
a-positive and -negative cell lines, recombinant human IL-6
(rhIL-6) mimicked most of the CAF-conditioned medium
(CM)-induced changes in protein expression patterns; however,
in most cases, it failed to recapitulate CAF-CM-triggered
alterations in ERK1/2 and AKT activities. The ability of
rhIL-6 to induce fulvestrant resistance was dependent upon
the culture conditions. In 3D, but not in 2D cultures, rhIL-6
increased the survival of fulvestrant-treated cells, although not
to the same extent as observed with CAF-CM. In 2D cultures,
rhIL-6 acted in a pro-apoptotic manner and decreased the
expression of ATP-binding cassette transporter G2 (ABCG2).
The inhibition of the PI3K/AKT pathway had similar effects
on apoptosis and ABCG2 expression, linking the failure of
rhIL-6 to induce fulvestrant resistance to its inability to acti-
vate the PI3K/AKT pathway. In 3D cultures, both CAF-CM
and rhIL-6 acted in an anti-apoptotic manner. These activities
are likely independent on the PI3K/AKT pathway and ABCG2.
Experiments on ERa-negative breast cancer cells revealed a
growth-inhibitory effects of both CAF-CM and rhIL-6, which
coincided with a reduction in the c-Myc level. These data
suggest that IL-6 plays a role in several effects of CAF-CM,
including alterations in protein expression patterns, fulvestrant
resistance in 3D cultures and growth inhibition. By contrast,
IL-6 is unlikely to be responsible for the CAF-CM-induced
activation of the PI3K/AKT pathway and fulvestrant resistance
in 2D cultures.
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Introduction

Breast cancer is the most common type of cancer and the
leading cause of cancer-associated mortality among women
worldwide (1). Breast cancer is a heterogenous disease which
can be divided into immunohistochemical and molecular
subtypes (2,3). The most frequent subtype expresses estrogen
receptor (ERa), which can be targeted by anti-estrogens or
aromatase inhibitors (2). Less frequent subtypes are human
epidermal growth factor receptor 2 (Her-2)-positive breast
cancers, which are vulnerable to Her2 inhibitors (4) and
triple-negative breast cancers (TNBCs), which are devoid of
ERa, Her2 and progesterone receptor. For TNBCs, selective
drugs are still not available (5). Breast cancers also exhibit
intratumoral heterogeneity (6), part of which is caused by
cancer stem cells (CSCs) (7). CSCs have been linked to tumor
initiation, metastasis and drug resistance (8).

Drug resistance is a major challenge in the treatment of
patients with breast cancer (9,10). Different mechanisms
leading to drug resistance are known. Endocrine resistance
often involves the activation of the phosphoinositol-3-kinase
(PI3K)/AKT and/or Ras/Raf/mitogen-activated protein
kinase (MEK-1)/extracellular-signal-regulated kinase (ERK)
kinase-1)/ERK1/2 pathways, which are both able to activate
ERa independently of estrogen (11). The activation of these
pathways can occur intrinsically or extrinsically. By interacting
with breast cancer cells, stromal cells, such as mesenchymal
stem cells (MSCs) and carcinoma-associated fibroblasts
(CAFs), can extrinsically activate these pathways and thereby
promote the development of endocrine resistance (12).

Recently, the authors demonstrated that MSCs and CAFs
are able to induce resistance to the selective ERa down-
regulator, fulvestrant, in breast cancer cells by increasing the
expression of the atypical inhibitor of nuclear factor-kB (IxkB)
family member B-cell leukemia/lymphoma 3 (Bcl-3) (13).
Bcl-3, whose expression can also be induced by the withdrawal
of estrogen (14), has been associated with higher metastatic
activities in breast cancer (15). Bcl-3 is a potent activator of
the nuclear factor (NF)-kB pathway (16), a pathway that has
also been linked to endocrine resistance (17). In addition, the
activity of Bcl-3 is positively regulated by the PI3K/AKT and
Ras/Raf/MEK-1/ERK1/2 signaling pathways (18).

The stromal cell-induced increase in Bcl-3 expression has
been shown to be causally linked to a prior downregulation
of the insulin-like growth factor binding protein 5 (IGFBP5)
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level (13). A main function of IGFBPS is to regulate the avail-
ability of insulin-like growth factor (IGF) for the interaction of
this growth factor with its receptor, IGF1 receptor (IGF1R) (19).
In addition, IGFBP5 can also act without targeting IGF (19).
Such an IGF-independent effect may be responsible for the
regulation of Bcl-3 by IGFBPS. There is evidence to indicate
that IGFBPS plays an important role in breast cancer progres-
sion and that it is of prognostic value (20,21). Notably, IGFBP5
expression is higher in ERa-positive tumors (20).

The stromal cell-induced desensitization of MCF-7 cells
to fulvestrant does not require direct contact between stromal
and breast cancer cells (13); however, it can be fully recapitu-
lated by conditioned medium (CM) derived from stromal cells.
CM can also mimic all effects of stromal cells on signaling
pathways, namely the Janus kinase 2 (JAK?2)/signal transducer
and activator of transcription 3 (STAT3), PI3K/AKT and the
Ras/Raf/MEK-1/ERK1/2 pathways, as well as on the expres-
sion of proteins, namely Bcl-3, integrin $1, IGFIR and carbonic
anhydrase IX (CAIX). This suggests that factors secreted by
stromal cells are responsible for the desensitization to fulves-
trant and for alterations in protein expression.

Interleukin (IL)-6 belongs to the IL-6 family of cyto-
kines (22). By forming a complex with the IL-6 receptor
(IL-6R) and glycoprotein 130 (gp130) (23), IL-6 activates
JAKSs (24). Downstream targets of JAKs are STATs, MAPK
and the PI3K/AKT pathways, whereby the activation of
STAT3 is a major cellular response to IL-6 (25). Soluble
IL-6R allows trans signaling. In trans signaling, an extracel-
lular complex of IL-6 and IL-6R activates gpl30-expressing
targets cells (24). Since, in this case, the target cells do not
need to express IL-6R by themselves, the number of cells that
can respond to IL-6 increases. IL-6 is primarily secreted by
leukocytes to regulate hematopoietic cells involved in inflam-
mation and adaptive immunity (22). In addition, IL-6 acts on
non-hematopoietic cells, such as fibroblasts, adipocytes, endo-
thelial and epithelial cells and may, when deregulated, lead to
the development of certain diseases, such as fibrosis. Epithelial
cells benefit from the survival-promoting activity of IL-6,
helping damaged epithelia to be repaired (26). Intriguingly,
IL-6 also supports the survival of premalignant epithelial
cells, which links IL-6 to cancer progression. Strikingly, IL-6
has often been found to be upregulated in the bodily fluids of
cancer patients (27) and activated STAT3 is a common feature
of numerous cancer types (28). IL-6 has been associated with
inflammation and multidrug resistance in cancer (29,30). In
breast cancer, IL-6 has been found to induce resistance to the
anti-estrogen tamoxifen and the Her2 antibody trastuzumab
and has been shown to contribute to chemoresistance (12).
Evidence for a role of IL-6 in maintaining cancer stem cell
activity in breast cancer has also been provided (8). IL-6 is
able to increase the cancer stem cell population and, along
with it, the expression of crucial stemness factors, such as
octamer-binding transcription factor 4 (Oct4) (31). IL-6 also
induces epithelial-to-mesenchymal transition (32,33), which
promotes cancer stem cell activity (34). The ability of IL-6
to induce drug resistance has been found to be linked to its
stemness-supporting activity (35,36). IL-6 has further been
shown to be involved in a cytokine network between MSCs,
CSCs and non-CSC breast cancer cells (37). Based on the
assumption that CSCs are the likely drivers of metastasis (38),
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it is noteworthy that IL-6 serum levels are higher in breast
cancer patients with metastatic disease (39).

Given its multiple effects on cancer progression, IL-6 has
been discussed as a promising target for drug intervention
in breast cancer (40,41). IL-6- or IL-6R-directed drugs are
already routinely used for treatment of diseases with exces-
sive IL-6 expression, such as inflammatory arthritis (22) and
could therefore be made available for cancer treatment. Since
the major source of IL-6 are MSCs and CAFs in cancer (12),
in this study, the potential of recombinant IL-6 to mimic
the effects of stromal cells on fulvestrant resistance and on
the expression and activities of those proteins which may be
involved therein was examined.

This study demonstrates that IL-6 is the mediator of
the majority of the CAF-CM-induced effects on protein
expression and on STAT3 phosphorylation, although not on
PI3K/AKT pathway activity. It is further demonstrated that
IL-6 participates in CAF-CM-induced fulvestrant resistance
in 3D spheroid cultures, but not in 2D adherent cultures.
In addition, it was found that IL-6 likely contributes to the
growth-inhibitory effects of CAF-CM on ERa-negative breast
cancer cells.

Materials and methods

Cell lines and agents. MCF-7, BT474, T47D, SKBR3 and
MDA-MB-231 cells, which were authenticated by SNP
analysis (Genolytic), were propagated in RMPI-1640 supple-
mented with 10% fetal calf serum (PAN Biotech). The MCF-7
subline, AnDS5 cells, and the generation of CAF-CM have been
described previously (42). One part CAF-CM was mixed with
four parts fresh medium/serum (20% CAF-CM). Recombinant
human IL-6 (rhIL-6) was purchased from PeproTech and
reconstituted in water as recommended by the provider.
Fulvestrant (LKT Laboratories) was added to the cells at a
final concentration of 1 yM.

RNA interference. The p110a (pik3ca)-specific siRNA siPIK
(5'-GUACAGGACUUCCGAAGAA-3"), siBcl-3 (5'-UGGUC
UUCUCUCCGCAUCA-3") and the control siRNA and
Firefly luciferase-siRNA siLuc (5'-CUUACGCUG
AGUACUUCGA-3"), were purchased from Eurofins MWG.
Transfections were performed by electroporation by using a
Bio-Rad GenePulserX-Cell as previously described (42).
Briefly, following electroporation using a Bio-Rad
GenePulserX-cell (250 V, 800 uF), cells were seeded on a
10 cm culture dish and incubated for 3 days to allow the
siRNA to downregulate its specific target.

Western blot analysis. Protein extractions and western blot
analysis were carried out as previously described (42). Blots
were incubated with primary and secondary antibodies at
room temperature for 1 h. The primary antibodies used are
listed below. Rabbit polyclonal antibodies: Anti-p(S473)-AKT
(1:2,000, D9E, #4060, Cell Signaling Technology), anti-Bcl-3
(1:1,000, C-14, sc-185, Santa Cruz Biotechnology), anti-ERa
(1:2,000, HC-20, sc-543, Santa Cruz Biotechnology),
anti-p(Thr202, Tyr204)-ERK1/2 and anti-ERK1/2 (both
1:2,000, #9101 and #9102, Cell Signaling Technology),
anti-IGFIR (1:2,000, #3027, Cell Signaling Technology),
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anti-protein kinase Ca (PKCa; 1:2,000, C-20, sc-208, Santa
Cruz Biotechnology), anti-p(Tyr705)-STAT3 (1:1,000, D3A7,
#9145, Cell Signaling Technology) and anti-STAT3 (1:1,000,
79D7, #4904, Cell Signaling Technology); rabbit monoclonal
antibodies: Anti-PI3 linase p110a (1:1,000, C73F8, #4249,
Cell Signaling Technology), anti-Her2 (1:1,000, 29D8, #2165,
Cell Signaling Technology), anti-NF-xB1 p105/p50 (1:1,000,
D4P4D, #13586, Cell Signaling Technology), anti-p21
Wafl1/Cipl (1:1,000, 12D1, #2947, Cell Signaling Technology),
anti-integrin p1 (1:2,000, EPR1040Y, ab134179, Abcam),
anti-ABCG2 (1:1,000, EPR20080, ab207732, Abcam),
anti-Ki67 (1:2,000, EPR3610, ab92742, Abcam), anti-c-Myc
(1:500,EP121, AC-0116, Epitomics) and anti-poly(ADP-ribose)
polymerase 1 (PARP-1; cleaved 25 kDa; 1:10,000, #1051-1,
Epitomics); mouse monoclonal antibodies: Anti-(pan)
AKT (1:2,000, 40D4, #2920, Cell Signaling Technology).
Anti-CAIX antibody was kindly provided by Professor
S. Pastorekova (Slovak Academy of Sciences). Secondary
antibody conjugates (anti-rabbit/anti-mouse horse radish
peroxidase, 1:2,000, #7074 and #7076) were purchased from
Cell Signaling Technology. Protein loading was examined by
either staining proteins with Coomassie Blue (Blue G, SERVA
Electrophoresis) or with Fast Green (MERCK). Incubations
with either staining agent were carried out at room tempera-
ture for 1 h. Antibodies against housekeeping proteins were
not used for this purpose, since they are not reliable markers
for protein loading (43,44).

Immunocytochemistry. Immunocytochemical analysis of
formaldehyde-fixed and paraffin-embedded 3D cell aggre-
gates was carried out as previously described (45).

Growth/survival assays. In 3D and high-density 2D cultures,
the mass of living cells was determined by an ATP-based
assay (Vialight Plus kit, Lonza). For spheroid formation in
3D suspension cultures, the cells were incubated in ultra-low
attachment 96-well microplates (Corning) at a density of
5x10° cells/well. For incubation in high-density 2D cultures,
the cells were seeded at a density of 1x10* per well (24-well
plate). The cells were then exposed to fulvestrant and/or
CAF-CM or left untreated for 3-7 days as indicated. Following
the removal of the growth medium, the 2D-cultured cells
were lysed by the addition of a mixture of 100 x1 PBS and
50 ul lysis buffer to each well. After mixing 50 pl of the lysate
with 50 pl luciferase stock solution, the luciferase activity was
measured in a Sirius luminometer (Berthold). For measuring
ATP in 3D-cultured cells, 50 ul of the lysis buffer was
directly added to the 100-ul culture medium the cells were
grown in. For examining cell growth in low-cell density 2D
cultures, the cells were seeded at a density of 3x10* cells per
¢ 10 cm dish. Following treatment either the average size
(MCF-7, MDA-MB-231 cells) or the average cell number
(SKBR3 cells) of individual colonies was determined. Colony
size was measured using an AxioCAM MRc5 camera and
the AxioVision R 4.5 imaging software (Zeiss) as described
previously (45). For each condition, 50 randomly selected
colonies were examined. For measuring spheroid/aggregate
size in 3D suspension cultures, the area occupied by the
spheroid or aggregate was measured. Of note, some cell lines
did not form regularly shaped spheroids. Instead they formed

INTERNATIONAL JOURNAL OF ONCOLOGY 56: 258-272, 2020

randomly clusters (T47D) or discs (MDA-MB-231, SKBR3)
(data not shown).

Reverse transcription-quantitative PCR (RT-gPCR). RNA
isolation, cDNA synthesis and quantitative (qQ)PCR were
carried out as described previously (46). Briefly, NucleoSpin
RNA II (Macherey & Nagel) and Superscript II (Invitrogen;
Thermo Fisher Scientific) were used for RNA isolation and
cDNA synthesis, respectively. Following the addition of
ABsolute qPCR SYBR-Green Fluorescein Mix (Thermo
Fisher Scientific), gPCRs were run on a Bio-Rad iCycler and
analyzed using iQ5 Optical System software version 2.1.
Relative RNA levels of genes were calculated by the compara-
tive Cq (2-**°9) method using glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and hypoxanthine-guanine phos-
phoribosyltransferase (HPRT) as reference genes for
normalization (47). Primers for Bcl-3, fibroblast growth factor
(FGF)18, GAPDH, HPRT, IGFBPS5, kinesin family member 12
(KIF12), kelch like family member 4 (KLHL4), Kallikrein-11
(KLK11), RAB30, receptor activity modifying protein 3
(RAMP?3), selenoprotein P (SEPP1), transforming growth
factor 3 receptor III (TGFBR3), transmembrane protein 26
(TMEM26), UDP-glucuronosyltransferase 2B15 (UGT2B15)
and yippee like 1 (YPELI) were as previously described (13).
The primers used for the detection of aldehyde dehydroge-
nase 1 family, member Al (ALDHIAL), aldehyde
dehydrogenase 3 family, member A1 (ALDH3A1) and STAT3
were as follows: ALDHIA1 (forward 5'—3', CAAAGAAGC
TGCCGGGAAA and reverse 5'—3', TCCAAGCTCCAGGGT
CACC), ALDH3A1 (forward 5'—3', GTCCCTGAGACCACG
GAGC and reverse 53, CCCGTGTACAGGATATGGTCG)
and STATS3 (forward 5'—3', GGACAATATCATTGACCTTGT
GAAAA and reverse 53, CTTCGTTCCAAAGGGCCAGQG).

Antibody array. To identify proteins that are abundant in
CAF-CM, the Human Obesity Antibody Array I (RayBiotech)
was used, containing 62 different antibodies. Among the
proteins, which can be detected by this array are a number of
ILs, stromal cell-derived factor 1 (SDF-1) and TGFp. The incu-
bation of this array with CAF-CM and control medium/serum
was carried out according to the manufacturer's instructions.

Statistical analyses. Data obtained from colony growth assays
were analyzed by Kruskal-Wallis test followed by pairwise
comparison with Bonferroni-corrected test. All other statis-
tical analyses were carried out by using one-way ANOVA.
The Bonferroni correction was applied for post-hoc analysis.
A P-value <0.05 was considered to indicate a statistically
significant difference.

Results

IL-6 is a major mediator of the effects of CAF-CM on protein
expression and phosphorylation in MCF-7 cells. By selecting
an antibody array that was able to detect the majority of factors
reported to be secreted by CAFs (48), it was found that, in the
CAF-CM preparations in this study, IL-6 was the most promi-
nent component among other proteins [IL-8, CC-chemokine
ligand (CCL)2 and CCL7, and tissue inhibitor of metallopro-
teinases (TIMP)1 and TIMP3] (Fig. 1A).
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Figure 1. rhIL-6 recapitulates many of the effects of CAF-CM on protein expression in MCF-7 cells. (A) Antibody arrays of CAF-CM and control medium.
(B) Effects of CAF-CM and rhIL-6 on relative RNA expression on Bcl-3, IGFBPS and STAT3 as measured by RT-qPCR. (C) Western blot analyses of protein
extracts derived from cells treated with either CAF-CM or rhIL-6 (0.3 ug/ml) or of untreated cells (control). Cells were incubated for 3 days before plasma
membrane (PM), cytosolic (CE) and nuclear (NE) proteins were extracted. (D) Effect of a Bcl-3-specific siRNA (siBcl3) on the protein expression of Bcl-3,
c-Myc and p50 (NF-xB) as determined by western blot analyses of nuclear protein extracts. (E) Effects of CAF-CM and rhIL-6 (0.3 pzg/ml) on the relative RNA
expression of ALDH1A1 and ALDH1A3 as measured by RT-qPCR. (F) Effect of CAF-CM and rhIL-6 (0.1 and 0.3 pzg/ml) on the relative RNA expression of 11
CAF-CM-responsive genes. (B, E and F) Each bar represents the average values of 3 independent experiments. Statistical analyses were carried out by ANOVA
and the Bonferroni post-hoc test. Asterisk(s) indicate statistical significance in comparison to the control. “P<0.05, “P<0.01, “"P<0.005 and “*P<0.001.
rhIL-6, recombinant human interleukin 6; CAF-CM, carcinoma-associated fibroblast-conditioned medium; ALDH1A1, aldehyde dehydrogenase 1 family,
member Al; ALDH1A3, aldehyde dehydrogenase 3 family, member Al; STAT3, signal transducer and activator of transcription 3.

Of note, SDF-1, vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), tumor necrosis factor
(TNF) and interferon (IFN)y could not be detected in consid-
erable amounts. rhIL-6 was used to determine to which extent
IL-6 is able to mimic the effects of CAF-CM on MCEFE-7 cells.

rhIL-6 was as potent as CAF-CM in increasing Bcl-3
RNA and protein expression (Fig. 1B and C). Of note, several
bands of Bcl-3 were visible in the western blot analysis, which

likely represent Bcl-3 isoforms with a different phosphoryla-
tion status (49). In the CAF-CM-treated MCF-7 cells, Bcl-3
expression is linked to IGFBP5 downregulation (13), and in
rhIL-6-treated cells, STAT3 has been shown to drive Bcl-3
expression (49). In this study, rhIL-6 was found to be as capable
as CAF-CM in activating STAT3 (Fig. 1C) and, above that,
even increased STAT3 mRNA expression (Fig. 1B). However,
at 0.1 pg/ml, it failed to mimic the downregulating effect of
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Figure 2. rhIL-6 fails to mimic the growth-stimulatory effect of CAF-CM on MCF-7 cells in the presence of fulvestrant. (A and B) Cells were incubated for 6
days in the presence or absence of fulvestrant and exposed to either CAF-CM or rhIL-6 (at concentrations as indicated) or to none of these two agents after cells
have been seeded at (A) high or (B) low density. Viability/growth was either measured by (A) an ATP/luciferase-based assay or (B) examined by determining
the average size of 50 randomly selected individual colonies. Statistical analyses were either performed by (A) ANOVA or (B) by the Kruskal-Wallis test and
the Bonferroni post-hoc test. Asterisk(s) indicate statistical significance in comparison to the control. "P<0.05 and “*“P<0.001. (C) Cells were incubated for
7 days in the presence of fulvestrant and exposed to either CAF-CM, rhIL-6 (0.3 ug/ml) or none of these agents, before plasma membrane (PM), cytosolic
(CE) and nuclear proteins (NE) were extracted and examined by western blot analysis for the proteins as indicated. (D) Effects of a PI3KCA (p110a)-specific
siRNA (siPIK) on the levels of p110a, ABCG2, p-AKT, AKT and cPARP-1 as determined by western blot analysis. rhIL-6, recombinant human interleukin 6;
CAF-CM, carcinoma-associated fibroblast-conditioned medium; cPARP-1, cleaved poly(ADP-ribose) polymerase-1; ABCG2, ATP-binding cassette trans-

porter G2.

CAF-CM on IGFBPS5 expression (Fig. 1B). This suggests that,
in contrast to CAF-CM, rhIL-6 upregulates Bcl-3 in MCF-7
cells through STAT3 and not through IGFBPS.

The authors have previously reported that Bcl-3 modulates
the expression of IGFIR and CAIX (13). The levels of both
could be increased in a similar manner by CAF-CM and rhIL-6
(Fig. 1C). Another potential target of Bcl-3 is c-Myc (50), a
mitogenic oncoprotein (51). After it was confirmed that c-Myc
expression also depends on Bcl-3 in MCF-7 cells (Fig. 1D), the
effect of CAF-CM and rhIL-6 on the c-Myc level was exam-
ined. However, neither agent interfered with c-Myc expression
(Fig. 1C) suggesting that the basal level of Bcl-3 is sufficient
to maintain high c-Myc levels. It was also determined whether
Bcl-3 modulates the expression of p50 (NF-«xB), a Bcl-3-binding
transcription factor through which Bcl-3 activates transcrip-
tion (52). However, p50 expression was not affected by Bcl-3
knockdown (Fig. 1D).

Integrin 1, another protein whose expression can be
upregulated by CAF-CM, also exhibited a higher level in the
presence of rhIL-6 (Fig. 1C). In addition, the RNA expres-
sion levels of the cancer stem cell markers, ALDH1A1 and

ALDHI1A3 (8) were increased in a similar manner by CAF-CM
and rhIL-6 (Fig. 1E). However, rhIL-6 failed to increase AKT
phosphorylation (Fig. 1C). In addition, it was not able to down-
regulate a number of genes to the same extent as CAF-CM
(Fig. 1F), whereby two of these genes (TMEM?26 and YPELI)
exhibited no response to rhIL-6 at all. Of note, the 11 genes
depicted in Fig. 1F shared the ability to react to inhibitors of
the PI3K/AKT pathway by increasing their expression (data
not shown). This links the weaker effect of rhIL-6 on these
genes to its inability to induce AKT phosphorylation.

On the whole, these data demonstrate that rhIL-6 recapitu-
lates a number of the effects of CAF-CM on RNA and protein
expression in MCF-7 cells. However, it fails to activate the
PIBK/AKT pathway and has a weaker or no effect on a number
of PI3K/AKT-responsive genes.

rhIL-6 partly mimics CAF-CM-induced fulvestrant resistance
in 3D, but not in 2D cultures. The PI3K/AKT pathway and
Bcl-3 play important roles in CAF-induced anti-estrogen
resistance (13,53). The PI3K/AKT pathway is able to phos-
phorylate ERa and restore ERa activity in the presence of
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poly(ADP-ribose) polymerase-1; ABCG2, ATP-binding cassette transporter G2.

anti-estrogens. In addition, it increases Bcl-3 protein stability
and fosters its nuclear localization (18). As demonstrated
above, CAF-CM and rhIL-6 increased the expression of
Bcl-3, but only CAF-CM was able to activate the PI3K/AKT
pathway. We therefore examined whether rhIL-6 is capable of
inducing fulvestrant resistance to the same extent as CAF-CM.
To this end, MCF-7 cells were grown in the absence and
presence of fulvestrant for 5 or 7 days at high or low density,
respectively, and the mass of viable cells was determined by an
ATP/luciferase-based assay (high density) or average colony
size (low density). In the absence of fulvestrant, CAF-CM
negatively affected growth in high-density cultures and had a
slight positive effect in low-density cultures, whereas rhIL-6
had no effect (Fig. 2A and B). In the presence of fulvestrant,
CAF-CM potently increased cell mass both in low- and

high-density cultures, whereas rhIL-6 had no effect at the
concentration of 0.01 and 0.1 pg/ml, and slightly increased cell
mass at 0.3 yg/ml. This indicates that, in contrast to CAF-CM,
rhIL-6 is unable to induce fulvestrant resistance.

To examine whether CAF-CM and rhIL-6 differently
affect proliferation and/or apoptosis in the presence of fulves-
trant, the proliferation marker Ki67 and the apoptosis marker
cPARP, which is the 25-kDa fragment of cleaved PARP1, were
analyzed. Both CAF-CM and rhIL-6 increased the Ki67 levels
in the fulvestrant-treated MCF-7 cells and, along with this,
abrogated the expression of cytoplasmic p21™*"C?! a marker
of both senescence and apoptosis resistance (54,55). Unlike
CAF-CM, rhIL-6 increased cPARP-1 expression (Fig. 2C).
This suggests that, in contrast to CAF-CM, rhIL-6 exhibited
pro-apoptotic activity in MCF-7 cells, which is consistent with
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the findings of a previous study demonstrating that, at 5 ng/ml,
rhIL-6 induced apoptosis-linked DNA laddering in these
cells (56). Along with the increased expression of cPARP-1,
the level of ABCG2, a multidrug resistance protein acting as
drug efflux pump (57), was found to be reduced (Fig. 2C). This
suggest that the pro-apoptotic activity of rhIL-6 is linked to a
decline in the activity of ABCG2.

Subsequently, it was determined whether the PI3K/AKT
pathway is involved in this process by using siRNA directed
to the PI3K subunit pl110a. This siRNA completely abolished
pl10a expression and markedly reduced AKT phosphorylation
(Fig. 2D). It also potently increased cPARP-1 expression and
downregulated ABCG?2 expression. These data suggest that
the PI3K/AKT pathway is important for protecting MCF-7
cells against apoptosis and that ABCG2 plays a role in this
process (Fig. 2D).

These data suggest that, in the presence of fulvestrant,
CAF-CM increased cell growth by stimulating proliferation.
While rhIL-6 shares with CAF-CM the ability to stimulate
proliferation, it also acts in a pro-apoptotic manner, which
seems to lead to a steady state between proliferation and apop-
tosis and therefore prevents growth. The data further suggest
that the pro-apoptotic activity of rhIL-6 is linked to ABCG2
downregulation and its inability to raise AKT activity.

The effects of CAF-CM and rhIL-6 on the sensitivity
of MCF-7 cells to fulvestrant in 3D spheroid cultures were
then analyzied for two reasons. These culture conditions
more likely resemble in vivo conditions (57) and cells in 3D
cultures react differently to external stimuli as compared to
cells in 2D cultures (59,60). In 3D cultures, MCF-7 cells form
regularly-shaped spheroids (Fig. SIA). Spheroid formation
is complete after three days of incubation. Thereafter, the
spheroids become larger (Fig. S1A), which coincides with cell
growth (Fig. S1B) and a high expression of Ki67 (Fig. S1C).
Later, growth ceases, possibly since cells die in the center
of the spheroid, as indicated by cPARP-1 expression (61).
In the presence of fulvestrant, cells form smaller spheroids,
which later on appear disheveled (Fig. S1A). These morpho-
logical changes were accompanied by progressive cell death
(Fig. S1B).

To assess the effects of CAF-CM and rhIL-6 on
spheroid-assembled MCF-7 cells, cell growth and spheroid
size were measured. In the absence of fulvestrant, neither
CAF-CM nor rhIL-6 affected cell growth (Fig. 3A). In the
presence of fulvestrant, both CAF-CM and rhIL-6 increased
cell mass; however, the effect of CAF-CM was more
potent (3.5- vs. 1.9-fold). The difference became even more
pronounced, when the incubation time was extended to 11
days (5.5- vs. 2.4-fold) and 14 days (10- vs. 3.4-fold) (Fig. 3B).
Spheroid size was increased by CAF-CM both in absence and
presence of fulvestrant; however, rhIL-6 only weakly enlarged
the spheroids in the absence of fulvestrant and had no effect on
spheroid size in the presence of fulvestrant (Fig. 3C).

These experiments were repeated with the AnD5 cell
line (42). This MCF-7 subline forms smaller spheroids and
develops them more rapidly than the parental MCF-7 cell line
(data not shown). The results obtained with the AnD5 cells
were similar to those obtained with the parental cell line,
with the exception that, in the absence of fulvestrant, rthIL-6
affected spheroid size more potently than CAF-CM and that,
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in the presence of fulvestrant, rhIL-6 increased spheroid size,
although still not as efficiently as CAF-CM (Fig. 3D and E).

The examination of the Ki67 and cPARP-1 levels after
7 days of fulvestrant treatment revealed that the levels of both
proteins were higher in the 3D cultures compared to their levels
in 2D cultures, and that CAF-CM and rhIL-6 reduced the
levels of both proteins (Fig. 3F). While the effects of CAF-CM
and rhIL-6 were similar on cPARP-1 expression, rhIL-6 had a
more potent suppressive effect on Ki67 expression. These data
suggest that, in 3D cultures, CAF-CM- and rhIL-6-induced
fulvestrant resistance is based on their anti-apoptotic activi-
ties. The residual proliferative activity in the presence of
CAF-CM and rhIL-6 may as well play a role. If so, the more
potent suppressive effect of rhIL-6 on Ki67 expression may
explain why rhIL-6 is not as effective as CAF-CM in inducing
fulvestrant resistance. The examination of p-AKT and ABCG2
expression revealed that the anti-apoptotic effect of CAF-CM
and rhIL-6 was not linked to these proteins. In the presence
of CAF-CM and rhIL-6, the levels of both proteins were
rather reduced (Fig. 3F). This suggests that, in 3D cultures,
the PI3K/AKT pathway and ABCG?2 are not involved in the
regulation of apoptosis.

Collectively, these data suggest that CAF-CM induces
fulvestrant resistance in 2D and 3D cultures through different
mechanisms, one by inducing proliferation, the other by
inhibiting apoptosis, respectively. To a large extent, rhIL-6
was able to mimic the protective effect of CAF-CM against
fulvestrant in 3D cultures, likely due to the fact that it was
as able as CAF-CM to block apoptosis. By contrast, in 2D
cultures, rhIL-6 shares with CAF-CM a mitogenic effect;
however, by also acting in a pro-apoptotic manner under these
culture conditions, it prevents cell growth and instead induces
a steady-state between cell proliferation and cell death.

rhIL-6 fails to induce fulvestrant resistance also in other
ERa-positive cell lines in 2D cultures. The question of whether
the findings that were obtained with the MCF-7 cells are also
applicable for other ERa-positive cell lines was then examined.
The BT474 and T47D cell lines were selected, which have been
previously found by the authors to respond to CAF-CM (13),
both in terms of protein expression patterns and survival in the
presence of fulvestrant. Both cell lines exhibited an increased
STATS3 phosphorylation in response to CAF-CM and rhIL-6
(Fig. 4A and B). In the BT474 cells, both CAF-CM and rhIL-6
upregulated Bcl-3 expression, although the effect of rhIL-6
was more potent. In the T47D cells, only rhIL-6 increased the
Bcl-3 level. In neither case was a gain in the Bcl-3 level accom-
panied by a substantial change in c-Myc or IGFIR expression;
nor did CAIX expression increase to detectable levels (data not
shown). In addition, neither CAF-CM nor rhIL-6 upregulated
the level of integrin 1. Different effects of CAF-CM and
rhIL-6 were observed on cytoplasmic p21, ERK1/2 and AKT
phosphorylation. In both cell lines, rhIL-6, but not CAF-CM,
substantially increased the level of cytoplasmic p21, while
CAF-CM, but not rhIL-6, decreased ERK1/2 phosphorylation.
Importantly, as was observed with the MCF-7 cells, rhIL-6
also failed to mimic the positive effect of CAF-CM on AKT
phosphorylation in BT474 cells.

As was previously demonstrated (13), CAF-CM increased
the resistance of BT474 and T47D cells to fulvestrant in 2D
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cultures (Fig. 4C and D), although these effects were not as
potent as with the MCF-7 cells (Fig. 2A). Again, with rhIL-6,
these results could not be reproduced.

In the absence of fulvestrant, CAF-CM had no effect on
BT474 cell growth, while it potently increased the growth
of T47D cells. By contrast, rhIL-6 failed to mimic the
growth-stimulatory effect on the T47D cells and even had a
growth-inhibitory effect on BT474 cells (Fig. 4C and D).

In 3D cultures, neither CAF-CM nor rhIL-6 had a substan-
tial effect on the growth of these cells (Fig. 4C and D). The
spheroid size of the BT474 cells and aggregate size of the
T47D cells (which do not form uniformly shaped spheroids)
were affected by CAF-CM and rhIL-6 in a similar manner.
Both agents slightly reduced the average spheroid size of the
BT474 cells and increased the average aggregate size of the
T47D cells (Fig. 3E and F).

Collectively, these data demonstrate that rhIL-6 also fails
to mimic the growth-stimulatory effects of CAF-CM on BT474
and T47D cells in 2D cultures. In the case of the BT474 cells,
this failure may again be linked to the inability of rhIL-6 to

increase AKT phosphorylation. Additionally, cytoplasmic p21
may play a role, which was highly upregulated in both BT474
and T47D cells in response to thIL-6, but not in response to
CAF-CM.

rhIL-6 mimics the majority of the growth-inhibitory effects
of CAF-CM on ERa-negative cell lines. Furthermore,
ERa-negative cell lines (triple-negative MDA-MB-231 and
Her2-positive SKBR3 cells) were analyzed. The lack of ERa
expression in MDA-MB-231 and SKBR3 cells and Her2
expression in SKBR3 cells were confirmed by western blot
analysis (Fig. S2). Of note, the MDA-MB-231 cells exhibited
a high basal activity of STAT3 (Fig. S2), which is the conse-
quence of their high production of IL-6 (61) and an IL-6/IL-6
receptor autocrine loop (63). This cell line also exhibited the
highest basal level of integrin 1 of all the cell lines tested
(Fig. S2). However, due to their ERa deficiency, no effect of
fulvestrant on MDA-MB-231 and SKBR3 cells was expected;
for reasons of completeness, the analyses were also carried
out in the presence of fulvestrant. In addition, since these
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cells grow rapidly, growth in 2D cultures was examined at a
low density and either the average size of individual colonies
(MDA-MB-231) or the average number per colony (SKBR3)
was determined.

Despite the high basal levels of p-STAT3 and integrin 31
in the MDA-MB-231 cells, CAF-CM and rhIL-6 were able
to further upregulate the levels of both proteins in these cells
(Fig. 5A). By contrast, none of the two agents induced Bcl-3
expression and both even negatively affected the expression of
IGF1R and CAIX.In SKBR3 cells, CAF-CM and rhIL-6 simi-
larly upregulated STAT3 phosphorylation, Bcl-3 and IGF1R

expression, while only CAF-CM enhanced integrin 31 expres-
sion (Fig. 5B). In both cell lines, CAF-CM increased ERK1/2
phosphorylation and decreased total ERK1/2 levels, while
having no effect on AKT phosphorylation (Fig. 5SA and B). The
effects on ERK1/2 were mimicked by rhIL-6 in the SKBR3,
but not in the MDA-MB-231 cells. In addition, in the SKBR3
cells, rhIL-6 increased AKT phosphorylation. Of note, in both
cell lines, CAF-CM, as well as rhIL-6, potently decreased the
expression of c-Myc.

Cell growth analysis revealed that both CAF-CM and rhIL-6
reduced the growth of MDA-MB-231and SKBR3 cells in 2D
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cultures (Fig. 5C and D). With the SKBR3 cells, but not with
the MDA-MB-231 cells, this growth-inhibitory effect was also
observed in 3D cultures (Fig. SE and F). In addition, the average
sizes of the 3D SKBR3 cell aggregates decreased significantly,
while the aggregates of the MDA-MB-231 cells, which form
discs rather than spheroids (data not shown), remained unaltered
(Fig. 5G and H). In general, the negative effects of CAF-CM
on the growth of MDA-MB-231 and SKBR3 cells were more
potent than the corresponding effects of rhIL-6.

Collectively, these data demonstrate that rhIL-6 also
mimics the majority of the effects of CAF-CM on protein
expression in MDA-MB-231 and SKBR3 cells. rhIL-6 also
shares the growth-inhibitory effects of CAF-CM on both
cell lines, without being as potent as CAF-CM. The decline
in growth activity may be linked to the potent reduction in
c-Myc expression as inflicted by both agents in these cell
lines. In the case of the MDA-MB-231 cells, additionally,
the decline in IGF1R and CAIX may play a role here. c-Myc,
IGF1R and CAIX have been reported to be key players driving
MDA-MB-231 cell proliferation (64-66).

Discussion

The findings of this study suggest that IL-6 is not only a
major component of CAF-CM, but also mimics the majority
of the effects of CAF-CM on protein expression in both
ERa-positive and -negative breast cancer cells (Fig. 6). In
agreement with previous reports that IL-6 is a classical acti-
vator of STAT3 (24,25,67), this study found that an increase in
the p-STAT3 level was a common response of all tested breast
cancer cell lines to rhIL-6. This effect was also observed
with CAF-CM, suggesting that IL-6 is the general mediator
of the STAT3-activating effect of CAF-CM. In most cases,
rhIL-6 also shared with CAF-CM the ability to increase the
expression of Bcl-3. Bcl-3 gene expression can be upregulated
by rhIL-6 through STAT3 (49), which may suggest that the
increase in STAT3 activity was responsible for the increase
in Bcl-3 expression in response to rhIL-6 and CAF-CM.
However, in MCF-7 cells, the CAF-CM-induced decrease in
IGFBP5 expression was shown to be the major mediator of

Bcl-3 upregulation (13). Since rhIL-6 had no effect on IGFBP5
expression at a lower concentration, it is likely that CAF-CM
and rhIL-6 induced Bcl-3 expression through two different
mechanisms: CAF-CM by decreasing IGFBPS5 expression,
rhIL-6 by upregulating STAT3 activity. A downregulatory
effect of CAF-CM on the IGFBPS level was as also observed
in BT474 and SKBR3 cells (data not shown). RNA interfer-
ence confirmed that, also in these cells, the downregulation of
IGFBPS5 caused an increase in Bcl-3 protein expression (data
not shown). Of note, in MDA-MB-231 cells, IGFBP5 RNA was
barely detectable (data not shown) and basal STAT3 activity
was the highest of all cell lines tested (Fig. S2). In these cells,
neither CAF-CM nor rhIL-6 increased the Bcl-3 level.

There were a number of other effects on protein expression
shared by CAF-CM and rhIL-6, which may be related to their
abilities to increase the p-STAT3 and Bcl-3 levels. Among
these is IGFIR, a major driver of the PI3K pathway in MCF-7
cells and important for ERa-driven proliferation (68,69). In
MCEF-7 cells, Bcl-3 mediates the CAF-CM-induced expression
of IGFIR (13). In SKBR3 cells, the IGFIR levels were also
found to increase along with Bcl-3. However, in BT474 and
T47D cells, a higher Bcl-3 expression did not coincide with
higher IGFIR levels and, in the MDA-MB-231 cells, the IGF1R
level even decreased in response to CAF-CM and rhIL-6, while
no change in Bcl-3 expression was observed. This suggests that
IGF1R expression is regulated by CAF-CM and rhIL-6 in an
either Bcl-3-dependent or -independent manner. In tongue
squamous cell carcinoma cells, the IGFIR promoter has been
reported to be regulated by c-Myc (70). Hence,in MDA-MB-231
cells, the CAF-CM- and rhIL-6-induced loss of c-Myc may be
responsible for the decrease in the IGFIR level. However, in
the other cell lines tested, c-Myc expression was not associ-
ated with IGF1R expression. In MCF-7 cells, c-Myc expression
was closely linked to Bcl-3 expression (Fig. 1D), which is
consistent with the observation that, in colon cancer cells, Bcl-3
increases the expression and stability of c-Myc (50). However,
the CAF-CM- and rhIL-6-induced increase in Bcl-3 expression
did not lead to a higher expression of c-Myc (Fig. 1C), arguing
against the possibility that in MCF-7 cells, Bcl-3 increased
IGFIR expression indirectly through c-Myc.
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Another protein, whose expression was modulated by both
CAF-CM and rhIL-6 was CAIX, which is important for the
growth of MCF-7 and MDA-MB-231 cells (65,71). In MCF-7
cells, Bcl-3 and, to a minor extent, also STAT3 contribute to
the CAF-CM-induced increase in CAIX expression (13). The
classical activator of CAIX expression is hypoxia-inducible
factor la (HIF1a) (72). CAF-CM has been shown to induce
the expression of HIFla in MCF-7 cells under normoxic
conditions, although not as potently as the hypoxia mimetic,
CoCl, (13). NF-kB, through which Bcl-3 activates genes (16),
and STAT3 have been shown to be able to upregulate
HIFla expression under normoxic conditions (73,74). In
MDA-MB-231 cells, in which CAF-CM and rhIL-6 increased
the p-STATS3 level, while leaving the Bcl-3 level unaffected,
CAIX expression decreased (Fig. 5A). This suggests that addi-
tional factors are involved in CAIX regulation. In the other
cell lines tested, the CAIX levels were not detectable neither
in the absence of CAF-CM or rhIL-6 (Fig. S2), nor in their
presence (data not shown).

Integrin P1, a protein linked to anti-estrogen resis-
tance (42,53), also exhibits a higher expression in response to
CAF-CM and rhIL-6 in some of the breast cancer cell lines
tested (MCF-7, SKBR3 and MDA-MB-231). The expression
of both the slower migrating, N-glycosylated (75) and the
rapidly migrating, unglycosylated forms of integrin 31 were
similarly affected, suggesting that CAF-CM and rhIL-6 did
not modulate the glycosylation of this protein. The regula-
tion of integrin Bl expression is not yet well understood. In
MCF-7 cells, neither STAT3 nor Bcl-3 affect integrin 31
expression positively and exhibit a rather downregulatory
effect (13). The transcription factor, forkhead box protein M1
(FoxM1), has recently been identified as a potential regulator
of integrin P1 expression in TNBC cells (76). However, in
SKBR3 cells, CAF-CM and rhIL-6 decreased the level of
FoxM1 (data not shown), while CAF-CM increased the
level of integrin 1, and rhIL-6 did not affect integrin (31
expression. This argues against an involvement of FoxM1
in CAF-CM- and rhIL-6-induced integrin 1 expression.
Another candidate that potentially may have contributed to
the increase in integrin 1 expression is TMEM26. Not only
does its knockdown increase integrin 1 expression (75),
but CAF-CM also downregulated its expression in MCF-7
cells (Fig. 1F). Furthermore, an inverse association between
TMEM26 and integrin (1 levels was also found with BT474
and SKBR3 cells (data not shown). Hence, a downregulated
TMEM26 level may have contributed to the stimulatory effect
of CAF-CM on integrin 1 expression. However, it does not
explain the effect of rhIL-6 on integrin 1, as rhIL-6 fails to
downregulate TMEM?26 (Fig. 1F).

Although rhIL-6 mimicked almost all the effects of
CAF-CM on protein expression, in most cases, it failed to
recapitulate the effects of CAF-CM on ERK1/2 and AKT phos-
phorylation. In the BT474 and T47D cells, CAF-CM decreased
and, in the MDA-MB-231 and SKBR3 cells, it increased
ERK1/2 phosphorylation, while, only in the SKBR3 cells,
rhIL-6 was able to mimic the effect of CAF-CM. Likewise,
CAF-CM, but not rhIL-6 increased the phosphorylation of
AKT in the MCF-7 and BT474 cells. The failure of rhIL-6
(10 ng/ml) to modulate AKT and ERK1/2 activities in breast
cancer cell lines has also been demonstrated by others (40).
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The failure to activate the PI3K/AKT pathway in MCF-7
and BT474 cells coincided with the inability of rhIL-6 to
mimic CAF-CM-induced fulvestrant resistance in 2D cultures.
The authors demonstrate that, in MCF-7 cells, rhIL-6 induced
apoptosis in 2D cultures, probably by downregulating ABCG2
expression, and that the apoptotic activity and ABCG2 expres-
sion are under the control of the PI3K/AKT pathway. This
suggests a connection between the failure of rthIL-6 to activate
the PI3K/AKT pathway and its pro-apoptotic activity. Apart
from stimulating apoptosis, thIL-6 is as capable as CAF-CM
in stimulating proliferation in the presence of fulvestrant.
Hence, a likely scenario is that CAF-CM induces fulvestrant
resistance by promoting proliferation, while rhIL-6 fails
to foster growth in the presence of fulvestrant by causing a
steady-state between cell proliferation and apoptotic cell
death. The PI3K/AKT pathway is not only important in regu-
lating apoptosis, but is also able to phosphorylate ERa, thereby
rendering the activity of ERa independent of estrogen (11).
Furthermore, the PI3K/AKT pathway can activate Bcl-3 (18).
These PI3K/AKT pathway-related activities may as well play a
role in CAF-CM-induced fulvestrant resistance.

CAF-CM also promoted the growth of T47D cells in the
presence of fulvestrant. T47D cells differ from the MCF-7
and BT474 cells, as they exhibit a higher growth activity in
response to CAF-CM also in the absence of fulvestrant. The
effect on cell growth in the absence of fulvestrant was more
potent than that in its presence. Neither of these effects were
mimicked by rhIL-6. These findings are supported by those of
other studies. It was previously demonstrated that co-cultures
with CAFs upregulated the proliferation of T47D cells (77),
whereas, at concentrations between 20 pg/ml and 100 ng/ml,
rhIL-6 downregulated growth of these cells (56,78,79). The
p-AKT levels did not differ in the presence of CAF-CM and
rhIL-6 (Fig. 4B), ruling out the possibility that the PI3K/AKT
pathway was involved. In addition, both agents upregulated
the phosphorylation of STAT3, a factor that T47D cells rely
on for growth (80,81), in a similar manner. However, unlike
CAF-CM, rhIL-6 potently increased the expression of cyto-
plasmic p21 and Bcl-3 (Fig. 4B). The activation of NF-«B, as
can be induced by Bcl-3 (16), can lead to the reduced growth
of T47D cells (82). In addition, IKKf (IxB kinase f§), which
activates NF-«B by triggering its dissociation from IkB, was
found to cause the cytoplasmic p21 level in breast cancer cells
to rise (83). Since cytoplasmic p21 is associated with cellular
senescence (54), rhIL-6 may have induced senescence through
a Bcl-3/cytoplasmic p21 route. It should be noted that cyto-
plasmic p21 has also been linked to apoptosis protection (55).
However, the data of this study suggest that, at least in MCF-7
cells, the cytoplasmic p21 level is an indicator of proliferative
and not apoptotic activity (Fig. 2C).

By summarizing the data on the growth activity of
ERa-positive breast cancer cells in 2D cultures, it becomes
clear that all the growth-promoting effects of CAF-CM could
not be recapitulated by rhIL-6 and must therefore be medi-
ated by a CAF-CM component other than IL-6. By contrast,
in 3D cultures, the growth-stimulatory effects of CAF-CM on
MCEF-7 and AnDS5 cells in the presence of fulvestrant were
mimicked by rhIL-6 to a large extent (Fig. 3A and B). Of note,
the mechanism through which CAF-CM induces fulvestrant
resistance differs between 2D and 3D cultures. In 2D cultures,
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CAF-CM promotes growth in the presence of fulvestrant
by stimulating proliferation, whereas in 3D cultures this is
achieved by the inhibition of apoptosis. rthIL-6 shares with
CAF-CM the anti-apoptotic effect and is therefore also able to
induce fulvestrant resistance in 3D cultures. Hence, there are
opposite effects of rhIL-6 on apoptosis in 2D vs. 3D cultures,
whereby the regulation of apoptosis in 2D cultures is dependent
on the PI3K/AKT pathway, whereas, in 3D cultures, it is not. In
contrast to 3D-cultured MCF-7 cells, neither the 3D-cultured
BT474 nor 3D-cultured T47D cells responded to CAF-CM or
rhIL-6 by a considerable change in growth activity. These data
again emphasize that responses to external factors can be quite
different between 2D and 3D cultures.

In contrast to the ERa-positive breast cancer cell lines
tested, the ERa-negative cell lines MDA-MB-231 and SKBR3
responded to CAF-CM in 2D cultures by a decrease in growth
activity. The CAF-CM-treated SKBR3 cells also exhibited a
lower growth activity in 3D cultures. Depending on the concen-
tration used, all these growth-inhibitory actions were more
or less mimicked by rhIL-6. Notably, CAF-CM and rhIL-6
potently decreased c-Myc expression in both cell lines. Since
c-Myc is essential for cell cycling in MDA-MB-231, as well as
in SKBR3 cells (66,84), the loss of c-Myc is the likely reason for
the reduced growth activity as inflicted by CAF-CM and rhIL-6.
The loss of c-Myc does not seem to be connected to Bcl-3. In the
SKBR3 cells, the c-Myc levels were decreased, while the Bcl-3
levels were increased; in the MDA-MB-231 cells, the c-Myc
levels decreased, while the Bcl-3 levels remained unaltered. In
the MDA-MB-231 cells, the loss of c-Myc may be related to
the decrease in the levels of IGFIR and CAIX, which are both
important for MDA-MB-231 cell proliferation (64,65).

Differences in the reactivity to CAF-CM and rhIL-6 in terms
of growth activity in 2D as opposed to 3D culture have also been
found with MDA-MB-231 cells, demonstrating that ERa-negative
breast cancer cells are react differently between 2D and 3D
cultures. This was also shown in a previous study, in which the
B-Raf inhibitor, RAF-265, was found to be more effective in
inhibiting the growth of 3D-cultured than that of 2D-cultured
MDA-MB-231 cells (60). Likewise, the growth inhibition of
SKBR3 cells by the Her2 inhibitor, lapatinib, has been shown to
be more pronounced in 3D as compared to 2D cultures (85).

Although the stroma is the major source of IL-6 expres-
sion in primary breast cancers (86), breast cancer cells also
secrete IL-6, whereby TNBC cells produce the highest
amounts (56,62,87). For instance, MDA-MB-231 cells secrete
a ~1,000-fold greater amount of IL-6 than MCF-7 cells (88).
MDA-MB-231 cells use the endogenous production of IL-6
to stimulate a IL-6/IL-6 receptor loop for keeping STAT3
activity high (63). In fact, their p-STAT3 level was the highest
of all p-STAT3 levels in the breast cancer cell lines we have
tested (Fig. S2). Nevertheless, CAF-CM and rhIL-6 were able
to further increase STAT3 activity (Fig. 5SA) suggesting that
the amount of IL-6 they secrete does not reach the maximum
concentration for optimal stimulation of STAT3 activity.
The inhibition of the IL-6/IL-6R loop or STAT3 activity has
been shown to lead to the decreased proliferation and the
increased apoptosis of MDA-MB-231 cells (63,89). On the
other hand, the addition of rhIL-6 to MDA-MB-231 cells has
been demonstrated to decrease proliferation, while not having
any effect on apoptosis (56). In this study, rhIL-6 also acted
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growth-inhibitory on MDA-MB-231 cells in 2D cultures. As
discussed above, the downregulation of the c-Myc, IGFIR
and CAIX levels may be the reasons for the rhIL-6-induced
growth inhibition.

IL-6 plays a role in tissue remodeling and can stimulate
both reprogramming and senescence (90). In this study, at
the concentrations of 0.1 and 0.3 yxg/ml, rhIL-6 was found
to recapitulate the effects of CAF-CM on the expression of
CSC-related ALDH1A1 and ALDH3A1 in MCF-7 cells
(Fig. 1E). This is in agreement with earlier findings indicating
that 0.1 pg/ml rhIL-6 increased ALDEFLOUR activity in
SUM159 cells (37).

In conclusion, the findings of this study suggest that, in
all cell lines tested, CAF-CM component IL-6 mediates
CAF-CM-induced STAT3 phosphorylation and the majority
of the changes in protein expression pattern. However, almost
all CAF-CM-induced alterations in ERK1/2 and AKT activi-
ties are not mediated by IL-6. The failure to activate AKT
seems to be linked to its inability to mimic CAF-CM-induced
fulvestrant resistance in common adherent 2D cultures. Yet, it
likely mediates CAF-CM-induced fulvestrant resistance in 3D
cultures. This suggests that the ability of IL-6 to participate
in the acquisition of fulvestrant resistance depends on culture
conditions. Notably, IL-6 acts in a pro-apoptotic manner in 2D
and in an anti-apoptotic manner in 3D cultures. Differences in
the apoptotic activities of cells in 2D and 3D cultures have also
been found by others (91). Tissue architecture has a potent effect
on the behavior of cells. One reason may be that cells become
polarized in 3D cultures, but not in 2D cultures. Given that cells
in tissues are organized in three and not in two dimensions, the
data obtained with 3D cultures are more likely to resemble
the in vivo situation. The Kaplan-Meier-Plotter (http:/kmplot.
com/analysis/index.php?p=service&default=true) allows the
assessment in-silico of the importance of IL-6 on the outcome
of patients based on its mRNA level. Such a survival analysis
of 494 ERa*/Her2 breast cancer samples for IL-6 mRNA
revealed no significant difference in relapse-free survival at
high and low levels of IL-6 mRNA (data not shown). However,
IL-6 mRNA levels may not necessarily reflect the levels of
secreted IL-6. Therefore, future studies on primary ERo+
breast cancer samples, comparing low and high IL-6 protein
expresser, are warranted.
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